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Preface
On behalf of the Civil Engineering Research Association of Ireland (CERAI), I am delighted to welcome
you to the Civil Engineering Research in Ireland 2018 (CERI2018) conference run in conjunction with
Irish Transportation Research Network (ITRN) 2018 conference. This is the first time where the two
have come together and I can only hope that we move from strength to strength in future.
The Civil Engineering Research Association of Ireland (CERAI) was formed in 2012 for promoting civil
engineering research and practice in Ireland, and its communication to academics and practitioners.
The principal activity is the sponsoring and overseeing of the organisation of a conference series
dedicated to this goal. The Civil Engineering Research in Ireland (CERI) conference series has grown
initially from Concrete Research Ireland (CRI) and Bridge Research Ireland (BRI) symposiums, which
subsequently held joint symposiums that became Bridge and Concrete Research Ireland (BCRI). Over
the years, the themes of the conference broadened significantly, attracting submission from the titular
areas, as well as from other areas in civil engineering. As the research needs broaden, and the range of
submission widened correspondingly, the Organising Committee of BCRI 2012 recommended renaming the conference series to Civil Engineering Research in Ireland (CERI). The first CERI conference
was held in Queens University Belfast in 2014.
CERI2018 is building on the enormous success of the histories of CRI, BRI, BCRI and CERI, with the
introduction of ITRN this year. This year’s papers reflect a broad range of topics in Civil Engineering,
including bridge, transportation, concrete, geotechnics, environment, pedagogy, structures and
bourgeoning frontiers in civil engineering materials and technologies. Both theory and applications are
represented to maintain relevance to both industry and academia. We also hope that the conference
will nurture early-career researchers by making it accessible and offering opportunities wherever
possible to grow them as the next generation of leaders in research and industry. We are extremely
grateful to Prof Ahmed Elghazouli, Prof. Lizbeth Goodman, Prof. Ken Gavin, Dr. Tony Dempsey, Dr.
Sreejith Nanukuttan, Mr. Andrew McIntosh, Prof. Laurence Gill and Dr. Christine Buisson, our 8 eminent
keynote speakers, for taking the time to share some of their knowledge and experience with us.
We acknowledge and thank the members of the Scientific Committee, who have ensured quality and
rigour in the conference proceedings by contributing their time and expertise in reviewing papers. A
core group of people, the Organising Committee, worked tirelessly over the last two years to bring this
conference to you. More recently, so have many of my postgraduate students and researchers in
coordinating this conference. I wish to thank them most sincerely. We also acknowledge the dedication
of Dermot Lally and the staff at Ex Ordo for making the conference organisation easier with their
conference management software.
We are extremely grateful to the University College Dublin, Ireland for facilitating this conference.
Special thanks to Prof Aoife Ahern, Civil Engineering at University College Dublin, Ireland for her support
of the conference.
This conference would not be possible without the generous sponsorship we have received from the
following companies and organisations: Gold Sponsors: ARUP, Cement Manufacturers Ireland,
ECOCEM, L&M Keating, Roughan & O'Donovan Consulting Engineers, Science Foundation Ireland,
TRUSS ITN; Silver Sponsors: The Institution of Structural Engineers, Irish Concrete Society; and Civil and
Structural Engineering Advisors. This sponsorship ensures that the association can deliver its promise
to encourage and support young researchers.
Finally, we would like to thank all authors for their valuable contributions to this conference and
adhering to the deadlines set. We hope that the proceedings will be of interest and use to all and a
good reference to both researchers and practicing engineers.

Dr Vikram Pakrashi,
Chairperson, CERI2018 conference
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ABSTRACT: This paper envisions a scenario in which unmanned aerial vehicles gather data from low-cost and flexible wireless
sensor networks, i.e., accelerometers. However, flight duration, coupled with limited sensor battery time, is a substantial technical
limitation. In order to assess the impact of these constraints on bridge monitoring, this paper analyses the extraction of bridge
dynamic features from short-duration acceleration records. The short acceleration record is simulated using the theoretical
response of a simply supported beam subjected to a moving load. Estimated frequencies are obtained in free vibration and
compared with the natural frequencies calculated from formula. Given that short records limit the resolution in the frequency
domain, the error in the prediction of frequencies will typically decrease as the duration of the signal increases. Signal processing
techniques for extracting dynamic features include the Fast Fourier Transform, Frequency Domain Decomposition, Continuous
Wavelet Transform and Hilbert-Huang Transform. This paper carries out an assessment of the accuracy of these signal processing
techniques in extracting frequencies as a function of the duration of the measurements. Edge effects and loss of resolution are
shown to remain key issues to be addressed when the duration of the signal is too short.
KEY WORDS: Short-duration records; Acceleration; Frequency; Structural Health Monitoring; Bridge dynamics.
1

INTRODUCTION

With the technology advancement in Unmanned Aerial
Vehicles (UAVs), the latter are becoming increasingly popular
for Structural Health Monitoring (SHM) of bridges, mostly to
carry out visual inspections via cameras [1]. In comparison,
traditional data collection methods based on wired sensor
networks require extensive lengths of cables to transmit
recorded data to a centralized data repository. While using
UAVs for SHM has several advantages over conventional data
collection methods, such as efficient installation, low cost and
high scalability [2] ;the limitations of short flight duration and
limited sensor battery time cannot be ignored. To overcome this
problem, further research on how to extract bridge features
from short-duration acceleration records is needed.
Acceleration measurements can be processed to derive
natural frequencies that depend on the distribution of mass and
stiffness as well as on the boundary conditions of the bridge.
External factors such as temperature variations and applied
load (i.e., forced vibration), also have an impact on the bridge
frequencies. Hence, this data can be used to monitor changes in
the condition of a structure. If the stiffness of the structure
decreased as a result of the presence of a crack, the bridge will
be more flexible and the frequency of vibration of the structure
will be diminish. Therefore, the frequency of vibration needs to
be estimated very accurately to be able to detect a small change
that could denote damage [3]. There are numerous signal
processing techniques for extracting dynamic features from
acceleration records, such as the Fast Fourier Transform (FFT),
Frequency Domain Decomposition (FDD), Continuous
Wavelet Transform (CWT) and Hilbert-Huang Transform
(HHT), amongst others [4].
The response of a simply supported beam subjected to a
moving constant force is simulated in this paper. Compared to

displacement and velocity, acceleration signal is easier to
measure. Here, the acceleration response is calculated through
a compact formula derived from the equation proposed by
Kumar et al. [5]. Then, the frequencies of the first three modes
are calculated exactly and compared to the frequencies from
short-duration records obtained by different signal processing
techniques. As expected, the error in the predicted frequencies
is shown to decrease as the duration of the signal increases,
given that short records imply a limitation of the resolution in
frequency domain. Loss of resolution and edge effects remain
key issues to be addressed when the duration of the signal is too
short. The magnitude of the inaccuracies in frequencies allow
assessing the ability of each signal processing techniques in
detecting damage with limited observation times.
Section 2 describes the simply supported beam model used
in the simulations. A simple and compact formula to determine
the free vibration response of the beam is given. In Section 3,
various techniques are applied to short-duration records and
discussed. Then, Section 4, simulated results are discussed
regarding short-duration acceleration records. Finally, Section
5 provides conclusions.
2
2.1

MODELING OF A SIMPLY SUPPORTED BEAM SUBJECTED
TO A MOVING LOAD
Beam model

The response of a simply supported beam of total span length,
𝐿, subjected to a moving constant load, 𝑃, at a constant velocity,
𝑣, is simulated for the section at 3.75 m from the left support
(Figure 1). This response will be used as a basis for the
calculations in the sections that follow. And Table 1 gives the
properties of the beam.
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where 𝜉𝑛 is the damping ratio, 𝜔𝑛 is the natural frequency for
the nth mode, and 𝜔𝑑𝑛 is the damped natural frequency. 𝑋𝑛 is
the amplitude (or magnitude) given by:

P
v

x

𝐹0 𝐾𝑛 √1+𝑒

𝑋𝑛 =

L/4
L

Table 1. Properties of the bridge.
Symbol
L
m
E
I
P
𝑣

Unit
m
kg/m
MPa
m4
N
m/s

Value
15
28125
35000
0.5273
98100
15

𝜙𝑛 = tan−1{

𝜋×𝑖 2

𝐸𝐼

(1)

where 𝑓𝑖 is the natural frequency of the mode of vibration (𝑖 =
1,2,3, … , 𝑛 ). Table 2 shows the frequencies of the first three
modes of vibration based on Equation (1).
Table 2. Bridge natural frequency.
Mode No.
Natural Frequency (Hz)

1st
5.6555

2nd
22.6220

3rd
50.8995

𝜉 𝑛𝜋
− 𝑛
𝐾𝑛 sin( 𝑛𝜋 √1−𝜉 2 )
𝑛
𝐾𝑛
𝜉𝑛 𝑛𝜋
−
𝑛𝜋
cos 𝑛𝜋−𝑒 𝐾𝑛 cos( √1−𝜉𝑛2 )
𝐾𝑛

−𝑒

}

(5)

In this paper, the damping ratio of the bridge, 𝜉𝑛 , is
considered to be zero. Thus, the simplified Equation (3) without
damping ratio is as follows:

Equation (1) is used to calculate the natural frequencies of
structure from the bridge properties.

𝑓𝑖 = 2×𝐿2 × √ 𝑚

(4)

2

2 √(1−𝐾 2 ) +(2𝜉 𝐾 )2 √1−𝜉 2
𝜔𝑛
𝑛 𝑛
𝑛
𝑛

where 𝐹0 is 2𝑃/𝑚𝐿 , 𝐾𝑛 is the non-dimensional speed that
𝐾𝑛 = Ω𝑛 /𝜔𝑛 , and Ω𝑛 is the excitation frequency that Ω𝑛 =
𝑛𝜋𝑣/𝐿 . In addition, 𝜙𝑛 is the phase angle of free vibration
response of the simply supported beam for the nth mode given
by:

Figure 1. Bridge model.

Properties
Length
Mass per unit
Modulus of elasticity
Second moment of area
Moving load
Moving velocity

2𝜉 𝑛𝜋
𝜉 𝑛𝜋
− 𝑛
− 𝑛
𝐾𝑛 −2𝑒 𝐾𝑛 cos 𝑛𝜋 cos( 𝑛𝜋 √1−𝜉 2 )
𝑛
𝐾𝑛

𝑤(𝑥, 𝑡) = ∑3𝑛=1 𝑋𝑛 sin

𝑛𝜋𝑥
𝐿

sin(𝜔𝑛 𝑡 − 𝜙𝑛 )

(6)

By deriving Equation (6) twice with respect to time, the
acceleration function, 𝑤̈ , of the free vibration response can be
extracted (Equation (7)).

𝑤̈ (𝑥, 𝑡) = − ∑3𝑛=1 𝑋𝑛 𝜔𝑛 2 sin

𝑛𝜋𝑥
𝐿

sin(𝜔𝑛 𝑡 − 𝜙𝑛 )(7)

Figure 2 shows a 0.5 s long response in free vibration at
quarter-span (𝑥 = 𝐿/4) using Equation (6) for displacement
and (7) for acceleration.

Equation (2) is used to calculate the error in predicting a
frequency.
𝑒

𝑒𝑟𝑟𝑜𝑟𝑖 (%) = |

𝑓𝑖 −𝑓𝑖
| × 100
𝑓𝑖

(2)

where 𝑓𝑖𝑒 is the estimated frequency derived from various
signal processing techniques, and 𝑓𝑖 is the natural frequency
(real value) corresponding to the ith mode of vibration.
Figure 2. Displacement and acceleration response in free
vibration.

Free vibration response

2.2

The frequency of free vibration needs to be estimated very
accurately to be able to detect a small change that could denote
damage. Analysis of free vibration is very effective and reliable
to derive natural frequency, mode shape and damping ratio
during the free vibration period, given that there are no
deviations caused by forced vibration due to the moving load.
Kumar et al propose a simple and compact formula to
determine the free vibration response of a simply supported
beam [5]. The response in free vibration due to the first three
mode frequencies (𝑖 = 1,2,3) of a simply supported beam for
𝑡 > 𝐿/𝜈 is as follows:

𝑤(𝑥, 𝑡) = ∑3𝑛=1 𝑋𝑛 𝑒 −𝜉𝑛𝜔𝑛𝑡 sin

3

𝑛𝜋𝑥
𝐿

sin(𝜔𝑑𝑛 𝑡 − 𝜙𝑛 ) (3)

3
3.1

TECHNIQUES APPLIED TO SHORT-DURATION RECORDS
Fast Fourier Transform (FFT)

FFT is an efficient algorithm for calculating discrete Fourier
transform and it is also one of the most utilized and oldest
methods for signal processing in SHM. FFT converts discrete
samples of a continuous time series signal into a frequency
domain representation. It has been used in many different types
of structures to detect damage based on extracting the modal
parameters.
Chae et al. apply the FFT technique to a 9.0 s long
acceleration signal to successfully extract bridge frequencies,
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being the estimated 1st frequency of the bridge 3.80 Hz [6]. In
their research, a total of 45 sensors are installed in the bridge,
whose locations and types are determined by two factors:
bridge behaviour and wireless communication stability. The
wireless communication stability and sensor data reliability can
be tested from signals obtained through accelerometers. Wang
et al. use a wireless sensor network and a permanent cablebased structural monitoring system to record the acceleration
response of the Voigt Bridge concrete box girder [7]. Then, the
FFT method is applied to an 8.0 s long signal to derive the 1 st
mode frequency (4.89 Hz) successfully. The measurements
acquired using the wireless monitoring system are shown to be
accurate for precise determination of the primary modal
frequencies and operating deflection shapes of the bridge deck.
Finally, Xiao et al. apply the FFT method to an 18.0 s signal to
obtain the natural frequency (estimated corresponding
frequencies, 1.50 Hz, 4.47 Hz and 4.90 Hz) as a characteristic
index for damage identification [8]. The dynamic
characteristics of the structure are extracted by successfully
converting the time domain data to frequency domain.
A major advantage of FFT is its implementational simplicity
and versatility. Furthermore, the way the algorithm works is
intuitive and any additional constraint can be incorporated in
the iterations [9]. However, it is important to note that that FFT
algorithm has significant limitations: 1) it is not capable of
preserving the information on time domain, 2) it cannot be used
for nonlinear and non-stationary signals, 3) it cannot depict the
spectral changes over time that are fundamental in SHM.
Figure 3 shows the first three frequencies extracted by FFT
for a 3.0 s long response of the model in Section 2.

on the evaluation of the spectral matrix of the structural
response, the first and simplest of them being the Pick Peaking
method (PP). However, given the limitations of PP methods as
discussed in Gentile and Saisi, a more complex and
advantageous technique labelled FDD, is proposed [12]. The
difference lies on the calculation of the Singular Value
Decomposition (SVD) of the spectral matrix in the case of
FDD. Consequently, some limitations of the PP method are
overcome, i.e. mode shapes are extracted more easily. Gentile
and Saisi compare both methodologies using experimental data
and they find that the results agree for both frequencies and
mode shapes of the structure.
The advantage of FDD derives from being able to retrieve the
resonance frequencies of structures the corresponding modal
shapes without the need for an absolute reference. However,
there is a significant drawback in that the classical
implementation of the FDD technique requires some user
interaction.
Figure 4 illustrates the first three frequencies extracted by
FDD for the 3.0 s long response used in Section 3.1.

Figure 4. First three frequencies extracted by FDD.
3.3

Figure 3. First three frequencies extracted by FFT.

3.2

Frequency Domain Decomposition (FDD)

The FDD technique is a well-known non-parametric technique
for operational modal analysis of structures. It is more
generally used in the field of SHM to analyse and monitor the
modal response of structures. The method is based on singular
value decomposition of the cross-power spectral density matrix
from simultaneous array recordings of ambient vibrations.
Additionally, FDD is as an output-only algorithm, which is
useful when the input data is unknown.
O’Brien and Malekjafarian apply short-time FDD to a 4.0 s
long response to estimate the bridge mode shapes with a
resolution sufficiently high for damage detection [10]. Thus,
they propose a damage index based on mode shape squares to
detect the presence and location of the damage. Zhang et al.
include a brief but very illustrative compilation of the evolution
of Frequency Domain techniques [11]. All of them are based

Continuous Wavelet Transform (CWT)

In the past few years, CWT has been very popular as a powerful
technique for identifying the damage in SHM by analysing
dynamic structural response in the spatial domain. It is used to
divide a continuous-time function into wavelets. Unlike the
FFT method, the CWT possesses the ability to construct a timefrequency representation of a signal that offers very good time
and frequency localization.
Hester and Gonzalez apply the CWT method to a 13.3 s long
acceleration response from a simulated vehicle-bridge finite
element interaction model to identify damage of the bridge
structure [13]. They develop a novel wavelet-based approach
using wavelet energy content at each bridge section, which
proves to be more sensitive to damage than a wavelet
coefficient line plot at a given scale as employed by others.
However, the proposed method does not rely on identifying
specific parameters of the structure, but rather on analysing the
relative energy associated to the wavelet transform. It is found
that it is possible to detect damage in a 40 m simply supported
bridge beam model by analysing short-duration acceleration
response to a moving load. Marchesiello et al. use the CWT
technique to obtain natural frequencies and model shapes for a
bridge-like structure traversed by loads successfully [14]. In
their article, they consider the case of a slender pinned–pinned
plate carrying a moving load, simulating the well-known
example of a bridge crossed by vehicles or trains. The duration
of the acceleration signal is 6.0 s and it is used to successfully
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identify the structural frequencies. The estimated 1st mode
frequency is 9.98 Hz, which is very close to the real value.
Ülker-Kaustell and Karoumi use the CWT method to study the
amplitude dependency of the natural frequency and the
equivalent viscous modal damping ratio of the first vertical
bending mode of a ballasted, single span, concrete–steel
composite railway bridge [15]. In this case, the Morlet base is
used instead and the viscous damping is characterized in
addition to estimating the frequency of the system. For this
purpose, the CWT is combined with the definition of viscous
damping from a damped linear oscillator. The importance of
edge effects is discussed in this paper, establishing a domain
where they are negligible, i.e. between 5 s and 30 s in a 35 s
long signal.
Figure 5 demonstrates the first three frequencies extracted by
CWT for the same 3.0 s long response used before.

note how the response of sensors away from the damage is
barely altered in comparison with those closer to it.
Figure 6 displays the first three frequencies extracted by the
HHT for a 0.5 s long response. An effective method to
determine the estimated frequency from instantaneous
frequency is proposed in this paper. Considering the edge
effects at both ends, 11 points in the middle range are selected
to estimate the frequency from the mean value at these points.

Figure 6. First three frequencies extracted by HHT.

4
4.1

Figure 5. First three frequencies extracted by CWT.

Hilbert-Huang Transform (HHT)

3.4

The HHT technique is specially developed for analysing non‐
linear and non‐stationary data. The method consists of two
parts: the EMD and the Hilbert spectral analysis. The key part
of the method is the first step, the EMD, that decomposes a data
set into a finite and often small number of the Intrinsic Mode
Functions (IMFs).
Gonzalez and Aied apply the HHT method to a 5.0 s long
acceleration response to obtain the frequencies of non-linear
bearings [16]. In this article, a lead rubber bearing is idealized
using the hysteretic Bouc–Wen model. The HHT is then
employed to characterize the features of the non-linear system
from IMFs of the bearing response to a time-varying force.
Finally, the results using HHT (12 Hz) closely approximate the
exact natural frequency (14 Hz) and stiffness of the system.
Also, IMFs are shown to be a useful tool in detecting sudden
damage to the bearings simulated by a reduction in the effective
stiffness of the force-deformation loop. Additionally, Kunwar
et al. propose a damage detection method based on applying
HHT to a 6.0 s long acceleration signal from sensors on a bridge
subjected to ambient vibration [17]. They test the proposed
methodology on a scaled model in the laboratory, for which
different levels of damage are simulated. The estimated
frequencies for damage levels 1, 2 and 3 are 0.28 Hz, 0.18 Hz
and 0.23 Hz, which implies reductions of 33%, 57% and 45%,
compared with the natural frequency (0.42 Hz), respectively.
The results show the interest of looking at the marginal Hilbert
spectrum as an indicator of damage, as well as analysing
instantaneous phases from the signal. Nonetheless, the authors
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RESULTS AND DISCUSSION
Comparison of results for different durations of the
response

The duration of the response is varied from 0.1 s to 3.0 s with a
0.1 s increment, as shown in the horizontal axis of Figure 7.
Figure 7 compares the estimated value of frequency (vertical
axis) by various techniques with the real value for 1st mode of
vibration. The difference between the estimated and real value
can be clearly established when the response is shorter than 1.2
s. In particular, for a 0.1 s long response, the estimated
frequency obtained by the CWT is nearly 2.5 times the real
value. Additionally, the FDD method leads to a constant value
of 3.91 Hz for a response shorter than 1.2 s. However, the
difference between the estimated and real value is much smaller
when the response lasts for more than 1.2 s. In the context of
the beam under investigation, the results from Figure 7 indicate
that both FFT and HHT are more effective than CWT and FDD
when applied to the shorter duration responses.

Figure 7. Frequency comparison for the 1st mode.

Figure 8 compares the frequencies obtained for the 2nd mode
of vibration. For a short-duration response, the estimated value
obtained from FFT is nearly the same as the real value (22.62
Hz). In the case of the HHT method, the difference is small and
acceptable, but the estimated value fluctuates around the real
value. However, the estimated frequency is a constant (23.44
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Hz) when using FDD method. Therefore, the results from
Figure 8 clearly support that FFT and CWT outperform the
other two techniques. FDD is not efficient when applied to the
shortest responses, and in the case of HHT, the difference is
acceptable, but the estimated frequency is fluctuating up and
down around the real value.

Figure 10. Error analysis for the 1st frequency.

Figure 8. Frequency comparison for the 2nd mode.

Figure 9 illustrates the frequency comparison between the
estimated frequency with the real value for the 3rd mode of
vibration. Regarding the 3rd mode, the differences obtained
from FFT, FDD and HHT are much smaller and the estimated
frequency is nearly the same as the real value. This is expected,
since higher frequency components can be fully defined within
shorter periods of time. However, the estimated frequency
derived from HHT still fluctuates around the real value. The
value obtained by CWT is a constant (51.96 Hz) much larger
than the real value. The results from Figure 9 show that FFT,
FDD and HHT outperform CWT when calculating the
frequency of the 3rd mode of vibration.

Figure 11 shows the equivalent analysis in errors when
predicting the frequency of the 2nd mode of vibration. The error
by FFT is 0.45% for 0.1 s and decreasing until 0.04% for 1.0 s.
Regarding the HHT method, the mean error is around 1.0%, but
it is fluctuating up and down around the real value. However,
the error by FDD is 3.62% for any duration shorter than 2.4 s.
There is a negligible error of 0.03% regardless the duration of
the response when using the CWT method, which is very close
to the real value. Therefore, the results from Figure 11 clearly
support that CWT and FFT methods are more reliable to extract
the second frequency of bridge structure than the others.
Regarding the HHT, the error is subject to many variations.
Compared with others, the FDD again performs poorly for
limited durations of the response.

Figure 11. Error analysis for the 2nd frequency.

Figure 9. Frequency comparison for the 3rd mode.

4.2

Error analysis regarding to various techniques

The error in the prediction of the frequency associated to the 1st
mode of vibration is shown in Figure 10. For a 0.1 s long
response, the error of the estimated frequency extracted from
CWT is 146.2% and from FFT, HHT and FDD is around
36.1%, which are unacceptable margin of error for damage
detection purposes. Additionally, the error associated to the
HHT is around 3.03% and 1.33% when the duration of the
response reaches 0.5 s and 1.2 s by HHT respectively.
However, the error of using FDD method is 30.9% when
applied to a response shorter than 1.2 s. Figure 10 suggests that
both FFT and HHT are more efficient than CWT and FDD.

Figure 12 shows the results of errors in frequency for the 3rd
mode of vibration versus the duration of the available response.
For a 3.0 s long response, the error is around 0.1% in the use of
FFT, FDD and HHT. The error by CWT is 2.1% regardless the
duration of the response. Summarizing, all techniques perform
better when estimating the third frequency from a shortduration response, except the CWT method.

Figure 12. Error analysis for the 3rd frequency.
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5

CONCLUSIONS

The acceleration response in free vibration has been obtained
for a simply supported beam model traversed by a moving load.
By comparing the exact frequency with the estimated natural
frequencies, it has been possible to assess the accuracy of
various techniques to extract the bridge frequencies for the first
three modes of vibration from short-duration records. The
results illustrate how the error in the predicted frequencies
decrease as the duration of the available response increases.
Overall, it can be drawn that the ability of FFT and HHT to
derive accurate bridge frequencies is the most adequate of all
four processing techniques for the shortest durations of the
response. FDD leads to significantly larger errors for the three
modes of vibration. Regarding the CWT, errors are negligible
for the 2nd frequency, but increase for the other two. This paper
has dealt with the challenge of deriving bridge frequency in
cases with limited observation times. Further work will place
focus upon the evaluation of mode shapes and damping from
short data bursts.
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Estimation of bridge natural frequencies using the responses measured in a passing
vehicle
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ABSTRACT: In this paper, Empirical Mode Decomposition (EMD) method is used for the effective identification of bridge
natural frequencies from drive-by measurements. A Vehicle Bridge Interaction (VBI) model is created using Finite Element (FE)
method in Matlab. The EMD is employed for decomposing the signals measured on the vehicle to their main components. It is
shown that the bridge component of the response measured on the vehicle can be extracted using the EMD method. However, in
some cases, the EMD may not decompose the signal effectively and include mode mixing. The influence of some factors such as
road roughness profile and measurement of noise are investigated. The results suggest that the EMD method can provide good
performance under those conditions but the accuracy of the results may still need to be improved.
KEY WORDS: Vehicle–bridge interaction; bridge identification; empirical mode decomposition; natural frequency; road
surface roughness.

1 INTRODUCTION
Bridges are playing an important role in modern transportation
system. As more and more bridges are under construction, more
effective bridge damage detection methods are required. It is
important for keeping these structures healthy and to make the
damage detection process more economical.
Environmental conditions, vehicle strike and increasing
bridge traffic loading would cause small damages to the bridge
structure. It is necessary to implement proper bridge health
monitoring to prevent happening of more severe bridge
damages. The bridge structural health monitoring (SHM)
methods are generally categorized into two main groups based
on the instrumentation: direct and indirect methods. In direct
methods, the bridge damage is usually identified using the
measurements from the sensors directly installed on the bridge.
However, installing the equipment on the bridge would be time
consuming and expensive. The inconvenience and cost of the
direct methods drive researchers to work on indirect
measurements. Yang et al. [1] proposed an idea that dynamic
properties of bridges can be found using the response of a
vehicle passing over the bridge. In this approach, only a vehicle
instrumented with sensors is needed rather than installing
several equipment over a bridge. The vehicle itself is the exciter
and receiver in this process. Over the past decade, many
researchers have been developing indirect bridge monitoring.
For instance, Bu et al. [2] propose an indirect approach for
damage assessment of a bridge deck. Kim and Kawatani [3]
proposed a method to identify damages a pseudo-static
formulation derived from the equations of motion for coupling
vibration. There are key parameters for more successful
identification of bridge natural frequencies such as:
acceleration amplitude ratio, vehicle speed parameter, and
bridge frequency to vehicle frequency ratio [4]. For instance,
González et al. [5] set up a laboratory experiment with a scaled

bridge and moving vehicles. They concluded that the accurate
determination of bridge frequency is feasible only when the
vehicle velocity is low and the dynamic excitation of the bridge
vibration is sufficiently high. In addition to bridge frequencies,
researchers also have investigated the estimation of bridge
damping ratios [5] and mode shapes [6]. Malekjafarian and
OBrien [7] use instantaneous amplitude of the signal measured
on a passing vehicle for estimation of bridge mode shapes.
Yang and Lee [8] use empirical mode decomposition (EMD)
method to study the effect of vehicle damping on indirect
identification of bridge frequency. They find that higher vehicle
damping tends to suppress the vehicle frequency and make the
bridge frequency more visible.
In this paper, a vehicle bridge interaction (VBI) model is
created using Finite Element (FE) method in Matlab. The
empirical mode decomposition (EMD) method is implemented
to decompose the vehicle acceleration spectra into Intrinsic
Mode Functions (IMFs). It is shown that the bridge frequencies
can be extracted from the acceleration responses of a passing
vehicle. The effectiveness of the EMD for this application
under a road roughness profile and measurement noise are also
investigated.
2 VEHICLE BRIDGE INTERACTION MODEL
In a two-dimensional VBI system, a moving quarter car is
modelled to pass over a bridge (Fig. 1). The vehicle is modelled
using a body mass and an axle mass supported by a spring with
a constant stiffness of k s =170 kN/m and a dashpot with
suspension viscous damping coefficient of cs =104 Ns/m. The
tyre is modelled as a spring with a constant stiffness of k t =
1750 kN/m. The gross vehicle mass is 1500 kg as the axle
mass is 300 kg. The bridge is modelled as a simple supported
beam of length Lb =30 m. It is modelled by 40 beam elements.
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The bridge Young's modulus is E =27.5 GPa and it has mass
per unit length m
̅ =1000 kg/m and moment of inertia I
=0.175 m4 . For a simply-supported beam, the natural
frequencies fn (Hz) are calculated by ωn =

n2 π2
L2

EI

√ and fn =
̅
m

ωn ⁄2π . In this case, the first and second bridge natural
frequencies are 3.83 Hz and 15.32 Hz respectively. A smooth
road proﬁle is included in the simulations and the vehicle is
simulated to pass over the bridge with a velocity of 15 m/s. Fig.
2 shows the vehicle’s acceleration response which is measured
with a sampling frequency of 1000 Hz. The Fast Fourier
Transform (FFT) of the acceleration is shown in Fig. 3. The
vehicle response is mainly dominated by the bridge natural
frequencies.

3 EMPIRICAL MODE DECOMPOSITION (EMD) METHOD
The EMD method is first proposed by Huang et al. [9]. It is a
signal processing method which decomposes a signal into
several IMFs. In this procedure, all the maxima and minima in
the original time signal are identified. Then, upper and lower
envelopes are created by connecting all the maxima and
minima with cubic splines. Finally, the mean value of the two
envelopes is calculated and subtracted from the original signal.
Each IMF needs to satisfy the following requirements: firstly,
the number of extrema and the number of zero crossings are
necessary to be equal or differ at most by one. Secondly, the
mean value of the envelope defined by the local maxima and
minima of the data must be zero throughout the domain [10].
The highest frequency content of the original signal exists in
the first IMF and the final residue contains the lowest frequency
in the original signal. The original time signal can be
demonstrated as the sum of the IMFs and the final residue [10,
11].

Figure 1. The vehicle-bridge interaction model

Figure 2. The acceleration response measured on the vehicle
Figure 4. IMFs of the vehicle acceleration response
The EMD method is applied to the acceleration response
measured on the vehicle. The IMFs obtained from the EMD and
their FFT spectra are shown in Figures 4 and 5, respectively. It
can be seen from the FFT spectrum that the first and second
IMFs are associated with the bridge first natural and second
frequencies. The remaining five IMFs are related to the speed
pseudo-frequency part of the signal.

Figure 3. FFT of the acceleration response
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be seen that the vehicle’s frequency has a dominant peak in this
spectrum. However, the bridge first and second frequencies are
still detectable from the FFT spectrum. The IMFs obtained
from the EMD and their FFT spectra are shown in Figures 8
and 9, respectively.

Figure 5. FFT spectra of IMFs of the vehicle acceleration
response
4 EFFECT OF ROAD SURFACE ROUGHNESS
A high-level road surface roughness profile is adopted in the
VBI model. It is generated using the power spectral density
(PSD) curve presented in ISO 8608[12] and shown in Fig. 6.

Figure 8. IMF components under class A road profile

Figure 6. Road surface roughness profile

Figure 7. FFT of the acceleration response in presence of road
profile

Figure 9. FFT spectra of IMFs of the vehicle acceleration
response

The vehicle travels over the bridge with velocity of 15 m/s.
The FFT of the vehicle acceleration is shown in Fig. 7. It can

These figures show that the presence of road profile excites the
vehicle frequencies. As a result, the bridge frequencies are no
longer dominant in the vehicle response. It can be found in Fig.
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9 that the fifth IMF is corresponding to the first bridge natural
frequency. The fourth IMF also represents the vehicle’
component of the response. However, the first three IMFs
might include the second bridge natural frequency. It can be
concluded that the bridge components of the response
measured on a passing vehicle can be extracted even in
presence of road roughness profile.
5 EFFECT OF MEASUREMENT NOISE
As noise is a feature which cannot be avoided in measurements,
it is necessary to assess the effectiveness of the EMD in
presence of measurement noise. White noise is added to the
calculated vehicle responses to simulate the noise-polluted
measurements.
ω=ωcalc + EpNnoise σ(ωcalc )

(1)

where ω is the polluted acceleration, Ep is the noise level,
Nnoise is a standard normal distribution vector with zero mean
value and unit standard deviation, ωcalc is the calculated
acceleration and σ(ωcalc ) is its standard deviation.
5% noise is added to the calculated acceleration. The IMFs
and their FFT obtained by EMD are shown in Figures 10 and
11, respectively. The last IMF is the one associated with the
first bridge natural frequency and it is obtained as 3.42Hz
which is less close to the theoretical value 3.83Hz than the
noise-free scenario. Therefore, the performance of the EMD in
presence of measurement noise is well but with less accuracy
and reliability. The performance of the EMD method may
improve if Ensemble EMD (EEMD) is used.

Figure 11. FFT spectra of IMFs of the vehicle acceleration
response under 5% noises

6 CONCLUSION
In this paper, A Vehicle Bridge Interaction (VBI) model is
created using Finite Element (FE) method in Matlab and the
EMD method is adopted for the identification of bridge natural
frequencies from the vehicle response. In the ideal
circumstance, the EMD method can be an effective method for
the identification of bridge natural frequencies. It is shown that
the EMD can decompose the bridge component of the vehicle
response even in presence of a road roughness profile. In
addition, the effect of measurement noise to the results obtained
from the EMD method is investigated. The performance under
this condition is relatively sensitive to noise.
REFERENCES

Figure 10. IMFs of the vehicle acceleration response under
5% noises

11

[1] Yang, Y.B., Lin, C.W. and Yau, J.D., 2004. Extracting bridge
frequencies from the dynamic response of a passing vehicle.
Journal of Sound and Vibration, 272(3-5), pp.471-493.
[2] Bu, J.Q., Law, S.S. and Zhu, X.Q., 2006. Innovative bridge
condition assessment from dynamic response of a passing
vehicle. Journal of Engineering Mechanics, 132(12), pp.13721379.
[3] Kim, C.W. and Kawatani, M., 2008. Pseudo-static approach for
damage identification of bridges based on coupling vibration
with a moving vehicle. Structure and infrastructure engineering,
4(5), pp.371-379.
[4] Yang, Y.B. and Chang, K.C., 2009. Extracting the bridge
frequencies indirectly from a passing vehicle: Parametric study.
Engineering Structures, 31(10), pp.2448-2459.
[5] González, A., OBrien, E.J. and McGetrick, P.J., 2012.
Identification of damping in a bridge using a moving
instrumented vehicle. Journal of Sound and Vibration, 331(18),
pp.4115-4131.

CERI-ITRN2018

[6] Malekjafarian, A. and OBrien, E.J., 2014. Identification of bridge
mode shapes using short time frequency domain decomposition
of the responses measured in a passing vehicle. Engineering
Structures, 81, pp.386-397.
[7] Malekjafarian, A. and OBrien, E.J., 2017. On the use of a passing
vehicle for the estimation of bridge mode shapes. Journal of
Sound and Vibration, 397, pp.77-91.
[8] Yang, J.P. and Lee, W.C., 2018. Damping Effect of a Passing
Vehicle for Indirectly Measuring Bridge Frequencies by EMD
Technique. International Journal of Structural Stability and
Dynamics, p.1850008.
[9] Huang, N.E., Shen, Z., Long, S.R., Wu, M.C., Shih, H.H., Zheng,
Q., Yen, N.C., Tung, C.C. and Liu, H.H., 1998, March. The
empirical mode decomposition and the Hilbert spectrum for
nonlinear and non-stationary time series analysis. In Proceedings
of the Royal Society of London A: mathematical, physical and
engineering sciences (Vol. 454, No. 1971, pp. 903-995). The
Royal Society.
[10] OBrien, E.J., Malekjafarian, A. and González, A., 2017.
Application of empirical mode decomposition to drive-by bridge
damage detection. European Journal of Mechanics-A/Solids, 61,
pp.151-163.
[11] Yang, J.P. and Lee, W.C., 2018. Damping Effect of a Passing
Vehicle for Indirectly Measuring Bridge Frequencies by EMD
Technique. International Journal of Structural Stability and
Dynamics, p.1850008.
[12] ISO 8608:1995, 1995, Mechanical Vibration-Road Surface
Profiles-Reporting of Measured Data, International Standards
Organisation.

12

CERI-ITRN2018

Review of methods used for automated extraction of frequencies from time domain
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ABSTRACT: One structural health monitoring (SHM) method used to detect the occurrence of structural damage is the tracking
of a structure’s natural frequencies. As damage propagates the stiffness of the structure is reduced which results in the changing
of these natural frequencies. However, this is complicated by the changing environmental and operational conditions which also
have an effect on the natural frequencies. For this type of damage detection an accurate method is needed to extract frequencies
from time domain signals.
In this paper, various methods for extracting frequency data from time domain signals are reviewed, as well as their suitability for
use in automated approaches. A selection of these methods were then used to obtain frequencies from a continuous acceleration
data from a bridge over a seven-day period. Comparisons were then made between the obtained frequencies and any observed
differences highlighted between the methods. This study is intended to be used to inform the design of SHM damage detection
systems and more specifically, the most appropriate method for extracting frequencies from time domain signals.
KEY WORDS: Vibration analysis, FFT, Welch’s Method, SSI-COV.
1

INTRODUCTION

SHM, especially in the field of structural/civil engineering, is a
rapidly developing area. The particular area that is the focus of
this paper is vibration-based monitoring with the goal of
damage detection in bridges.
The principle behind vibration-based monitoring is that
damage, external or internal, will change a bridge’s structural
properties, including its stiffness. This change in stiffness will
cause a subtle change in the vibration response of the bridge
under loading. With the use of vibration measuring equipment,
features can be extracted from the measured signal and tracked
to detect any changes. For this method to be feasible, signal
analysis methods are required that can accurately extract the
desired features from the measured time domain signal.
Usually it is desirable to have a degree of automation within
SHM systems; this may be some processing of the raw data
before it is collected, or a fully automated system which
requires no user input before deciding if the condition of the
structure has changed. Automation has various difficulties, not
least when deciding if the information obtained is an accurate
portrayer of the structures behaviour.
In this paper, various methods for extracting frequency data
from time domain signals are reviewed, as well as their
suitability for use in automated approaches.
There are a large number of methods that can be used in SHM
damage detection. As stated before, vibration-based methods
will be the focus of this paper, however an overview of SHM
in general can be found in [1] and a more comprehensive
review of vibration based methods can be found in [2].
2

GENERAL APPROACH TO VIBRATION‐BASED SHM

The general principle of using vibration based techniques in
SHM is that the dynamic characteristics of a structure can be
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measured and broken down into useful information regarding
the state of the structure.
In most cases the ‘in use’ loading of the structure is used to
provide the excitement of the structure which is needed to cause
a dynamic response. This loading more often than not is normal
traffic loading and environmental factors such as wind. This
type of loading has the benefit of being continuous and also
being real life loading, the measured response will be the same
as the response experienced by the structure during its lifetime.
Other methods of excitement include drop weight systems and
reaction mass shaker; these methods have been reviewed in [3].
If using the ‘in use’ loading of a structure it is extremely
difficult to measure the input forces that occur. To overcome
this problem, output only analysis can be used which do not
require the inputs of the system to be known before the chosen
characteristic of the acceleration data can be extracted.
There are different characteristics of a structure’s dynamic
response that can provide information on the structure, these
include: natural frequencies, damping ratios, mode shapes and
modal curvatures. These characteristics offer different insights
into structural properties and have been reviewed in [4].
The feature that will be the focus for the remaining sections
of this paper will be the natural frequency of a structure. The
way the natural frequency of a structure is used to detect the
development of damage is based on the equation 1.

𝑓

(1)

Where fn is the natural frequency of the system, k is the
stiffness of the system and m is the mass of the system. If the
mass of the structure is assumed to be relatively constant, then
any change in the frequency will be as a result of a change in
the stiffness of the system. Due to the fact that the occurrence
of damage can reduce a structure’s stiffness it can be said that
damage will also change a structure’s natural frequency. What
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complicates the use of this method for damage detection is the
fact that the natural frequency will also be affected by
operational and environmental factors such as temperature.
There have been many different approaches investigated to
overcome the problem that the operational and environmental
factors cause; the vast majority of these rely in some part to the
accurate extraction of frequency from the acceleration data.
3

REVIEW OF METHODS

The purpose of this section is to review a selection of signal
analysis methods that can be used to extract natural frequencies
from time domain data. Five analysis methods have been
reviewed, three of which are used on real world data to
determine their performance. These methods are the Fast
Fourier Transform, Welch’s power spectral density estimate
and Covariance driven Stochastic Subspace Identification
which can be found in sections 3.1, 3.2 and 3.3 respectively.
Other analysis methods have been briefly discussed in section
3.4.
Fast Fourier Transform (FFT)
FFT is one of the most employed methods for signal analysis.
This is mainly due to how easily is can be implemented as well
as it being an effective method for analysing stationary signals.
The FFT is used to break down a waveform into a series of
complex sinusoidal forms that when added together represent
the original signal. When the FFT has found these series of
complex sinusoidal waves the dominant frequencies from the
original signal can be determined. The FFT equation can be
seen below, where f(t) and F(ω), are the time signal and the
frequency signal, respectively:

𝐹 𝜔

𝑓 𝑡 𝑒

𝑑𝑡

(2)

One of the main limitations of the FFT is the fact that it
cannot depict the change in frequencies over time. To
overcome this [5] presented a method called short time Fourier
transform. In this method a FFT is used on a small section of
the raw data, using this method allows for changes in the
frequency to be observed over time. One factor that needs to
be considered when using the short time Fourier transform is
the amount of data that is going to be chosen for each analysis
window. If the window is large a high frequency resolution will
be achieved, however, the transient nature of the signal may be
lost. If a very small window is chosen, then the frequency
resolution will be poor and accurate frequencies will not be
obtained while a reduction in the ability to observe closely
spaced frequencies will also occur [6].
Welch’s Power Spectral Density Estimate (Pwelch)
Welch’s method [7] is a method used to estimate the power
of a signal at different frequencies. This method uses FFT but
instead of taking the integral of the entire signal length,
Welch’s methods integrates over short modified sections of the
signals.
Welch’s method is based on Bartlett’s method which in turn
is modified from Periodograms. Welch’s method differs from
Bartlett’s method in the following two ways; the divided
section on which the analysis is undertaken are allowed to

overlap, and instead of Periodograms, modified Periodograms
are averaged.
Covariance Driven Stochastic Subspace Identification
(SSI‐COV)
Stochastic Subspace Identification (SSI) is the name given to
methods that are implemented under the following
assumptions; the structure is excited by unmeasurable input
forces and these input forces are replaced by data from a
stochastic process, while only output data is available, such as
acceleration data. The SSI methods can be divided according
to the type of data that they require: time data, covariances or
spectra.
A spectrum-driven identification method estimates the
parameters of a spectrum model from "measured" samples of
the spectrum matrix. These methods include: Peak Picking
(PP) and Complex mode indication function (CMIF).
It has been observed that the mathematical expressions to
find system properties are similar when using both impulse
responses and output covariances of the system [8]. It is this
observation that lead to the use of covariance-driven methods
in modal analysis, using the output covariances of the system
to find the system properties. These methods include: The
instrumental variable (IV) method, and Covariance-driven
stochastic subspace identification (SSI-COV).
Time data does not require any further pre-processing in
order to obtain spectra or covariances. The main time data
method is the Data-driven stochastic subspace identification
(SSI-DATA) method.
The method that was used in the subsequent sections of this
paper is the SSI-COV method.
The actual implementation of SSI-COV consists of the
following:
 estimating the covariances,
 computing the singular value decomposition (SVD) of
Toeplitz matrix formed from the covariances,
 truncate the SVD to the model order n,
 estimating the extended observability matrix and
reversed extended stochastic controllability matrix by
splitting the SVD in two parts; and
 finally estimating model properties from the extended
observability matrix and reversed extended stochastic
controllability matrix
A comprehensive review has been carried out by [9]
including the differences between the types of SSI methods and
the steps needed to undertake them.
Other Analysis Methods (not tested)
3.4.1

Frequency Domain Decomposition (FDD)

FDD was presented in [10] and is used in modal analysis. FDD
uses singular value decomposition to decompose the output
power spectrum into all the mode shapes for the given structure
[11]. FDD is thought of as a user friendly method and as the
method works directly with the spectra data it can be easier for
the user to determine the physical information.
The
disadvantages of FDD are that peak identification can be
difficult when there is a high level of noise in the signal or the
mode shapes get more complex [12]. Applications and a further
review of FDD can be found in [13] and [14].
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3.4.2

poly- Least Squares Complex Frequency Domain (pLSCF)

The p-LSCF method (also known as PolyMAX method) is a
frequency domain parametric method that was introduced by
[15]. One of the main advantages of p-LSCF is the production
of very clear stabilization diagrams which is a way of
determining if the frequencies are true physical system
frequencies and which are not. Due to these very clear
stabilization diagrams the p-LSCF method is suited to an
automated approach [16]. The p-LSCF method has been used
for damage detection in various SHM projects and further
information can be found about the application of the method
in [17] and [15].
4

COMPARISON OF METHODS USING 7 DAYS OF
ACCELERATION DATA
Bridge Description

In this section, the analysis methods described previously will
be used to obtain the natural frequencies from collected
acceleration data. This acceleration data was obtained over a
7-day period from a 36 m steel girder, half through bridge with
a reinforced concrete deck. The bridge can be seen in Figure 1.

Figure 2, Time series data from accelerometer (a)
Acceleration Data from 7 days, (b) Single Vehicle Event
For analysis purposes the acceleration data is divided into 30minute sections and the different analysis methods will be used
on each of the 336 sections of acceleration data to determine
the frequencies.
All methods were implemented using MatLab software
version R2017b.
FFT Analysis

Figure 1: Monitored Steel Girder, Half Through Bridge
A modal study was previously undertaken on the bridge to
determine the natural frequencies of the structure. The
following frequencies were determined from this study: 3.10
Hz, first bending mode; 4.94 Hz, first torsion mode; 7.47 Hz,
second bending mode; and 13.92 Hz, second torsion mode,
further details about the bridge and modal parameters can be
found in [18].
A tri-axial accelerometer was used for the long term
monitoring, as such, acceleration was measured in the vertical,
longitudinal and transverse directions (X, Y and Z) with the Z
axis approximately vertical. The sensor that was used was a
low-cost, MEMS 3-axis +/-1.25g accelerometer that was
attached to the bridge girder by way of magnets. The 7-day
acceleration data from March 30th to April 5th 2016 can be seen
in Figure 2(a) and a single vehicle event can be seen in Figure
2(b).
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The FFT analysis was undertaken on every 30-minute data set,
a typical Power Spectral Density (PSD) graph of one 30-minute
period is shown in Figure 3(a).
The frequencies of the structure can be extracted from the
PSD plot. This was done by inputting the determined
frequencies from the modal test, as well as a range value were
the desired frequency is thought to fall between. The highest
magnitude of the PSD within this range is determined as well
as its corresponding frequency. Using this method to extract the
frequencies for the PSD means the range is a user input. Figure
3(b) shows the effect of selecting different ranges, in this figure
the resulting differences in the extracted frequencies are shown
when the input range is changed from 2.6 – 3.6 Hz to 2.1 – 4.1
Hz. For the most part the extracted frequencies are in
agreement, however, there are several occasions when the
frequencies diverge from each other. The difference in
frequencies is due to the automated method of extracting the
frequencies from the PSD as all other variables are the same.
When the peaks of the PSD are very low it may be the case that
the noise level of the sensor occurs at a higher amplitude than
the actual peaks relating to the natural frequency. If this is the
case, the extracted frequency may not be related to the
structural response of the bridge. Further details on this are
provided later in section 4.6.
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analysis. This difference results in the FFT analysis having a
greater frequency resolution compared to the Welch’s power
spectral density estimate. This can be visualized in Figure 5
where the Welch’s power spectral density estimate has a much
smoother composition compared to the FFT.
The frequency resolution is a factor in accurate frequency
analysis when two or more frequencies are very closely spaced,
in which case a poor resolution may result in the merging of
these closely spaced frequencies.

Figure 3, FFT Analysis (a) Sample PSD from FFT, (b)
Extracted Frequency using two different frequency ranges
Welch’s Power Spectral Density Estimate Analysis
Similar to the FFT, Welch’s power spectral density estimate
was undertaken on every 30-minute data set. However, unlike
the FFT each 30-minute was divided up into 30 second
windows and then an FFT used to find the PSD of the
acceleration data. The PSDs were then combined to create an
overall PSD for the 30 minute period, a typical example of this
can be seen in Figure 4(a). Although overlapping of these
windows is allowed when using Welch’s power spectral
density estimate, no overlapping was used for this analysis. It
is noticeable that the averaging used in Welch’s method
produces a much smoother plot than the equivalent FFT
spectrum in Figure 3(a).
Extraction of the frequencies from the PSD was completed
using the same method as the FFT outlined in section 4.2.
Figure 4(b) shows the effects of different ranges on the
extracted frequencies. As in Figure 3(b) the frequency is
identified as being fairly stable at approximately 3.1 Hz,
however, there are several deviations over the 7-day period.

Figure 4, Pwelch Analysis (a) Sample PSD from Pwelch, (b)
Extracted Frequency using two different frequency ranges
The main difference between the FFT and Welch’s power
spectral density estimate is the division of the data prior to the

Figure 5: Sample PSD from FFT and Pwelch
SSI‐COV Analysis
The SSI-COV analysis is a more complex method than those
already presented. The inputs for SSI-COV include the number
of poles that are required for a frequency to be considered
stable. These poles are used to determine which outputs are
true system frequencies. The way this is achieved is by
comparing poles of a particular model order to that of one lower
order model. If certain parameters such as the eigenfrequency
and damping ratio are within defined limits, then the pole is
considered a stable one. Other poles will not be stable using
these criteria and so can be disregarded form the data [19]. The
stabilization diagram uses the poles to visualize which poles are
true physical system poles and which are not. More
information about stabilization diagram and it use for
automated modal identification can be found in [20].
SSI does not provide frequencies for every 30-minute data
set due to poles, i.e. if the signal is weak and SSI deems the
frequency not to be convincing enough it simply won’t return a
frequency. Figure 6(a) shows the frequency returned by SSI
over the entire 7-day period; in the red boxed area no data
points are present. The insert in the bottom of Figure 6(a) shows
a zoomed in view of this area; one of the data points on the left
and right have been labelled (i) and (ii) respectively. The time
series data corresponding to frequency data points (i) and (ii)
are shown in Figure 6(b) and (c) respectively. It is noticeable
that in Figure 6(b) there are lots of vehicle events generating
strong excitation of the structure and as a result, the frequency
is identified reliably. However, in Figure 6(c) there is very little
excitation and as a result SSI returns no frequency value for this
time series, leading to the lack of data points in zone (ii) in the
insert in Figure 6(a).
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Approaches to Improve automated FFT and Pwelch
Methods

Figure 6, SSI-COV analysis (a) Extracted Frequencies, (b)
Raw Acceleration data when SSI returned a frequency, (c)
Raw Acceleration data when SSI did not return a frequency

From section 4.5 it was determined that the majority of
discrepancies occur at times when there is most likely a
negligible amount of traffic. These times of low traffic result in
the minimal excitement of the structure due to small amounts
of external loading, therefore the raw acceleration data does not
show much more than noise. For an automated approach to
function, a method is needed to determine when the raw
acceleration data does show enough activity for accurate
frequency data to be extracted. This section presents a method
that can be used to produce an automated approach.
As only acceleration was collected, the approach is limited to
factors that can be derived from the measured output of the
monitoring system.
The factor used to screen the data is the Root Mean Squared
(RMS) value. The RMS is defined as the as the square root of
mean square, where the mean square is the arithmetic mean of
the data squared. The RMS can be calculated using equation 3.

Comparison of Analysis Methods
Following all three analyses, the extracted frequencies were
compared to identify discrepancies between them. Figure 7(a)
shows the frequencies from all three analysis methods over the
7-day period. The FFT and Pwelch analysis each returned 336
frequencies (1 for every 30-minute period) while the SSI
returned between 212 and 330 frequencies depending on which
of the four frequencies was being considered. The largest
discrepancies occur during the night when minimal traffic was
expected. To highlight this, Figure 7(b) shows a 24-hour period
where during the period between 18:00 – 23:00 and 06:00 –
18:00, all methods show good agreement. During the period
between 23:00 – 06:00 the SSI does not return a frequency due
to the lack of structural excitement and the FFT produces
frequencies that are diverging from the Pwelch method.

𝑅𝑀𝑆

⋯

(3)

The RMS value of the acceleration data gives an indication
of the vibration intensity, therefore in the measured data, the
higher the RMS value the more traffic that was measured in the
30-minute period. Figure 8 shows the RMS value for the
vertical acceleration over a 7-day period and from this it is clear
that at night time excitation is smaller.

Figure 8: RMS Values from Vertical Acceleration
Figure 7, All analysis method (a) Extacted Frequency from
All Methods over 7 Days (b) Extracted Frequency from All
Methods over 24 Hour period
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The RMS value can be used as a screening criterion for the
data before signal processing. This stage would allow better
frequency extraction. In this case the RMS values were used to
find when there was not enough excitation of the structure for
the analysis methods to be able to extract accurate frequency
data. To show how the reduced vibration intensity effects the
analysis methods, two 30-minute periods are shown in Figure

CERI-ITRN2018

9; (a) shows the Pwelch PSD and the raw acceleration data from
a high RMS period, while (b) shows the Pwelch PSD and the
raw acceleration data from a low RMS period. From Figure 9
it should be noted that the acceleration data in (a) shows higher
activity which results in a higher RMS values. Due to this
higher activity the peaks in the Pwelch PSD are well defined.
Comparing this to (b) where negligible excitement of the
structure can be observed during the 30-minute period, it can
be seen that the Pwelch PSD shows no visible peaks. At this
stage in an automated procedure, data similar to that shown in
Figure 9(b) would be disregarded as the frequencies extracted
from FFT and Pwelch methods would not be accurate.
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ABSTRACT: In 2015, the Minnesota (USA) Department of Transportation initiated a three-phase study of the effectiveness of
Unmanned Aerial Systems (UAS or drones) in the execution of bridge safety inspections. This paper summarizes the phases of
the project extending into 2018, including available aircraft, data collection using still, video and infrared cameras, data processing
software to generate 3-D models and maps, safety concerns and potential hazards, and the technology’s effectiveness for
improving the quality and efficiency of drone inspections as compared to other access methods. This paper will review the results
of more than fifty bridge inspections including arches, trusses, floor systems, and movable spans of highway and railroad bridges,
culminating in the development of a best practices manual. Limitations placed on aerial operations by governmental regulations,
training requirements, and cost considerations are also discussed. The study was conducted using a selection of available
unmanned aircraft suitable for structural inspections in exposed and confined spaces, imaging equipment and software. The study
was conducted on various types of bridge structures in both moderate and severe weather conditions. The research demonstrated
that a qualified inspector, utilizing UAS can improve the ability to detect deficiencies and provide high quality high-resolution
video, still and infrared images.

KEY WORDS: BRIDGE INSPECTION; UNMANNED AERIAL SYSTEMS; UAS; Drones.
1

INTRODUCTION

Bridge inspection is a vital portion of a bridge maintenance
program. Bridge inspections provide information for owners
and engineers to plan and maintain bridge structures. Accurate,
comprehensive bridge inspection data must be obtained, but the
cost of that data acquisition can be expensive, especially for
structures that are difficult to access because of their
configuration or location. In the United States, as in other
countries, there are laws and regulations establishing minimum
requirements for inspection qualifications, inspection intervals
and inspection procedures. Recent technological advances in
Unmanned Aerial Systems (UAS) hardware and associated
software have demonstrated that this technology can improve
the quality and efficiency of bridge inspection. Inspection
specific drones have proven effective in capturing high quality
inspection data, and software is available to process the data.
An Unmanned Aerial System (UAS) is an aircraft operated
without direct human intervention from within the aircraft.
UASs are commonly referred to as drones, and the names are
used interchangeably. Inspection specific UAS technology is
maturing and several models are available to serve the
inspection an asset management industry. Drone features
available for bridge inspection include the ability sense and
avoid, infrared imaging, autonomous flight and collision
avoidance.
In 2015 and 2016, Phase I and Phase II studies were carried
out for the Minnesota Department of Transportation (MnDOT)
by Collins Engineers, Inc. to evaluate the use of UASs for
bridge inspections and the results were published by MNDOT’s
Research Services. In 2017 and 2018, Phase III was initiated
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to shift the focus of the work from collecting data to effectively
using the data collected.
A key goal of the project was to identify a drone with the
ability to operate and gather inspection data in tight, confined
spaces. Another objective was to scale the UAS inspection
effort to demonstrate that full implementation of UASs in the
comprehensive bridge inspection program was achievable. The
research effort employed UAS inspection technology on more
than 30 bridges of various sizes and types located in a variety
of geographies.
2.

PHASE I

2.1 Scope
Initially, investigators identified four bridges, with a variety
configurations and structural materials: an 80-foot prestressed
concrete deck girder bridge; a medium span concrete arch; a
multiple span steel deck truss and a 2682-long steel deck arch
with 185-foot clearance over a river.
In the United States, at that time, the Federal Aviation
Administration required UASs flown for commercial purposes
to be operated by a licensed pilot. Since that time, U.S.
regulations have changed to allow UAS operation by others
who are not pilots, but meet other licensing requirements.
The initial inspection team included a commercial pilot, and
engineers from Collins Engineers and the Department of
Transportation. The initial drone was an Aeyron Skyranger
UAS equipped with a video camera and a GPS positioning
system.
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The inspection team found that the UAS provided high
quality detail on the two larger bridges, and its zoom lens was
effective with medium-sized concrete arch, allowing viewing
and assessment of many bridge elements sufficient to assess
their condition to meet bridge inspection standards. The UAS
was less successful for the smaller bridges with limited
clearance and confinement where the GPS signals were
degraded and the particular drone employed had a limited range
of motion.

•
•

UASs are more suitable for difficult access bridges as
shown in Figures 1 and 2.
UASs cannot perform inspections independently from
qualified and experienced bridge inspectors

2.2 Findings
Based upon this initial field work, the inspection results, the
UAS flight regulations, the U.S. federal bridge inspection
standards, emerging inspection-specific UAS technology, the
research team concluded:
• UASs can be used for bridge inspection with
minimal risk to inspectors and the public, and can
reduce risks that inspectors currently face
• UASs can be used in situations not requiring handson inspection, testing, sounding or cleaning
• UASs can be used as pre-inspection tool to identify
rope anchor points and potential safety concerns
• UASs provide detail replicating that available
through the use of snoopers and bucket trucks
without the need for traffic control
• UASs can provide both infrared and 3D modelling
of bridges, effectively identifying concrete
deterioration, and gathering riverbed mapping detail
• UASs should be capable of pointing cameras in all
directions and operating without GPS

Figure 1. UAS inspecting large, difficult access bridge

3. PHASE II
3.1 Scope
This project phase expanded the study to different structure
types and size to further assess the ability of UASs to meet
inspection requirements and to comply with the requirements
of U.S. federal bridge inspection requirements. The additional
structures inspected included a large steel through truss, a high
steel truss, a large corrugated steel culvert and a movable steel
truss.
Several imaging devices were tested including still image,
video, and infrared cameras. Collected data were also
processed through computer software, Pix4D, supplemented
with other imaging software to generate 3D models and maps.
Site specific plans addressed safety, potential hazards and
methods of mitigating risk. Plans were also developed in
consideration of aviation regulations and bridge inspection
standards.

Figure 2. Detail of truss connection
•

3.2 Findings
From the second phase of the investigation, the research team
concluded:
• UASs can be used safely and effectively on large
structures in challenging conditions
• UASs can be used without GPS, but piloting skills
become more important

•
•

UASs equipped with thermal sensors can be used to
detect concrete delaminations without traffic control
as shown in Figure 3
Safety risk associated with traffic control, working at
heights, and near traffic can be reduced with UASs
Utilizing UAS in conjunction with photogrammetry
software can provide a 3D model and point cloud of a
bridge and bridge site that can provide unknown
dimension
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•
•

Figure 3. Thermal image of concrete deck

4.

Phase III

4.1 Scope
In Phase III, the research team evaluated the results of the initial
two phases in light of governing government regulations,
available drone hardware and appurtenances and data
processing capabilities. The following sections address each
of these areas in detail.
4.2 Government Aviation Rules and Regulations
The aviation industry has a very conservative safety culture
and, as a result, governmental rules and regulations regarding
the use of drones have changed slowly, whether in the U.S. or
in Ireland. The U.S. Federal Aviation Administration (FAA)
has been conservative regarding the use of drones and have
changed slowly as opportunities such as bridge inspection have
been identified. Barriers to the adoption of this technology
have been greatly reduced since Phase I of this study began in
2015.
On August 29, 2016, the FAA issued new regulations
regarding the commercial; use of UASs. The policies are
referred to as Small Unmanned Aircraft Regulations (Part 107).
The guidelines apply to drones weighing less than 55 pounds
(approx. 25 kilograms), operated within the visual line of sight
of the remote pilot in command, and flown during daylight
hours. The remote pilot in command must have a Remote Pilot
Certification from the FAA which can be obtained by passing
an aeronautical knowledge test. Each UAS must be registered
with the FAA, and operations are limited, in general, to
operations below 400 feet, not near airports. Specific airspace
authorizations are available from air traffic control or through
Part 107 exemptions.
The majority of bridges and airports are located near
populated areas so most bridge inspections require specific
airspace authorizations.
In Ireland, The Small Unmanned Aircraft (Drones and
Rockets Order, 2015 (SI 563 of 2015) contains a number of
limitations for the operation of drones. These include never
operating a drone:
• If it will be a hazard to another aircraft in flight
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Over an assembly of people – 12 persons or more
Farther than 300 m from the person operating the
drone
• Within 30 m of any person, vessel or structure not
under the control of the person operating the drone
• Closer than 5km from an aerodrome
• In a negligent or reckless manner so as to endanger life
or property of others
• Over urban areas
• In civil or military controlled airspace
• In restricted areas (e.g., military installations, prisons,
etc.)
• Unless the person operating the drone has permission
from the landowner for take-off and landing.
Drones must also be registered with the Irish Aviation
Authority. There are also specific control zones with specific
restrictions and exemptions.
It was the research team’s experience that requests for
authorizations and exemptions in the United States could
require two weeks to three months. These time frames fall
outside the typical planning window for bridge inspections.
4.3 Bridge Inspection Standards
In the United States, all bridge inspections must be performed
in accordance with the National Bridge Inspection Standards
(NBIS). The NBIS requires that bridge inspections be
conducted under the control of a qualified bridge inspection
team leader who is present at the project site. While the U.S.
Federal Highway Administration (FHWA) has identified this
technology as a tool that can provide benefits for bridge
inspection. In the hands of qualified and experienced bridge
inspectors, drones have the ability to improve the safety and
quality of inspections. The pictures and other data that can be
obtained through the use of drones is dependent on the
expertise of the inspector directing the drone. It is only a tool
that takes detailed pictures of limited areas or general pictures
of larger areas of a structure. A conscientious bridge inspector
cannot sit in an office and review pictures. The inspector must
judge the whole structure as well as individual areas.
4.4 UAS Hardware
Inspection specific drone technology is maturing and several
models now exist that serve the inspection and asset
management industry. These drones include features important
to bridge inspection such as sense and avoid, infrared
technology, autonomous flight and collision tolerant features.
Consumer grade drones are popular and are low cost, and while
their photo and video quality can be good, they typically do not
have the specific features described above.
The primary data collection methods employed an imaging
payload integrated into the UAS body. Two UASs were
selected for two key features, the ability of the imaging field
device to provide views in all directions and the ability to fly
without the use of GPS. These features were important for
operating under structures and in confined spaces. There are a
number of manufacturers of UAS units that provide the
capabilities needed for bridge inspection and documentation.
The units below are not the only ones available, but are ones
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used in this study and are described in detail to illustrate
features that are desired.
One of the UASs used extensively in this study was the
SenseFly Albris drone shown in Figure 4. This unit can be
controlled interactively with a controller or autonomously with
a pre-programed flight. Both flight modes utilize a laptop and
controller to control the UAS. The flight control software
includes a real-time map that displays the drone’s location, live
image views and flight data. The software can also be used to
plan and monitor autonomous flights. The unit weighs less than
4 pounds (1.8 kg.) and is approximately 22 in. by 32 in. by 7 in.
(0.56 m x 0.81 m x 0.18m). Batteries typically provide up to
20 minutes of flight time. Flight hardware restrictions include
wind speeds greater than 22 mph.
This unit’s imaging payload consists of a high definition
video camera, a 38 Mega-Pixel still camera, and an infrared
camera. The still camera was the primary data acquisition tool.
These still images can be processed by software to produce
high resolution images and models.
The absolute
horizontal/vertical accuracy of the UAS, when using ground
control points, is 0.04 in. (approx.. 1 mm).

• Bearings
Several of these areas have safety concerns as well as access
restrictions. Some tub girder interiors can be defined as
confined spaces which require additional training and
equipment. For these identified areas, a collision-tolerant UAS
was identified and used. The design concept for a collisiontolerant UAS is to allow it to bump into objects and to use that
interaction to help navigate, stabilize and guide the UAS
through tight areas. The team for this project used a collisiontolerant Elios UAS as shown in Figure 5.

Figure 5. Collision-tolerant Elios UAS

Figure 4. SenseFly Albris UAS
The unit also has a redundant stabilization system consisting
of GPS navigation, integrated 3D accelerometers and 3D
gyroscopes so that any of the three can be lost and the flight can
still be controlled. It also has on-board photo-recognition
software which uses a continuously down facing camera to
analyse movement of the UAS relative to ground points.
Onboard acoustic and visual sensors allow it to sense the
distance to the objects to avoid collisions., and a distance lock
function can be used during mapping missions to ensure proper
overlap of orthomosaic images.
During the field inspection work, it was identified that there
are many areas where the use of a larger UAS, as described
above, is not feasible. There are also areas where it may be
difficult or impossible for an inspector to gain access. Example
of these types of restricted areas include:
• Interior of tub girders
• Underside of deck, web faces and top flanges of large
span bridges over water or heavily trafficked routes.
• Top of pier caps

Using a gimbal system and protective frame, this collisiontolerant UAS can maintain flight during and after collisions
with objects. The protective frame is made of carbon fiber
rods and nodes in a a geodesic polyhedron shape. The shape
allows for impact absorption through deformation. The
gimbal allows the frame to rotate 360 degrees in any direction.
The video payload consists of an infrared camera and a high
definition video camera. The UAS is equipped with onboard
lighting which is required due to the fluctuating light level
environment. This unit was used to inspect 10 bridges during
the project. Figure 6 shows the unit on the top of an
abutment. Figure 7 shows the unit inside a steel box member.
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Figure 6. Collision-tolerant UAS on abutment seat

The task of capturing photographs from the ground is routine
for bridge inspections. When considering the use of UASs in
bridge inspection, it is important that the inspector be aware of
the process and potential of using terrestrial photographs in
conjunction with aerial photographs to create high resolution
images and models.
In this study, terrestrial and aerial photographs were used to
obtain high-resolution 3D models for post-inspection review.
The results were positive and illustrated that the concept of
photogrammetry in bridge inspection.
Using GPS, a drone will locate the model within several feet,
which is generally sufficient for inspection purposes. By using
ground control points, typically placed by a surveyor, the
absolute accuracy can be improved to a millimetre.
There are currently a number of photogrammetry software
packages available to process drone and terrestrial images into
useful data to document and communicate inspection results.
For this study, the research team used Pix4D which included
both a desktop and cloud version. Typical platforms can
produce orthomosaic maps, 3D point clouds, 3D textured mesh,
digital surface models and digital terrain models.

Figure 7. Collision-tolerant UAS in Steel Member
The results of exploring the use of collision-tolerant UASs in
bridge inspection were very positive. The relative ease of use
and minimal setup make the collision-tolerant UAS a great
addition to the bridge inspector’s tool box.
UAS hardware for bridge inspections has matured and the
ability to collect useful date is available and deployable. There
still exist, however, opportunities for improvement to reduce
risk and increase the level of adoption. These include reducing
the training and skill necessary to operate bridge inspection
drones, improving the sense and avoid technology, adding
automated flight capabilities, and improving battery life and
reliability.
4.5 Data Processing and Reporting
All bridge inspections include some form of photo
documentation and digital cameras have improved the ability
to document the inspection. Images from inspection specific
drones are high quality and drones have the ability to collect a
large number of images in a short amount of time. Typical
UAS inspections can collect anywhere from 5 to 50 Gigabytes
of data. Therefore, efficient processing and utilization of this
data is critical.
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Figure 8. 3D Reality model photo log
For this project, reality modelling was used to create 3D
photorealistic models from both drone and terrestrial images.
The models generated were composed of highly precise
georeferenced point clouds and triangular meshes. The models
were used to locate deficiencies and annotated with inspection
notes. Once the model is generated, the photographs are located
and referenced to the model. When the user clicks anywhere
on the bridge model, the corresponding images are displayed,
eliminating the need to create a photo log. Figure 8 shows a
typical reality photo log. Figure 9 shows a point cloud of a
multi-arch masonry bridge. Figure 10 shows a masonry
structure with inspection defects located and annotated.
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and inspection specific asset management platforms are giving
engineers the ability to efficiently use this data to improve
bridge inspections and accelerating our ability to effectively
manage these important assets.
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Figure 9. 3D Point Cloud

Figure 10. Masonry defect located and annotated
5.

CONCLUSIONS

Effective bridge inspections are comprised of three key
components. The first component is the ability to detect
deficiencies. Our research has demonstrated that a qualified
inspector, utilizing UAS can improve the ability to detect
deficiencies by alternate access and utilizing high quality
images and infrared images.
The second component is the ability to document
deficiencies. Traditionally, this has been accomplished using
detailed noted and photographs. While this method has been
effective, the results of this study have identified methods to
improve the documentation of defects with drone imagery in
addition to expanded use of terrestrial photography.
The third component of a successful inspection is the ability
to clearly communicate inspection results to bridge owners,
engineers, and decision makers. This research effort has
demonstrated effective ways to communicate inspection data
by employing recent advancements in modelling of bridges and
inspection data. These new methods are improving the ability
of bridge inspectors to clearly communicate inspection results
and ensure better translations of results for better decisions to
avoid oversights and save money.
The ability to collect and utilize large amounts of data is
transforming our world. Drones have the ability to collect large
amounts of data during bridge inspections. Processing software
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ABSTRACT: A bridge management system (BMS) allows bridge owners assess the condition of their bridge stock and formulate
bridge rehabilitation strategies under the constraints of limited budgets and resources. This research presents a decision-support
system for bridge managers in the selection of the best strategy for bridge rehabilitation on a highway network. The basis of the
research is an available data set of 1,367 bridge inspection records for County Cork that have been undertaken to the Eirspan BMS
inspection standard. A procedure proposed by previous research on the prioritisation of theoretical bridge rehabilitation projects
on the Chilean road network has been built upon and statistical analysis of both recent rehabilitation projects in County Cork and
of a survey of expert practitioners has established separate project prioritisation indices for critically and non-critically damaged
structures. A deterioration rate which predicts the annual disimprovement in condition rating of each bridge has been calculated
using statistical regression analysis and provides a basis for the estimation of investment requirements for an overarching
rehabilitation strategy. A system performance method developed by this research and which uses efficiency and effectiveness
indicators taken from UK, New Zealand and French practice has determined that minimum and optimum annual investment
amounts equivalent to 0.27% and 1% respectively of the bridge stock replacement cost are required to achieve full bridge network
rehabilitation and provide a minimum 85 year service life for all structures. A benchmarking comparison with reported
international practice has confirmed the applicability of the developed methodology.
KEY WORDS: Bridge management systems; project prioritisation; deterioration rate; system performance indicators.
1

INTRODUCTION

Highway bridges experience deterioration due to climatic
exposure, ageing, and increased structural performance
demands. In a climate of scarce financial resources, managers
of highway bridges face challenges in maintaining a safe and
efficient network and have to be effective in their management
strategies. A bridge network is an integral part of the
transportation infrastructure and typically comprises about 2%
of a road network’s length and about 30% of its value [1].
Due to their critical function, partial or total bridge closure
can result in major disruption such as long diversions,
congestion and even the total isolation of certain areas. The
challenge in bridge management is to ensure that all bridges in
a network remain fit for purpose over their service life at a
minimum lifecycle cost.
A recently available data set of 1,367 Eirspan bridge
management system (BMS) inventory and principal inspection
records provides the opportunity of an in-depth analysis of a
regional bridge stock with a rehabilitation cost estimate of
€24.2 million and where 26% have suffered at least significant
damage and 86% have suffered at least some damage. The
Eirspan system, in common with many other bridge
management systems [2], does not predict bridge deterioration
rates or determine the best intervention or rehabilitation
strategies.
The purpose of this research is the development of a bridge
rehabilitation strategy model as a decision making aid to bridge
owners. The research recognises the decision problems faced
by the bridge owner with respect to the requirement for the
prioritisation of rehabilitation projects, the uncertainty of the
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future deterioration of bridges and the limitations of funding
resources.
2

FORMULATION OF BRIDGE REHABILITATION STRATEGY

The formulation of the rehabilitation strategy follows the
sequential process outlined in this Section.
2.1

Eirspan BMS and data compilation

The National Roads Authority (now Transport Infrastructure
Ireland) developed Eirspan, which is a customised version of
the Danish DANBRO system, in 2001 as the Irish bridge
management system [3]. Between 2012 and 2014, Cork County
Council undertook a survey of 1,367 bridges on regional and
strategic local roads.
Eirspan describes each structure in terms of 13 individual
bridge components. The ‘condition rating’ system for the
individual components is assigned by the trained bridge
inspector and is a six point system (ranging from ‘0’ to ‘5’)
defined in Table 1.
Table 1. Eirspan condition ratings [4].
Condition
Rating
0
1
2
3
4
5

Definition
No or insignificant damage
Minor damage
Some damage, repair needed
Significant damage
Damage is critical
Ultimate damage
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The condition rating of the overall structure is determined by
the highest rating of five ‘critical’ components (piers,
abutments, bearings, deck and beams). A module within the
Eirspan database provides a cost estimate for the rehabilitation
of each structure.
The dataset of the 1,367 bridge records was generated by the
Eirspan BMS in ‘Notepad’ format. Notepad is a plain text (i.e.
data) editor for Microsoft Windows and is a basic text editing
program that enables the creation of documents. The Notepad
data files were imported in a comma-separated value (CSV)
format into Microsoft Excel and converted into a spreadsheet
format, where these data were sorted and checked for errors and
inconsistencies. The SPSS data analysis package was used for
advanced descriptive, inferential and predictive statistical
analyses.
2.2

Deterioration model for bridge structures

The rate of deterioration predicts the future condition or
performance of an asset if no maintenance, rehabilitation or
improvement is undertaken. If both the current condition and
deterioration rate are known, the remaining period of time in
which the asset satisfies all of its functional requirements may
be estimated.
This research used a deterministic model approach where
statistical analysis was undertaken on published bridge life
expectancy values for European bridge stocks [5,6] with similar
characteristics. Using SPSS data analysis software, a simple
linear regression analysis established a significant relationship
between the overall bridge condition and age (R2 = 0.949,
F(1,97) = 1818.75, p < 0.001) and generated the regression
equation (1):

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 0.16 + 0.057 (𝐴𝐴𝐴𝐴𝐴𝐴)

(1)

where Condition Rating is measured on the 6-point Eirspan
scale and Age is measured in years. The bridge condition rating
value thus increases by 0.057 every year i.e. there is a one point
increase in condition rating every 17.5 years. The adjusted R
squared value indicated that approximately 95% of the
variation in ‘Condition Rating’ scores was predicted by the
‘Age’ scores.
2.3

Prioritisation model for bridge rehabilitation projects

Ranking and prioritisation procedures are widely used by
transportation agencies to evaluate and select bridge projects
[7]. The principle of a prioritisation model or index is to rank
the bridges for rehabilitation priority based on characteristic
attributes, such as:
• the importance of a bridge on a road network, which may
be described in terms of criteria such as road category,
annual average daily traffic or detour distance, and
• an assessment of the bridge condition, which may be
expressed by parameters such as structural stability,
remaining life or general condition.
The general form of a priority index [8] is:
𝑖𝑖=𝑛𝑛
𝑃𝑃𝑃𝑃 = ∑𝑖𝑖=1
𝐾𝐾𝑖𝑖 𝑓𝑓𝑖𝑖 (𝑎𝑎, 𝑏𝑏, 𝑐𝑐 … . )

(2)

where PI is the maintenance priority index; Ki are the weighting
factors for each criterion considered; fi (a, b, c, ... ) are priority

ranking formulas; and a,b,c... are the bridge attributes or

parameters.
Bridge maintenance priority indices have been the focus of
previous research internationally using a range of parameters:
• Load capacity, remaining life, deck width, horizontal and
vertical clearances have been used by different states in the
USA for the development of ranking formulae [8].
• In Greece, structural defects, traffic volume,
environmental conditions, bridge age, river bed
characteristics and foundation and superstructure type
have been used for developing a priority index [9].
• Research in Vietnam has taken into consideration
structural condition, location, width, traffic volumes and
budget constraints for the determination of bridge
importance [10].
• An index for bridges on the Chilean road network
considered the annual average daily traffic, length and
width of bridges, availability of alternative routes, social
and economic development of the area and load
restrictions [11].
• In Australia, research investigated the structural condition
of bridge components, the vulnerability and location of the
bridge, bridge age, road classification, number of lanes, the
width of the deck, vertical clearance and the social
implications of rehabilitation in the development of a
ranking method [12].
For this research, ten parameters or influencing factors, based
on previous research and shown in Table 2, were identified.
Each parameter was in turn divided into interval categories, for
example, Average Annual Daily Traffic (AADT) was given the
following interval values:
1. AADT < 1,000
2. 1,000 < AADT < 3,000
3. 3,000 < AADT < 10,000
4. AADT < 10,000
Table 2. Influencing factors.
Number
1
2
3
4
5

Parameter
Average Annual
Daily Traffic
Availability of
alternative route
Bridge type

Number
6

Hydraulic
vulnerability
Overall
structural
condition

9

7
8

10

Parameter
Bridge material
type
Number of spans
Rehabilitation
cost
Road
classification
Structural nonscour condition

Previous research on bridges on the Chilean road network
[11] proposed a methodology for the formulation of a
prioritisation index for bridge rehabilitations.
This present research recognises that different motivations
and judgements apply in the selection of rehabilitation projects
for critically damaged structures at or close to failure (condition
rating 5 ‘ultimate damage’ and condition rating 4 ‘damage is
critical’) compared to non-critically damaged structures
(condition ratings 3 ‘significant damage’ and condition rating
2 ‘some damage’).
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Two prioritisation indices are therefore established:

10
Bridge type
2
2
Using the SPSS package, a randomised sample (n =115)
of non-critical condition 2 and condition 3 bridges was
generated and then sorted in Microsoft Excel, using the
precedence ranking of the influencing factors from the
expert survey to form a prioritised list.
A multiple regression analysis, using the stepwise
method, was conducted using SPSS on the data sample to
establish the best combination of independent variables
that predict the dependent or predicted variable, the
priority number. The prediction model contained six of the
ten predictors and was reached in six steps, with seven
outliers removed. The analysis produced a significant
regression equation (R2 = 0.950, F(6,107) = 319.48, p <
0.001). The adjusted R2 value indicates that approximately
95% of the variation in the priority number may be
predicted from the derived regression equation:

(i). A prioritisation index for critical condition bridges.
The highway authority undertook the rehabilitation of 37
condition rated 4 and 5 bridges in 2014 and 2015. These
projects were deemed to be the most urgent and received
funding priority. The details of 37 rehabilitation projects in
the study area were reviewed and listed in their order of
undertaking (priority number).
Multiple regression analysis was conducted using SPSS
statistical software on the data sample (n = 37) to establish
the best combination of independent variables that
predicted the dependent variable (the priority number).
The prediction model contained two of the ten predictors
and was reached in two steps, with six outliers removed.
The analysis produced a significant regression equation
(R2 = 0.905, F(2,28) = 133.938, p < 0.001). The adjusted
R2 value indicated that approximately 90% of the variation
in the priority number may be predicted from the derived
regression equation:

PI= 216.66 - 29.44 (HY) - 22.01(OSC) 13.43(SNS) - 6.92 (AR) - 6.75 (AADT) 2.09 (RC)

𝑃𝑃𝑃𝑃 = 127.51 − 21.91 (𝑂𝑂𝑂𝑂𝑂𝑂) − 5.59 (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) (3)

where PI is the priority index, HY is hydraulic
vulnerability, OSC is overall structural condition, SNS is
structural non-scour, AR is alternative route availability,
AADT is annual average daily traffic and RC is road
classification.

where PI is the priority index; OSC is the overall structural
condition and AADT is the annual average daily traffic.

(ii). A prioritisation index for non-critical condition bridges.
A survey panel of 33 experts was asked to rate in a
questionnaire the order of precedence of the ten stated
influencing factors. A total of 23 (70%) responses were
received. The experts were asked to rank the factors in
order of importance. The results from each respondent
were processed by assigning a value of ‘10’ to the first
factor, ‘9’ to the second factor and so on. These survey
results were then tested for normality using SPSS software.
Shapiro-Wilks tests (p>0.05) and a visual inspections of
their histogram, normal Q-Q plots and box plots showed
that seven of the ten factors were not normally distributed
and, to provide a robust measure of central tendency, the
median values were used to rank in order of priority the
results obtained from the analysis, which are shown in
Table 3.

The derived indices are applied to the entire dataset and all
projects are thus ranked in terms of priority.
2.4

Performance model

Performance measurement is a fundamental principle of
management and, within the bridge management process, the
identification of rehabilitation strategies is more effective when
developed in a uniform and repeatable manner. The use of
performance indicators improves the planning of bridge
maintenance strategies [13]. For this research, the performance
indicators of ‘effectiveness’ and ‘efficiency’, and their
combination in terms of ‘performance’, shown in Figure 1, are
considered in the assessment of strategy options and used to
identify the optimal bridge stock rehabilitation strategy.

Table 3. Ranked influencing factors from expert survey.
Ranking

Factor

1

Overall structural
condition
Hydraulic
vulnerability
Structural non-scour
condition
Average Annual
Daily Traffic
Availability of
alternative route
Rehabilitation cost
Road classification
Number of spans
Bridge material type

2
3
4
5
6
7
8
9

27

Median
value

Interquartile
range

10

1

9

1

8

1

6

2

6

3

5
5
3
2

2
3
2
1

(4)

Figure 1. Efficiency, effectiveness and performance
(adopted from [14]).
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•

Strategy C (€870,000/annum): This is the existing
strategy and represents an annual investment of 0.43%
of the bridge stock replacement cost. All structures are
rehabilitated to condition rating 0 at the end of 27
years, with an average of 51 projects per annum.
• Strategy D (€2,000,000/annum): This represents an
annual investment of 1% of the bridge stock
replacement cost. All structures are rehabilitated to
condition rating 0 at the end of 12 years, with an
average of 115 projects per annum.
• Strategy E (€3,000,000/annum): This equates to an
annual investment of 1.5% of the bridge stock
replacement cost and all structures are rehabilitated at
the end of 8 years. There was an average of 173
projects per annum.
(iii). Assessment of strategy effectiveness.
Effectiveness is defined as the “extent to which planned
activities are realised and planned results are achieved”
[22]. It is thus a measure of the outcome of a strategy and
can be described as the ratio of realised achievement to the
planned target. This research uses the Bridge Stock
Condition Index (BSCI) concept of a single numerical
value to describe the condition of a bridge stock, described
by the UK County Surveyors Society [23], as the measure
of effectiveness. The BSCI is calculated using Equation 5.

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =

2.00%
1.50%
Mean
0.92%

1.00%
0.50%

Figure 2. International annual investment in bridge
stock rehabilitation.
For this research, five strategies were developed, which
range from a no-investment scenario to a scenario
representing 1.5% of the bridge stock replacement cost:
• Strategy A (€0/annum). All bridges deteriorate to
condition 5 at the end of 85 years.
• Strategy B (€545,000/annum): The minimum annual
investment required to achieve rehabilitation of all
structures within the strategy time horizon has been
calculated as €545,000. Full rehabilitation is achieved
at 81 years, with an average of 17 projects per annum.
This represents an annual investment of 0.27% of the
bridge stock replacement cost.

(5)

𝑖𝑖=𝑛𝑛 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
∑𝑖𝑖=1

6.00
Strategy effectiveness (BSCI ratio)

Country

∑𝑖𝑖=𝑛𝑛
𝑖𝑖=1 (𝐵𝐵𝐵𝐵𝐵𝐵 𝑥𝑥 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)

An increase in the BSCI following the implementation of
a rehabilitation strategy shows measurable effectiveness,
while a decrease shows ineffectiveness. Effectiveness is
calculated as the ratio of the BSCI at the start of the
strategy (T0) to the BSCI at the start of each planning
period (T1, T2, etc) and the results are shown in Figure 3.

0.00%
Switzerland [20]
Sweden [20]
Norway [20]
Italy [20]
Hungary [20]
France [20]
Finland [20]
Finland [21]
Denmark [20]
Canada[19]
Canada [18]

Annual investment as a % of bridge
stock replacement cost

A six step sequential process has been used in the
development of the performance model.
(i). Definition of strategy time horizon.
Based on the calculated deterioration rate, a strategy time
horizon of 85 years was defined, which is equivalent to the
transition time required for a bridge condition rated 0 to
deteriorate, without rehabilitation, to a condition rated 5
structure i.e. the strategy time horizon is made up of five
separate planning periods of 17 years, with strategy
commencement at T0 and five separate planning periods
concluding at T1 (17 years), T2 (34 years), etc. This is in
line with the 15 to 20 year planning period recommended
for transportation projects [15].
(ii). Development of rehabilitation strategies.
Maintenance and rehabilitation practices for large asset
networks are typically expressed by the ratio of annual
maintenance expenditures to the estimated replacement
costs [16]. In the United States, the federal government
recommends that the annual maintenance and repair
budgets for infrastructure assets should be set at
approximately at 2% to 4% of the current replacement
value [17]. In the case of bridge stocks, a review of
international practice indicates that actual investment is
much lower than these recommended values. Figure 2
shows the reported values, which range from 0.24% in
Italy to 1.79% in Sweden and have a mean value of 0.92%.

5.00
4.00
3.00
2.00
1.00
0.00
0

17

34

51

68

85

Years
Strategy A

Strategy B

Strategy D

Strategy E

Strategy C

Figure 3. Strategy effectiveness.
(iv). Assessment of strategy efficiency.
The term ‘efficiency’ is reported as the “relationship
between the result achieved and the resources used” [22].
It is thus a measure of economic cost and can be described
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effective and efficient but to a lesser extent than Strategies
D (€2,000,000/ annum) and E (€3,000,000/ annum). Both
of these strategies are coincident and achieve full
rehabilitation in the first planning period of the strategy
time horizon. It can be therefore be inferred that Strategy
D achieves the same performance as Strategy E with a
lesser annual investment and may be described as the
optimum strategy.
(vi). Benchmark comparison with international practice.
The strategies are presented graphically in Figure 6 in
terms of percentage of bridge stock replacement cost. The
range between Strategy B (0.27%) and Strategy D (1%) is
shaded and represents the values between the minimum
and optimum levels of investment which result in
achieving full bridge network rehabilitation within the
strategy time horizon and providing a minimum 85 year
service life for all structures.

5.00
4.00
3.00
2.00
1.00
0.00
0

17

34

51

68

85

Years
Strategy A

Strategy B

Strategy D

Strategy E

Strategy C

1%

0.80
0.60
0.40
0.27%

0.20
0.00
Strategy E

Strategy D

Figure 6. Optimum and minimum strategy range.

5.00
Effectiveness

1.00

Strategy name

6.00

These findings confirm the applicability of the
developed methodology:
• the range between the minimum and optimum
investment levels is within the reported range of
international practice (0.24% to 1.79%).
•
the optimum investment level of 1% lies close to the
calculated mean value of 0.92% for international
practice.

4.00
3.00
2.00
1.00
0.00
0.00

1.00

2.00

3.00 4.00
Efficiency

Strategy A

Strategy B

Strategy D

Strategy E

5.00

6.00
3

Strategy C

Figure 5. Strategy performance.
The baseline strategy A, with no annual investment, is
both inefficient and ineffective. Strategy B (€545,000/
annum) is inconsistent and veers between high
effectiveness and low efficiency and low effectiveness and
high efficiency. Strategy C (€870,000/ annum) is both
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1.20

Strategy C

(v). Evaluation of strategy performance.
Strategy performance is evaluated in terms of both
effectiveness and efficiency and Figure 5 graphs the
calculated parameter values.

1.40

Strategy B

Figure 4. Strategy efficiency.

1.60

Strategy A

Percentage of replacement cost (%)

Strategy effeciency (rehabilitation
cost ratio)

as the ratio of a defined objective realised and the resources
required in achieving this objective. The efficiency
concept in the formulation of a bridge stock rehabilitation
strategy has been applied to bridges on the French national
route system [24], based on the rationale that the total
bridge stock rehabilitation cost indicates the efficiency of
a rehabilitation strategy. A similar approach is used by the
New Zealand Transport Agency, which measures the
residual asset value of the road infrastructure by the cost of
its restoration [25].
Efficiency is calculated as the ratio of the total
rehabilitation cost value at the start of the strategy (T0) to
the total rehabilitation cost value at the start of each
planning period (T1, T2, etc). The results are shown in
Figure 4.
6.00

CONCLUSIONS

This research has provided a methodology for the identification
of a successful bridge rehabilitation strategy that takes into
consideration the requirements for the prioritisation of
rehabilitation projects, bridge deterioration and the limitations
of funding resources. The key findings of the work are:
• The identification of a successful rehabilitation strategy
requires consideration and evaluation of bridge structure
deterioration, project prioritisation and strategy
optimisation.

CERI-ITRN2018

•
•

•

•

•

•

An annual deterioration rate of 0.057 in bridge condition
rating has been established and equates to a one point
disimprovement in rating every 17.5 years.
The research has confirmed that different motivations and
judgements apply in the selection of rehabilitation projects
for critical condition structures at or close to failure
compared to non-critically damaged structures.
For critical condition structures, the priority or sequence in
which bridge rehabilitation projects were undertaken was
found to be a function of the values of the overall structural
condition and AADT variables, with the overall structural
condition parameter being the most influential. Faced with
a number of critical bridges, the calculated priority index
confirms that the road authority adopted an approach based
firstly on public safety and secondly on minimising
disruption to heavily trafficked routes.
For non-critical condition bridges, the priority index based
on influencing factors from a survey of experts has been
found to be a function of the values of the hydraulic
vulnerability, the overall structural condition, the structural
non-scour, AADT and road classification variables, with
their influence ranked in that order.
The minimum and optimum annual investments required
to achieve full bridge network rehabilitation within the
strategy time horizon and thus provide a minimum 85 year
service life for all structures have been calculated as 0.27%
and 1% of the bridge stock replacement value respectively.
The current investment level of 0.43% lies within the
minimum to optimum range.
The application of the performance indicators of
effectiveness and efficiency, taken from UK, New Zealand
and French practice, and their evaluation by the concept of
system performance has been shown to be a robust
assessment process methodology that is confirmed with
reference to international practice.
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1

ABSTRACT: Unmanned aerial vehicle (UAV) imaging is a novel technology allowing engineers to monitor, analyse and assess
the health of civil engineering structures such as bridges and high-rise buildings. This innovative technique uses a remote sensing
platform in combination with a high-resolution camera for video and image acquisition. An understanding of the application and
image processing methods is needed for implementing this advanced technology in structural health monitoring of structures,
particularly in long span bridges. This paper presents experimental test methods integrating sensors, data acquisition, UAVs and
image processing for measuring the static deflections and natural frequencies of beam specimens. The static beam deflections are
generated by loading the beam in the mid-span using incremental weights whereas free vibration of a cantilever beam is achieved
by exciting the free end of the beam. In this study, a multi-rotor remote controlled UAV equipped with a high-resolution camera
mounted on a mechanical gimbal mechanism is used to record video footage and still images. Static and high-speed cameras are
also used for comparing the measurements with the data obtained by the UAV. The recorded measurements are processed by
image processing techniques to assess the beam deflections and free vibration frequencies using Vic-2D and Matlab software.
These investigations can form the basis for developing novel approaches and methodologies for investigating the deformation
characteristics of bridges and monitoring of structures.
KEY WORDS: Unmanned aerial vehicles; Digital image correlation; Displacement and vibration measurements, Bridges
1

INTRODUCTION

Structural health monitoring (SHM) of bridge structures is one
of the most important aspects in relation to public safety.
According to the National Bridge Inspection Standards (NBIS),
road bridges require inspection almost every two years for
health condition assessment. The type of assessment depends
on a variety of factors including type and configuration of the
bridge, building materials etc. (FHWA 2017; Reagan et al.
2017). As the civil infrastructure continues to grow, the
frequency of performing inspections for ensuring safe
operation and reliability of the structures increases
considerably. Efficient bridge maintenance to assure safety,
service life and potential reduction in maintenance costs is of
paramount importance (Lydon et al. 2017; Lydon et al. 2017).
The traditional methods for inspecting and monitoring of
bridges and structural elements include visual inspections,
rebound hammer, ultrasound, ground penetrating radar etc.
Even though these techniques are fundamentally simple, on
many occasions, critical locations often require expensive
equipment and these areas are potentially hazardous for
engineers to inspect. In many cases, condition assessment of
the bridge may require specialized equipment such as ladders,
scaffolding or elevating platforms that could obstruct traffic, to
access critical areas. Apart from visual inspections, one of the
most widely used techniques in structural health monitoring
(SHM) for assessing the condition of the bridge is the use of
accelerometers to obtain the frequency responses and contact
displacement gauges to assess displacement variations (Sekiya
et al. 2016). However, these methods involve high cost
regarding both installation and corresponding data acquisition

systems as well as being time-consuming and expensive to
operate. Consequently, new digitized systems and techniques
must be developed for improving quality and assessment of
structural health condition of structures.
One promising solution to these inspection concerns is the use
of unmanned aerial vehicles (UAV), known as drones,
equipped with advanced digital cameras for measuring the
displacements and vibrations in bridges. Recently, a market
study conducted on estimating the market profile and forecast
for unmanned aerial vehicle systems, revealed that the
investments in UAV technology will almost double in 10 years
from the current annual level of $5.9 billion in 2011 to $11.3
billion (Zaloga et al. 2011). The main advantage of drones
compared to other inspection methods is their ability to access
inaccessible places which are potentially dangerous and
hazardous for the inspectors. The drones are equipped with
high resolution cameras and by combining advanced noncontact methods such as digital image correlation,
displacements and consequently accelerations can be
measured. In this paper, experimental tests are carried out on
simply supported and cantilever beams to assess the efficiency
of measuring the in-plane static displacements using advanced
digital correlation techniques. The displacements recorded
using a commercially available drone are compared from
displacement sensors and static cameras. In addition, dynamic
experiments are conducted on a cantilever beam to assess the
ability of the drone to record the frequencies and the results are
compared with those obtained using accelerometers and highspeed cameras.
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2

DIGITAL IMAGE CORRELATION TECHNIQUE

Over recent years, there has been rapid development in image
processing techniques as well as in high resolution digital
cameras. One of the most popular techniques for image
processing is digital image correlation (DIC). This technique is
a non-destructive, non-contact optical method used to measure
surface displacement and strain fields of a deformed specimen
subjected to various loading cases (Palanca et al. 2015). In
contrast to traditional techniques to measure displacements,
DIC is a robust, fast and easy to use method for obtaining the
full field deformation behaviour of deformed specimens (Hung
and Voloshin, 2003). A high contrast, random speckle pattern
is usually applied on the surface of the tested specimen that
must not exhibit a preferential orientation as repeating patterns
could potentially lead to correlation problems with faulty
registration. This technique tracks and compares the changes in
the grey intensity of the images recorded by a digital camera
before and after deformation of the tested specimen. This can
be achieved by specifying a subset (small area for pattern
matching) in the undeformed (reference) image which will
track the deformed pixels within the subset in the deformed
image for the correlation to be successful. The displacements
of the tested specimen are computed by mechanical
transformation of the grey level distribution to calculate the
localized maps in the subset (Khoo et al. 2016). To achieve subpixel accuracy, a sub-pixel interpolation scheme is utilised to
represent the grey level values between the sub-pixel locations
before the correlation process. High order interpolations are
mainly used in the correlation analysis to calculate the
displacements and strains with a high level of accuracy (Sutton
et al. 1983). Since the accuracy of the DIC measurements
mostly relies on the spatial resolution of the images recorded
using a digital camera, the spatial resolution can be
quantitatively enhanced by increasing the number of pixels of
the camera. Consequently, small changes in the displacement
behaviour and strains with magnitude of 10-4 can be measured.
In this paper, digital image correlation techniques are employed
to track and analyse the displacements of the tested specimens
using the videos recorded by the drone, static camera and highspeed camera.
3

LABORATORY TEST PROCEDURES
Description of the Unmanned Aerial Vehicle (UAV)

The unmanned aerial vehicle used throughout this study is a
multi-rotor UAV namely, DJI Phantom 4 Professional (P4P).
The aircraft is a quadcopter equipped with four rotor blades and
controlled by a ground control station. In this study, the ground
control station involved the use of a remote controller
(transmitter) with built-in GPS in combination with a Samsung
Galaxy S7, to control the aircraft while operating on the 2.4
GHz frequency band. The shell cover body frame of the aircraft
is made of glossy plastic to reduce weight and designed in a
curved shape which improves the aerodynamic stability at
speeds over 30-40 mph. The maximum speed of the aircraft is
31 mph and can reach up to 44.7 mph when the fast-mode is
used. The aircraft has dimensions 289.5 mm wide, 289.5 mm
long and 196 mm high including the top end of the propellers.
The overall weight of the aircraft is 1388 grams including the
battery, four durable plastic propellers and a landing gear at the

base. The landing gear is useful for increasing the stability
during the aircraft take-off and landing. Moreover, the aircraft
is powered by an intelligent flight battery LiPo 45 with capacity
of 5870 mAh and 468 grams net weight allowing for maximum
flight time of nearly 30 minutes. One of the most important
features of the P4P, when compared to other aircrafts, in terms
of the internal infrared sensing system is its improved obstacle
sensory system and autonomous flight modes. The smart
obstacle avoidance system incorporated in the aircraft utilises
vision and sound sensors to each side forming a 5-direction
sensing system. This way, the aircraft can detect obstacles
forwards, backwards and sideways up to 30 m height at a
distance between 0.2 to 7 m. As per the satellite positioning
system, GPS and GLONASS navigation system are utilized,
achieving vertical hover accuracy of +/- 0.1 m (with vision
positioning) and +/- 0.5 m with GPS positioning and horizontal
hover accuracy of +/- 0.3 m (with vision positioning) and
+/- 1.5 m with GPS positioning.
Furthermore, the aircraft features a state-of-the-art camera
system which boasts a 1-inch, 20-megapixel (MP) image sensor
that can support 4K video recording (4096x2160) up to 60
frames per second (fps) at maximum bitrate of 100 megabits
per second (mbps) and 20 MP still images. This sensor enables
the camera to differentiate between low light and bright light
resulting in a high-quality image regardless of the lighting in
the surrounding environment. Moreover, the field of view
(FOV) of the lens has an 84o wide angle with an adjustable
aperture range between f/2.8-f/11 whereas the mechanical
shutter minimises rolling shutter distortion. The aircraft uses a
3-axis mechanical gimbal for the stabilization of the camera
enabling a controllable pitch range -90o to +30o for roll and
yaw. In this study, the videos recorded from the aircraft were
stored on a 16 GB Micro SD card incorporated into the aircraft
for post-processing analysis.
Calibration of aircraft sensors
Prior to laboratory testing, the vision positioning system of the
drone was calibrated using the DJI Assistant 2 App. This would
enable the drone to avoid any potential issues associated with
height loss. The procedure followed involved pointing the front
facing camera sensor of the drone towards the screen of a laptop
with the drone to follow a specific pattern where the calibration
window was changing over the pattern. Once the calibration of
the front facing sensor was completed, the same procedure was
followed to calibrate the camera sensors located at the bottom
of the aircraft. This would enable the aircraft to read the floor
height and maintain constant stability in flight. Once the vision
positioning system was completed, the inertia measurement
unit (IMU) of the drone was calibrated. The IMU is an
electronic device embedded into the drone and is used to
measure angular velocity, acceleration and altitude data from
an accelerometer, gyroscope, thermometer and barometer.
After each flight, the data was processed and stored in the main
processor of the drone. To calibrate the IMU, the drone was
placed on a flat surface and moved to five different positions,
while was still laying on a flat surface, for the App to calibrate
the IMU. This procedure resets and fixes potential issues
related to erratic flying, compass errors or issues associated
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with transmission of the signals. Figure 1 shows the calibration
procedures for the vision positioning system and IMU.
b)

a)

Figure 1: a) Visual sensor calibration of Phantom 4 Pro by
pattern tracking, (b) Inertia Measurement Unit (IMU)
calibration

Experiments on cantilever beam
The cantilever beam tests involved the use of a timber beam
dimensions of 93 mm deep, 44 mm wide and 1800 mm long.
One side of the beam was fixed on a steel beam using two steel
clamps and its free end was loaded using four incremental
weights of 5kg each. Three displacement sensors were placed
under the beam for measuring the direct displacement,
operating at the same frequency (1 Hz) and configuration as the
simply supported beam tests. The same configurations for both
static camera and drone were used as per the simply supported
beam tests, having 2 metres field of view between the camera
and surface of the beam. Figure 3 shows the experimental test
setup for measuring cantilever displacements.

Experiments on simply supported beam
The first series of tests involved the use of a simply supported
beam made of polystyrene foam with dimensions of 100 mm2
in cross section and 1600 mm in length. Prior to testing, the
front surface of the beam was painted using black and white
spray paint to form a tracking pattern for the image correlation.
The beam was loaded in the middle using four incremental
weights of 0.382 grams each, while one displacement sensor
(LVDT) with +/- 0.05 mm accuracy was placed under the midspan of the beam for direct reading of displacements, sampling
at 1 Hz. To prevent penetration of the displacement sensor tip
through the beam, a plastic bracket was glued under the midspan of the beam. The displacements were also recorded using
a Canon static camera mounted on a tripod at a distance of 2
metres away from the front surface of the beam. The resolution
of the static camera was set to 1920x1080 and operated at 30
fps. Before loading the beam, multiple attempts were made to
perfectly align the drone in parallel with the beam. Despite the
fact that the speed of the drone was reduced by operating the
drone in tripod mode, it was not possible to maintain horizontal
stability. The autonomous flight mode of the drone was
changed to ‘Active Tracking’ mode, which focused and pointed
the camera to a stationary object. This was achieved by placing
a patterned board on the top of the beam. The drone operated at
a resolution of 4096x2160 and frame rate of 30 fps with a field
of view of 2 metres. Figure 2 shows the experimental test setup
of the simply supported beam.

Testing beam
Incremental weights

Phantom 4 Pro

Cantilever beam

Incremental weights
Static camera

Data acquisition
Phantom 4 Pro

Figure 3: Laboratory tests using the drone to measure vertical
displacements of cantilever beam loaded at free end
Vibration tests
The vibration tests were conducted using a long cantilever
beam with dimensions 75 mm deep, 74 mm in width and 3500
mm long. The free end of the cantilever beam was deflected 30
mm downwards and allowed to vibrate freely. To measure the
acceleration versus time history, a Kistler accelerometer having
0.516 mV/g sensitivity was mounted at the free end of the
cantilever beam using a square bracket; the sampling frequency
was 5 kHz. A high-speed camera, supplied by Photron, was
used to measure the displacement versus time history of the
cantilever beam at a frame rate of 250 frames per second and
resolution of 1024x1024 pixels. To measure the movement of
the cantilever beam, the video frame rate of the drone was
changed to 120 fps at a reduced resolution of 1920x1080. This
rate is the maximum frame rate available for video recording
using the P4P. The accelerometer signal and high-speed camera
video were triggered, synchronised, acquired and stored into
disk by developing a data acquisition algorithm code using
LabVIEW. Figure 4 shows the experimental test setup carried
out for the vibration measurements.

Displacement sensor

Figure 2: Laboratory simply supported beam test setup
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Accelerometer

Phantom 4 Pro

High speed camera

(<5kg) has an impact on the flight stability when wind
conditions are present as the aircraft is sensitive during flight
(Hallermann et al. 2015). To correct the excessive movement
of the drone, the displacement of the tested specimens was
obtained by subtracting the motion of a stationary block placed
underneath the tested beam. This way, the displacement of the
beam was able to be computed relative to the stationary block.
Figure 6 presents the displacement versus time comparisons
between the displacement sensor, static camera and the camera
mounted to the drone for the simply supported beam.

Data acquisition

Figure 4: Experimental test setup for vibration tests on
cantilever beam
4

EXPERIMENTAL RESULTS AND DISCUSSION

After all tests were completed, the videos recorded using the
drone and static camera were converted to a sequence of images
as 8-bit unsigned integers and formatted into string data using
Matlab. The images were then imported into Vic-2D for image
analysis. A subset size of 19x19 pixels and step size 3 were
used to measure the horizontal movement of the drone, u, and
the corresponding vertical movement, v. Figure 5 presents the
tracking of a stationary feature attached to a concrete wall using
the drone to assess the amount of movement in the horizontal
and vertical directions.

Figure 5: Track of stationary feature in horizontal (u) and
vertical (v) directions recorded using the drone
During the testing procedures, the drone operated in the indoor
environment, flying in altitude mode due to its inability to
detect and use dual satellite connectivity using both GPS and
GLOSNASS navigation systems. Despite the efforts of the
drone to maintain a constant altitude by analysing the pressure
data recorded by the barometric pressure sensor, significant
drift of the drone was noticed, mainly in the horizontal
direction. The tracking of the displacements from the stationary
object revealed excessive movement of the drone, mainly in the
horizontal direction, with high fluctuations, reaching
movements up to 203 mm. The vertical movement of the drone
was also significant with drift in the displacement
measurements reaching movements up to 50.2 mm. In general,
the lightweight construction of small unmanned aircrafts

Figure 6: Comparison of displacement measurements of
simply supported beam
It can be observed that the three displacement graphs follow the
same trend throughout the test. The displacement measured by
the drone exhibited slight drift at the start of the loading. As the
beam was loaded by the second incremental weight, the
displacement readings obtained by the drone became more
stable approaching the displacements measured using the
displacement sensor. The drift in the displacement
measurements computed by the drone is more noticeable at the
third loading while the difference between the static camera and
the displacement sensor is nearly 1 mm. The drift observed in
the displacements measured by the drone is attributed to the
continuous translation movement of the camera as well as the
out of plane movement. Despite the fact that a stationary object
was used for the correction of the displacement readings
measured by the drone, the continuous movement of the
drone’s camera in 3D space could result in significant
differences. Figure 7a presents the displacements at the free end
of the cantilever beam loaded using four 5 kg incremental
weights. The comparison between the displacements measured
using the drone shows a slight amount of drift at the start of the
incremental loading with slightly visible fluctuations when the
second incremental weight is mounted to the cantilever. A
similar trend was observed as shown in Figure 7b, where the
displacements were recorded at a distance of 600 mm away
from the free end of the cantilever beam.
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a)

b)

Figure 7: Displacement versus time graph of cantilever beam
a) at free end, b) 600 mm distance away from the free end of
the cantilever beam
Figure 8 shows the frequency response of the cantilever beam
subjected to vibrations. The video was recorded using the drone
and was then imported in Matlab to convert the time domain
information into the frequency domain for further analysis.

camera. In addition, the results showed that the dominant mode
of the cantilever beam can be measured using the drone.
However, this presents challenges with identifying ways of
stabilizing the drone video in 3D space to measure the
displacements accurately. It is hoped that these studies will
form the basis for developing stabilization algorithms to enable
the accurate measurement of displacement and vibration
characteristics. This could potentially lead to the development
of novel methods and techniques for measuring deformation
characteristics of bridge structures, and structures in general.
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ABSTRACT: This paper develops a synchronised multi-camera contactless vision based multiple point displacement
measurement system using wireless action cameras. Displacement measurements can provide a valuable insight into the structural
condition and service behaviour of bridges under live loading. However conventional displacement gauges or GPS based systems
have limitations in terms of access and accuracy. Computer Vision systems have been validated as a means of displacement
calculation, however existing systems in use are limited in scope by their inability to reliably track multiple points on a long span
bridge structure. The system introduced in this paper provides a low cost durable alternative which is rapidly deployable in the
field. Commercial action cameras were paired with an industrially validated solution for synchronisation to provide multiple point
displacement readings. The performance of the system was evaluated in a series of controlled laboratory tests. This included the
development of robust displacement identification algorithms which were tested and validated against displacement measurements
obtained using a fibre optic displacement gauge. This research will significantly advance current vision based Structural health
monitoring (SHM) systems which can be cost prohibitive and provides rapid method of obtaining data which accurately relates to
measured bridge deflections.
KEY WORDS: Computer Vision; Structural Health Monitoring; Bridge Monitoring.
1

INTRODUCTION

Existing Civil infrastructure is under increasing levels of stress
from loading and environmental effects. These effects can be
detrimental to the integrity of the bridges and must be
monitored to avoid dangerous incidents and ensure public
safety. Visual inspections remain to be the most common
method of bridge inspection worldwide. This involves a visit to
the bridge structure by an inspection team to assess obvious
damage to components and is performed according to a set of
directives relating to bridge type. This method has many
limitations which affect its reliability and is extremely sensitive
to human error, particularly since a visual inspection is rarely
carried out by a senior engineer. A survey of the reliability of
visual inspections has detailed the high level of variability in
this assessment method [1].
Structural Health Monitoring (SHM) systems provide a
valuable alternative to traditional inspections [2]–[5] and can
provide an unbiased and precise means of determining the true
state of aging infrastructure. SHM systems allow monitoring
of the structural load and response over short periods or for long
term, with commonly used sensors including both
accelerometers and strain gauges, but there has recently been
increased interest in using displacement measurements as a
powerful means of assessing bridge condition through
performance [6].
Displacement can be measured using traditional sensors such
as Linear Variable Differential Transducers (LVDT’s). These
instruments require contact with the bridge structure to obtain
measurements, and an independent and rigid support system,
which can be difficult in in many field applications.
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Accelerometers provide a promising alternative. The drawback
with the usage of accelerometers is that they can be vulnerable
to numerical error from double integration and initial condition
analysis [7]. Laser vibrometers can provide an accurate
measurement at a single monitoring location, with the
disadvantage of not providing the flexibility of measurement
available in vision systems due to being required to be fixed at
a single point throughout measurement. Global Position
Systems (GPS) can also be used for displacement calculation,
but the accuracy of the system is not comparable to that of other
systems, with the majority of commercial systems only capable
of obtaining a resolution at centimetre resolution and far away
from sub millimetre [8]. Traditional sensors also have
challenges in evaluating displacement of a structure as a
reaction to live loading, or to be accurately synchronized to this
loading due to sensor setup and LVDT or slide wire
potentiometer internal mechanics.
There are numerous examples in the literature of the efficacy
of computer vision as a tool for SHM. In [9], the authors
developed a low cost contactless system for monitoring of
displacement of a bridge structure; where results comparable to
LVDT were obtained at distance of approximately 30m. These
readings are useful for displacement calculation; the
requirement of having a laptop computer connected to the
camera used for obtaining video images could mean that their
system could not be applied at all locations. Khuc & Catbas
[10]demonstrated the use of a computer vision system to
monitor movement of a stadium structure under severe crowd
loading.
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There are additional examples of computer vision based
displacement calculation described in [11] and [12]. The work
discussed above is all in single point displacement calculation,
which could be limiting on long span bridge structures. Early
work in multiple point simultaneous displacement calculation
was carried out in [13], where multiple PC’s were used to
control camcorders in a master-slave relationship. This system
is based on estimating the time lag between master and slave
computers and is also dependent on having the cameras be
controlled by PC at all times. This work is built upon in [14]
with a more advanced version of the synchronisation system
being used. Multi- point displacement is also explored in the
work of [15], where multiple points in the viewpoint of one
camera are used to calculate displacement. This does offer
greater flexibility, with the drawback of decreasing the
resolution of the system as less detail of the points would be
available. The concept of multiple points from a single
camera’s viewpoint is expanded upon by the work by [16] with
results being captured using a high resolution camera- however
there are no traditional sensors used as a means of comparison
so it is difficult to verify the accuracy of their system when
deployed in the field.
This research has shown that multiple camera computer vision
systems are viable as a method of displacement calculation.
This paper will detail the laboratory trials of a timesynchronised system for multipoint displacement calculation.
2

SYSTEM DEVELOPMENT

The development of all vison based SHM systems is dependent
on intensive post processing algorithms [17] to convert the
captured images into accurate bridge displacements.
A feature-based approach was chosen due to being more robust
and reliable than DIC approaches[18] and, when paired with a
reliable feature extraction technique, with similar precision.
The processing framework is composed of three main blocks,
as shown in Figure 1.

distance, focal length, angle etc. The camera is calibrated using
the checkerboard pattern, and these variables are used to
remove lens distortion and provide a scaling factor for the
videos captured in the field trials. The formula to show this is
written below in (1)

𝑆𝐹 =

𝑑
𝐷

=

𝑓
𝑝×𝑍

(

𝑝𝑖𝑥𝑒𝑙
𝑚𝑚

).

(1)
SF is the scaling factor ratio, d is a distance on the image, D is
a world distance, f is the focal length of the camera, p is the unit
length of the camera sensor (mm/pixel) and Z is the distance
from the camera to the monitoring location. The scaling factor
can also be determined by use of the formula
𝐷𝐾𝑛𝑜𝑤𝑛

𝑆𝐹 =

𝐼𝐾𝑛𝑜𝑤𝑛

(2)
where DKnown is the known physical length on the object surface
and IKnown is the corresponding pixel length on the image plane.
Feature Extraction: This is the process of extracting/detecting
salient features from the images of the object to be tracked.
Examples of these could be corners, rivets or natural decay in a
concrete or steel structure. Processing time can be minimised
by only searching for features inside a Region of Interest(ROI).
The process selected for use in the algorithm was SURF[21], a
robust and computationally inexpensive extension of SIFT[22].
The keypoints provided by SURF are scale and rotation
invariant and are detected using a Haar wavelet approximation
of the blob(region in an image that differ in properties such as
brightness/colour from surrounding regions) detector based on
the Hessian determinant. These approximations are used in
combination with integral images(the sum of pixel values in the
image) to encode the distribution of pixel intensity values in the
neighborhood of the detected feature. The features detected in
the laboratory tests are shown in Figure 2.

Figure 1 Block Diagram of Algorithm Design
Camera Calibration: Camera Calibration is a method of
determining the intrinsic and extrinsic paramenters of the
camera used to record the structure motion to remove lens
distrortion effects and to provide a scaling factor for the
conversion from pixel units to engineering units. The method
used in removing lens distortion in this study was the one
proposed by Bouguet in [19], where a series of images of a
checkerboard or similar pattern is used to obtain the lens
distortion of a camera at the desired focal length.
There are a variety of approaches used to determine the scaling
factor for converting pixels to physical distance. In [20], a pretesting calibration method is demonstrated. This involves
setting up the camera in the laboratory in an identical manner
to that of the field test to be carried out, i.e. same monitoring

Figure 2 Features Detected in Laboratory Trial
Feature Tracking: Once the points are detected, they must be
tracked through subsequent frames to filter outliers and
improve the displacement dynamic estimation. Careful
application of threshold values must be maintained during this
process, as features may become occluded or vary during the
progression of a video. Our system makes use of a KanadeLucas Tomasi (KLT) [23] tracker to determine movement of
the features detected. This method takes the points detected by
the feature extractor and uses them as initialisation values. The
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system removes outliers using the statistically robust Mestimator SAmple Consensus (MSAC) algorithm[24]which is
a variant of the RANSAC algorithm. The MSAC algorithm
scores inliers according to the fitness to the model and uses this
together with a user- specified reprojection error distance to
minimize the usage of outliers in the displacement calculation.
Any features that do not meet these thresholds are rejected, with
the inliers then tracked on the next video frame using the KLT
algorithm. The displacement of the object can be measured in
pixels by calculating the relative movement between frames of
the centroid of a matrix containing the extracted features. The
pixel movement is converted to engineering units using the
formula in Equation (2). This continues until all frames of the
video have been processed.
Synchronization Hardware
The system that was chosen to provide time synchronization for
the GoPro systems is known as Syncbac [25]. This GoPro
accessory can be attached to the extension port of the GoPro
and embeds timecode data into each frame recorded by the
GoPro. Analysis of this metadata allows for synchronization of
recordings obtained by the system using a solution developed
by the authors in C++ in Microsoft Visual Studio. The Syncbac
sends live timecode data via Radio Frequency (RF), with a
range of 30-60m. There is also functionality available for units
to be initially synchronized with a master unit before handling
timecode insertion without any additional information being
provided. The range of the system can also be extended to 150180m by use of a pulse: [26], which allows for greater
deployment range in addition to wireless control of all units via
the Blink Hub app [27]. The Syncbac system also allows for
wireless remote control of the cameras via PC/smartphone app,
meaning the cameras can be placed in areas not traditionally
available for bridge monitoring using Computer Vision.
3

EXPERIMENTAL PROGRAMME

The aim of the experimental work was to conduct a series of
sequential tests to establish the accuracy of the timecode
synchronization between the vision sensors, since perfect
synchronisation is required for a full characterisation of the
deflection pattern
A. Test Series 1 – Timecode testing
a

Figure 3 Readings from initial time synchronization trial,
confirming accurate recording of UNIX time.
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B. Test Series 2 – Accuracy of synchronized vision sensors for
displacement measurement
The accuracy of the hardware system and associated post
processing techniques were developed and validated through a
laboratory experimental program. This involved tracking the
displacement of a simply supported 178mm×102mm×19mm
Universal Beam with a clear span of 5.3 m. A centrally applied
static load of 3255N was applied to induce displacement along
the span of the beam. The beam was split into 9 elements of
equal length along the span of them beam to situate the loading
and sensing points. The nodes connecting the elements were
numbered 1-10 consecutively from left to right. Hence the load
was applied midway between nodes 5 and 6.
1) Sensor configuration and data acquisition
LVDT’s were used to validate the camera measurements at the
monitoring locations used by the camera along the span. The
LVDT sensors were configured to measure static displacements
at each of the nodes monitored by the camera. A Datataker
DT800 logger was used to acquire the readings at discrete times
during the test corresponding to times when the beam was
loaded and unloaded. An accurately calibrated fibre optic
displacement sensor (FOS) with a resolution of 0.03mm was
also used at a single node (Node 4) to validate the accuracy of
the deflections that were determined from the camera readings.
This sensor was used because it provides a high level of
accuracy compared to LVDT. The FOS was positioned to
record continuous displacement measurements at a rate of 25
Hz. The wavelength shift data associated with the FOS was
recorded and converted to displacement using an approach
described previously [28], where a Fabry-Perot filter was used
in tandem with a photodiode.
Two GoPros set to record continuously during loading and
unloading at a frame rate of 25 fps were used to monitor the
beam. One camera was set to monitor node 3 and the second to
monitor node 4. The readings taken at each node were
converted from pixels to mm using the scaling factor of
Equation (2).
The results from the synchronization trial for nodes 3 and 4 are
shown in Figure 4. The results show good agreement between
the camera system and the LVDT/FOS sensors, with our vision
system outperforming the LVDT sensors in the point where the
FOS was available. It is also significant that there is excellent
correlation between the vision sensors along the X-axis,
confirming the successful synchronization of the system in a
laboratory environment.
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research so far has developed solutions for multipoint
displacement monitoring using cameras. Further work to be
carried out to develop a complete system for bridge monitoring
due to traffic loading includes:

GoProSync Trial vs FOS vs LVDT
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Perform field trials of the system with validating
equipment to ensure accuracy remains consistent in an
uncontrolled environment.
Develop a machine learning system for traffic
identification.
Correlate vehicle position to applied load in laboratory
and field trials.
Investigate the use of stereo vision to obtain 3D
measurement of bridge movement.
Incorporate applied load position and measured
deflection into a system to demonstrate the influence
line of a bridge under loading.

Time (seconds)
Node 4(GoPro)
LVDT Node 3
Node 4(FOS)

LVDT Node 4
Node 3(GoPro)

Figure 4 Vision, FOS and LVDT sensor displacement results
for test series 2
To allow for accurate comparison between the displacement
results calculated from the vision-based sensors and the
validation sensors, the root mean square error (RMSE) is
presented in Table I.
TABLE I
RESULTS FROM GOPRO VS FOS VS LVDT DISPLACEMENT MONITORING
Camera Node
Validation
RMSE (vision sensor v’s
Sensor

validation sensor) (mm)

3

LVDT

0.044

4

LVDT

0.107

4

FOS

0.079

The results confirm successful synchronization of the two
cameras, providing confidence in this method for future
deployment. It is believed by the authors that the higher RMSE
with the LVDT comparison at Node 4 is due to the lower
resolution of the LVDT versus the FOS. The low error results
from the RMSE comparison validate the use of the GoPro
camera in laboratory trials.
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ABSTRACT: Following a period of sustained investment from the mid-1990s Ireland’s road infrastructure developed rapidly
resulting in the construction to date of in excess of 291 integral bridges along the main national road network. In general these
structures have performed well in service however there are now a number of locations where the pavement adjacent to these
structures is showing signs of settlement and deterioration resulting in costly repair efforts. Transport Infrastructure Ireland (TII)
has undertaken research to investigate these failures aiming to assess whether this defect is as a result of a design or construction
anomaly and how to avoid such defects within future construction. An exercise was carried out to quantify the problem and to
establish a pattern, where possible, in terms of design, detailing or construction methodology or a combination of these aspects.
With access to a database for each of the 291 plus integral bridges there was a significant amount of in-service data available to
inform the study. The research approached the issue from the perspective of the road authority for which these defects can result
in increased maintenance and repair costs and can result in significant operational disruption to road users as a result of lane
closures along new and heavily trafficked stretches of national road so as to facilitate repairs of damaged pavement.
KEY WORDS: CERI 2018; Integral; Pavement Deterioration; EIRSPAN.
1

INTRODUCTION

Strong economic growth in Ireland in the 1990’s and 2000’s
fuelled a period of rapid road construction. During this period
the bridge stock on national routes in the country almost
doubled with records showing 1514 structures constructed in
the past 27 years bringing the bridge stock on national routes in
Ireland to 3347 structures in the year 2017.
The first typical integral structures were constructed in
Ireland in the early 2000’s with 291 plus integral structures
being built since. With much of this new bridge stock now in
service for 10-15 years Transport Infrastructure Ireland (TII)
have undertaken an investigation of the in-service performance
of these structures focussing on reports of pavement defects at
the rear of integral abutments. Arup were tasked with assisting
in the investigation of the issue.
Most schemes constructed during this period were large
scale and complex civil engineering projects procured under a
Design and Build (D&B) or Public-Private-Partnership (PPP)
form of contract with each scheme comprising significant
numbers of bridge structures. Whilst structural design was
bespoke at each location, the design basis and appearance of
the structures was typically based on the notion of a ‘family of
structures’ where form and design was consistent for similar
structures.
This paper looks at the history of integral bridges in Ireland,
the exercise undertaken to quantify the problem in question and
interrogates available data to identify key trends which may
have contributed to the development of the pavement defects.
The main data parameters studied relate to skew of the
structures, back of wall drainage details, pavement/structure
interface, obstacle crossed and foundation type. Input data was
gathered from the TII bridge management system, EIRSPAN,
as-built records and limited site visits.

2

PAVEMENT DETERIORATION

TII was first prompted to carry out an investigation of these
defects as a result of sporadic reports from various Maintaining
Agents (MA’s), the organisations responsible for maintenance
of bridge structures, highlighting a specific form of pavement
deterioration at the back of integral underbridges along national
routes, predominantly motorways and dual carriageways.
These reports outlined settlement and pavement breakup
starting with discrete patches approximately in line with the
wheel track of vehicles travelling in Lane 1. The patches were
noted as extending in size and widening across the lane width
and into the overtaking lane (Lane 2) as time progressed.

Figure 1: Typical pavement defect observed in Ireland at the
rear of integral underbridges.
The pavement deterioration was seen to occur in general
along the line of a saw cut across the road. The saw cut joint is
provided to control cracking that may be induced in the
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pavement due to movement of the integral structure and
typically indicates the line of the back of the abutment. Figure
1, shows an example of the pavement deterioration in question
relative to the line of the saw cut joint, also visible.
The pavement deterioration was noted to be, at times,
occurring in tandem with a degree of localised settlement and
resulted in varying sized potholes opening in the road resulting
in poor surface conditions at the worst of these locations and a
maintenance and durability concern for the MA.
As a result of these defects the MA’s for the bridge
structures affected were having to undertake ongoing repairs to
the pavement resulting in road closures and disruption to
motorists. In some cases patch repairs, such as those shown in
Figure 2, were carried out however in other locations repairs of
up to 15m pavement resurfacing were required and in some
cases further more complex interventions were required.

Figure 2: Typical pavement repair.
3

HISTORY OF INTEGRAL BRIDGES IN IRELAND

Concerns regarding the long-term durability of articulated
structures saw a trend, internationally, from the late 1990’s
onwards, towards the design and construction of modern
integral bridges. Based on international best practice, the
National Roads Authority or NRA (now operating as TII),
adopted the use of integral bridge design and published
technical guidance within their Design Manual for Roads and
Bridges (NRA DMRB). The NRA DMRB evolved from the
United Kingdom’s (UK’s) Highways Agency (HA) Design
Manual for Roads and Bridges.
The NRA formally implemented the use of integral bridge
design in Ireland in the form of an addendum to the HA
document BD 57, Design for Durability [1], in 2000 and
subsequently published another addendum to the HA document
BA 42/96, The Design of Integral Bridges [2][3], in 2003.
With these documents came a standard requirement to design
any bridge with a total length less than 60m and with a skew of
30o or less as an integral structure. This led to a significant
integral bridge stock being constructed over a relatively short
time period in Ireland.
Initially some integral designs in Ireland used run-on slabs
which were detailed in accordance with the CIRIA Guide
C543, Bridge Detailing Guide [4]. These slabs were designed
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to span possible future settlement as a result of movement of
the integral structure. However in service they proved, in some
cases, to merely relocate settlement issues to the back of the
run-on slab, some metres back from the deck and resulted in
maintenance issues for the structures. The use of run-on slabs
fell out of favour in the UK and Ireland adopted a similar
position. As a result the 2001 revisions to NRA BD 57 [5] by
the NRA recommended run-on slabs be omitted unless it could
be demonstrated that their use was essential.
In general, integral bridge design and construction has
proven successful and the use of integral bridge design
continues to be favoured in Ireland for new structures which fit
the criteria outlined in TII standard, DN-STR-03012, Design
for Durability [6].
4

LITERATURE REVIEW

In order to fully understand the major causes of pavement
degradation at the back of abutments of integral bridges and to
ascertain whether similar issues were arising in other countries
a review of literature and previously compiled research was
undertaken.
A significant portion of the literature considered is based on
research undertaken in the United States and in many cases the
research is in excess of 10 years old. Whilst back of abutment
settlement or the commonly experienced ‘bump’ was a
common thread throughout the literature the localised
pavement damaged evident in Ireland was not specifically
addressed.
Many texts reference ‘Settlement of Bridge Approaches –
The Bump at the End of the Bridge’ by Briaud et al [7] which
lists the primary causes of settlement at the back of integral
abutments. These causes were considered when undertaking
this study to see if it was possible to find a common thread to
the failures on the Irish network.
According to Briaud et al the primary causes of the ‘bump’
are considered to be:
1. Thermal effects;
2. Poor compaction of backfill material;
3. Poor specification of backfill material;
4. Settlement of natural soil under the embankment;
5. Poor drainage detailing;
6. Poor abutment/pavement joint detailing.
Although all of the aspects identified above play a crucial role
in determining the in-service performance of a bridge structure
this research can only focus on the aspects for which data is
available through the EIRSPAN database, the As-Built Records
and the in-service condition of a bridge structure.
5

EIRSPAN

Information on the structures considered in this study was
sourced, in the first part, from the EIRSPAN database.
EIRSPAN is TII’s Bridge Management Database and includes
data relating to all 3347 structures on national roads in Ireland.
The information ranges from details of the structures
composition and location, construction date and the parties
involved in the design and maintenance of the structure along
with each Principal Inspection (PI) carried out on the structure.
The data in the system is used to inform maintenance and
rehabilitation activities for structures on the Irish national road
network.
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Under the EIRSPAN management system, PI’s are carried
out at a maximum of every 6 years, based on their condition
rating, and Routine Inspections carried out every year. During
the course of the PI a Condition Rating of 0-5 is assigned to
each of a list of structural components, for example expansion
joints or abutments, with 0 being no significant damage and 5
meaning the component has failed. The structure is then
assigned a General Overall Condition Rating. The first PI of a
structure is undertaken when the structure is initially put into
service. The inspection interval is between one and six years,
depending on the condition of the structure, the level of traffic
on the structure and the expected rate of future deterioration.
The PI includes an assessment of the condition of the road
pavement at the structure. It was this particular attribute that
formed the basis for selecting which structures to investigate
further during the study. However as the study progressed it
became apparent that many structures included in the study
have a pavement condition rating of 0 or 1 which does not
reflect the deterioration witnessed. This may be as a result of
the initial PI being undertaken shortly after the road is opened
and before deterioration has occurred. In the case of a new
structure it may be 6 years before another PI is undertaken so
any deterioration that occurs in the interim would not be
captured within EIRSPAN.
The basis for the input data for this study started with a
search of EIRSPAN for suitable integral structures and the
interrogation of the Condition Rating assigned to the Bridge
Surface component and the photographic records from PI’s.
6

OTHER DATA SOURCED

A number of structures were further identified through
consultation with the TII Structures team including Regional
Bridge Managers for each of the three structures regions.
Consultation was also undertaken with other MA’s such as PPP
Company Concessionaires and those running Motorway
Maintenance and Renewals Contracts on behalf of TII. This
exercise included undertaking a site visit to see examples of the
specific pavement deterioration first hand.
As part of this research contact was also made with a
number of other Road Authorities including Highways
England, DfI Roads and many others through the Conference
of European Directors of Roads (CEDR).
Data was also gathered by a survey driving along a section
of a major inter-urban route in order to correlate the data
sourced through EIRSPAN with an actual current physical
survey.
7

QUANTIFYING THE ISSUE

After an initial interrogation of the EIRSPAN database, 408
structures (both underbridges and overbridges) were identified
as being integral or semi-integral based on a description of the
Principal Design Elevation of ‘Frame, constant cross section’,
the term used in EIRSPAN to describe integral structures. Each
of these structures was examined using photographs taken
during Principal Inspections and two pieces of information
were checked:
 Was the structure in question an integral bridge, as box
structures also share the same Principal Design Elevation
description?



Did the photographs taken, or Bridge Surface Component
rating assigned, suggest that pavement deterioration had
occurred?
This examination yielded a total of 279 bridges that were true
integral bridges. The remaining 129 bridges were either box
structures or some variant thereof.
Table 1 below shows the breakdown of these 279 integral
structures into underbridges and overbridges. Four of the
structures are semi-integral, 2 each of underbridges and
overbridges:
Table 1: Breakdown of Integral Bridges included in
EIRSPAN database.
Structure Type
Integral Underbridges
Integral Overbridges
Total

Number on Network
94
185
279

Of the 279 bridges verified as being integral, 63 structures,
or 23%, were shown to have pavement distress or settlement of
some kind. When the 63 structures were further broken down
into the categories of underbridges and overbridges this
revealed that 39 (62%) were at overbridges and 24 (38%) were
at underbridges. This is approximately in line with the split of
the overall group of 279 integral structures with 66% being
overbridges and 34% being underbridges.
Table 2: Numbers of integral structures showing pavement
problems based on the EIRSPAN database.
Structure Type
Underbridges
Overbridges
Total

Number
24
39
63

As noted above, additional data pertaining to integral
bridges demonstrating some form of pavement distress was
sourced through survey and consultation. This consultation
yielded a further 6 integral structures, 4 underbridges and 2
overbridges, which had not previously been captured by the
EIRSPAN search due to the categorisation of the structure.
This additional data brought the number of integral bridges
with pavement distress to the following:
Table 3: Numbers of integral structures showing pavement
problems based on the EIRSPAN database and consultation.
Structure Type
Underbridges
Overbridges
Total

No. on Network
98
187
285

No. with Issues
28
41
69

In an effort to corroborate the data gathered through
consultation and review of the EIRSPAN database a drive
along survey was also undertaken on a section of road for which
data had already been gathered.
The M8 motorway forms part of the main route between
Dublin and Cork and has been constructed in the main over the
last 10 years. Based on the original review of EIRSPAN it was
determined that there were 16 integral underbridges along this
major inter-urban route and that only one of the integral bridges
was showing signs of pavement deterioration. Prior to carrying
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out the survey a Google Maps search and further interrogation
of available data yielded an additional 6 integral underbridges
not output by the original EIRSPAN search. This was as a
result of the designation of the ‘Principal Design Elevation’ not
being designated as ‘Frame, Constant Cross Section’ for these
structures. This brought the total number of integral bridges
identified on this section of road to 22.
A survey was undertaken by driving the route in both
directions in an effort to determine if ride quality was affected
by defects at bridge structures. The determination of ‘ride
quality’ was based on an agreement of the physical impact of
the ‘bump’ by the team of 3 undertaking the survey.
Based on a review of the EIRSPAN data 1 structure on the
M8 was identified as having a pavement defect however the
drive along survey identified defects at 6 of the 22 integral
structures along the route. Of the 6 structures noted, 4 showed
signs of repair.
The drive along survey indicates that on the M8 motorway
27% (6 out of 22) of integral underbridges are experiencing
pavement deterioration of some form. Based on the study of
the EIRSPAN data 28% of all integral underbridges show some
signs of pavement distress. However, the EIRSPAN study
indicated pavement distress at just 6% of the M8 structures and
therefore it is possible that current recorded data
underrepresents the issue.
Adding the structures from the drive along survey to the
total number shown in Table 3 final numbers of 33
underbridges and 41 overbridges were determined to be the
study group, shown in Table 4, and an exercise was undertaken
to source as-built drawings for these structures to add to the
information already available through EIRSPAN.
It should be stressed that the figures represent structures
showing some degree of deterioration or settlement and not all
of the structures have pavement issues as severe as those
illustrated by the photos.
Table 4: Total No. of integral structures included in study.
Structure Type
No. on Network
No. with Issues
Underbridges
104
33
Overbridges
187
41
Total
291
74
The information was sourced from TII and from MA’s. It
was possible to get ‘As-built’ or ‘For Construction’ drawings
for approximately 42% of the structures being considered. A
database was compiled with the information from EIRSPAN
and the additional information from the drawings.
A further exercise was undertaken to create an interactive
dashboard tool to allow the data to be filtered and graphically
represented depending on a specific attribute, for example
pavement condition or whether the structure is an underbridge
or an overbridge. Figure 3 was generated by the dashboard and
shows all of the integral bridges on the Irish road network with
integral bridges showing pavement defects highlighted in a
different colour.
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Figure 3: All integral bridges along the Irish national road
network (Total 291 with 74 showing defects).
8

ANALYSIS OF AVAILABLE DATA

The next step in the project was to try to establish a cause for
the defects seen. Based on the survey of the photographic
records within EIRSPAN the types of issues observed break
down into two main groups which have been classed as
‘Pavement Settlement’ and ‘Pavement Deterioration’:
‘Pavement Settlement’ presents as the typical ‘bump’
experienced when entering or exiting a structure where the
immediate approaches have settled. The ‘bump’ is typically of
an even height across the width of the structure and whist in
some cases the pavement layer may crack the damage is more
evenly spread across the width of the structure. The settlement
associated with this bump can extend for 5-10m along the
length of the carriageway behind the abutment and is thought
to be associated with a lack of compaction of the backfill
behind the abutment.
‘Pavement Deterioration’ presents as discrete patches of
pavement deterioration which begin as small defects, usually at
the location of saw-cut joints. The deterioration generally starts
in the line of the wheel track in Lane 1 although as the issue
worsens it can spread both laterally and transversely. A degree
of settlement can be associated with this defect however is not
always seen and does not extend back as far as the settlement
noted above.
In trying to determine a pattern to the structures which
developed signs of pavement deterioration, consideration was
given to a number of factors which could in some way influence
the performance of the structure.
The following key
information was examined for the structures:
a)
Abutment/Pavement Interface;
b)
Back of Wall Drainage;
c)
Skew;
d)
Obstacle Crossed;
e)
Foundation Type.
Details of the information available and the findings for each
heading are outlined below.
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Abutment/Pavement Interface
As-built drawings were sourced for 42% of the 74 integral
bridges in the study group. Drawings were sourced for 14
overbridges and 17 underbridges. Earlier integral structures
had run-on slabs however as stated previously the use of runon slabs was discouraged by NRA BD 57 after 2001 and
Consultants developed alternative details for this location. In
general one of the following four details have been used at the
interface between the abutment and the pavement directly
behind the abutment at the structures investigated.
i. Back of wall drainage with compacted 6N overlain by
pavement layer.
ii. An unreinforced mass concrete strip detail. The block is
typically detailed as a 300mm deep by 600mm wide crosssection, but size can vary, and extends the width of the
abutment. The block sits beneath the road pavement layers
and rests partly on top of compacted 6N backfill material
with the remainder resting on top of the 300mm wide back
of wall drainage layer. A saw cut is provided in the
pavement surface at the interface between the block and the
abutment. In the case of some integral bridges a buried joint
is provided.
iii. A run-on slab. A number of different connection details to
the abutment were observed, as detailed in CIRIA C543,
Bridge Detailing Guide.
iv. A 300mm deep layer of Cement Bound Material (CBM 4),
a strong lean mix concrete, extending approximately 3m
back from the rear of the abutment and buried beneath full
pavement construction. This detail was rarely constructed.
A breakdown, based on the drawings available, of how these
details have been adopted across integral structures is provided
on Figures 4 and 5:
Underbridges
Mass Concrete Strip (12 no.)

Back of wall drainage is another aspect of the detailing which
was investigated. In accordance with Series 500 of the TII
Specification for Roadworks there are three permitted back of
wall drainage options, as follows:
i. A minimum thickness of 300 mm of granular material of
20mm nominal size (to specific criteria).
ii. Porous no fines concrete, cast in situ 225 mm thick
complying with the requirements of Series 2600.
iii. Precast hollow concrete blocks complying with IS EN 7722 & 3 laid in stretcher bond with dry joints in 225 mm thick
walling with holes vertical.
Proposals for back of wall drainage as shown on as-built
drawings for the structures under consideration in the study are
shown in Table 5 however without trial pits these details cannot
be verified.
Table 5: Breakdown of back of abutment drainage details.
Drainage Layers Specified
Clause 513 – No option
specified from (i) to (iii)
Clause 513 - Option (iii)
Hollow Block
No drainage specified.
No information shown on
drawing.

No. of Structures with Detail
9 (OB) and 9(UB)
2 (OB) and 5 (UB)
1 (OB) and 1 (UB)
2 (OB) and 0 (UB)
0 (OB) and 2 (UB)

There is insufficient confirmed data to determine the
influence of the drainage layer on the formation of a pavement
defect.

12%
12%

Compacted Fill (2 no.)
Other/Unknown (1 no.)

Back of Wall Drainage

6%

CBM4 (2 no.)
Approach Slab (0 no.)

The sample data is limited. However it suggests that the
mass concrete strip detail results in the majority of defects at
underbridges and the compacted fill detail results in the
majority of defects at overbridges. This may be as a result of
these details dominating as the most frequently used details and
a study of the detail across all structures, including those with
no defects, would be necessary to determine a conclusive trend.

Skew
70%

Figure 4: Breakdown of back of abutment/pavement interface
detail at Underbridges in the study group.

The angle of skew of a structure influences whether it is
suitable to be made integral. NRA BD 57 advises that integral
construction for bridges is suitable for structures of skew angle
less than 30o. Internationally the limit for skewed integral
bridges varies. The information on skew angle was examined
in the context of the bridges showing defects.
Table 6: Skew angles found at the 74 integral bridges with
pavement defects on the Irish road network.
Skew Angle
No skew
Less than 10o
Between 11o - 20o
Between 21o - 30o
Greater than 30o
No data available
Total

All
18
13
20
14
6
3
74

U-bridge
8
3
8
8
5
1
33

O-bridge
10
10
12
6
1
2
41

Figure 5: Breakdown of back of abutment/pavement interface
detail at Overbridges in the study group.
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When these figures are examined there is no clear indication
that a higher skew results in any greater likelihood of pavement
defects or settlement with structures affected at all skews.
Obstacle Crossed
Consideration was given as to whether the structure crossed a
watercourse and whether this could be influencing the
deterioration seen. This task was only carried out for the
underbridges showing defects. Crossing of a watercourse
accounts for 27% of underbridges with a defect. The other 73%
is made up of 23% crossing over rail and 50% crossing over
another road. No pattern could be established.
Foundation Type
Abutment type was also considered. This information was
taken from the EIRSPAN database and was available for the
majority of the 291 integral structures studied. The information
was broken down to show the different abutment and wingwall
variations adopted across the integral structures on the network
and the structures showing defects were examined.
There is no clear pattern emerging from this data. Both
‘Abutments with Independent Wingwalls’ and ‘Bankseats with
Reinforced Earth Retaining Wall’ have percentages of defects
in the lower end of the range. This could be attributed to the
18m limit placed on the span of structures used with the
bankseat on top of reinforced earth detail (Highways England
BD 70 [8]).
9

FURTHER ANALYSIS

The EIRSPAN database contains numerous attributes for each
structure and a further exercise was undertaken to take these
attributes, as a whole, and use a computer analysis technique to
mine the data to determine if there were patterns within it that
were not apparent through the previous exercises.
The analysis was performed with the aim of identifying
trends between the documented bridge data and the
deterioration of the road surface at integral bridges. The
objective was to identify if there was any correlation between
the bridge parameters and the condition of the road surface (as
identified by the condition rating or photographic review).
Decision Tree Analysis and Regression Analysis were
undertaken however both failed to establish a pattern leading to
the deterioration. The failure of the models to identify
predictors of road surface damage may be due to a number of
factors. Firstly, the damage to the road surface may be linked
to parameters which are not recorded in the database, e.g.
construction methodology or the underlying soil conditions.
Secondly, the database is small and significantly skewed as the
majority of the bridges have a road surface condition rating of
zero (no deterioration).
10

CONCLUSION

A specific type of pavement deterioration has been identified at
a number of integral structures across the Irish National Road
network. TII undertook an investigation to quantify the
problem and have also attempted to determine the underlying
causes of the deterioration so as to determine if similar issues
can be avoided in future construction.
Whilst it is evident that the pavement defects considered are
occurring at an appreciable number of structures across the
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Irish national road network it is difficult to attribute the cause
to one specific factor.
Most of the structures examined were constructed as part of
large scale and complex civil engineering projects with each
scheme comprising significant numbers of bridge structures.
Whilst structural design was bespoke at each location the
design basis and appearance of a particular bridge structure was
typically based on the notion of a ‘family of structures’,
meaning that several other similar structures would have been
constructed as part of the scheme and in most cases the other
structures are performing well in service. Similarly the
materials used to construct these structures would have been
consistent across a given scheme in terms of both specification
and source.
Another factor affecting the overall performance of a
structure is the workmanship. The quality of the workmanship
at a structure is arguably more open to variance than the design
or specification of materials. Where design and specification
of materials is fully in compliance with appropriate codes and
standards achieving quality workmanship during the
construction period is the final essential ingredient in ensuring
durable, problem free structures in the future. This focus must
extend to the construction of drainage and embankments
adjacent to the structure with particular care being given to the
compaction of fill directly behind abutments.
The literature review undertaken as part of this study
revealed that problems persist with settlement issues at integral
structures internationally and these issues can be mitigated
insofar as possible by ensuring careful attention to detailing of
the ‘back of wall’ elements of integral structures from design
through to construction.
There was insufficient detail present on the as-built
drawings to determine whether existing ground conditions at a
particular bridge structure played a role in the deterioration
although it is one of the causes for void development outlined
by Briaud et al. and would add valuable information to the
overall study.
Whilst no specific detail stands out as a clear indicator of
causing the defects attention should continue to be paid to the
detailing of the back of wall/pavement interaction and a
continued emphasis on workmanship and the importance of
compaction of the fill to the back of the abutment is warranted.
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ABSTRACT: Bridges are subject to gradual deterioration over time due to repeated traffic loading and environmental influences,
which can cause structural deficiencies. It is necessary to use proper condition monitoring for rehabilitating and extending the
lives of bridge structures. Scour of foundations is one of the leading causes of bridge failure worldwide. It fundamentally relates
to the removal of sediment (sand and rocks) from around bridge piers and abutments due to adverse hydraulic action. The presence
of scour causes a loss in system stiffness which results in changes in modal properties of the bridge structure such as natural
frequencies and mode shapes. The changes in the natural frequencies of a structure due to scour have been investigated in several
previous studies. In this paper, the effect of scour on bridge mode shapes is investigated. A scour indicator is developed using
properties of the bridge mode shapes, extracted from time-domain vibration data. It is shown that in some cases, the proposed
scour indicator is more sensitive to scour erosion than the traditional frequency-based method.
KEY WORDS: Scour; Vibration; Bridge; Mode shape; Frequency Domain Decomposition.
1

INTRODUCTION

Scour is the erosive action of water around bridge foundations
[1]. Scour of foundations is one of the main reasons for bridge
failures [2-5] and represents a significant cost burden to
infrastructure managers. In recent years, scour monitoring has
become a key issue in terms of bridge health monitoring for
bridge owners. Diving inspections are the most basic method
for scour monitoring [6]; however these are subjective, labor
intensive and can be dangerous. Remote monitoring systems
have been implemented in several studies [7-9]. In these
systems, a device is often installed close to a foundation
element which can indicate the time-varying scour condition.
Although these systems are broadly effective at detecting scour,
they would not inform on the critical effects that scour can have
on the structural behaviour of bridges.
Recently, many researchers have studied vibration-based
approaches for scour monitoring. These methods are based on
the fact that scour changes the static and dynamic behavior of
bridges [10, 11]. For example, scour changes the stiffness
parameters of soil-structure interaction at bridge foundations
which leads to changes in the modal parameters of the structure.
To date, most studies have investigated the effect of scour on
the natural frequencies of structures. Briaud et al. [10] consider
the ratio of root-mean-square accelerations for scour detection.
Foti and Sabia [12] investigate the variance of accelerations
along a foundation to detect asymmetric pier behavior under
scour. Mode-shape curvature and flexibility-based deflections
are also employed by Elsaid and Seracino [13] to detect scour
presence.
In this paper, the changes in a bridge’s global mode shapes
under scour is investigated. Many studies have shown that
bridge mode shapes can provide valuable information about the
bridge condition [14, 15] and can be used for damage detection
[16]. A two-span integral bridge is numerically modelled using
the finite-element (FE) method. Winkler springs are used for

modelling of the soil-structure interaction. Scour is modelled
by iteratively removing springs from around the bridge
foundation to simulate the process of soil removal. The bridge
accelerations are measured at three points on the bridge. The
Frequency Domain Decomposition (FDD) method is employed
in this study for estimating the bridge first mode shapes from
the measured time-domain signals. The sensitivity of the bridge
first mode shape to different levels of scour is evaluated. It is
shown that the mode shape-based approach is potentially a
more scour-sensitive parameter than the commonly adopted
natural frequency.
2

NUMERICAL MODELLING

A two-span integral concrete bridge which is founded on piles,
is modelled in this paper [17, 18]. Each span is 25m long (Fig.
1). The bridge is modelled using 6-degree-of-freedom (DOF)
Euler-Bernoulli frame elements for the deck, abutments, pier
and piles, and 2-DOF spring elements for the soil. The soilstructure interaction is modelled using vertical and horizontal
soil springs attached to the embedded pile elements. The
properties of the bridge are given in Table 1.
The equation of motion of the model is constructed using the
global mass 𝑀, damping 𝐶 and stiffness 𝐾 matrices:
𝑀𝑥̈ (𝑡) + 𝐶𝑥̇ (𝑡) + 𝐾𝑥(𝑡) = 𝐹(𝑡)

(1)

where 𝑥(𝑡), 𝑥̇ (𝑡) and 𝑥̈ (𝑡) denote the displacement, velocity
and acceleration at each DOF for each time step and 𝐹(𝑡)
describes the external forces acting on each degree of freedom.
Bridge structures are subjected to loading from sources such
as wind and traffic, among others. In this study, ambient forces
are used for excitation of the bridge structure. Ambient forces
are modelled as uniformly distributed random vibrations to
represent environmental excitation on the bridge model.
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Eq. (1) is solved using the Wilson-Theta integration scheme.
The first two natural frequencies of the bridge are 1.43 Hz and
5.61 Hz. The bridge first global mode shape is shown in Fig. 2,
which is a global sway mode. It is assumed that three sensors
are installed on the bridge at three locations: one at the midpoint
of the first and second spans (S1 and S3) and another at the top
of the pier (S2). The accelerations measured at these points due
to the environmental loading are processed using the FDD
method. 𝜑11 and 𝜑12 are the values of the absolute magnitude
of the first mode shape at S1 and S2, respectively.

Figure 2. The bridge first mode shape.

3

Figure 1. The bridge model.
Table 1. The bridge properties.
Element
Bridge Deck
Elements
LHS Abutment
Elements

Pier Elements

RHS Abutment
Elements

Abutment Pile
Elements
Pier Pile
Elements

Property
EI (kN m2)
rA (kg m-1)
EI (kN m2)
rA (kg m-1)
Abutment
column length (m)
EI (kN m2)
rA (kg m-1)
Pier length (m)
EI (kN m2)
rA (kg m-1)
Abutment
column length (m)
EI (kN m2)
rA (kg m-1)
Pile length (m)
EI (kN m2)
rA (kg m-1)
Pile length (m)

Value
0.1032×109
22.84×103
0.8694×106
4.241×103
6

NUMERICAL RESULTS

Uniformly distributed low-level forces with peak magnitude
of ±100 N are applied to the DOFs of the bridge deck and pier
to simulate environmental excitation. The acceleration
responses measured at S1 and S2 are shown in Fig. 3. The FDD
is applied to these responses and the SVD diagram is plotted in
Fig. 4. It can be seen that a peak at 1.419 Hz is identified
corresponding to the first mode of the bridge. The bridge mode
shape values are also obtained from the singular vector
corresponding to this frequency.

39 806 550
17 325
6
1.0626×106
4.241×103
6
2.2266×106
6.7858×103
15
4.3488×106
8.4823×103
15

Figure 3. Acceleration responses.
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Figure 4. SVD diagram.

A series of scour depths affecting the central pier foundation,
from 0m to 5m in increments of 0.5m, are considered. The
natural frequencies and mode shapes for each case are
estimated using FDD. Fig. 5(a) shows the estimated natural
frequencies of the bridge plotted against scour depth. It is
shown that the natural frequency reduces from 1.4191 Hz for
zero scour to 1.1368 Hz as the scour depth increases to 5m at
the pier. The mode shapes are normalized to the maximum
value where 𝜑12 is always 1 and 𝜑11 is represented relative to
𝜑12 . Therefore, only 𝜑11 is shown in this study. 𝜑11 estimated
from FDD for these scour depths are shown in Fig. 5(b). It is
seen that the mode shape value reduces from 0.0978 for the
healthy bridge to 0.0477 when there is 5m scour affecting the
pier.
The results are plotted in Fig. 6 in terms of percentage
changes in frequency and mode shape ratio relative to the
undamaged situation. It can be seen that while the natural
frequency reduces by approximately 20% from the healthy to
5m deep scour case, the mode shape ratio decreases by more
than 50%. This indicates that the mode shape based scour
indicator may be a more scour-sensitive indicator than the
commonly adopted natural frequency, for the specific case
considered.

Figure 6. Changes of modal parameters due to scour.
4

CONCLUSION

In this paper, a novel scour detection method for integral
bridge structures is investigated. The bridge first global mode
shape is employed for detecting scour around the bridge
foundation. It is shown that the bridge normalized mode shape
changes by approximately 50% for 5m of scour while there is
a change in frequency of 20% for the same scour level. As the
method relies on using the same sensors as are used for
obtaining the frequency, this technique supplies additional
information on the condition of the structure and may mitigate
known issues associated with frequency measurements. The
results in this study are encouraging for scour measurements
around integral type bridge structures.
Figure 5. Modal parameters of the bridge versus scour depths,
(a) natural frequencies, (b) mode shapes.
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ABSTRACT: Bridge scour is a serious issue concerning bridge condition and can have adverse consequences if undetected. It is
the most common cause of bridge collapse today. One method of assessing the issue is through the use of visual inspections but
this has drawback in that often an underwater inspection may have to be carried out. This makes it an expensive solution. Human
objectivity leads to inconsistencies in the approach also and this is an issue. A sensor-based approach is a suitable alternative due
to these reasons. The use of vehicle acceleration measurements to detect scour is analysed in this paper. The continuous wavelet
transform is used to decompose the accelerations into time and frequency information. It is found that the location of the pier
under which the scour is present can be identified using this method.
KEY WORDS: Bridge Scour; Continuous Wavelet Transform; Vehicle Accelerations.
1

INTRODUCTION

Bridge scour is the erosion of soil around the foundation of a
bridge and is the most common cause of bridge collapse in the
United States [1]. The Malahide Viaduct collapsed in Ireland
due to scour in 2009 [2]. Having a reliable scour detection
scheme is imperative to ensure the continued safety of a bridge.
Visual inspection methods have previously being used to make
a bridge scour assessment, but the method has issues in that
visibility is limited underwater and access is not convenient.
Moreover, a scour hole may in fact have been deeper during a
flood and will have infilled somewhat after the flood. A
reduction in mechanical strength is a consequence of this and
this issue cannot be detected visually [3]. Instrumentation has
also been used and these devices generally monitor the depth
of a scour hole. A float-out device is one example of these
devices. It is installed in the riverbed and it simply floats to the
surface when a pre-defined scour depth has been reached.
Prendergast and Gavin carry out a more detailed review of
current methods being used to detect scour [4].
Vibration-based approaches have long been used to detect
bridge damage [5-7]. The reduction in bending stiffness due to
damage affects the bridge modes of vibration and changes in
these vibration modes can be used as means to monitor its
condition. Recently, the same approach has been used in the
scour monitoring field [8-10]. The removal of soil around a
bridge foundation results in a loss of support stiffness. This loss
of stiffness can be detected by installing sensors on a pier and
monitoring changes in frequency of vibration. A downside of
this approach is that many sensors may need to be installed
depending on the number of bridge spans and a source of sensor
power is also required.
A drive-by approach to detect bridge scour is investigated
here. Drive-by uses vibration data from sensors installed on a
passing vehicle and is hence an indirect approach. An
application to monitor scour of a railway bridge is investigated
here. In this paper, a train carriage is represented by a simplified
two degree of freedom model. Accelerations from the degree

of freedom representing the train bogie are analysed using the
Continuous Wavelet Transform (CWT). Wavelet choice is an
important aspect in this approach. Reda-Taha et al. [11] review
wavelet choices previously used for structural health
monitoring approaches. The ‘Mexican Hat’ wavelet is used in
this paper. Scour is detected by calculating the differences in
the CWT coefficients between a healthy and scoured case.
2

MODEL

A numerical vehicle bridge interaction (VBI) is modelled using
finite element (FE) method in this study. A schematic of the
dynamic model used is shown in Figure 1. There are three main
parts in the model: the vehicle, bridge and the supports (which
are resting on a spring representing the vertical stiffness
provided by the foundation) and all components are coupled.
There also exists a rail profile (FRA Class 4). Before the bridge,
a 50 m approach is used. This is used to ensure that vehicle
transient effects are removed before the vehicle arrives on the
bridge.

Figure 1. Model Schematic.
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3
Table 1. Vehicle properties (based on [12]).
Property
mc
mb
kp
ks
cp
cs

Value
18,426
3,910
5.6
2
58.8
60

Unit
kg
kg
MN/m
MN/m
kNs/m
kNs/m

A train is modelled using a simplified two degree-of-freedom
quarter car. Two masses are used and these represent the bogie
mass (mb) and half of the carriage mass (mc). Primary and
secondary suspension stiffness and damping are represented
respectively by kp, cp, ks and cs. The parameters used here are
represented in Table 1. The vehicle model has carriage and
bogie bounce frequencies of 1.07 Hz and 6.55 Hz, respectively.
The bridge is 40 m in length and has two 20 m spans. The
spans are modelled as a beam. Each span is simply supported
and has a depth and width of 1 m and 4 m, respectively. Twenty
1 m long elements are used in the finite element model of the
beam. Three per cent Rayleigh damping is also added to the
bridge model. The second moment of area, Young’s Modulus
and density of each beam are chosen to be 0.33 m4, 35×109
N/m2 and 2400 kg/m3 respectively. The bridge pier has
dimensions 7 m (height), 2.5 m (depth) and 1 m (width),
respectively. The start and end of the bridge in this study cannot
deflect have pin and roller supports. The density of the piers is
the same as the bridge, making the mass of each pier 42,000 kg.
The value of the spring underneath each pier (ksoil) is chosen to
be 344 MN/m. It represents the vertical stiffness provided by a
shallow pad foundation of length and width of 4 m and 2 m,
respectively and is based on a paper by Adhikary et al. [13].
Scour is represented as a loss of stiffness in the value of ksoil
under the pier. A 30% loss in stiffness is used in this study.
Figure 2 shows how the first mode shape of the bridge structure
and substructure system changes with scour and a significant
change is visible.

WAVELET THEORY

The CWT of a signal, f(t), is defined as the sum over all time of
f(t), multiplied by scaled and translated versions of a base
wavelet, φ(t). The base wavelet is a zero mean and it also only
has a finite time duration. A real or complex valued wavelet can
be chosen. In this study, a real Mexican hat wavelet is used.
The Mexican hat wavelet used is defined as

φ (t ) =

2
2 −1/4
π (1 − t 2 ) e−t /2
3

(1)

and is represented graphically in Figure 3 [14].

Figure 3. Mexican Hat Wavelet

In the CWT, the base wavelet is modified using the parameters,
scale (s) and position (p) to create a range of analysing
wavelets, β, defined as,

 ( s , p, t ) =

1 t− p


s  s 

(2)

The square root of the scale term in equation (2) is necessary
for energy normalisation purposes. The output of the CWT are
coefficients, C, which may be defined as,

C ( s, t ) =

+



f (t )  ( s, p, t )dt

(3)

−

The coefficients, C, are an indication of the correlation between
the analysing wavelet and the particular area in the signal. The
scale of the wavelet can be related to a pseudo frequency, Fs
defined as:

Fs =
Figure 2. First mode shape – bridge deck deflection
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Fc
s

(4)

where Fc is the centre frequency of the wavelet in Hz and Δ is
the sampling frequency. Hence, the wavelet coefficients give

CERI-ITRN2018

an indication of the particular frequencies present in a signal at
a given point in time. In this study, the coefficients are
compared between healthy and scoured situations. It is found
that by subtracting the two, it is possible to detect scour.
4

RESULTS

Here, a 30% loss of stiffness in implemented. Figure 4 shows
the accelerations of the bogie degree of freedom for the healthy
and scoured case. It is plotted against distance on bridge for
clarity and it is clear that the scour is having an effect on the
amplitude of the acceleration signal.

Figure 6. Absolute value of healthy coefficients minus scour
coefficients

Figure 4. Bogie Accelerations for healthy and scoured case

Figure 5 presents the wavelet coefficients of the acceleration
for the scoured case. There is no clear signs of issues or
abnormalities from this figure. However, if the coefficients are
obtained for both a healthy case and then a scoured case, and
then subtracted, the effect of scour can be detected. Figure 6
shows the absolute value of the differences.
From Figure 6, the coefficients are showing the greatest
changes in the regions at around 4 Hz and the in the range of
about 6 Hz to 8 Hz. The large differences in around the 4 Hz
point can be attributed to the vehicle picking up changes in the
bridge first mode shape (shown in Figure 2) – which has the
largest modal amplitude in the midspan of the bridge spans. In
Figure 6, the large differences in around the 4 Hz mark are
happening roughly at the centre points of the two spans (10 m
and 30 m point).
The second frequency range showing high values in Figure 6
may be attributed to the change in excitation that the vehicle
experiences due to the effect of scour. The bogie bounce
frequency in this study is 6.55 Hz (approximately shown in
Figure 6). In the scoured case, the vehicle is experiencing a
different apparent profile and hence, a different excitation is
experienced. This change is mostly detected around the vehicle
bogie bounce frequency.
5

Figure 5. Wavelet coefficients of scoured acceleration signal

CONCLUSION

This study has shown how bridge scour may be detected by
analysing the acceleration of a passing vehicle. By subtracting
the wavelet coefficients between a healthy and scoured case, it
is possible to detect the presence of scour. A more detailed
analysis needs to be carried out however in order to see if the
method works in practice. Vehicle variations (speed, mass etc.)
also need to be accounted for.
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ABSTRACT: This paper presents findings from diagnostic, flume experiments conducted to investigate how local scour
development de-stabilizes short-span masonry arch bridges. A review conducted by the writers indicates that a significant
proportion of the existing bridge stock in Ireland, the UK, Europe and North-Eastern USA are this bridge type. To complicate
matters, these bridges often are deemed historic structures, and thus are difficult to simply replace. In recent years, spreading
urbanization and increased frequency of extreme rainfall events in the U.K. and Ireland have increased the failure incidence of
these old bridges. In addition to their inadequate flow opening, these bridges are usually founded on shallow footings of uncertain
condition. The footings of some bridges supported on timber piles have weakened with age. The flume experiments involved
flow and scour with the upstream face of arch openings fully submerged, creating an orifice-flow condition through the arch
opening. The experiments showed that two locations of masonry arch bridges are particularly prone to settlement cracking owing
to clearwater scour-induced undermining. These locations are at (i) the footings at the upstream corners of arch-bridge abutments,
and (ii) footings beneath piers between arches (in multi-span bridges). The findings further show that greatest scour depth
normally developed at the center-pier linking adjoining arches, however the addition of cutwaters shifted the location of the
maximum scour so as to be more central in the arch opening. Additionally, the findings show that scour depth and consequent
undermining can be reduced somewhat by streamlining abutments by means of wing walls, and piers by means of cutwaters.
Where these remedial works are impracticable, the use of stone pitching to armour the riverbed around abutments and piers is a
very effective way to prevent scour. Yet, once the scour is mitigated at the entrance of a short-span arch, flow contraction and
acceleration through the opening may scour the channel bed immediately downstream of an arch. Subsequent erosion and headcutting of the downstream bed can then migrate upstream to adversely affect the stability of the bridge. Ireland and the UK face
substantial issues in determining how to ensure the long-term stability of historic, short-span, masonry arch bridges.
KEY WORDS: Masonry arch bridges, Foundation scour, Extreme weather events, Asset management, and Resilience
1. INTRODUCTION & BACKGROUND
In recent years, significant urbanization of watersheds and a
growing frequency of severe rainfall events have led to a
growing number of scour-related bridge failures throughout the
U.K. and Ireland (e.g., Baeke 2015 [1], Van Leeuwen et al 2014
[2] and Benn 2012 [3]). A significant proportion of the failures
involve single and multi-arch, short-span masonry arch bridges,
many of which were built during the early eighteenth and
nineteenth centuries. Given their age, these structures were
typically built with shallow footing foundations of unknown
depth and condition (O’Keefe and Simington, 2016 [4]). To
complicate matters, old masonry-arch bridges often have
protected status in the U.K. and Ireland owing to the historical
and architectural contribution these structures make to the
urban and rural landscapes. They cannot be simply demolished
and replaced with new bridges, but have to be preserved for
aesthetic and financial reasons (e.g., McKibbins et al. 2006
[6]). Part of the problem with masonry structures was well
defined by Dr Paul Fanning of UCD in 2002 (Ahlstrom 2002
[6]). He suggested that when assessing the capacity of arch
sections, engineers cannot easily qualify the load carrying
capacity of these structures. He added in the interview in the
Irish Times that "with steel and concrete bridges you can easily
go out and see what is there," however "with masonry bridges
you can't do that". Yet despite this dilemma, masonry arches
remain at the heart of the road and rail network in Ireland.
Practically all old masonry arch bridges were built to

accommodate much lesser flows than are occurring presently,
especially during extreme storms. Current design or remedial
guides for bridge design (e.g., Kirby et al. 2015 [7], Arneson et
al. 2012 [8]) inadequately consider scour for this prevalent
European type and shape of bridge. Concerns regarding the
stability and functionality of masonry arch bridges are not
limited to the U.K. and Ireland, but also arise in the U.S. (e.g.,
Citto et al, 2015 [9]). In certain respects, masonry arch bridges
share a commonality with culverts (e.g., Novak et al. 2007
[10]), especially so-called bottomless culverts, which are
prevalent is the USA and Canada (e.g., Kerenyi et al. 2003 [11],
2007 [12]). The current design relationships for scour at
bottomless culverts suggest that maximum scour occurs
downstream of the bridge structure (e.g., Shan et al. 2012 [13]).
As the present study has shown, this is not the case for single
and multi-span arch structures. The typical flow condition
commonly observed during flood flows in the U.K. is that of
inlet control, with the inlet (the crown of the arch) submerged
and the outlet usually not submerged (Hamill 1999 [14]). Most
scour conditions involved clearwater scour, as the streams and
rivers conveyed relatively low levels of bed sediment transport
during the inlet-control flow condition. U.K. observations
(Hamill 1999 [15] & 1999 [14]) indicated that this combination
would yield the essential insights regarding scour at existing
masonry arch bridges. A further complication for asset
managers is that many old masonry bridges in Europe are
supported by footing foundations of unknown depth and form.
This paper presents the findings from an investigative study
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regarding scour development at such bridges, and the extents to
which traditional modifications – wing-wall-angling of
abutments and cutwater shaping of pier noses – may mitigate
scour. Additionally, the experiments aimed at evaluating the
effectiveness of currently used methods to mitigate scour at
arch bridges yet preserve the bridges inherent architectural
form.

used, masonry structures are still susceptible to scour related
problems. A problematic issue for asset management of many
such historic structures, is the lack of record drawings about
foundation configuration and condition (Ryan et al. 2015 [28],
2016 [29]). These issues are compounded by climate change
and financial austerity, which adversely impacts the
management of the current bridge stocks.

2. ARCHES BRIDGES AS A CRITICAL BRIDGE
ASSET

3. IMPACT OF EXTREME WEATHER EVENTS &
URBANISATION

Bjurstrom et al (2009) [16] have suggested that the geneses of
using arches as a constructed form dates back to 2900 BC in
China. Alternatively, Howe (1879) [17] has suggested that
evidence of this novel load-transfer method was found in a
tomb in Egypt dating back to circa 1540BC. Irrespective of the
original, early societies quickly learned the adaptability of this
structural form and the important of stable footings within the
wider load transfer mechanism. O’Keefe and Simington,
2016[4] give an illustrated history of masonry arch bridges in
Ireland, showing that such bridges were among the earliest
form of bridge in Ireland, and Europe generally. Masonry arch
bridges, remain prevalent throughout the U.K. and Europe.
Brencich et al. (2007) [18], for example, suggest that about
200,000 masonry arch bridges support the European (including
U.K.) railway network and that over 100,000 masonry arches
are used throughout major European national road systems.
Zampieri et al. (2017) [19] and Sassu et al. (2017) [20] describe
the prevalence of old masonry arch bridges in Italy, for
example. The U.K. Government (2010 [21] & 2011 [22]) notes
that approximately half of the U.K.’s bridges (c. 58,000
bridges) are masonry bridges. McRobert (2015) [23] of
Northern Ireland’s Department for Infrastructure-Roads (DfI)
notes that about 70% of DfI’s bridge stock comprises masonry
arch bridges. In many cases, such structures are well over 100
years old, demonstrating durable, resilience, and aesthetic
qualities. Salter (2013) [24] in his talk to Engineers Ireland
suggested there are upwards of 18,000 arch bridges in Ireland,
many of which are upwards of 150-year-old. However, despite
this impressive record, reports of scour-induced undermining
of footing foundations are growing. The reports are not limited
to the U.K.; Zampieri et al. (2017) [19] elaborated a set of
interesting Italian case where scour has led a post-WWII
reconstructed masonry arch bridge to fail during flooding. Also
rising are concerns about the complicating effects of debris
blockage during storm event. This remains a major aggravating
aspect of flow through short-span bridges (e.g., Ebrahimi et al.
2016 [25] Sassu et al. 201 7[20]). This review, and similar
reviews, highlights that masonry arch bridges on shallow
footings are vulnerable locations in the U.K‘s road and rail
transportation network. Wilmers (2012) [26], Kumar (2002)
[27], Benn (2012) [3] and U.K. Government (2011) [22]
indicate that the preponderance of short-span arch bridge
structures was constructed on shallow footing foundations,
placed close to riverbed or ground level (typically less than
about 3m deep). A case in point, is the Charlemont Bridge at
the Moy near Dungannon, Northern Ireland (Kirby et al 2015
[7]). Flooding had exposed the pile supported timber grillage
bearing the bridge footing, resulting in settlement and cracking
of the upstream cutwater. Thus even in cases where piles were

In December 2015, Storm Desmond inundated the UK with 7
days of unprecedented rainfall, resulting in massive national
flooding. Many areas were badly impacted by the storm, but
the mountainous County of Cumbria, in North East England
was particularly badly impacted. An estimated 1.15 trillion
litres of rainfall battered this area, resulting in the loss of 18000
properties, the breaching of 1 in 200 year designed flood
defences, and sadly, the loss of three lives. Similarly, in 2009,
during flooding again in Cumbria, PC Bill Parker was killed in
the line of duty. Constable Parker was directing traffic away
from Northside Bridge outside Workington as the bridge
exhibited initial signs of distress during the flood. The 105year-old structure collapsed virtually without warning. In 2016
Cumbria Council estimated that post Storm Desmond, 452
critical transportation assets have been remediated, inclusive of
278 bridge repairs at an estimated cost of £123.6M. There is
an assessed 373 further assets or structures still to be repaired
within the Councils Infrastructure Recovery Plan (McIntyre
2018 [30]), thus demonstrating the impact of extreme weather
events on transportation corridors.
In Northern Ireland between 22nd and 23rd of August 2017,
unprecedented flooding occurred. The storm event was related
to the tail-end of Hurricane Gert passing the North Eastern
seaboard of Ireland. The northwest of Northern Ireland (NI)
was particularly impacted by this extreme weather event. This
prompted a review by the Department for Infrastructure (DfI)
Northern Ireland on the flood alleviation and response
measures needed during such happenings. The flooding event
back analysis confirmed that 63% of the annual August rainfall
fell within an 8-hour period, and caused major disruption to the
country’s infrastructure (DfI, 2018 [31]). The level of flooding
was comparable if not greater than the largest 1:100-year event
on records in numerous areas. In accordance with the European
Floods Directive (EU, 2017 [32]), the DfI had generated Flood
Hazard and Risk maps which predicted that this region of NI
was very vulnerable to extreme flooding events. However, the
DfI 2018 report [31] concluded that while the possibility of
flooding was known, the response systems and protocols were
inadequate in mitigating the devastation caused by the flood.
Notably, no lives were lost during the 2017 flooding, in
comparison with the 2009 Cumbria Storm. In NI, the damage
to business and community was devastating, with over 400
homes destroyed, 210 road closures or disruptions and 89
bridges damaged, with 5 structures collapsing due to hydraulic
scour. Figure 1 below demonstrates the impact of the recorded
1:280 year return period flow (River Faughan) on Ballynameen
Bridge outside Claudy Co Derry/Londonderry. The City of
Derry airport also suffered severe damage to the terminal
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building and flooding of the runways. This resulted in flight
cancellations over a 2-day period (BBC, 2017 [32]). Repairing
the damage to Derry Airport was estimated at £1M. In addition
to the disruption to infrastructure, the agricultural industry was
severely impacted. The revenue from the farming industry in
Northern Ireland accounts for £473m of total income (DAERA,
2017 [33]).

Figure 1. Upstream view of scour-induced failure of
Ballynameen Bridge
At the time more than 1000 hectares of agricultural land was
severely affected with fences being washed away, land-slides
and debris build up. The production of silage and arable crops
was also disrupted and 365 animals were reported as being
drowned. NIHE area manager, Mr Eddie Doherty, estimates the
total bill for repairing their 94 properties damaged by flood
waters to exceed £500,000 (NIHE, 2017 [34]). Essential repair
work to the road and rail network amounted to £8.7M. The total
cost of the flooding event totalled £12M (DfI, 2018 [31]).
4. EXPERIMENTS
The flume experiments involved clearwater-scour at singleand double-span arches with variable depth of strip footings.
Ryan et al. (2015) [28] give the details of the flume and models
used. The experiments focused especially on relatively shallow
footings, and sought to determine how masonry arch bridges
fail owing to scour erosion during choked-flow conditions; i.e.
the arch opening constricts flow such that the bridge exerts an
orifice-flow condition. The arches were modified by a sequence
of adjustments: footing depth, wing walls of variable attack
angle were added to the abutments of the single arch; the
double-span arch fitted with an optimal angle of wing wall
(design practice favours 45o); and, modifying the shape of the
central-pier cutwater of the double-span structure.
This
sequence aimed at establishing how scour leads to failure of
such structures, and then identifying how best to minimize
scour for the more vulnerable bridges; i.e., those founded on
shallow footings. In line with observations of flow conditions
commonly associated with scour failure of short-span arch
bridges, the experiments simulated conditions of choked flow,
whereby the bridge-created backwater caused super-critical
flow through the bridge openings. Clear-water approach-flow
conditions were used in setting flow through a flowrecirculating flume, 10.0m long, 0.75m wide and 0.25m deep,
set at a slope of ~0.1%; the clearwater approach conditions
were representative of the failure sites observed, such as shown
in Figure 1. A sediment recess 1.8m-long, 0.75m wide by
0.23m-deep, was placed downstream of the flume’s midpoint;

and, was filled with uniform, fine gravel. The gravel’s median
diameter and geometric standard deviation were D50, = 2.54mm
and coefficient of uniformity, D60/D10, of ~3 and a geometric
standard deviation, σg = (D84/D50) of 1.8, close enough negate
armouring by coarser grains. This bed sediment was chosen as
being representative of the coarse sediments typical of streams
and small rivers in the U.K., including NI. The Shield’s
diagram indicates that the critical shear stress for entrainment
of this sediment was about 1.9N/m2. The backwater profile of
flow ensured that shear stresses on the approach bed to the
arches exerted an average bed shear stress less than this
magnitude. Water-surface slopes and associated energy slopes
were less that the order of 10-4; exact values of shear stress
ratio, τ/τC was not estimated at the arch, owing to the nonuniform nature of the approach flow. Of primary importance
for the experiments was scour variation with footing depth at a
test bridge subject to the same range of water flow rates and
clear-water approach conditions. Two model spans were
selected, a span formed by a single arch and by a double-arch.
The single arch had a 0.38m internal-diameter, which equates,
at ~1:25 length-scale to a 9.5m-wide bridge arch. The
streamwise width of the model was 0.3m, replicating a standard
two-lane road (7.3m) set between masonry parapets. The
spandrel walls adjoining the barrel were made from
polypropylene plastic. The wingwalls were made from
polypropylene, of similar surface roughness as the arch. Three
angles, in addition to no wing wall (0o), were selected for the
wing walls: 22.5o, 45.0o and 67.5o. The double arch model
comprised two barrels, 0.180m in diameter, separated by a
0.11m-wide pier. The upper and lower spandrel walls of the
arch were formed from painted, marine plywood. Three
magnitudes of water discharge were used, each of which
represented various storm intensities. In each case the upstream
end of the approach flow depth was controlled at about ~0.2m,
for all flow rates, using a tailgate, and a backwater effect caused
by flow choking at the arch models resulted in the water level
rising above the crown of each arch barrel. The water level at
the crown varied with discharge and was a maximum of about
0.025m for the largest flow used, and reduced to about 0.01m
for the lowest flow. Approximate values of shear stress on the
approach bed, τo, were estimated, in terms of Manning’s n and
friction slope of approach flow, and related to the critical value
of bed shear stress, τc, for entrainment of the bed sediment in
the sediment recess; τc was estimated using the Shields
entrainment criterion (e.g., ASCE 2008 [35]). Values of the
shear stress ratio, τ/τC were estimated to remain in the clearwater range. Additionally, values of Reynolds number for flow
through to the entrance of the arch opening were in excess of
105, thus ensuring fully turbulent flow. Velocity measurements
were taken using an Acoustic Doppler Anemometer (ADV)
with a sampling frequency of 50Hz. For details of the process
please refer to Ryan et al. (2015 [28], 2016 [29]). Once the
velocities were measured, the scour testing ran until an
equilibrium erosion stage (approx. 120 mins) was reached (Guo
2011 [36]). The scour measurements were made through water
using an electronic point gauge (Sylvac Digital Scale) attached
to a mobile mount. When the test was completed the arch was
carefully removed, leaving the foundations in place, and scour
depth measurements were taken along the centreline of the
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channel and in detail at the abutment corners where scour depth
was greatest.
5. FAILURE MODES FOR ARCH BRIDGES DURING
FLOODING
In comparison with other materials and structural forms,
masonry arch bridges have an inherent strength and
adaptability as demonstrated by the number, sizes, shapes and
ages of the bridges currently in service. This is confirmed by
the statement of Kindij et al (2013) [37] when they assert that
“that no other building material can compete with natural
stone in terms of durability”. This statement is factually correct
when you note the commentary of Craig Mitchell, project lead
for the repair of the 13th Century Grade II Brougham Old
Bridge. The structure suffered extensive cutwater damage,
during Storm Desmond, and as a result part of the spandrel face
collapsed. The cutwater resulted in a localised central arch span
failure and “a puzzle had to be solved-why had the whole
Brougham Old Bridge not collapsed?”. A subsequent trust line
analysis confirmed that enough of the structure (pier) was intact
to allow the self-weight of the structure to reach the supporting
foundations of the bridge (McIntyre 2018 [30]). As long as the
foundations of the structure can remain operational or
unaffected by scour, then the structure is normally sufficiently
robust to survive most storm events.
The effects of scour on the stability of masonry arch bridges is
particularly hazardous for this prolific form of bridge
construction, especially, if constructed on shallow foundations
(FHWA, 2001 [38]). As explained earlier, the scour process in
and around bridge piers and abutments will generally be
constriction scour or local scour. As the scour develops below
the foundation depth, differential settlement of the piers or
abutments will take place. It has been shown that historic arch
bridges occasionally have timber piles, which deteriorate over
time, causing a seemingly secure structure to suddenly fail
when scour progressed under the structural footing (Maddison,
2012 [39]). It is known that masonry arch bridges with multiple
spans are able to resist transverse rotation during flooding
events, due to the structural capacity of the arch and piers;
however vertical settlement and rotations are common in the
direction of flow (Zampieri, et al., 2017 [19]). Arches under
flooding can remain operational and stay in place due to the
ability of the form to safely transfer compression stresses from
the deck to the foundation, without local overloading of the
underlying subgrade material. When the compressive load path
is altered or removed, the structure fails. In this respect, low
tensile materials like stone are ideal for the construction of arch
bridges. The absence of tensile forces in the arch barrel enabled
the structure to span larger distances before the advent of
modern beam and slab construction. Arches however generate
significant horizontal reactions at their abutments. When the
abutment foundations are undermined by scour, differential
settlement and bearing failure will occur resulting in the
structural collapse of the pier or abutment and subsequently the
arches as shown in Figure 1.0. Zampieri et al. (2017) [19]
analysed bridge failure specifically due to scour induced
foundation deformations. Two types of foundation failure were
considered, (a) uniform vertical settlement, and (b) differential
settlement vertical with pier rotations. Uniform settlement

resulted in a reduction in the pier stiffness and subsequently the
vertical reaction of the pier reduced. Cracks form in the arch
intrados, followed by cracking of the extrados, before the
failure of the arch (barrel crushing). It was also shown that the
non-uniform settlement case caused a rotation and vertical
settlement. This assessment postulated the creation of an
asymmetric rigid block type failure mechanism that results in
loss of pier stiffness (cracking at mid-height) which in turn
intensifies the axial eccentricity in the pier. Kindij et al (2013)
[37] in their paper define a range of failure modes broadly
demarcated between foundation and structural damage. Thus
an engineering assessment of the failure modes of a masonry
arch structure will be defined by the engineering subdisciplines involved. In the case of a structural engineer,
capacity assessment at the ultimate limit state (ULS) is critical.
Whereas a geotechnical engineer will focus upon the in-service
limit state (SLS) of the structure with the aim of ensuring all
movements are sufficiently small to avoid long-term distortion
of the foundations. For a hydraulic engineer, the issue will be
the safe passage of an extreme weather event, technically an
ULS condition, with the view to ensuring the safe operation of
the structure post flooding (SLS).
6. FINDINGS
The findings comprise scour-depth data interpreted to show
how scour develops at short-span masonry arch bridges.
Accordingly, the findings demonstrate that bridges fail owing
to foundation undermining and subsequent combined
geotechnical & structural collapse. Ryan et al. (2015 [28], 2016
[29]) has present detailed information regarding velocity
distributions. The deepest scour for the single arch occurred at
the arch corners as expected. Scour at the double arch exhibited
essentially the same morphology as at the single arch, except
that substantial scour occurred at the pier joining the two
arches. For the double arch, inclusion of wingwalls and
cutwaters shifted the location of deepest scour towards the
centre of the arch. At the outset of each experiment, choking
caused flow depth to increase to a maximum value of ~25mm
at the single arch for the largest discharge used (0.50m3/s);
larger values, of ~30mm, were measured for the double arch,
due to the slightly smaller opening cross sectional area. As
scour commenced and the cross-sectional area of flow into the
arch or double arch increased, choking slightly eased, but
remained a feature of the scour flow field. The prevailing
condition was orifice flow, with super-critical free-surface flow
through the arch. As the streamwise velocity along the
centreline axis of the arch was greatest where flow contracted
at the entrance, scour was deepest a short distance (~50 to
75mm) downstream of the entrance corners as expected, then
decreased along to the centre of the barrel, and produced a
depositional mound downstream of the barrel. Scour was
deepest at the upstream entrance location due to the combined
effects of greatest contraction of flow (Owen et al. (1959) [40]),
and the presence of turbulence structures. The flow field also
featured the formation of large separation eddies as flow
separated from the corners of the arch. Eddies formed and shed
from the corners, locally narrowing the flow as it entered the
barrel of the arch. Observations showed that the presence of
wing walls at 45o significantly reduced eddy formation. Typical
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scour morphology showed that the scour undermined the
upstream corner of the arch’s footings where the velocity
magnitude was greatest. Kerenyi et al. (2003) [11] arrived at
the same result for scour morphology at bottomless culverts.
The region of deepest scour coincides with the region of
greatest velocity in the barrel, and the presence of separation
eddies at the sharp entrance to the arch opening. A feature of
scour at the double-arch bridge (representative of multi-span
arch bridges) was the formation of deepest scour at the pier
joining two arches. At this location, the proximity of arch
corners, and associated presence of higher velocities and
turbulence structures, caused the deepest scour. This scour was
on average ~32% deeper than at the other upstream corners (the
abutment corners) of the arches. For multi-span arch bridges,
the locations of deepest scour were typically at the piers linking
arches.
6.1 INFLUENCE OF WINGWALLS, CUTWATERS
AND STONE PITCHING ON ARCH BRIDGE
STABILITY.

Figure 2. Maximum scour depths for a single arch with
45mm deep foundations & variable angle of wingwalls
The intended role of flanking wingwalls was to streamline flow
approach to the barrel of an arch, thereby reducing scour depth
at the arch. Figure 2 present the data from the flume
experiments. The data show clear trends that, at the lower flow
rates, the maximum depth of scour reduced as wingwall angle
of the single arch increased from 0o to 67.5o. This reduction in
scour depth is largely attributable to the reduction in the
magnitude and vorticity of the turbulence structures developed
at the upstream corners of the arch. For wingwalls set at 22.5o
and 45o, the scour-reduction effect was modest, with practically
no effect for the two highest discharges tested. For the
wingwall setting of 67.5o, wingwall mitigation of scour
diminished from about 36% to 10% over the discharge range.
The increased ineffectiveness of wingwalls at the higher
discharges, for which choking increased, is due to the increased
submergence of the arch crown and therefore more flow
entering the arch barrel from a flow region above the
wingwalls. The trends in Figures 2 & 3 concur with findings
reported by Kerenyi et al. (2003 [11]), who show that entrance
conditions influence scour depth at bottomless culverts for
flows when the culvert crown was unsubmerged; i.e., unchoked. For un-choked approach-flow condition, Kerenyi et al
(2003) [11] indicates, that a wingwall presence reduces scour
depth to about 87 to 91% of the no wing walls condition.

Figure 3. Variation of maximum scour depth at centre pier
verses flow rate (75mm deep footings)
Observations showed that a pier cutwater streamlined the flow
around a pier linking two arches, and thereby reduced the
strength of turbulence structures formed at the pier. Figure 3
indicates for a pier, that the use of the large cutwater reduced
scour depth at the pier exposed to the two smaller flow rates.
The maximum reduction in scour depth was about 45% for the
big cutwater when the flow rate was 0.03m3/s. The small
cutwater had essentially no effect in reducing scour depth. This
lack of impact is attributed to the inability of the small cutwater
to alter the intake and emerging submerged jet on the respective
faces of the bridge. As water discharge increased, the effect of
the large cutwater diminished. This finding agrees with the
outcome of additional tests done with other footing depths for
the pier model. The influence of pier streamlining diminished
over the range of discharges tested because the greater choking
of approach flow at the higher discharges (especially at
0.05m3/s) further raised the water elevation at the arch entrance.
This action weakened the effect of streamlining at the pier
cutwater. For the highest discharge, 0.05m3/s, the large
cutwater reduced scour depth by only 3%. Armour stone is
sometimes placed to protect the bed through the barrel of an
arch. The stone-sizing relationship recommended by Lagasse
et al. (2006) [41] was used to estimate a suitable armour size,
with the stone then scaled to conform to the present
experimental study. Though only a small number of tests were
conducted, it showed that the stone inhibited scour at the
entrance corners of the double arch and inhibited scour along
the barrel of each arch under low flow conditions (0.03m3/sec).
This finding concurs with Kerenyi et al. (2007) [12], who show
that stone armouring substantially reduces scour at the entrance
and within bottomless culverts.
However, the present
experiment also showed that flow issuing from the arches
scoured a depression in the bed downstream of the double arch,
as Figure 4 illustrates. Recent field experience, involving the
failure of armour stone downstream of a masonry arch bridge,
corroborates this finding, and shows that stone immediately
downstream of the bridge has to be sufficiently large to
withstand the high-exit velocity flow for unsubmerged and
submerged flow conditions.
7. CONCLUSIONS & RECOMMENDATIONS
The present study provides diagnostic insight on the
mechanism of scour development at short-span masonry arch
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through the barrel of an arch can eliminate scour at the
upstream corners and through the barrel. However, flow
passing through the barrel may then scour the channel bed
downstream of the bridge, similar to scour downstream of
a culvert and may migrate upstream (head-cutting).

bridges, which are common in the U.K, Ireland, Europe and
eastern USA. The insights lead to the following primary
conclusions regarding clear-water scour at such bridges:
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ABSTRACT: Railway tracks can be monitored by visual inspection or, more recently, indirectly using inertial sensors installed
in a passing vehicle. Defects in the track such as depressions in the profile or points of low stiffness (e.g. hanging sleepers) interact
dynamically with passing vehicles and can be detected with accelerometers and gyrometers. This can be achieved using special
purpose track recording vehicles or through instrumentation of regular trains in service. It has been shown in previous research
that an optimisation procedure can be applied to back-calculate track profiles from vehicle-mounted sensor data. This involves
finding the profile that gives a best fit to the measured data. In this paper, a new direct integration approach is introduced to find
the same track profile in a fraction of the computing time. The Newmark-Beta method is used. Compared with the profile
calculated using the optimisation algorithm, the results are similar. However, direct integration is much more efficient than
optimisation and allows the calculation to be completed in a fraction of the time. The calculated track profile can be used to
estimate points of low stiffness.
KEY WORDS: Railway Track, Monitoring, Inspection, TRV, Drive-by, Direct Integration.
1

INTRODUCTION

Railway track stiffness is an important track property which can
help with the identification of problems related to track
settlement, vehicle-ride comfort, ground-borne vibrations and
track geometry [1]. A railway track can be divided into two
separate structures, the superstructure (rails, rail pads, sleepers)
and the substructure (ballast, sub-ballast, sub-grade, drainage
systems) [2]. The global track stiffness is influenced by the
properties of the individual structural elements in the
superstructure and substructure. The elements making up the
superstructure have well defined and measurable properties and
their individual contribution to the global track stiffness are
well known. As the superstructure elements are visible from the
surface, it is possible to inspect them to identify defects which
may contribute to variations in the global track stiffness value.
The track substructure is less homogenous than the
superstructure and unexpected variations in global track
stiffness can often be attributed to variations in the properties
of its constituent elements. As the elements of the substructure
are concealed beneath the superstructure, it is difficult to
measure their properties in the field. Variations in ballast
thickness, subgrade strength and the presence of groundwater
due to poor drainage, all contribute to variations in global track
stiffness and are difficult to monitor [1]. Selig and Waters show
that the modulus of the subgrade is the dominant factor in
determining the global track stiffness [2].
The performance of the substructure is heavily dependent on
the subgrade performance, and regular track maintenance such
as ballast cleaning or tamping does not correct poor subgrade
[3]. Track geometry defects associated with a poor subgrade
tend to reappear relatively quickly, meaning these regular track
maintenance techniques are both costly and ineffective.
Therefore it important to have an understanding of the track
stiffness in order to assess the subgrade performance so that

more suitable maintenance measures (e.g. mini-piles, subgrade
replacement) can be chosen as appropriate [1].
Railway track stiffness can currently be measured using
stationary equipment or specialised low-speed vehicles.
Traditionally, railway infrastructure managers assess the
condition of their network using a track recording vehicle
(TRV): a specialised, instrumented train which periodically
collects geometric data of the railway track including track
gauge, longitudinal profile, alignment, super-elevation
irregularity (cross level or cant) and twist. European Standard
EN13848 defines the method of measurement of railway track
using TRVs in Europe [4]. The standard also defines the
approach for evaluating track condition by means of various
safety-related limits associated with each of the parameters
measured so that maintenance interventions can be planned.
TRVs are the current preferred method of measurement for
these parameters. However, these vehicles are expensive to run
and may disrupt regular services during their operation. Using
in-service vehicles to determine these parameters presents a
potential saving for railway infrastructure managers [5].
Increasing demands on railway networks is reducing the
available time for inspections necessary to determine track
condition. The collection of acceleration and other dynamic
parameters from sensors mounted on in-service vehicles is
therefore more desirable as a tool for monitoring the condition
of railway tracks. Improvements in band-width of wireless
communications, sensor robustness and electronics have
allowed the development of unattended track geometry
inspection systems that are compact and robust enough to be
mounted on in-service vehicles [6]. The concept of using trains
in regular service to measure track stiffness has the potential to
provide inexpensive daily ‘drive-by’ track monitoring to
complement data collected by less frequent (but more accurate)
monitoring techniques.
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Railway track longitudinal profile is an important indicator
of serviceability condition. It is desirable to have perfectly level
track profiles so that dynamic responses of the vehicle are
minimised, thereby increasing passenger comfort, reducing
wear on vehicle components and reducing power consumption.
A reduction in vehicle dynamics also reduces the vehicle load
on the track. Therefore, keeping a good vertical longitudinal
profile helps maintain overall track condition through a
reduction in vehicle dynamic effects [7].
Variation in track properties, including track stiffness, cause
variations in the train-track dynamic interaction [8]. The traintrack interaction is further magnified with increased vehicle
loads and speeds. Frohling concludes from development of
track deterioration prediction models that spatial variation of
railway track stiffness contributes significantly to track
deterioration, both in terms of differential track settlement and
increased vehicle loading [7]. Consequently, as track
deterioration increases, the train-track dynamic interaction
forces increase and the rate of track deterioration is increased
further. This paper will use a new direct integration approach
to find the same track profile. Also points of low stiffness in the
track are estimated using track profile.
2

MODEL DESCRITPION
Vehicle Model

The vehicle is represented by a 4 degree-of-freedom half-car
model travelling on the beam-on-elastic-foundation track
which is shown in Figure 1. The four independent degrees of
freedom correspond to sprung mass bounce displacement, 𝑢𝑠 ,
sprung mass pitch rotation 𝜃𝑠 and axle hop displacements of the
unsprung masses at axle 1 and axle 2, 𝑢𝑢1 and 𝑢𝑢2 respectively.
The sprung mass, 𝑚𝑠 represents the vehicle body. The
unsprung masses, 𝑚𝑢1 and 𝑚𝑢2 represents the axle
components. The sprung mass connects to the axle masses via
a combination of springs and dampers. The stiffness of springs
are 𝐾𝑠,𝑖 and damping coefficients of viscous dampers are 𝐶𝑠,𝑖
which represent the suspension components for the front and
rear axles ( 𝑖 = 1,2 ). The axle masses connect to the road
surface via springs with linear stiffnesses, 𝐾𝑡,𝑖 which represent
the tyre components for the front and rear axles ( 𝑖 = 1,2).
Finally, 𝐼𝑠 is the sprung mass moment of inertia and the
distances of the axles to the centre of gravity are 𝐷1 and 𝐷2 . All
the property values of the half-car are shown in Table 1.

Table 1. Vehicle model properties.
Property
Body mass
Axle mass

Unit
kg
kg

Suspension
Stiffness

N/m

Suspension
Damping
Tyre Stiffness

N s/m

Pitch Moment
of Inertia
Distance of
axle to centre
of gravity

Kg m2

N/m

Symbol
𝑚𝑠
𝑚𝑢1
𝑚𝑢1
𝐾𝑠,1
𝐾𝑠,2
𝐶𝑠,1
𝐶𝑠,2
𝐾𝑡,1
𝐾𝑡,2
𝐼𝑠

Value
16 200
700
1100
0.4×106
1×106
10×103
20×103
1.75×106
3.5×106
111 193

𝐷1

4.13

𝐷2

4.13

m

The equations of motion of the vehicle are obtained by
imposing equilibrium of all forces and moments acting on the
vehicle:

M𝑣 𝑢̈ 𝑣 + 𝐶𝑣 𝑢̇ 𝑣 + K 𝑣 𝑢𝑣 = 𝑓𝑣

(1)

where M𝑣 , C𝑣 , and K 𝑣 are the mass, damping and stiffness
matrices of the vehicle respectively. The vectors, 𝑢̈ 𝑣 , 𝑢̇ 𝑣 and 𝑢𝑣
are vehicle accelerations, velocities and displacements
respectively. The displacement vector of the vehicle is, 𝑢𝑣 =
{𝑢𝑠 , 𝜃𝑠 , 𝑢𝑢1 , 𝑢𝑢2 }𝑇 . The time-varying dynamic interaction force
vector is, 𝑓𝑣 = {0,0, 𝐹𝑡1 , 𝐹𝑡2 }𝑇 . The dynamic interaction force at
wheel i is, 𝐹𝑡𝑖 = 𝐾𝑡,𝑖 × 𝑦𝑖 ; i = 1,2 , where 𝑦𝑖 is the track
profile.

𝑚𝑠
0
Mv = [ 0
0
Cv =
𝐶𝑠,1 + 𝐶𝑠,2
𝐷1 𝐶𝑠,1 − 𝐷2 𝐶𝑠,2
−𝐶𝑠,1
−𝐶𝑠,2
[

0
𝐼𝑠
0
0

0
0
𝑚𝑢,1
0

0
0
0 ]
𝑚𝑢,2

𝐷1 𝐶𝑠,1 − 𝐷2 𝐶𝑠,2
2

2

𝐷1 𝐶𝑠,1 + 𝐷2 𝐶𝑠,2
−𝐷1 𝐶𝑠,1
𝐷2 𝐶𝑠,2

(2)

−𝐶𝑠,1

−𝐶𝑠,2

−𝐷1 𝐶𝑠,1
𝐶𝑠,1
0

𝐷2 𝐶𝑠,2
0
𝐶𝑠,2 ]
(3)

Kv =
𝐾𝑠,1 + 𝐾𝑠,2
𝐷1 𝐾𝑠,1 − 𝐷2 𝐾𝑠,2
−𝐾𝑠,1
−𝐾𝑠,2
[

𝐷1 𝐾𝑠,1 − 𝐷2 𝐾𝑠,2
2

2

𝐷1 𝐾𝑠,1 + 𝐷2 𝐾𝑠,2
−𝐷1 𝐾𝑠,1
𝐷2 𝐾𝑠,2

−𝐾𝑠,1

−𝐾𝑠,2

−𝐷1 𝐾𝑠,1
𝐾𝑠,1 +𝐾𝑡,1
0

𝐷2 𝐾𝑠,2
0
𝐾𝑠,2 +𝐾𝑡,2 ]
(4)

Track Model
Figure 1. Vehicle and track model.
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represent the railway track [1]. This model features a single
layer of discrete elastic springs. The beam-on-elasticfoundation track model features an elastic beam (the rail)
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supported on a series of springs with varying stiffness 𝑘 as
shown in Figure 1. Track supports have regular interval
spacing, 𝐿s , corresponding to the spacing between the sleepers.
A UIC60 rail is modelled as a finite element Euler-Bernoulli
beam with one beam element per sleeper spacing. Each track
element has 2 nodes with 2 degrees of freedom (DOF), vertical
translation and rotation, at each node. Rail irregularities are not
considered in this investigation - the track profile is entirely due
to deflection of the springs under the loaded train.
The response of the track model to a series of moving timevarying forces is given by the system of equations:

Mt ü t + Ct u̇ t + K t ut = Nt fint

(5)

where M𝑡 , Ct and K 𝑡 are the mass, damping and stiffness
matrices of the track respectively. The terms 𝑢̈ 𝑡 , 𝑢̇ 𝑡 and 𝑢𝑡 are
vectors of track accelerations, velocities and displacements
respectively. 𝑓𝑖𝑛𝑡 contains the total interaction forces between
the vehicle and the track at their contact points. Nt is a location
matrix used to distribute the applied interaction to the DOF’s
of the rail and is calculated using Hermitian shape functions.
Coupled Model
The dynamic interaction between the vehicle and track
subsystems is implemented in MATLAB. The equations of
motion for the coupled vehicle-track model is formed as:

M𝑔 𝑢̈ + C𝑔 𝑢̇ + K𝑔 𝑢 = F

(6)

where M𝑔 , K𝑔 and C𝑔 are the global mass, stiffness and
damping matrices respectively and 𝑢̈ , 𝑢̇ and 𝑢 are the vectors
of system accelerations, velocities and displacements. 𝐹 is the
coupled system force vector. Due to the coupling between the
vehicle and the track, the system stiffness matrix K𝑔 is timevarying and is recalculated in every time step. The equations of
motion are solved using the Newmark-Beta numerical
integration scheme. The time step corresponds to a sensor
scanning frequency of 1000 Hz.
3

DIRECT SOLUTION OF TRACK PROFILE CALCULATION

There are two problems in track profile calculation: forward
problem and inverse problem. The forward problem uses a
given profile to find vehicle accelerations, velocities and
displacements at the same time according to the coupled model.
The inverse problem, in contrast, uses given 𝑢̈ and 𝜃̇𝑠 to find the
profile.
In this section, the direct integration approach is introduced
to solve the inverse problem which can find track profile. It can
determine the track profile 𝑦𝑖 consistent with measured sprung
mass accelerations and sprung mass pitch rotational velocity.
All problems are solved here using the Newmark-Beta
integration scheme. The algorithm used to solve the inverse
problem is presented in Figure 2. A MATLAB algorithm was
used to implement this solution.
For each time step, the acceleration of the vehicle and the
sprung mass pitch rotational velocity are taken to be known.
Then, the displacement and velocity of the sprung mass, sprung
mass pitch rotation and rotational acceleration can be
calculated using the Newmark-Beta integration scheme. Using
the equations of motion of the sprung mass, the unsprung mass
displacement can be calculated. Then the acceleration and

velocity of the unsprung mass can be found. Finally, using the
Newmark-Beta integration scheme, the time varying
interaction forces applied by the vehicle and the track profile
𝑦𝑖 can be calculated.
Given vehicle properties M𝑣 , 𝐶𝑣 , K 𝑣 , 𝑢̈ 𝑠 , 𝜃̇𝑠 time step 𝛥𝑡

a0 =

Newmark-Beta method coefficients
𝛾 = 0.5, 𝛽 = 0.25 × (0.5 + 𝛾)2
1
𝛾
1
1
, a2 =
, a3 =
− 1,
2 , a1 =

𝛽×𝛥𝑡

𝛽×𝛥𝑡

𝛾

𝛥𝑡

𝛽

2

a 4 = − 1, a 5 =

𝛽×𝛥𝑡
𝛾

𝛽×2

× ቀ − 2ቁ ,
𝛽

a 6 = (1 − 𝛾) × 𝛥𝑡, a 7 = 𝛾 × 𝛥𝑡

Calculate 𝑢̇ 𝑠 , 𝑢𝑠 , 𝜃𝑠 , 𝜃̈𝑠 at step 𝑡 + 𝛥𝑡 using Newmark-Beta
𝑢𝑠,𝑡+𝛥𝑡 = (𝑢̈ 𝑠,𝑡+𝛥𝑡 + 𝑎2 × 𝑢̇ 𝑠,𝑡 + 𝑎3 × 𝑢̈ 𝑠,𝑡 )Τ𝑎0 + 𝑢𝑠,𝑡 (7)
𝑢̇ 𝑠,𝑡+𝛥𝑡 = 𝑢̇ 𝑠,𝑡 + 𝑎6 × 𝑢̈ 𝑠,𝑡 + 𝑎7 × 𝑢̈ 𝑠,𝑡+𝛥𝑡
(8)
̇
̇
̈
𝜃𝑠,𝑡+𝛥𝑡 = (𝜃𝑠,𝑡+𝛥𝑡 + 𝑎4 × 𝜃𝑠,𝑡 + 𝑎5 × 𝜃𝑠,𝑡 )/𝑎1 + 𝜃𝑠,𝑡
(9)
𝜃̈𝑠,𝑡+𝛥𝑡 = 𝑎0 × ( 𝜃𝑠,𝑡+𝛥𝑡 − 𝜃𝑠,𝑡 ) − 𝑎2 × 𝜃̇𝑠,𝑡 − 𝑎3 × 𝜃̈𝑠,𝑡
(10)

According to Equations (1), (2), (3) and (4)
𝑚𝑠 × 𝑢̈ 𝑠,𝑡+𝛥𝑡 + ൫𝐶𝑠,1 + 𝐶𝑠,2 ൯ × 𝑢̇ 𝑠,𝑡+𝛥𝑡
+(𝐷1 𝐶𝑠,1 − 𝐷2 𝐶𝑠,2 ) × 𝜃̇𝑠,𝑡+𝛥𝑡 − 𝐶𝑠,1 × 𝑢̇ 𝑢1,𝑡+𝛥𝑡
−𝐶𝑠,2 × 𝑢̇ 𝑢2,𝑡+𝛥𝑡 + ൫𝐾𝑠,1 + 𝐾𝑠,2 ൯ × 𝑢𝑠,𝑡+𝛥𝑡
+(𝐷1 𝐾𝑠,1 − 𝐷2 𝐾𝑠,2 ) × 𝜃𝑠,𝑡+𝛥𝑡 − 𝐾𝑠,1 × 𝑢𝑢1,𝑡+𝛥𝑡
−𝐾𝑠,2 × 𝑢𝑢2,𝑡+𝛥𝑡 = 0
(11)
̈
𝐼𝑠 × 𝜃𝑠,𝑡+𝛥𝑡 + ൫𝐷1 𝐶𝑠,1 − 𝐷2 𝐶𝑠,2 ൯ × 𝑢̇ 𝑠,𝑡+𝛥𝑡
+(𝐷1 2 𝐶𝑠,1 + 𝐷2 2 𝐶𝑠,2 ) × 𝜃̇𝑠,𝑡+𝛥𝑡 −𝐷1 𝐶𝑠,1 × 𝑢̇ 𝑢1,𝑡+𝛥𝑡
+𝐷2 𝐶𝑠,2 × 𝑢̇ 𝑢2,𝑡+𝛥𝑡 + ൫𝐷1 𝐾𝑠,1 − 𝐷2 𝐾𝑠,2 ൯ × 𝑢𝑠,𝑡+𝛥𝑡
+(𝐷1 2 𝐾𝑠,1 + 𝐷2 2 𝐾𝑠,2 ) × 𝜃𝑠,𝑡+𝛥𝑡 −𝐷1 𝐾𝑠,1 × 𝑢𝑢1,𝑡+𝛥𝑡
+𝐷2 𝐾𝑠,2 × 𝑢𝑢2,𝑡+𝛥𝑡 = 0
(12)
Eliminate 𝑢̇ 𝑢2,𝑡+𝛥𝑡 and 𝑢𝑢2,𝑡+𝛥𝑡 ,
(11) × 𝐷2 + (12):
𝐷2 𝑚𝑠 × 𝑢̈ 𝑠,𝑡+𝛥𝑡 + 𝐷2 ൫𝐶𝑠,1 + 𝐶𝑠,2 ൯ × 𝑢̇ 𝑠,𝑡+𝛥𝑡 +
𝐷2 (𝐷1 𝐶𝑠,1 − 𝐷2 𝐶𝑠,2 ) × 𝜃̇𝑠,𝑡+𝛥𝑡 + 𝐷2 ൫𝐾𝑠,1 + 𝐾𝑠,2 ൯ ×
𝑢𝑠,𝑡+𝛥𝑡 + 𝐷2 (𝐷1 𝐾𝑠,1 − 𝐷2 𝐾𝑠,2 ) × 𝜃𝑠,𝑡+𝛥𝑡 +
𝐼𝑠 × 𝑢̈ 𝑠,𝑡+𝛥𝑡 + ൫𝐷1 𝐶𝑠,1 − 𝐷2 𝐶𝑠,2 ൯ × 𝑢̇ 𝑠,𝑡+𝛥𝑡 +
(𝐷1 2 𝐶𝑠,1 + 𝐷2 2 𝐶𝑠,2 ) × 𝜃̇𝑠,𝑡+𝛥𝑡 + ൫𝐷1 𝐾𝑠,1 −
𝐷2 𝐾𝑠,2 ൯ × 𝑢𝑠,𝑡+𝛥𝑡 + (𝐷1 2 𝐾𝑠,1 + 𝐷2 2 𝐾𝑠,2 ) × 𝜃𝑠,𝑡+𝛥𝑡 =
൫𝐷2 𝐶𝑠,1 +𝐷1 𝐶𝑠,1 ൯ × 𝑢̇ 𝑢1,𝑡+𝛥𝑡 + (𝐷2 𝐾𝑠,1 +𝐷1 𝐾𝑠,1 ) ×
𝑢𝑢1,𝑡+𝛥𝑡
(13)
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In the Newmark-Beta method,
𝑢̇ 𝑢1,𝑡+𝛥𝑡 = 𝑎1 × (𝑢𝑢1,𝑡+𝛥𝑡 − 𝑢𝑢1,𝑡 ) − 𝑎4 × 𝑢̇ 𝑢1,𝑡 −
𝑎5 × 𝑢̈ 𝑢1,𝑡
(14)
Substitute (14) into (13):
𝑢𝑢1,𝑡+𝛥𝑡 = (𝐷2 𝑚𝑠 × 𝑢̈ 𝑠,𝑡+𝛥𝑡 + 𝐼𝑠 × 𝜃̈𝑠,𝑡+𝛥𝑡
+൫𝐷2 𝐶𝑠,1 + 𝐷1 𝐶𝑠,1 ൯ × 𝑢̇ 𝑠,𝑡+𝛥𝑡
+(𝐷2 𝐷1 𝐶𝑠,1 + 𝐷1 2 𝐶𝑠,1 ) × 𝜃̇𝑠,𝑡+𝛥𝑡
+൫𝐷2 𝐾𝑠,1 + 𝐷1 𝐾𝑠,1 ൯ × 𝑢𝑠,𝑡+𝛥𝑡
+(𝐷2 𝐷1 𝐾𝑠,1 − 𝐷1 2 𝐾𝑠,1 ) × 𝜃𝑠,𝑡+𝛥𝑡 + ൫𝐷2 𝐶𝑠,1 +𝐷1 𝐶𝑠,1 ൯
× ൫𝑎1 × 𝑢𝑢1,𝑡 + 𝑎4 × 𝑢̇ 𝑢1,𝑡 + 𝑎5 × 𝑢̈ 𝑢1,𝑡 ൯)
/(𝐷2 𝐾𝑠,1 +𝐷1 𝐾𝑠,1 + (𝐷2 𝐶𝑠,1 +𝐷1 𝐶𝑠,1 ) × 𝑎1 )
(15)

inverse problem to back-calculate the profile. As expected, the
results are the same - Figure 3. This direct integration approach
is much more efficient than an optimisation algorithm and
allows the calculation to be completed in a fraction of the time.
4

VARIATIONS IN RAILWAY TRACK STIFFNESS

Track profile due to deformation of the springs has the potential
to be used to estimate local variations in the track stiffnesses.
Figure 4 shows the track profile with and without a local
reduction in railway track stiffness. From 60m to 65m, the track
stiffness has a 50% loss. This changes the ‘measured’
accelerations and rotational velocities which are used to
calculate the new deflected profile. Therefore, track profile is a
good property to identify defects in the track.
0.006
0.005

Profile (m)

Using Newmark-Beta:
𝑢̈ 𝑢1,𝑡+𝛥𝑡 =
𝑎0 × (𝑢𝑢1,𝑡+𝛥𝑡 − 𝑢𝑢1,𝑡 ) − 𝑎2 × 𝑢̇ 𝑢1,𝑡 − 𝑎3 × 𝑢̈ 𝑢1,𝑡
(16)
𝑢̇ 𝑢1,𝑡+𝛥𝑡 = 𝑢̇ 𝑢1,𝑡 + 𝑎6 × 𝑢̈ 𝑢1,𝑡 + 𝑎7 × 𝑢̈ 𝑢1,𝑡+𝛥𝑡 (17)
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Use Newmark-Beta to calculate 𝑓𝑣,𝑡+𝛥𝑡 at step 𝑡 + 𝛥𝑡,
Effective stiffness matrix
ഥ = K 𝑣 + 𝑎0 × M𝑣 + 𝑎1 × 𝐶𝑣
𝐾
(18)
ҧ
ഥ × 𝑢𝑣,𝑡+𝛥𝑡
Effective force 𝑓𝑣,𝑡+𝛥𝑡
=𝐾
(19)
ҧ
𝑓𝑣,𝑡+𝛥𝑡 = 𝑓𝑣,𝑡+𝛥𝑡
− M𝑣 × ൫𝑎0 × 𝑢𝑣,𝑡 + 𝑎2 × 𝑢̇ 𝑣,𝑡 +
𝑎3 × 𝑢̈ 𝑣,𝑡 ൯ − 𝐶𝑣 × (𝑎1 × 𝑢𝑣,𝑡 + 𝑎4 × 𝑢̇ 𝑣,𝑡 + 𝑎5 × 𝑢̈ 𝑣,𝑡 )
(20)

𝑦𝑖,𝑡+𝛥𝑡 = 𝑓𝑣,𝑡+𝛥𝑡 /𝐾𝑣

(21)

Figure 2. Track profile calculation algorithm.

0.025
0.02

Profile (m)

0.015
0.01
0.005
0
-0.005

Figure 4. Track profile with variations
in railway track stiffness.

5

CONCLUSION

Railway track loaded profile is an important indicator of the
serviceability condition of the track. In previous research, the
track profile was determined using a complex optimisation
procedure. In this paper, a direct integration approach is
demonstrated in simulations of field measurements taken from
an in-service railway carriage. The Newmark-Beta method is
used. The calculated profile is similar to the profile from the
forward problem used to generate the ‘measurements’.
However, compared with the optimisation procedure, direct
integration is much more efficient and allows the calculation to
be completed much more quickly. To determine track
condition, calculated track profile can be used. It can be used
to identify local variations in railway track stiffness from the
profile changes that result. The track profile resulting from a
local change in the track stiffness is clearly visible. It is a good
way to monitor railway tracks.
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ABSTRACT: This paper describes a case study outlining the development of a system in which rail infrastructure may
continuously “self-assess” using Weigh-In-Motion (WIM) data and probabilistic techniques. The case study concerns an ageing
steel rail bridge spanning 24.4m across the Ebbw River in South Wales. The bridge was constructed in 1966 and is under the
management of Network Rail in the UK. Increased volumes of rail traffic, train velocities and axle weights can result in altered
structural behaviour of older rail bridges such as this one. The ability to predict impending failure of infrastructure at the
Ultimate, Serviceability and Fatigue Limit States allows owners to implement proactive maintenance approaches, resulting in
lower costs of repair and increased safety levels for rail users. This case study consisted of the deterministic assessment of the
bridge, followed by a probabilistic assessment using a code load model. Software was then developed which autonomously
reads train WIM data obtained from the nearby monitoring locations as it becomes available and calculates the load effect of
running these trains across the bridge. The results of the probabilistic assessment showed that the structure had sufficient
capacity at the Ultimate Limit State (ULS), despite low utilisation values obtained from a traditional deterministic assessment. It
was found that, as expected, deterministic assessment was the most conservative approach in determining the structural integrity
of the bridge. Probabilistic assessment using the WIM data was found to produce higher values of reliability for the bridge than
the equivalent assessment using a code load model, indicating that the code model may be overly-conservative in this case.

KEY WORDS: Railway Bridge; Weigh-In-Motion; Probabilistic Assessment; Structural Health Monitoring; Train Loading;
Structural Safety
1

INTRODUCTION

One of the challenges facing the owners and managers of rail
networks today is the preservation of ageing rail
infrastructure. Maintenance of structures such as rail bridges
can be labour intensive and high cost. The past 50 years has
seen many advancements in train technology as well as social
and industrial developments which have led to changes in the
rate and magnitude of loading of rail infrastructure. These
changes may lead to structural behaviour that has not been
accounted for at the time of design. This can be exacerbated
by the degradation of materials over time including reduced
cross sections caused by rusting of metallic members or
weakened elements and connections as a result of fatigue.
With these intrinsic and extrinsic structural changes comes the
possibility of an increased failure probability when compared
to the context of the original design.
Assessment of ageing rail infrastructure may be carried out
deterministically using design and assessment standards
relevant to the area in question. However, these standards can
often be overly conservative and indicate limit state failure
where it is not present in reality. While suitable for
maintaining a sufficient level of safety in infrastructure,
carrying out overly-regular maintenance and repair work on
structures can lead to unnecessary disruption and higher costs
for the network managers [1]. Hence it is desirable to obtain a
more accurate interpretation of the state of the structure
through use of assessment techniques tailored to the structure
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in question. This can be done using probabilistic assessment
methods combined with site-specific monitoring data.
This case study deals with a simply-supported steel railway
bridge that was constructed over 50 years ago. The bridge
span is 24.4m over the Ebbw River in South Wales and is
under the management of Network Rail. It is situated on the
South Wales main line and is located between the cities of
Cardiff and Newport. It consists of two independentlyspanning welded girder bridges, each carrying a single track.
The superstructure consists of two welded steel main girders
with cross sections as shown in Figure 1. The rails and
sleepers are supported by cross girders at 2’ centres (approx.
610mm) which are either of T or I-section. These girders span
2.8m between the main girders and are welded along their
length to a 15mm thick steel plate which is continuous across
the length of the bridge. The end girders of the bridge are steel
T-sections encased in concrete.
The tracks in question are considered a “main” line [2] and
have a speed limit of 75 mph (approximately 120 km/h) over
the bridge, as opposed to an adjacent bridge which is intended
for slower-moving trains. There is a nearby monitoring station
which is used to detect wheel defects [3], located at
Marshfield, approximately 5.7km from the bridge. Data from
this monitoring station also includes axle weight and spacing
information for individual trains as well as train classification
details; essentially Weigh-In-Motion (WIM) data. This
loading data will allow for a more tailored approach to load
modelling as opposed to the use of generalised models from
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the assessment standards, hence leading to a more accurate
representation of the structural behaviour.
The objective of this case study was to create a software
with the ability to continuously run a probabilistic analysis of
the bridge, using a load model based on train WIM data. The
nature of the monitoring system, where trains are monitored in
real time [3], lends itself to the possibility of setting up a
constant influx of train data that can be used in assessment.
The advantage of this when coupled with an automatic
assessment software is that the bridge can essentially “selfassess” in real-time in response to train loading. The results of
this analysis consists of a calculation of the reliability of the
bridge based on its reliability index (β), probability of failure
(Pf) and its most probable point of failure (β-point) at a given
limit state. Using statistical techniques to continuously update
stochastic models allows for the prediction of future failure at
Ultimate Limit State (ULS), Serviceability Limit State (SLS)
or Fatigue Limit State (FLS).

Figure 1. FE model of the bridge over the Ebbw River - deck
plate and track removed for clarity
The moving load applied to the bridge was Load Model 71
(LM71). This is the prescribed load model for railway bridges
in Eurocode 1 [6]. This load model was arranged in a
combination with the dead loads (DL) and superimposed dead
loads (SDL) with partial load factors at ULS as outlined in the
Design Manual for Roads and Bridges (DMRB) [7] (see Table
1). The point of highest stress was obtained from the FE
model for each critical member of different cross section and
the force and moment details at this high stress point were
taken from the model for use in the deterministic assessment.
Table 1. ULS Partial Load Factors
Load Type
Live
Dead
Superimposed Dead

Figure 1. Cross-section of the steel main girders
2
2.1

DETERMINISTIC ASSESSMENT
Finite Element Model

The deterministic assessment of the bridge began with the
development of a finite element (FE) model using the Midas
Civil software package (see Figure 2) [4]. The model was
developed based on pre-construction drawings supplied by
Network Rail and does not take into account any possible
defects or degradation of materials. As previously noted, the
bridge consists of two independently-spanning structures.
Only one of these structures was modelled due to symmetry of
the spans. The chosen span carries the main line track with
trains travelling towards Cardiff. A superimposed dead load of
3kN/m2 was applied to the bridge deck to account for ballast
and a 3kN/m load was applied to each rail to account for the
weight of the rail and sleepers. These values were calculated
based on the material weight per unit bed length [5].

γfl1
1.5
1.05
1.2

γfl3
1.1
1.1
1.1

The FE model was also used to perform an eigenvalue
analysis and determine the first natural frequency of the
bridge. This value was needed in order to ensure that the
frequency fell within the limits set by EN 1991-2 [6] such that
a dynamic analysis would not have to be performed. The first
natural frequency value was found to be 7.08Hz which falls
within the specified limits of 3.86-8.69Hz, hence a detailed
dynamic analysis was not needed.
2.2

Deterministic Analysis

The deterministic analysis of the bridge was carried out to BS
5400 design standards and DMRB assessment standards
[8][9][10]. The main objective of this assessment was to
identify the most critical members of the bridge structure at
ULS so that these may be further investigated in the
probabilistic analysis.
The bridge drawings used in the creation of the FE model
specified the structural steel as being compliant with BS 15
which defines steelwork up to 20mm thickness as having a
characteristic yield strength of 247 MPa and 230 MPa for
steelwork 21-51mm thick [8]. Given the thickness variation
within the structural sections, the yield strength was
conservatively taken to be 230 MPa for all members
The DMRB calls for the application of the RU load model
in assessment for all combinations of rail vehicles in Europe
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and the UK [7]. This load model matches the LM71 model
that was used in the FE model of the bridge (see Figure 3).
This model consists of 4 axle point loads of 250kN each at
1.6m spacing. These axle loads are preceded and succeeded
by an infinite UDL of 80kN/m, spaced at 0.8m from the
outside axle loads. Dynamics were taken into account in this
assessment through the use of a Dynamic Amplification
Factor (DAF) as defined in BS 5400-2 [10]. This factor in
bending was defined as 1.705 and 1.198 for the cross girder
and main girder elements respectively. When considering
shear effects, these values were 1.470 and 1.132 for the cross
girders and main girders respectively.

Figure 3. Load Model 71
Table 2 outlines the deterministic results for the structural
members of the bridge. In this table, the deterministic check
that proved to be most critical for that element is noted along
with the associated utilisation value.
Table 2. Deterministic Results (ULS)
Member

Tension/
Compression

Main Girder

Compression

Most
Critical
Check
Yielding

Cross Girder
(T-Section)

Tension

Yielding

Cross-Girder
(I-Section)

Tension

Yielding

38.8%

End Girder

Tension

Yielding

27.6%

Utilisation
21.7%
6.0%

This assessment clearly shows the T-section cross girder to
be the most critical bridge member with an additional capacity
of only 6.0%. The second lowest utilisation was seen in the

Figure 4. Stress Influence Line for the T-Section Cross Girder
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main girder with a value of 21.7%. Hence these two bridge
members were chosen for use in the probabilistic analysis. As
the most critical check for both members was yielding, the
probabilistic assessment would be centred on element stresses
and yield strengths.
3

PROBABILISTIC ASSESSMENT

The probabilistic analyses of the critical bridge elements at
ULS were performed considering both the RU load model as
described previously and a model based on WIM data values
obtained from the “WIM” monitoring site. These loads were
applied to the influence lines extracted from the FE model for
the critical bridge elements as defined in the deterministic
assessment in order to obtain the load effects. These were then
combined with stochastic permanent load effects
Influence lines were generated for the right and left rails
independently and were combined in the assessment software.
In cases where the influence lines contain a relieving effect
[7], this portion of the influence line was set to zero. Given
that yielding was deemed the most critical load effect, only
the stress influence lines were used in the analysis. These may
be seen in Figures 4-5 for the two critical bridge members.
3.1

Permanent Load and Resistance Modelling

Probabilistic assessment of structures involves the stochastic
modelling of certain load and resistance variables so that
reasonable variation of these parameters may be taken into
account in calculations. Each of the relevant parameters was
modelled with respect to distribution guidelines published in
the Reliability-Based Classification guideline document by
the Danish Road Directorate (DRD) [11]. The details of these
load models are outlined in the following sections.
3.1.1

Dead Load

The DL consisted of the self-weight of the bridge. It was
modelled stochastically as a normal distribution with a
coefficient of variation (CoV) of 5%. Uncertainty in the
model was taken as 5% [11]. This uncertainty is based on
uncertainty in the load definition and could be reduced if
testing was carried out on the bridge to determine the actual
self-weight. The mean (µ) of the distribution was obtained
from the FE model for each member that was considered.
These values are summarised in Table 3.

Figure 5. Stress Influence Line for the Main Girder
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3.1.2

Superimposed Dead Load

The SDL consisted of the load induced by the ballast, the
sleepers and the rails. This was modelled stochastically as a
normal distribution with a CoV of 10%. Uncertainty in the
model was considered 5% [11]. Again, this uncertainty could
be reduced if values taken from field tests were used. The
mean value for this distribution was the sum of the stress
values due to the ballast weight and the track weight and was
obtained directly from the FE model. These values are
summarised in Table 3.

As previous research has outlined, RU loading may be
modelled stochastically assuming a Gumbel distribution and
using the 98% fractile value of the RU load model as defined
in BD 37/01 [1][7]. Conservatively assuming a coefficient of
variation of 0.2, the mean value of the wagon weight was
taken to be 0.659 times the RU load model [12].
3.2.2

The dynamic amplification factor (DAF) was modelled as in
the following equation, where K is the modelled DAF and ε is
the dynamic increment [11].

Table 3. Mean Values for Stochastic Load Models
Member
Cross-Girder (T-Section)
Main Girder

3.1.3

Variable
DL
SDL
DL
SDL

µ [MPa]
8.19
6.79
14.45
9.05

Material Parameters

Table 4. Distribution Parameters for Steel Yield Strength
Member
Cross-Girder
(T-Section)

µ [MPa]

σ [MPa]

304

25

Main Girder

283

25

The uncertainty in the stochastic model of the material
capacity was based on three variables: the uncertainty in the
accuracy of the computation model (I1), the uncertainty in
determining the material parameters (I2), and the uncertainty
in identifying the materials used in the bridge (I3). In this case
study, I1 was considered to be “normal”, I2 was considered to
be “medium” and I3 was “good” [11]. These evaluations
resulted in a CoV of uncertainty of 0.087 for the structural
material. This uncertainty was modelled stochastically with a
lognormal distribution.
3.2
3.2.1

= 1+

RU Load Model
Load Modelling

The uncertainty in the RU model was taken to be a normally
distributed stochastic variable with a mean of 1.0. The CoV of
this uncertainty model was dependent on the confidence in the
accuracy of the applied variable load. In the case of the RU
load model, this uncertainty was considered to be ‘medium’,
implying an assumed accuracy of ±25% [11]. This led to a
CoV value of 0.15.

(1)

The dynamic increment was considered a stochastic
variable and was modelled as normally distributed with a CoV
of 1.0. The mean of the distribution was calculated as the 98%
fractile value of the deterministically-calculated dynamic
factor [1]. These mean values were 0.231 for the cross girder
and 0.039 for the main girder.
3.3

In order to model the resistance capability of the bridge
members in question, the yield strength of the steel was
considered a stochastic variable. The steel strength was
modelled according to a lognormal distribution with
parameters as defined in the DRD guideline document. The
mean (µ) and standard deviation (σ) parameters are
summarised in Table 4. The steel type used in construction
was not specified in the bridge drawings and so a type St.37
was assumed based the characteristic value of 230 MPa
mentioned previously.

Dynamic Amplification

3.3.1

WIM Data Model
Extrapolation of Data

The train WIM data that was used for the purpose of this case
study consisted of approximately one month (28 days) of data.
When considering assessment at ULS, the main interest lies in
the loading scenario that results in the maximum load effects
for a given bridge member as these are the loads that are most
likely to cause failure. Modelling the train loads based on a
distribution of maximum load effects allows the month of data
to be extrapolated into a year of maximum values which can
give greater insight into the type of loading that the bridge
experiences over this period of time [13]. For the purpose of
this case study, the maximum load effect caused by each
individual train passing over the bridge was assessed. These
values were then used in order to determine the train that
causes the maximum load effect on a given day. A distribution
was then fitted to these maximum daily load effect values
which served as a parent distribution from which extrapolated
maximum yearly distribution could be obtained.
The extrapolation of this data in order to determine the
maximum distribution was carried out using Extreme Value
Theory (EVT) which may be represented by the formula [14]:

=

(2)

Where the parent distribution, FX, is raised to a power n in
order to produce a maximum distribution FY. This maximum
distribution will hence consist of n independently distributed
samples of x [13]. In this case, the parent distribution was a
distribution of maximum values per working day, so in order
to obtain a distribution of maximum values per year the
distribution was raised to an n value equal to the number of
working days in a year. This value was taken to be 303, i.e.
the number of days in a year neglecting Sundays and holidays.
A histogram of the maximum daily load effects for the real
train data is shown below for the T-section cross girder
(Figure 6) and the main girder (Figure 7) and both are
compared to the equivalent load effect under RU loading.

70

CERI-ITRN2018

Frequency

over the bridge in question is 75 mph (approximately
120km/h). Assuming standard maintenance of the track, the
DAFs were calculated as 1.880 and 1.119 for the T-section
cross girder and the main girder respectively.
These DAF values were modelled as in the probabilistic RU
model, where the dynamic increment ε was modelled as a
stochastic variable with normal distribution with a mean
derived from the 98% fractile value of the calculated DAF. In
this case, these mean values were 0.039 and 0.289 for the
cross girder and main girder respectively. The K value
obtained from Equation 1 was then applied to the load effects.
3.4

Figure 6. Distribution of maximum daily stress effects for the
T-section cross girder

Reliability

Structural safety may be quantified by calculating the
reliability at a certain limit state. The reliability index (β) of a
structure is related to its probability of failure (Pf) and may be
estimated using the First Order Reliability Method (FORM)
[15]. Analysis using FORM is based on a performance
function g(X). In the case of ULS analysis for the current
assessment, this function is as defined below.

=

−

(3)

Frequency

Where R and S are the resistance and loading of the system
respectively. Hence when g(X) < 0, the load exceeds the
resistance capability of the structure and failure occurs.
The Hasofer-Lind (HL) method of carrying out a FORM
analysis was chosen due to its stability when dealing with
larger CoV values in comparison to other methods [15]. This
method involves the transformation of stochastic variables
into standard normal space. The shortest distance between the
origin of this normalised space and the failure surface of the
limit state function is equal to the reliability index. Hence the
reliability index may be calculated with respect to the mean
and standard deviation of the load and resistance distributions
using the formula:

Figure 7. Distribution of maximum daily stress effects for the
main girder
It can be seen clearly from Figures 6-7 that the stress effect
caused by RU loading is conservative when compared to those
caused by real trains passing over the bridge.
3.3.2

Uncertainty Modelling

As in the RU model, uncertainty in the axle weights obtained
from the WIM data was modelled as a stochastic variable with
a mean of 1.0. However there was a higher level of confidence
in the applicability of the loading to the structure in this case
due to the fact that the actual train loading on the bridge was
included. Hence the level of uncertainty could be considered
‘low’, leading to a CoV value of 0.1 [11]. This uncertainty
model was applied to the load model after extrapolation. In
fact, it may be argued that this level of uncertainty is
conservatively high, considering the only uncertainty in
question is the accuracy of the monitoring station.
3.3.3

Dynamic Amplification Factor

When considering real train data, the DAF must conform to
Annex C of EN 1991-2 and take into account the maximum
permitted vehicle speed over the bridge [6]. A study of the
Western Sectional Appendix [2] showed that the speed limit
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=

−

+

(4)

The point on the failure surface at which this distance is
measured is known as the Most Probable Point (MPP), also
referred to as the β-point.
One drawback to the use of the HL method is that it
assumes normal distributions. In cases such as this one where
the load and resistance variables are likely to follow nonGaussian distributions, it is necessary to transform these into
equivalent normal distributions before performing the HL
analysis. This can be done using the Rackwitz-Fiessler
method [15].
The target reliability index of a structural component varies
based on a number of considerations including economic,
social and sustainability factors [13]. EN 1990:2002 calls for
the definition of the structure into one of three reliability
classes. These classes are dependent on the consequences of
failure of the structure in question. The railway bridge that is
under consideration in this case study falls under the RC2
category. This indicates a medium level of consequence for
loss of human life and considerable economic, social or
environmental consequences [16]. The target reliability
indices for a structural member of this class as defined in EN
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1990:2002 is outlined in Table 5 for reference periods of 1
year or 50 years.
Table 5. Target Reliability Indices for Class RC2 structural
members as per EN 1990:2002
Limit State
ULS
FLS
SLS (irreversible)

Target Reliability
1 Year
50 Year
4.7
3.8
1.5 to 3.8
2.9
1.5

As this analysis is assessing the bridge at ULS with a one-year
reference period, the target value for the reliability index is
4.7.
4

RESULTS OF ANALYSIS

As shown previously, the results of the deterministic analysis
showed some relatively low utilisation values for certain
bridge members at their most highly-stressed point. Two of
these members with the lowest utilisations, the T-section
cross-girder and the main girder, were probabilistically
assessed using both the typical RU load model and train WIM
data from the site. The reliability results of this assessment are
outlined in Table 6 below.
Table 6. Results of Probabilistic Analysis
Member
Cross-Girder (T-Section)
Main Girder

Live Load
Model
RU
WIM
RU
WIM
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β

Pf

5.0
5.5
5.6
9.5

1.54x10-7
1.87x10-8
7.27x10-9
1.28x10-21

The above results clearly show that for both load models
used in the probabilistic assessment, both bridge members
have reliability indices greater than the target value of 4.7.
This indicates that the most critical elements of the bridge in
question are compliant at ULS in accordance with the
Eurocode [16]. Table 6 also clearly shows that, as expected,
the use of real train WIM data in the probabilistic analysis
proved to be a less conservative approach than the use of the
RU load model as prescribed in the codes.
5

values than in a similar analysis where RU loading was used.
Given that the WIM data presents a more accurate picture of
the type and pattern of loading that passes over the bridge, it
can be said that these values are more representative of the
reality of the structure than those obtained using RU loading.
Hence it can be concluded that the use of this software in
conjunction with train WIM data can give network operators a
more reliable measure of the probability of failure of the
structure, allowing for the potential of increased maintenance
efficiency.
Finally, an online data storage platform has been developed
which can read WIM data directly from the infrastructure
owner as it becomes available. This platform has been
designed to interface with the Matlab software developed and
discussed in this paper. Therefore, the bridge can be
considered “self-assessing” as it can automatically re-evaluate
its reliability over time as more data becomes available.

CONCLUSIONS

The objective of this research was to develop a software that
can take WIM data of trains that have passed over a rail
bridge as an input and use this to continuously assess the
reliability and probability of failure of that bridge using
probabilistic methods.
The results of this case study showed that the software that
was developed was capable of performing probabilistic
analysis of the critical elements as defined by a deterministic
assessment. As expected, the deterministic analysis was found
to be more conservative than the probabilistic analysis. This is
due to the fact that the codes used in the deterministic
assessment were developed to take into account a broad range
of bridges whereas the probabilistic assessment incorporated
an individualised approach tailored to this particular bridge.
In addition to this, it was seen that the use of WIM data in
the calculation of the reliability index led to less conservative
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ABSTRACT: Increases in bridge live loading and deterioration over time have rendered much of Europe’s aging infrastructure
unsafe, when assessed to traditional deterministic approaches. In everyday engineering practice, both in design and assessment,
site-specific variability and uncertainty of load and resistance are neglected, as partial factors used in design are calibrated on a
network-wide basis, rather than at an individual structure level. In this paper, a probabilistic approach is introduced which requires
that the variability and uncertainty of material properties, asset geometry and condition, as well as the loads acting on the structure,
be stochastically modelled using probability distribution functions. Monitoring data allows modelling of the uncertainties present
in these distributions and can provide site-specific input for reliability analysis, providing a better estimate of the failure probability
for the monitored asset. The Boyne Viaduct in Drogheda, County Louth, is chosen as the case study bridge for this research.
Reliability analysis is performed and presented for several members and riveted connections. Both deterministic and probabilistic
approaches were employed for two separate assessments that were performed. The “first pass” assessment was performed prior to
the monitoring data being taken into account; and the “second pass” assessment used load effects from the calibrated FE model,
which led to lower model uncertainty in the probabilistic approach. Comparison of the results of both assessments showed how
the probability of failure is influenced by the use of monitoring data. The change in failure probability in turn results in a change
in risk related to the structure.
KEY WORDS: Failure Probability; Reliability; Probabilistic Analysis; Steel Bridge Assessment; Steel Connections.
1
1.1

INTRODUCTION
Risk Assessment

In order to evaluate risk, it is essential to quantify either
probability or rate of failure events [1]. This paper deals with
the probability of failure occurrence, thus the risk (R) is defined
as the product of failure probability (Pf) and consequences (C)
caused by the failure (equation 1).

=

×

(1)

To calculate the probability of failure for a bridge or element,
probabilistic analysis is performed. This is often a complicated
task as the assumptions about the bridge’s behaviour under
conditions of extreme loading have to be made. Such
conditions are often present outside of the range of information
which can be gained by observing the behaviour under service
loads [2].
Quantifying consequences relies on engineering judgement
and experience. It is mainly governed by the type of failure
investigated and the impact that failure has on the people and
services that are dependent on it [3]. Consequences can be
divided into direct and indirect. While the direct consequences
are related to monetary losses and loss of lives, indirect
consequences are comprised of all the losses incurred due to
loss of functionality of the system that the bridge was part of.
1.2

Reliability Analysis

When a more advanced/accurate assessment of an
infrastructure object is required (e.g. after the bridge has failed
a traditional deterministic assessment), probabilistic
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approaches may be considered. This requires stochastic
modelling of, for example, material properties, asset geometry
and condition as well as the loads acting on the structure.
One product of a reliability analysis is the reliability index
(β). Lower limits for this index depend on the analysed limit
state, consequences and the cost of remediation measures.
Equation 2 shows how the reliability index is calculated from
probability of failure (Pf) by means of the standard normal
inverse function Φ ().

= −Φ ( )

(2)

The failure region of a particular limit state is illustrated in
Figure 1 [5].

Figure 1. Distribution variables for load and resistance and
failure probability [5].
The most commonly applied reliability assessment
methodologies include First Order Reliability Method
(FORM), Second Order Reliability Methods (SORM) and
simulation techniques. For more information, see [4].
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1.3

The Boyne Viaduct – Overview and Monitoring

The Boyne Viaduct (Figure 2) was selected as the case-study
bridge because of availability of both structural drawings and
monitoring data. The bridge, as it exists today was constructed
in the early 1930s and consists of fifteen semi-circular masonry
arch spans and three simply supported steel truss spans. This
paper considers only the central steel span.

•

model uncertainty is present due to assumptions and
imperfections made in the calculation model for load and
resistance.
These uncertainties are usually defined in relevant codes
unless testing, inspections and/or surveys are available. As
previously stated, model uncertainty depends on the quality of
the calculation model, which can be improved when monitoring
data is available (e.g. by calibrating the FE model). Once the
model is adjusted to better replicate the behaviour of the real
structure, model uncertainty can be reduced.
2

FIRST ASSESSMENT

The “first pass” assessment is defined as the assessment
performed before monitoring data is considered. This was
conducted following both deterministic and probabilistic
approaches. Deterministic analysis was used to identify critical
elements to be brought forward to probabilistic assessment.
This paper mainly focuses on the assessment of the connections
while the assessment of members is only given as a summary
of analysis presented in [6].
Figure 2. Aerial view of the Boyne Viaduct steel
superstructure
The monitoring system consisted of 3 accelerometers and 4
strain gauges. It was installed as a part of DESTination RAIL
project. The exact locations and required specifications of the
instruments were chosen following Finite Element (FE)
analysis which showed several stress concentrations on the
bridge. The layout of the sensors is depicted in Figure 3.

2.1

Deterministic Assessment

All verifications are performed in accordance with the Design
Manual for Roads and Bridges (DMRB) and BS 5400-3:2000,
where applicable.
2.1.1

Connections

For steel structures built before 1955, BD 21/01 suggests the
use of a nominal yield stress of 230 MPa, if no strength
information is available.
In total, four connections were analysed; three are part of the
main truss (Figure 4), while the fourth is the connection of the
rail bearer to the one of the cross beams.
C1

D1

E1

F1

D

E

F

B1
A1

A

B

C

Figure 4. Truss – marked joints with critical connections
2.1.1.a

Figure 3. General layout of sensors locations on the bridge (a)
and plan-view at deck level (b)
1.4

Monitoring Data for Assessment

The quality of the FE model used during the design/assessment
process affects both the calculated load effects and the
uncertainty in the analysis. High uncertainty has significant
unfavourable effects on the failure probability.
Three types of uncertainty should be distinguished and taken
into account when modelling railway infrastructure:
• physical uncertainty (also known as inherent uncertainty)
is a natural randomness of a quantity; e.g. uncertainty in
material properties caused by production variability,
• statistical uncertainty arises due to limited information on
quantity, i.e. limited number of observations of a quantity,

Connection A1 – B (joint A1)

The geometry of connection A1 – B is depicted in Figure 5.
Stresses and Utilisation Factors (UFs) are verified for:
• web plates,
• flanges,
• bearing pressure,
• rivets in web,
• rivets in flange.
The stress check for the gusset plate was omitted since its
width and height make the other connection plates significantly
more critical.
Dynamic amplification factors (DAF) are calculated as per
BD 37/01.
Unfactored and factored load effects present in this
connection are acquired from the FE model constructed in
Midas Civil. These are shown along with safety and dynamic
factors in Table 1 - Table 3.
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Table 4 gives an overview of all Utilisation Factors (UFs)
determined for the locations in the connection previously
defined. It can be noted that the highest UF is present in the
web plates at the third row of rivets.
Table 4. Overview of UFs for connection A1-B acquired
without consideration of monitoring data

Flange

Location

26
1/4
17
"
1/2
"
1/2
"

Straps

a

10

Web

Web plates

A
Straps
B

Flanges
Bearing pressure

C
Flange

D
8

strap

7

strap
ending

6
5

Z

B'

4
3

Rivets in web

19
9/1
6"

2
1

X

a

21
3/4
"

Rivets in flange

Figure 5. Geometry of connection A1 – B (joint A1)
Table 1. Unfactored load effects for connection A1-B
Load
Self-Weight
Ballast
Rails
Live

My
[kNm]
8.1
1.4
0.3
11.8

Mz
[kNm]
5.9
4.8
0.7
24.0

Fx
[kN]
937.1
545.6
70.7
2090.3

Fy
[kN]
3.8
3.0
0.4
14.2

Fz
[kN]
8.6
0.4
0.1
3.1

2.1.1.b

UF
0.85
0.88
0.91
0.07
0.31
0.79
0.01
0.07
0.01

Row 1
Row 2
Row 3

Shear
Axial
Shear
Axial

Connection B – B1 (joint B)

The geometry of the connection is depicted in Figure 6. Stress
checks were carried out for the member itself (filled area in
section a-a) and for the additional steel elements added in the
connection (unfilled area in section a-a).
18"

section a-a
18 3/8"

section cut
a-a

Z
8 13/16"
Y
X

Y

additional steel
21 1/2"
14 5/8"

1 31/128"

4 3/4"

Table 2. Safety factors and dynamic amplification factors for
the loads for connection A1-B

1
2

4

Load
Self-Weight
Ballast
Rails
Live

γfl
1.05
1.20
1.20
1.50

DAF
- Bending -

DAF
- Shear -

7
8
9
B

A

2 3/8"
7 5/16"
10 3/4"

1.22

1.15

Fx [kN]
5550.2

Fy [kN]
32.5

Fz [kN]
15.0

The following force distribution among different elements of
the cross section was adopted:
• Fx – distributed to the web and the straps,
• Fy – distributed to the web, the straps and the flange,
• Fz – distributed to the web and the straps,
• My – distributed to the web, the straps and the flanges,
• Mz – distributed to the web and the straps.
As seen above, it was decided that all of the effects acting in
the axial direction (x – direction) are transmitted through the
web and none through the flanges. This can be justified by the
fact that the flanges are not present throughout the whole length
of the member but just in the vicinity of the connection and in
the connection itself.
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a

6

C

Table 3. Factored load effects relevant for the connection
A1-B
My [kNm] Mz [kNm]
32.2
56.7

5

31 219/256"

3

a

Figure 6. Geometry of connection B – B1 (joint B)
Similar to the previous connection, UFs for different parts of
the connection are presented in Table 5. The highest utilisation
factor is for the shear stresses in the rivets in the additional steel
(see Figure 6).
Table 5. Overview of UFs for connection B-B1 acquired
without consideration of monitoring data
Location
Member parts
Additional steel
Bearing pressure

UF
0.83
0.42
0.17
0.84
Rivets in the member parts
0.01
0.92
Rivets in the additional steel
0.01

Shear
Axial
Shear
Axial
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2.1.1.c

Connection C – B1 (joint C)

As this connection has similar geometry to connection A1 – B,
only utilisation factors for different locations in the connection
are presented (Table 6). Again, the highest UF is for the stresses
in the web plates at the third row of the rivets.

Table 7. Overview of UFs for rail bearer and cross girder
connection acquired without consideration of monitoring data
Location
Web – Rail Bearer
Web – Cross Beam
Connecting L profile
Rivets – Rail Bearer

Table 6. Overview of UFs for connection C-B1 acquired
without consideration of monitoring data
Location
Web plates
Flanges
Bearing pressure
Rivets in web
Rivets in flange

2.1.1.d

UF
0.84
0.89
0.95
0.49
0.44
0.67
0.00
0.95
0.00

Row 1
Row 2
Row 3

Shear
Axial
Shear
Axial

Rivets – Cross Girder

Shear
Axial
Shear
Axial

More details on the analysis of these connections are given
in [7].
2.1.2

Members

Only a summary of the analysis of members from [6] is given
in this paper. Table 8 shows UFs for different members
analysed.
Table 8. Results of deterministic assessment for main
members

Rail Bearer – Cross Girder Connection

Following FE analysis, the most critical connection between a
rail bearer and a cross girder was selected and analysed.
The geometry of the connection is depicted in Figure 7.

Rail Bearer

UF
0.26
0.10
0.36
0.39
0.00
0.61
0.00

Member
Cross beam
Rail bearer
Truss bottom chord
Truss top chord
Truss diagonal
Truss X-diagonal
Truss vertical

UF
0.79
1.06
0.44
0.81
0.97
0.54
0.87

Cross Girder

It can be seen that the UF for the stresses in the rail bearer is
over 1.00. This may be considered as grounds for intervention,
to the discretion of an infrastructure owner. Probabilistic
analysis is performed for cross beam, rail bearer and a truss
diagonal.
Figure 7. Geometry of the connection between a rail bearer
and a cross girder
Utilisation Factors (UFs) are verified for:
web plate – rail bearer,
web plate – cross girder,
connection L profiles
rivets – rail bearer,
rivets – cross girder.
Table 7 shows UFs for this connection and it can be noted
that the highest UF is for the stress in the rivets in the cross
girder. It can also be seen that this UF is much lower than the
UFs in the previous connections. Therefore, this connection
was not considered in the probabilistic analysis.

•
•
•
•
•

2.2

Probabilistic Assessment

In order to perform probabilistic analysis, parameters like
material properties, load, geometry etc. must be modelled
stochastically. Different probability density functions were
employed for this purpose, their summary is given in Table 9.
Table 9. Overview of distribution functions employed for
different variables [8]
Variable
Distribution Function
Steel strength
Lognormal
Rivet strength
Lognormal
Dead load
Normal
Superimposed dead load
Normal
Live load
Generalised Extreme Value
DAF
Normal
Parameters defining steel strength and rivet strength
distribution functions are taken from [5] and [9], respectively.
Distribution data for all of the variables were generated by
sampling 100,000 values from the appropriate distribution
functions. This number was validated by confirming that the
same results were obtained when the assessment was run a
number of times.
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Reliability analysis was performed using First Order
Reliability Method (FORM) [4].
2.2.1

Connections

The steel strength is modelled as a lognormal-distributed
random variable with a mean and standard deviation of
293 MPa and 25 MPa, respectively [5]. Uncertainty for
material strength was modelled using a lognormal distribution
function with a mean value of 1.0 and coefficient of variation
(CoV) depending on:
• the accuracy of computational model,
• uncertainty in determining material properties and
• material identity.
These parameters were considered as normal, medium and
normal, respectively, which resulted in CoV of 0.104.This was
defined in [10]. Steel bearing strength was defined in a similar
way.
A vast amount of research was performed on stochastic
modelling of steel rivet strength in [9]. On the basis of this
study, the rivet strength in this work was modelled with a
lognormal distribution with mean and standard deviation equal
to 362 MPa and 28 MPa, respectively. The same material
uncertainty distribution was introduced here as for the steel
strength.
In order for reliability analysis to be performed, a proper
performance function g(x) must be defined for each of the
stress checks verified. A performance function defines failure
criterion as g(x) ≤ 0. In the cases when steel strength is checked,
performance function is relatively straight forward. The
performance function for the shear stress check of the rivets is
non-linear which is due to the stress check criteria given in
inequality 3 [11], where load and resistance are not linearly
associated with each other.
.

+2

≤

.

(3)

Where:
σ – normal stress in the rivet
τ – shear stress in the rivet
σy – nominal yield strength
γm – partial material factor
γf3 – partial load factor
Non-linear solutions in FORM are often unstable [4].
Therefore, inequality 3 was transformed so that the
performance function could be written in the form g(x) = R – L,
where R is some function of resistance and L is some function
of load. Simple mathematical manipulation gives equation 4
where two terms can be distinguished clearly. The first is
written as a function of resistance (σy) and the second is written
as a function of load (σ and τ).
•
•
•
•
•

!(") = #$% & − '

.

(

(

+2

(

)
. (

Dead load is modelled as a normally distributed variable with
a mean value equal to the load effect due to self-weight
obtained from the FE model. The coefficient of variation (CoV)
is taken as 0.071 which included CoV for dead load and model
uncertainty. Both of these two are 0.05 as proposed in [10].
Superimposed dead load was modelled similarly, with a
mean value equal to load effects due to weight of the rails and
the ballast. The CoV was equal to 0.112. This is the square root
of sum of squares of CoV for superimposed dead load (0.10)
and model uncertainty (0.05), again given in [10].
Based on previous research [12], a Gumbel distribution was
employed for modelling live load. It was modelled with CoV
equal to 0.2 and a 98th percent fractile value equal to RU
loading from BD 37/01. Model uncertainty was modelled as
normally distributed with mean and CoV equal to 1.00 and
0.15, respectively [10].
The dynamic amplification factor was also modelled
stochastically for each element. This was achieved by taking
the dynamic increment ε (DAF = 1 + ε) as the 98th fractile value
of the normal distribution, as suggested in [12].
Table 10 gives an overview of the results of the reliability
analysis performed on three connections and three members.
The lowest reliability index is present at the rail bearer.
More details are available in [6] and [7].
Table 10. Overview of reliability analysis for all members
before monitoring data was taken into account
Element
A1 – B (joint A1)
B – B1 (joint B)
C – B1 (joint C)
Cross beam
Rail bearer
Truss diagonal

(4)

Equation 4 is still non-linear so non-linearity is avoided by
simulation of the resistance and load functions before entering
FORM. This comes with the price of not being able to calculate
normal and shear stresses at the design point separately. The
yield stress at the design point, however, can still be calculated.
Figure 8 shows the distribution of the resistance variable (R)
for rivets in shear.
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Figure 8. Distribution fit to rivet strength data – shear

3

β
5.82
6.45
5.10
4.71
4.20
5.51

Pf
1.10E-09
5.49E-11
1.74E-07
1.24E-06
1.33E-05
1.79E-08

OVERVIEW OF USE OF MONITORING DATA

As part of the “second pass” assessment, monitoring data was
considered in two ways. First, the FE model was calibrated so
that the response is more likely to follow bridge’s real
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behaviour; second, through refinement of the model
uncertainty given in [10].
Model calibration was achieved in the following ways:
• more detailed connections at the rail bearer ends,
• the boundaries in the FE model were replaced with spring
supports in order to restrict a portion of the main axisbending,
• consideration of eccentricities,
• refinement of deck plate mesh,
• the track was modelled more accurately, linking the rails
and sleepers to the rail bearers with springs to model the
effect of load distribution through the ballast.
Before monitoring data was introduced, the accuracy of the
computational model was taken as normal. With the adjusted
model, it is reasonable to say that accuracy of the computational
model has increased and can be taken as good. This results in a
new CoV for model uncertainty, equal to 0.087 which is 20%
lower than the CoV used before monitoring data was taken into
account.
4

RESULTS

While the probabilistic assessment was affected both by the
adjustments in the FE model and lower model uncertainty, the
deterministic assessment was affected only by the former.
Table 11 and Table 12 give comparison of UFs and failure
probabilities after and before monitoring data was considered.
Table 11. Comparison of UFs before and after consideration
of monitoring data
Element
A1 – B (joint A1)
B – B1 (joint B)
C – B1 (joint C)
Cross beam
Rail bearer
Truss diagonal

“First
pass”
0.91
0.92
0.95
0.79
1.06
0.97

“Second
pass”
0.93
0.89
0.93
0.69
0.72
0.92

%
variation
-2.15 %
3.37 %
2.15 %
14.49 %
47.22 %
5.43 %

Table 12. Comparison of failure probabilities before and after
consideration of monitoring data
Element
A1 – B (joint A1)
B – B1 (joint B)
C – B1 (joint C)
Cross beam
Rail bearer
Truss diagonal

“First
pass”

“Second
pass”

2.89E-09
5.49E-11
1.74E-07
1.24E-06
1.33E-05
1.79E-08

6.26E-09
9.20E-12
2.56E-08
1.89E-11
4.15E-11
3.77E-08

Ratio
New Risk /
Old Risk
2.17
0.17
0.15
0.00
0.00
2.11

If the consequences are considered as equal for both
assessments, the change in probability of failure is equal to the
change in risk. From Table 12, it can be seen that only for
connection A1-B and its associated member, the risk is higher
after the second pass, due to higher load effects present in this
member after the FE model has been adjusted.

5

CONCLUSIONS

This paper illustrates the effect that consideration of monitoring
data can have on the calculation of failure probability, which
will in turn affect risk. The change in failure probability will be
matched with an equal change in risk.
For one connection, consideration of the monitoring data has
reduced the calculated risk to 15% of the previously calculated
value. The results also illustrate that the consideration of
monitoring data may effectively remove the hazard at certain
locations which were previously identified as critical. Finally,
the results have also indicated that for some members, the effect
of the monitoring data may be to increase the calculated risk.
In order to accurately calculate the risk for the whole
structure, it is necessary to produce the failure probability of
the system as a whole. This is achieved by calculating the
reliability of each element individually (demonstrated in this
paper) and taking into account the interdependencies between
them. Due to these interdependencies, the system failure
probability will be always higher than the failure probability of
any of the elements individually. This can have a significant
impact on the calculated risk.
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ABSTRACT: This paper explores the possibility of using a camera and image analysis to extract congested traffic data. A video
system was installed on the Forth Road Bridge. The system captured traffic video data at a rate of 1 frame per second for
approximately five months. Simple image processing methods, e.g. adaptive thresholding and morphological reconstruction, are
used to automatically analyse the images extracted from the videos. The body shapes of the vehicles are accurately extracted.
Identified vehicles are framed within rectangles and the rectangle’s dimensions are used to approximate the length of the vehicles.
The study confirms that the image data can be used efficiently to measure the lengths of the vehicles. The vehicle lengths can be
ultimately used for the estimation of site specific characteristic maximum traffic load effects.
KEY WORDS: bridge; camera; image; long-span; vehicle length; WIM.
1

INTRODUCTION

In recent years, the transportation of goods on roads has been
constantly increasing [1]. Due to this fact, the effects of traffic
on both the utility and safety of existing bridges have grown.
Bridge traffic loading is an overlooked field [2-4] in
comparison to resistance which has been extensively
questioned [5-7].
For long-span bridges, congestion corresponds to the critical
loading cases [8-10]. Traffic congestion is defined by a higher
percentage of vehicles with small clearances in between
occurring on the bridge at once. Traffic data is gathered
globally through Weigh-in-Motion (WIM) systems [11].
However, only free-flowing traffic can be surveyed using such
systems [12]. In general, WIM systems are ineffective at
collecting congested traffic data, e.g. car-truck mixture and
inter-vehicle clearances and the weights of vehicles in
congested situations. Thereby, the accurate evaluation of traffic
loading on long-span bridges becomes an issue.
There has been little attention directed towards bridge traffic
loading [13-16], even though the load effects represent a
critical factor in bridge reliability assessment. Traffic loading
on long-span bridges can be modelled using the
microsimulation method [2, 9], which estimates particular
characteristics for individual vehicles [17]. OBrien et al. [15]
consider vehicles’ responses to the traffic conditions to
estimate the car-truck mix in congested situations and how it
differs from free-flowing conditions. The difference in the
calculated load effect was found, for one example, to be about
10%. Nevertheless, traffic data recorded by WIM systems in
free-flowing conditions is in general used to model traffic
loading on long-span bridges. This is since most WIM
technologies do not collect reliable data in congested traffic
conditions. Traffic data (e.g. vehicle mix, traffic speed and
density) are also necessary in applications such as intelligent
transportation systems (ITS) to improve the quality of road
transport [18]. In this field, computer vision and image
processing methods are used to collect data about traffic. These
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methods allow a better vehicle identification [19] and
classification in various conditions of traffic [20, 21].
Furthermore, the traffic density can be measured [22] as well
as the speed of vehicles [23]. Micu et al. [24] introduce standard
image processing techniques as a novel method to gather traffic
data in congestion. They confirm that the image data can
provide valuable information to assess the bridge traffic
loading. While much more traffic data could be extracted from
images, the shortcoming of this approach is that it cannot weigh
the vehicles. However, a length/weight relationship can be
applied to infer estimates of weights from extracted lengths.
This study introduces the idea of using a camera and image
processing methodologies to evaluate the traffic loading effects
on the Forth Road Bridge (FRB). Five months of traffic data
stored in images are analysed by applying standard image
processing techniques, e.g. adaptive thresholding and
morphological reconstruction. Each image is divided into its
three colour intensity components (RGB - red, green, blue) and
each of them is individually analysed. The accumulation of all
three individual results provide more accurate data concerning
the vehicles’ body shapes. Each identified vehicle is framed
within a rectangle and their lengths are estimated using the
dimensions of the rectangles. A statistical correlation between
lengths and weights is established to estimate the traffic loading
on the bridge.
2

DATABASE
Forth Road Bridge

Traffic travelling on the Forth Road Bridge is captured and
analysed in this work. FRB is a 2.5 km suspension bridge
serving the traffic travelling between the north and south of
Scotland for more than 53 years. The bridge consists of a twolane carriageway, cycle and footpaths in each direction. The
bridge elevation is approximately 155 m and the clearance
between the towers is around 1006 m. After the opening of the
Queensferry Crossing Bridge in August 2017, the FRB is
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closed to general traffic and forms part of a Public Transport
Corridor.
Equipment for traffic monitoring
A video system was installed on the FRB South Main Tower
(Figure 1). This video system includes 1 internet protocol
camera (IP camera), 1 network video recorder (NVR) and 1
Power-over-Ethernet (PoE) power supply. One single cable
supplies the power and network connection from the PoE
support to the camera. The NVR has an embedded 6TB hard
drive used for record storage.
The video equipment was set in place in 2017 and captured
traffic on the bridge from April to the end of August. The
equipment collected video of the traffic on the south side span
for both directions at a rate of 1 frame per second.

a)

b)
Figure 2. Example of an image: a) colour image;
b) component intensities of the pixels.
R = Red, G = Green, B = Blue.
Fig. 1: Equipment used on FRB.
3

IMAGE DATA

An example of a colour image of two vehicles travelling on the
northbound lanes of the FRB is illustrated in Fig 2(a). Digital
images are data captured by photographic devices and stored in
big matrices. The elements of these matrices are called pixels
and they represent colour and/or light intensity of the picture
elements. A colour image is characterized by a threedimensional matrix where a colour is represented using three
component intensities – RGB (red, green and blue). Fig 2(b) is
an example of RGB intensities for the small area of the red car
enclosed by the yellow rectangle in Fig 2(a). In contrast, only
one intensity is necessary to represent a monochrome image
because the data is store in a two-dimensional matrix [25]. On
the FRB, the images were in colour and the presence of a
vehicle can be detected using the examination of the three
numbers for each pixel.

Measuring vehicle lengths
This paper proposes measuring the vehicles lengths from the
images. This data is essential to assess the bridge traffic
loading. Micu et al. [24] adopted common techniques such as
thresholding [26] and morphological reconstruction [27], to
extract the length of the object in images. In this paper, the
previous work is improved upon by applying an adaptive
thresholding approach [28]. Northbound traffic on FRB is the
area of interest of this study. Therefore, the images are cropped
to consider only this area. An example of an image illustrating
only the area of interest for the traffic on the bridge is shown in
Fig. 3(a). The RGB component intensities are taken out from
the original colour image and then individually presented as
monochrome images. The red, green and blue intensities are
shown in Figures 3(b), (c) and (d), respectively.
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a)
a)

c)
d)
Figure 3. Northbound traffic: a) RGB image – area of
interest; b) red intensity; c) green intensity;
d) blue intensity.
Every colour intensity is then analysed to extract the vehicle
lengths. The results of each colour intensity are concatenated
and illustrated as a binary image. Fig. 4(a) presents an example
of a binary (black and white) image. It describes a matrix with
values for pixel intensity converted to 0’s and 1’s [29]. Objects
with reduced area are removed and vehicle body contours are
distinguished as shown in Fig. 4(b). Finally, the vehicles are
framed by rectangles. Fig. 4(c) illustrates the results of
analysing the image sample in Fig. 3(a). Each rectangle
dimensions are then used to extract the length of each vehicle.
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b)

b)

c)
Fig. 5. Image analysis: a) colour intensities results; b)
vehicle contours; c) vehicle framed by rectangles.
The stability of the camera is affected by the tower and deck
displacements induced by wind. The image data contains errors
due to the camera movements. Samples of images with
different errors are presented in Fig. 6. Figures 6(a) and (d)
illustrates an incomplete detection for one vehicle in each
sample. Two samples of proper identification for most vehicles
are shown in Fig. 6(b) and (c). In some cases, the length
identified in the images does not match the real length of the
vehicle, being longer or shorter than the real one. However, the
data extracted from images is adequate to infer weights from
lengths for statistical purposes. Finally, the bridge loading can
be assessed using the inferred weights.

CERI-ITRN2018

video. The identification process is shown to be efficient, and
the results are presented as vehicles framed within rectangles.
The rectangle dimensions are known, the lengths of the
vehicles can be extracted. The outcomes of this work confirm
that the camera is a feasible approach to collect data in
congested traffic. Further, the purpose is to establish a
relationship between lengths in images and weights in WIM
data for the accurate assessments of the long-span bridge traffic
loading.
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1

ABSTRACT: This paper develops a method for bridge health monitoring using an acceleration-based Bridge Weigh-in-Motion
(BWIM) system. A BWIM system uses bridge responses – generally strain – to estimate the Gross Vehicle Weights (GVWs) of
passing vehicles. The statistical properties of the vehicles crossing a bridge (such as mean GVW) tend to be consistent from month
to month. If a bridge is damaged, it becomes more flexible and the GVWs appear to increase. Thus, if inferred vehicle weights are
sensitive to damage, the statistical properties can be a useful indicator of the bridge condition. BWIM systems using strain gauges
are quite effective for estimating the GVWs of passing vehicles, but strain responses are not usually damage sensitive (unless the
location of the strain gauge is very close to the damaged area). On the other hand, acceleration response is influenced by damage
at any location. For this reason, this paper focuses on the use of a BWIM system based on bridge acceleration measurements to
infer the GVWs of passing vehicles. Any change in the most frequent inferred GVW is taken as an indication of bridge damage.
KEY WORDS: Damage detection; Bridge; Weigh-in-Motion; Profile; Accelerometer; Structural Health Monitoring
1

INTRODUCTION

Structural health monitoring (SHM) of bridges using the
concept of Bridge Weigh-in-Motion (BWIM) has been
proposed for continuous monitoring applications [1]. BWIM is
a technique of inferring axle and gross weights of vehicles
crossing over the bridge using measured and theoretical bridge
responses. Theoretical response is calculated using bridge
influence line response. Conventionally, strain transducers are
installed on a bridge to measure the strain responses [2]. Any
variation in the response indicates a change in the bridge
condition at the sensor location, but strain responses are not
generally sensitive to damage if the transducer is not placed at
the damaged location. For better results, a distributed array of
strain transducers can be used but the setup takes time and is
difficult to manage [3].
A new SHM approach is proposed here which uses the
concept of BWIM based on acceleration responses of a bridge.
Strain responses used in traditional BWIM systems have not
been proven to be damage sensitive [2]. Acceleration
responses, on the other hand, are sensitive to the bridge
condition and can be used for effectively monitoring short and
medium span bridges [4]. Therefore, the aim of this paper is to
design and numerically test an acceleration-based BWIM
system for effective bridge health monitoring.
In this paper, histograms of inferred BWIM weights for
different bridge health conditions are discussed. Loss of
stiffness is taken as the manifestation of damage in the bridge.
The histograms of inferred GVWs with healthy bridge
condition as well as with several levels of damage are used to
assess the feasibility of this new approach to bridge health
monitoring.
2

To use acceleration data directly for determining
vehicular weights, the relationship between acceleration
response and vehicle weights has to be considered. The
technique of using acceleration signals for BWIM is only
possible if the relationship between acceleration responses and
GVWs is linear or near to linear. If the relationship is nonlinear, the concept of Bridge Weigh-In-Motion will not be
feasible with acceleration signals.
To check whether the relationship is linear or not, it is
necessary to compare amplitudes of the acceleration responses
for vehicles with different weights moving at a constant
velocity. To get these responses, a numerical model of a quarter
car is used and responses for 5, 10, 15, 20 and 30 tonne single
axle weights are plotted in the time domain for comparison. The
velocity of the one-axle vehicle is fixed at 80 km/h and the
bridge span at 20 m. Figure 1 illustrates the bridge acceleration
responses for different single axle weights assuming the same
initial conditions in all cases. The amplitude of the first positive
peak, which is the highest positive amplitude, is used to
calculate a ratio of amplitude with respect to a 5-tonne response
amplitude. Figure 2 illustrates a linear increase in amplitude
with weight at a coefficient of determination of 98.3%. This
suggests that unknown axle weights can be measured with a
certain accuracy if we have an influence line and measured
acceleration response. Hence, it may be possible to develop a
BWIM system using acceleration responses of the bridge.

ACCELERATION-BASED BWIM SYSTEM
Feasibility of the BWIM System

The use of accelerometers for Bridge Weigh-In-Motion is an
unconventional approach. The idea has been recently proposed
by Sekiya et al. [3]. They convert the acceleration signals into
bridge displacement responses but, in this process, some of the
signal information gets lost during integrations.

Figure 1: Mid-span bridge acceleration responses for different
single axle weights

84

CERI-ITRN2018

Wn = nth axle weight for n = [1,2]
I(xi)= influence line response at ith time scan
t = total number of time scans
Solving the equations derived from equation 3 gives the
inferred axle weights and the corresponding GVW. Accuracy
of the system is assessed by comparing the actual weight used
for the simulation and the inferred GVW. The accuracy of the
BWIM system can be classified using the “COST 323”
Classification model [6].
Statistical Approach

Figure 2: Relationship between axle weight and ratio of
amplitudes of first peak
For assessment of the acceleration-based BWIM
concept, two quarter-cars are simulated on a simply supported
beam with different GVWs, velocities and axle-spacings to
acquire a mid-span bridge acceleration response. The
theoretical response is calculated as the sum of products of
axle-weights and the corresponding axle influence line
ordinates – see Equation 1:

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 = 𝑊1 𝐼(𝑥) + 𝑊2 𝐼(𝑥 − 𝑑)

(1)

where x is the first axle location and W1 and W2 are the
weights of the first and second axles respectively. The
influence line response for the second axle has a phase shift
corresponding to the axle spacing (d).
Moses’ algorithm [5] is based on minimising the sum of
squares of differences between measured and theoretical
responses. Figure 3 illustrates the differences between the
simulated measured response of two quarter cars and the
corresponding theoretical response. Equation 2 gives Moses’
equation for the sum of square differences, Z. The axle weights
are those for which Z is minimum and are found by setting the
partial derivatives to zero – Equation 3. This results in a system
of linear equations expressed in terms of unknown axle
weights.

A statistical approach is adapted, using histograms and normal
distribution curve fits of actual and inferred weights to assess
the BWIM system and, by implication, the bridge condition. In
a real situation, the statistical properties of traffic (like the most
frequent GVW of 5-axle trucks) tend to be consistent and
therefore, the statistical properties of the BWIM inferred GVW
results should be consistent. It follows that any significant
change in the inferred GVW histogram implies an inaccuracy
of the BWIM system which may be the result of bridge damage.
Figure 4 shows the histograms for randomly chosen GVWs of
100 trucks, real and inferred using the acceleration-based
BWIM. In this case, the bridge is healthy and the difference in
mean inferred GVW and actual (simulated) GVW is caused by
the ineffectiveness of the BWIM system using accelerometers.
This may be due to the fact that destructive interference
between the vibration signals caused by each axle are reducing
the energy in the signal in a way that the linear assumption
inherent in the BWIM equations does not apply.

Figure 4: Histograms of simulated actual and inferred GVWs
using acceleration-based BWIM
Acceleration as Damage Indicator

Figure 3: Difference between simulated measured response
(GVW=13 tonne) and corresponding theoretical response

𝑍 = ∑𝑡𝑖=1(𝑅𝑚 − (𝑊1 𝐼(𝑥𝑖 ) + 𝑊2 𝐼(𝑥𝑖 − 𝑑)))2
𝜕𝑍
𝜕𝑊𝑛

= 0 ; 𝑛 = 1,2

Rm= measured acceleration response
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(2)
(3)

The statistical approach shows that the acceleration-based
BWIM system is biased, consistently underestimating the
trucks. Fortunately, this bias is statistically consistent, so this
histogram can still be used for health monitoring. The accuracy
of the BWIM changes with variations in the bridge health
condition if the response used is sensitive to damage. Bridges
generally experience loss of stiffness because of cracks in the
deck or loss of reinforcement area [8]. This loss of stiffness
affects the acceleration response of the bridge and, hence it
affects the accuracy of the acceleration-based BWIM system.
Amplitude of the bridge acceleration response rises due to an
increase in the deck flexibility. As a result, the difference
between theoretical and measured responses increases. Figure
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5 depicts the change in the acceleration response due to 30%
loss of stiffness in the mid-span element (10th element) of the
bridge and the difference between the theoretical and the
damaged acceleration response.

Table 1: Geometrical and mechanical properties of the
modelled vehicle
Quarter-Car Property
Unsprung mass
Tyre stiffness
Suspension Stiffness
Suspension Damping

Notation
mu
Kt
Ks
Cs

Value
750 kg
3.5×106 N/m
7.5×105 N/m
103 Ns/m

Table 2: Geometrical and mechanical properties of the bridge
Bridge Property
Length of Bridge
Number of elements
Young's Modulus
2nd moment of area
Mass per unit length
Damping
1st natural frequency
Frequency
Approach Length

Figure 5: Effect of bridge damage on its acceleration response
(GVW=20 tonnes)
As the acceleration response changes due to the bridge health
condition, the BWIM system malfunctions as it uses the
original (healthy) influence line with a response that has been
changed by damage. Here, 100 trucks of random GVWs,
velocities and axle-spacings are simulated for different bridge
conditions and normal distribution curves are fitted. Loss of
stiffness is considered as the main contributor of the bridge
damage [8] and the BWIM system is assessed for different
percentages of mid-span stiffness loss. Figure 6 illustrates the
normal distribution curves for actual simulated GVWs and
inferred GVWs of groups 100 trucks for different bridge
damage percentages.

3

NUMERICAL MODEL

A two-quarter-car model passing over a simply supported beam
has been programmed in MATLAB [7]. This model has 4
degrees of freedom (DOFs) which consists of sprung mass
bounce translation, and axle hop translation for each quarter
car. The geometrical and mechanical properties of the vehicle
other than its axle weights, velocity and axle-spacing are shown
in Table 1, while those corresponding to the 1D finite element
model of the simply supported beam are shown in Table 2. An
approach length of 100 m has been selected to ensure that the
DOFs are in equilibrium when the vehicle arrives on the bridge.

Value
20 m
20
3.5×1010 N/m2
0.75 m4
37500 kg/m
3%
3.29 Hz
100 Hz
100 m

The Wilson-Theta integration approach is applied to
the FE model of the beam to calculate beam displacement,
velocity and acceleration response [7]. A road profile,
generated randomly according to the ISO standard (ISO 8608
1995) is added with a class “A” roughness to the MATLAB
program [9]. Pre-existing vibration caused by free vibration of
the bridge is added to allow more realistically for initial
conditions of the bridge and to ensure that responses are not at
all in phase.
Damage is modelled as a percentage loss in stiffness
of one element of the bridge. For this analysis, the central
element has been chosen and stiffness (EI) is decreased by
10%, 15%, 20%, 25% and 30%.
4

Figure 6:Normal distribution curves of actual and inferred
GVWs for different bridge damage percentages

Notation
L
N
E
I
µ
ξ
f1
fs
Lapp

RESULTS AND DISCUSSION

As discussed earlier, development of the BWIM system using
acceleration response is possible. The mean accuracy of the
system from 100 truck results is calculated to be -45.9% which
is not very effective as per the “COST 323” Classification for
WIM systems [6]. (The acceleration-based BWIM is classified
as class E as per “COST 323” Classification). The histograms
shown in figure 4 shows a shift of the inferred GVWs
histogram towards the left from the actual weight histogram,
i.e., the acceleration-based BWIM system underestimates the
GVWs. The reason behind this inaccuracy is likely that the
theoretical response does not cater for the influence of the
second axle interaction with the acceleration of the bridge with
a general profile. For a smooth profile, the second-axle
interaction does not affect the acceleration response. Figure 7
illustrates the theoretical and simulated measured acceleration
responses for two quarter-cars on a smooth profile. Here, the
difference between the theoretical and measured responses is
negligible which means that the road profile is crucial for a
better accuracy of acceleration-based BWIM system.

86

CERI-ITRN2018

assessment of the BWIM results has shown a good correlation
with bridge health condition. There is a significant difference
between the inferred GVW histograms of the healthy bridge
and the damaged bridge. This difference is linear with the
damage percentage, which makes it possible to quantify the
extent of the bridge damage. Interaction of the second-axle
when there is a general road profile adds inaccuracies to the
system and therefore, further research is required to understand
the axle interaction with the bridge acceleration response for
more than two axles.
ACKNOWLEDGMENTS
Figure 7: Theoretical and measured acceleration response on
smooth profile (GVW= 28 tonne)
Although the acceleration-based BWIM system is not very
effective at finding truck weights, it still shows a prominent
variation in the inferred GVW histograms with a change in the
bridge health condition as shown in Figure 6. As the bridge
acceleration response is sensitive to damage, the inferred
GVWs histogram shifts towards the right with the decrease in
the stiffness of the bridge central element. This means that the
acceleration response amplitude increases with loss of stiffness.
This decreases to the inaccuracy of the acceleration-based
BWIM system. Figure 8 illustrates the change in the mean
inferred GVW with the percentage damage of the bridge at
mid-span. The relationship of the mean inferred GVW and
damage percentage is fairly linear which means that the extent
of damage in the bridge can be inferred from the statistics of
inferred GVWs.
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BWIM, although not a very accurate BWIM system, can be
used to monitor the bridge health condition. Even though this
method does not predict the location of the damage, it does
provide a measure of its extent.
5

CONCLUSION

This paper develops an acceleration-based BWIM system and
analyses the effectiveness of the new BWIM system as a mean
to monitor the bridge condition. Pre-existing bridge vibrations,
as well as the effects of road profile are considered. The
acceleration-based BWIM system has been proven to be quite
ineffective for the estimation of axle weights but statistical
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ABSTRACT: Vibration energy harvesting technology applications for civil infrastructure has received significant interest in recent
times. This is due to the advantages that are associated with power independent, output only energy harvesters which have the
potential to act as either the power supply to low-power wireless sensors or as power independent sensors. Studies into the
deployment of such harvesters with civil infrastructure applications have shown a potential range of applications ranging including
high-rise buildings, pipelines, bridge infrastructure and wind turbine structures. While there can be immense cost associated with
validation of energy harvesters through full-scale testing with civil infrastructure, laboratory based validation provides an
inexpensive method of validating specific vibration energy harvesting devices with individual structures. By applying available
datasets of vibrational response of civil infrastructure to the device using the shaker unit, the individual devices may be tested for
realistic excitation conditions without any scaling of the structures vibrational response being required. This paper considers the
use of laboratory based testing procedures for the experimental validation of patch based energy harvesters. The theoretical
performance of the harvester for a model bridge undergoing train loadings is determined and the performance using measured
datasets from full scale testing for train bridge interaction is similarly shown. An experimental setup is created to experimentally
test the energy harvesters and the results of the experimental results versus the theoretical expectations are compared. This paper
helps further establish the importance of laboratory based testing for vibration energy harvesters with civil infrastructure
applications.
KEY WORDS: Energy Harvesting; Smart Sensing; Civil Infrastructure; Laboratory Experimentation
1

INTRODUCTION

Recent advances in bridge maintenance and management
techniques, both at network and individual structure levels, has
led to a renewed focus on the provision of real-time data to
provide an insight into the health of a structure. The most
common type of dynamic data which can be of potential use is
the strain and acceleration response of the structure [1].
Through the use of appropriate structural health monitoring
(SHM) techniques, can provide a unique description of bridges
health [2]. There has been increased attention in the
development of the SHM systems, with the advances in
electronics and microelectromechanical systems (MEMS)
transforming the provision of a low-cost, real-time sensing
solution for bridge infrastructure from a possibility into a
reality.
One such sensing system which offers great potential is the
use of energy harvesting technology. By converting the kinetic
energy associated with all large scale civil infrastructure into
usable electrical energy, energy harvesters can offer a small
scale power source, in addition to an output only sensing
solution [3]. This is due to the fact that the generated voltage
conditions unique signatures of the dynamic response of the
structure and can thusly be utilised for applications such as
SHM and damage detection [4], as well as indicators for the
requirement of vibration control mechanisms [5]. As energy
harvesting mechanisms, along with the circuitry associated

with wireless sensing solutions, energy harvesting technology
has the potential to form the basis of remote, power
independent wireless SHM networks [6], which would help
integrate civil structures with the internet of things (IOT).
The application of piezoelectric energy harvesters with
bridge structures has become a popular research topic in recent
times. The use of the dynamic response of a bridge due to
bridge-vehicle interaction as the source energy for the purposes
of energy harvesting has been formulated [7] and the effects of
both bridge and vehicle parameters on the energy output
potential determined [8]. It has been shown that the use of the
power output from such an integration can be utilised for SHM
of the host bridge structure, through the use of the accumulative
power [9] and analysis of the output signal itself [10]. Such
studies have demonstrated the theoretical potential of energy
harvesters, however the experimental validation of such is a
complex matter.
The experimental validation of novel technology with full
scale civil infrastructure can be a costly and time consuming
exercise [11]. As such, there exist only a limited number of
studies which investigate the full scale deployment of energy
harvesting technology. Such studies include the deployment of
kinetic energy harvesters with a highway bridge, with one study
determining the power output from a harvester mounted over
the course of a year [12]. Other studies including the use of
energy harvesting technology for sensing, including the use of
piezoelectric harvesters being used for smart sensing of a

88

CERI-ITRN2018

bridge undergoing forced dynamic testing [13-14]. While fullscale deployments provide the ideal case for experimental
validation of energy harvesters with civil infrastructure,
laboratory based experiment offers a quicker and more costeffective method for experimental validation. Such validation
of cantilever based energy harvesters has been demonstrated
[8], however alternative device configurations, such as patch
based, have yet to be experimentally validated in a laboratory
environment.
This paper considers the use of laboratory based testing
procedures for the experimental validation of patch based
energy harvesters. The theoretical performance of the harvester
for a model bridge undergoing train loadings is determined and
the performance using measured datasets from full scale testing
for train bridge interaction is similarly shown. An experimental
setup is created to experimentally test the energy harvesters and
the results of the experimental results versus the theoretical
expectations are compared.
2

patch based energy harvester. By matching the experimental
strain conditions with the theoretical, no scaling is required and
a direct experimental validation can be achieved. Thus
individual harvesters may be experimentally validated for
specific bridge applications without the need for costly full
scale testing. Of note is that for this study is that from Equation
1, consideration is given only to the S1 strain vector, as the
longitudinal strain is several order of magnitude higher than the
transverse direction.
3

EXPERIMENTAL SETUP
Fabrication of Patch Based Energy Harvester

PATCH BASED ENERGY HARVESTER
Theory

A patch based piezoelectric energy harvester is designed so
as to be bonded directly to the surface of a host structure and,
using the direct piezoelectric effect, convert the surface strain
fluctuations into electrical energy. Provided care is taken in the
bonding of the harvester to the surface, the strain on the host
surface is virtually the same as the harvester, in part due to the
insignificance of the thickness of the energy harvester. The
response of the energy harvester device has been formulated
[15] and can be described as:
𝑑𝑣(𝑡)
𝑑𝑡

+

𝑣(𝑡)
𝜏

=

𝑒31 𝐴 𝑑
𝐶𝑃 𝑑𝑡

̇
[𝑆1 (𝑡) + 𝑆2 (𝑡)]

(1)

Where v is the voltage, τ is a time constant, e31, A and Cp are
a piezoelectric constant and the area and capacitance of the
material respectively. S1 and S2 are the strain fluctuations
vectors, with respect to time (t), acting in the longitudinal and
translational directions of the material, respectively. The time
constant is given as τ = CpRl, where Rl is the external resistive
load, and Cp of the piezoelectric material can be determined
through

̇ 𝜖𝑆 𝐴
𝐶𝑃 = 𝑡33

(2)

𝑚

𝑆
Where 𝜖33
is the permittivity at constant strain and tm is the
thickness of the material.

Bridge-Vehicle Interaction
For this experimental study, an international train fleet is
being considered. Five trains are considered in this regard, the
Irish class 071Loco and 201Loco, the French TGV, the
Japanese Shinkansen and the German ICE. Attention is directed
to Cahill et al. 2014 [9] for details on the train fleet and the
obtaining of the theoretical voltage outputs of the patch based
energy harvester from bridge-vehicle interaction. The
theoretical datasets of the strain response of the bridge under
the train loadings are subsequently taken and through an
appropriate experimental setup, can be applied to an individual
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Figure 1. Fabricated PVDF energy harvester (Left) and
accompanying resistance circuit (Right).
The patch based energy harvesting device was fabricated from
52 micron PVDF with silver electrodes obtained from Precision
Acoustics. The material was cut to a size of 40mm in length
and 20mm in width. Using copper conductive adhesive tape,
two output solid core wires were attached to upper and lower
electrodes to remove the output voltage and connected to a
variable resistor to complete the circuit (Figure 1). The
resistance was set to a constant value of 1MΩ, as measured
using a TENMA 72-7735 Digital Multimeter, for all tests. The
properties of the patch based energy harvester are outlined in
Table 1.
Table 1. Properties of PVDF patch based energy harvester for
experimental analysis.
Parameter
Length, L
Width, W
Area, A
Capacitance, Cp
Modulus of Elasticity, E
Piezoelectric Constant, e31
Resistance, RL

Value
0.4
0.02
0.0008
1.5728
8.3
0.1826
1000

Unit
m
m
m2
nF
GPa
C/m2
kΩ

Experimental Configuration
Using the shaker unit to experimentally validate the patch based
energy harvester, an experimental setup was created using a
1.0mm thick aluminium plate with the harvester attached along
with a strain sensor for control (Figure 2). The plate was
attached to a rigid base, to prevent any translations or rotations,
as can be seen. The free end of the plate was subsequently
attached to the shaker unit using a fixture which prevents any
movements in the vertical or transverse direction, or any
rotation. A result of this setup is that the plate is strained in a
single direction, along its length, by the influence of an axial
force applied by the shaker. In this way, the shaker acts as a
fatigue testing device and can be used to recreate the strain
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conditions that a patch based harvester would experience if
bonded to a host civil structure.

Figure 3. Patch energy harvester response from 071Loco
passage (a) Theoretical and measured strain and (b)
Theoretical and measured voltage output.
The first train considered was that of the 071Loco. As can be
seen, through the use of the experimental procedure outlined
previously, there is a good correlation between the theoretical
and experimental strain (Error! Reference source not
found.(a)). The individual axle loads which were apparent in
the theoretical strain profile correspond well to the
experimental strain response as measured in the plate, leading
to confidence in the experimental setup.
The measured experimental voltage output of the energy
harvesting device also displays a good correlation with the
theoretical voltage output (Figure 3 (b)). The calculated root
mean squared (RMS) voltage output from the theoretical
predictions was 0.021VRMS and was 0.017VRMS from the
experimental analysis.

Figure 2. Experimental setup for the validation of the patch
based energy harvester from train bridge data
The plate was prepared for the bonding of the energy harvester
using standard surface preparation techniques, following this
the patch based energy harvester was bonded to the surface
using an epoxy. Uniform pressure was applied during the
curing time to ensure a good bond between the two surfaces.
Following this, a strain gauge was bonded alongside the energy
harvester using similar bonding techniques. The energy
harvester was subsequently connected with the resistor and the
output voltage then measured using the oscilloscope. The strain
gauge was configured as a quarter-bridge gauge and used to
validate the strain conditions to which the energy harvester was
tested for. For this experimental validation study, the strain
response of the model bridge for single passages of the
international train fleet travelling at a constant speed of 100
km/hr was utilised. The strain and voltage response of the
experimental analysed were obtained and compared against the
corresponding theoretical results, as presented in the following
section.
4

EXPERIMENTAL RESULTS
Energy Harvesting from 071Loco

Energy Harvesting from 201Loco

Figure 4. Patch energy harvester response from 201Loco
passage (a) Theoretical and measured strain and (b)
Theoretical and measured voltage output
The experimental results from the 201Loco are in keeping with
the previous results. Again, the strain responses from the
experimental analysis correspond well with those of the
theoretical analysis (Figure 4(a)). The individual axles are
identifiable, with the strain response of the loadings from the
locomotive higher compared to that of the carriage axles, in
keeping with its larger loadings.
The voltage response of the theoretical and experimental
analysis also show a good correlation, with a higher voltage
output for both resulting from the strain response due to the
locomotive loadings when compared to the subsequent
carriages (Figure 4(b)). The voltage output for the theoretical
predications and the experimental analysis were 0.024VRMS and
was 0.021VRMS respectively
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Energy Harvesting from TGV

the theoretical signal, with one possible reason being again the
time required for the experimental plate to return to its
unloaded state between the axle loadings. The voltage outputs
for the theoretical and experimental analysis were 0.018V RMS
and 0.017VRMS respectively.
Energy Harvesting from ICE

Figure 5. Patch energy harvester response from TGV passage
(a) Theoretical and measured strain and (b) Theoretical and
measured voltage output
For the TGV passage, while again there is good agreement
between the experimental and theoretical strain signals, it is
observed that a minor offset exists in the signal profile between
the two following the first axle loading (Figure 5(a)). While no
definitive conclusions for the existence of this offset are
available, one potential reason could be the presence of a time
delay in the experimental plate returning to its unloaded state
when compared to the theoretical analysis. From both outputs,
however, the strain resultant of each axle loading from the train
passage is again apparent. The voltage outputs from theory and
experiments also have a good correlation, however the
existence of the offset between the two is apparent, in keeping
with that of the strain profiles (Figure 5(b)). The voltage output
from the theoretical predications was 0.021VRMS and the
corresponding experimental voltage output was 0.017V RMS.
Energy Harvesting from Shinkansen

Figure 7. Patch energy harvester response from ICE passage
(a) Theoretical and measured strain and (b) Theoretical and
measured voltage output
The comparison between the strain outputs for the final train,
that of the ICE, was subsequently investigated and resulted in
a similar correlation between the theoretical and experimental
analysis as presented for the previous trains (Figure 7(a)).
While again there is good agreement between the magnitude
and profiles of the measured experimental results and the
theoretical outputs, as with the TGV and Shinkansen, there
exists a minor offset between the two. Similarly, the voltage
output from the experimental results are in agreement with the
theoretical outputs, but with a minor offset (Figure 7(b)), with
the theoretical and experimental analysis being 0.025VRMS and
was 0.022VRMS respectively.
5

Figure 6. Patch energy harvester response from Shinkansen
passage (a) Theoretical and measured strain and (b)
Theoretical and measured voltage output
The experimental outputs for the Shinkansen train had a good
correlation with the theoretical profiles for both strain (Figure
6a)) and voltage (Figure 6(b)). As with previous results, the
individual axles are identifiable in both profiles, however as
with the analysis of the TGV passage, there exists a minor
offset between the theoretical and experimental results. It is
also observed that the experimental signal is not as smooth as

91

DISCUSSION

The experimental analysis correspond well with the theoretical
predictions, with the strain and voltage profiles corresponding
well. The highest predicted voltage output was the ICE,
followed by the 201Loco, which was verified by the
experimental analysis. The lowest predicted voltage output, the
Shinkansen, was also verified through the experiments. While
the voltage outputs are low, this is due to the small size of the
harvester being tested, due to restrictions of using the LDS
shaker unit which has a low load capacity. Utilising a fatigue
testing device with a higher load capacity, devices of a larger
size could be experimentally investigated.
All experimental results were measured to be slightly lower in
magnitude than the theoretical predictions. Two possibilities
have been identified as the reason for this. First, the theoretical
values assume perfect bonding conditions between the patch
and the plate for strain transfer, while some losses may have
been present experimentally. Secondly, the circuit for the
theoretical predictions are idealised, with no losses, which
again may have been present. The experimental results are
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such, however, that the verification of an energy harvesters
performance can accurately be achieved utilising the
experimental protocol as described.
6

CONCLUSIONS

This paper presents the use of laboratory experimentation for
the validation of a patch based energy harvesting devices for
civil infrastructure applications. Details of the structural strain
response of a train-bridge interaction model used for validation
of the device is outlined, as is the fundamentals of the device
itself. A setup for the experimental validation through the use
of a vibration unit was presented. Using the obtained strain
datasets and the proposed experimental setup, the performance
of the patch based energy harvester for bridge-vehicle
interactions was experimentally verified, with no scaling
required. It was found that electrical class German ICE
obtained the highest energy output, with a voltage output of
0.022 VRMS being obtained. The experimental validation of the
integrated system, with the energy harvesting devices
integrated with the structure, is a further step required to
determine the feasibility of utilising energy harvesting
technology for civil infrastructure applications.
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BSTRACT: Over 70 FlexiArch bridges have been installed in the UK/Ireland since 2007 and contractors have welcomed this
innovative form of construction which can be installed as quickly as present alternatives. The basic principle behind this system,
patented in 2004, will be explained and the benefits of using precast concrete (without corrodible reinforcement) and having no
centring highlighted. This cost competitive system is highly durable, largely maintenance free and is acclaimed for its aesthetics.
Spans from 4 m to 16 m are in service and the system is proven versatile for bridge strengthening. Application of the system to a
wide variety of situations on site have revealed some invaluable features. Multi-span arches like those used for 19th century
viaducts could make a come back. As with masonry arches there is no need for expensive or complex bearings. Perfect skew
arches can be produced at only notional increase in cost. As clients/contractors appreciate its enormous potential, more
innovative applications will arise.
KEY WORDS: arches; bridges; deck slab; no centering; no corrodible reinforcement; precast concrete; sustainability
1

INTRODUCTION

The FlexiArch revolutionises arch construction as it allows
them to be built much more quickly and at lower cost. Up
until 1900 masonry arches dominated bridge construction
however with increased labour costs they became much more
expensive. In addition they were slower to construct than
girder bridge alternatives so that most 20th century bridges
were of this form of construction. Whist they allowed bridges
to be constructed more rapidly they were susceptible to
corrosion and seldom achieved their design life of 120 years –
indeed some had to be replaced or repaired after 50 years. As
well they were far from being an aesthetic solution. Thus if an
aesthetic structure was required the only real option is to
utilise a heavily reinforced concrete arch which is susceptible
to corrosion and lacked the desirable durability. As a
consequence the future lies with the FlexiArch system.
The system was patented in 2004 [1] and then Macrete
Ireland Ltd were licenced to manufacture the system. Over 70
bridges ranging in span from 4 m to 16 m have been installed
and at an early conference presentation a Senior Bridge
Engineer stated that the FlexiArch was “the most significant
advance in arch construction since 1900”. Contractors who
have used the system would agree with the statement and in
summary the system has the following attributes:
• Installation is as quick as for alternative types of bridges.
• Centring is not needed.
• Once installed it behaves like a conventional masonry
arch.
• It is cost competitive with alternatives which are less
sustainable or aesthetic.
•
As it is made from high quality precast concrete it is
ideal for construction off-site.
•
Longevity is assured as the FlexiArch does not contain
any corrodible reinforcement.
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In this short conference paper the basic concept and method of
construction will be explained briefly and then some of the
attractive attributes of the system will be introduced.
2

BASIC CONCEPT AND METHOD OF MANUFACTURE

It is no longer appropriate to construct an arch in the
traditional labour intensive way, due to the excessive costs
associated with the centring and the preparation of precision
voussoirs. Thus, a radically different approach to the
construction of arches was considered necessary to convince
practising structural engineers that it was a viable, cost
effective and sustainable solution.
The FlexiArch is constructed and transported to site in flat
pack form using polymeric reinforcement to carry the selfweight of the arch unit during lifting. The preferred method of
construction of the arch unit is shown in Figure 1 (although
more detail is also available in the literature [2]. For the
manufacture of each arch unit the tapered voussoirs are
precast individually and laid contiguously (with the top edge
touching), in a horizontal line with a layer of polymeric
reinforcement placed on top. In situ screed, approximately
40mm thick, is placed on top and allowed to harden so that the
voussoirs are interconnected.
The FlexiArch units can be cast in convenient widths to suit
the design requirements, site restrictions and available lifting
capacity. When lifted, gravity forces cause the wedge shaped
gaps to close; concrete hinges form in the screed and the
integrity of the unit is provided by tension in the polymeric
reinforcement and the shear resistance of the screed. The arch
shaped units are then lifted and placed on precast footings at
the bridge site, with all the self- weight then transferred from
tension in the polymeric reinforcement to compression in the
voussoirs, i.e. it acts in the same way as a conventional
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masonry arch. Experience of using this method has shown that
it has a number of advantages over traditional practices:
• The voussoirs can be accurately, quickly, and
consistently produced with the desired taper in
relatively simple shuttering.
• High quality concrete can be utilised for the individual
precast voussoirs.
o To enhance the durability of the arch while in
service.
o To greatly reduce the variability in the physical
properties associated with stonework.

Fig. 1 Method of construction of the FlexiArch.
Experience on site has shown that a typical unit can be
accurately located on site every 15 minutes. As a
consequence, most bridges can be installed in well under a
day, thus affording the FlexiArch enormous benefits relative
to a conventionally constructed arch.
2.1

tests carried out at Macrete where the FlexiArch units are
constructed. These tests confirmed that, like masonry arches
the FlexiArch had enormous reserves of strength relative to
predictions.
3

POTENTIAL FOR ARCH VIADUCTS – CONCEPT OF
BREATHING BRIDGES

Up until 1900 multi-span masonry arch viaducts were the
accepted method of carrying railway tracks across wide flood
plains and they are considered to be an invaluable part of our
heritage. Over 1000 arch viaducts were constructed after the
first one in 1828-30 – the Sankey viaduct near Manchester by
George Stephenson for the Manchester and Liverpool railway.
One of the last viaducts constructed, at Culloden (Fig. 2) in
Scotland, is still in excellent condition even though it is nearly
120 years old. Aesthetically they are much admired but why
have few if any viaducts of this nature been built since 1900.
Basically they were very labour intensive and they took a long
time to build. However, the Victorian engineers, who built
structures to last, must have appreciated that arch bridges
needed little or no maintenance (no corrodible reinforcement)
and that they were very strong. (ideal for railway loading).
They also have advantages over girder systems probably not
widely realised by present day bridge designers. For example
in a viaduct consisting of say twenty 15m spans (over 300m
long) there are no expansion joints and thus no need for
bearings. Why is this possible with an arch deck as opposed to
a girder system – because the arch is curved in elevation and
as a consequence an increase in temperature causes the crown
of the arch to rise when it cannot expand longitudinally at the
supports. In other words it breathes as is the case with the rib
cage of mammals.
This characteristic has been recently remarked upon in an
extracts from New Civil Engineer of May 2015, which is
quoted verbatim.
“The engineer wanted the arches to behave in a similar
fashion to long lengths of masonry arch viaducts that breathe
under thermal loading and do not distribute loads
longitudinally along the viaduct”.

Safe lifting and strength of Flexiarch units

The primary function of the polymeric reinforcement is to
provide sufficient tensile strength so that the FlexiArch units
can be lifted safely; both from the flat casting bay on to a
flatbed lorry and from the lorry in its designated arch form
into position on the precast sill beams at the bridge site. With
safe working being of primary importance, carefully designed
tests, were carried out to ascertain the strength of the
polymeric reinforcement [3]. These have ensured that there is
no risk of failure during lifting.
These tests have been complemented by a wide range of static
loading tests which have been carried out to validate the
performance of the system. Model tests at Queen’s University
(up to ultimate) were supplemented by a number of full scale

Fig. 2 Culloden viaduct, Scotland. Credits to Quaysides.co.uk.
As has already been explained the FlexiArch has all the
attributes of a masonry arch when in service thus it could lead
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to a renaissance of multi-span arch viaducts. In addition, it has
the advantage over conventional masonry arches in that
relatively slender piers can be used as the lateral forces
exerted when individual FlexiArch units are being installed
are relatively small (and indeed can be eliminated if the ends
are tied together during installation – Fig. 3). As well they
could be built using FlexiArches much more rapidly than
masonry arch viaducts in the 19th century.

Fig. 3a Multispan bridges with slender piers.

Fig. 4 Coton bridge, Virgina - ECS Limited
35red.ecslimited.com
Appreciation of this concept, apparently recognised in the
Victorian era, could have implications for the future – for
example for HS2 and high speed rail more generally. In this
context high speed systems tend to make much more
extensive use of tunnels and viaducts than conventional
railways. This may help British railway engineers to regain
their world prominence in this field as was recently suggested
in the feature article in NCE in March 2016.
4

Fig. 3b Tied arch with zero horizontal forces
It should be noted that one of the most famous arch viaducts
in UK, at Glenfinnan in Scotland, was built using mass
concrete. It is still performing well some 120 years later and
has much in common with a FlexiArch system with full
strength concrete backfill. Thus it is now possible to utilize
this aesthetically pleasing form of construction as costs will be
similar to other precast girder systems, but there will be no
need for expansion joints/bearings and maintenance costs
have been minimal as there is no corrodible reinforcement.
The outstanding aesthetic qualities of multi-span viaducts
have been recently recognized in the USA in the Coton bridge
in Virginia, Fig. 4. This award winning bridge however
utilises heavily reinforced rigid arches which will be
susceptible to corrosion in due course. By making use of the
FlexiArch in this instance, this problem would have been
eliminated.
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SKEW FLEXIARCHES

The vast majority of arches were designed to cross a
river/railway at right angles and this avoided the need for
skew/oblique arches. Nevertheless, it was realised that on
occasions a skew bridge was desirable. When made of
stonework the construction of a skew bridge was
exceptionally challenging as the complex geometry of the
voussoirs required individual attention. The move from
masonry to brick arches lessened the problem, as the bricks
were relatively small, but the construction of skew arches still
required great expertise. Initially it was thought that the
FlexiArch method of construction would solve these problems
but complications quickly were encountered. However by
using the advances in computer graphics it was found that a
perfect skew arch can be produced using the FlexiArch
system. Amongst the challenges that have to be overcome is
that during lifting the FlexiArch units have to resist not only
moment and shear (as in a non-skew arch) but torsional forces
as well. Thus even greater care has to be taken to ensure that
safety is not compromised during lifting on to lorry and for
installation on site. Currently Macrete are planning to build a
30° skew arch and this will be load tested both during
installation and in service to ensure that no unsuspected
problems arise.
The analysis of skew arches was also a great problem in the
19th century hence the much simpler analysis of non-skew
arches were often used to give a safe estimate of the strength
of the skew equivalent. This is no longer a major problem as
the analysis of skew arches can be carried out using 3D Finite
Element Analysis [3].
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Experience gained from devising a system to produce a
perfect skew FlexiArch has been of benefit to the joint
University/Macrete team. In this particular case the Teewell
Hill bridge [4] in Bristol had to be widened using
FlexiArches. However the existing arch bridge was curved in
plan and the spandrel wall sloped inwards. The bridge was
carefully surveyed and then use was made of the advanced
computer graphics to produce special FlexiArch units so that
they matched perfectly with the existing bridge.
5

CONCLUSION

The FlexiArch system is not a new type of arch but it
revolutionise arch construction as it allows conventional
arches to be built much more quickly and this makes them
competitive with less aesthetic/sustainable alternatives. In this
paper particular attention is drawn to the advantages the
FlexiArch system enjoys over traditional methods of
constructing:
1.
Multispan arches where the lateral thrust on pier can
be dramatically reduced this increasing the likelihood of using
the FlexiArch system for aesthetically attractive arch viaducts.
These could thus be used in the construction of railway
viaducts for HS2 for example across flood plains between
tunnel sections.
2.
When used for the construction of skew arches, the
FlexiArch is unique in that it allows perfect skew arches to be
built without the need for complex centering.
By taking full advantage of the attributes of the FlexiArch
system the full potential of: (a) arch bridges can be unlocked
and (b) multi-span arch viaducts can come back into
prominence. For both the lack of corrodible reinforcement,
expansion joints and bearings will minimise maintenance. As
a consequence highly sustainable bridge infrastructure can be
realised in the future.
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ABSTRACT: The 1840’s Teewell Hill arch bridge, in the suburbs of Bristol, was no longer adequate for increasing local traffic
levels and needed to be widened. Several widening options were considered and it was concluded that the innovative FlexiArch
would best accommodate the complex geometry of the existing structure whilst minimising social and economic impacts. In order
to elegantly accommodate the raked spandrel walls of the existing bridge Macrete and WSP | Parsons Brinckerhoff worked
collaboratively to produce a custom designed high quality precast concrete ‘FlexiArch’ which matched the contours of the existing
bridge. As the FlexiArch system has no corrodible reinforcement, it is highly sustainable and will result in reduced maintenance
as for the existing bridge. The elimination of centring and speed of construction (hours not months) minimised disruption to road
traffic and to cyclists on the cycle network below the bridge – a key project criterion required by the client. Thus, in addition to
addressing an accident black spot, the FlexiArch solution provided South Gloucestershire Council (the client) with an aesthetically
pleasing and fully functional solution at a competitive cost.

KEY WORDS: Arches; Bridges; Precast concrete; Sustainability
1

INTRODUCTION

Arch bridges are acknowledged by structural engineers
throughout the world for their strength, stiffness, durability and
minimal maintenance attributes. These, added to their aesthetic
qualities have been widely acclaimed to such an extent that
there are now hundreds of thousands of arch bridges in the
world. However, there has been a dramatic decline in the
number if arch bridges built since 1900 and to reverse this trend
an alternative is needed with the following qualities.
 Must be able to be installed as quickly as current
alternatives
 Centring is not needed as this is expensive and time
consuming to install and remove
 Must act like a conventional arch in service so that
existing, well accepted methods of analysis/design,
can be utilised.
 Is cost competitive with alternatives
 Precast concrete is used for the voussoirs and the
system is amenable to off-site construction
In response to these challenges, the FlexiArch (Long et al 2013)
has been developed in conjunction with Macrete Ireland Ltd.
2

MANUFACTURE AND INSTALLATION

The system is constructed and transported to site in flat pack
form using polymeric reinforcement to carry the selfweight of
the arch unit during lifting but once in place it behaves as a
conventional masonry arch. The preferred method of
construction of the arch unit is shown in Figure 1. More detailed
information is provided in Long et al. (2013). For the
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manufacture of each arch unit the tapered voussoirs are precast
individually and then they are laid contiguously with the top
edge touching, in a horizontal line with a layer of polymeric
reinforcement placed on top. In situ screed, typically 40–50 mm
thick, is placed on top and allowed to harden so that the
voussoirs are interconnected. When lifted at the carefully
chosen anchorage points, gravity forces cause the wedgeshaped gaps to close, concrete hinges form in the screed and the
integrity of the unit is provided by tension in the polymeric
reinforcement and by the shear resistance of the screed. The
arch-shaped units can then be lifted and placed on precast sill
beams at the bridge site and all the self-weight is then
transferred from tension in the polymeric reinforcement to
compression in the voussoirs – that is, it acts in the same way
as a conventional masonry arch. Experience of using this has
shown that it has a number of advantages over traditional
methods.
 The voussoirs can be accurately, quickly and
consistently produced with the desired taper in
relatively simple shuttering.
 High-quality concrete, typically 50N/mm2 can be
utilised to
o enhance the durability of the arch while in
service.
o greatly reduce the variability associated with
natural stonework.
 Rapid installation – site experience has shown that a
typical unit can be accurately located every 15–20 min
and as a consequence most bridges can be installed in
well under a day, thus affording the ‘FlexiArch’
enormous benefits relative to a conventionally
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constructed arch and making the system competitive
with beam and slab alternatives.
Arising from these advantages, more than 70 FlexiArch bridges
have been installed in the UK/Ireland since 2007. It has also
been found that bearings (e.g. to allow longitudinal expansion)
are not required and thus they have not to be replaced during
the lifetime of the bridge. This allied to the lack of corrodible
reinforcement means that maintenance will be minimal and
their design lives should be well in excess of alternatives.

a) Lifting from lorry

Figure 1
3

Method of construction: FlexiArch

CASE HISTORIES

In this section details of four different applications of the
system are given. Relevant videos of two of these bridges are
available (Plaincom 2010, Plaincom 2012). Some of the
photographs below are available (Macrete 2018).
Flexiarch replacement bridge, Sheinton, Shropshire
In 2009 the old bridge in the small village of Sheinton,
Shropshire was irreparably damaged by flooding and a
temporary Bailey Bridge was installed to restore
communication across the tributary of the River Severn.
Engineers from Shropshire Council decided to replace the three
span bridge with a much longer single span arch to greatly
reduce the risk of flood damage in the future. As they wished
to reduce construction time to a minimum and avoid the use of
a bridge with corrodible reinforcement they selected a 13.7m
span x 2.7m rise ‘FlexiArch’ and ordered eight one metre wide
units from Macrete Ireland, Ltd. Each unit weighed 13 t, shown
in Fig 2(a), was placed on the precast sill beams in a matter of
10-15 minutes. Once all the ‘FlexiArch’ units had been located
and the precast spandrel wall installed the bridge was ready for
the lean mix concrete backfill (Fig 2(b)). The spandrel walls
were then finished in stonework (Fig 2 (c)) to produce an
aesthetically pleasing solution.
The contractor, DEW
Construction worked closely with Shropshire Council and
Macrete Ireland Ltd, to complete the £450 000 contract on time
and within budget.

b) Ready for concrete backfill

c) Finished bridge
Figure 2 Sheinton Bridge, Shropshire
Bridge strengthening, Tameside, Manchester
Tameside’s 83 year old Jubilee Bridge, which spans National
Cycle Route 66 in Manchester, named to commemorate the
Silver Jubilee of King George V, had been weakened by
extensive reinforcement corrosion and spalling. Replacement
was unacceptable due to the disruption to services as it carried
a key transportation corridor. Repair by applying sprayed
concrete to the deck soffit had been used in 1974, but it was
clearly not a long term solution nor was it considered
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aesthetically pleasing. Wilde Consulting Engineers, aware of
other arch bridges over the linear cycleway, then suggested
using the Macrete FlexiArch. Thus in December 2012 fourteen
FlexiArch units (1m wide) were installed (Fig 3(a)), by the
main contractor for the project AE Yates, the first ever
application for bridge strengthening. The 7.4m span units were
manufactured in NI and shipped to site before being
individually lifted by crane and placed on lightly greased
laterally extended sill beams along each abutment. Then they
were pushed horizontally in pairs beneath the bridge using two
hydraulic jacks (Fig 3 (b)). When all 14 units had been located,
spandrel walls were constructed and then the gap between the
FlexiArch unit and the original deck soffit was filled with
foamed concrete. The £420,000 contract was completed on
time and within budget and Tameside Council now have an
aesthetically pleasing bridge with a design life of 120 years (Fig
3(c)).

a) Lifting FlexiArch unit onto individual sill beam

c) Finished bridge
Figure 3 Jubilee Bridge, Manchester (Winner of 2013
Construct Award for Innovation)
Railway overbridge, Pleasington Golf Club, Lancashire
Pleasington Golf Club had a major problem as a busy twin track
railway line passed through the golf course. Naturally this
created a hazard for golfers and rail users as well. Network Rail
for the North of England decided that the risks were no longer
acceptable.
As a consequence the contractors, Storey
Engineering decided to install an overbridge which would have
to be aesthetic in this environment and as for far as Network
Rail were concerned would have to be installed quickly so as
not to disrupt the rail line. The solution to this dilemma was
for FlexiArch units to be utilised in conjunction with precast
concrete footings. Macrete Ireland Ltd manufactured the
FlexiArch units, the precast foundation units and spandrel walls
in Toomebridge and delivered them to the site. Once the
precast abutments had been carefully located, sill beams were
accurately located in readiness for the installation of the
FlexiArch units. To install these units the contractor needed
access to the railway line, hence they had to be installed
overnight at times when the busy line was not operational (Fig
3(a) and (b)).
As each FlexiArch unit only needed
approximately 15 minutes for installation the deck was easily
completed within this tight schedule. The completed structure
(Fig 3(c)) is aesthetically pleasing and was installed overnight
without causing any delays to the trains.

b) Jacking process

a) Installation at night
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spandrel walls meant that the arch voussoir profile curved in
plan, see Figure 5. The ‘concave’ profile of the arches in plan
meant that the crowns on each façade were around 500 mm
inside the plane of the arch footings. Thus the use of standard,
uniform width, FlexiArch units would have left a large gap at
the crowns, which tapered to zero at the footings of the arch.
Using their experience from developing a skew FlexiArch
system, Macrete, in collaboration with WSP|Parsons
Brickerhoff, designed and manufactured bespoke FlexiArch
units, with each voussoir individually tailored to match the
exact profile of the existing bridge.
b) Installing precast spandrel wall

c) Finished bridge
Figure 4 Access Bridge at Pleasington golf course (Winner of
the UK Rail Industry Award- Outstanding Project in 2015)
Widening of a complex arch bridge in Bristol
Teewell Hill masonry arch bridge, with a span of 12·8 m and a
rise of 3 m, carries a two-lane single carriageway road and had
an adjacent steel footbridge on the west side of the structure.
The bridge is owned by South Gloucestershire Council and was
constructed in the 1840s over the Bristol and Bath railway line
(nowadays a popular cycle route) in what is now a busy
residential area. The bridge had become an accident blackspot
due to the increase in the volume of traffic using the bridge and
the inadequate road alignment.
Following a feasibility study, the preferred option to widen
the existing structure was by placing six new FlexiArches, three
on either side of the original masonry structure, widening the
bridge by approximately 4 m on each side. This enabled the
road alignment improvements and two new pedestrian
footpaths on either side of the bridge.
The FlexiArch system was chosen over other options as it
provided an aesthetically pleasing solution; its circular profile
matched the existing form of the structure. Furthermore, the
units could be transported to site on flatbed trucks and craned
into position relatively quickly, reducing disruption to the
public; also, the prefabricated nature of the system reduced site
temporary works. Conventional masonry arch extensions to
each side, if feasible, would have been exceptionally expensive,
taken many months to install and the need for centring would
have significantly disrupted the national cycle route.
The major challenge in this project was addressing the raked
spandrel walls and unsymmetrical interface between the new
and existing structure. The nature of the existing masonry raked

Figure 5

Existing bridge with FlexiArch extensions

In order to achieve this a three-dimensional (3D) topographical
survey was undertaken to capture the profile of the arch and the
complex geometry of the spandrel walls. This innovative use
of the FlexiArch meant the design challenge was elegantly
solved and eliminated the need for special formwork or cast in
situ joints between the old and new elements, thus providing a
significant time and cost saving to the client. Further details
are given in Long et al (2018). The project is showing in Figure
6.

a) Original bridge
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4

b) Lowering FlexiArch unit into position

CONCLUDING REMARKS

The FlexiArch is not a new type of arch but it revolutionises
arch construction as it allows arches to be built more quickly
and at less cost. From experience gained constructing over 70
bridges and an extensive programme of tests, the following
conclusions can be drawn:
 By manufacturing the precast concrete voussoirs in
inexpensive but accurate moulds the system allows
arches to be built without centring.
 Installation on site has been proven to be
straightforward and comparable with the time taken to
install precast concrete/steel beams.
 As the FlexiArch units are made of high quality
precast concrete with no corrodible reinforcement
maintenance costs will be minimal.
 Contractors, designers and clients with experience of
using this novel system now recognise its attributes.
These allied to its competitive costs, aesthetics,
sustainability and durability mean that it has immense
potential and could revolutionise arch construction.
5
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ABSTRACT: This article will focus on concretes that are destined for severe environments such as marine infrastructure, road
bridges exposed to de-icing salts, sewer pipes and other acidic or biogenic environments with a long service life requirement. The
authors comment on durability, performance testing, binder technology and specification that will influence the industry and shape
the future research.
The resilience of the cement and concrete industry is critical in sustaining the economic developments made on the island. The
critical infrastructure can be better prepared by adopting performance-based testing for concrete durability similar to what is
already in place for compressive strength. Research by academia and the industry should focus on the use of different binder
systems and combinations for appropriate strength gain, structural behaviour and better durability properties whilst meeting the
carbon and cost targets.
KEY WORDS: concrete, durability, performance-based specification, binders, chlorides, acid and biogenic environments.
1

INTRODUCTION

Let us start with specification, the driving force which has the
single most influence in the industry. Existing guidelines in
EN206 or BS 8500 allow design of concrete mixtures for
different exposure classes mainly based on the severity of the
surrounding environment and service life (referred to as
designated, designed and prescribed concrete). For known
environments with marine (XS) or de-icing (XD) salts, carbon
dioxide (XC) and severe/moderate cold climates (XF), these
guidelines specify the variables such as minimum compressive
strength, maximum water to binder ratio, minimum cement
content, type of cements and minimum cover thickness. Due to
the very prescriptive nature of these guidelines, and the fact that
aggregates which form 70% of the concrete matrix are an
outstanding variable, they cannot guarantee concrete
performance in any given environment. This can be overcome
by giving emphasis to performance-based designs using the
provisions outlined in BS 8500 under the term proprietary
concrete by specifying the required performance of concrete in
terms of measurable properties such as resistance to
environmental loading. Whilst this will transfer some of the
risks from specifier to supplier, the latter gets the freedom to
innovate a concrete that works based on their own raw
materials and supply chain. The supplier does not have to
disclose the exact mix proportions, but will have to ensure
performance test results match the specification. A
performance approach to specifying self-compacting concrete
is given in The European Guidelines for self-compacting
concrete – specification, production and use [1]. The authors
propose a more pragmatic best practice for specifying concrete
for severe environments that aligns with PAS 8820: 2016 [2]
and the RILEM technical committee findings on Performance
Specification of Concrete [3]. Furthering a performance-based
specification requires establishment of reliable laboratory and
on-site test methods, as well as easy to perform service-life
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models. As an example, a performance-based approach using
an on-site diffusivity test is outlined that can provide an easier
to apply/adopt practice for Engineers and asset managers for
specifying/testing concrete structures.
2

CONCRETE PERFORMANCE AND THE GREMLINS
Chloride environments

Chloride transport into concrete is controlled primarily by the
availability of chloride ions on the surface and the properties of
cover concrete such as diffusivity and ionic concentration of
pore fluid. There are several other factors that also contribute
to the transport and subsequent corrosion of reinforcement
including temperature, moisture gradient, chloride binding,
pore refinement and critical chloride threshold.
In order to specify a concrete that will last the design life of
120 years, it is necessary to understand the contributing factors
and their interconnectivity. It is also known that effects such as
shrinkage, structural loading and other deterioration
mechanisms can increase the rate of chloride transport which
may not be obvious from controlled laboratory testing on
unloaded, small concrete specimens. Fig. 1 shows chloride
ingress data from two concrete structures exposed to a marine
environment.
These are not isolated structures with high chloride ingress,
but it is well known that the majority of the structures in XD
and XS environments will not reach the 120 year design life
without several significant interventions during their lifespan.
In this context, one of the options for asset owners is to test
concrete to determine its initial performance or invoke the
option of Proprietary concretes outlined in BS 8500 as
mentioned in the introduction. For chloride ingress, there are
several factors that control or govern performance, but as an
interim method, determining/specifying diffusivity as well as
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capturing the mix details in sufficient depth for further analysis
is a step in the right direction.
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Figure 1a. Chloride profile from a concrete pier situated
off the Atlantic coast (Cl- concentration 15,700ppm)
after 7 years of exposure. Concrete mix information
available are 0.46w/b, 400kg CEM I, C40/50 with a
design cover of 50mm and minimum cover on site of
27mm.

0.45

0.5

0.42

0.45

pfa

0.42

0.45

ggbs

0.4

0.42

ms

Figure 2. Effect of mix properties on the non-steady state
coefficient. Dnssd – represents non-steady state diffusion
coefficient as per NT Build 443, and D nssm – represents
non-steady state migration coefficient as per NT Build
492. Mix design and test details are given elsewhere [4],
the samples were made by EU partners using locally
available materials. Samples were 6 months to 1 year old
at the time of testing.
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Figure 1b. Chloride profile from a concrete pier off
North sea (Cl- concentration 8,800ppm) after 18 years of
exposure. Concrete mix information available are
0.40w/b, 460kg CEM I, sample taken from XS2,
compressive strength f28 = 66MPa, design and actual
cover is 65mm.
Fig. 2 shows the diffusivity assessed by two Nordic standard
test methods, and it is evident that the water/binder ratio and
cement type have a significant influence on chloride transport.
Concrete performance in a simplistic approach is considered as
the time it takes for chloride ions to reach the embedded
reinforcing steel. The propagation stage may provide further
years to the service life, but it is not an advisable strategy to
rely on this stage due to the risk of pitting corrosion on section
loss and therefore load carrying capacity and the need for
comprehensive probabilistic analysis to ensure safety. Fig. 3
shows how the concretes in Fig. 2 will perform after 50 years
of exposure in a severe chloride environment. For an average
cover depth of 50 mm, only GGBS-based concrete with 0.42
water/binder ratio has a chloride concentration below the
threshold.

Figure 3. Numerically simulated chloride profiles for
various concretes in a XS2 exposure environment in
North Sea using ClinConc transport model, the diffusivity
as shown in Fig. 2 and mix design given elsewhere [4].
Overall,
concrete
containing
supplementary
cementitious material (SCM) performs better compared to
that containing only CEM I. This is due to the pore
refinement caused by the staggered reactions brought by
the SCM and the also the higher binding capacity
associated with the AFM phases formed due to SCM
presence.
Inclusion of SCM will also help to attenuate the temperature
build up associated with hydration and therefore control
overheating/cracking of large concrete sections. It may be
advisable to use a cocktail of different SCM selected with a
view to controlling the temperature development, drying
shrinkage, flow/workability and durability. Such levels of
complexity cannot be prescribed and it is best left with
practitioners to develop a mix design that works best for their
aggregates and techniques.
It is also worth noting that correct mix design and proper
curing will also help to achieve sufficient durability. Fig. 4
shows migration coefficients determined for four typical
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laboratory made concrete mixes, after 28 days and 2 years of
sealed curing. The figure shows that there is significant
reduction of the migration coefficient after 2 years of curing.
Mix ingredients are the same as in [4], but these samples were
made with materials available in Northern Ireland. So, the
variability evident between Figs. 2 and 4 are due to the
differences in raw materials (PFA, aggregates and water) and
laboratory procedures.

research, much more robust service life models can be
produced and taken forward for application.
Acid and biogenic environments
As with other harsh environments, the mechanism of attack on
concrete presented by acidic environments and Microbial
Induced Concrete Corrosion (MICC) in sewage systems often
proceeds on more than one front. MICC has been described as
a sequence of biogenic controlled sulfur reduction and reoxidation reactions. Through the action of sulfate reducing
bacteria that grow as a biofilm on the surface of concrete in
contact with sewage, hydrogen sulfide (H2S) is formed along
with carbon dioxide (CO2) and ammonia (NH3) [7]. These
gases then dissolve and permeate into the concrete through the
pore networks. Acid-base reactions then take place with
thiosulfuric acids firstly reducing the pH of the concrete,
producing a reaction similar to sulfate attack. This is coupled
with carbonation of the cement. Subsequently, colonization by
a different biofilm then allows the generation of H2SO4 causing
dissolution of the cementitious matrix, formation of further
gypsum and ettringite, and the ultimate destruction of the
concrete [8]. The final step occurs when the concrete reaches
approximately pH 4. Here, acidophilic, sulfur oxidizing
bacteria dominate the biofilm and the rate of mass loss
increases rapidly [9].

Figure 4. Evolution of migration coefficient with time for
common concrete mixes used in chloride environments.
Course low calcium PFA was used in this study therefore
microstructure development took time.
Whilst it is not practical to wait for two years after casting to
complete a project, it may be feasible to consider a coating
system that can lock in moisture during the curing phase.
Additional measures such as controlled permeability formwork
or sacrificial layers of concrete cover will also help to delay the
rate of ingress/onset of corrosion.
It is worth noting that most of the durability tests are
performed on laboratory concrete or concrete samples removed
from a structure for laboratory-based testing. This is sufficient
for getting a reliable measure for mechanical strength or
mineralogical make up, but for durability, this only gives the
durability properties in an unstressed state. Structural loading
can result in microcracks in the system which will accelerate
the flow of ions/gases. Recent research highlights that in
structures which experience stress levels ≤ 25% of the ultimate
compressive strength, the increase in chloride transport is
nominal. For areas that are stressed > 50%, SCM inclusion in
the binder will help to heal these cracks and control the progress
of chloride ions [5].
Also, if the exposure environment offers both chlorides and
carbon dioxide, this will affect the rate of ingress or rate of
deterioration. The results reported in the article by Wang, et al.,
[6] illustrates the complex interactions that could upset any
service life model which does not take account of these
interactive effects and the differing nature of them for different
types of concretes. Whilst all these are areas for further
research, and hence suitably titled as gremlins, the obvious first
step is to adopt a performance-based specification and testing
methodology so that appropriate and timely asset management
decisions can be taken. As more evidence comes through from
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Figure 5. Typical deterioration symptoms of MICC after a
service life of 15 (A) and 10 (B) years [8].
It is estimated that 40% of failures in sewage systems can be
attributed to MICC. Annual rehabilitation costs in the UK are
expected to reach £85 million while the US is expected to spend
$390 billion over the next 20 years to maintain current
operation [10], [11]. All of this occurs despite the requirement
for such concretes to conform to the highest levels of exposure
class.
For example, an eleven-year old sewage system in Austria
was investigated in 2015. The precast concrete sections had
been produced using concrete designed with a compressive
strength class of C30/37, C3A-free cement and an actual
water/binder ratio of 0.35. This was in accordance with
requirements for XA exposure given in ÖNORM B 4710-1 (the
Austrian national annex to EN 206). However, when this
concrete was examined, it had deteriorated to such an extent as
to allow the first few centimetres of concrete to be scraped off
by hand [8]. It is obvious that this structure will not achieve the
designed longevity (Fig. 5).
On the other hand, it has been shown that a geopolymer-type
binder based on calcined clay that possesses an alkalialuminosilicate composition rather than calcium-rich phases,
can resist both sulfate and acid attack [12]. Fig. 6 compares the
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dimensional changes induced by sodium sulfate exposure on
two compressive strength classes (37.5 MPa and 60 MPa) of
both Portland cement-based mortar(PCM) and geopolymerbased mortar (GPM). Fig. 7 shows the mass loss of these same
mortars when exposed to hydrochloric acid (HCl) and sulfuric
acid (H2SO4), both with a concentration of 0.52 mol/L. The acid
solutions were refreshed regularly to maintain a constant pH
and the specimens subjected to abrasion prior to weighing for
mass loss.
This comparison work has shown that under both sulfate and
acid attack, calcined clay-based geopolymer mortars will
provide a more durable and robust solution than Portland
cement mortars by removing the easily attacked calciumbearing phases normally found in cementitious systems [13].
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Figure 6. Comparison of the length change vs. time of two
Portland cement based (PCM) and geopolymer based (GPM)
mortars of two compressive strength classes (37.5 & 60) when
exposed to sodium sulfate solution.
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Figure 7. Comparison of mass loss vs time of 60 MPa PCM
and GPM mortars exposed to hydrochloric and sulfuric acid
attack.
However, the specification of such novel cementitious systems
is not permitted under the current format of BS 8500, even
when proprietary concrete mix design criteria are applied. This
is due to the fact that any cement or combination used in a BS
8500 concrete must conform to one of the cement types given

in Table A.6 of BS 8500-1 or Table 1 of BS 8500-2. This
presents a problem - having a concrete design that will
outperform concretes specified for such an application, but
which cannot be used due to the lack of performance-based
specification.
3

NEW BINDERS AND PERFORMANCE
Alkali activated cementitious materials (AACM)

The term ‘alkali activated cementitious materials’ or AACM
has come to refer to a range of binder systems that typically use
a supplementary cementitious material with latent hydraulic or
pozzolanic properties which are ‘activated’, not by cement, but
by an alkali salt or alkali silicate. A subset of this group is a
class of materials known as geopolymer binders. These are
usually characterised by low calcium and high alkali metal
contents and use amorphous aluminosilicate precursors with an
alkali activator such as sodium hydroxide or sodium silicate to
produce a silicon to aluminium ratio of >1.5.
Use of these binders in concrete and mortar as a complete
replacement for Portland cement has been shown to impart
increased physical and durability properties – specifically
increased resistance to fire and sulfate attack and enhanced
strength gain characteristics [14].
Several novel cement types are now being examined of which
AACM shows great promise in terms of ease of use, technology
readiness levels and availability [15]. However, there are still
challenges to overcome before these products can be specified
and used in extreme environments – not least the need to
overcome the legacy of prescriptive standards for the
construction industry by the introduction of performance-based
standards.
Although care is needed when comparing the CO2 values of
each component used in these binder systems, one of the main
drivers for research into AACM has been the potential of the
technology to reduce CO2 emissions during manufacture when
compared to Portland cements. This reduction is attributed to
the fact that the precursors used in formation of AACM are
either by-products of another industry or are able to be
produced without significant release of CO2. A study carried
out on a geopolymer based on calcined clay, banahCEM produced by banah UK Ltd, found that the total CO 2 produced
could be reduced by up to 77% when compared with the
average figure of Portland cements in the UK [16].
AACM has been researched for many years, with the first
patent filed in the late 1800’s [17]. However, over the past
decade, interest has grown in these materials due to their ability
to, not only reduce carbon footprint of concrete, but to produce
more durable and long-lasting concretes and mortars.
Commercial production of these materials remains limited to a
small number of companies worldwide. In the UK and Ireland,
banah UK Ltd have developed a range of geopolymer binders
based on a metakaolin-rich calcined clay from Northern Ireland
and David Ball Group market an alkali activated ground
granulated blast furnace slag under the Cemfree trademark. In
other locations, binders have been developed using fly ash and
other waste and by-products.
Looking to the future, availability of raw materials for
AACM production will have a large influence on the supply of
products for the market. It is well known that in the UK and
Europe, the supply of PFA is limited and will become more so
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due to the move away from fossil fuels for electricity and heat
generation. Continuing demand on FA for use as an SCM in
cement-based systems will only cause increased pressure on
FA supplies [18]. On the other hand, low-purity kaolinitic clays
used to manufacture the banahCEM precursor are widely
available across the globe and calcined clays offer the
opportunity for increasing the availability of AACM to the
market [19].
Despite proving the suitability of AACM to produce durable
concretes, there remain a number of challenges to large scale
commercialisation.
While cost may be seen as a potential hindrance to the use of
AACM, these materials are designed for use in applications
where the cost of the material becomes less important than
longevity. In addition, as production levels increase, the costs
of production will decrease as seen in any new industry.
For specifiers, a major challenge exists in the form of
standards. Current cement and concrete standards are largely
prescriptive rather than performance based. As mentioned
previously, EN 206 lists several specific cements that may be
used, and which must conform to EN 197-1. As a result, new
cements and binders which are not based on clinker are
excluded from being able to be specified in concretes.
PAS 8820:2016, a specification for AACM in the UK, was
produced to commence the process of regulation and
standardisation of these new binders for the construction
industry. The specification represents progress for the
technology by providing a more performance-based approach,
but to date has been slow to gain traction within the industry.
Finally, a challenge always exists in introducing new
material into an established industry. Differences in handling
properties, curing and appearance will meet with a certain
amount of reluctance to switch. Here, education and
reassurance is necessary and is best supplied from those
responsible for setting standards, the producer and academic
sources.
However, from the commercial viewpoint, there are real
opportunities to be realised in the development of AACM for
use in concrete. The next step required is to evaluate these
materials for use in structural concretes for the desired
environment – an application for which durability models and
test methods will have to be developed. We have now an
opportunity to develop a range of standards that allow these
new materials to be evaluated and specified based on a set of
performance requirements rather than the old method of
prescribing the composition of cements. AACMs will not be
the only new binder system to come on the market over the next
few years. Performance-based standards will allow futureproofing of the standards and prevent long and painful periods
between the development of a system and its standardisation.
Other Supplementary Cementitious Materials
Having discussed a new binder system that completely
replaces Portland cement and also the challenges associated
with the introduction of that binder into mainstream
construction, there are SCM that have existed for many decades
that permit partial substitution of Portland cement allowing
reductions in CO2 and increases in durability over a CEM I
binder system. The use of GGBS and FA in this role has
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become standard practice (even required) within the
construction industry to produce concretes that resist
deterioration in aggressive environments such as coastal
applications and areas subjected to sulfate attack.
However, FA is becoming increasingly difficult to obtain in
the UK and Ireland due to the closure of coal fired power plants
coupled with the trend to switch to biomass fuels. As a result,
the concrete industry is switching to the use of GGBS which
will provide similar reductions in CO2 and increases in
durability. However, GGBS is not immune from problems with
sustainability of supply, it is a finite resource with only
approximately 350 Mt available globally which will decrease
in future due to the conversion of blast furnaces to electric arc
technology. Iron production in the West is reducing due to an
oversupply in China. UK iron production, and therefore GGBS
supply, has decreased significantly in the past two years. As a
result, transportation will have a greater impact on the cost,
availability and quality of GGBS for the western concrete
market [20].
Scrivener et al have shown that if all concrete produced
worldwide today were required to contain either FA or GGBS,
the maximum replacement of cement achievable would be 15%
(Fig. 8). Looking to the future, it is estimated that this level will
reduce to a maximum of 7% [19]. The problem facing the
industry is that, to produce a durable concrete, GGBS content
is often required to be between 50% and 70% of the powder
content. While sufficient GGBS is currently available, the
recommendation of the Dept for Business, Energy & Industrial
Strategy is that the market should investigate alternatives.

Figure 8. Comparison of global availability of SCM [19]
One such alternative is metakaolin-rich, calcined clay or
natural calcined pozzolana. This geologically sourced material,
available across the globe in vast quantities and currently
produced in Northern Ireland by banah UK Ltd, contains
amorphous silica and alumina in the form of metakaolin and
operates by releasing silicates and aluminates into solution in
alkaline conditions. While these materials will not undergo a
hydration reaction with water themselves, when combined with
cement they will react with calcium hydroxide (CH) produced
as part of the hydration reaction to form additional C-S-H
(calcium silicate hydrate), C-A-H (calcium aluminate hydrate),
C-A-S-H (calcium aluminosilicate-hydrate) and AFm
(monosulfate hydrate) products that contribute to reducing the
porosity, leading to increased strength development and
reduced ingress of harmful chemicals [21], [22].
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committee and will be implemented in the last quarter of 2018.
EN 206 also does not list calcined clays as an additive,
deferring this option to the national annexes – e.g. NF EN 206
has been amended to permit such an addition.
The adoption of performance-based specifications for
concrete would allow the incorporation of such additions that
can be proven to produce a more durable concrete, without
involving the lengthy procedure of standards revision.
4

PERFORMANCE-BASED
SPECIFICATION
–
APPROACH FOR CHLORIDE ENVIRONMENTS

RILEM

RILEM Approach for chloride environments
The RILEM PSC technical committee held a round-robin test
program (RRT) in 2012 to establish the validity of site-based
methods and the performance-based approach they can offer
for testing/specification. Eight concrete mixes were considered,
and the mix details are shown below in Fig. 10. Further details
are available in the state-of-the-art report [3].

Figure 10. Concrete panels used in Venlo RRT programme
and the mix design and test details.
The results presented in Table 1 are from an in situ chloride
migration test developed at Queen’s University in 2000’s,
named as Permit Ion Migration test (Permit) [4].
Table 1 Summary of the predicted performance of Samples 18 in XS3 exposure environment for Cs = 14 g/L

Sample

Predicted
D value at
180 days
(Din situ x
10-12m2/s)

120

1

0.44

<10 years

No

80

2

0.10

~ 50 years

No

Increase cover to 40mm

5

40

3

0.34

~ 10 years

No

Increase cover to 80mm

0

0

4

0.75

<10 years

No

Not suitable

5

0.25

~ 20 years

No

6

0.27

~ 15 years

No

7

0.51

≤ 10 years

No

Increase cover to 70mm
Proper curing, increase
binder content and cover
≥ 70mm
Not suitable >> 80mm
cover

8

0.37

~ 10 years

No

Increase cover to 80mm

25

200

20

160

ρbulk [Ω·m]

Dnssm [10-12 m2 /s]

Manufacture of natural calcined pozzolanas (NCP) offers a
significant reduction in CO2 production in comparison with
Portland cement clinker since there is no release of chemical
CO2 from the pozzolan during calcining and temperatures
involved in this process are about 50% of that required for
Portland cement clinker.
Although quoted CO2 figures for GGBS are lower than those
estimated for NCP and replacement levels are greater, this is
because all CO2 production during the formation of the slag is
currently allocated to the steel industry. However, moves are
underway to change this and apportion a percentage of the CO2
generated during iron manufacture to blast furnace slag [23]
[24]. It is currently unclear what change this will inflict on the
overall concrete, but it will surely result in a greater
environmental impact apportioned to such by-products.
In terms of availability, NCPs have not been widely used in
the concrete industry to date. White metakaolin (MK) has been
used in some applications in the past and is still produced for
high-value projects, but due to manufacturing costs incurred
this product is uneconomical.
However, calcined clays containing lower MK contents - up
to 70% - can be considered as a viable alternative to high purity
options [19]. While other minerals associated with the
metakaolin need to be carefully analysed and the colour is often
a pink to red colour, the costs are much lower than those of both
white MK and SF leading to growing interest in the concrete
industry regarding the use of these materials.
The performance of calcined kaolinitic clays as SCM in
concrete has been widely documented and has formed the basis
of much research [25], [26]. Real-life performance of a
concrete containing a CEM I/calcined clay/limestone binder
system and exposed to a coastal environment has been
documented [27]. It was found that the SCM provided a more
refined capillary pore network and chloride binding capacity
resulting in a lower rate of chloride ingress and reduced CO2
diffusion through the system. Fig. 9 shows the results of a study
carried out by Queen’s University, Belfast [28] on non-steady
state chloride ingress (Dnssm) and bulk resistivity (ρbulk)
comparing concrete containing CEM I with that containing
10% and 20% substitution with calcined clay.

15

10

100/0

90/10
Mix ID

80/20

100/0

90/10
Mix ID

80/20

Figure 9. Left - Evaluation of chloride migration coefficient
of CEM I concrete (100/0), 10% & 20% calcined clay
substitution (90/10 & 80/20 respectively). Right – Evaluation
of bulk resistivity of same specimens.
Despite the proven performance of this SCM, there remain
challenges in the adoption of this product in the construction
industry. Under clauses 4 and 5 of BS8500-2, calcined clays are
not listed as permitted additions and therefore cannot be used
in any cementitious combination. However, amendments to the
standard, along with calcined clay product specifications (BS
8615), have been drafted by the B/517/1 BSI technical

Corrosion
Initiation
Time for
30 mm
cover

Acceptable
for XS3
exposure for
100 years of
service Life

Suggested Improvement for
100 year Service Life
Proper curing, increase
binder content and cover
≥ 80mm

Note: Predicted corrosion initiation is based on a cover of 30
mm. Covers higher than 70 mm, may not be viable for
structural concretes unless shrinkage is controlled, so
alternative mix design or surface treatment/cladding should be
sought in such cases.
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The test produces a migration coefficient, Din situ that is
comparable to the outputs from other standard tests, but the
coefficient will be lower in magnitude, say Din situ = 0.12 Dnssm
[4]. Permit does not require removing a core from structure for
testing and can test concrete at its state of stress/strain.
The RILEM concrete samples were just over two weeks old
at the time of testing, so concrete maturity was determined
using resistivity data, so that Din situ at 180 days could be
determined. This approach was validated by repeating the test
at a later age (refer to [3], [29]). Chloride transport modelling
was performed using ClinConc [30] and Din situ at 180 days. The
time for the chloride concentration to reach an assumed
chloride threshold of 0.1% by mass of concrete was considered
as the end of service life (time for corrosion initiation).
Although such an approach ignores the corrosion propagation
time, it should be considered as a conservative and safe option
for designing concrete structures. Safety refers to the
reliability/repeatability of the testing and prediction methods
for quantifying chloride transport. Users can add the
propagation time, if available for their structures to get a more
realistic service life.
For the purpose of RRT, it was assumed that specimens are
exposed to XS3 environments (i.e., salt concentration of 14
g/L) and for a cover of 30 mm, the time for initiation of
corrosion (service life) was determined, refer to Table 1. The
table also provides suggestions for improving the service life
either by increasing the cover or by better curing the specimens.

A procedure to assess service life and therefore develop a
performance-based design is outlined in Fig. 11.
Central to this approach is in situ diffusivity measurement
and this has several advantages: (1) measures real concrete
with all the stress/strains and environmental loading, (2)
quantifies the initial performance with which all further
assessments can be benchmarked, (3) does not affect the
structural performance as no cores are removed from the
structure and most importantly, (4) assess diffusivity in
steady state condition, therefore only concerns free chloride
ions that affect reinforcement corrosion. Binding capacity
and its interaction with movement of free chloride ions
therefore can be considered separately using the service life
model.
The last point is critical in the context of structures subject
to carbonation or higher temperature fluctuations, where
increased emphasis in binding capacity will lead to
underestimation of the chloride flow.
In simple terms, if the in situ diffusivity of concrete at 180
days is less than 0.35x10-12 m2/s, reinforcement corrosion
will only initiate after 50 years for cover depth of 50mm or
above. Further, deemed to satisfy values are provided in
Table 2 for structures requiring 50 or 100 year service life in
XS3 environments.
Table 2 Deemed to satisfy Din situ values for concrete at an
age of 6 months for exposure to XS3 chloride environments
Common
Structures

A simplified performance-based specification
Service Life
Minimum
Cover (mm)
D i n s i t u (10 - 1 2 m 2 /s)
Tested at 6 months

Monumental Structures

50 years

100 years

100 years

50

50

75

≤ 0.35

≤ 0.15

≤ 0.35

Note: Modelled values based on an assumed critical
chloride threshold of 0.1% by mass of concrete.
5

Figure 11. Flowchart detailing the procedures involved in
specifying concrete performance using Din situ for XS3 or
XD3 exposure environments.
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CONCLUSIONS

This article outlines the need for a performance-based approach
in testing and specifying concrete for extreme chloride and
biogenic environments. Such an approach will not only allow
the suppliers to utilise raw materials locally available to them,
but it will also encourage research and specialization within
organisations to obtain a concrete that is fit for purpose. Going
forward it is anticipated that new low impact binders will enter
the market to both address the CO2 tariffs and to provide high
performance concrete for extreme exposure environments. The
authors have utilized data from calcined clay-based alkali
activated concrete to show how they perform better in biogenic
environments.
Further, a methodology for developing performance-based
specification was outlined using Permit (a site-based chloride
diffusivity test) and chloride ingress modelling. The advantages
of this approach include, and are not limited to, (1)
determination of diffusivity in a larger undisturbed specimen,
on site, with all the stresses / stain of a real structure and (2)
providing a means to benchmark the performance measure at
an early age, so that any further deterioration can be quantified
easily and timely interventions carried out.
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The authors have the firm belief that changes to the traditional
concrete industry can only be introduced by bringing together
the key players including specifiers, suppliers and material
producers to address the national priorities such as resilience,
resource efficiency and carbon tariffs.
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ABSTRACT: The aggregates used in a concrete mix play a vital role in providing the required strength and durability, so their
suitability and quality must be assessed in accordance with relevant standards. Global reductions in aggregate resources
combined with the environmental impact of concrete production have provided the construction industry with key challenges. In
this research the impacts of recycled concrete aggregate (RCA) on concrete strength and workability has been assessed,
considering the requirements of I.S. EN 206 [1]. The experimental study reported here includes the comparison of chemical and
physical testing of RCA and virgin limestone aggregates. Both coarse and fine RCA was examined to assess their impact on
C32/40, C40/50 and C50/60 concrete strength grades, using experimental tests on concrete cubes in compression and prisms in
four-point bending. The assessment of RCA included particle size distribution, particle shape, aggregate classification, water
absorption, specific gravity, Los Angeles Abrasion Value (LAAV), sulphur content, and methylene blue values. The aggregate
sizes used in this research were 0/4mm, 6.3/10mm and 14/20mm, which are typical of the aggregate sizes used in the
manufacture of structural grade concrete. This research demonstrated that coarse RCA additions of 20% could be achieved
without any significant impact on concrete strength and workability. Concrete strength and workability test results also
demonstrated that 10% fine and 10% coarse RCA could be added without any significant impact.
KEY WORDS:
Recycled concrete aggregates (RCA); Chemical and physical testing of aggregates; Compressive strength; Flexural strength;
Concrete slump

1

INTRODUCTION

Concrete is manufactured using aggregates, cement, water and
selected admixtures. The concrete strength grade required is
normally determined by the end application, with high-stress
applications such as infrastructure requiring higher strength
grades. The key material for concrete strength is cement,
which binds the aggregates together to provide concrete with
strength and durability. Aggregates form the bulk of the
volume of concrete and are normally crushed rocks, gravels,
and sand. A key challenge for concrete designers, specifiers,
and producers in Ireland is to demonstrate that the
environmental impacts of concrete manufacture can be
minimised. One of the ways that this can be achieved is by
utilising RCA in the production of concrete, to replace virgin
processed aggregates. RCA can be defined as an aggregate
that is produced from waste concrete sources such as
construction and demolition waste, and includes concrete
structural elements, concrete products, and concrete
pavements [2].
In Ireland, discussions are ongoing between the construction
industry and the Environmental Protection Agency (EPA), to
develop end of waste criteria for construction and demolition
waste including concrete waste. When completed, this will
help to identify when aggregates derived from inert concrete
wastes cease to be waste by setting out the appropriate end of
waste criteria. The Waste Framework Directive [3] requires
that national quality protocols are implemented to achieve end
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of waste for construction and demolition waste. There is an
opportunity to consider the use of RCA as a viable aggregate
for use in concrete, and this requires further consideration.
The specification for ready-mixed concrete in Ireland is I.S.
EN 206 [1], which permits up to 30% coarse RCA for specific
strength grades by approval, but does not permit the use of
fine RCA. Some inconsistencies exist with the research that
was reviewed to support the use of fine RCA although the
characteristics of RCA will determine its impact on concrete
performance.
The key challenges that limit the use of RCA in concrete are
the reduced resistance to mechanical and chemical actions that
occur when virgin aggregates are replaced with recycled
aggregates [4]. This is mainly attributed to the lower density
and increased porosity of RCA when compared to virgin
aggregates [5]. It was found that the increased water
absorption and lower strengths of RCA were the main
contributory factors to lower concrete strengths as RCA
additions were increased. This was generally caused by
weaker mortar particles that are present in the RCA.
When assessing RCA it is important that the aggregate
strength is measured as it will impact on the compressive
strength of hardened concrete [6]. The LAAV is a useful test
method for assessing aggregate strength. Thomas et al. [7]
examined the impact of coarse RCA as a replacement for
virgin aggregates over a range of RCA additions and found
that 20% could be added without any significant impact on
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concrete compressive strength. In their study on coarse RCA,
Kwan et al. also concluded that up to 80% could be added to
concrete mixes with acceptable reductions in compressive
strength observed [4]. Aggregate strength was considered as a
significant factor in terms of its influence on concrete
compressive strength, with the LAAV of the RCA reported as
being 42 compared to 31 for the virgin aggregates.
EXPERIMENTAL PROGRAMME

2
2.1

Materials

The virgin aggregate used in this research was sourced from
a limestone quarry. The coarse and fine RCA was sourced
from a C&D recycling facility. The waste material was found
to be primarily concrete but the strength class was unknown.
The analysis of the RCA showed that the aggregate was
predominantly concrete, with 97.3% of concrete and concrete
products present. The virgin aggregates and RCA was
produced through a standard process of crushing and
screening in a quarry. A number of aggregates tests were
selected to assess the chemical and physical properties of the
virgin aggregates and RCA. This included an assessment of
grading, shape, specific gravity, flakiness index, total sulphur
content and methylene blue value.
Bulk samples were taken from the processed RCA stockpiles
and the virgin aggregate stockpiles in the quarry in accordance
with the requirements of I.S. EN 932-2 [8, 9]. The aggregate
tests were performed in accordance with the appropriate
standard and included particle size distribution [10], flakiness
index [11], RCA classification [12], specific gravity [13],
water absorption [13], LAAV [14], sulphur analysis [15] and
methylene blue analysis [16]. The particle size distribution
analysis showed that the RCA and virgin aggregates were
similar in grading for each aggregate size, although there were
some minor differences observed. The coarse RCA aggregates
generally had a higher percentage of finer aggregates present
when compared to the coarse virgin aggregates, due to the
higher levels of fragmentation in the crushing process. A
summary of the physical testing is shown in Table 2-1.
Table 2-1. Physical properties of aggregates
Aggregates

Virgin
RCA

Flakiness
Index

LAAV

15
9

21
33

Apparent
density
(mg/m3)
2.72
2.53

Water
absorption
(%)
0.2
3.7

The aggregate test results show that the virgin aggregate
had a higher resistance to abrasion than the RCA, with
LAAV’s of 21 and 33 respectively. This is due to the lower
strength of the adhered mortar that was present in the RCA.
This adhered mortar was also found to provide lower apparent
densities for the RCA with a 9% difference measured. The
mortar was comprised of primarily cement, sand and smaller
aggregate particles. The lower density of the mortar also
resulted in a significantly higher water absorption of 3.7% for
the RCA. One of the benefits of the increased fragmentation
and loss of weaker mortar particles is that the aggregate shape
is improved. The RCA was shown to have a flakiness index of

9 when compared to the virgin aggregates, which had a
flakiness index of 15.
Chemical testing was carried out on the fine aggregates, as
shown in Table 2-2. The average Methylene blue value for the
virgin aggregates was found to be 0.3g/kg compared to
0.75g/kg for the RCA. The test results demonstrate a low level
of harmful fines and are consistent with those that are
normally achieved for virgin aggregate. The average total
sulphur for fine RCA was found to be 0.42% compared to
0.25% for virgin aggregates. The difference in total sulphur
can be attributed to the higher proportion of cement that is
present in RCA, as sulphur is naturally present in cement.
Table 2-2. Chemical properties of aggregates
Aggregates

Virgin
RCA

Methylene
Blue value
(g/kg)
0.3
0.75

Sulphur
content
(%)
0.25
0.42

The cement used in this investigation was a Cem II A-L,
which is described as eco-efficient cement due to the presence
of ground limestone in the clinker blend. Sika mid-range
admixtures were used in the concrete mix designs to improve
workability. Sikaplast 15RM is a liquid admixture that is used
as a mid-range water reducer and plasticiser. Sika Plastiment
186 which is a lignosulphonate liquid admixture was also used
in the mix designs to provide a more stable and cohesive
concrete mix design.
2.2

Composition of the concrete mixes

For this research, a total of 27 different concrete mixes were
manufactured in the laboratory. The concrete strength grades
examined were C32/40, C40/50, and C50/60. The percentage
addition of coarse and fine RCA for each strength grade is
outlined in Table 2-3.
Table 2-3. RCA additions for each C32/40, C40/50, and
C50/60 concrete mix
Mix
Ref.

Mix
Type

1
2
3
4
5
6
7
8
9

Control Mix
Coarse RCA
Coarse RCA
Coarse RCA
Coarse RCA
Coarse and fine RCA
Coarse and fine RCA
Coarse and fine RCA
Coarse and fine RCA

Coarse
RCA
(%)
0
10
20
30
40
10
20
30
40

Fine
RCA
(%)
0
0
0
0
0
10
20
30
40

The concrete mix designs were developed using the guidance
on aggregate proportions that is provided in BS 5328-2 [17].
The fine aggregate proportion was targeted at 45% of the total
aggregate mass. The combined grading of all constituent
aggregates for each mix design was compared to the Fuller &
Thompson curve [18], as shown in Figure 2-1, to ensure that
an optimal blend of aggregates was always achieved. This
ideal grading curve aims to ensure that aggregate packing and

112

CERI-ITRN2018

therefore the concrete density is optimised. The formula used
d
for ideal passing percentage is Pi= ( 𝑖 ) 0.50 where pi = percent
𝐷
passing ith sieve, di = opening size of the ith sieve, and D =
maximum particle size.

mixing. The preconditioned aggregates were then mixed for 1
minute prior to adding the cement. The remaining water and
admixture was added and mixed for 8 minutes.
2.3

Tests

This experimental study included the chemical and physical
testing of RCA and virgin aggregates to the appropriate
standards, as outlined in section 2. Concrete mixes were
assessed for workability using the slump test [20] and 100mm
x 100mm x 100mm cubes were prepared for compressive
testing at 7 days and 28 days [21]. 100mm × 100mm × 400
mm prisms were also prepared for each concrete mix and
tested for flexural strength at 28 days [22]. The hardened
density of concrete cubes and prisms was also determined for
all specimens.
3
3.1

Figure 2-1. Individual aggregate gradings combined grading
and the Fuller & Thompson curve for the concrete mixes used.
I.S. EN 206 [1] specifies the exposure classes based on the
exposure conditions for infrastructural grades of concrete,
with the exposure classes XC1 and XA1 required to address
the requirements for infrastructural grade concrete in a
slightly aggressive environment. Exposure classes affect the
design cement content of concrete mixes with more severe
exposure conditions requiring higher cement contents than
standard concrete mixes. The target cement content and watercement ratio for each strength grade are shown in Table 2-4.
The higher water absorption of RCA was factored into the
mix design calculations with additional water required to take
account of the proportion of RCA that was present for each
mix design.

DISCUSSION OF RESULTS
Compressive strength

The average 28-day compressive strength results are
presented in Table 3-1. The compressive strength of the
control mixes was relatively high which is attributed to the
minimum specified cement content for each concrete strength
grade and the low water/cement ratio of each mix. As shown
in Figure 3-1 the concrete compressive strengths gradually
decrease, as coarse RCA additions were increased.
Table 3-1. Average 28-day compressive strength results
Mix
C32/40 C40/50 C50/60
Description
Ref
(MPa) (MPa)
(MPa)
1
Control
62.1
68.1
73.1
2
10% coarse
60.9
65.9
71.6
3
20% coarse
58.4
61.7
71.1
4
30% coarse
53.8
63.1
66.5
5
40% coarse
52.9
61.6
64.8
6
10% coarse & 10% fine
55.0
63.5
67.6
7
20% coarse & 20% fine
50.4
61.2
66.6
8
30% coarse & 30% fine
51.8
59.6
61.1
9
40% coarse & 40% fine
47.2
57.0
60.8

Table 2-4. Target cement content and water/cement ratio
Concrete
strength
(MPa)
C32/40
C40/50
C50/60

Cement
content
(kg)
340
420
500

Water
/cement ratio
(I.S. EN 206)
0.5
0.45
0.4

The concrete admixtures, Sika 15RM and Sika 186, were
both added as advised by the admixture supplier at dosages of
0.8% to 0.9% of the cement mass. Concrete batches were
prepared in laboratory conditions. All aggregates were oven
dried at 100oC to a constant weight and then allowed to cool
to room temperature prior to batching. As discussed by
Amario et al. [19], the use of a moisture conditioning period
was utilised to ensure that water was absorbed by the
aggregates prior to mixing. A pre-conditioning period of 30
minutes was applied for the coarse and fine aggregates with
50% of the calculated water added to the aggregates prior to
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Figure 3-1. Average 28-day compressive strengths for C32/40,
C40/50 and C50/60 concrete mixes with coarse RCA
additions
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It was found that coarse RCA additions of up to 20% (mix 3)
were achieved for the C32/40 concrete strength grade with no
significant impact on the compressive strength. For C40/50
and C50/60 concrete strength grades, it was found that coarse
RCA additions of up to 40% (mix 5) could be achieved with a
strength loss of less than 11%. In contrast, the C32/40 mix had
a greater compressive strength loss of 13% to 15%, for 30% to
40% coarse RCA addition respectively, as shown in Figure 32. One reason for this difference in strength loss is the higher
cement content and lower water-cement ratio of the C40/50
and C50/60 mixes, which may have compensated for the
impact of increasing coarse RCA additions.

As shown in Figure 3-4, a reduction in compressive strength
of 13% to 17% for the three strength grades for mix 8 with
30% coarse and 30% fine RCA additions was observed. For
mix 9, this compressive strength loss increased to 24%, 16%
and 17% for the C32/40, C40/50 and C50/60 concrete mixes
respectively.

Figure 3-4. Average 28-day compressive strength percentage
loss for mixes containing coarse and fine RCA
3.2

Figure 3-2. Average 28-day compressive strength percentage
loss for mixes with coarse RCA.
The addition of fine RCA resulted in more significant
reductions with concrete compressive strength for mixes with
both coarse and fine RCA, as shown in Figure 3-3. The mortar
strength of concrete is dependent on the characteristics of the
fine aggregates. Differences in grading, shape, water
absorption and chemical properties will influence the strength
characteristics of concrete.

Figure 3-3. Average 28-day compressive strengths for C32/40,
C40/50 and C50/60 concrete mixes with coarse and fine RCA
additions

Flexural strength

Figure 3-5 demonstrates that the flexural strength of concrete
was affected by the addition of coarse RCA. The addition of
up to 40% coarse RCA to mix 5 did not have a significant
impact on the flexural strength of the C40/50 and C50/60
concrete, which is a similar trend for the compressive strength
results. The impact of coarse RCA additions was more
significant for the C32/40 concrete with a 17% reduction in
flexural strength at 30% and 40% RCA additions. This can
again be attributed to the lower cement content of this mix.
Figure 3-6 shows that there was no significant reduction in
flexural strength for the C40/50 and C50/60, mixes 6 and 7,
with 10% to 20% coarse and fine RCA additions. A
significant loss in flexural strength of 18% to 30% was
observed for 30% to 40% coarse and fine RCA additions, for
all concrete mixes.
It has been identified that the shape and texture of RCA can
contribute to improved flexural strength in concrete due to the
improved angular shape and texture when compared to virgin
aggregates [23]. In this research project the addition of coarse
RCA did not lead to increased flexural strengths although the
reduction in flexural strength was generally insignificant. The
addition of fine RCA was shown to have a more significant
impact on flexural strength. The strength of the concrete
mortar was reduced by adding fine RCA as shown with the
compressive strength results. This could have reduced the
aggregate and mortar interlock so reducing the flexural
strength of the concrete. The flexural strength of C32/40
concrete with coarse and fine RCA additions of up to 20%
was achieved without any significant reduction in flexural
strength for the C40/50 and C50/60 concrete mixes although
this was not the case for the C32/40 concrete mix, where a
19% loss in flexural strength was observed for 10% coarse
and fine RCA additions.
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Figure 3-5. Average 28-day flexural strength concrete mixes
containing coarse RCA

Figure 3-6. Average 28 day flexural strength concrete mixes
containing coarse and fine RCA
3.3

Concrete slump

This research has demonstrated that RCA additions will
significantly impact on the slump performance of concrete.
The target slump for these concrete mix designs was 180mm
for all mixes with a slump tolerance of ±30mm, as specified in
I.S. EN 206 [1]. As shown in Figure 3-7, mixes 4 and 5, with
30% and 40% coarse RCA additions, displayed significant
losses in the slump after 120 minutes for the three strength
grades. The addition of fine RCA with coarse RCA was found
to have a more significant impact on concrete workability. As
shown in Figure 3-8 significant initial slump losses and slump
losses after 120 minutes were observed for all mixes that were
tested. This would make these mixes unsuitable for use in
practice due to the low workability characteristics that would
be attributed.
The higher water absorption and increased surface microtexture of RCA, when compared to virgin aggregates, was
found to have a significant impact on concrete workability.
The findings of this research are consistent with literature that
was review with reductions in the slump of up to 30%
observed for mixes with 20% coarse and fine RCA additions
[6].
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Figure 3-7. Concrete slumps after 120 minutes for concrete
with coarse RCA additions

Figure 3-8. Concrete slumps after 120 minutes for concrete
with coarse and fine RCA additions
4

CONCLUSIONS

The findings of this research have demonstrated that selected
addition rates of RCA can be used in infrastructural grades of
concrete in Ireland without any significant impact on concrete
consistency and strength. RCA will influence the properties of
concrete such as slump, compressive strength, and flexural
strength. The addition of RCA to concrete should be
considered in two ways, using coarse RCA only and using
both coarse and fine RCA, due to the more significant impacts
that fine RCA has on the properties of concrete.
From the work carried out in this research project the
following conclusions can be made:
 Coarse and fine RCA can be manufactured to comply with
the requirements of I.S. EN 12620 [24] and SR 16 [25].
 The particle shape of RCA was found to be better than the
virgin aggregates, with an average flakiness index of 9
compared to 19 for the virgin aggregates. Adhered mortar
particles have also provided additional surface texture to
the RCA aggregates.
 The LAAV for the RCA used in this research was 32.6 and
the test is a good indicator of aggregate strength. The
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compressive and tensile strength tests achieved would
indicate that this aggregate is suitable for use in C32/40 to
C50/60 MPa concrete grades.
Results showed that as RCA additions increased the
compressive strength reduced for all strength grades
examined. Coarse RCA additions of 20% were achieved
for the C32/40 mix without any significant reduction in
compressive strength. Coarse RCA additions of 40% for
the C40/50 and C50/60 concrete were achieved without
any significant reduction in compressive strength.
The addition of fine RCA has a significant impact on
concrete compressive strength although additions of up to
10% coarse and 10% fine RCA were achieved with an
average loss in 28-day strength of 8%. This magnitude of
strength reduction would make the addition of 10% coarse
and 10% fine RCA viable for the three concrete strength
grades that were examined.
The addition of up to 40% coarse RCA does not have a
significant impact on flexural strength which is attributed
to the shape and texture of coarse RCA when compared to
the virgin aggregates
The results showed that the flexural strength of concrete is
significantly impacted for fine and coarse RCA additions
of 30% to 40%
The addition of RCA, and in particular fine RCA, will
have an impact on the concrete slump. The results showed
that slump retention after 120 minutes was acceptable for
20% coarse RCA and 10% coarse and fine RCA. As
discussed, the concrete slump is significantly affected by
the addition of RCA.
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This paper illustrates the usage of crumb rubber as a recycled aggregate in concrete. However, this will lead to a lower concrete
compressive strength primarily due to its much lower stiffness. Indeed, under stress, the rubber deforms, re-distributing the load
to the cement paste, which fails prematurely. In addition to conventional methods of increasing concrete compressive strength,
such as lowering the water cement ratio through the addition of a superplasticiser or enhancing the binder effectiveness with the
addition of silica fume, this paper will focus on some of the pre-treatment methods on crumb rubber that can help mitigate this
loss of strength. These include: Aging and stiffening crumb rubber via exposing it to ultra-violet light to enhance its surface
roughness characteristics; Pre-treating crumb rubber via soaking in sulphuric acid to develop a very stiff surface layer. By
increasing the rubber’s stiffness, it is anticipated that its load share will increase, thereby improving the crumb rubber concrete’s
compressive strength and allowing a larger dosage replacement of normal aggregate without significant strength loss. In summary,
identifying whether or not multiple pre-treating of the crumb rubber aggregates is successful in avoiding a substantial loss in
strength due to its inclusion in concrete is the primary objective of this paper.
KEYWORDS: Sustainable concrete; Recycled aggregates; Crumb rubber treatment.
1

INTRODUCTION

In the manufacture of cement, aggregate and ultimately
concrete, extraction, production and transport cause the
emission of substantial amounts of carbon dioxide.
Furthermore, the growing demand for concrete in line with
population and economic growth is a significant threat to the
environment and the sustainability of earth’s resources into the
future. To help improve concrete’s sustainability, the
increasing utilisation of recycled materials in concrete is
desirable, but can compromise the concrete strength and
durability. This can be ameliorated through selected pretreatment methods for these components to compensate for the
natural strength losses arising from their inclusion.
In this context, about 1.4 billion tyres are sold each year and
they fall into the waste category after the end of the tyre's life.
Regardless of the life span of the tyres, it is estimated that every
year almost 1 billion tyres end their service life of which more
than 50% are dumped in landfills without any treatment.
Numbers are increasing because of growing vehicle ownership
and traffic worldwide [1]. Studies have been undertaken to
develop techniques that combine concrete technology with
waste crumb rubber disposal [2]. Concrete’s limiting
properties, such as the capacity to absorb energy, can be
enhanced by aggregating rubber to increase concrete’s impact
resistance. Research was carried out on the application of
crumb rubber in concrete where waste tyre rubber is added to
concrete as a substitute for coarse aggregate or sand. The
studies revealed that the addition of crumb rubber to concrete
could improve the elastic behaviour and sound insulation, but
significantly reduced the compressive strength depending on
the dosage rate [3-4]. Nevertheless, suggestions were made on
how to control the loss of strength; it might be minimized, for
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example, by a prior surface treatment to the rubber particles to
be used in the concrete [4].
2

LITERATURE REVIEW
Workability

The workability of fresh rubberised concrete, defined as the
state in which concrete can be mixed, transported and placed
easily, is affected by the interactions of the tyre particles and
mineral aggregates. In the Khaloo et al. [5] study, they
categorized crumb rubber replacement into three labelling
categories:
 C: course aggregates
 F: fine aggregates
 CF: course and fine aggregates
They concluded that the slump for the C mixes decreases
from, for example, 50mm to a minimum value of 20 mm with
rubberized aggregate concentrations of 15%. On the other
hand, the slump for otherwise similar F mixes increases with
rubberized aggregate concentrations of 15% and reached a
value of 75 mm, while in CF mixes the slump decreased below
30 mm with a 50% rubberized aggregate concentration. They
stated that: "A mixture made with fine ground rubber is more
workable than that with coarse tyre chips". Moreover, Zheng et
al. [6] also experienced a slump decrease with an increase in
rubber content. Their average slump is reported to have
decreased from 140 mm to 80 mm with concrete containing
different percentages of crumb rubber aggregates.
Despite that, Su et al. [7] observed the opposite regarding the
relationship between crumb rubber particle size and slump
decrease, which they attributed to the results of a density test
for fresh concrete where a clear reduction in the concrete fresh
density was observed irrespective of the rubber particle size.

CERI-ITRN2018

Thomas and Gupta [1] also observed that the density of
concrete, as shown in Table 1, decreased with increasing
percentages of tyre-rubber. This is due to the lower specific
gravity of tyre-rubber which has a relative density value of
about 0.9 compared to about 2.7 for normal aggregates.
Table 1: Density decreased with increasing percentages
of tyre-rubber [1]

Figure 1: 90-day hardened-state shrinkage of the concrete
mixes [13]

Compressive strength
Using rubber in concrete can lead to a lower concrete
compressive strength [8]. This reduction in strength is caused
by the hydrophobic nature of the rubber material and the
stiffness/strength difference between rubber particles and
cement paste. The hydrophobic nature leads to the imperfect
bonding between the crumb rubber aggregate and cement paste
where interfacial cracks can easily be generated under external
load [9-11].
The compressive strength reduces consistently as the
percentage of rubber increases regardless of the w/c ratio and
curing period [12]. Furthermore, Bravo and de Brito [13]
concluded that the loss of strength of rubberized concrete is
greater by a smaller margin, when fine aggregate is replaced
rather than coarse aggregate, a fact confirmed by Valadares
[14]. Furthermore, Reda Taha et al. [15], in their
microstructural investigation on rubberized concrete,
concluded that the reduction of strength might be attributed to
the behaviour of the tyre rubber particles as a weak flexible
aggregate, instead of the reduction of bond between rubber
particles and cement paste.
Shrinkage
Rubberised concrete mixes have higher shrinkage than concrete
with natural aggregates. The increase is due to the usage of
rubber and is mostly caused by higher w/c ratios as the
replacement ratio of natural aggregates by rubber goes up, and
because of the rubber’s lower capacity to restrict shrinkage of
the cement paste due to its low E value. Figure 1 shows that this
increase is not linear yet there is a general trend [13].

oxidation, generate free radicals in the presence of air which
can cross-link polymer chains, thereby raising stiffness and
reducing toughness. Furthermore, the presence of free radical
species, polar groups, and dangling bonds, together acting with
the changes in surface free energy, is thought to be the reason
why UV exposure is effective in also improving adhesive
bonding to such surfaces [16-18]. SEM fractography (Figure
2) exposes changes in the degree of cement debris on the
surface of the rubber particles. Furthermore, poor adhesion
(hence poor surface coating) might be predicted to affect the
structure of the interface region. Therefore, the existence of
interfacial voids would be expected to reduce as the bonding
improved. The microstructural analysis detected visible
differences in the fraction of remaining cement debris on
exposed rubber particles. This is evidence of a tighter rubber to
cement contact with the UV treated specimens. Finally, they
concluded that using a UV based pre-treatment on the rubber
crumb has been shown to reduce these strength losses [17, 18].
Sodium hydroxide crumb rubber treatment
Li et al. [19] suggest that chemical surface treatment does not
work well for coarse crumb rubber, although it works better on
fine crumb rubber, which is due to its large surface area that
insures more surface contact and more exterior chemical
reactions. Furthermore, another report stated that prior
treatment of rubber with sodium hydroxide (NaOH) did not
produce significant changes on compressive strength and
splitting tensile strength, when compared to the untreated
rubber [20]. Moreover, Segre and Joekes [21], in their study,
surface treated the rubber particles with saturated NaOH for 20
min before using them. They concluded that rubber particles
thus treated exhibit better cohesion with the cement paste;
however, this worked in finer crumb rubber particles more
effectively than coarse particles regarding minimizing of the
compressive strength reductions, understandably.

Ultraviolet light crumb rubber treatment
The effect of ultraviolet light rays (UV) on polymers is
recognised [16] where UV light can modify the surface of
polymers through a range of mechanisms. Some, like photo

Sulfuric Acid crumb rubber treatment
The treatment of rubber with sulfuric acid produces a
noticeable decrease in contact angle which was mainly ascribed
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to an increase in surface energy due to the formation of sulfonic
acid moieties and C˭O bonds, and the removal of zinc stearate.

3

EXPERIMENTAL DETAILS
Safety

A safety statement was compiled at the beginning, which
includes all safety measurements regarding varied hazardous
materials usage and handling.
Materials
3.2.1

Cement

A CEM II A-L cement was used in all of the experimental
program, with an average compression strength of 32.5 MPa at
28 days, when tested in accordance with I.S.EN 196-1.
3.2.2

Aggregates

Crumb rubber was used with a 100% replacement for the 20mm
and 10mm limestone aggregates. Only normal limestone
aggregates are used in the reference mix.
3.2.3
Figure 2: SEM fractography of representative specimens, all
showing particulate matter (lighter spots) on embedded rubber
particles. (a) (no UV) and (b) (60 hrs of UV) [17]

A UV type A source, with a total of 11 light tubes fixed in a 2m
X 2m wooden isolated frame was used.
3.2.4

Moreover, the rubber surface swelled and became
brittle and, when flexed, microcracks were created. Also, a
rubber surface layer modification was produced with a
consequent decrease in tensile strength. The treatment
enhanced the strength of the rubber/polyurethane adhesive
joints. The optimum immersion time in the H2SO4 solution was
less than 1 minute, and the reaction time in air was not found to
be critical; the subsequent neutralization, with ammonium
hydroxide, of the high concentration of the sulphuric acid
(95%) was essential to produce adequate effectiveness of the
treatment [22]. Cepeda-Jiménez et al. [23] in their work with
rubber treatment with sulfuric acid illustrated that this
treatment modifies the surface chemistry of the rubber giving
rise to a noticeable improvement in wettability and some cracks
(depending on the styrene content in the rubber) are created on
the surface. The treatment affects not only the surface, but the
bulk rubber, producing a noticeable decrease in tensile strength
without a significant loss in elongation-at-break. The treatment
with sulphuric acid increases the immediate and final adhesion
of the adhesive joints [23]. The treatment of rubbers with
sulfuric acid is carried out following different repeated steps:
(1) Immersion of the rubber in concentrated sulphuric acid; (2)
Removal of the rubber from the sulphuric acid and allowed to
continue to react in air for 1 minute; (3) Neutralization using
hot distilled water and/or ammonium hydroxide (15 wt. %),
followed by exhaustive washing with distilled water (the
neutralization is to be carried out until a pH of 7 was obtained
in the washing water); (4) Drying off the treated rubber [2223].
The objective of this research was to investigate the
separate and combined effects of the UV and sulphuric acid
treatments on crumb rubber course aggregate concrete as a
special case in designing a 100% recycled concrete [24].
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Ultraviolet light

Sulphuric acid

20 litres of 95% concentrated sulfuric acid was used to pre-soak
the crumb rubber before washing in distilled water.
Concrete mixes
A reference mix, C28/35, is designed as an S3 slump class
concrete and is prepared with a water-to-cement ratio (W/C) of
0.47 to compare with rubber mixes in term of workability,
density, elastic modulus and strength. Table 2 shows the
constituents of all mixes. Two different batches are made for
each mix to create two sets of data for slump, density and
strengths for quality control to make sure that both batches are
similar.
Tests
3.4.1

Crumb rubber aggregate stiffness

A California Bearing Ratio (CBR) test is conducted in which
the plunger is set to move by 20mm from which a force - strain
curve can be drawn for the raw crumb rubber alone before and
after treatment.
Specimens casting and curing
For each pour, a total of 15 cylinders and 4 cubes are cast. The
cubes are included to ensure that the two batches match in terms
of 28 days compressive strength. Five cylinders will be tested
respectively on 7, 28 and 56 days for strength and elastic
modulus. The concrete mixing matrix is illustrated in Table 2.
All strength tests comply with I.S. EN 12390.
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SACRC

3.5.1

UV Treated
Crumb Rubber
Aggregates

Sulphuric acid
Treated Crumb
Rubber
Aggregates

Notes

UVCRC

Crumb rubber
Aggregates

Cubes

CRC

Reference
concrete Mix

Cylinders

RC

This procedure is repeated for 15 days, amounting to a total
time of 120 hours. All necessary safety procedures regarding
handling ultraviolet light were followed.

Batch

Mix

Table 2: Concrete mix matrix

1

10

2

2

5

2

Targeting 35 MPa of
strength.
Grade 35 C28/35

1

10

2

2

5

2

1

10

2

2

5

2

1

10

2

2

5

2

100% crumb rubber
replacement

100% surface treated
crumb rubber with
UV light for 120
hours

100% treated crumb
rubber with 95%
concentrated
sulphuric acid

Fresh concrete

Fresh density and slump workability were measured complying
with IS EN 12350: 2000.

Sulphuric acid treatment
Crumb rubber was soaked for 1 hour at 95% concentrated
sulphuric acid, during which the crumb rubber was agitated.
Next, the crumb rubber was dried in plastic containers for 24
hours. After that, the crumb rubber was rinsed with water until
there was no trace of the sulphuric acid in the washing water. It
was then left to dry for one week before being used in the
rubberized concrete mix.
5

RESULTS AND DISCUSSION
Crumb rubber aggregate stiffness

A sample of 3 random batches of un-treated crumb rubber was
prepared and then CBR tested. Another sample of UV treated
rubber is also batched and tested. The plunger is set to move 1
mm every 1 minute for 20 mm distance and a plot of force
against strain is produced. Figure 3a represents all 6 samples,
from which it is marginally the case that all UV treated samples
are stiffer than un-treated rubber sample. This is most likely
because of the limitations of the UV light treatment, as it is only
affecting the surface and not penetrating to the core of the
rubber particle. On the other hand, Figure 4b demonstrates the
three sulfuric acid treated crumb rubber samples. Here it is very
clear that sulfuric acid has a significant impact on crumb rubber
stiffness.
Fresh concrete tests

3.5.2

Compressive strengths

The compressive strength of concrete is tested using a Zwick
compression testing machine. The loading rate is 200 kN/min.
The compressive strength of the hardened concrete is
determined at the ages of 7, 28 and 56 days complying with IS
EN 12390: 2000.
3.5.3

Modulus of elasticity

The elastic modulus of the hardened concrete is determined at
the ages of 7, 28 and 56 days complying with IS EN 12390:
2000.
4

CRUMB RUBBER TREATMENT
Ultraviolet light treatment

Crumb rubber was sieved similar to a normal aggregate on 20
mm and 10 mm sieves, to create the exact same aggregate size
and volume as the normal aggregates used in the reference mix.
After sieving, the crumb rubber is placed on the floor and
exposed to the ultraviolet light contained in a box designed for
this purpose. During each day the covered light box is lifted,
the crumb rubber is mixed, the light box is brought back on top
of the rubber. The ultraviolet light is kept on for 8 hours. There
was no elevated heat level that would cause the rubber to melt.

Slump and density tests were conducted for all concrete mixes.
The reference mix was designed for an S3 slump. Table 3
displays the change in density and slump corresponding with
the crumb rubber treatment method. For the first crumb rubber
concrete mix (CRC), crumb rubber is not treated thus it still has
its original tyre characteristics. Furthermore, CRC mixes are
lighter than RC, so therefore the rheological yield value is only
exceeded under a lower hydraulic stress and that is why the
slump is lower. On the other hand, the UV-treated crumb
rubber mix has a greater slump, probably due to the effect of
the surface treatment. Even though the surface shows cracks
over all it has become smother. Finally, the sulphuric acid
treated crumb rubber mix (SA-CRC) shows a significant level
of workability and a notable rise in density compared to the untreated mix. At this level of treatment, crumb rubber has lost all
of its angular edges and its surface has become very smooth.
Compressive strengths
The reference mix has a 35 MPa strength after 28 days. The
un-treated rubber mix acted as expected with an average
compressive strength of 3 MPa after 28 days, which is due

Figure 3: CBR results on treated and untreated crumb rubber
with (a) UV light and (b) sulfuric acid
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Figure 4: Rubberized concrete compressive strength, UVRubber:
9.00Ultraviolet treated crumb rubber, Rubber: Untreated crumb rubber, SA-Rubber: Sulfuric acid treated
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partly to the poor adhesion between the crumb rubber
aggregates and the cement paste but mostly because of the high
elasticity of the crumb rubber aggregates. When the crumb
rubber aggregates were treated with UV, as mentioned before,
it mainly affected the surface of the rubber. That created a better
bond with the cement paste, yet still the bond alone was not
enough because Figure 3a shows that there was only a slight
improvement in the stiffness. Thus the UV treated crumb
rubber contributed little to increasing the strength, with an
average compressive strength of 3.3 MPa after 28 days, that is,
within experimental error of the previous result. Alternatively,
the sulphuric acid treated crumb rubber aggregate mix showed
a notable increase in strength and stiffness. As after 28 days the
average compressive strength 5.7 MPa (Figure 4). This is due
to the higher level of stiffness of sulphuric acid treated rubber
aggregates (as in Figure 3b) and better cohesion between
cement paste and rubber aggregates.
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Table 3: Density and slump for all concrete mixes

RC
CRC
UV-CRC
SA-CRC

Density
Batch 1
Batch 2
2380
2375
kg/m3
kg/m3
1585
1640
kg/m3
kg/m3
1695
1680
kg/m3
kg/m3
1800
1845
kg/m3
kg/m3

Slump
Batch 1
Batch 2
145 mm 150 mm
60 mm

65 mm

160 mm

155 mm

190 mm

195 mm

Modulus of elasticity
The reference mix elastic modulus after 28 days was 30 GPa.
The elastic modulus results of treated mixes are represented in
Table 4. The un-treated rubber mix shows a decreasing elastic
modulus trend which is due to the aggregate’s low stiffness –
aggregates play a large part in modulus determination.
Furthermore, cylinders prior to testing exhibited surface micro
cracks after 28 days of curing due possibly to poor shrinkage
resistance of the crumb rubber concrete. Despite that,
ultraviolet treated rubber mix does not exhibit any kind of
surface cracks. The most significant result is the positive
influence of sulphuric acid treated rubber mix.
Table 4: Modulus of elasticity for CRC: Un-treated crumb
rubber, UV-CRC: Ultraviolet treated crumb rubber and SARubber: Sulfuric acid treated crumb rubber
Mix
CRC
UV-CRC
SA-CRC

7 days
4.0 GPa
1.9 GPa
5.0 GPa

28 days
1.8 GPa
3.0 GPa
5.7 GPa

56 days
1.3 GPa
3.3 GPa
-
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6

CONCLUSIONS

[9]

The following conclusions may be drawn:
[10]



When replacing normal aggregates with a 100%
crumb rubber aggregates, a given weight of the
aggregates would produce a greater volume than
anticipated, so batching should be done by volume.
 The untreated rubber concrete mix is less workable
due to the characteristics of crumb rubber such as
surface bond and water repellency, but also because it
is lighter.
 Ultraviolet treatment mainly affects the surface of the
rubber causing a smoother surface with more small
cracks in the surface of the rubber. The crakes help in
having a greater bond with cement paste and the
smoother surface increases workability.
 Sulphuric acid treatment significantly enhances the
crumb rubber stiffness and it contributed in
eliminating all the angularity in the crumb rubber
aggregates making them surface smoother than the
ones treated with the ultraviolet light.
 Both ultraviolet and Sulfuric acid treatments
positively impacted the behavior of rubber aggregates
in the concrete matrix, the former significantly. Both
treatment methods helped in regaining the concrete
workability.
 Ultraviolet light crumb rubber treatment marginally
increased the strength of concrete. However, sulfuric
acid treatment significantly has a measurable effect in
increasing the strength of concrete.
Further testing is in place to determine partial crumb rubber
concrete with combined pre-treatments.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
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One sustainable solution for disposing of the vast amount of construction waste debris is to recycle it as an aggregate in concrete.
The process of crushing waste concrete to add to a new concrete mix is not uncommon. However, the 100% replacement of
recycled aggregates is known to have a noticeable adverse effect on compressive strength and workability. If the w/c ratio is
adjusted to maintain workability, then it is expected that the compressive strength of the recycled aggregates will be even lower
still. It is the aim of this paper to examine a pre-treatment method for recycled aggregates with the aim of improving concretes
strength and workability. This is achieved through altering the surface porosity, absorptivity and density of the recycled concrete
aggregates by pre-coating them in a minimum content of silica fume. The purpose of this work is to investigate this hypothesis
and to analyse the efficacy of the proposed treatment method by examining the outcomes of this experimental research.

KEY WORDS: Recycled aggregate, micro silica fume, sustainable concrete
1

INTRODUCTION

According to the European Union, in 2014 the amount of waste
generated was over 2.6 billion tonnes. Figure 1 illustrates that
33.5% (871 million tonnes) of that waste is from construction
and demolition activities [1]. However, one sustainable
solution for this vast amount of waste debris is to recycle it as
aggregate in new concrete. The process of crushing waste
concrete for producing aggregates to add in a new concrete mix
is relatively common, thereby achieving a more environmentfriendly concrete [2].

(RAC) must be enhanced for it to work effectively in loadbearing structures [4].
2

LITERATURE REVIEW

2.1 Fresh concrete
When using RA in concrete, more water is typically needed to
achieve similar workability to that of normal concrete and that
is due to higher absorption capacity of the RA which can be
related to the presence of attached porous cement hydrates on
the RA. Moreover, if the RA content increases in the concrete
mix, the workability reduces especially at lower w/c ratios [5].
No significant effect on the air content was found in concrete
with up to 25% replacements [5]. In addition, in Bravo et al.
[6], research into the workability of fresh concrete concluded
that to keep the slump constant, it was necessary to increase the
w/c ratio as the replacement ratio with RA increased.
2.2 Recycled aggregate effect on concrete properties

Figure 1: Total amount of waste generated in the
European [1]
Waste concrete can be crushed into either fine or coarse
aggregates. In this research the study is confined to coarse
aggregates.
Recycled aggregate (RA) is composed of adhered mortar
and original coarse aggregates. In comparison with normal
aggregates (NA), recycled aggregates (RA) have a higher water
absorption ratio but a lower specific gravity due to the surface
coating of porous cement paste. Also, the 10% fines crushing
values and the Los Angeles abrasion percentages are much
lower [3]. Thus, the properties of recycled aggregate concrete
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Replacing NA with RA has been found to affect the hardened
concrete properties. Yehia et al. [5] stated some of the
properties that are affected by the replacement of NA with RA
include durability, compressive strength, flexural strength,
modulus of elasticity, split tensile strength, specific gravity,
shrinkage and creep. Moreover, they tested and evaluated the
RA aggregates compared to NA and the values obtained are
illustrated in Table 1. The results confirmed that RA has a
higher absorption capacity, abrasion loss, crushing value and
soundness loss.
RAC consists of three phases: the aggregate phase,
mortar phase and the interfacial transition zones between the
coarse aggregate, the new cement matrix and the adhered
mortar as another matrix. Figures 2 a and b display the drawings
showing the difference between two concrete mixes, with and
without RAC [7].
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Table 1: Summary of typical tests results: Virgin and
recycled aggregate properties [5]
Property
Absorption
Specific gravity
Crushing value
LA abrasion
Sodium sulphate
soundness

NA
1-2.5%
2.4-2.7
15-20%
15-30%
7-21%

RA
1-8.5%
2-2.4
20-35%
25-65%
5-3.6%

Figure 2: Difference between matrixes of (a) natural aggregate
concrete and (b) recycle aggregate concrete [7].

2.3 Compressive strength
Replacing 50 to 100% of NA with RA was found to decrease
the concrete’s compressive strength by 5 to 25%. Still, it was
found that up to 30% NA can be substituted with coarse RA
without any significant effects on concrete strength. Strength
gain for RAC is lower than normal aggregate concrete (NAC)
for the first 7 days [5]. Rahal [2] illustrated that concrete with
100% replacement of recycled coarse aggregates and a lower
w/c ratio than normal concrete may have a higher compressive
strength than the original, yet it is less workable. However, if
the w/c ratio is adjusted to maintain workability then it is
expected that the compressive strength of the RAC will be
lower; as a rule of thumb, there is a 10% decrease in strength
when recycled aggregates are used compared to that of NA
concrete [8,9].
2.4 Modulus of elasticity
The modulus of elasticity is an important mechanical property
which indicates the stiffness of concrete. Specifically, the
aggregate’s porosity and density determine the stiffness of the
bulk matrix. The RA content has been found to have a
noticeable effect on the modulus of elasticity of the concrete
due to its porous nature, low density and weak bond between
the old interfacial transition zone (ITZ) and new ITZ due to the
presence of more capillary voids and cracks [6, 10].
Furthermore, the modulus of elasticity in some cases is reduced
by 45% compared to NA concrete. Moreover, this percentage
of reduction in the modulus of elasticity differs based on the
percentage of RA replacement. For example, a 45% reduction
was found at 100% replacement of NA with RA, while up to
15% reduction was observed at 30% replacement of NA with
RA [5, 11].

2.5 Density of recycled aggregate
Density is predicted to be lower in concrete mixes with RA as
a replacement for NA. In Figueiredo’s study, as cited in Matias
et al. [12], he concluded that the RA’s density is predicted to
be lower than that of the NA, since the cement paste in the RA
has a lower density than that of the NA. Therefore, adhered
mortar is responsible for lowering the RAC density, especially
when increasing the amount of RA. Also, it was concluded that
the use of RA thus causes a decrease in concrete’s density,
which reached values between 4.7% and 7.7% for full
replacement of RA [6, 12-13].
2.6 Water absorption of recycled aggregate
RA has a high porosity of mortar, which influences the water
absorption rate. Furthermore, a high absorption volume of the
RA means that it needs more water than NA for it to obtain the
same workability of a concrete mix. Therefore, to produce a
RAC similar to normal concrete it is highly recommended to
know the RA potential absorption over time, so that it will be
reflected in the free w/c ratio. However, pre-saturation of the
RA will negatively affect the mechanical properties of the
concrete. Nevertheless, adding extra mixing water is a better
solution to offset the high water absorption [14, 15].

2.7 Altering the water/cement ratio
The drop in compressive strength in RA concrete can be
compensated for by altering the water/cement (w/c) ratio.
Figure 3 displays the relationship between the compressive
strength of the RAC and control concrete sample of three
experimental phases of 28, 180 and 360 days of age and the
effect of the w/c ratio on them. The results indicate that there
are no momentous changes compared to the control mix when
using 20% RA. Yet, when the substitution of the aggregates is
100%, there is a significant loss of compressive strength. So, it
is necessary to reduce the w/c ratio to ensure similar levels of
strength [16].
The objective of this research was to investigate RA pretreatment with micro silica fume as a special case in designing
a 100% recycled concrete [17].
3

EXPERIMENTAL DETAILS

3.1 Materials
3.1.1
Cement
A CEM II A-L cement was used in the experimental program,
with a nominal compression strength of 32.5 MPa at 28 days
when tested in accordance with I.S.EN 196-1.
3.1.2
Aggregates
All virgin limestone and recycled aggregate (from limestone
aggregate parent concrete) are sieved in two sizes, 20 mm and
10 mm to use as coarse aggregates.
3.1.3
Micro silica fume
Micro silica is a mineral admixture composed of very fine solid
glassy spheres of silicon dioxide. Most micro silica particles are
less than 1 micron in size.
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3.2 Concrete mixes

(a)

The reference mix C25/30 is designed at an S3 slump class and
is prepared with a water-to-cement ratio (W/C) of 0.47 and will
be compared with 100% recycled aggregate mixes in term of
workability, density, elastic modules and strength. Table 2
shows all mixes in which two different batches for each mix are
batched for quality control.

Cylinders

Cubes

Notes

1

10

2

2

5

2

Targeting
35
MPa of strength.
Grade
35
C28/35

1

10

2

2

5

2

1

10

2

2

5

2

Micro silica fume
pre-treated 35MPa
recycled
aggregates

1

10

2

2

5

2

Micro silica fume
pre-treated 50MPa
recycled
aggregates

1

10

2

2

5

2

Mix

Batch

Table 2: Concrete mix matrix

RC

35-RAC

(b)

50-RAC

T35RAC

T50RAC

Reference
concrete mix

35MPaRecycled
aggregates

50MPa Recycled
aggregates

100% 35 MPa
recycled
aggregates
replacement
100% 50 MPa
recycled
aggregates
replacement
100%
treated
recycled
aggregates with
micro
silica
fume

100%
treated
recycled
aggregates with
micro
silica
fume

(c)
3.3 Micro silica treatment
Recycled aggregates are batched and left to dry for 2 weeks
before mixing. After that an amount of micro silica paste is
prepared based on the porosity of the aggregates test (Table 3).
It is prepared with a 0.79 ratio of water to micro silica, then
mixed with the recycled aggregates in the mixer and left for 20
minutes before adding the other constituents.
3.4 Specimens casting and curing
For each pour, a total of 15 cylinders and 4 cubes were cast.
The cubes were included to ensure that the two batches match
in terms of 28-day compressive strength. Five cylinders were
tested respectively on 7, 28 and 56 days for strength and elastic
modulus complying with I.S. EN 12390
Figure 3: The relationship between compressive strength
and water/cement ratio of different degrees of substitution
after 28 days (a), 180 days (b) and 365 days (c) [16]
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3.5 Specimens casting and curing
For each pour, a total of 15 cylinders and 4 cubes were cast.
The cubes were included to ensure that the two batches match
in terms of 28-day compressive strength. Five cylinders were
tested respectively on 7, 28 and 56 days for strength and elastic
modulus complying with I.S. EN 12390.

0

10mm

a

b

3.6 Tests
3.6.1 Recycled aggregate stiffness
A California Bearing Ratio (CBR) test was conducted in which
the plunger is set to move by 20mm from which a force
displacement curve can be drawn for the RA concrete before
and after treatment.
3.6.2 Fresh concrete
Fresh density and slump workability were measured complying
with IS EN 12350: 2000.
3.6.3 Compressive strengths
The compressive strength of concrete was tested using a Zwick
test machine. The loading rate is 200 kN/min. Two different
RA types are used – for parent concrete of characteristic
strength 35 and 50MPa.
3.6.4 Modulus of elasticity
The elastic modulus of the hardened concrete was determined
at the ages of 7, 28 and 56 days complying with IS EN 12390:
2000.

10

0

20 mm

Figure 4 Recycled aggregate, a: normal aggregate,
3.6.5 Porosity of aggregates
Porosity of aggregate was calculated with regarding to
BS1377-2:7 standard for bulk and dry density.
4

b: Cement paste
Recycled aggregates were found to be more porous, which is
more notable for the 35 MPa aggregates than the 50 MPa
recycled aggregates (Figure 5).

RESULTS AND DISCUSSION

4.1 Porosity test
A porosity test was conducted on all coarse aggregates. Table
3 displays porosity percentage in each category. The recycled
aggregates were found to be more porous than normal
aggregates, as expected, due to the nature of the recycled
aggregate, where it consists of normal aggregates and cement
paste/mortar, as shown in Figure 4. However, after pre- treating
the aggregate with micro silica fume, there was a measurable
decrease in porosity.

0

5 mm

Table 3 Porosity test of NA: normal aggregates, RA: recycled
aggregates and TRA: treated aggregates with micro silica
fume

NA

10
mm
5%

20
mm
4%

RA-35MPa

18%

15%

RA-50MPa

17%

14%

TRA-35MPa

15%

12%

TRA-50MPa

16%

13%

Aggregate

Figure 5: Pores on a 35MPa recycled aggregate
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4.2 CBR test

4.3 Fresh concrete tests

A sample of 3 random batches of 35 MPa recycled concrete
aggregate was prepared and then CBR tested. Another sample
of 50 MPa recycled is also batched and tested. The plunger is
set to move 1 mm every 1 minute for 20 mm distance and a plot
of force against strain is produced. Figure 6 (a) shows all 6
samples of recycled aggregate before treatment. Moreover,
Figure 6 (b) shows another 6 samples after mixing them with
silica fume. The amount of silica fume was calculated based on
the porosity of each category. The results show that silica fume
is contributing in strengthening the 35 MPa recycled aggregate.
Nevertheless, silica fume has a marginal effect on the 50 MPa
recycled aggregate. Considering that 35 MPa recycled
aggregates has slightly more pores than the 50 MPa recycled
aggregates, also leads to a change in aggregate strength.

Slump and density tests were conducted for all concrete mixes.
The reference mix was designed for an S3 slump. It is expected
that the recycled aggregates will be less workable, even though
they are in a saturated and surface dry condition. The decrease
in workability could be related to the capillary pores size, as
they are slightly bigger and more notable on the 35MPa
aggregates then in the 50MPa aggregates. However, after
treating both aggregate segments with micro silica fume the
35MPa regained a significant amount of the workability as
indicated in Table 4.
Table 4: Density and slump results for RC: reference concrete
mix, RAC: recycled concrete mixes, T-RAC: treated with
micro silica fume recycled aggregates concrete mix
Mix

70000

RC
RA-50MPa

(a)
(a

60000

RA-50MPa

50000

Force in N

RA-50MPA

40000
30000

RA-35MPa
RA-35MPa

20000

0
0.00

5.00

10.00

15.00

20.00

Nominal strain in mm
80000
70000

(b)

60000

RA-35MPa
50000

25 mm

25 mm

60 mm

65 mm

50 mm

50 mm

75 mm

85mm

The reference mix has a 30 MPa strength after 28 days. It is
expected for the concrete cast with the 100% replacement of
normal aggregates with the recycled aggregates to have a lower
compressive strength. Pre-treating the recycled aggregates with
micro silica fume, was found to increase the concrete strength.
As shown in Figure 7, the 35 MPa recycled aggregate concretes
show better improvement with the pretreatment. This may be
due to the fact that the size and quantity of the capillary pores
in the recycled aggregate are absorbing the micro silica fume
paste into the aggregate.

RA-35MPa

Force in N

30000

Slump
Batch 1
Batch 2
145 mm 150 mm

4.4 Compressive strengths

10000

40000

RAC35MPa
RAC50MPa
T-RAC35MPa
RAC50MPa

Density
Batch 1
Batch 2
2380
2375
kg/m3
kg/m3
2263
2282
kg/m3
kg/m3
2131
2188
kg/m3
kg/m3
2263
2244
kg/m3
kg/m3
2206
2225
kg/m3
kg/m3

RA-35MPa

4.5 Modulus of elasticity

RA-50MPa

The reference mix elastic modules after 28 days is 30 GPa. The
elastic modulus results of treated mixes are represented in
Table 5. The average elastic modulus did increase after the
recycled aggregate pre-treatment with the micro silica fume.
That is a strong indication that micro silica fume is improving
the aggregates mechanical properties in concrete.

RA-50MPa

20000

RA-50MPa

10000
0
0.00

5.00

10.00

15.00

Nominal strain in mm

20.00

Table 5: Average elastic modulus after 28 days
Mix

Figure 6 (a): CBR test for 35MPa aggregates and 50MPa
aggregates. (b):CBR test for 35MPa aggregates and 50MPa
aggregates after coating with silica fume
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RC
RAC 35 MPa
RAC 50 MPa
T-RAC 35 MPa
T- RAC 50 MPa

28 days
30 GPa
26 GPa
28 GPa
29 GPa
32 GPa
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ABSTRACT: Precast concrete element exports are growing in importance in Ireland’s concrete industry and with the increased
global focus on reducing carbon emissions, the industry is exploring more sustainable alternatives such as using ground granulated
blast-furnace slag (GGBS) as a partial replacement of Portland cement. It is well established that GGBS, with low early age
strength development, has limited use in precast manufacturing due to the need for early de-moulding, cutting of pre-stressed
strands and lifting. In this dichotomy, the effects of temperature and admixture are explored to try to achieve the required very
early age strength. Testing of the strength of mortars is mandated in the European cement standard, so here with 0, 30, 50, 70%
GGBS, with three admixture conditions (none, conventional accelerator, novel accelerator) and two early age curing temperature
conditions (20°C and 35°C), standard mortar strengths are measured at six ages (16 hours, 1, 2, 3, 7, 28 days). The present paper
will describe the effort towards developing maturity curves to aid in understanding the effect of these accelerating admixtures on
slag cement mortars, allowing prediction of their strength with time and temperature. This study is of particular importance to the
precast industry where concrete temperature can be controlled. For the climatic conditions in Ireland, heating of precast beds for
long hours will amount to an additional cost and also contribute to the carbon footprint of the products. When transitioned from
mortar to concrete, these maturity curves are expected to play a vital role in predicting the strength of the GGBS concrete at a very
early age prior to demoulding.
KEY WORDS: GGBS; Mortar; Precast concrete; Early age strength; Accelerating admixture; Maturity
1
INTRODUCTION
Ground granulated blast furnace slag (GGBS) is a by-product
of steel production and over the last two decades has
established itself as one of the most widely used supplementary
cementitious materials in the concrete industry. Along with
having a lower carbon footprint, the use of GGBS in concrete
has technical advantages over the use of ordinary Portland
cement including better albedo, particle packing, low heat of
hydration and many aspects of durability [1]. One of the
obstacles standing between GGBS and its penetration into all
sectors of the concrete industry is its slow strength
development. Specifically, the precast concrete industry has
been reluctant to work with GGBS because the industry’s high
productivity is linked with how early its products can be deshuttered and how early the strands can be cut in the case of
pre-tensioned pre-stressed concrete [2]. The value of precast
concrete exports from Ireland to the United Kingdom have
increased from very little in 2006 to €134M in 2017 and
therefore improvements in sustainability and performance are
vital in order to remain competitive [3].
Attempts to increase the early age strength performance of
GGBS-containing concrete involve the same methods that
would be used without GGBS; better thermal curing, the use of
accelerating admixtures, finer cementitious materials, lower
water/cement ratios, or a combination thereof.
Precast concrete factories often have heated production beds
which are used to increase the temperature of the concrete at
early age. Heated beds are used most often during times of
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colder weather when low ambient temperatures can impact
hardening rates and thus productivity. Further, slag cements
have been shown to be more sensitive to temperature compared
to Portland cement and thus an elevated temperature can be an
effective means of thermally activating the GGBS through
accelerating the hydration [4]. The use of elevated temperatures
to achieve early strength is bound by the potential negative
impact on ultimate strength [5]. Thus, it is not possible to
simply increase the temperature of a slag cement until
equivalent early age performance is achieved without assessing
the effect on long term strength.
The accelerating chemical admixtures typically used with
slag cements are chloride based alkali activators. The
effectiveness of these alkali activators in terms of improving
early age strength is well established; however, the use of
chloride based admixtures is strongly discouraged in steel
reinforced concrete due to the increased risk of corrosion. This
risk may be overstated as an effective dose of chloride-based
admixture can be used without exceeding the threshold
recommended for total chloride content [6]. To date, a nonalkali chemical accelerator has not established itself as the
solution to slow strength development in slag cements.
A separate issue encountered by precast producers working
with low water-cement ratio, “dry” concrete is the accurate
determination of compressive strength [7] [8]. The mix designs
for these products result in a zero slump concrete so that the
concrete can be extruded and maintain its shape without
formwork. This type of concrete often cannot be compacted
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properly using the standard cube specimen preparation
techniques as the concrete lacks sufficient workability. This
results in testing specimens with incomplete compaction,
leading to crushed samples with poor failure patterns and
compressive strengths which are low and not representative of
the product itself. To circumvent this issue, some producers
have switched from preparing and crushing specimens to a
measurement of concrete maturity which can accurately predict
the concrete strength at any time [7] [8].
The concept of maturity takes into account the combined
effect of time and temperature on the compressive strength of
concrete and is normally described using the Nurse-Saul
maturity function:

𝑀 = ∑𝑡(𝑇 − 𝑇0 ) ∙ ∆𝑡

(1)

where M is maturity index (°C-days), t is time (days), T is the
average temperature over the time interval (°C), and T0 is the
datum temperature (°C) [5].
The Nurse-Saul maturity function can be used to plot the
strength development of concrete according to its maturity
index rather than age. Once sufficient data is gathered for the
calibration of the maturity curves for a given mix design,
concrete strength can be estimated by simply monitoring its
temperature history. This offers a real-time, non-destructive
strength testing method for concrete producers. The main
benefits of a real-time maturity measurement to a precast
producer are twofold: (i) it allows the producer to control the
temperature of the heating bed to that which is required,
potentially saving energy costs and (ii) it allows the producer
to confidently estimate the strength of the concrete at any time.
This paper reports on the first phase of a project with the goal
of using up to 50% GGBS in the production of pre-stressed
hollowcore slabs at a precast factory in Ireland. In this phase of
the project, standard mortars were prepared to investigate the
effectiveness of two chemical admixtures; a conventional
accelerator and a novel, non-alkali admixture designed to
accelerate the hydration of GGBS specifically. The effect of
these admixtures is reported according to the maturity index of
the mortars.
2
2.1

METHODOLOGY
Materials

Standard mortar mixes were prepared according to IS EN 1961 [9] using a CEN Standard sand and CEM I 42.5R produced
by Irish Cement. The GGBS was produced by Ecocem Ireland
and had an average particle size of 7 micron. Two admixtures
were used: Ecocem AcceleR8 Plus (Admixture 1) and a
standard proprietary product (Admixture 2).
2.2

Sample Preparation

Mortar mixes were prepared using the mix design given in
Table 1. The mix has a binder to sand ratio of 1:3 and a water
to binder ratio of 0.5. The GGBS replaced 0%, 30%, 50% or
70% of the Portland cement depending on the mix conditions.

Twelve prisms of size 160 x 40 x 40 mm were made from each
mix, two for flexural and compressive testing at each age.
Table 1. Mix Constituents
Materials
Sand
Cementitious Materials
Water
Admixture
2.3

Mass (g)
6480
2160
1080
0 or 1% of binder

Curing

Samples were cured in a temperature and humidity chamber for
the first sixteen hours. The chamber was maintained at 95%
relative humidity and 20°C or 35°C depending on the desired
temperature condition. After sixteen hours the prisms were
demoulded. Two specimens for each condition were
immediately tested and the remaining prisms were submerged
in a water bath maintained at 20°C until they were tested.
2.4

Testing Programme

A three-point bending test (Figure 1a) was performed on each
prism to determine the flexural modulus of rupture.
Compression testing (Figure 1b) was performed on the
subsequent half-prisms. Flexure and compression testing were
carried out using a Zwick 1474 materials testing machine using
load control.

(a) Flexure Test

(b) Compression Test

Figure 1. Test setup for sample testing using Zwick 1474
In this paper, the results are discussed for 4 replacement levels
of GGBS (0%, 30%, 50%, 70%), three admixture conditions
(None, 1% Admixture 1, 1% Admixture 2), and two early age
curing conditions (20°C and 35°C). Only one admixture
addition mix is discussed for 0% GGBS and thus in this paper,
twenty mixes are discussed with a total of 240 results in flexure
and 480 results in compression.
2.5

Data Analysis

The effect of cement substitution with GGBS and the effect of
early age curing temperature on strength were reported against
age of the mortar. The effect of admixture on compressive
strength was reported against maturity index rather than age.
The maturity index was calculated using the Nurse-Saul
equation with a datum temperature of -11°C. This value was
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Temperature (°C)

Low Temperature Curing

High Temperature Curing

40
30
20
10

60
50
40
30
0% GGBS
20

30% GGBS

10

50% GGBS
70% GGBS
0

0

5

10

15

20

25

30

Age (days)
0

8

16

24

32

40

48

Figure 2. Approximation of early age temperature conditions
used in maturity calculations
3
RESULTS AND DISCUSSION
The results of this experimental work are presented in three
sections: (1) impact of GGBS, (2) impact of increased early age
curing temperature, and (3) the impact of admixture with
respect to maturity. Early age strengths are the primary focus
of the results as these are the most important to precast
producers and the age when the slower strength development
of GGBS is most problematic. All presented compressive
strength results have a coefficient of variation below 10%.
Impact of GGBS on mortar strength

Figure 3 presents the effect of 0%, 30%, 50%, and 70%
replacement of CEM IR with GGBS on the compressive
strength of mortar prisms. All samples were cured at 20°C until
they were tested. At the very early ages of 16 and 24 hours, the
average strengths of the control (ie 0% GGBS) specimens are
12.3 MPa (𝜎 = 0.4 MPa) and 22.5 MPa (𝜎 = 0.9 MPa)
respectively. The substitution of 30% of cement by GGBS
leads to a decrease in compressive strength of 47% and 53% at
16 hours and 24 hours respectively. For 50% GGBS, the
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70

0

Concrete Age (hours)

3.1

decreases in strength at 16 and 24 hours are 70% and 68%, and
for 70% GGBS are 85% and 86% respectively. These results
clearly illustrate the slower strength development of GGBS
compared to CEM IR and may explain why some precast
producers are reluctant to use GGBS. Mix designs for precast
concrete are developed such that early age strength targets are
reached within a timeframe that favours factory productivity
and any significant loss in early age strength works against this
objective.

Average Compressive Strength (MPa)

chosen based on an average of the values recommended in the
literature [10]. As the temperature of the mortar was not
monitored, the temperatures of the temperature and humidity
chamber and water bath were used to calculate the maturity
index. Figure 2 presents the temperature regime for the initial
48 hours for both high and low temperature curing. For low
temperature curing, the temperature was taken as a constant
20°C throughout whereas the high temperature curing was
taken at 35°C for the initial sixteen hours and then
instantaneously decreased to 20°C for the remainder of the
curing period. The temperature of the mortar would not
instantaneously rise from room temperatures to 35°C and thus
the early age maturity for the high temperature curing regime
may be slightly overestimated. Maturity was calculated using
the Nurse-Saul maturity function and curves were fitted to the
data as a hyperbolic function using curve fitting software.

Figure 3. Typical impact of GGBS on mortar compressive
strength
All GGBS specimens were shown to have lower compressive
strengths up to 7 days. At 28 days, 30% GGBS and 50% GGBS
exceeded the control strength (57.5 MPa, 𝜎 = 1.8MPa) by
approximately 5%. 70% GGBS samples had a compressive
strength 15% lower than the control specimens at 28 days.
Figure 4 presents the effect of 0%, 30%, 50%, and 70%
GGBS on the flexural modulus of rupture. At 16 and 24 hours,
the flexural strength of the control samples were 3.0 MPa and
4.9 MPa respectively. The substitution of cement with 30%
GGBS led to a decrease in the 16 and 24 hour strengths of 43%
and 42% respectively. For 50% GGBS, there was a decrease in
strength of 69% and 61% and for 70% GGBS there was a
decrease of 88% and 83% respectively at 16 and 24 hours. As
expected, these results are similar to the compressive strength
results and demonstrate, again, the challenge of using GGBS in
precast concrete.
The control specimens demonstrated much higher flexural
strength compared to the GGBS specimens until 28 days. The
results of the 28 day test show that 30% GGBS mortar had
caught up with the control strength (8.6 MPa) and 50% and
70% GGBS mortar still trail the control strength by 9% and 4%
respectively.
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another which suggests that 35°C is low enough to avoid the
potential long term negative impacts on compressive strength
observed at higher curing temperatures, as mentioned
previously.

9
8

70

7
6
5
4

0% GGBS

3

30% GGBS

2

50% GGBS

1

70% GGBS

0
0

10

20

30

Age (days)

Average Compressive Strength (MPa)

Average Flexureal Modulus of Rupture
(Mpa)

10

60
50
40
30
0% GGBS, 20°C
20

50% GGBS, 20°C

10

0% GGBS, 35°C
50% GGBS, 35°C

0

Figure 4. Impact of GGBS on flexural modulus of rupture
Previous research done on slag cements suggests that all
specimens prepared using GGBS would exceed the control
samples at 56 days [11].
As the conclusions drawn from the compressive and flexural
strength testing are similar, the remaining results are discussed
solely in terms of compressive strength. Further, in the interest
of brevity, the remaining results in this section are discussed in
terms of 50% GGBS only.
3.2 Impact of curing temperature on compressive strength
Two curing regimes were used in this testing programme; 20°C
or 35°C for the initial 16 hours and 20°C thereafter. Figure 5
presents the effect of these two curing regimes on specimens
containing 0% and 50% GGBS. The increased early age
temperature leads to a significant improvement in compressive
strength for control and GGBS specimens. At 16 hours, the
higher temperature leads to an increase in compressive strength
of 122% for 0% GGBS and an increase of 204% for 50%
GGBS. The improvements are proportionately smaller at 24
hours as all samples are submerged in a water bath at 20°C
between 16 and 24 hours. At 24 hours, the increased early age
curing temperature leads to an improvement of 33% for 0%
GGBS and 103% for 50% GGBS.
It is important to note that although the relative improvement
of compressive strength was larger for GGBS samples when
increasing the early age curing temperature, the difference in
compressive strength between 0% and 50% GGBS actually
widened at higher temperatures. At 16 hours and 20°C, the
difference between the average strengths is 8.6 MPa whereas at
16 hours and 35°C the difference is 16.0 MPa, almost twice as
large.
In both cases, the benefits of increased early age curing
temperature diminished as time increased. At 7 days, the
difference was less than 5% in both cases, likely within
experimental error. At 28 days, the results were all close to one
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Figure 5. 0% and 50% GGBS with early age curing
temperatures of 20°C and 35°C
3.3 Impact of admixture on compressive strength with respect
to maturity
Figure 6 presents the strength development of mixes with 0%,
30%, 50% and 70% GGBS in terms of their maturity indices.
The control mix (0% GGBS) attained a strength of 20 MPa after
approximately 665 °C-h. With the same maturity, the 30%
GGBS mix reached 12.3 MPa and did not reach 20 MPa until
1220 °C-h. The 50% and 70 % GGBS mixes had a strength of
7.8 MPa and 5.5 MPa respectively at 665 °C-h and did not
reach 20 MPa until 2000 °C-h and 2920 °C-h respectively.
From the point of view of a precast producer, the maturity
results can be used to determine what increase in temperature
is required in order for a mix containing GGBS to meet the
target strength at the same time as a mix with no GGBS. For
example, if the control mortar mix had an average temperature
of 15°C, a reasonable estimate for the summer in Ireland, it
would reach 20 MPa after approximately 26 hours. The 30%,
50%, and 70% GGBS mixes would, theoretically, require
average temperatures of 37°C, 67°C, and 103°C to reach the
same compressive strength over the same time period – clearly,
the latter in simply impractical. It is important to note that using
maturity to estimate strength when the average temperatures
falls well outside the range of the temperatures use to develop
the curves is not recommended. In this case, it is not expected
that a precast producer will heat the production beds to more
than 65°C in order to include 50% GGBS in their mix design.
However, it demonstrates quite well why precast producers are
reluctant to use higher percentages of GGBS. Further, as this
experimental work was done on standard mortar prisms, the
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Figure 6. Impact of GGBS on mortar compressive strength
with respect to maturity
same results would not be expected in concrete. With the
inclusion of coarse aggregate, it is expected that the trends
would remain but the magnitude of the differences would be
significantly smaller. These results will be reported elsewhere.
Figure 7 presents the effect of Admixtures 1 and 2 on the
strength development of mixes containing 50% GGBS. Mixes
containing admixture demonstrated accelerated strength
development throughout the testing period compared to the
50% GGBS mix without admixture. Although both admixtures
demonstrated improved performances in terms of compressive
strength, they were not able to approach the strength
development of the control mix.
50% GGBS with Admixture 1 reached 20 MPa at 500°C-h
earlier than without admixture. 30 MPa and 40 MPa were
attained at 880°C-h and 1500°C-h earlier due to the addition of
Admixture 1. The performance benefits observed through the
use of Admixture 2 were smaller than Admixture 1: 50%
GGBS with Admixture 2 reached 20 MPa 195°C-h earlier than
without admixture while 30 MPa and 40 MPa were attained
320°C-h and 550°C-h earlier than without admixture.
Again, from the point of view of a precast producer, the faster
strength development due to the use of the admixture means
that the required temperature increase to reach equivalent
strength at equivalent age has decreased.
From Figure 6, it was determined that if the 0% GGBS
specimens were cured at 15°C, they would reach 20 MPa after
approximately 26 hours. 50% GGBS specimens would require
a curing temperature of 67°C to achieve equivalent
performance in the same time span. With the use of Admixture
1, this temperature falls to 48°C and with Admixture 2 it falls
to 60°C. The former is a practical proposition. In addition to
being impractical, the latter temperature may also be
undesirable due to the potential negative impacts that high
temperature curing has on concrete durability [12].
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Figure 7. Impact of Admixture 1 and Admixture 2 on the
compressive strength development of 50% GGBS mortars
with respect to maturity
Overall, Admixture 1 offered an improved performance in
terms of compressive strength compared to Admixture 2. Both
admixtures were able to increase the performance of the
mortars, but the use of Admixture 1 led to higher strength
throughout the testing period.
4
CONCLUSIONS
Based on the results of the analysis presented in this paper, the
following conclusions can be drawn:
 The slow early strength development of GGBS compared
to CEM IR presents a challenge in the use of GGBS in
precast concrete. In mortar, the compressive strength of
30%, 50%, and 70% GGBS was 53%, 30%, and 15%
respectively of the 0% GGBS mix strength after 16 hours.
 Increasing the early age curing temperature from 20°C to
35°C leads to significant improvements in early age
strength. At 16 hours, the compressive strength of the 0%
GGBS mix was 122% stronger under the high temperature
curing regime while a 50% GGBS mix was 204% stronger.
The relative improvement was larger for the 50% GGBS
mix but the magnitude of the improvement was larger in
the case of 0% GGBS.
 The use of the novel admixture (Admixture 1) at a dosage
of 1% of cementitious materials is able to significantly
improve the performance of mortars containing 50%
GGBS, however the performance still falls well short of
mortars containing 0% GGBS until later ages. The
conventional accelerator (Admixture 2) led to a slight
improvement compared to no admixture but it did not
outperform Admixture 1 at any testing age.
 Evaluating the performance of an admixture in terms of
maturity demonstrates the challenge that the substitution
of Portland cement with GGBS presents to precast
producers. In order to incorporate a high level of GGBS
into a precast mix design, elevated temperature curing
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cannot be the only solution as the increase in temperature
required is substantial and would lead to a significant
increase in energy costs.
 Although the trends presented in this paper are expected to
be unchanged, the differences between conditions are
expected to narrow when using concrete instead of mortar.
This is due to the influence of coarse aggregate.
Precast concrete manufacturing has many advantages over
in-situ concrete in terms of sustainability. However, the use of
high dosages of supplementary cementitious materials, such as
GGBS, has thus far been limited due to the negative impacts on
early age strength. In a competitive economic landscape where
productivity must be maintained, the use of GGBS presents a
significant challenge and opportunity to precast producers. This
paper presents two means by which the slow early strength
development of GGBS can be improved although a measurable
gap in early age strength still persists at high replacement rates
of GGBS.
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FURTHER RESEARCH
Further research has been carried out investigating the impacts
of early age elevated temperature curing and accelerating
admixtures on superfine and ultrafine GGBS in order to
develop an understanding of the role of GGBS fineness in early
strength activation. In total, 504 prisms were prepared in the
overall research programme leading to 504 flexural and 1008
compressive strength results, including those discussed here
and the balance of the results is discussed elsewhere. At
present, research is being carried out to investigate the
effectiveness of the chemical and thermal activation of GGBS
in concrete where more options are available to increase the
early age performance of concrete containing slag cements.
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A study on the impact of a controlled permeability formliner, polymer resin, calcium
aluminate cement and heat treatment on the permeability of an ultra-highperformance geopolymer concrete cladding panel
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ABSTRACT: Ordinary Portland cement (OPC) concrete is currently the single most widely used material in the world after water.
The Portland Cement Association’s 2017 annual report notes that global production of OPC has increased from 1,100 million
tonnes in 1990 to 3,270 in 2010, and predicts an annual production of 4,800 million tonnes by 2030. Due to the amount of energy
required for its production, the annual carbon dioxide (CO 2) emissions arising from its use are second only to those from fossil
fuels. The Global Carbon Project 2015 estimates that 2.2 gigatonnes were produced by the OPC industry in 2014, 6% of total
annual emissions. As part of a Horizon 2020 funded research project to design and test a thin, lightweight, high-performance, lowimpact prototype concrete sandwich panel, a novel ultra-high-performance geopolymer concrete mix with a compressive strength
circa 120MPa has been developed. Through the use of 96% industrial by-product and waste materials, associated CO2 emissions
of less than 25% of a comparative ultra-high-performance OPC concrete have been achieved. With an external wythe only 20mm
thick, the impermeability of the UHPGC is a primary factor for the successful performance of the sandwich panel. In order to
minimise the occurrence of capillary pores and micro voids which facilitate the permeation of water and other corrosive agents,
the following treatments will be reported on here i) use of a Zemdrain controlled permeability formliner; ii) addition of an epoxyresin synthetic polymer; iii) heat treatment and iv) use of supplementary calcium aluminate cement. The impact of each of the
treatments will be established through the analysis of the test specimens.
KEY WORDS: Ultra-high-performance Geopolymer, controlled permeability formliner, polymer resin, calcium aluminate
cement, heat treatment.
1

INTRODUCTION

The Horizon2020 (H2020) team from QUB, UCD and TCD
have been engaged in the research, design, modelling and
testing of an innovative high-performance, lightweight, lowimpact, geopolymer concrete cladding panel for the renovation
of mid-20th century buildings [1]. Conventional OPC concrete
sandwich cladding panels are heavy (450-550kg/m²), prone to
shrinkage and have high levels of associated CO2 emissions, all
of which limit their application as a sustainable option for the
retrofit cladding of existing buildings. Geopolymer concrete
has been selected as an alternative to OPC due to its excellent
mechanical properties, high early strength, freeze-thaw,
chemical and fire resistance and potential reductions of 55-75%
in the associated CO2 emissions [2-5]. A novel ultra high
performance Geopolymer concrete (UHPGC) mix using an
alkali activated ground granulated blast furnace slag (GGBFS)
and silica fume binder with a local quarry dust aggregate [6] has
been developed for use in the panel. The combined use of this
UHPGC material with a carbon fibre reinforcement mesh and
vacuum insulated panel core, as illustrated in Figure 1, results
in a substantial reduction in the overall thickness of the
concrete sandwich panel, allowing it to overcome many of the

Figure 1. Conventional OPC panel vs. UHPGC panel
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physical properties which currently restrict its application.
The innovative, composite action, non-loadbearing
concrete sandwich panel design utilises the lightweight, high
performance properties of C-grid carbon fibre shear connectors
and reinforcement mesh with a Kingspan Optim-R vacuum
insulated panel as detailed in Figure 2, to minimise thermal
bridging while optimising the thermal performance of the thin
section, lightweight, concrete sandwich panel.

Figure 2. Design of UHPGC sandwich panel
By reducing the thickness of the external wythes to
just 20mm it is essential for the overall performance of the
panel that the UHPG material be impermeable to penetration
by water and other corrosive agents. In a permeable material
this penetration occurs through the transport of a liquid or gas
through voids in the material. In concrete, these voids primarily
take the form of capillary pores (0.01 – 10 microns) and larger
micro (compaction) voids (1-10mm). The factors which
determine the existence of these voids in the UHPGC mix
include water content, curing regime and alkali activation of the
aluminosilicate binder materials.
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In order to reduce the occurrence of these voids and
consequently the permeability of the UHPGC, test specimens
of the control mix will be subjected to four treatments and then
undergo a 12 month outdoor weathering test to establish the
impact of each on the performance of the UHPGC.
2

METHODOLOGY

Some of the earliest documented methodologies for outdoor
weathering testing of the performance and durability of
construction materials include paint weathering exposure tests
in Fargo, North Dakota in 1906 [7], the American National
Institute of Standards and Technology’s stone test wall in
Washington D.C. in 1948 [8], Alvar Aalto’s assorted brick
detailing (see Figure 3) in his experimental house in
Muuratsalo, Finland in 1952 [9], and the Portland Cement
Association’s 1962 natural weathering exposure testing of
exposed aggregate concrete finishes in Chicago, Illinois [10].

Figure 4. David Keir Building, Stranmillis Road, Belfast
For this field test an elevated, exposed, south facing, urban site
on the roof of the QUB School of the Natural and Built
Environment in central Belfast has been selected.
Meteorological parameters including temperature, dew point,
humidity, precipitation, wind speed, wind gust, wind direction
and solar radiation, will be collected from the existing QUB
weather station, and the rate and extent of their impact on the
permeability of the surface assessed through further analysis.
The 150x305x20mm test specimens will be cured for 7 days,
mounted on a 150x305x25mm substrate of phenolic insulation,
sealed at the edges using a chemical and moisture resistant,
self-fusing, silicone tape and installed on the test site for an
initial period of 12 months. The methods for the production of
each set of test specimens is as hereunder.
Ambient cured control

Figure 3. Alvar Aalto, experimental house, Muuratsalo
The methodology adopted in each of these tests is the
installation of test specimens on a backed, vertical, south facing
surface. While this form of testing is slow, its advantage over
what have become the more established forms of laboratory
based accelerated weathering testing such as moisture, solar
radiation, corrosion and freeze-thaw testing, is the opportunity
to evaluate the synergistic impact of the combined actions of
moisture, temperature, chemical corrosion and solar radiation
on the test specimens. ASTM G7/G7M-13[11] provides a
comprehensive set of methodologies for the atmospheric
environmental exposure testing of non-metallic materials and
has been used as the basis for this field test. The methodology
recommends that test specimens of 150x305mm be installed on
a 90° vertical backing, which simulates the end-use thermal
environment of the material and avoids back-side cooling of the
material from wind and natural convection. The specimens
should be offset to avoid cross-contamination by moisture runoff, south facing to maximise exposure to solar radiation and
located on an exposed site to prevent wind-blocking from
adjacent structures.

The UHPGC mix [12] developed for the innovative geopolymer
concrete sandwich panel consists of a potassium hydroxide
(KOH) and potassium metasilicate (K2SiO3) activated Ecocem
GGBFS and Elkem silica fume binder mix, as set out in Table
1 (see Table 2 for chemical compositions of aluminosilicate
binder materials).
Table 1. Binder mix proportions

From previous tests [12] an aggregate to binder ratio of 1.25 was
found to deliver the required flow and compressive strength for
the self-compacting geopolymer concrete mix. Elkem’s
EMMA size distribution analyser software[13] provided a model
for a self-compacting mix which was used to optimise the
particle distribution of the binder and aggregate materials as
illustrated in Figure 5.
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Figure 5. Size distribution analysis of control mix
Specimens of the control mix will be cast in non-porous, nonreactive, alkali-resistant, waterproof moulds, using a silicon
based barrier release agent. These will be demoulded after 34hrs, by which time they will have achieved compressive
strengths in excess of 20MPa, and subsequently sealed in an
organic polymer shrink wrap film and cured at ambient
temperature (20-23°C) for 7 days.
The properties of the current control mix include a slump flow
diameter of 710mm as required by EFNARC’s guidelines for
self-compacting concrete [14], a final setting time of 23 minutes
and a maximum compressive strength of 126MPa at 28 days.
The mix also achieved high early strengths of 45 MPa by day
1, 76MPa by day 3 and 111MPa by day 7.
Controlled permeability formliner
The history of the use of fabric as a formliner is outlined by
Veenendaal et al. [15] in their 2011 study. The permeable fabric
formliner provides a controlled path for excess water and air to
drain away from the surface while retaining the concrete fines
(Figure 6). This has the effect of lowering the water to cement
ratio, concentrating the fines and reducing surface voids [16].
This results in a dense, hard, clean surface, with an increased
level of resistance to weathering. Specimens of the UHPGC
mix will be cast in a mould lined with Max Frank’s Zemdrain
controlled permeability formliner material, then sealed and
cured as described previously.

Polymer modified concretes (PMC) have been in use since the
1950’s [17] with the polymer content of the material typically
ranging between 10-20% of the OPC binder. The addition of
the polymer reduces the rate of water evaporation, increases the
workability and working time of the mix, improves adhesion
and results in higher compressive and flexural strengths and
lower permeability. Recent studies in the use of an epoxy-resin
polymer in the production of a geopolymer-hybrid mortar [17]
found decreased porosity with the addition of the organic
polymer resin as a result of the homogenous dispersion of
hardened epoxy resin microspheres (1-50 microns) in the
matrix. Samples will be prepared by the addition of 15-20%
epoxy-resin to the geopolymer binder, and test specimens cast
and cured as outlined in section 2.1. The material which will be
tested is Mapei’s Epojet LV, a two-component, ultra-low
viscosity, organic epoxy resin.
Calcium aluminate cement (CAC)
CAC is manufactured and produced in a similar manner to
traditional OPC. The difference is that OPC is made by reacting
a limestone material with a clay to produce calcium silicates,
whereas in CAC the lime containing material reacts with an
aluminous material. Geopolymer binder is produced by the
alkali activation of aluminosilicate materials such as GGBFS
which contains SiO2 (28-38%), Al2O3 (8-24%) and Silica Fume
SiO2 (85-98%). CAC contains SiO2 (0.4-5%) and, Al2O3 (3980%). Research has shown [18] that by replacing 8-24% of the
aluminosilicate binder materials with CAC, to provide an
additional source of reactive aluminate, the workability, early
strength development, compressive and flexural strength of the
mix will increase. This has been attributed to the formation of
a more developed three dimensional molecular nanostructure,
which might also reduce the occurrence of capillary pores and
micro voids. Samples will be prepared by the substitution of
Calucem Cemfast CAC (see Table 2 for chemical composition)
for 8-24% of the GGBS and silica fume binder materials, and
the test specimens cast and cured as outlined in section 2.1.
Table 2. Chemical composition of binder materials
GGBFS
Chemical composition (%)
SiO2
36.5
Al2O3
10.4
Fe2O3
0.7
CaO
42.4
MgO
0.4
SO3
0.1

SF

CAC

85.0
1.0
2.0

6.0
39.0
14.0
38.0
1.5
0.4

Heat treatment

Figure 6. Effect of controlled permeability formliner
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Studies show that the use of heat treatment during curing can
significantly impact on the resultant shrinkage and formation
of micro-cracks in geopolymer concretes. In their study on the
effect of elevated temperature curing, Bakharev et al. [19] found
the optimum method for the treatment of an alkali activated
GGBFS mix was the pre-curing of specimens for 2 hours at
room temperature (20-23°), immersion in a water bath at 23°,

CERI-ITRN2018

heated over 3.5hrs to 65°, maintained at this elevated
temperature for 5 hours and then allowed to return to room
temperature. The result was a halving in shrinkage strains (at
400 days). Test specimens will be prepared using this method
of heat treatment, then removed from the water bath after 24hrs
and allowed to cure at an ambient temperature (20-23°C) for a
further 6 days.
3

RESULTS

Daily data from the weather station including mean air
temperature (°C), precipitation (mm) and solar radiation (hrs)
will be recorded for the 12 month duration of the test. A test
specimen for each of the 5 treatments will be continuously
measured for moisture and temperature changes through the
use of embedded electrical resistance sensors in a 2-pin
electrode array arrangement to monitor temperature and
moisture variations through the depth of the panel. The
resultant data will then be mapped against that collected from
the weather station.
At intervals of 3, 6, 9 and 12 months the condition of the
specimen’s surface will be examined using a stereographic
microscope to visually record changes in colour, surface texture
and water repulsion. The specimens will then be subjected to a
thin-section fluorescent microscopy analysis. This involves
selecting of an area approximately 24.5cm2 to be cut from the
sample, dried at 30°C for several hours after which it is vacuum
impregnated with a fluorescent dye stained epoxy resin to
enhance observation of the capillary pores and micro voids.
The slice is then glued to the etched surface of a glass slide,
reduced to a thicknesss of 30microns by a series of grinding
and polishing processes, after which it is sealed by a cover slip.
This thin-section will then be examined under an epifluorescent
microscope to establish the extent of micro voids present in the
sample.
In order to establish the impact of each of the treatments on the
compressive strength of the UHPGC, a series of 50x50x50mm
mortar cubes will be cast for each of the 5 treatments and tested
in accordance with BS EN 196-1:2016 [20] at 1 day, 3 day, 28
day and 90 day intervals. Similarly, a series of 315x50x20mm
prism specimens will be subjected to a 2-point loading test to
establish the impact of the treatments on the flexural strength,
limit of proportionality and modulus of rupture of the materials
will be carried out in accordance with BS EN 1170-5:1998 [21]
the test method for precast concrete glass fibre reinforced
cement.
4

CONCLUSION

Based on the results of the studies referenced, it is expected that
all of the treatments will reduce the permeability of the UHPGC
test specimens, with no decrease in the mechanical properties
of the controlled permeability formliner specimen, an increase
in the compressive and flexural strengths of the polymer resin
and calcium aluminate cement treated samples and a reduction
in the strengths of the heat treated specimens. It is also
anticipated that the addition of the polymer resin will decrease
the slump flow diameter and workability of the concrete while
the additional calcium aluminate cement will result in a slight
increase due to the addition of reactive amorphous aluminates.

Once the impacts of the treatments have been established from
the analysis of the results as outlined in section 3, a larger scale
sample panel will be constructed adopting the most effective
treatment(s) from those tested in this study.
This is on-going research work, wherein this paper describes
the considerable amount of advance investigation which was
necessary to define the scope of the mixes and laboratory
testing. The outcomes will be reported in due course in further
publications.
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ABSTRACT: The overall aim of this study is to develop innovative precast cladding panels for the renovation of Europe’s existing
building stock thereby improving their energy performance. Using the mass of a building to store heat and/or cold can reduce the
demand on the auxiliary heating and/or cooling systems and hence reduce the overall energy demand of the building. Previous
laboratory research has shown that the incorporation of phase change materials (PCMs) into concrete enhances its thermal storage
capacity by up to 50%. However in a real application where a PCM-concrete composite material is used in a building to store
thermal energy, the effectiveness of the PCM depends on many variables including the form of construction and local climate
conditions. In this research study a precast cladding panel formed with PCM enhanced concrete has been developed and
manufactured. In order to observe the performance of the PCM-concrete composite panels in a full scale scenario, three
demonstration huts have been constructed and instrumented to record internal thermal behaviour. Monitoring of the data is ongoing
and shows that the effectiveness of the PCM varies with the seasons. Data recorded during the summer period highlighted that the
internal temperature may not drop low enough during the night to solidify the PCM and discharge the stored heat. A further test in
which passive ventilation was provided during the night proved to be an effective method of addressing this issue. It is expected
that this long term study will enable recommendations to be made on the seasonal benefits of using PCM-concrete to enhance the
energy performance of buildings located in climate conditions similar to Ireland. The results of the data analysis will inform a
refinement of the panel design prior to installing the panels at a school in the UK which currently has an overheating problem.
KEY WORDS: Phase Change Materials; PCM-concrete; Thermal storage behaviour.
1

INTRODUCTION

According to the World Business Council for Sustainable
Development over half of Europe’s building stock –circa 80
million buildings-were constructed between 1950 and 1975[1].
In this period efficient energy performance was not a critical
design factor. The IEA Technology Roadmap on Energy
Efficient Building Envelopes states buildings are responsible
for more than one third of global energy consumption with
space heating and cooling consuming 33% of this energy,
increasing to 50% in cold climates. Improving the energy
performance of building envelopes can reduce the sector’s total
energy consumption by 20% [2].
One method that can be employed to improve the energy
performance of a building envelope is to use the mass of the
envelope to store thermal energy. Thermal energy storage
(TES) in buildings is a building integrated renewable
technology that is proposed as one of the most effective
approaches to reducing energy consumption of buildings. A
TES system can be used to absorb and store both solar energy
and excess heat due to use and occupancy during the day which
can then be released to the internal environment when the room
temperatures fall at night. In this way a TES system provides a
potential for improved indoor thermal comfort for occupants by
moderating internal temperature fluctuations and reducing the
overall energy consumption of the building due to load
reduction and shifting electricity consumption to off-peak
periods, (Figure 1).

Figure 1. Impact of increased thermal mass provided by PCMconcrete panels on internal temperatures. (Adapted from image
on Autodesk Sustainability Workshop)
The ability of a material to store and release heat is a function
of its specific heat capacity and the mass of the material and is
commonly referred to as thermal mass. Also materials of
different conductivities will absorb and release heat at different
rates back to the environment. For a building material to
provide suitable thermal mass an appropriate balance between
the diffusion of heat through it (its thermal diffusivity) and the
inertia to temperature change (its thermal inertia) is required,
i.e. between its heat release and storage tendencies. Concrete is
a building material that combines a high specific heat capacity
and high density with a thermal conductivity that is appropriate
for the diurnal heating and cooling cycle of buildings and hence
it has good thermal mass characteristics. Previous research has
shown that the thermal mass behaviour of concrete can be
enhanced by incorporating phase change materials (PCMs) into
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the concrete which provide an additional latent heat capacity
and hence increases its overall thermal storage capacity [3].
PCMs absorb and release high quantities of heat energy at
specific temperatures as their phases change, that is from solid
to liquid and from liquid to gas. When incorporating a PCM
into a building material it is only feasible to consider the solidliquid phase change. The temperature of the PCM remains
relatively constant during phase change where the PCM
provides a high latent heat capacity. There are many different
types of PCMs hence the selection of a phase change material
for a given application requires consideration of the properties
of the phase change materials and a weighing up of their
particular advantages and disadvantages in order to reach an
acceptable compromise. Primarily the selection of a PCM
should ensure that the melt temperature range of the PCM is
suitable for the intended application. For a space heating
application in a building, only phase change materials with a
melting temperature within the range of human comfort
temperature (18-22oC) can be deemed suitable [6]. For a space
cooling application the appropriate melt temperature range is
higher at 19 – 240C [7]. Kosny et al. [8] carried out an overview
of the potential applications of phase change materials in
building envelopes which depend largely on local climate
conditions and the melt temperature range of the proposed
PCM.
Previous research has been carried out by the authors [3, 4 & 5]
to determine the properties and observe the thermal behaviour
of PCM-concrete composites. The research studies found that
PCMs can add significant thermal storage capability to
concrete - up to 50% - augmenting its inherent thermal mass
potential. The addition of PCM to concrete reduced its strength
however sufficient strength was achieved for non-load-bearing
applications. For the PCM to be effective it is critical that the
temperature in the environment that the PCM is located varies
above and below the melt temperature range of the selected
PCM within a diurnal period. If this range of temperature
fluctuation does not occur then the PCM will not discharge
latent heat energy and will not have the capacity to absorb more
heat the following day. The fluctuation in the indoor
temperature depends on both the local climate and the level of
insulation in a building. Modern buildings that are well
insulated may hinder the performance of a PCM’s thermal
energy storage element. For this reason the use of PCMconcrete composites for enhanced thermal mass behaviour is
more suitable for the refurbishment of buildings that have poor
levels of insulation and air-tightness.
The research presented in this paper outlines the design,
manufacture and full scale monitoring of thermal behaviour of
a precast PCM enhanced concrete cladding panel. This research
is part of a European funded Horizon 2020 project entitled
IMPRESS (http://www.project-impress.eu). The overall aim of
IMPRESS is to develop innovative precast products for the
renovation of existing building stock thereby improving the
performance and energy efficiency of European buildings.
Partners in this project include the leading concrete cladding
company, Techrete Ltd and Sirus International who provided
the monitoring equipment in the huts.
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2

METHODOLOGY

Previous laboratory studies had shown that a PCM-concrete
composite can provide significantly enhanced thermal storage
capacity [11, 12 & 13]. In a real application the effectiveness
of the PCM depends on many variables including the form of
construction, building use and local climate. For this reason it
was decided to use the PCM-concrete to form precast concrete
cladding panels and construct three demonstration huts, one
control hut and two huts containing a PCM composite, in order
to monitor and observe the performance of the PCM-concrete
composite in a full scale scenario over a long duration that
includes all seasons. The primary objective of the PCMconcrete panel design is to demonstrate the reduction in
overheating effects in the huts.
PCM-concrete composite
To form the PCM-concrete composite a micro-encapsulated
PCM product called Micronal was added to a self-compacting
CEM 1 concrete mix, 5% by weight of concrete, during the
mixing process. The thermal behaviour of this composite was
investigated in previous research by the authors [3, 4, & 5].
Also 5% Micronal by weight of concrete has been shown to be
the optimum quantity of Micronal to be used in a concrete mix
application [9 & 10]. Higher quantities of Micronal yields
impractically low concrete strengths and also causes significant
reduction in the thermal conductivity and density which tends
to counteract the increase in thermal storage capacity.
Design of panels
There are three different types of panels, each comprising of a
70mm thick concrete outer leaf, 120mm insulation and a
125mm thick inner leaf which varies in composition (Figure 2).

Figure 2. Precast concrete sandwich panels containing PCMs
For the Control hut, the inner leaf is constructed using a CEM
I mix without any PCM. For the second hut, the inner leaf is
formed using the PCM-concrete composite. This hut is referred
to as the Full-PCM hut. In the third hut the inner leaf is made
up of two layers. The inner 60mm comprises of the PCMconcrete composite and the outer 65mm of the inner leaf,
adjacent to the insulation layer, comprises of normal concrete
without any PCM content. This hut is referred to as the Partial-
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PCM hut. The purpose of the Partial-PCM hut is to enable the
effective depth of the expensive PCM to be assessed. The
amount of PCM that will melt during a diurnal period will
depend on the intensity of heat in the environment where the
panel is located. As the PCM absorbs heat and melts, it hinders
the penetration of heat deeper into the panel so the PCM
becomes less effective with increasing depth [3]. In a real
building the level of exposure to a heat source depends on both
local climate and the exposure of the wall surface to daylight.
So the effective depth of the PCM will depend on the proposed
location of the composite material.
Manufacture of panels
The panels were manufactured in the Techrete Ltd
manufacturing facility in Dublin and the demonstration huts are
also located at this facility. The fresh PCM-concrete was
sufficiently workable although a self-compacting mix was not
achieved. The strength of the PCM-concrete composite was
sufficient to facilitate striking of the formwork and lifting of the
panels after 20 hours of curing. The manufacture of the panels
and erection of the huts proceeded without any problems and
proved that the PCM-concrete composite can successfully be
scaled up from a laboratory environment to a real building
scenario (Figure 3).

Instrumentation of huts
Each hut is fully instrumented for collection of temperature
data and internal and external environmental data (Figure 5)
There are 30No. type K thermocouples in each hut to record the
temperature of the wall panels. Thermocouples were cast into
the internal leaves of the panels, located at depths of 30mm,
60mm and 90mm. Thermocouples are also located on the
internal and external surfaces of the inner leaf and also on the
outer face of the insulation layer. These thermocouples enable
the varying temperature profile throughout the depth of the wall
to be determined at any point in time. Also the rate of heat
penetration into the wall and through the wall can be
determined.
A heat flux pad is located on the internal face of the north wall
in each hut. The data from the heat flux pad indicates the heat
flow into and out of the wall at the surface. A type K
thermocouple records internal air temperature and a HOIKI
Z200 also records internal air temperature and relative
humidity in each hut. The external temperature and relative
humidity are also recorded and an EKO MS-802 pyranometer
is used to record solar irradiance at the site.
A 2kW heater is installed in each hut. The purpose of the
heaters is to enable a heat load pattern to be applied that
replicates a particular scenario, for example, the heat load
pattern of a classroom that has an overheating problem. All the
heaters are linked so that they turn on and off in unison. The
heater in the Control hut determines when all the heaters switch
on and off. A programmable thermostat is connected to the
Control hut heater and hence any programmed heat load pattern
will be applied equally to all huts. Each heater is monitored for
power use using split current transformers.

Figure 3. PCM-concrete composite panel under construction
Design of huts
In order to ensure that the data from each of the huts is
comparable, all of the huts had identical design parameters
including dimensions, level of insulation, air tightness, glazing
and orientation. The huts were positioned in an open area on
the site to mitigate any overshadowing. All the huts are
orientated with the glazed elevation facing south (Figure 4).

Figure 4. Demonstration huts located in Techrete Ltd

Figure 5. Schematic layout of instrumentation of each hut
(Courtesy of Sirus)
All the data from the thermocouples and instruments is
recorded on HOIKI portable data loggers, with one logger
located in each hut. The data is collected on a regular basis and
analysed to assess the performance of the PCM-concrete
composite. The objective for using the PCM-concrete
composite is to provide additional thermal storage to enable
excess heat to be absorbed and hence reduce overheating. It is
expected that when the internal air temperatures in the huts
increase due to solar gain and the heating regime, the rate of
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increase of the internal air temperatures will be lower in the
PCM than in the Control hut. It is also expected that the peak
internal air temperature in the Control hut will be higher than
in the PCM huts.
3

RESULTS AND DISCUSSION

Data collection and analysis is an ongoing process which at the
time of writing has been progressing for just over 12 months.
Various phases of data have been analysed including winter and
spring with heaters, and summer and autumn without heaters
(‘Passive’). The effectiveness of the PCM varies with the
seasons and applied heat load. For example, in the winter
season with a relatively low applied heat load, due to lower
solar gains, the temperature of the internal wall does not
increase sufficiently to cause the PCM to melt hence the PCM
remains inactive. When the heat load is sufficient to increase
the internal air temperature in the huts to greater than circa
25OC generally the temperature of the wall increases above
200C and the effect of the PCM can be observed. The rate of
increase of air temperature in both PCM huts is lower than in
the Control hut. Also the peak air temperature in the Control
hut is consistently higher than the peak temperatures in the
PCM huts, generally in the order of 1oC. A thermal inertia
effect can also be observed in both the PCM huts as it takes
longer to reach the peak temperature, in the order of 1 – 2 hours.
It can also be observed that during the cooling phase the PCM
huts are slower to cool down due to the fact that the PCMconcrete holds on to the heat within the wall until the
temperature drops sufficiently (below 20 oC) to cause the PCM
to start solidifying and releasing the heat to the internal air.
One issue that was highlighted by the analysis, in particular
during the summer season, is that during the periods where the
huts were heated sufficiently for the PCM to melt the
temperature did not always drop low enough during the cooling
phase (overnight) to cause the PCM to solidify. This means that
the following day the additional latent heat storage provided by
the PCM is not available as the PCM was already in a liquid
state. This issue is most likely due to the high level of insulation
and air tightness in the huts which minimises heat loss.

It can be observed from Figure 6 that the air temperatures in all
three huts fluctuate up and down as the heaters turn on and off
about the programmed set point. However the PCM huts are
consistently cooler during the heating period (9am to 5pm).
The Full PCM hut is an average of 4.7 oC cooler than the
Control hut and the Partial PCM hut is 4.2oC cooler than the
Control hut during the heating period. The average internal air
temperatures during the heating period are 28.7oC for the
Control hut, 23.9oC for the Full PCM hut and 24.4oC for the
Partial PCM hut. There appears to be very little difference in
the rate of decrease of air temperature during the cooling
period. This is to be expected as the passive ventilation
provided will allow heat to be purged from the huts at an equal
rate.
Figure 7 shows a comparison of the temperatures at the surface
of the north wall in each hut. The wall surface temperature
increases by 8.0oC in the Control hut, 4.6oC in the Full PCM
hut and by 5.0oC in the Partial PCM hut during the heating
period. The peak temperatures reached were 25.6oC in the
Control hut, 21.7oC in the Full PCM hut and 22.4oC in the
Partial PCM hut. It can be observed that for the first 2 hours of
heating, all the walls heat up at approximately the same rate
however when the wall surface temperature reach 20 oC the rate
of temperature increase on the walls containing PCM decreases
relative to the Control hut wall. As the corresponding internal
air temperatures in the PCM huts are also lower this indicates
that the PCM is melting and absorbing the heat from the hut
however the temperature of the PCM-concrete wall increases at
a slower rate than the Control hut wall as the PCM does not
increase in temperature as it melts. It is also clear from the plot
that the Control hut wall surface cools down at a faster rate than
the PCM huts and that there is little difference in the rate of
cooling between the two PCM huts. This is to be expected as
the temperature differential between the wall and the internal
air is lower in the huts with PCM and also the presence of PCM
increases the thermal inertia effect.
Wall Surface temperatures
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A test was set up to investigate mitigating this issue during
which the huts were heated during the day by the radiators and
passive ventilation was provided overnight to facilitate the
purge of heat from the huts. Figure 6 shows a plot of an extract
of 24 hours of data from this investigation.
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Figure 7. Wall surface temperature with night time passive
ventilation

Figure 6. Internal air temperatures with night time passive
ventilation
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Figure 8 shows the internal wall temperature at a depth of
30mm in each hut. It can be noted from Figure 8 that the
temperature of both PCM huts, at 30mm deep just increases
above 20oC - the start of the PCM melt temperature range –
increasing up to 21oC at the end of the heating phase. The wall
temperature at 30mm depth increases by circa 6.0 oC in the
Control hut, 3.5oC in the Full PCM hut and by 3.7deg in the
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Partial PCM hut during the heating period. The peak
temperatures reached were 23.3 oC in the Control hut, 20.6 oC
in the Full PCM hut and 20.8 oC in the Partial PCM hut, so the
PCM-concrete composite walls only exceeded the melt
temperature of the PCM by less than 1oC at a depth of 30mm.
This highlights the issue of the effective depth of PCM and this
data is indicating that, with the applied heat load, only the PCM
located in the first 30mm of the wall will be effective. It can be
observed that at first the PCM walls heat up at approximately
the same rate however the rate of temperature increase is lower
than that in the Control hut. This is to be expected as the PCM
within the first 30mm of the wall will absorb the heat as it melts
and hinder the transmission of heat deeper into the wall.
Analysis of the temperature data collected at 60mm, 90mm and
on the back surface of the wall confirms that the PCM is not
activated at these depths.
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Figure 9. Temperature versus depth in Control hut
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Figure 8. Internal wall temperatures at a depth of 30mm with
night time passive ventilation

In the same test period as discussed above, temperature versus
depth plots were produced for each hut for a 12 hour period,
9:00am to 21:00pm (Figures 9, 10 & 11). During this period the
internal air temperatures were rising for the first 8 hours and
then the heaters were switched off at 5pm and passive
ventilation was introduced. The dashed lines indicate the
cooling period. It can be noted that the back face of the control
hut increases by 5.3oC while the back face of both the PCM
huts increase (by 3.1oC in the Full PCM wall and 3.6oC in the
Partial PCM hut) hence there is less heat loss through the PCMconcrete composite walls. Although the main aim of
developing the PCM-concrete panel is to reduce the
overheating in a building it is interesting to observe and
quantify the insulating effect of the PCM-concrete composite.
It can be also be noted from a comparison of the plots that the
overall temperature increase of both the Partial PCM wall and
Full PCM wall is significantly lower than the Control hut wall.
This is despite the fact that, as observed from the comparison
of internal air temperatures, the walls containing PCM clearly
absorbed more heat from the internal air. This thermal
behaviour is indicative of the latent heat stored by the PCM.
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Figure 10. Temperature versus depth in the Full PCM hut
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Figure 11. Temperature versus depth in the Partial PCM hut
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4. CONCLUSIONS
The manufacture of the panels and erection of the huts
proceeded without any problems and proved that the PCMconcrete composite can successfully be scaled up from a
laboratory environment to a real building scenario.
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ABSTRACT: The purpose of this study is to numerically investigate the performance of a thin precast concrete sandwich panel
(PCSP) proposed for building retrofit. Standard precast concrete sandwich panels, constructed of steel reinforced concrete, are
physically heavy and have significant thicknesses. A thin precast concrete over-cladding sandwich panel is presented in this paper
which combines the state-of-the-art in ultra-high-performance concrete, carbon fibre shear reinforcement and vacuum insulation
to allow for a slimmer design while abiding by thermal and structural constraints. Another precast concrete re-cladding sandwich
panel is also referred to in this paper which uses phase change materials (PCM) in a thicker inner wythe to enhance the thermal
storage properties of the concrete. The panels are modelled, and their structural integrity is investigated, using finite element
techniques. The aim of the analysis is to provide an insight into the limiting parameters of these thin precast concrete cladding
elements. The analysis has highlighted the concrete wythe thickness and the insulation stiffness as two important performance
parameters.

KEY WORDS: Precast concrete; Sandwich cladding; Finite element.
1

INTRODUCTION

Concrete offers a number of advantages over other
commonly used cladding materials, including its superior
thermal resistance, fire resistance, durability and structural
efficiency [1]. Standard precast concrete sandwich panels,
constructed of steel reinforced concrete, are often designed
with thicknesses that exceed 300mm, resulting in physically
heavy cladding elements with significant embodied energy.
The key components of a PCSP are presented in Figure 1.
1. Exterior Wythe

2. Interior Wythe

3. Insulation

4. Wythe Connectors

Standard PCSP

Thin PCSP

Figure 1. Components of a precast concrete sandwich panel
In standard PCSPs the exterior and interior concrete wythes
(components 1 and 2 in Figure 1) are reinforced with steel
which require concrete cover to prevent corrosion. Adopting
standard precast construction techniques means that wythe
thicknesses of less than 70-80 mm are not feasible if reinforced
with steel. Other research on thin-PCSPs have considered the
use of glass-fibre reinforced concrete (GRC) combined with

textile reinforcement [2], [3] as well as geopolymer concrete
[4], [5]. This research project proposes the use of a fibre
reinforced ultra-high performance concrete (UHPC) in order to
reduce wythe thickness.
The insulation (component 3 in Figure 1) forms the filling
between the two concrete wythes. This thin-PCSP uses vacuum
insulation which has a far lower thermal conductivity
(Kingspan’s Optim-RTM = 0.007 W/mK [6]) than the Extruded
Polystyrene (XPS) insulation which is typically used in PCSPs
(StyrozoneTM = 0.035 W/mK [6]).
The wythe connectors (component 4 in Figure 1) are used to
provide a shear link between the layers of the PCSP. Depending
on the quantity of connectors and structural properties of the
connector’s material, various degrees of composite action can
be achieved [7]. The background and current innovations for
wythe connectors are elaborated on in Section 2.
This study aims to provide insight into the structural
behaviour of thin precast concrete sandwich panels using Finite
Element (FE) methods. COMSOL Multiphysics® is the
software used to carry out the FE modelling. This research
forms part of a larger H2020 project (Project IMPRESS) which
is focused on investigating a range of innovative prefabricated
panels for buildings. Another of these PCSPs (reinforced PCM
concrete inner wythe – UHPC outer wythe) is presented in
Figure 2. This panel has been tested under flexural loading
conditions and its performance is compared in this paper with
the thin-PCSP.
2

LITERATURE REVIEW

The first use of PCSPs is unknown but they have been used
in construction for more than 60 years [8]. According to Gleich
[9] the first type of PCSP was introduced in the 1960s as a fully
composite panel that consisted of two wythes
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3

METHODOLOGY

This paper presents the first stage in an FE analysis of the
thin-PCSP. A number of simplifying modelling assumptions
were made, as follows:






Figure 2. Precast concrete sandwich panel in a flexural test
set-up
structurally connected with concrete ribs, which were later
replaced by solid concrete zones to reduce thermal bridging
while maintaining structural efficiency.
Steel trusses were later used to reduce the thermal bridging
further compared to the concrete zones, but these steel trusses
also present significant thermal bridging. As a result of the
thermal inefficiencies found in the composite wall panels, the
non-composite PCSPs which require minimal shear connectors
became popular during the 1980s [9].
The majority of PCSPs currently are designed assuming noncomposite behaviour with the inner leaf being the only
structural wythe and the outer wythe acting as a rain-screen.
The concrete wythes of non-composite panels were connected
using smaller metallic connectors but, although smaller than
their metallic truss predecessor, they also resulted in thermal
bridging which has more recently been shown to be significant
[10]. Fibre-reinforced polymer (FRP) connectors were
introduced by Thermomass to replace the metallic connectors
and reduce thermal bridging. Keenehan et al. [11] showed that
these FRP ties used in the non-composite PCSPs almost
eliminate the effects of thermal bridging. Salmon et al. [12]
used FRP in a truss-orientated shear connector to achieve a
good degree of composite action and similar thermal
performances to non-composite panels with FRP. An epoxycoated composite grid made with cross-laid and superimposed
carbon fibre called C-Grid® was developed by Chomarat and
introduced into the construction market by AtlusGroup® in its
composite CarbonCast wall systems [13]. These shear
connectors were tested as part of a pre-stressed wall system
[14] and displayed close to 100 % composite action, provided
an appropriate quantity and configuration of the shear grids are
used.
A number of studies have used FE modelling to simulate the
behavior of standard precast concrete sandwich panels under
flexural [15] and thermal [16] loading conditions. Other studies
have also modeled the behavior of PCSPs that incorporate
novel materials such as using textile reinforced concrete [17],
prestressed concrete [18] and using aerated concrete as the
insulation [17].
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Panel is modelled in 2D
Concrete and insulation are modelled as linear
elastic materials.
Wythe connectors geometries are neglected.
When maximum bending stresses exceed the
flexural strength of concrete, failure is assumed.
Insulation and concrete layers are perfectly bonded

The panels are tested numerically under flexural loading
conditions. A 3-point bending test in a load-controlled
condition is first simulated to mimic laboratory testing.
Additionally, a real wind loading condition is assumed and is
explained in the following section.
Before applying FE modelling techniques, the PCSP is
assessed for fully composite and non-composite behaviour. The
composite behaviour of a PCSP is described in Figure 3.

Figure 3. Approximate strain profiles for a section of a PCSP
Wind loading
The walls are simulated for various wind speeds (maximum
gust wind speed during the recent Storm Ophelia was 43.3 m/s
[19]) and are assumed to fail when the maximum principal
stresses exceed the maximum tensile strength of the concrete.
Equation (1) converts wind velocity, v (m/s) to wind pressure,
P (N/m2).
1

𝑃 = 2 𝜌𝑣 2

(1)
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where, , is the density of air. The total force acting on the wall
from the wind, F (N) is calculated by Equation (2):

𝐹 = 𝑃𝐴𝑐𝑑

(2)

where A is the area of the wall (A = Wp x Hp) and cd is the
coefficient of drag (=1.4 for a short building). The total force is
assumed to be distributed evenly between the two piers (as
shown by the highlighted regions in Figure 4).

analysis and phenomenological failure criteria. Linear elastic
behaviour is assumed in this model as a first step in assessing
the behaviour of the composite walls. The material properties,
required for modelling purposes, are presented in Table 1 and
have been measured experimentally [20].
Table 1. Material properties
Material

Stiffness
(GPa)

Tensile Strength
(MPa)

UHPC
PCM-Concrete
Insulation

50
10
2.5 × 10-3

12
2
-

First the FE model is validated for a single skin concrete
wall. The maximum bending stress calculated following
Equations (3) to (6) for a 0.14m thick wall ( max= 1.8MPa)
match with those results found with the FE analysis, as shown
in Figure 5.

Figure 4. Elevation drawing of proposed precast concrete
sandwich panel with a window, highlighting the wind load
bearing areas
The force from the wind on each individual pier is therefore
taken as F/2 and the line load, w (N/m), is given by Equation
(3).

𝑤=

𝐹/2
𝐻𝑝

(3)

For a single skin concrete panel, the elastic bending moment,
M, may be calculated by Equation (4), and the bending stress,
, may be estimated according to Equation (5).

𝑀=
𝜎=

𝑤𝐻𝑃2
8
𝑀𝑦
𝐼

(4)

Figure 5. Finite Element model of plain concrete wall,
displaying maximum bending stresses

(5)

Displacements in this, and all subsequent FE models in this
paper, are scaled up by a factor of 20 to visualise the deflections
better.

where y is the distance from the stress point of concern to the
neutral axis and I is the second moment of area (Equation (6)).

𝐼=

𝑊𝑝𝑖𝑒𝑟 𝑑3
12

(6)

where d is the depth of the single concrete layer and the
maximum bending stresses will occur at the outer most fibres
when y = d/2. The analysis of a single skin concrete wall is used
to estimate the maximum bending stress, max, for both a fully
composite (100%) and a fully non-composite (0%) PCSP. The
maximum bending stresses for the composite and noncomposite panel are calculated following the guidelines of the
FIB report on precast concrete sandwich panels [1].
Finite Element modelling
In reality the behaviour of the PCSP will be somewhere in
between 100% and 0% composite action of the two concrete
wythes. To assess this behaviour FE techniques are used. The
PCSPs are modelled in this paper using a linear finite element

4

RESULTS AND DISCUSSION

The results of the FE study are presented in two sections; first
the two panels developed for the project IMPRESS are
compared on a smaller scale (Section 4.1); then the
performance of the thin-PCSP is assessed with variable
parameters (e.g. insulation thickness, wythe thickness and
insulation stiffness) (Section 4.2).
All three layers of the PCSP are modelled in COMSOL
Multiphysics but for visual clarity only the stress distribution
of the two concrete wythes are presented and the insulation
layer is hidden in the results.
“Recladding” vs “Overcladding” panel
Experimental loading conditions are applied in this section
for modelling the two different panels. A point load is applied
at 10 kN increments in the model. The two wythes of the
“overcladding” panel have a similar stiffness while the two
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wythes of the “recladding panel” have different stiffnesses,
therefore they respond differently when loaded. The stress
distributions for both panels are presented in Figure 6.

Applying the theory from Equations (3) to (6) for the thinPCSP would give a maximum bending stress of 11 MPa for a
fully non-composite panel and only 1.1 MPa for a fully
composite panel. The FE model (which does not include any
shear connections) shows a maximum bending stress of
8.79MPa on the back wythe. This means that, based on the
assumptions made in this model and a UHPC tensile strength
of 12MPa, the thin-PCSP could withstand wind speed higher
than 50 m/s.

Figure 6. Behaviour of two different PCSPs under a 50kN
point load
The behaviour found during testing of the PCSPs is similar to
the behaviour found by the model in that the top wythe fails
first. Failure of the PCSP would occur before these loads could
be reached but this is a linear elastic analysis and cracks are not
accounted for in the model. The linear elastic behaviour of the
extreme bottom fibres of both wythes is presented in Figure 7.
Midspan point load (kN)

100

Figure 8. Behaviour of both cladding panels under point load
and uniformly disturbed loading conditions

80

4.2.1

60

The first parameter assessed is the wythe thickness. The FE
figures for the parametric analysis present the direct bending
stresses in place of the first principal stresses. It can be seen
from Figure 9 that there is evidently an increase in deflection
and maximum bending stress in the panel as the thickness of
the wythes are decreased.

40
20
0
0

2

4

6

8

10

Concrete wythe thickness

Displacement (mm)
Bottom wythe ('Overcladding' panel)
Top wythe ('Overcladding' panel)
Bottom wythe ('Recladding' panel)
Top wythe ('Recladding' panel)

Figure 7. Load vs displacement of the two different PCSPs at
the bottom fibres of each wythe
These linear curves show the differences in stiffness of the
different wythes in the different panels. It is evident from the
model that the thicker (“recladding”) PCSP has a greater
differential stiffness between the two wythes when compared
with the thinner (“overcladding”) PCSP. More importantly,
under a given elastic load, the outer wythe of the overcladding
panel is more heavily stressed due to the partial composite
action with the thin inner wythe. The effect of wythe thickness
and stiffness are assessed in greater detail in the following
section for different wind loading conditions.
Parametric analysis
In this section the wind loading conditions are applied as a
uniformly distributed load (UDL) following Equations (1) to
(3). The behaviour of the sandwich panels are different as a
result, as presented in Figure 8. It is evident from this figure
that under the UDL the exterior wythe of the thin-PCSP does
not experience the highest bending stress.
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Figure 9. Finite element models of PCSPs with different
wythe thickness displaying magnitude and location of
maximum bending stress (MPa) for a wind speed of 50 m/s
The results in Figure 9 display the behaviour for a 50 m/s wind
speed and show that the PCSP with the 20mm wythes would
fail under this loading. The influence of wind speed on the
maximum bending stress in the PCSPs is further analysed in
Figure 10. These plots show that a PCSP with 20mm wythes
would fail under a wind speed of about 40 m/s, the PCSP with
40mm wythes would fail under a wind speed of 60 m/s while

CERI-ITRN2018

the thicker PCSP with 60mm wythes would be able to
withstand wind loads in excess of 80 m/s. Furthermore, these
results show that the difference between the two wythes
becomes more significant for thinner sections with the inner
wythe of the 20mm wythes PCSP failing before the external
wythe.

Figure 12. Maximum stress of both internal and external
wythes vs wind speed of PCSPs with different insulation
thickness
4.2.3
Figure 10. Maximum stress of both internal and external
wythes vs wind speed of PCSPs with different wythe
thickness
4.2.2

Insulation thickness

Decreasing the insulation thickness not only creates
challenges for achieving thermal requirements of the PCSP but
it also results in greater bending stresses in the PCSP (Figure
11); that is, based on the PCSPs achieving some degree of
composite action. The results from Figure 11 also show the first
wythe to fail is dependent on the thickness of the insulation as
a result of the different load distributions between the two
concrete wythes. All PCSPs with the insulation thicknesses
presented in this figure withstand the 50 m/s wind load.
By assessing the impact of the wind speed on the maximum
bending stresses further, as per Figure 12, it is evident that the
influence of the insulation thickness is not as critical as the
influence of the wythe thickness. It is also noted from this
figure that differences in maximum bending stress between the
two wythes is less for the PCSP with thicker insulation.

Insulation stiffness

The last parameter assessed in this paper is the insulation
stiffness. Although the insulation stiffness is significantly
lower than the UHPC (2.5 MPa << 50,000 MPa) the results in
Figure 13 show that the insulation stiffness does have an impact
on the overall behaviour of the PCSP.
Figure 14 shows that a PCSP with an insulation stiffness of
2.5 MPa (XPS insulation) would fail under a wind loading of
approximately 60 m/s while a PCSP with an insulation stiffness
of 10 MPa (Phenolic foam insulation) would withstand wind
speeds above 75 m/s. It would also appear that there exists a
balance between the insulation stiffness and the amount of load
taken by each concrete wythe.

Figure 13. Finite element models of PCSPs with different
insulation stiffness displaying magnitude and location of
maximum bending stress (MPa) for a wind speed of 50 m/s

Figure 11. Finite element models of PCSPs with different
insulation thickness displaying magnitude and location of
maximum bending stress (MPa) for a wind speed of 50 m/s

There are a number of assumptions and limitations when
modelling this 3D geometry in 2D. The major assumption made
is the neglecting of the shear ties which could have a significant
influence on the degree of composite action between the two
concrete wythes. The model will be upgraded to 3D in future
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work and will be validated against a series of experimental
results that are proposed and scheduled for testing.

Figure 14. Maximum stress of both internal and external
wythes vs wind speed of PCSPs with different insulation
stiffness
5

CONCLUSION

This paper presents results that represent the behaviour of a
thin-PCSP under flexural loading conditions. The results have
shown that, provided some degree of composite action is
achieved between the two wythes of concrete, the thin-PCSP
can withstand significant wind loading conditions when formed
of an ultra-high-performance concrete. The results showed that
both concrete wythe thickness and insulation stiffness have a
significant impact on the performance of the PCSP.
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Ultimate Capacity and deflection behaviour of BFRP prestressed SCC beam
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ABSTRACT: An experimental program involving the testing of concrete beams prestressed with Basalt Fibre Reinforced (BFRP)
Bars. Ultimate capacities and deflections were measured and compared with theoretical estimates. Beams were manufactured and
subjected to four-point loading tests. The experimental work considered the use of Self-compacting concrete (SCC) and how
material properties of the concrete affected the behaviour of the beams under loading. Analysis was carried out using a design
codes and first principles with comparisons made with experimental results, predominantly focusing on vertical deflections. The
flexural test results and analytical predictions showed very good agreement in terms of deflection, cracking moment and ultimate
moment.
KEY WORDS: Basalt Fibre Reinforced Polymer, prestressed concrete, self-compacting concrete, deflection prediction
1

INTRODUCTION

Previous research [1,2] has shown that FRP materials can be
used to reinforce and prestress concrete. FRP’s are a continuous
fiber reinforcement which are lightweight, non-magnetic and
are not as vulnerable to corrosion as steel. A typical design life
for bridges constructed in the 20th century is 50 years.
However, many bridges require premature maintenance [3].
Maintenance concerns are predominantly a result of the
deterioration of the steel reinforcement which is most prevalent
due to chloride ingress.
FRP materials have been introduced as an alternative to steel
embedded in concrete where durability is a concern. BFRP is
stronger than conventional steel reinforcement but has a lower
modulus of elasticity leading to a reduction in the overall
stiffness of the structure. The impact of this is that
serviceability limits will then control the design of the structure
and sections over-reinforced to resist deformations. The
solution to this is to prestress concrete beams taking advantage
of BFRP’s high elasticity and strength [4].
Pre-tensioning has the advantage that the prestress is
transferred to the beam via the bond between the bar and
concrete. However, due to varying material properties and
surface conditions FRP bars will have a different bond
mechanism than steel and resulting in different tension
stiffening behaviour. Experimental work must be carried out
to determine how the use of BFRP bars influence the design
and behaviour of structural elements – notably the ultimate
strength and deflections of these sections.
2

length of 2900mm between the supports. Each beam was
prestressed using one bar located centrally in the horizontal axis
with a vertical eccentricity of 64mm thus providing 30mm
cover. 50kN was applied to the BFRP bars prior to casting of
concrete resulting in stress of 442MPa.
Test Procedure
Self-compacting concrete (SCC) was used to cast the beams.
Cubes were cast alongside beams and tested to provide
compressive strength. Cylinders were also used to provide
values for the elastic modulus. These values were introduced to
theory to provide estimates for deflection and ultimate capacity.
Each beam was tested at 28 days after casting and subjected to
four-point loading. Displacement transducers were used to
measure deflections. The beams were subjected to a proof load
of approximately 40% of the total capacity of the beam at which
point cracks would develop and then unloaded. The beam was
then loaded until failure.
Table 1. Test Specimens and material properties for analysis
Beam ID
R01
R02
P01
P02
P03
P04

fcm;cube (MPa)
76.4
54.5
74.0
58.3
74.0
62.7

fr (MPa)
7.07
5.87
6.94
6.09
6.94
6.34

Ecm (GPa)
35.55
29.53
34.94
30.66
34.94
31.92

EXPERIMENTAL PROCEDURE
Specimen Details

BFRP bars were used to prestress and reinforce concrete
beams. BFRP bars were 12mm in diameter with an area of
113.1mm2, an elastic modulus of 50GPa and a tensile capacity
of approximately 920MPa depending on loading rate [5]. The
beams had a depth of 200mm, a breadth of 90mm and had a
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3

THEORY

bond behaviour for different bar types and load duration
respectively.

Design Philosophy
An alternative approach must be adopted when designing
structures with FRP due to the difference in material properties
and behaviour. FRP’s are linear elastic to failure unlike steel
which yields. Yielding of steel enables structures to undergo
larger deformations providing ductility and warning prior to
failure. Beams reinforced with steel are designed to be underreinforced so that yielding occurs which is preferable to the
brittle failure such as concrete crushing. Structures reinforced
with FRP’s will typically be over-reinforced to counter the lack
of ductility from the FRP with concrete crushing the more
preferable mode of failure. There are several benefits of using
SCC including improved durability from better compaction and
resistance to chloride ingress. The use of high Range Water
Reducers (HRWR) to lower the w/c ratio and higher paste
content provides a denser microstructure and generates higher
compressive strengths [6].
Deflection Prediction
Estimations of vertical deflection take account of the bi-linear
response of beams when subjected to loading. Prior to the
cracking moment, Mcr the deflection estimations are based
upon the loading arrangement, beam geometry, curvature due
to applied moment, Ma and linear material behaviour of the
beam as shown in Equation 1. Beyond Mcr, the rate of
deflection relative to the applied moment increases as the beam
stiffness reduces. This is due to the reduction cross-section
where cracking occurs. The cracking moment, Mcr is calculated
as shown in Equation 2.
∆=

𝐾 𝐿2 𝑀𝑎
𝐸𝑐 𝐼

= 𝐾𝐿2 Ψ 𝑤ℎ𝑒𝑟𝑒 Ψ = 𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒
𝑃

𝑃 𝑒

𝐴

𝑍

𝑀𝑐𝑟 = 𝑍 [ +

+ 𝑓𝑐𝑟 ]

(1)
(2)

K is a constant depending on the end conditions and load
distribution, L is the beam length, Ma is the applied moment, Ig
is the gross second moment of area of an uncracked section, I cr
is the second moment of area of a cracked section. P is the level
of axial force or prestress applied to the beam and equals 0 in a
reinforced beam. Z is the section modulus and fcr is the modulus
of rupture. Ie is the effective moment of inertia.
Tension stiffening is the ability of the reinforced concrete to
carry tension between these cracks and provide additional
stiffness and greatly affects the post-crack stiffness of the beam
[7,8]. Theory for predicting deflections of beams are dependent
on values taken for predicting tension stiffening behaviour
which in turn are affected by the reinforcement ratio.
Eurocode 2 method is based upon CEB-FIP 90 model [9].
The CEB-FIP 90 model provides estimates of deflection based
upon moment curvature relationship. The Eurocode 2 model
was altered so deflections of the uncracked and uncracked state,
Δ1 and Δ2 respectively, are considered rather than curvatures.
Deflection of a beam is calculated as shown in Equation 3. The
values for the uncracked and cracked state are related to the
overall deflection using a tension stiffening factor, ς. The
tensile stresses in the bar before and after cracking for a given
load are determined, fsr and fs respectively. The tension
stiffening factor, ς is then calculated using these values as
shown in Equation 4. Empirical values β1 and β2 represent
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Δ = (1 − 𝜍) Δ1 + 𝜍 Δ2
𝑓

(3)

2

𝜍 = 1 − 𝛽1 𝛽2 ( 𝑠𝑟 ) 𝑤ℎ𝑒𝑟𝑒 ς = 0 if M𝑎 < 𝑀𝑐𝑟
𝑓𝑠

(4)

BS8110 [10] applies a smeared crack method to predict
behaviour of cracked concrete beams. This method applies a
linearly varying tensile stress distribution with the maximum
stress at the tensile face of the beam. An iterative calculation is
adopted to determine the stresses and depth of neutral axis for
the cracked section. A value of 1 MPa is used for the level of
tensile stress in the concrete at the depth of the reinforcement,
fcd accounting for tension stiffening in the cracked section.
Force equilibrium is used to determine the stresses based upon
an initial estimate of neutral axis. Strain compatibility provides
an alternative value for the neutral axis and iteration performed
to determine the actual depth of neutral axis for a given applied
moment. Curvature, Ψ is determined using Equation 5 and
deflections calculated using Equation 1.
Ψ=

𝑓𝑐

(5)

𝑥 𝐸𝑐

Ultimate Capacity
Ultimate capacities of prestressed concrete sections can be
determined using strain compatibility with the strain in the bar
is the sum of the strain in the concrete at the level of the bar
plus the strain due to effective prestress. This combination
affects the neutral axis even when the beam behaves elastically.
As the moment increases in the prestressed section the neutral
axis varies greatly due to the eccentric axial force. Calculations
for estimating the ultimate capacity differ depending on
whether the actual reinforcement ratio is less or greater than the
reinforcement ratio required for concrete crushing and bar
rupture simultaneously. If the actual reinforcement ratio, ρ is
less than the balanced reinforcement ratio, ρb then the section
will fail due to rupture and concrete crushing if it is greater. All
the beams were designed to be over-reinforced.
𝜌=
𝜌𝑏 = 0.67 
4

𝐴𝑓

(6)

𝑏𝑑
𝑓𝑐𝑘;𝑐𝑢𝑏𝑒 𝑥
𝑓𝑓𝑢

𝑑

(7)

RESULTS AND DISCUSSION
Deflections

Figure 6 shows mid-span deflections from the experimental
results for four beams. It can be seen that at lower loads the
beams are uncracked and have greater stiffness. The reinforced
sections experienced sudden deflections due to the emergence
of multiple cracks at a similar load increment. However,
prestressed sections have a more gradual change in neutral axis
limiting sudden reductions of stiffness and crack propagation.
Following the proof load, the prestressed beams were unloaded.
The residual deflections were all below 0.28mm as the prestress
force was able to close the cracks. In comparison, the
reinforced beams had greater residual deflections of 1.34 and
5.76mm for R-SCCG and R-SCCP respectively. In the
reinforced beams the neutral axis had a smaller depth than the
prestressed beams.
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As a result crack lengths were greater in the reinforced beams
upon reaching the cracking moment. In comparison initial
cracks in the prestressed beams were much shorter and cracking
was more gradual so there was no sudden increase in deflection.
Upon cracking, the stiffness of the sections change and nonlinear behaviour results in some variance between experimental
and analytical models with the theory underestimating the
deflections upon first crack. However, following this strong
correlation was found approaching higher loads as shown in
Figures 1-6. Table 2 shows a comparison of results for
deflections at service and ultimate state conditions with service
deflections taken as those which occur at 40% of the ultimate
load according to theory.

Figure 4. Specimen P02

Figure 5. Specimen P03

Figure 1. Specimen R01

Figure 6. Specimen P04

Figure 2. Specimen R02

Table 2. Analytical to experimental mid-span deflection
Mesh size

Load State

Experimental

R01

Service
Ultimate
Service
Ultimate
Service
Ultimate
Service
Ultimate
Service
Ultimate
Service
Ultimate

6.70
65.40
22.06
65.90
2.60
54.60
3.58
37.36
3.16
55.30
2.71
38.33

R02
P01
P02
Figure 3. Specimen P01

P03
P04

Analytical /
experimental
0.21
0.93
0.08
0.93
1.06
0.99
0.76
1.02
0.84
0.94
0.95
1.07
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Ultimate Capacity
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All beams failed due to concrete crushing although shear
cracking was also present. Shear cracks were more prevalent in
reinforced beams than in the prestressed beams, which is to be
expected. Prestressing helps the initiation of aggregate
interlock reducing the influence of this form of crack.
Prestressing also results in a deeper neutral axis which provides
a greater effective cross-sectional area to resist shear forces.
The reinforced beams failed at 70 and 86% of the expected
capacity. Previous research has found issues surrounding
anchorage failure in beams reinforced with FRP bars. End slip
of the bars at the ends of the beams was measured. No end-slip
was found in the prestressed beams however end slip was
recorded in the beam R-SCCG which could explain premature
failure. The prestressed beams had a higher ultimate capacity
than the reinforced beams as predicted. Concrete failure was
quite brittle as the mixes had a high compressive strength. The
prestressed beams experienced similar failure loads within a
range of 31-38kN equal to moments of 15-18 kN.m. Prestressed
sections were able to achieve the predicted ultimate capacities
exceeding the predictions as shown in Table 3.
Table 3. Ultimate State.
Beam ID
R01
R02
P01
P02
P03
P04

Experimental
(kN)
19.50
19.10
35.40
36.70
35.50
37.60

Theory
(kN)
27.69
22.15
34.23
30.56
34.66
31.77

Ratio (Exp/
Theory)
0.70
0.86
1.03
1.20
1.02
1.18

CONCLUSION
The findings of this investigation have resulted in the following
conclusions:
1. Concrete beams prestressed with BFRP provide
satisfactory stiffness of the section while the tensile
strength ensured an over-reinforced design resulting
favorable flexural failure due to concrete crushing.
2. The smoothed crack model incorporating the effect of
prestress in bar provided accurate predictions for
estimating deflections in beams reinforced or prestressed
with BFRP. Greater accuracy was found when predicting
the deflection behaviour of prestressed sections.
3. Strain compatibility theory was successfully used to
accurately predict the ultimate flexural capacity of
prestressed concrete sections.
4. The experimental results show that beams reinforced with
BFRP bars are prone to premature failure. This is due to
the decreased ability of non-prestressed sections to resist
shear possibly. FRP bars are known to have reduced shear
capacity. There was also evidence of anchorage failure as
end-slip was evident in reinforced beams. These issues
were negligible or non-existent in pre-stressed sections
highlighting the benefits of using BFRP as a prestressing
material. The wedging effect of the bar and compression
of the concrete at the ends of the beam resist anchorage
failure due to applied loading.

155

The contents of this paper are part of PhD research contributing
to the Eirocrete project. The European Commission funded FP7
Project is concerned with the development of sustainable, low
carbon, pre-cast concrete infrastructure. Funding is provided by
the European Marie-Curie Industry-Academia Partnerships and
Pathways (IAPP) program, which links public and private
research.
REFERENCES
Chitsazan, I., Kobraei, M., Jumaat, M., and Shafigh, P., (2010), “An
experimental study on the flexural behavior of FRP RC beams and a
comparison of the ultimate moment capacity with ACI,” Journal of Civil
Engineering and Construction Technology, Vol.1, No. 2, pp 27-42.
[2] Evbuomwan, N., (2013), “Flexural behaviour of normal and high strength
concrete beams reinforced with GFRP rods,” Research and Applications
in Structural Engineering, Mechanics and Computation, pp 1603-1609.
[3] America Society of Civil Engineers (2013), “2013 Report card for
America’s infrastructure,” pp 74.
[4] Rathod, A., and Vora, T., (2015), “Fibre Reinforced polymer
reinforcement for construction – state of the art review,” IJRET, Vol. 4,
No. 2, pp 736-739.
[5] Thamarajah, G., (2010), “Compressive Membrane Action in Fibre
Reinforced Polymer (FRP) Reinforced Concrete Slabs”, PhD Thesis,
Queen’s University, pp 315.
[6] RILEM Technical Committee 228-MPS, (2014), “Mechanical Properties
of Self-Compacting Concrete,” RILEM State of the Art Report, pp286.
[7] Behfarnia, K. (2009), “The effect of tension stiffening on the behaviour
of R/C beams,” Asian Journal of Civil Engineering (Building and
Housing), Vol. 10, No. 3, pp 243-255.
[8] Elenas, A., Vasiliadis, L., Pouliou, E., and Emmanouilidou, N., (2006),
“Influence of tension stiffening effect on design and behaviour of
reinforced concrete structures,” Measuring, Monitoring and Modelling
Concrete Poperties, pp 215-220.
[9] CEB-FIP, (1993), Model Code 1990: Design Code, Comite EuroInternational du Beton, Thomas Telford Ltd, France.
[10] British Standards Institution, (1997), “Structural use of concrete. Part 1.
Code of Practice for design and construction”, BS8110-Part 1: 1997,
London, British Standards Institution.
[1]

CERI-ITRN2018

Numerical Modelling of Conventional and Ultra High Performance Fibre Reinforced
Concrete Beams and Slabs
William Wilson1,2, Tomas O’Flaherty1
Department of Civil Engineering & Construction, Institute of Technology, Ash Lane, Sligo, Ireland
2
Roadstone Ltd., Cookstown Rd, Fortunestown, Dublin, Ireland
email: william.wilson@mail.itsligo.ie, oflaherty.tomas@itsligo.ie

1

ABSTRACT: Ultra high performance fibre reinforced concrete (UHPFRC) is an encouraging new development as its enhanced
properties result in smaller cross sections in comparison to conventional and high performance concretes. A drawback to UHPFRC
is that there is a lack of design rules and where rules do exist there is disagreement in certain cases, which prevents full advantage
being taken of UHPFRC’s enhanced properties. In the research reported here, results from experimental tests on small-scale
conventional concrete and UHPFRC beams and slabs reported in the literature are used to validate finite element modelling
methods developed for concrete structural elements. Beams were loaded in four-point bending and included a conventionally
reinforced concrete beam and two UHPFRC beams. Flat slabs were loaded under a punching shear load and included a
conventionally reinforced concrete slab and a UHPFRC slab. These specimens were selected to determine if the modelling
methods identified for conventional concrete are suitable for UHPFRC. The numerical models provided excellent agreement to
the experimental specimens with peak load differences ranging from 0% to 7%. The load-deflection and failure modes obtained
in the numerical beam and slab models provided a good representation of the experimental behaviour, including the ability of
UHPFRC to redistribute stress due to microcracking, an important feature of this material. The conclusions from this research will
be applied to future UHPFRC numerical modelling problems and aid in the development of design codes and guidelines.
KEY WORDS: Infrastructure, UHPFRC, finite element modelling, ANSYS, structural elements
1

INTRODUCTION

UHPFRC is a relatively new form of concrete that exhibits
enhanced strength, ductility and durability in comparison to
conventional and high performance concretes. Fibres prevent
explosive failure, improves the tensile strength, and make it
possible to achieve higher levels of ductility [1]. Compressive
strengths are typically 130MPa to 230MPa and flexural
strengths are expected to be between 20MPa and 60MPa,
depending on fibre dosage. The enhanced strength of UHPFRC
results in thinner sections in comparison to conventional
concrete. UHPFRC is mainly been used for bridge construction
and retrofitting and protecting existing structures.
Studies conducted over the past two decades have aided in
advancing our understanding of UHPFRC. However, only a
minor number of studies make comparisons between
experimental and numerical behaviour to gain a further insight
into the material’s behaviour. In addition, the majority of
UHPFRC projects undertaken to date require experimental
testing of critical elements to ensure adequate design, which
significantly increases the cost of construction projects that use
UHPFRC. Furthermore, although the three design codes that
were developed in France [2], Australia [3] and Japan [4] cover
a number of issues associated with UHPFRC, there is a lack of
design rules. Disagreement with certain rules is preventing full
advantage being taken of UHPFRC.

By using experimental tests to validate numerical modelling
techniques for UHPFRC this research highlights how models
can be used for the development of reliable design guidelines
for incorporation in UHPFRC design standards and ensure that
the cost of projects can be reduced by eliminating full scale
experimental tests.
2

EXPERIMENTAL SPECIMENS MODELLED

This section gives details of the experimental specimens
modelled.
Conventional Reinforced Concrete Beam
A control beam from a series of tests that investigated the
strengthening of reinforced concrete beams in flexure, denoted
C1, was modelled as its geometry and the inclusion of steel bar
flexural and shear reinforcement are similar to what is used in
practical applications [5]. The beam had a total length of
4725mm, a height of 457mm and a width of 254mm as shown
in Figure 1. Cover of 51mm was used for all reinforcement. The
supports were located at 76mm from each. The supporting
plates were 76mm wide and the loading plates were 152.4mm
wide. The concrete used had a compressive cylinder strength of
33MPa.

Research Significance
This research uses the results of previous experimental beams
tested in four-point bending and slabs tested in punching shear
designed using conventional concrete and UHPFRC [5]–[8] to
validate numerical modelling methods developed for concrete.

Figure 1. Geometry and reinforcement layout for conventional
reinforced concrete beam C1 [5]
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UHPFRC Beams With and Without Secondary Rebar
Two UHPFRC beams were modelled from a previous
experimental study on UHPFRC beams tested in four point
bending with a fibre volume of 2%, conventional steel
reinforcement ratios of 0% and 1.2% and without shear links
[6]. As shown in Figure 2, the beams had a clear span of
2700mm and a height and width of 270mm and 180mm,
respectively. The first beam had no conventional
reinforcement, denoted NR-1, and this type of beam is of
interest to establish the possibility of designing UHPFRC
structures without conventional reinforcement. The second
beam had a rebar ratio of 1.2% and was denoted R14-2. This
rebar ratio is typical of what is used in experimental tests on
concrete beams in bending. The UHPFRC mix had a
compressive strength of 194MPa.

Figure 2. Longitudinal and cross-section reinforcement
arrangement for the UHPFRC R14-2 experimental beam [6]
Conventional Reinforced Concrete Slab
A conventionally reinforced concrete slab tested in punching
shear, denoted S4, was also modelled [7]. As shown in Figure
3, the slab comprised of a square 860mm panel simply
supported 30mm from each edge and had a thickness of 65mm
and a conventional reinforcement ratio of 1%. This specimen
was selected as it had a span to height ratio and a conventional
reinforcement ratio similar to those used in conventional
concrete structures. The specimen had a compressive cube
strength of 52MPa.

Figure 4. Slab dimensions and testing arrangement for the
UHPFRC BCV-1%A-60-0.96 slab [8]
3

NUMERICAL METHODOLOGY

The main advantages of finite element modelling (FEM) are
that it is a cost-effective method of analysis, it can simulate
scenarios in advance, it provides solutions before investment
decisions are made, and it facilitates better understanding of the
behaviour of the material and structural members to be
developed. The ANSYS FEM package was used and it is a
comprehensive general-purpose FEM program that contains
more than 180 different elements [9].
ANSYS Elements Utilised
SOLID65 was used to model the concrete and steel fibres in
this research. It is an isoparametric three-dimensional eight
node brick finite element and can be used to represent cracking
in tension, crushing in compression and is capable of plastic
deformation. The element has one solid material and up to three
different smeared reinforcing material properties can be
defined, which makes it suitable for modelling FRC. The
smeared reinforcement, fibres or rebar, share the same nodes as
the concrete element.
BEAM188 is suitable for analysing slender to moderately
thick beam structures and was used to model the secondary
steel reinforcement. The element is based on Timoshenko beam
theory that includes shear-deformation effects.
Modelling Stress-Strain Behaviour

Figure 3. Slab dimensions and testing arrangement for the
conventional reinforced concrete S4 slab [7]
UHPFRC slab with Secondary Rebar
The limited experimental research conducted on UHPFRC
slabs lack certain information required to accurately model the
behaviour. The slab modelled, denoted BCV-1%A-60-0.96,
was 960mm square, had a thickness of 60mm, an effective
depth of 40mm, 1% steel fibres and a conventional
reinforcement ratio of 0.96% [8]. As shown in Figure 4, the slab
was anchored by eight steel rods creating a circular support
system with a diameter of 878mm and the load was applied
through a 80mm diameter punch. The UHPFRC mix used had
a compressive strength of 157MPa.
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Several approaches are available for defining the complicated
stress-strain behaviour of concrete under different states of
stresses. Methods used in this research are described below.
By using the SOLID65 element, ANSYS can predict the failure
of concrete with both cracking and crushing failure modes
possible. For the linear stage, the concrete is assumed to be an
isotropic material up to cracking. For the non-linear stage, the
concrete may undergo plasticity, cracking, crushing, and/or
creep. The uniaxial tensile and compressive strengths are used
to define the failure surface. Behaviour is based on the
constitutive model for the triaxial behaviour of concrete
developed by Williams and Warnke [10]. The model can be
used with the smeared crack approach developed using the
smeared crack constitutive model [11]. The formation of cracks
is simulated by replacing the isotropic stiffness matrix by an
orthotropic matrix. Stress normal to the direction of cracking
undergoes softening until it reaches zero. Cracks can close and
open, however, their directions remain fixed [12]. The yield
criterion used is von-Mises, which combines the principal
stresses into an equivalent stress to check for failure. Failure
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can occur due to one or more of the principal stresses exceeding
the yield stress.
3.2.1

Concrete in Compression

The concrete's compressive behaviour was replicated by an
elasto-plastic work hardening model followed by a perfectly
plastic response using a multilinear curve. The first point of the
curve must satisfy Hooke's law. Once the peak compressive
stress is reached a plastic response is understood to occur. As
the non-linear procedures of the SOLID65 element do not allow
for negative gradients in the stress-strain curve, the stress was
not allowed to reduce after yielding. Instead, the curve was
maintained horizontal until failure. In the plastic range, a flow
rule is used to create the stress-strain relationship and in doing
so it is assumed the plastic deformation rate vector will be
normal to the yield surface. The compressive stress-strain curve
in ANSYS can also be represented using a bilinear response,
however, a multilinear curve allows a better representation of
an experimental curve.
In this study, the crushing capability of the SOLID65 element
was turned off as this feature causes convergence issues leading
to difficulties in obtaining an accurate solution. With the
crushing capability turned off, a redistribution of stress is
required to remove the excess stress from integration points that
have exceeded the specified compressive stress. In
compression after the excess stress has been redistributed the
integration points that exceeded the specified stress will
continue to support the specified compression stress but
continue to strain beyond the realistic capabilities of concrete.
3.2.2

Concrete in Tension

Cracking occurs when the maximum principal tensile stress in
any direction exceeds the specified tensile stress [13]. At a
concrete integration point in ANSYS a crack may develop in
one plane and if subsequent stresses tangential to the crack face
are large enough, a second or third crack will develop. An
individual crack is treated as a smeared band of cracks.
Numerically, once the crack occurs no tensile stress can be
supported in that direction at that integration point. As a result,
the tensile stress at that integration point is redistributed to
adjacent integration points. As a result the tensile stresses at the
surrounding integration points may or may not exceed the
specified tensile capacity. If the tensile capacity is not
exceeded, then the surrounding integration points will continue
to support additional tensile stresses. However, if the tensile
stress capacity is exceeded at any of the adjacent integration
points a crack is also deemed to have occurred at that
integration point and the stresses are again redistributed. This
process will continue if the model remains stable.
3.2.3

Reinforcement

The discrete model was used for the steel bar reinforcement
based on the conclusions of several studies that modelled the
response of reinforcement in concrete using the discrete or
smeared model for reinforced concrete beams [14]–[16]. The
discrete model uses bar or beam elements that are connected to
the concrete nodes and therefore share the same nodes and
occupy the same space. The disadvantage of this method is that
the concrete mesh is restricted by the location of the
reinforcement and the volume of the reinforcement is not
subtracted from the concrete volume, which increases the

stiffness of the model. The embedded model overcomes this
issue by evaluating the stiffness of the reinforcement separately
from the concrete elements. This method is beneficial when
reinforcement is complex but the drawback is that this increases
the number of nodes and degrees of freedom, and consequently
the run time and computational cost of the model.
The smeared reinforcement option of the SOLID65 element
was utilised to model the fibres. The smeared model method
assumes the reinforcement is evenly spread throughout the
concrete base elements, which makes it particularly well suited
to modelling FRC, as the fibres act as part of the matrix. The
reinforcement can be inputted in three different directions to
represent different fibre orientations.
The material properties for the fibre and steel bar
reinforcement were inputted using a bilinear kinematic
hardening curve, in which the Young's Modulus, Poisson’s
Ratio, yield stress and tangent modulus were specified.
Specimen Material Properties
Figure 5 and Table 1 present the inputted concrete stress-strain
curves and the material properties, respectively, for the
concrete used in each of the experimental specimens. Values
for some parameters were assumed due to the lack of data
presented in the experimental studies. These assumed values
were determined using typical values for similar strength
concretes investigated in the literature. Although changing the
assumed values would influence the stiffness of the models and
the agreement at first crack, the overall effect of the assumed
values on the behaviour of the models would be insignificant.
Furthermore, the compressive stress-strain curve for three of
the five specimens, with the UHPFRC beams being the
exception, were assumed based on similar strength concretes in
the literature. As the specimens modelled did not exceed the
specified compressive stress these assumed curves had an
insignificant effect on the behaviour of the models.

Figure 5. Inputted concrete compression stress-strain curves.
Table 1. Inputted Concrete Material Properties
Property
Young’s
Modulus (GPa)
Poisson’s
Ratio
Tensile (MPa)
* Assumed value

Conventional
Beam

UHPFRC
Beams

Conventional
Slab

UHPFRC
Slab

29*

45

30*

44*

0.2*

0.2

0.2

0.2

3.4*

11.0*

4.0

4.0*

Shear transfer coefficients for open (βo) and closed (βc) cracks
are required for the SOLID65 element to represent the
condition of the crack face and determine the amount of shear
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transferred across the cracks. These values can range from 0 to
1, with 0 representing a smooth crack (complete loss of shear
transfer) and 1 representing a rough crack (no loss of shear
transfer). Typically, the value used for βo in the literature
varied between 0.05 and 0.30 [13], [17]–[19]. It has been
determined that convergence problems occurred with βo values
of less than 0.2 [20]. Therefore, a value of 0.3 was used. The
values used for βc in the literature typically vary from 0.9 to 1.0
[18]–[20]. In this study βc was set as 0.9 as some reductions in
stiffness were expected.
Table 2 presents the material properties used for the steel bar
reinforcement. For the steel fibres the expected fibre pullout
strength was inputted as the yield strength to ensure the
behaviour due to fibre pullout was correctly modelled. The
fibre pullout strengths were calculated to be 1000MPa and
400MPa for the UHPFRC beams and slabs, respectively, based
on the UHPFRC strength and findings of other research [21].
The fibres were assumed to have a Young’s Modulus and
Poisson’s ratio of 200GPa and 0.3, respectively. As it has been
demonstrated that UHPFRC aligns with the direction of flow of
concrete, it was assumed 80% of the fibres were parallel to the
span of the UHPFRC beams and slab [22], [23].
Table 2. Inputted Steel Bar Reinforcement Properties.
Property
Young’s
Modulus (GPa)
Poisson’s Ratio
Yield Strength
(MPa)
Tangent
Modulus (MPa)
* Assumed value

Conventional
Beam

UHPFRC
Beams

Conventional
Slab

UHPFRC
Slab

200

200

200

205

0.3

0.3

0.3

0.3

415

555*

558

546

2000

2000

2000

2000

Mesh Arrangements
Due to the experimental testing arrangements it was possible to
utilise quarter models in this research, which significantly
reduced the solution times. A mesh sensitivity analysis was
conducted by solving the models using a coarse mesh, which
had the lowest quantity of elements possible without using
irregular shaped elements. The models were then reanalysed
with the number of elements doubled. If the two meshes yielded
substantially different results, then further mesh refinement
was required. This process was repeated until nearly identical
results for succeeding meshes were obtained. The meshes used
in the current study were the coarsest meshes possible that were
determined to not require further refinement. As shown in
Figure 6 the conventional concrete beam, the UHPFRC beams,
the conventional concrete slab and the UHPFRC slab had 300,
1008, 900 and 1200 concrete elements, respectively.

Figure 6. Mesh arrangements utilised

159

Loading and Support Conditions
Force control loading was utilised as this method prevents large
decreases in load due to cracking that occurs with displacement
control loading, which is a numerical idiosyncrasy rather than
being reflective of the experimental behaviour. As force control
loading was used the models were not capable of replicating the
residual strength of the experimental specimens. For the
conventional reinforced beam the force was applied on the
centreline of the support. The force was applied over the flat
surface of the semi-circular loading roller on the UHPFRC
beams. The load was applied directly to the face of the concrete
slabs at the location of the experimental loading block.
As frictional contacts pose several convergence issues and
have increased solution times, bonded contact was used in the
beam models. The supports could move in the longitudinal
direction and were constrained in the vertical direction. This
allowed the models to rotate about the support and as the
support was free to move in the longitudinal direction the same
effect as sliding that frictional contact achieves is obtained
without unduly affecting the results. These support conditions
were applied to the centerline and face of the supports in the
conventional concrete beam and UHPFRC beams, respectively.
Frictional contact was used in the conventional concrete slab to
allow the separation of the concrete specimen from the
supports. The bottom face of the supports were restricted from
movement in all directions. The experimental arrangement in
the UHPFRC slab facilitated the support conditions to be
applied directly to the concrete nodes. Only movement in the
vertical direction was constrained as some movement was to be
expected in the horizontal plane of the experimental specimen.
Analysis Settings
The analyses were conducted using a static structural system
and Newton-Raphson. Automatic time stepping with an initial
load step size of 0.5s and an end time of 100s was used. A direct
solver that was based on direct elimination was used.
4

RESULTS AND DISCUSSION

Table 3 presents the first crack and peak loads obtained for each
experimental specimen and the percentage increase or decrease
of its counterpart numerical model.
Table 3. Experimental and FEM First Crack and Peak Loads
Specimen
NSC Beam
UHPFRC Beam
(No Rebar)
UHPFRC Beam
(Rebar)
NSC Slab
UHPFRC Slab

First Crack
Exp FEM Diff
(kN) (kN) (%)
40.0 45.2 +13.0
61.9 47.2 -23.7

Peak
Exp FEM
(kN) (kN)
145.3 145.2
121.7 117.5

Diff
(%)
-0.1
-3.5

67.8

52.2 -23.0

206.8 202.3

-2.2

28.0
18.0

14.7 -47.5
14.7 -18.3

89.0
75.0

+1.9
+6.9

90.7
80.2

The results illustrate that good agreement was obtained for the
peak loads with the largest difference being 6.9%. Poor
agreement was obtained at first crack as a result of the tensile
strength being estimated for some of the experimental
specimens and because it was possible the correct experimental
first crack may not have been recorded as initial microcracks
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may not have been visible or were too insignificant to result in
a change in stiffness in the load-deflection curves. The results
illustrate comparable accuracies for both the NSC and
UHPFRC specimens.
Numerical models can be stiffer up to first crack in
comparison to the experimental specimens. This is a result of
microcracks existing in experimental specimens before loading
commences and slippage of the reinforcement in the
experimental specimens, both of which are not present in the
numerical models.
As shown in Figure 7 the NSC beam model exhibited similar
behaviour to that of the experimental specimen. A change in
stiffness at 120kN denoted steel yielding. As loading continued
the flexural cracks in the model reached the top of the beam,
which led to an increase in the deflection, non-convergence due
to excessive rotation and the concrete elements at the loading
point reaching the specified compressive stress as recorded in
the experimental specimen.

Research illustrates that UHPFRC has the ability to
redistribute stress and undergo multiple cracking [6], [24].
Although this is difficult to replicate and observe in a numerical
model it is achieved to a certain extent in this research. It was
observed in the UHPFRC beam models that the formation of
new cracks from the bottom surface of the beam always took
place adjacent to an integration point that had already cracked.
This illustrates that the cracks were tightly spaced in the
models, indicating a redistribution of stress through the
formation of multiple cracks. At failure, approximately half of
the UHPFRC beam without rebar underwent flexure cracking
and all integration points on the bottom surface of the beam in
the middle region had cracked, as shown in Figure 9.

Figure 9. Cracks in the UHPFRC beam model without rebar at
failure

Figure 7. Load-deflection curves for the NSC beam
Figure 8 illustrates that as the numerical model
underestimated the first crack load of the experimental
UHPFRC beam without rebar the model was not as stiff as the
experimental specimen after first crack. However, good
agreement was obtained at peak load. The model with rebar
exhibited good agreement with the experimental specimen up
to steel yielding at approximately 185kN. Failure occurred
shortly after steel yielding in the model due to the fibres
exceeding their pullout stress, resulting in a substantial increase
in cracking and ultimately non-convergence due to the large
deflections required to satisfy the stiffness matrix. Although the
model did not accurately reflect the deflection at peak load in
the experimental UHPFRC beam with rebar, good agreement
was obtained for the peak load and failure mechanism.

Figure 8. Load-deflection curves for the UHPFRC beams

As shown in Figure 10 the NSC slab model provided a good
approximation of the experimental load-deflection response
after first crack. At a load of 90.7kN failure was deemed to have
occurred in the model due to punching shear. At this load the
first and second cracks in the region of the loaded area had
penetrated the top surface of the slab and high shear stresses
were noted. These cracks along with the high shear stresses
causes the loading area to punch through the slab, replicating
the punching shear failure observed in the experimental
specimen.

Figure 10. Load-deflection curves for the NSC slab
In a numerical model the exact location of the critical shear
perimeter requires interpretation. For the NSC slab model the
approximate angle of the punching shear crack, highlighted in
red, extends from the face of the column stub, highlighted in
green, and follows a path to the tensile surface that encloses the
majority of third cracks, as shown in Figure 11. This path was
approximated by analysing a number of sections in the model,
including section A-A and using the path that the angle of third
cracks best formed a truncated cone, indicating the formation
of a diagonal shear crack. The critical perimeter was calculated
to be approximately twice the effective depth of the slab away
from the column face, similar to what was observed in the
experimental specimen.
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through microcracking, an important feature of the
material.
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ABSTRACT: The Concrete Practice in Ireland decennial series began in 1965 and has very successfully been a flagship for the
state-of-the-art in concrete practice in Ireland since then. In 1995 a special lecture was reserved for updating the concrete
community on third level research matters and, in 2015, a very comprehensive review was presented on more than 650 academic
papers published between 2005 and 2014 on 12 themes in concrete materials and 6 themes on concrete structures. Included in
these were more advanced topics of rheology, recycling, nanotechnology and fibre-reinforced plastics, as well as more established
topics such as self-compacting concrete, fibres and supplementary cementitious materials. On the understanding that research
matters move so quickly now, it is thought that decennial reviews are too far apart and so this paper aims to update this database
of published work by reporting on who has been publishing what and where in academia in Ireland. New key themes will be
identified with the aim of encouraging younger researchers and industry to seek funding for future research in these emerging
areas.
KEY WORDS: Concrete research; Publications; Structures
INTRODUCTION

This paper reflects an overall impression of concrete research
conducted in the last three years, as evidenced by the
conference and journal publications written by academics in
Ireland. The principal investigators in concrete materials and
structures from a total of twelve Universities and Institutes of
Technology on the island of Ireland were contacted to gain
access to concrete research published in the last three years
(2015-17) from their respective institutes. While all responded,
three institutes were unable to contribute towards the published
record due to having no publications on concrete in these three
years and this is reflected in a lower rate of publication overall,
which is investigated in this paper. A list of about 140 papers
on concrete research, published in the last three years, has been
received from the participants/principal investigators and
compiled to categorise them under different themes as specified
in the following sections. The implications of this up-to-date
summary on concrete research in Ireland are manifold. First, it
may provide the most relevant information on the emerging
areas of concrete research thereby encouraging younger
researchers and academics to seek funding for future research.
Second, it may serve as a common platform, providing
information on who in Ireland is publishing what and where.
This opportunity cannot only be explored to boost collaboration
among institutes and between academics and industry but also
to inspire cognate research.
2

CONCRETE RESEARCH

The distribution of the 140 papers has been broken down into
annual returns of conference (79 in number) and journal papers
(61 in number). Fig. 1 shows the annual output of papers
published by academia between 2015-17. Evidently, the
number of publications in concrete dropped in 2017. To make
a comparison between the present and previous status of

concrete research in Ireland, the proceedings recorded in
‘Concrete Practice in Ireland 2015 symposium’ [1], and ‘Civil
Engineering Research in Ireland 2016’ [2], has been consulted.
These proceedings provide a state-of-the-art review on concrete
research in Ireland since the year 2004. For a summary of the
total papers published in that decade, see Table 1. Surprisingly,
the research into concrete in 2017 is low with only 31 published
papers (12 journal + 19 conference publications). This
represents a percentage reduction of about 50% compared to
that of 2016, and is the lowest for over a decade, although it
should be noted that there were 17 CERI16 papers in 2016.
Thus, the extent of journal publication may appear to be
significantly diminished, and given that fulsome responses to
this survey were received from all nine of the higher education
institutes publishing concrete papers, this reduction may not be
just a random annual variation. One needs to understand the
possible causes of this reduction so that sincere efforts can be
made to help research activity reach the level set in the previous
decade.
2015

40

No. of Publications

1

34

35
30
25
20

2016
28

26
19

2017

21
12

15
10
5
0
Conference

Journal

Figure 1. Annual output of published papers published by
academia 2015-2017.
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Table 1. Summary of published papers 2005-2017 inclusive
by academics on the island of Ireland.
Year
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
3

Journal
13
9
9
10
26
14
17
37
31
23
21
28
12

Conference
34
23
34
40
43
84
35
85
33
50
26
34
19

Total
47
32
43
50
69
98
52
122
64
73
47
62
31

RESEARCH THEMES

The papers received from the investigators have been
categorised into a number of themes, as shown in Table 2. It
could be observed that roughly 44% and 56% of the 140 papers
appeared in journals and conferences, respectively, which is an
excellent outcome and represents an improvement, in terms of
an increased journal publication rate, with respect to the
statistics of the 2005-2014 period (during which 27% of a total
of 650 papers were in journals and 73% in conferences). It
supports the trend wherein researchers are producing higher
impact factor, novel and high quality papers with deep
analysis. Durability, fibres, thermal mass, geopolymers and
alkali-activated slag appear to be the key materials topics since
more publications appeared in these categories, whereas
structures and miscellaneous categories have a wide range of
sub-themes in the published papers. The papers have been cited
here in a theme-by-theme review (Table 2):
Table 2. Breakdown of published papers by theme.
Title
Cements
Geopolymers and Alkali
activated slag
Fibres
Hemp lime concrete
Thermal mass and PCM
Testing
Durability
Structures
Miscellaneous
Total

Journal
5
5

Conference
6
16

Total
11
21

2
3
6
7
9
12
12
61

12
4
7
2
14
9
9
79

14
7
13
9
23
21
21
140

Cements
Research on cement includes studying the effect of less
common cements (such as CEM III/A) exposed to harsh acid
rich environments [3]; modified cements like RoadCem,
BanahCEM and Laterite-based cements, stating the mix design,
performance characteristics and structural properties of
concrete [4-6]; cement parameters like fineness and alkali
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content on the plastic shrinkage cracking of concrete [7]. With
focus on improving the sustainability footprint of concrete and
cement-based construction materials in the precast industry, the
potential of waste ceramic powder in mortars has been explored
[8]
. Waste ceramics as partial cement and aggregate replacement
in cement-based composites have also been studied for strength
development characteristics [8-10]. The effects of supplementary
cementitious materials like fly ash (FA), incinerator bottom
ash, sewage sludge ash and granulated blast furnace slag
(GGBS) have been examined for their suitability as a
substitution in cement production [11-13].
Geopolymers and alkali activated slag
Geopolymers as alternative binder systems are attracting
increasing interest in research and development. Research on
geopolymer based composites includes the selection and
characterisation of geological materials (such as interbasaltic
materials) and quarry dust for use as geopolymer precursors [1415]
; resistance to silage effluent attack [16]. Room temperature
cured geopolymer binders were investigated for their suitability
in harsh environment applications, where rapid strength gain is
of the essence, e.g. repair applications, pre-cast industry, tunnel
or mine linings [17]. The potential use of geopolymer cement
concrete for road applications has been probed [18-20]. The
development of lightweight ultra-high performance
geopolymer concrete sandwich cladding panels for the retrofit
of existing buildings has been examined [21-23]. The outcomes
of a series of experimental investigations concerning the mix
proportions, microstructural, permeability and durability
properties of alkali-activated fly ash-slag concrete are
available, depicting an increasing interest in this area over the
last three years. The properties investigated have included
measurements of workability, rheology, compressive strength,
carbonation resistance, chloride transport, effluent attack and
sulphate attack [24-34].
Fibres
The development of fibre-reinforced cementitious composites
establishes a notable revolution in modern concrete technology.
The effects of fibre type, size and dosage on the rheological
characteristics, tensile strength, pullout behaviour, shear and
flexural behaviour of cement-based composites have been
investigated [35-39]. The experimental and numerical modelling
of ultra high performance fibre reinforced concrete (UHPFRC)
which focus mainly on mix design and the most relevant
mechanical properties (deflections, toughness and moment
capacity) have been investigated [40-43]. In recent years the
development and use of fibre reinforced polymer composite
materials in infrastructure have gained increasing attention
worldwide. Fibre reinforced composites containing natural
mineral fibres such as basalt are currently being developed with
potential to replace conventional internal steel rebar [44] and are
showing promising mechanical properties [45]. Basalt fibre
reinforced polymer (BFRP) bars are proposed as a pre-stressed
reinforcement for precast concrete elements. The experimental
and theoretical studies conducted on BFRP-reinforced test
panels are representative of typical precast concrete utility
vaults used in the industry [46-47]. Another dimension of research
on BFRP reinforcement includes carrying out reliability
analysis of internal BFRP reinforcement for concrete structures
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towards design optimization for structural reliability over their
service life [48].
Hemp-lime concrete
The effects of test variables including curing conditions, time
of demoulding and specimen geometry on the hydration and
compressive strength development of hemp concrete have been
studied [49]. Statistical analysis of hemp concrete properties was
carried out with focus on determining the variability of material
density, compressive strength and Young’s modulus [50,51].
Acoustic properties of hemp lime concretes and renders
including GGBS and metakaolin are reported with focus on
improving the sound absorption capability of hemp concrete [5255]
.
Thermal mass and PCM
The impact of thermal mass on building energy consumption
has been studied wherein it has been emphasized that the
transient energy ratio and effective U-value must be considered
in the analysis of the dynamic performance of heavily insulated
buildings [56, 57]. New materials such as hemp-lime concrete,
offer a combination of structural, thermal and hygroscopic
properties that make it suitable for incorporation into the
building envelope [58]. Phase Change Materials (PCM) have
been incorporated into a range of building envelope materials
with varied success. Panels containing a lightweight
aggregate/PCM concrete composite is proving to be more
effective at providing additional thermal storage [59, 61]. The use
of GGBS also influences the thermal mass behaviour of a
PCM-concrete where the higher specific heat capacity of the
GGBS cement matrix increases as the effectiveness of the PCM
(in terms of its latent heat capacity) decreases [62]. Solar thermal
collectors manufactured from concrete offer a more affordable
alternative to the standard range of solar thermal collectors,
taking advantage of concrete’s innate thermal mass. Studies
have shown that concrete solar thermal collectors have good
potential for energy savings and could be considered among the
range of solar thermal technologies, particularly for building
integration [62-68].
Testing
An experimental investigation was designed to assess the
influence of near-surface moisture contents on permeation
properties of alkali-activated slag concrete [69]. New tests have
been proposed for water permeability [70], conductivity
measurements [71], Venlo application testing [72] and a modified
pullout of post-installed screw anchors [73]. The proposed test
methods show strong potential to become recognised as
international methods for determining the permeability of high
performance concrete [74]. New techniques based on embedded
sensors were developed and employed for monitoring
reinforced concrete structures to assess their durability [75]. The
combined use of testing and modelling is used to predict the
long-term performance of a range of concretes exposed to
marine environments [76, 77].
Durability
An overview of several performance-based approaches for
concrete durability specification [78], prescriptive and
performance-based design concepts for durability are discussed
[79]
. The descriptions of the available and commonly applied in-

situ and laboratory, non-invasive and semi-invasive test
methods for evaluating concrete penetrability properties [80, 81]
and for chloride diffusivity/electrical resistivity are also
covered [82]. The enhanced durability effects of GGBS when
used in combination with limestone cement [83] and when
treated with cyclic carbonation on chloride ingression [84] have
been affirmed. Some key aspects of durability, which comprise
resistance to chloride ingress and resistance to carbonation,
have been extensively studied [85-93]. The primary cause of the
failure of the Clacton coastal protection precast concrete units
was identified as alkali-silica reaction (ASR) which appeared
to have been exacerbated by the choice of cement, leaching
action and the geometry of the units [94]. The benefits and
lessons learnt from building information modelling (BIM)
being implemented on the Clacton project were discussed [95].
Use of cement-based batteries for the cathodic protection of
embedded steel in reinforced concrete undergoing chlorideinduced corrosion is an area of utilisation of cement paste as a
novel battery electrolyte [96-100]. Research is underway to
recharge the batteries using photovoltaics thereby increasing
their lifespan [100].
Structures
Current research in structural engineering can be organised into
these broad areas: strengthening of overbridges [101], nonlinear
dynamic analysis and seismic fragility of corrosion damaged
integral bridge [102], reliability analysis of reinforced concrete
slab bridges subjected to traffic loading [103], structural
performance of precast prestressed concrete bridges [104, 105] and
slabs [106], real-time monitoring investigations on building
components including slabs, girders etc. [107, 108], analytical
studies on the strength and ductility of RC jacketed columns
[109]
, robustness and speed of construction of arches using the
FlexiArch Rapid method [110, 111], experimental investigations
into the structural behaviour of pre-stressed concrete elements
reinforced with BFRP [113-114], service and ultimate behaviour
of fibre reinforced polymer reinforced bridge deck slabs [115],
seismic performance of concrete framed structures and bridges
[116-117]
, dynamic impact testing of post tensioned hollow steel
sections [118], structural performance of bamboo-concrete
composite arches under uniformly distributed loading [119] and
failure analysis of concrete [120, 121]. With no central themes
identified, this group represent an eclectic range of practicallybased research problems.
Miscellaneous
There are some papers which do not fall under any of the above
categories but are worthy of mention - these include the
influence of high thermal mass structures on energy use [122, 123],
experimental and numerical study of the performance of
concrete components subjected to severe fire [124, 125], concretetextile technology [126, 127], radiological evaluation of byproducts used in construction [128], lightweight self-compacting
concrete [129], evaluating prediction models for the mechanical
behaviour of lime-mortar masonry under compression [130],
rheology [131] and temperature effects on early age strength
development of cement-based composites containing
supplementary cementitious materials (SCMs) [133], nanosilicabased cement grouts [134], influence of CO2 sequestration in
cement-based materials [135, 136], temperature studies on
pressure development in chemical demolition agents [137],
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maturity and engineering performance of pre-cast elements
[138]
, SEM-calorimetric studies on GGBS concrete [139],
production and testing of scaled reinforced concrete models
[140]
, sustainable concrete [141], and concrete containing recycled
aggregates/components [142, 143].
4

CONCLUDING REMARKS

The evidence presented in this paper demonstrates that concrete
research in Ireland while still strong internationally, may be
losing its momentum with the lowest number of publications
appearing in 2017 since the year 2005. Surprisingly, two areas
for novel research identified previously [1] which have not
received much attention are nanotechnology and recycled
materials (other than cements) in concrete, particularly
recycled concrete aggregate.
In order to investigate the root cause of the problem associated
with the reduced number of concrete research publications in
2017, a limited survey was conducted of all those academics
who, unlike previously, had no or very few returns in the
publications listings, to understand their perceived reasons for
this decline. A brief questionnaire, consisting of just two
questions, was designed and is presented in Table 3 for
reference.
Table 3. Questionnaire.
1.
Do you think you and your colleagues have a small
number of concrete publications because?
(i)
There is little funding for research in this area
(ii)
There is more funding in other areas
(iii)
There is even less time for research than previously
due to other work
(iv)
Some other reason – please elucidate……..
2.
If you answered (ii) above, in what other areas are you
doing research?

According to the researchers participating in the survey, a lack
of concrete research funding demotivates them from doing
research in this specialism and at the same time, more funding
is available in cognate areas, specifically energy production
systems and resilience, energy crops, modelling of energy
systems, structure dynamics, control of wind turbines, offshore
wave energy devices, climate change research, construction
waste, lean construction, construction defects, BIM and
engineering education. There is also less time for research due
to changes in work commitments, heavier teaching and
administrative loads and limited laboratory facilities and
resources, all of which were cited by survey participants. This
was also noted by West at a previous CERI symposium[123],
where the so-called “academic sponge” continues to absorb the
drip-drip fallout from underfunding of third-level institutions.
Securing funding for research is not easy and there is growing
competitiveness in all disciplines to secure the grants necessary
for meaningful research. Researchers will naturally diversify
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into areas with greater funding potential, as a result of which
concrete research may be losing out, especially as the younger
researchers explore other disciplines, whereby there expertise
will be lost to the concrete industry. A strong indigenous
concrete research environment can only exist when academics
are equipped with the resources to continue researching in this
area. It is hoped that the growing gap of funding amongst the
different disciplines shows signs of convergence in the next
review of concrete research in Ireland in 3 years’ time.
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ABSTRACT: Due to climate change, air temperatures are rising worldwide. In countries such as Saudi Arabia, it is forecast that
air temperatures will rise by up to 5oC over the next century. The daily average temperature in Riyadh is more than 35oC during
the summer months, and along with the effects of climate change, the surfaces of concrete can reach even higher temperatures
than before. Knowing what effects increased temperatures have on the curing of concrete is more critical than ever before. In
Europe and Ireland, the knowledge of the effects of increased ambient temperatures during manufacturing and construction of
precast concrete elements could allow for improving the efficiency of construction processes by removing shuttering sooner.
This paper presents an experimental study investigating the strength gain of concrete depending on various curing temperatures.
Standard cubes (100 x 100 x 100mm) made from a self-compacting concrete mix of 50 N/mm2 design strength were cured in
water baths at 30oC and 40oC against the standard 20oC. The cubes’ strength gains through the standard 28-day curing period
were monitored. There were no benefits to curing this type of concrete at temperatures higher than 20 oC. The cubes cured at
higher temperatures tended to be weaker than those cured at 20 oC. The velocity of ultrasonic waves through the concrete was
also monitored throughout the curing process, the understanding of which could improve non-destructive testing procedures.
There were no significant relationships between UPVM (ultrasonic pulse velocity meter) readings and the strength of the
concrete. An additional section of testing involved the monitoring of the internal temperatures of concrete cubes. Understanding
internal temperatures within concrete during curing along with the correlation between temperature profiles within concrete and
its strength gain could allow for additional quality control, resulting in faster construction times.
KEY WORDS: Concrete curing; Curing temperature; In-situ strength; Compressive strength; Precast construction; Concrete
manufacturing.
1

INTRODUCTION

Due to its widespread use all over the world, concrete can be
subjected to a vast range of conditions throughout its curing
process. For example, the summer daytime temperatures in
Dubai (UAE) regularly exceed 40oC. In Jackson Hole,
Wyoming (USA), the winter temperatures can be as low as 20oC. In the West of Ireland, a pre-cast concrete manufacturer
would like to know whether it is possible to remove shuttering
from their newly-poured elements at a faster rate. The goal of
this study is to investigate the compressive strength gain of
concrete during its initial 28-day curing phase when exposed
to different environmental temperatures.
With the invention of new concrete technologies, structures
more daring and revolutionary than ever are now possible.
The Jeddah tower in Saudi Arabia will be the first structure in
the world to reach 1,000 metres high when completed. The
O’Callaghan-Tilman Bridge located directly downstream of
the Hoover Dam is the world’s highest concrete arch bridge
since its completion in 2010, and incorporates the widest
concrete arch in the Western Hemisphere. The boundaries of
concrete’s applicability are constantly being pushed, and this
results in the need to further understand the effects that
environmental conditions have on the strength of concrete.
The knowledge of the effects of increased ambient
temperatures during manufacturing and construction of
precast concrete elements could allow for improving the
efficiency of construction processes by allowing earlier

removal of shuttering, once the required strength of concrete
has been achieved.
2

LITERATURE REVIEW

This literature review addresses the four most important key
points within the project’s scope: (i) the methods of curing
concrete, (ii) the compressive strength development of
concrete over time, (iii) in situ-testing methods and, finally,
(iv) the curing temperature of concrete. The findings of
several previous state-of-the-art research projects into these
aspects are considered and are used in deciding the
methodology which will be used throughout the testing phases.
2.1

Curing methods

A more effective method of curing concrete than using water
baths is to cover the concrete in polythene [1]. Five different
methods of curing concrete were examined in this study and it
was found that the most effective ways to cure concrete were
polythene wrapping and immersion in water (Figure 1). The
next two most efficient curing methods were using moist sand,
and sprinkling with water. It is often not possible to fully
immerse concrete elements in water. However, wrapping them
in polythene is a more realistic possibility for real-world
applications.
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curing. Depending on any admixtures or cement replacements,
the required strength of concrete should normally be met by
the end of the twenty-eight-day initial curing period.
Figure 3 shows the heat peaks at different times throughout
the hydration period. The non-uniform scales of the different
stages on the horizontal axis give a clearer picture of what
happens within the concrete during each stage. An initial
increase of heat after mixing is due to the tricalcium silicate
reacting with water. This happens for a short period of time
until the main hydration process begins when the concrete has
been poured. During the hydration process, heat levels within
concrete fluctuate, level off, and then become affected by the
environment in which the concrete is in.

Figure 1. Comparison of curing methods [1].
2.2

Compressive strength development

Compressive strength is one of the most important factors
relating to concrete. Despite concrete nearly always having
tensile and shear stresses acting on it, the compressive
strength of the concrete is what is normally used in measuring
its overall performance. Strength of concrete increases with
continued hydration. The hydration process begins in concrete
as soon as the cement and water come into contact.
The reactions between the water and minerals contained in
the cement are mostly exothermic. Different amounts of heat
are released at different stages during the curing process due
to the hydration reaction occurring between the cement and
water (Figure 2). The largest amount of heat is released when
the cement first comes in contact with the water. Heat release
is graphed on the y-axis of Figure 2, below. The initial rapid

Figure 3. Curing period heat release [3].
2.3

In-situ testing is a form of non-destructive testing. It is not
possible to destructively strength test a concrete element
which is to be used on site, but different methods have been
developed to estimate an element’s strength without having to
destroy it.
The rebound hammer test, also known as the Schmidt
hammer test, is very simple and involves a hammer mass
impacting the surface of the concrete. Loss of energy during
the impact is then recorded and correlated with the strength
and elastic modulus of concrete. The Schmidt hammer test
produces high variability which is affected by numerous
factors [4].
An Ultrasonic Pulse Velocity (UPV) test is used in concrete
to detect defects. A wave is emitted by one transducer, and
received by another, and the velocity of the wave through the
concrete is measured. Concrete’s inhomogeneity and
variability results in the UPV test being very unreliable when
attempting to measure strength [4], [5]. Several combinations
of in-situ tests can be used in estimating the strength of
concrete, with different levels of accuracy, though the most
accurate and most commonly-used type of strength test is the
destructive compressive strength test.
2.4

Figure 2. Hydration reaction heat release [2].
Hydration continues throughout the lifetime of the concrete
and therefore the strength also continues to increase. Strength
development slows down after the initial twenty-eight days of
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In-situ testing methods

Curing temperature

The standard which governs the making and curing of
specimens for strength tests is BS EN 12390-2 [6]. This
standard specifies that after removal from the mould, the test
specimens should be cured until just before testing, in a water
bath at a temperature of 20oC ± 2oC, or in a chamber at the
same temperature, with relative humidity greater than 95%.
In many countries, it is not possible to achieve these
environmental conditions. In some areas of the Middle East
and Africa, average temperatures are regularly higher than
20oC, and in areas such as Siberia rarely see temperatures over
20oC. This can result in differences in strength due to curing
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in standard conditions, and due to curing outside of the
controlled environment of the lab, since the concrete poured
for the structure in question is more than likely not being
cured at standard conditions.
High curing temperatures tend to increase the compressive
strength of concrete, while also enhancing its elastic modulus
[7]. For a given design strength, curing the concrete at a
temperature of 80°C, rather than at the standard 20°C, can
double its compressive strength (Figure 4), while also
increasing its modulus of elasticity by up to 53%, depending
on the ratio of sodium silicate (Na2SiO3) to sodium hydroxide
(NaOH) within the concrete [7].

3.1

Concrete specimens were made and cured for strength tests in
accordance with specifications in BS EN 12390-2 [6]. Table 1
gives the mix design for the concrete used throughout this
investigation.
Table 1. Concrete mix design.
Ingredient
Cement

Source
CEM II A-V 42,5N
(IS EN 197-1)
Filler
Pmya UK Ltd
BETOCARB
(Betocarb)
100GL-EG
AGG 1
Martins Quarries 8-14MM Natural
Aggregate
AGG 2
Martins Quarries 0/2mm Sand
Additive
Chryso
Premia 360
Water
Total
W/C Ratio
3.2

Figure 4. Compressive strength v Na2SiO3/NaOH ratio for
different curing temperatures [6].
Another type of concrete which must be considered is selfcompacting concrete. This is concrete which does not require
mechanical vibration after pouring, resulting in reduced
construction periods and savings in labour charges. Selfcompacting concretes can be strongly affected by curing
temperature, similarly to normal concretes [8]. Early age
strength can be higher with increased curing temperature,
whereas later age strength tends to be higher in temperatures
closer to the standard 20oC (Figure 5).

Figure 5. Compressive strength of concrete v time for
various curing temperatures [8].

3

METHODOLOGY

There were three main stages to the testing involved in this
project: mixing concrete and pouring cubes; monitoring the
internal cube temperature; measuring the ultrasonic wave
velocity through the cubes and destructive compressive
strength testing of the cubes.

Mixing concrete and pouring cubes

Supplier
Quinn Cement

kg/m3
400
170
720
920
3.3
125
2338
0.31

Internal cube temperature monitoring

The internal temperature of the cubes was monitored
continuous when in the curing tanks. ATC Semitek AT-11
thermistors were used for recording the temperature of the
cubes. These thermistors have an R25 tolerance of 1% and a
temperature range of -50oC to 110oC. The initial reading was
recorded as a voltage, before later being converted to degrees
centigrade in Microsoft Excel during the analysis of results. A
data logger was used for recording the voltages read from the
thermistors within the concrete cubes every two minutes
throughout the 28-day testing period. This information feeds
into computer software called Loggernet from the data logger.

3.3

Ultrasonic wave velocity measurement

An ultrasonic pulse velocity meter (UPVM) was used to test
the ultrasonic wave velocity through the cubes. The UPVM
consists of two cylindrical transducers, one a receiver, and the
other a pulse transmitter. Before testing, the UPVM was set to
the correct parameters and that all associated connections are
also checked. A calibration rod was used set the UPVM to the
correct reading value. The two transducers were lubricated,
and brought abruptly against the two opposing faces of the
cube, with a small amount of force, to ensure that there was a
contact between the surfaces of the transducers and the
concrete cube faces. Using a waterproof elbow-length rubber
glove, a cube was removed from the tank. A moisture meter
was placed on the cube to determine the surface moisture of
each cube tested. The result was recorded and this was
repeated for each cube. This step was repeated for all the
cubes remaining on a given day. The unit was regularly
calibrated against the control rod to ensure it is reading
accurately.
3.4

Compressive strength testing

After completion of the UPV test, the cubes which were
loaded to failure in compression are disconnected from the
data logger using a screwdriver. The cubes were tested in a
compressive strength testing machine in accordance with BS
EN-12930-3 [9].
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4

RESULTS AND DISCUSSIONS

Two phases of testing were undertaken as part of this study.
The cubes for both phases were manufactured in the pre-cast
concrete manufacturer’s factory before being transported back
to the concrete laboratory at NUI Galway for further
monitoring and testing. Phase One compared cubes cured in
20oC and 40oC water, while Phase Two compared cubes cured
in 20oC and 30oC water.
4.1
4.1.1

Phase One
Cube temperatures

There is a strong correlation between the internal temperature
of the cubes and the temperature of the water in the tank
throughout the experiment. After the initial heating up stage,
the internal temperature of the cube and the temperature of
tank are very similar (Figure 6). This is as expected, as the
temperature of the cubes increase to match their surroundings,
which was the water at 20oC or 40oC.

Figure 8. UPVM v strength for Phase One (40oC).

4.1.3

Compressive strength

In general, the compressive strength of concrete increased in
strength throughout its curing process. For this mix, the
temperature difference didn't cause any significant changes in
the rate of strength gain between samples cured at 20oC and
40oC (Figure 9). The maximum strength difference between
the two temperatures at any stage in the curing process was
3.6MPa, which occurred on Day 19. The correlation
coefficient for the two data sets was over 99%, which means
that the data follows the same general trend. As seen in Figure
9, the trendlines of the strength overlap, which shows that in
general, there seem to be no benefits to curing concrete at
40oC rather than at 20oC.

Figure 6. Average internal cube temperatures for Phase One.
4.1.2

UPV readings

There was no relationship found between strength and UPV
readings for this type of concrete at either temperature. There
was no significant difference in UPV readings between the
start and end of the phase of testing, even though the strength
increased from 55MPa to about 75MPa throughout that time
(Figures 7 and 8).
Figure 9. Compressive strength development over time for
Phase One.
4.2
4.2.1

Figure 7. UPVM v strength for Phase One (20oC).
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Phase Two
Cube temperatures

As was the case in Phase One, there is a strong correlation
between the internal temperature of the cubes and the
temperature of the water in the tank throughout the
experiment. After the initial two days, the internal temperature
of the cube and the temperature of the water in the tank are
very similar. This is as expected, as the temperature of the
cubes changed to match their surroundings, which was the
water at 20oC or 30oC (Figure 10).
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the samples cured at 30oC. The correlation coefficient for the
two sets of data is over 99%, which means that both sets of
data are following the same general trend. The effects that the
increased temperature had on the concrete’s strength were
negative. The trendlines show that there is potential for a
5MPa decrease in strength for samples cured at 30 oC instead
of curing the samples at the standard 20oC temperature.

Figure 10. Average internal cube temperatures for Phase
One.
4.2.2

UPV readings

A weak correlation
found between strength and
UPV readings for this type of concrete, for both the samples
cured at 20oC and at 30oC. The UPVM readings through the
concrete seemed to drop as its strength increased. However,
there was no significant difference in UPV readings between
the start and end of the phase of testing (Figures 11 and 12).
The concrete’s strength increased from 16MPa to 75MPa
throughout that time, while the UPVM value remained around
20.

Figure 11. UPVM v strength for Phase Two (30oC).

Figure 12. UPVM v strength for Phase Two (20oC).
4.2.3

Compressive strength

In general, the compressive strength of concrete increased in
strength throughout its curing process, in a similar manner to
Phase One. Figure 13 shows that the temperature difference
caused a slight change in the rate of strength gain between
samples cured at 20oC and 30oC. On closer inspection of the
data, it is noticed that at every stage of testing, apart from day
four, the strength of samples cured at 20 oC was higher than in

Figure 13. Compressive strength development over time for
Phase Two.
5

CONCLUSIONS

Increasing the early-age strength of concrete allows the precast concrete manufacturers to improve the efficiency of their
construction process. If ultrasonic pulse velocities were
closely correlated with the compressive strength of concrete,
this would provide additional quality control measures for
concrete manufacturers. Understanding the relationships
between curing temperature and strength, and between
strength and UPVM readings will allow for precast concrete
manufacturers across the world to make their plants and
processes more efficient than before.
This study has shown that elevated curing temperatures tend
to slightly negatively affect the compressive strength of
concrete. Simply put, the strength of concrete cured at higher
temperatures was, at nearly every stage of testing, lower than
the strength of concrete cured at the standard temperature of
20oC. This observation is similar to that of Turuallo et al. [8],
but is contrary to findings of other researchers who found that
the strength of concrete increased by using elevated
temperatures [7]. Increasing the temperature of the curing bath
was expected to provide extra thermal energy to help the
reactions within the concrete occur. The curing of concrete is
an exothermic reaction, which means it gives off heat. The
curing tank, maintained at lower temperatures, acts as a heat
sink, allowing the cubes to dissipate the heat energy produced
as part of the curing process. This investigation has
demonstrated the possibility of the increasing temperatures
due to climate change having the potential to negatively affect
the strength of concrete.
Sourav et al. [4] and Sajid et al. [5] found that UPVM
values are not reliable measurements of the strength of
concrete, and this study has further demonstrated the same.
Though the concrete increased in strength significantly
throughout the curing period, the UPVM values stayed
roughly the same. UPV is normally used in checking the
quality of concrete. The concrete’s internal structure varies
significantly due to the material being made of an
inhomogeneous mixture of cement and aggregates. Unless the
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cube is tested in the exact same place each time, ensuring the
same strength couple is made between the transducer and the
cube, it is not possible to rely on any UPV readings.
The following conclusions can be made upon completion of
this research:
• The compressive strength of concrete tends to be
negatively affected by increasing the temperature at which it
is cured.
• The ultrasonic wave velocity through concrete was found
not to be a reliable prediction of the concrete’s strength.
With temperatures increasing due to climate change, the
strength of concrete in the future could tend to have slightly
lower strength than the same concrete cured today. This has
an impact on pre-cast concrete manufacturers, as it could
possibly take longer in the future for concrete to develop
enough strength to remove shuttering, due to the increased
environmental temperatures. This could negatively affect their
turnaround times.
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ABSTRACT: Corrosion of embedded steel in reinforced concrete (RC) is a world-wide problem which leads to a reduction in
structural performance and lifespan. Chloride attack, one of the leading causes of corrosion in reinforcing steel, may be a result of
seawater, de-icing salts or contaminated addmixtures, brought on by ingress of chlorides into the concrete. Electrochemical
Chloride Extraction (ECE) is a non-destructive treatment for contaminated RC structures, that due to uncertainty of treatment
times and applied current densities, it is only 50% effective, is often diesel powered with detrimental environmental impacts and
often very costly due to the long treatment times. To achieve a more efficient treatment system, a 15 week long experimental
program investigated the electrical requirements of ECE. Embedded resistance sensors and thermistors were used to measure the
resistance of the concrete during ECE and dust samples were taken to measure the reduction of chlorides. The reduction of
embedded chlorides correlated with resistance measurements. The results of this experimental work will be used to design a
photovoltaic (PV) system to power ECE.
KEY WORDS: Electrochemical Chloride Extraction; Concrete; Chloride;` Embedded Sensors; Resistance;
1

INTRODUCTION

Corrosion of RC structures is a worldwide problem resulting
in a loss of structural performance. Since concrete is permeable,
it is susceptible to the ingress of chloride ions from a
combination of de-icing salts, seawater and contaminated
addmixtures [1].
Electrochemical Chloride Extraction (ECE) of chloride ions,
in reinforced concrete structures, operates by creating a direct
current (D.C.) electrical circuit between the surface of the
concrete and the embedded steel reinforcement.
A steady voltage between 25V and 40V is normally used to
produce a current density of between 1A/m2 and 5A/m2
respectively. The power requirements depend on the internal
resistance of the concrete. The current travels through the pore
water solution towards the surface: the more ions in the pore
water solution, the higher the current. As chlorides are
removed, the concrete’s resistance increases thus ECE requires
a lower current as the treatment proceeds [2-6].
2

Figure 1 Setup of Electrochemical Chloride Extraction

BACKGROUND
How Electrochemical Chloride Extraction Works

A titanium mesh, submerged in an electrolyte at the concrete
surface, is connected to the positive terminal of the DC supply.
The embedded steel reinforcement then becomes the cathode
by connecting it to the negative terminal of the DC supply. This
arrangement is shown in Figure 1.
In a conventional battery cell, the cathode is positive and the
anode is negative. In an electrolytic cell, energy is being pushed
back in through the negative terminal, provided externally,
which makes the cathode negative and the anode positive. As
electrons carry a negative charge, they are repelled from the
negative terminal of the power supply and migrate towards the
positive cathode. The circuit is completed by the pore water
solution within the concrete. This system drives the negatively
charged chloride ions towards the temporary anode as shown
in Figure 2.

Figure 2 Complete electrochemical circuit
Hydroxyl ions will accumulate around the reinforcement
surface to form a passive oxide film on the steel surface that
helps fight against corrosion. The accumulation of these
hydroxyl ions promotes regeneration of the steel surface, that
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may in turn repair this oxide film, previously damaged by
corrosion.
By moving the chloride ions away from the reinforcing steel,
further corrosion of the steel is prevented. Unfortunately, the
return of the chlorides is inevitable. However since a large
proportion of the existing chlorides may be removed, the
corrosion process is slowed down thus extending the useful life
of RC structures.
Treatment Times
Chlorides exist in the form of free, chemically bound and
physically absorbed ions. The free chloride ions exist in the
pore water solution of the concrete from de-icing salts or from
sea-water. Under the effect of an electric field, adsorbed
chlorides are released, which leads to an increase in free
chloride concentration in the pore solution. Due to ECE
treatment, the free chlorides are removed quickly [1]. When the
current is switched off, the dissolution of chemically bound
chlorides leads to re-establishment of the equilibrium between
chemically bound and free. Moreover, part of the dissolved
chloride will be physically adsorbed on the pore walls and
equilibrium between free and adsorbed chlorides is reestablished [5]. Thus by allowing a break in the treatment, the
efficiency of chloride removal is increased. Work carried out
by Elsener [5] explored breaking the treatment into on/off
phases. This promoted the dissolution of bound chloride ions
into the pore-water solution of the concrete. The length of
treatment depends on the concentration of chlorides in the
concrete. However, 8 weeks of treatment is usually applied for
ECE as to limit the accumulated charge passing through the
concrete [2-5].
3

EXPERIMENTAL WORK

In order to investigate the effect of the internal concrete
resistance on ECE, four concrete specimens were tested. Two
different mix designs, shown in Table 1, were used. This was
done to investigate the efficiency of ECE with different
concretes. Both were designed for a 35N/mm2 compressive
strength at 28 days. The only variation was the water cement
ratio (w/c); 0.3 and 0.7 to compare the efficiency of ECE with
two different concretes. Assuming the pore size of the concrete
will affect the rate of removal of ECE, given that the chlorides
are transported through the pore solution, the efficiency can be
investigated with respect to this parameter. The concrete
specimens were cast using a 1 mole NaCl solution which was
substituted for the water during casting. The mould used had a
10mm dyke cast in. Two 0.3 and 0.7 w/c specimens were cast;
one was run with ECE and the second was used as a control
specimen with no ECE treatment. A steady current of 35mA
was used with a voltage that varied between 28 and 40V as the
treatment progressed.
Table 1 Concrete composition kg/m3.
CEM I

Water

w/c

FA

750
320

225
225

0.3
0.7

430
685

•

CA
10 mm 20 mm
330
665
390
780

FA – Fine Aggregate, CA – Coarse Aggregate
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Fabrication of the Sensors
It was important that fabrication of the sensors provided a
water tight seal where the cables were soldered, allowing the
same area of exposed steel at the end of the pins and proper
spacing between them. While carrying out the fabrication,
several methods were employed to speed up the process
without sacrificing accuracy.
The sensors were fabricated using stainless steel pins (80mm
long and 1.6mm diameter) which were covered in shrink wrap.
Each end of the pins were left unwrapped (around 10mm). A
25-core colour coded cable was used and soldered to the pin
and a colour code chart was used to ensure no sensor was
incorrectly arranged.
For each sensor array a total of 18 wires were needed, 14 for
the resistance measurements and 4 for thermistors which
measured the internal temperature of the specimens. The ends
of the pins were soldered to the wires by first wrapping the wire
around the pin (Figure 3 (a)) followed by applying the solder
onto the pin to create a bubble of solder around it (Figure 3 (b)).

(a)

(b)

Figure 3 Fabrication of the sensors (a) Preparation of
wire to be soldered (b) Wire soldered (c)
As soldering onto stainless steel is difficult this method
ensured the pin was securely connected to the wire. The
connection was tested by performing a bell test following each
solder using a multi-meter. Each end of the wire is connected
to the multi-meter that emits a tone if a current can pass through
the wire Once the solder was achieved, the connection was
covered in shrink wrap and then crimped to ensure no moisture
came in contact with the connection.
The additional heat shrink was placed to ensure that the
length from the free end of the pin to the heat shrink was equal
for all pins. This ensured that each pin would protrude equally
when placed into the plate. The opposite ends of the wires then
had to be soldered into 37-way D-Sub connectors which
connect into the data logger. The connector cups and wires
were tinted with solder before the final connection was made.
The thermistors were soldered in a different manner to the
pins due to their relatively simple nature compared. Each
thermistor has two wires that were soldered to their respective
wires. Heat shrink was then placed over the soldered end and
then over the entire thermistor to ensure no moisture came in
contact with the solder while also making it stiffer.
A housing was fabricated in order to secure the pins, as
shown in Figure 4. To ensure the pins were straight, two plates
were used spaced 10mm apart. A 10mm piece of heat shrink
was used between the plates to prevent movement of the pins
during casting and to provide a constant spacing between the
plates. Heat shrink was then also applied to the free end of the
pins (Figure 5) to prevent the second plate from moving.
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ECE operated over a 16-week period. A 1 week on, 1 week
off schedule was used to allow a break in treatment. This
allowed for the bound chlorides to be removed [1] and improve
the efficiency of ECE. Dust samples were taken at weeks 1, 6,
8, 12 and 16. The dust samples were taken by drilling holes at
depths of 25mm from the surface shown in Figure 7 which
shows the positions of the samples taken. Results of the main
experimental program can be found in section 4.

(a)

(b)
Figure 4 Pin plate drawing

Figure 5 Sensors Secured in Plates
Figure 7 Location of dust samples taken for chloride analysis
Post Casting and Operation of ECE

4

After the cast specimens were allowed to cure in a curing tank
at 21℃ ± 1℃ for 7 days, they were removed for painting on
five sides leaving the top unpainted as shown in Figure (a).
Following painting, the mesh was cast onto the surface using a
cementious mix (1:1 cement:sand) and allowed to cure, shown
in Figure 6 (b) and (c). Following the post-curing procedure
ECE was commenced on the specimens.

RESULTS

Resistance was measured throughout the depth of each
specimen along with the temperature. The circuit resistance
between the rebar and titanium was also measured by
connecting wires to the steel and titanium back to the data
logger. The concentration of chloride in the concrete was
measured throughout the treatment by taking dust samples at
25mm depths to evaluate the change in concentration
throughout the depth.
Resistance of 0.3 w/c Specimens

(a)

(b)

The average 7 and 28 day compressive strengths of the 0.3
w/c specimens were 69.3N/mm2 and 72N/mm2 respectively.
The resistances from the 0.3 w/c specimens are given in Figure
8 and Figure 9 below. The vertical red lines indicate when ECE
was on and the black when it was off. A period of
approximately one week was given for each on and off phase.
This allowed for a break to be incorporated into the treatment
and promote the removal of bound chlorides. ECE was run for
a total of 8 weeks. The red line on the control resistance (Figure
) was included as a start date for comparison. As with the earlier
results, the resistances were normalised to a reference
temperature of 20℃. The 30 and 80mm electrodes in the control
specimen that malfunctioned during the experimental work
were omitted from the results.

(c)
Figure 6 Post-curing procedure (a) Painting of specimens (b)
Placement of titanium mesh (c) Cementious mix covering
mesh
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Figure 8 Normalised concrete resistance (0.3 w/c) - ECE

Figure 10 Normalised concrete resistance (0.7 w/c) - ECE

Figure 9 Normalised concrete resistance (0.3 w/c) - Control

Figure 11 Normalised concrete resistance (0.7 w/c) - Control

As can be seen from Figure , the resistance of the 0.3
oscillated over time. However towards the last month of
treatment (169,000 minutes) the resistance values stabilised.
The oscillating resistance values were likely due to a bad
connection. The mesh is essentially encased in a cementious
mix which provides a connection between it and the surface of
the concrete. By continuously spraying water on the surface the
connection is improved. Therefore, in order to fix this, the seal
between the cementious mix and the surface of the concrete
was broken and water was sprayed directly onto the surface
rather than on top of the cementious mix. This allowed a better
connection and is shown in the results of the 0.3 w/c ECE
specimen at around 10 weeks (141,290 mins). Unfortunately
this was not discovered until the last month but was overcome
nevertheless. This issue was not experienced with the 0.7 ECE
specimen.
It is possible that the current from the treatment caused this
oscillation but it was not the case. By examining the 80mm
resistance, this assertion can be confirmed. At the beginning of
week 5, when ECE was on, the resistance oscillated to
approximately 3,250 (the lower resistance value). Whereas at
the beginning of week 7, when ECE was also on, the resistance
oscillates towards approximately 4,700 (the higher resistance
value). This confirms that the current was not the cause of the
oscillations.

For this set of results, rather than a poor connection affecting
the resistances of the ECE specimen, the sensors stopped
working after 6 weeks. This was due to the drilling involved in
taking the dust samples for chloride analysis. Unfortunately the
drill head came in contact with the sensors and caused them to
stop working. Nevertheless a set of data was attained for the
first six weeks alongside a set of results from the control
specimen. The resistances recorded in the control specimen
show a gradual increase over the 16 week period. This was
expected due to the ongoing drying of the concrete. This can be
further analysed by taking a sample of results at the beginning
and end of the process. The resistances of two sections around
the third week of treatment and the last week of treatment are
given in below in Figure 12.

Resistance of 0.7 w/c Specimens
The average 7 and 28 day compressive strengths of the 0.7
w/c specimens were 29.6N/mm2 and 33N/mm2 respectively.
Resistances from the 0.7 w/c specimens are given in Figure 10
and Figure 11.
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Figure 12 Resistance sections of
control specimen at 6,500 and 20,000
The resistance of the electrodes closer to the surface increase
at a faster rate than those lower in the concrete. This increase
of resistance is due to the drying of the concrete which occurs
at a faster rate at the electrodes closer to the surface, while
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further away from the surface, the rate of drying will reduce.
This is expected as the resistance is higher in the electrodes
closer to the surface. The change in resistance is also plotted
showing it rises faster in the upper electrodes. The 20mm
electrode shows a greater increase than at 30mm and again in
40mm. Below the rebar (50mm) the resistance increases but not
to the same extent as those above. This is expected since the
base is sealed so remaining moisture should in theory diffuse
towards the surface. The 60 and 80mm electrode appear to have
the same resistance.

Chloride Concentration
Over the course of the treatment, dust samples were taken
from the concrete at 25mm intervals from the surface to the
bottom by drilling holes, collecting and then analysing the
samples for the chloride concentration. Details of the dust
sample locations and depths are given in Figure in section 3.2.
The chloride concentration results for the 0.3 w/c specimens are
given in Figure 15 and Figure 16. The yellow horizontal line
indicates the initial level of Cl- (0.332% Mol Cl-) mixed into the
concrete during casting.

Temperature of 0.3 w/c Specimens
The temperatures of the 0.3 w/c ECE and control specimens
are given in Figure 13. The red line shows when ECE began.
There was very little variation in trend between the recorded
internal and ambient temperatures of the 0.3 w/c specimens,
approximately 3.5℃ and 1.3℃, before and after ECE
respectively. The drop in temperature would indicate the
gradual slowing down of hydration of the concrete as it aged
over time. However, this variation increased over time as ECE
progressed. Towards the end of the treatment the ECE
specimen was 0.5℃ greater than the control. This difference
can be attributed to the Joule heating effect mentioned before.

Figure 13 Internal and ambient
temperature of 0.3 w/c specimens
Temperature of 0.7 w/c Specimens
The temperature of the 0.7 w/c ECE and control specimens
are given in Figure 14. With the 0.7 w/c specimen there was a
wide variation between the recorded internal temperatures and
the ambient temperature. Given this variation has not been seen
before it can be assumed that one of the thermistors
malfunctioned. The same can also be said for the thermistors of
the control specimen.

Figure 14 Internal and ambient
temperature of 0.7 w/c specimens

Figure 15 Change in chloride concentration of 0.3 w/c control
specimen

Figure 16 Change in chloride concentration of 0.3 w/c ECE
specimen
The 0.3 w/c control results were as expected. No major
change in concentration occurred during the 15 weeks. The
concentration at each depth did change but this is due to
diffusion of the charged Cl- particles within the concrete. It
would be assumed that the concentration of Cl- should be even
throughout the concrete but variations in the aggregate size and
mixing will produce larger quantities of Cl- in some areas and
less in others.
The 0.3 w/c ECE results did not show a major change in
chloride concentration throughout the depth of the concrete. It
is expected that the concentration would drop over time
throughout the depth. This is most likely due to the poor
connection between the mesh and the surface of the concrete.
Without a strong connection the current cannot flow and
ultimately the chloride can not be removed. What should also
be noted is that the pore size in the 0.3 w/c is smaller than the
0.5 or 0.7. This would make it harder for the chlorides to be
removed since they travel thought the pore solution of the
concrete.
The chloride concentration results for the 0.7 w/c specimens
are given in Figure 17 and Figure 18. The yellow horizontal
line indicates the initial level of Cl- mixed into the concrete
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during casting. The 25 and 50mm dust samples of the control
specimen acted as expected. The 75mm dust samples however
did not. Initially they increased from 0.20 to 0.55% Mol Clbetween weeks 0 and 6. After week 6 they fell to just above
0.4% Mol Cl- where they seemed to remain. It is unknown why
this occurred. The level should have remained the same as the
other depths and not deviated much. The 0.7 w/c ECE specimen
on the other hand did show decreasing Cl- concentrations. The
initial concentration of all depths was around that of the
concentration mixed into the concrete (0.332% Mol Cl-).
Following week 0, the 50 and 25mm depths reduced from
0.332% Mol Cl- to around 0.26% Mol Cl- at week 6 and then to
0.11% Mol Cl- and 0.14% Mol Cl- at week 8 respectively, a
drop of 67% and 58% respectively. The 75mm dust sample
increased during the first 8 weeks. Below the steel, chlorides
are both pushed from the steel and pulled from the bottom of
the concrete. This is perhaps the reason for the rise in
concentration. After 12 weeks, the concentration at the 75mm
depth increased to 0.34% Mol Cl- over time, the chlorides
accumulated at 8 weeks moved upwards. The 50 and 25mm
depth increase which is possibly a result of the migration of
chlorides from lower down in the concrete. Finally at week 15,
the 25mm dust sample remains nearly the same as week 12
(0.17% Mol Cl-) but the 50 and 75mm depths show an increase
(0.21 to 0.40% Mol Cl- and 0.34 to 0.43% Mol Clrespectively). The reason for this is not known and is being
investigated.

Figure 17 Change in chloride concentration of 0.7 w/c ECE
specimen

5

CONCLUSIONS

The following conclusions have been drawn from the results
of the experimental work:
• Internal concrete resistance sensors can be used to
measure the behaviour of ECE during and after its
operation.
• A higher w/c (0.7) will promote more efficient
chloride removal when compared to a lower w/c (0.3).
• The cementious mix used as an electrolyte did not
perform as efficiently as was required. Connection
issues arose which must be solved for future work.
• By measuring the internal temperature of the concrete,
the recorded internal resistance of the concrete can be
normalised. This allows the results to be analysed
more effectively.
• Future work must consist of a larger sample size i.e.
three specimens per w/c and control. This will give
greater confidence in the results.
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ABSTRACT: A large majority of the durability studies focus on a single mode of deterioration mechanism, i.e., chloride ingress
and subsequent corrosion of rebar or carbonation. Many structures in our otherwise moderate exposure environment suffer from
both modes of deterioration. For example, an abutment of a bridge deck will be affected by de-icing salt in the form of water
run-off from the road above or spray due to vehicular movement. The same region, due to vehicular movement may also be
affected by a higher concentration of CO2 and therefore will carbonate. The micro and macro climate around the exposed area
will decide if the two deterioration events are successive or seasonal. The reference to micro and macro climate can be
elaborated as: salt spray into a dry concrete will lead to higher absorption of chlorides and if sun light dries the region it may be
subjected to subsequent carbonation or further chloride ingress. For example, de-icing salts are used mostly in wet winter
periods where concrete remains at a higher relative humidity and carbonation in a very wet concrete is nominal.
It is known that carbonation will densify the microstructure and therefore will reduce the rate of ingress of chlorides (or any
ions) at the same time carbonation can release some of the bound chlorides (Friedel’s Salts) therefore accelerate the onset and
rate of corrosion. It is also known that further carbonation can induce cracking in the microstructure which acts to accelerate the
rate of ingress. This paper will present the data from studies that have focused on both chloride ingress and carbonation so as to
outline the physical and chemical changes that occur in such concretes. This will identify if the current practice of specifying
concrete, performance testing and service life modelling based on a single deterioration mechanism is appropriate for structures
subjected to carbonation and chloride ingress.
KEY WORDS: concrete; chloride ingress; carbonation; mechanism.
1

BACKGROUND

Steel reinforced concrete is one of the preferred materials for
transport infrastructure, such as roads, bridges, airways,
tunnels, and waterways [1]. However, as a porous material,
concrete deteriorates when exposed to aggressive
environments [2, 3]. The most known/reported deterioration
mechanisms that affect concrete structures are chloride ingress
and carbonation.
The chloride-induced corrosion affects concrete structures that
are exposed to the marine and de-icing salt environments [46]. In such structures, when chlorides reach the surface of the
reinforcing bar in sufficient quantity (termed as chloride
threshold), corrosion will be initiated, resulting in the failure
of the passivation of the reinforcement. This phenomenon
subsequently leads to pitting, rusting, etc., all contributing to
the loss of section of steel [7-9].
Carbonation is the process by which carbon dioxide from air
enters the concrete and reacts with the hydrated cement
phases [10-12]. In general, the main reactants in concrete are
Ca(OH)2 and C-S-H gel, and such reactions can be slow and
last for years [7, 13]. Due to the consumption of the Ca(OH)2
and possibility other alkali cations, the carbonation always
leads to a decrease in pH of the pore solution, sometimes even
less than 9.5. Such pH reduction destabilises the passive oxide
layer surround steel and increases the possibility of the
reinforcement corrosion and subsequent loss of steel section.
Carbonation to an extent is also known to densify the concrete
[14-16].

As a matter of fact, it is more common for the concrete
structures in nature to suffer from these mechanisms
simultaneously. Additionally, many studies showed that the
reinforcement steel deteriorates more rapidly when concrete is
subjected to multiple exposure environments. Therefore, this
article will review the state-of-the-art and identify the research
gap in this area.
2

COMBINED EFFECTS OF CARBONATION AND CHLORIDE
INGRESS

Many researchers have studied the carbonation and the
chloride ingress as separate research topics. However, for the
reinforcement corrosion induced by combined carbonation
and chloride ingress, since there is no universal testing
procedure, researchers have followed different testing
protocols. Some of these will be discussed in the following
sections.
ACCELERATED TESTS FOR ASSESSING CHLORIDE
INGRESS AND CARBONATION
Some of the rapid test methods used in recent years are listed
in table 1. As can be seen from table 1, the test variable
humidity for carbonation is mostly set between 50% to 70%
across the different experiments. This is because the humidity
between 50%-70% is known to accelerate the rate of CO2
ingress and subsequent carbonation. High humidity or low
humidity is not good for carbonation process, as CO2 gas may
not be able to penetrate moderately wet pores (high humidity).
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Lack of water in dry pores (low humidity) restricts the
formation of bicarbonates that reacts with the cement phases.
Besides, the temperature for the whole process is mostly set at
around 25 ℃. Therefore, there is not a great deal to dispute
about the humidity and temperature in testing for carbon
dioxide environments. However, the carbon dioxide
concentration used vary between studies, from 0.75% to 20%.
Very few experiments used the natural concentrations of
carbon dioxide.
Table 1. Summary of the test variables for combined
chloride ingress and carbonation studies
Reference

Chloride
concentratio
n

CO2
Concent
ration

Carbonation
Humidity
(%)

Temper
ature
(℃)

Method Description

J.Liu
[17,18]

5% NaCl

20%

70±2

35±2

Carbonation (28
days) +chloride (28
days); chloride (28
days) + carbonation
(28 days)

Y.Wang
[19]

14% NaCl

5%

65±2

20±1

Carbonation (30-90
days) +chloride (3090 days); chloride
(30-90 days) +
carbonation (30-90
days)

H.Chang
[20]

3.5%NaCl

20%

65-70

20±1

Carbonation (14-56
days) +chloride (112
days); chloride (112
days) + carbonation
(14-56 days)

D. Zhang
[21]

3.5%NaCl

10%

60

25

chloride (3 days) +
carbonation (3 days),
and repeat this cycle
for 50 times

J. Backus
[22]

2% NaCl

5%

20

40

Chloride (1 day) +
carbonation (13 days)
and repeat this cycle
for 36 times

H. Ye
[23]

15%NaCl

20%

70±5

20±5

A.A.Ram
ezanianpour
[24]
X Wan
[25]

0.3%NaO
H+
3%NaCl

0.75%

70±5

23±2

Chloride attack (4
days) +
carbonation(2 or 4
days)
wet and dry every 6
hours and last for 90
days

0.5% or
1% NaCl

20%

70

---

Chloride attack (3,7
days)+ completed
carbonation

Willian
[26]

3.5%NaCl

3%

65

25

Carbonation
+chloride

Xu chen
[27]

15 %NaCl

20%

50

20

Carbonation(28 days)
+chloride attack(60
days)

Sanchar
oen[28]

3 %NaCl

5%

50

40

Chloride attack (4
days) + Air (3 days)
+carbonation (7
days) and repeat this
cycle for 13 times

Ana
María,
[29].

3.5%

1%

65

25

Carbonation (4
months) + chloride
solution wet and dry
cycle for 10 times

Montem
or[30]

15 %NaCl

5%

60-70

---

Keep specimens into
carbonation chamber
and spray chloride
solution weekly

185

For chloride ingress, most studies choose NaCl solution to
simulate the chloride environment. This is because the
chloride sources that most concrete structures are exposed to
are from the marine environment and de-icing salts. However,
in the accelerating experiments, the concentration of NaCl
solution varies from 0.5% to 15%.
Some researchers used the specimens subjected to chloride
ingress for the carbonation study, to simulate the common
exposure conditions of marine structures. Others focused on
the situation that the carbonation occurs first and then the
chloride ingress to simulate a different exposure conditions,
such as the bridge abutments, soffit and joints subjected to
traffic loads and de-icing salts only in winter. Both protocols
are discussed in the next section to highlight the
merits/demerits
INFLUENCE OF CARBONATION ON CHLORIDE IONS
INGRESS
Some researchers [31-32] found that the carbonation can
accelerate the chloride ingress. Backus et al. [22] used the
specimens with ground granulated blast furnace slag exposed
to two regimes, (1) a 2% NaCl solution and subsequent
exposure to atmospheric CO2 (~380 ppm) at0.3% and (2) 2%
NaCl with followed by 5% CO2 exposure. The immersion in
the solution and exposure to the CO2 were alternated by two
weeks. Comparing the max depth of penetration in concrete,
the results show that the carbonation increased the penetration
of the water soluble chlorides. Sancharoen [28] did the
experiments on the Ordinary Portland cement concrete and
found that the specimens exposed to multiple exposure
environment corroded faster that those exposed to a single
exposure environment. Chang [20] compared the chloride ion
binding capacity under two different conditions, including the
hardened pastes immersed in the chloride solution first and
then carbonated (I) and the one with internal chlorides
(introduced during mixing process) and subjected to the
carbonation after hardening (II). The results showed that the
specimens in condition II had a higher chloride ions binding
capacity before carbonation. This is because more Friedel’s
salt was produced in condition II before carbonation.
However, the complete carbonation results in the full loss of
the chloride binding capacity in both conditions. Ye et al [23]
compared the specimens exposed to chloride ingress alone
and chloride ingress followed by carbonation in the cycling
wet and dry testing pattern. By testing the free chloride
content, the results showed that, when compared with the
single chloride attack, carbonation would decrease the free
chloride content at the surface cover (approximately 0mm7mm) but increase the free chloride content at depth.
Additionally, carbonation leads to a free chloride ion content
peak between 7 mm to 9 mm. This is because carbonation
would release the chloride ions due to ions exchange
mechanism.
Some researchers found that the chloride ingress delayed the
carbonation in concrete [17]. This is because the high
moisture due to chloride ingress blocked some of the
microspores in concrete, therefore, the transport of carbon
dioxide was delayed. Roper [33] studied various concentration
of NaCl (2.5%, 5% and 10%) mixed with fly ash concrete and

CERI-ITRN2018

that were subsequently exposed to the carbonation chamber
kept at 7% concentration of carbon dioxide. The result shows
that additional fly ash cannot improve the capacity of concrete
to resist carbonation and the addition of chloride into the fly
ash concrete reduced the carbonation of the concrete. This is
because the inner chloride can react with the cement phase
and produce the chloric-aluminates which leads to pore
blocking. Wang et al. [19] found that the chloride distribution
was related with the duration of carbonation, the time of the
chloride ingress and the type of the binder.
THE INFLUENCE
CARBONATION

OF

CHLORIDE

INGRESS

ON

The results of Chang’s study [20] showed that the specimens
where the concrete is carbonated first and further immersed
into chloride salt solution, have a higher chloride binding
capacity compared to concrete exposed chlorides first.
Nevertheless, they all lost the entire binding capacity after
total carbonation. Liu et al. [17] showed that the carbonation
leads to an increase in chloride diffusion coefficient and a
decrease in the chloride binding capacity, due to the reduction
in pH value. Wang [19] et al. found that the chloride ions
diffuse deeper when the specimens are carbonated first and
then immersed in chloride salt solution possibly due to the
micro crack induced by carbonation. Zhang [21] measured the
early carbonation curing (12 h, pure CO2 at 5 bar pressure),
aimed to improve the early strength of concrete. It was found
that the total chloride content was actually reduced by 48%(at
10-25mm from surface) in the concrete subjected to the
carbonation curing. This showed there was a more resistant
layer formed on concrete surface due to carbonation curing.
Such phenomenon was attributed to the carbonate-rich surface
layer, which was less permeable, less absorptive, and with
comparable pH value to resist the chloride intrusion. Some
researchers indicate that the influence of the carbonation on
the chloride corrosion depends on many factors, such as
water-cement ratio (w/c) and supplementary cementitious
materials (SCMs). Delnavaz [34] indicated that the
carbonation obviously reduced the diffusion of chloride
ingress and, in addition, the silica fume reduced the influence
of the carbonation on the porosity in concrete because of the
reaction between the silica fume and the calcium hydroxide.
Ngala et al. [35] stated that the resistance to the chloride
ingress of the hardened concrete was influenced by the
carbonation more than the drying. Non-carbonated concrete
specimens with different binders had different relationships
between diffusion coefficients of the chloride ion and the
coarse capillary porosity. On the contrary, in carbonated
concrete, the relationship was roughly constant, not quite
associated with the binders. Patrick et al. [36] compared the
proportion of the blast furnace slag in cement mortars and the
results showed that the resistance to chloride ingress was
depended on the carbonation depth and the carbonation
period. In general, the chloride penetration resistance of slag
cement would decrease due to the increase of the porosity.
Carbon dioxide would react with the C-S-H gel because of the
lack of the Ca(OH)2 in slag cement specimens. As a
consequence, the porosity of slag cement specimens
increased. The results also showed that the specimens with

contents of blast furnace slag from 35% to 50% had a lowest
change on the chloride ingress due to carbonation. It was
reported that the specimens with the granulated ground blastfurnace slags had a more homogeneous oxidation layer above
the steel reinforcement than those using ordinary Portland
cement only [37]. However, this layer in the alkali activated
slag (AAS) concrete was highly destroyed when exposed to
the accelerated carbonation and then the steel was corroded in
the presence of chlorides. Prinya [38] et al. studied the
influence of carbonation on chloride diffusion in the Portland
cement mortar with the ground palm oil fuel ash (POA),
ground rice husk ash (PHA) and classified fly ash (FA).
Through Rapid chloride penetration test (RCPT), modified
rapid migration test (MRMT) and chloride penetration depth
test, the results showed that carbonation obviously increased
the chloride penetration in the concrete containing pozzolanic
materials.
MICROSTRUCTURAL CHANGES IN CONCRETE
It is well known that the diffusion of the chloride ion in the
pore solution is much faster than that of CO2 because concrete
in air has moisture and such moisture blocks the transport of
CO2. Before the carbonation reaches a certain depth of
concrete, a part of chloride ions has already reacted with the
cement paste and produced the Friedel’s salt by exchanging
ions with cement phase, such as Al2O3-Fe2O3-mono (AFm)
phase. This is because AFm is the layer-structure component,
the interlayer of AFm contains the negative charges.
Therefore, chloride ions can get into the interlayer to form
Friedel’s salt or analogue and then be absorbed by cement
components [39-40]. In addition, chloride ions can also be
bound by physical action. It is shown that C-S-H gel in
concrete is able to bind the chloride because of its high
specific surface value [27]. Some methods to describe the
chloride binding capacity are listed at table 2.
Table 2. Chloride binding isotherms
Name
equation
Linear binding isotherm
Langmuir isotherm
Freundlich binding isotherm
Brunauer, Emmett,
Teller(BET) isotherm

𝐶𝑏 = 𝑘 𝐶𝑓
𝛼𝐶𝑓
𝐶𝑏 =
1 + 𝛽𝐶𝑓
𝛽

𝐶𝑏 = 𝛼𝐶𝑓

1
𝑐−1 𝑃
1
=
( )+
𝑃
𝑣𝑚 𝑐 𝑃0
𝑣𝑚 𝑐
𝑣[( 0 ) − 1]
𝑃

As time increases, the carbon dioxide comes in and reacts
with the Friedel’s salt, and then the bound chloride ions are
released. The reaction is shown as follows [41]:
3CaO·Al2O3·CaCl2·10H2+3CO2➞3CaCO3+Al(OH)3·CaCl2·H2O

(1)

As a result, the concentration of the free chloride ion in the
pore solution will be increased. When the free chloride ions
reach the surface of the reinforcing bar in sufficient quantity,
corrosion will be initiated, resulting in the failure of the
passivation of the reinforcement. This phenomenon
subsequently leads to pitting, rusting and loss of section/load
carrying capacity. Moreover, since this reaction can lead to
the expansion of steel, and such expansive reaction has the
potential to cause further cracking in the cover concrete,
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thereby accelerating the rate of further chloride ingress [4243].
The processes involved in the chloride ingress and
carbonation are shown schematically in Fig.1.

Fig.4 Results of MIP for concrete subjected to pure chloride
aerosol attack (group A), carbonation and chloride aerosol
attack (group B), pure carbonation attack (group C) and
chloride aerosol and carbonation attack (group D) (C38: w/b=
0.38; C47: w/b=0.47; C53: w/b=0.53) (Experimental data
were collected from reference)

Figure 1. The mechanism of the chloride ingress and the
carbonation.
Jun [18] showed that the chloride ingress changed the pore
structure of the concrete by producing Friedel’s salt filling the
pores or by the formation of the absorption layer on the
surface of C-S-H gel. Consequently, the chloride ingress led
to the reduction of the carbonation. The carbonation depth
decreased 0.1 mm and 0.5mm in specimens with pure
Portland cement and specimens with 30% fly ash respectively.
Liu et al. [34] also found that the concrete containing fly ash
was densified by the coupled chloride ingress and carbonation
more than those subjected solely to carbonation or chloride
ingress.
Ramezanianpour et al. [24] designed an accelerated test
method to model the tide cycles. Results showed that the
specimens subjected to the sole CO2 had more C–S–H gel and
CH crystals and higher compressive strengths than those
subjected to combined carbonation and chloride ingress or
those subjected to saline water only. With sole CO2, the high
compressive strength was attributed to the calcite formed by
carbonation. With the saline water, the moisture blocked the
entrance of the CO2 or even washed away the CO2
(bicarbonates), thereby reducing the formation of calcite.
Since the carbonation mostly occurs in the vicinity of the
surface, the calcite formed further blocks the way for the CO2
and the chloride diffusion, and the specimens subjected to the
sole CO2 had both higher calcite and Ca(OH)2 than the others.
It was found that the porosity (assessed by mercury intrusion
porosimetry, MIP) in concrete obviously increased with the
increase in w/b. The specimens that were subjected to chloride
ingress first and subsequent carbonation had the lowest
porosity value irrespective of the w/b. On the contrary, the
specimens that suffered carbonation first and further chloride
ingress had a higher porosity even though both specimens
suffered from the same total duration of exposure [18].
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3

RESEARCH SHORTCOMINGS

Although many studies have been conducted on the
carbonation and chloride ingress in concrete, there remains
some gaps in the understanding of how carbonation affects
concrete that has chloride ingress and vice versa, they are
elaborated below:
(1) Chloride binding behaviour
As mentioned before, cement phases in concrete can bind
some of the chloride ions either through chemical or physical
mechanism. However, the process is complex and many
researchers have tried to quantify the chloride binding by
proposing different adsorption models, such as linear,
Langmuir, Freundlich and BET isotherms. Carbonation will
decompose the chemicals (Friedel’s salt) to which chloride
ions are bound and in the process release these ions, but for
mathematical modelling or for service life prediction it is also
important to know the exact pH value at which decomposition
occurs and if both the physically and chemically bound
chlorides will be released.
(2) Pore blocking and effect on rate of transport
The rate of chloride ingress is governed by the microstructure
of concrete. Past studies have shown that the microstructure of
the paste can be modified by the formation of the Friedel’s
salt by the reaction between the chloride and the aluminate
phases in cement or the calcite by the reaction between the
CO2 and the Ca(OH)2. Both formations reduce the ingress of
the chloride and CO2. On the other hand, the carbonation was
reported to decompose the Friedel’s salt, possibly further
increasing the ingress of the chloride and the CO 2. The net
effect on the rate of transport will determine the service life in
concrete subjected to both mechanisms.
(3) Test protocols
Accelerated testing of a single mechanism followed by the
other is what is widely reported in the literature. However, the
duration and the interval between the tests can be an issue
since the diffusion rates of the CO2 and chloride differ a lot.
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The concentration of the CO2 and the chloride exposure
solution for the accelerated test varies largely in the available
literature. In short, there is no affirmative accelerated test
regime for the combined carbonation and chloride ingress so
far.
(4) Modelling
Many researchers [45-54] have proposed models for a single
mode of deterioration ie for either chloride ingress or
carbonation. For service life prediction and to develop a
cement system that will perform in an environment where
both chlorides and CO2 are present, it is necessary to build a
model that embodies both the reactions and the rate of
transport. In addition, given the complexity of the underlying
mechanisms and the variations between the micro and macro
exposure environments, material variations, the accuracy of
the prediction model cannot be assessed, reliably. Therefore, it
is desirable to incorporate the reliability functions into the
models.
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ABSTRACT: This paper presents a mix design methodology for geopolymer mortars based on metakaolin and industrial waste
products activated using potassium silicate. The work is aimed at enabling performance-based specification and compressive
strength prediction to drive forward their adoption as an alternative to Portland cement-based mortars used in fibre reinforced
cladding systems. Few studies currently quantify the effects of mix parameters on broad families of geopolymer materials and
no standard mix design methodology exists. Resultant mortars must have high strength to create light, thin panels, have high
flow to enable effective dispersal of reinforcement fibres and as low an environmental impact as possible to maximise the
impact of replacement. For a standard geopolymer mix, the effect of binder composition on mechanical performance and
environmental impact is initially studied using ternary contour maps for a range of material blends. Next, the effects of altering
mixture parameters such as the liquid/solid, silica/alumina and activator/binder ratios are quantified for three binder
compositions identified as having high performance. Finally, correlation analysis is used to identify mix variables strongly
correlating with compressive strength and regression analysis of the most deterministic to create a prediction models.
Geopolymer mortars have been developed with compressive strengths over 80 and 100 N/mm2 at 7 and 28 days respectively and
the methodology presented allows design of such mortars by non-experts. Model predictions of compressive strength is shown
to be relatively accurate, with average errors across binder compositions ranging from 2.3-5.8%. Further research expanding the
range of materials and mix compositions is ongoing to advance this innovative methodology further.
KEY WORDS: Geopolymer; Mortar; Metakaolin; Industrial waste; Potassium silicate; Liquid to solid ratio; Mix design;
Compressive strength, Prediction.
1.

INTRODUCTION

There is a significant need for change in the way we design,
build and use energy in our buildings. The materials currently
used are struggling to keep up with demands for increasingly
high levels of thermal performance, fire safety and finish to be
achieved with increasingly limited environmental impact,
greenhouse gases and energy allowances. The EU recognise
this and plan to invest around €40 billion a year through
schemes like the €5.9 billion horizon 2020 project by
renovating existing buildings, making construction projects
more sustainable and making all new builds require no energy
from the grid by 2020 [1].
Geopolymer-based materials have the potential to form the
next generation of cladding panel systems with improved
performance over current alternatives such as glass reinforced
concrete (GRC). Geopolymers form, cure and gain strength
rapidly in ambient temperatures by combining water, user
friendly alkaline reagents and alumina/silicate source
materials that are either commercially produced, such as
metakaolin, or industrial wastes, such as slags and ashes. The
result are materials with a strong, durable, solid matrix that
behaves like Portland cement (PC)-based concrete [2]. In
comparison to GRC, geopolymers offer increased strength
(over 20 and 100 N/mm2 at 4-hours and 28-days respectively),
and improved fire protection and chemical resistance. This is
coupled with up to 90% reductions in embodied carbon and
the use of a 100% recycled waste binder [3-5]. In this way, the
material has the potential to offer the construction industry

with a novel approach to producing high performance,
lightweight cladding panel systems for buildings.
However, the lack of recognised, performance based mix
design methodologies for geopolymer binder systems
enabling attainment of specified strength and/or workability
presents a major stumbling block to its widespread adoption
[6]. Previous related research focusing on mix design methods
has focussed on single proportioning ratios such as silica/
alumina (S/A), activating solution to binder powder (A/B) or
liquid to solid (L/S); an approach analogous to the
water/cement ratio in Portland cement-based concrete [7]
While other studies have used multiple parameters
synergistically to create empirical formulas and neural
networks to predict strength [8], existing work describing
generic relationships between geopolymer strength and key
mix design parameters is limited; typically focusing on
specific materials such as fly ash-based systems requiring
curing at high temperature and/or sodium based activating
solutions. As such, these methods are of little relevance to
wider groups of geopolymer binder systems and potassium
silicate activation.
Against this background, the aim of this study is to produce a
methodology enabling strength prediction for potassium
silicate activated geopolymer mortars comprising a wide
range of binder combinations and mix parameters. In this way,
the intention is to drive forward the adoption of these systems
as a high performance, low impact alternative to PC-based
materials such as GRC in building cladding components.
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2

EXPERIMENTAL METHODOLOGY

2.1 Materials
Metastar 501 metakaolin (MK) from Imerys UK was used as
the primary binder due its commercial availability, consistent
and highly amorphous nature and its rapid dissolution and
geopolymerization at ambient temperatures [9]. While MK has
a low environmental impact compared to Portland cement (PC),
partially or fully replacing it with industrial waste products has
been shown to significantly reduce this impact and provide
reduced set times, greater strength or higher flow [7]. The
industrial waste materials used in this study included GGBS
from ECOCEM Ireland, silica fume (SF) from Elkem, fly ash
(FA) from Kilroot power station in Northern Ireland and iron
silicate fines from Aurubis Bulgaria. Iron silicate is a low
impact by-product of copper production and novel in its usage
as a geopolymer source material. GGBS geopolymers require a
much smaller amount of activator solids and, therefore, have
lower environmental impact than metakaolin systems which
have a lower Si:Al ratio necessitating a greater amount to be
used for full dissolution to occur [10]. SF has been shown in
the literature and in this project to increase the Si:Al of the
binder to help with this and provide increased strength
development between 7 and 28 days, especially at around 20%
binder mass. Geosil activating solution with a potassium
silicate solids content of 45% by mass was sourced from
Woellner and used in all mix designs. Potassium, rather than
sodium, silicate activator was chosen due to its reactivity and
emergence as a cost-effective solution for geopolymer
production [11]. Mortar mixes were studied in this work, with
the lough sand fine aggregate component sourced from Stanley
Emerson & Sons Ltd. Measured chemical compositions and
published embodied CO2 values for the binder materials
considered are given in Table 1 with PC for comparative
purposes.
2.2 Sample preparation and testing sequence
All samples for compressive strength testing were cast in 50
mm cubes, covered with plastic for 24 hours to ensure uniform
drying conditions, then stored in a sealed container until testing
at 7 and 28 days in accordance with BS EN 1015-11:1999.
Ambient laboratory temperatures of approximately 20 0C were
provided over this casting and curing period. Rheological
behaviour was determined using flow table testing in
accordance with BS EN 1015-3:1999 to ensure sufficient
workability and minimal void creation when casting. While this
method specifies a 250 mm-wide flow table, this was identified
as too small for comparing high flows created during the binder
variation studies. As such, the flow exhibited by many of the
mixes produced in Phase 1 could not be compared accurately.
3

PHASE I – INFLUENCE OF BINDER COMPOSITION

3.1 Mix designs
From Table 1 it is evident that significant variation exists in the
major oxide contents of the various binder materials
considered, suggesting potential to achieve geopolymer mixes
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with a wide range of performance and embodied CO2 levels. To
investigate the impact of binder composition in this regard, a
base MK only geopolymer mix with L/S and paste/sand ratios
of 0.51 and 0.84 respectively was initially developed as part of
a preliminary research phase (see Figure 1-a). This mix design
was then held constant and replicated with the principal
variation being binder powder composition, enabling
investigation of effects on mortar compressive strength, flow
and environmental impact. Binder combinations considered
included MK/GGBS/FA, MK/GGBS/SF and MK/GGBS/IS,
with a wide range of unary, binary and ternary binders
considered for each by considering respective binder
increments of 20% in the range 0-100% by mass. By adopting
this approach, it was recognised that performance levels were
likely to vary considerably and potentially beyond limits of
suitability. MK-based mixes, for instance, are reported to
require more liquids than fly ash or slag geopolymers to ensure
monomer transport, full dissolution and reorganisation [6].
3.2 Phase I results and discussion
Plotted in Figure 1 for the MK/GGBS/SF mixes are contoured
ternary graphs illustrating the significant influence binder
powder composition has on geopolymer mortar strength at 7
and 28 days (Figures 1(b) and (c)). Plotted at the pinnacle of
the ternary plots in Figure 1, the 100% MK mix attained 7 and
28 day strengths of 41.5 and 46 N/mm2 respectively. Relative
to this, performance levels ranging from 4-69.5 N/mm2 at 7
days and 5-106 N/mm2 at 28 days were attained by the various
alternative binder combinations considered. GGBS has been
shown to be a successful replacement for MK in high strength
geopolymers, producing improved strength in binary blends at
all increments of addition to maximums of 85 and 105 N/mm2
at 7 and 28 days respectively. All binders exhibiting strengths
over 50 N/mm2 comprised at least 20%GGBS, suggesting the
formation of CASH gel as vital to achieving high strength [9].
Binder blend 20%MK/80%GGBS was stronger than the 100%
GGBS mortar, suggesting that geopolymer gels and CASH
hydration products formed simultaneously and bonded well
together as the latter expanded into the pores of the former to
create a homogenous microstructure. SF offered significant
strength increases to both MK and GGBS mortars at 28 days,
despite reducing the 7-day strength of these unary blends. From
7 to 28 days the 80%MK/SF and 80%GGBS/SF binary mixes
more than doubled in strength from 19 to 45 N/mm2 and 45 to
106 N/mm2 respectively, producing the highest compressive
strength measured in the study. As suggested previously this is
likely due to an increase in the amount of Si-O-Si bonds present
in the mix caused by the increasing silica to alumina ratio.
Table 1. Binder material properties
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(a)

Material quantities (kg/m 3)
Binder
540

Activator
455

Water
135

L/S
ratio

Sand
1340

0.51

Paste
to sand
ratio
0.84

(b) 7-Day compressive strength, N/mm2 (L/S ratio = 0.51)

Also illustrated in Figure 1 is the embodied CO2 content of each
MK/GGBS/SF binder combination, with values generally
reducing with corresponding reductions of MK reflecting the
fact that it is commercially mined and calcined, as opposed to
a by-product from other industrial activities. Of particular
significance from the plots presented in Figure 1 is the fact that,
for the geopolymer mortars considered, the improving levels of
compressive strength corresponded with reducing levels of
environmental impact (in terms of embodied CO2). This is
contrary to trends typical of conventional PC-based concrete
mixes. In terms of mortar flow, results varied significantly and
at almost all increments of MK replacement were in excess of
250 mm and, therefore, too high for accurate measurement and
comparison. While this high range was clearly influenced by
the L/S ratio of the base mix used (0.51), the ability of industrial
waste materials to increase flow is a positive finding in terms
of industrial-scale cladding panel production using highlyflowable, high-strength, low-impact geopolymer materials.
4

PHASE II – INFLUENCE OF MIX PARAMETERS

SF
2

(c) 28-Day compressive strength, N/mm (L/S ratio = 0.51)

4.1 Mix designs
While Phase I clearly identified the influence of binder
composition on geopolymer mortar performance, this was
established for one mix design only, with other important and
inter-relating key mix parameters not considered. As such,
three high-performing binder powder blends were selected for
further investigation in Phase II. This included: 100% MK base
mix; 80%GGBS/20%MK and 80% GGBS/20% SF. The latter
two blends were chosen as they achieved the highest strength
at 7 and 28 days respectively from Phase I. As shown in Table
2, a face centred central composite mix design approach was
used to consider three mortar component variables (binder
powder, activator and free water content) across three levels (1, 0, +1) for each selected binder blend.

(d)

Embodied carbon emissions (kgCO2/kg)

Figure 1. Base mix design and binder variation ternaries
Figure 1: (a) Phase I mix design; (b) and (c) 7 and 28-day
compressive strength results, and (d) embodied CO 2 contents,
for unary, binary and ternary binder combinations considered

In Phase 1, the L/S solid of 0.51 used provided a wide range of
flow across the different binder types with pure MK
geopolymers exhibiting significantly lower values than hybrid
or GGBS-based blends. This is due to the fact that the MK
geopolymers require higher L/S and A/B ratios than fly ash or
slag geopolymers for full dissolution, monomer transport and
reorganisation to take place. This trend was addressed in Phase
II by lowering the binder mass and increasing water mass for
the 100%MK mixes in order to maximise the potential of
forming homogenous geopolymers. Ranges of binder powder,
activator and free water content considered for the MK mixes
were 490-590, 400-500 and 100-160 kg/m3 respectively, while
for the GGBS/MK and GGBS/SF mixes these were 550-650,
400-500 and 70-130 kg/m3. In this way, the intention was to
further investigate the influence of key relationships presented
in the literature [6-9,12] as significant for geopolymers, such as
S/A, L/S and A/B. For instance, via the variables and ranges
considered as part of the central composite design, values of
A/B and L/S ranged from 0.76-1.02 and 0.46-0.57 respectively
for the 15 MK mixes. Corresponding ratio ranges for the
GGBS/MK and GGBS/SF mixes were 0.62-0.91, 0.35-0.52.
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Table 2. Experimental design, 7-day compressive strength results and model prediction errors

Mix
A
-1
-1
1
1
-1
1
-1
1
0
0
0
-1
1
0
0

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
+

B
-1
1
1
-1
1
1
-1
-1
0
1
-1
0
0
0
0

C
-1
-1
-1
-1
1
1
1
1
0
0
0
0
0
-1
1

Measured
+

100% MK
-1
0
A. Binder
490 540
B. Activator
400 450
C. Free water
100 130

1
590
500
160

80% GGBS / 20%MK
80% GGBS / 20% SF
-1
0
1
A. Binder
550 600 650
B. Activator
400 450 500
C. Free water
70 100 130

1: 100% MK; 2: 80% GGBS/20% MK; 3: 80%GGBS/20% SF

4.2 Phase II compressive strength results
The 7-day compressive strength results achieved by the
geopolymer mortar mixes considered as part of Phase II are
presented in Table 2. As expected, and reflecting the mix
constituent ranges introduced as part of the experimental
design, broad ranges of strength were recorded for each
binder combination investigated. For the MK, GGBS/MK
and GGBS/SF combinations, these were 33.0-58.0, 67.586.0 and 34.5-68.5 N/mm2 respectively.
Of the 15 mix compositions considered for each binder
blend, mix 4 was perhaps expected to produce the greatest
compressive strength as it had the lowest L/S ratio, highest
mass of binder powder and the lowest amount of activating
solution and free water. This was provided, of course, that
sufficient activating solids existed in the mix for full
dissolution to occur without leaving unreacted binder to act
as microdefects. Indeed for 100%MK mix 4 (as well as for
mixes 8 and 11), this proved not to be the case, with the
material failing to set and gain any appreciable strength.
Alternatively, all of the GGBS/MK and GGBS/SF mixes
successfully broke down the binder powder and had
sufficient liquidity for monomer transport and
reorganisation,
allowing
homogeneous
hardened
geopolymer mortar to form in all 15 mix iterations
irrespective of the lower ratio values considered. This
suggests that the amount of activator solids required for
geopolymers based on these industrial waste materials is
significantly lower; as this is the most expensive portion of
a geopolymer mixture from both economic and
environmental standpoints the benefits of partially replacing
the MK with these is obvious.
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7-day compressive strength (N/mm2)

Central composite design variables

1
42.5
42
58
38
39
33
42
41.5
35
46.5
51
39

+

2
75
69
86
82.5
67.5
79
72
79.5
77.5
73.5
71
75
82.5
85
79

Predicted
+

3
48
53.5
60
68.5
38.5
51
34.5
44.5
55.5
54.5
52.5
50.5
57
52.5
47

+

1
42
42.5
57.5
34.5
39
33.5
42
42.5
38
48
49
35.5

2+
3+
73.5 50
70 53.5
86.5 67.5
82.5 61.5
66.5 42
79.5 53.5
73.5 36
77 47.5
78.5 51.5
76 53.5
76
49
73.5 45.5
83.5 57
80 57.5
76.5 45
Average:

Modeling errors
(%)
1+
1.1
0.1
1
3.4
1.6
1.3
0.7
3.3
8.7
3.9
4.3
8.1
3.1

2+
1.6
1.5
0.5
0.4
1.2
0.4
2.4
3.5
1.2
3.3
7.1
1.8
1.4
5.4
3.4
2.3

3+
4.5
0.2
7.7
10.1
10.4
4.9
4.7
6.1
7.4
2.2
7.4
9.6
0.1
9.5
3.6
5.8

4.3 Relationships between singular mixture proportioning
ratios and compressive strength
As illustrated in Figure 2, work progressed to explore if clear
relationships existed between the strength results obtained
and the aforementioned ratios reported as being significant
for geopolymer mix design (i.e. S/A, L/S and A/B). Figure 2
plots these ratios against the 7-day compressive strength
measured for all 15 mixes considered for the three binder
combinations under investigation.
The S/A ratio of source materials used to create geopolymers
dictates molecular- and nano-scale structures formed, and
theoretically there should be a direct correlation between
silica content and strength due to increasing stronger Si-OSi bonds. With that said, owing to other impacting mixture
proportioning parameters optimum levels of S/A reported by
researchers vary [7,12]. In this study however, the influence
of S/A ratio on 7-day strength was not as significant as
previously reported, with R2 values of 0.06, 0.28 and 0.07
noted for the MK, GGBS/MK and GGBS/SF mixes
respectively (Figure 2(a)).
L/S in geopolymeric materials (calculated by dividing the
mass of solid materials in the binder and activator by that of
the liquid portion of the activator and free water) is reported
to be analogous to the water/cement (W/C) ratio in PC mix
designs in terms of its impact on properties such as flow and
compressive strength. In PC-based materials, compressive
strength is negatively proportional to W/C. Similar, albeit
varying and diminished relationships were noted for the
three geopolymer binder blends considered (Figure 2(b))
reflecting the probable influence of other key mix variables
not present in PC concrete. The R2 values noted in this case
ranged from 0.41-0.72, indicating a more significant
correlation between L/S and strength.

7-day compressive strength (N/mm2 )
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80%GGBS/20%MK

80%GGBS/20%SF

100% MK

90
R² = 0.28

R² = 0.41456

R² = 0.28

80
70
R² = 0.07
60
R² = 0.72002

R² = 0.06

50
40

R² = 0.58

30

R² = 0.07

(a)

(b)

(c)

R² = 0.08

20
2

4

6

8

10 0.3

0.4

S/A Ratio

0.5

0.6

0.7 0.6

0.7

0.8

0.9

1

1.1

A/B ratio

L/S Ratio

Figure 2. Geopolymer proportioning ratios vs 7-day compressive strength
Finally, A/B is reported to be one of the most important
factors in the successful design of geopolymer mixes,
enabling full dissolution and reorganisation of the mortar
without defects from unreacted binder powder [8]. As
mentioned previously, three of the 100%MK mortar mixes
(4, 8 and 11) were unable to form geopolymer products
owing to insufficient activator solids in the mix to break
down the binder powder. With no release of silica and
alumina monomers and chemically bound water, dry, sandy
mortars lacking any cohesion or liquidity were formed. All
MK mixes with an A/B ratio less than 0.75, or an activator
solid to binder ratio of 0.34 reacted in this way. While vital
to geopolymer formation, this ratio was found to be of little
relevance in trying to predict strength, with low R2 values
ranging from 0.07 to 0.28 (Figure 2(c)).

were most closely linked to compressive strength.
Parameters considered include the binder mass (B), activator
solution mass (A), water mass (W), sand mass (S), activator
solids mass (AS), total water content (TW), A/B ratio, free
water to activating solution (FW/A) ratio, the free water to
binder (FW/B) ratio, L/S ratio, and S/A ratio. Independent
variables were then selected from this list to undergo
regression analysis to produce a compressive strength
predicting equation from the intercept and slope coefficients
provided for geopolymers mortars at 7 days. Predicted
compressive strength results for the 15 mixes for each binder
blend were then compared to corresponding experimental
results to quantify the success of this methodology.
Comparing outputs such as: adjusted R2; significance f; p
values, allowed the most accurate prediction of strength
possible from the data set. The equation used for
compressive strength prediction is shown below in equation
1, with X1, X2, etc. representing the various mix parameters.

In conclusion from Figure 2, it can be noted that when the
all principal mix proportioning ratios are varied, none can be
considered in isolation to accurately predict 7-day
compressive strength. Out of the three considered, L/S
emerged as the most significant, albeit with differing
relationships apparent for the different binder compositions
considered.

7-day strength = Intercept+(X1* slopeX1)+(X2*slopeX2)... (1)

Table 3 shows the regression outputs and the predictions the
models made for the 15 mix designs created for each of the
three binder blends, and shows the average error in these as
a method of analysing the success of the models. The mix
parameters used for the equation relating to the MK mixes
were binder mass (B), free water mass (W), FW/B and FW/A
and in this way the model was capable of predicting 7-day
compressive strength with an average error of 3.12%, an
adjusted R2 value of 0.91 and a statistical significance f of
1.9×10-4.

4.4 Correlation and regression analysis
As the ratios studied above in isolation were found to be poor
predictors for compressive strength, work proceeded to
ascertain if combinations of several mix parameters could be
used synergistically with more success. Firstly, correlation
analysis was carried out to determine which mix parameters

Table 3. Regression model outputs and parameters
Mix parameters used by model
Binder
100%MK
80%GGBS/20%MK
80%GGBS/20%SF

Model outputs

X1

X2

X3

X4

X5

X6

Adj. R2

Sig, f

B
B
B

W
FW/A
FW/A

FW/A
FW/B
--

FW/B
TW
--

-S/A
--

-L/S
--

0.91
0.70
0.77

1.9x10-4
9.5x10-3
5.8x10-5

Average
error %
3.1
2.3
5.9
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As stated previously, the equation described in Equation 1
and Table 3 is only valid for mixes with an activator to
binder ratio high enough to ensure geopolymerisation
occurs, and should not be used at lower ratios. For the
GGBS/MK mixes, independent variables used were binder
mass, total water mass, FW/A, FW/B, S/A and L/S ratios,
leading to an average modelling error of 2.34% and adjusted
R2 and significance, f, values of 0.7 and 9.5×10-3
respectively. For the GGBS/SF mixes, the singular
modelling variable FW/A ratio produced the most accurate
strength predictions (average error = 5.8%; adjusted R2 =
0.77; significance, f = 5.8×10-5).
Prediction of strength using multiple mix parameters for
regression analysis has been relatively successful and shows
promise for future development to improve the accuracy and
significance of the model in the future by expanding the
range of compositions analysed to provide increased data
describing the relationships present.
5

CONCLUSIONS

The goal of the work reported in this paper was to develop
performance-based mix design methodologies capable of
reliably producing potassium silicate-activated geopolymer
mortars – based on MK and a range of industrial by-products
– with specified levels of strength, flow and/or embodied
carbon content. In this way, the broader aim of the work is
to drive forward the adoption of geopolymers as a lower
impact replacement for conventional PC-based building
components such as those manufactured using GRC.
For a given geopolymer mix design (i.e. constant binder,
water and activator contents), the influence of binder
composition on the resulting reactions and corresponding
values of strength gain were found to be significant. High
performance geopolymer mortars were developed,
exhibiting high flow and 7 and 28-day strengths of up to 87
and 106 N/mm2 respectively; the latter using a binder system
comprising 100% by-product materials. Indeed, many of the
highest performing mortars investigated had embodied CO 2
binder levels around 30% lower than corresponding PCbased mixes. This is deemed to be a major benefit of
geopolymers, where a broad range of structural performance
levels can be attained using various combinations of, ideally,
locally available, low impact binder materials. Further
improvements to performance are possible for geopolymer
mixes via further adjustments to mixture proportioning
parameters, such as mass of activating solids, as these are the
costly component and levels are unnecessarily high in
binders without MK. While the CO2 savings reported in this
paper are modest compared to some published in the
literature, if geopolymer systems were used to replace all
PC-based materials, the theoretical reduction in total global
carbon emission would be approximately 2.1% [13,14].
This study found that the use of single proportioning ratios
was insufficient for accurate strength prediction and that a
wide range of mix parameters have bearing on performance.
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Of the single ratios studied, L/S ratio appeared to show the
greatest correlation with strength, albeit that mixes with low
L/S values did not consistently provide the greatest strength
in the mix designs studied. Those with the lowest L/S ratios
often also had the lowest A/B ratio, causing samples to be
unable break down the binder powder sufficiently to form a
homogenous geopolymer without unreacted materials acting
as a microdefect. In MK based mortars, A/B ratios below
0.75 produced dry, sandy mortars with no cohesion due to
the lack of activating solids present causing incomplete
dissolution.
For the various sets of MK-, GGBS/MK- and GGBS/SFbased geopolymers mixes studied, a suite of regression
models was developed to predict compressive strength at 7
days. With an average prediction error across the binder
combinations considered all below 5.8%, the methods
developed were relatively successful and indicate potential
for future improvements Future research will attempt to
improve predictions by widening the range of mix
parameters and compositions studied to increase the data sets
from which they are made, and seek to develop a single
model suitable for accurately predicting the performance of
any geopolymer binder type.
6
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ABSTRACT: Many claims are made regarding the superior thermal performance of high heat capacity materials under the
general heading of thermal mass. However, the benefits of thermal mass are poorly quantified in existing literature. These issues
often become more important in the case of biobased materials, where thick, monolithic wall construction leads to a stronger
connection between a building's structure and the indoor environment. New materials include hemp-lime concrete, which offers
a combination of structural, thermal and hygroscopic properties that make it suitable for incorporation into the building
envelope. Hemp-lime has long been proposed to offer excellent thermal mass performance, yet this impact is poorly quantified
in existing literature. This paper uses the Transient Energy Ratio (TER) method, developed by these authors, to compare the
performance of hemp-lime concrete walls with traditional solid wall and cavity wall constructions.
Note to readers: by the agreement of the editor, this paper describes work these authors previously published at ICBBMEcoGRAFI, Clermont-Ferrand, France, 2017.
KEY WORDS: Transient Energy Ratio; TER; Thermal Mass; Diffusivity; Hemp-Lime.
1

INTRODUCTION

Concrete production accounts for around 8% of global CO2
emissions, and concrete production is growing at a much
faster rate that fossil fuel use, with cement production having
risen 4 fold since 1990[1]. Replacement of concrete with
products with a lower environmental impact is, therefore,
urgently required in order to help reduce the magnitude of
global warming. Hemp-lime, variously referred to as
hempcrete or hemp-lime concrete, is one bio-based material
that may be suitable, primarily is a replacement for cementbased concrete in low-strength applications such as low-rise
housing. Its low thermal conductivity by comparison with
concrete is also advantageous. This paper assess the effects on
the interior thermal environment that may ensue from the use
of hemp-lime – considering not only the thermal conductivity,
but also the dynamic behaviour of walls determined by their
thermal mass. The technique used is the transient energy ratio
method (described in this paper).
High thermal mass is often cited as a beneficial aspect of
bio-based construction materials. However, many of the
concepts surrounding these benefits are poorly quantified in
the literature. This applies both to the benefits of increased
thermal mass, and the performance of bio-based buildings.
Both national construction guidelines, and academic literature,
often offer little beyond platitudes and statements that are
simply inaccurate. Examples include “A massive building
uses less energy than a similar low mass building due to the
reduced heat transfer through the massive elements”[2]), and
“there is no upper limit for the amount of well-designed
thermal mass” [3]. More rigorous research shows, however,
that thermal mass can have drawbacks as well as benefits
[4,5,6].

These problems are particularly acute as regards hemp-lime
concrete; as a comparatively new bio-based construction
material, many claims are made, despite the fact that it
remains somewhat poorly characterised. For example, its
thermal conductivity is often stated to be lower than measured
values actually show (such as a claim by the Building
Research Establishment in the UK of a thermal conductivity:
“0.07–0.09 Wm-1K-1 giving a typical U-value at 300 mm of
0.21 Wm-2K-1”, when conductivity values reported in the
literature more commonly exceed 0.1 Wm-1K-1) [7].
The benefits of thermal mass intuitively seem most
applicable to regions with high diurnal temperature variation,
and sites with high solar flux and cool nights would seem to
have the most to gain. Indeed, most case studies in the
literature have been in exactly these sorts of climates, such as
the Mediterranean region and hot arid or semi-arid climate
zones. There is a widespread assumption that these results will
be applicable in a qualitative sense to other climates, even if
the exact results are not; but this is not the case. Indeed, recent
work has shown that in heating dominated climates such as
northern Europe, high thermal mass can lead to an increase in
energy use rather than a decrease[8]. Work conducted in
parallel with the work presented here, using the same
techniques, has shown that these conditions are not
uncommon, and actually likely dominate in many regions.
Consequently, in colder areas, the assumption that high
thermal mass leads to energy savings is very often incorrect.
Use of the transient energy ratio and transient performance
ratio allows for rapid assessment of a given site, use case and
construction typology: the method is more generalised than
detailed building simulation and can be used by architects and
engineers much earlier in the design process, before decisions
on building layout and construction method have been taken;
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and therefore, decisions regarding appropriate construction
methods can make use of this information at an earlier stage
of the design process.
The generalisable nature of the technique also allows
researchers to analyse wall typologies without the limitation
of studying only specific case study buildings. This is the
approach taken in this paper: the transient energy ratio
technique is first summarised, and then used to assess a range
of bio-based materials in terms of their dynamic thermal
performance.
2
2.1

THE TRANSIENT ENERGY RATIO METHOD
Method Summary

The transient energy ratio was demonstrated by Reilly and
Kinnane[5]. In summary, the method involves the following:
 Calculate the U-value for the wall section in question
(termed U)
 Simulate the thermal behaviour of the wall, using
boundary conditions representative of the climate
and indoor occupancy pattern of interest
 Use the actual energy flow through the wall in the
dynamic simulation to calculate an effective U-value
(termed Ue)
 Divide Ue by U to find the transient energy ratio
(TER)
The most time-consuming part of the method, is the
dynamic simulation, and the calculation of the effective Uvalues; this is necessary to capture the true behaviour of the
walls. As walls have heat capacity, their thermal response
during fluctuating conditions is not described by the U-value
alone. In conditions of changing surface temperatures, heat
may be stored and returned to the indoor and outdoor
environment: this is the basis of thermal mass. A dynamic
simulation attempts to capture these effects by modelling the
response of a wall to varying temperatures. The effective Uvalue is the quantity which, when used with the mean
temperatures, gives the actual energy flow through the wall.
This actual energy flow may be greater or less than that
predicted based on the static U-value, and this ratio is termed
the TER. If the TER is less than one, the thermal mass of the
wall offers energy savings, over and above any savings purely
due to a low conductivity. In this case, higher thermal mass
walls could offer greater benefits, and increasing the thermal
mass should be considered. On the other hand, if the TER is
greater than one, the wall is leading to greater energy use than
predicted by a static analysis: in this case, the thermal mass is
a drawback, and design changes should seek to minimise the
thermal mass of the wall instead of maximising it. For a TER
in the region of one, thermal mass has little influence, and in
such a case other considerations (such as a low conductivity)
will likely dominate. Greater detail of this method can be
found in Reilly and Kinnane[5].
2.2

Static Analysis

The static analysis was simply an evaluation of each wall’s U
value, calculated in the standard manner as in Eqn. 1 below
(where L is the thickness of each material, k is the
conductivity, and the subscript indicates the material).
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Ln
1 L1 L 2
= + + …+
U k1 k2
kn
2.3

(1)

Dynamic Analysis

The principle of the TER method is to use a dynamic
simulation of a wall section. To comply with the method, any
simulation method that accurately predicts internal wall
temperatures may be used, with a 1D numerical simulation
generally the easiest. For this work, a finite element (FE)
model was created using commercial FE software (Abaqus
6.12). The walls were modelled using heat transfer elements
with a typical mesh dimension of around 1 mm, and the
increment time in the model was set such that in no step did
the temperature change exceed 0.1 K. Heat transfer at the wall
surfaces was modelled according to ISO 6946, as in Eqn. 2
below. (Where v́ is the mean wind speed, ϵ the
emissivity, σ 0 the Stefan-Boltzman constant and T 0 the
relevant environmental temperature.)
3
(2)
h=4+ 4 v́+ 4 ϵ σ 0 T 0
The external temperature was applied as a heat source/sink,
connected to the outer surface of the wall via Eqn. 2. The
internal temperature was either specified in the same manner
(during periods of active heating/cooling), or allowed to float
freely in response to heat exchange with the wall’s internal
surface. Solar flux was applied to the relevant surface as a
power input per unit area. The details of the active
heating/cooling system were not considered; while a more
efficient system would obviously reduce the primary energy
use, this study was concerned only with the heating/cooling
energy demand.
The output from the model, was an energy transfer per unit
area (J/m2). This was measured on the interior surface of the
wall, and gave an average heat flux for the time period in
question (W/m2). This average heat flux per unit area was
divided by the mean temperature difference to give the
effective U-value. In this way, the effective U-value
accurately reflects the heat loss/gain through the wall, but has
units of W/m2/K, making it directly comparable with the
standard U-value calculated through a static analysis.
3
3.1

WALL
TYPOLOGIES
CONSIDERED

AND

CLIMATES

Wall Typologies

Four bio-based wall materials are considered in this paper:
hemp-lime concrete, straw bales, cob, and rammed earth.
These were compared with a masonry cavity wall
construction. The material properties and wall descriptions are
given in Table 1. Providing general values is complicated by
the wide range of thermal properties for many of the materials
considered; it is not possible to give a definite value for the
thermal conductivity of stone, for example, as there is so
much natural variation. However, the values chosen are
indicative mid-range values, and the general approach taken
here could easily be adapted to model the specific differences
between, for example, sandstone and granite walls. This study
looks at broader classes of wall type, and more detailed
analysis is left for further work.
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Table 1: Wall typologies and material properties
Wall type

Cavity wall

Hemp-lime

Cob
Straw bale

Rammed earth

Material
Plaster
Insulation
Blockwork
Cavity insulation
Brick
Plaster
Hemp-lime
concrete
Lime render
Plaster
Cob
Plaster
Straw bale
Lime render
Plaster
Earth
Facing stone

Thickness
(mm)
12.5
40
100
150
102
12.5

Conductivity
(W m-1 K-1)
0.52
0.055
0.44
0.047
0.721
0.52

Diffusivity
(mm2/s)
1.71
1.74
0.451
0.582
0.472
1.71

450

0.12

0.5

40
12.5
600
12.5
450
40
12.5
600
100

0.7
0.52
0.4
0.52
0.07
0.7
0.52
1.2
2

0.52
1.71
0.5
1.71
1.6
0.52
1.71
0.97
1.1

Many of these values are subject to considerable variation; the specific heat capacity of straw bales, in particular, seems poorly
characterised in existing literature, and those for earth and stone vary substantially (a factor of two or more) depending on the
exact source. These values are based on a review work by Clarke[9], with the exception of the values for cob[10].

3.2

Climate

For this study, outdoor weather data was used from Belfast,
Northern Ireland. Belfast, in common with most of the UK
and Ireland, has a wet maritime climate, with comparatively
mild winters and summers and is characterised by high
precipitation. A representative week of weather data was
chosen for the dynamic analysis: a week in January 2016, with
weather data obtained from UK Met Office. Temperatures
ranged from 275 to 288 K. Temperatures, wind speeds and
solar flux were all typical for the time of year.
Virtually all domestic construction in the UK and Ireland
employs some form of mechanical heating system for several
months of the year, and in this respect Belfast is entirely
typical.
4
4.1

RESULTS
Heat capacity

The heat capacity of traditional wall types is often assumed to
be dramatically higher than modern construction. However,
there are very many exceptions to this rule, particularly when
the ‘modern construction’ used is a masonry cavity wall
meeting contemporary standards. Table 2 gives values of the
heat capacity per unit wall area for the walls considered here,
and it can be seen that a masonry cavity wall construction falls
about midway between the natural materials, with straw and

hemp substantially lower and cob and rammed earth much
higher. Of course, these values depend on the wall thickness,
which will vary from case to case; but it would be very
difficult to build a wall of rammed earth with equivalent heat
capacity to the masonry wall presented here – it would be less
than 300 mm thick in total – while a straw bale wall of
equivalent heat capacity would be impractically thick (around
5 m).
While the heat capacity of a wall gives an indication of its
dynamic performance, in an inhomogeneous wall the ordering
of the layers is also important, and different walls with the
same heat capacity can perform differently – hence the
importance of the TER.
4.2

Static performance

The static performance of the walls in determined by the
thickness and thermal conductivity of each layer, measured by
the standard U-value. These are presented in Table 2. In this
regard, the hemp-lime wall is the closest match to the cavity
wall, with straw being rather better and cob being worse. For a
permanently occupied building in static outdoor conditions,
the heat loss (or gain) would be determined entirely by U.
Rammed earth stands out as being particularly poorly
performing, with a static U-value more than ten times that for
the straw bale wall. Conductivity values for rammed earth
vary dramatically, with quoted values in the literature ranging

198

CERI-ITRN2018

Table 2: U-value, Heat Capacity, Effective U-value and Transient Energy Ratio
Wall
Cavity
Hemp-lime
Cob
Straw bale
Rammed earth

Overall
thickness
(mm)
404.5
502.5
612.5
502.5
712.5

U-value
(W m-2 K-1)

Heat capacity
(kJ/m2/K)

0.23
0.26
0.66
0.15
1.67

271
166
484
77
928

Effective Uvalue
(W m-2 K-1)
0.60
0.68
1.83
0.34
4.49

Transient
Energy Ratio
2.57
2.59
2.79
2.19
2.58

Fig. 1: Temperatures of the cavity wall indoor and outdoor surface for three days in Belfast

(at least) from 0.4 to 2.1, primarily depending on moisture
content. However, even at the lower end of this range, the Uvalue will be much higher than that for a straw bale wall; and
many claims are made for rammed earth structures on the
basis of its high thermal mass enhancing their performance.
Consequently, a comparison between the straw bale and
rammed earth walls provides a very good study of the
influence of thermal mass.
4.3

Dynamic Performance and Transient Energy
Ratio

The dynamic performance of these walls was assessed by
carrying out a one-week finite element simulation, as
described in Sections 2 and 3. For the analysis in Belfast, it
was assumed that the occupants would heat the building
between 6 and 8 am, and 6 and 10 pm. The building was
unheated outside these hours.
The dynamic response is very different from the steadystate analysis, as Figure 1 shows. Due to the heat capacity of
the wall, the indoor temperature only falls to around 288 K
during the unoccupied times (when the heating is off), despite
an outdoor temperature that falls below 280 K. The heat
capacity of the wall leads to both an energy saving and an
energy penalty, and these two effects counteract each other: a
wall with a high heat capacity, takes more energy to heat up,
but then stores its heat for longer, meaning the temperature at
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the start of the next heating period is higher. Which of these
two effects dominates determines whether thermal mass is
beneficial or detrimental in a particular scenario.
Figure 2 shows the indoor temperatures for the cavity, straw
and cob walls (with medium, low and high heat capacities,
respectively). It is clear that the cob wall takes longer both to
heat up and to cool down; by contrast, the straw wall heats
and cools much more rapidly. Its low heat capacity means that
the wall responds more quickly both to undesired (externallyinduced) and desired (mechanically-induced) changes.
In addition to predicting temperatures, the model also
predicts heat fluxes through the walls. Dividing the total heat
flux over the course of the week by the mean temperature
difference, gives the effective U-value Ue. Ue for each wall is
given in Table 2, along with the transient energy ratio, which
is found as in Equation 3 below.

TER=

Ue
U

(3)

The TER for all these scenarios lies between 2 and 3. This
indicates that the drawback of greater heat input at the start of
each heating period, more than outweighs the benefits of heat
retention from one heating period to the next. In these cases,
thermal mass is detrimental, and substantially so: a theoretical
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Fig. 2: Comparison of indoor surface temperatures in three wall types with light, heavy and intermediate heat capacity (straw,
cob and cavity respectively)

wall with no heat capacity (but the same conductivity) would
use less than half the energy for heating than these walls do.
As the TERs for all the walls lie in the range 2 to 3, they can
be discussed as a group in terms of their dynamic
performance. For a cold climate requiring constant indoor
heating, such as that of Belfast, thermal mass is a significant
drawback. The effect of heating up the structure at the start of
each heating period takes a substantial amount of energy, and
only a small fraction of this energy is returned to the occupied
space at a later time, with most being lost to the outside
environment. For a typical domestic use case, between half
and two thirds of the heating energy used will be lost in
heating up the building structure – this is what is indicated by
the TER values, where a TER of 1 would indicate energy
consumption exactly equal to a prediction based on the Uvalue alone.
Results showing a TER greater than 1, suggest that reducing
the heat capacity of the wall (for an equivalent insulating
capacity) will lead to better thermal performance. To test this,
a new, thinner straw bale wall was modelled, with the
thickness of the straw layer reduced to 100 mm. The U-value
for this wall matched that for the original cob wall (0.66),
thereby allowing a direct comparison between a low and high
thermal mass wall with the same mean conductivity. Ue for the
thin straw wall was 0.74: this wall used less than half the
energy that the cob wall did, despite the two walls having the
same U-value.
5

DISCUSSION

Cob and rammed earth are examples of vernacular
construction techniques that have recently received more
attention due to their perceived environmental benefits, not
least benefits associated with high thermal mass structures.
Straw bale and hemp-lime construction are newer
developments, which also appear to offer reduced
environmental impact as compared to conventional
contemporary construction using concrete and masonry. While
all these materials do indeed offer many benefits, the claims
associated with reduced heating and cooling loads in high

thermal mass buildings need to be examined much more
carefully.
In a heating-dominated climate such as that of northern
Europe, high thermal mass is likely to be associated with
increased energy consumption rather than decreased
consumption. While it is often claimed that poor insulation
values associated with some construction types can be offset
by virtue of high thermal mass, this is demonstrably not the
case, and indeed the reverse is often true: high thermal mass
construction leads to worse performance than predicted based
solely on insulation values.
This is shown by the result given here for the thin straw
wall compared to the cob wall: for the same U-value, the thin
straw bale wall takes less than half as much energy for heating
as the cob wall. indeed, of the representative walls in this
study, only the (thick) straw wall (with Ue = 0.34) comes close
to achieving the performance assumed in most national codes,
which typically specify U-values in the region of 0.2.
Given that high thermal mass will often not lead to the
purported energy savings in cold climates, are the wall types
considered here appropriate? It remains true that the embodied
energy of the cavity wall is likely to be much higher than the
others considered here; but the embodied energy for most
buildings is very much smaller than the use energy. This is
particularly the case for long-lasting buildings such as houses.
In order to minimise the lifetime energy use, the embodied
energy should be equal to the use energy. In most cases, this
would result in an impractically thick wall; consequently, in
order to minimise overall energy use the objective will often
become one of using the lowest conductivity materials
available, almost regardless of embodied energy.
Of course, there are many other factors involved in
choosing construction materials besides energy consumption,
which may tilt the balance in favour of one or another
material. But bearing in mind the high conductivity of earth
and stone, monolithic walls made from these materials do not
seem to be appropriate choices in cold climates where
building energy use is dominated by heating. Hemp-lime
walls, on the other hand, have a thermal performance similar
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to that of good masonry cavity wall construction; and in this
case, other factors such as the lack of thermal bridges, lower
embodied energy, hygroscopic nature, etc., may make it a
better choice. The addition of an extra insulating layer, while
using hemp for the structural component, may improve the
performance further.
However, straw bale construction seems to outperform both
masonry and other biobased materials without the need for
extra insulation. Its poor loadbearing capabilities likely render
it unusable for highrise buildings, but where it can be used it
seems to offer superior thermal performance. Its low heat
capacity is a distinct advantage in cold climates, where high
heat capacity materials result in wasted energy use in many
cases.
The TER analysis of these scenarios captures the dynamic
behaviour of a range of wall types. The analysis method is
applicable to any wall typology, building use case and
climate; but the specific results given here must be used
cautiously if applied outside the cases considered. There will
be cases where the assumptions are incorrect; for example, in
the case of a cold climate where substantial solar energy is
available outside occupied hours, the capacity to store heat
may be beneficial. But in general, it is unlikely that any
advantages of thermal mass can be sufficient to offset poor
insulation values, and except in very specific cases, thermal
mass is a drawback rather than an advantage in cold regions.
6

CONCLUSIONS

In cold climates, high thermal mass cannot be relied on to
counteract poor thermal insulating performance. In heating
dominated climates high thermal mass is much more likely to
be a hindrance than a boon, and other things being equal
minimising heat capacity would be a better objective than
maximising it. Certain biobased materials, in particular straw,
have a combination of low thermal mass and low
conductivity; simulations show that these will perform well.
Hemp-lime also seems to offer comparable thermal
performance to masonry cavity walls, and may offer other
advantages. Solid earth and stone structures, without
insulation, tend to have higher U-values than masonry cavity

201

walls, and the downsides attached to this cannot be remedied
by the high thermal mass associated with these materials.
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ABSTRACT: This paper presents a new cement hydration model to predict the microstructure evolution of hydrating tricalcium
silicate (C3S). The model is written in MATLAB and employs the continuum approach and integrated particle kinetic relationships
to show the change in C3S and the growth of Calcium Silicate Hydrate (C-S-H) around the particle and Calcium Hydroxide (CH)
in the pore space over time.
Cement hydration is a highly complex process. While hydration models should never completely remove experimental analysis,
they are an aid to better understand cement hydration and microstructure development by providing a method to analyse a large
number of pastes with different cementitious make-ups in a relatively short time. This model uses spherical particles to represent
the C3S with customizable input files such as cumulative weight distributions (CWD), to determine the particle size distributions,
PSD), w/c ratio, C3S, C-S-H and CH phase densities, kinetic rates, stiochiometries and enthalpy values.
The current study presents simulated microstructures and demonstrates the versatility of the model, while still in the development
stage, to simulate cement hydration and microstructure development over 100 days. With further development, it can become a
flexible tool for both academia and industry that can easily incorporate the inclusion of supplementary cementitious materials etc.
KEY WORDS: cement; hydration; microstructure; modelling; MATLAB

1

INTRODUCTION

Cement hydration and microstructure development is a
complex process. However, the advances in computing power
and range of programmable software in recent years has made
the modelling of cement hydration achievable. While computer
modelling should never completely replace experimental
analysis, it does provide valuable insights into the process
particularly with the increased use of supplementary
cementitious materials. Model outputs can now be directly
compared with experimental analysis provided accurate input
data is used throughout. A complete and accurate hydration
simulation would enable materials engineers not only to predict
the performance of concrete in the field, but also to
troubleshoot performance problems and even to help design
new cementitious materials. Despite significant effort and
progress, the ability to perform such a complete simulation has
not yet been developed, mainly because cement hydration is
one of the more complex phenomena in engineering science.
This paper presents a new model written in MATLAB® to
undertake cement hydration and microstructure simulations
over any time-period with all input parameters changeable by
the user. Changeable parameters include cumulative weight
distributions (CWD), cement properties (including w/c ratio,
cement phase density and enthalpy) and hydration and
microstructure kinetic rates. The model employs the vector
approach, which permits a large range of cement phase
diameters to be modelled computationally effectively while
1

taking advantage of the inbuilt mathematical functions within
MATLAB. The vector approach has been used in several
previous hydration models [1–8].
This paper presents the initial design of the model for the
hydration of tricalcium silicate (C3S)1 which represents the
greatest contribution of the four cement phases towards
strength development. The growth of ettringite needles (or Aft)
results from the hydration of C3A and is not included in this
analysis. The approach used to develop the model are presented
along with results from a number of simulations using different
particle size distributions (PSD) as well as the versatility and
flexibility of the model for the user.
2

CURRENT CEMENT HYDRATION AND MICROSTRUCTURAL
MODELS EMPLOYING THE VECTOR APPROACH

The development of cement hydration and microstructure
models have used either the discretization or the vector
approach. [9] gave a comprehensive review of the most wellknown models employing the vector approach and brief
overview of these models is presented below.
Jennings & Johnson microstructure simulation model
This model used spherical particles within a cubic volume
with the reducing diameter of C3S and increasing inner and
outer C-S-H predicted as hydration continued over time [5].
The model also determined the number of new CH particles and
placed them in the pore space. The overlapping of particles, and

Cement chemistry notation: C=CaO, S=SiO2, A=Al2O3, F=Fe2O3, H=H2O
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how the hydration and microstructure is affected, was also
simulated. Due to the limited computational power at the time,
the model was not developed further but it did provide a
methodology for future programmes using this approach.
Figure 1 shows an image from their model, which consists of
1,000 C3S and 1,000 CH crystals after 50% hydration.

accommodate microstructural changes from the dissolution and
precipitation of various phases. HYMOSTRUCT, however,
does not accurately predict the evolution of the cement
microstructure nor does it account for the changing chemistry
or transport properties. Recent developments include for
random packing of particles and the calculation of autogenous
shrinkage. Also, not every individual particle is allowed to
hydrate as the authors feel the computation time would be too
large. Therefore, a statistical approach to reaction rates is used
that assumes the reaction rate of each particle depends only on
its size. As the particle interactions or overlaps are not
analysed, the microstructure information is not available.

Figure 3: Typical HYMOSTRUCT hydration simulations [2]
The HydratiCA simulation model
Figure 2: Jennings and Johnston model at 50% hydration [5]
Navi and Pignat Model
In 1990s, the integrated particle kinetics model was
developed by Navi and Pignat [3, 6-8]. This model simulated
the hydration of spherical C3S particles using a similar vector
approach as the Jennings and Johnson model [5]. This model
used kinetic laws and relationships that simulated every
particle. Hydration was simulated in three phases. Initially an
Avrami-type equation was used, followed by a phase-boundary
analysis which depended on the particles surface area and
finally a diffusion-type where the rate of C3S consumption was
inversely proportional to the thickness of hydrates deposited on
the surface of cement particles. This approach was found to be
very computationally expensive and as a result, the number of
particles had to be limited to ~ 10,000. An example of their
models output is shown in Figure 2.

The HydratiCA model has been developed by Bullard at
NIST [10] and is based on more fundamental principles of
hydration kinetics. HydratiCA directly simulates the (1)
dissolution and growth of mineral phases, (2) diffusion of
mobile species in solution, (3) complexation reactions among
species in solution or at solid surfaces and (4) nucleation of new
phases. The principles of detailed balances and mass action are
used to unify these disparate kinetic processes.
HydratiCA makes more detailed predictions of the kinetics
of phase changes and microstructure development as a function
of solution chemistry and temperature than other
microstructure-based models of hydration. However, it is very
computationally intensive with simulations requiring small
time steps of about 0.2 milliseconds to ensure numerical
stability. As a result, approximately 18 million steps are
required to simulate just 1 hour of hydration. HydratiCA has
been used to investigate various mechanisms of hydration of
C3S and tricalcium aluminate (C3A).
The μic microstructure model

Figure 2: [3] output at 6-hours (left) and 1-day (right).
HYMOSTRUCT model
The
HYdration,
MOrphology,
and
STRUCtural
(HYMOSTRUC) model was developed by van Breugel [2] and
simulates the 3D hydration of spherical particles. Reacting
particles form concentric hydrating layers around the original
cement grains, which grow and intersect with each other (see
Figure 3). It employs various mass and volume balance rules to
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The μic (pronounced “mike”) microstructural modelling
platform [11] is a continuation of the work done by Navi and
Pignat [3, 6-8], which was, in turn, based on the original
Jennings and Johnson model [5] discussed above. μic has been
written using object-oriented programming in Java and
simulates the growth of spherical particles to mimic hydration.
As such, it makes significant advances on the limitations of
previous methods due to inadequate computational power at the
time. The support libraries within μic allow for the hydration
modelling of millions of cement particles (see Figure 4), which
more realistically represent real PSD’s.
The main advantage of μic is the fully customizable nature of
the simulations by the user including the initial PSD, defining
the phases and their composition and the stoichiometry of the
reactions to be simulated. While the large number of
customizable elements to be set up can be tedious, its flexibility
makes μic a valuable hydration study tool.
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to determine the PSD and number of particles. The CWD input
is read into the model via two row vectors with no limit on the
number of input columns. The second input file allows the user
to customise the cement properties including w/c ratio, volume
size, C3S and CH density (Mg/m3), time step size (hours) and
duration of analysis (days). This file also contains hydration
kinetic, reaction stoichiometry, CH growth constants and C3S
enthalpy values. Examples of the input data will be discussed
in more detail in the next section by means of a worked
example.
Materials

Figure 4: Typical μic microstructure simulations [11]
CEMHYD3D hydration model
While not specifically employing the vector approach, no
review of cement hydration models is complete without
including the CEMHYD3D model [12]. CEMHYD3D is one of
the most widely used and well known hydration and
microstructure models and employs the discrete or pixel
approach and the cellular-automata (CA) method. The
microstructure is presented as a grid of discrete three
dimensional cubic elements (Figure 5), called volume-pixels,
each representing an anhydrous or hydrate phase or pore.
In CEMHYD3D, CA is used to simulate the diffusion of
species through the pore-water leading to reactions and
precipitations which either dissolves or reacts and forms a
product of hydration. However, due to the maximum pixel size
of 1μm, particles below that are not included.

The model, using user defined kinetic and stoichiometries,
will output the volume of reaction products from the original
C3S particles, namely C-S-H and CH. Each material has its
density, reaction stoichiometry defined. For instance, what
proportion of C-S-H should be defined as inner C-S-H and
outer C-S-H and subsequently deposited on the C3S particle
with their particular density defined and volume determined.
Four types of materials are defined and simulated (Figure 6).

Figure 6: Materials and particle types simulated
Reactions

Figure 5: Sample output from CEMHYD3D model [10]
3

MODEL DESIGN

The model was created to employ the problem solving speed
of MATLAB utilising the full suite of inbuilt functions and the
inherent stability of the programme to set-up and simulate the
hydration of tens of thousands of cement particles within a
100μm volume. The model is also setup to be as user friendly
as possible with key properties changeable before starting
hydration. Unlike μic, this model is designed to undertake the
analysis with minimal user input values. Two *.txt files are
loaded into the programme which are described in detail below.
Many different formats are possible to input for MATLAB with
*.txt chosen as a personal preference. Furthermore, MATLAB
is a reasonably easy language to learn and apply as it’s based
on matrix mathematics. The use of comments throughout
improve the readability of the code.
User customisable input
As mentioned above, users have flexibility on input via two
*.txt files. The first describes the CWD, which the model uses

The reactions are defined in the model using the input
parameters described above. The volumes, using the different
stoichiometries and densities, are calculated. The reducing
water volume is also calculated and is related to the continued
reactivity of the C3S particles. Equation 1 shows the governing
hydration of C3S upon reaction with 5.3 molars of water (H)
which produces C-S-H and 1.3 molars of CH.
Equation 1
𝐶3𝑆 + 5.3𝐻 → 𝐶1.7 𝑆𝐻4 + 1.3𝐶𝐻
4

WORKED EXAMPLES

The following section describes examples of analysis
undertaken on C3S particles with different CWD based on rules
for hydration described by Pignat et al. [3, 6-8] including
hydration and microstructure kinetic rates. These rules are fully
customisable in the model by the user before the analysis
begins. The results demonstrate the ease of use of the model
and speed of calculations. The following sections provide an
overview of the steps undertaken during the analysis with input
and output shown in figures and tables.
Particle size distribution
Two CWD’s shown in Table 1 were used for this example for
a 0.4 w/c cement within a 100x100x100μm volume. The two
CWD’s produces 2,628 and 96,579 C3S particles (Figure 7)
which is a result of the CWD shown in Table 1. The model
places the largest diameter particle (40.4μm here) first and
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Particle Kinetics
The hydration of cement has been described by previous
modellers [3, 6-8, 11] as three mechanisms over different time
scales. The first is nucleation and growth which is the subject
Table 1: Particle diameter (µm) and CWD.
Particle
CWD
diameter (µm)
Cement 1
40.4
1
23.0
0.845
17.4
0.706
13.2
0.547
9.94
0.395
7.51
0.263
5.17
0.123
2.95
0
# particles = 2,628

Particle
CWD
diameter (µm)
Cement 2
40.4
1
23.0
0.90
17.0
0.80
13.0
0.65
9.0
0.50
7.0
0.40
4.0
0.20
0.5
0
# particles = 96,579

Table 2: Cement properties input into the model
(a) 2,628 particles

(b) 96,579 particles
Figure 7: 2D particle distributions for C1 & C2 in Table 1
determines the next particle diameter using the CWD above.
This repeats until no volume is remaining. The model then
places each particle within the volume ensuring there are no
overlaps.
Hydration and microstructure calculations
The input data for the second *.txt file is shown in Table 2.
The value for the density of C3S varies amongst researchers so
the value used (3.15 g/cm3) is based on the published value
given by [11]. A time step of 1-hour was chosen for the analysis
for 100 days, giving 2400 steps in total.
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Property
w/c ratio
Box size (µm)
C3S phase density (g/cm3)
Duration of hydration (days)
Hydration rate (K1, µm/hr)
Hydration rate (K2, µm2/hr)
rout – rin (µm)
Volume of C3S converted to inner C-S-H
Volume of C3S converted to outer C-S-H
CH constant 1
CH constant 2
Volume of C3S converted to CH
CH phase density (g/cm3)
Volume water used during C3S reactions
C3S enthalpy (J/g)

Input
0.4
100
3.15
100
0.012
0.006
4
1.00
0.57
0.2
0.213
0.593
2.24
1.318
500

of much discussion amongst researchers in this area. There is
widespread disagreement between the precise cause of very
rapid heat production and reduction within 1-2 hours. Some
believe this is due to the formation of a meta-stable layer of
hydrates around the reacting particles [13,14]. Others [15]
believe it is based on a geochemical approach where, during
cement hydration, dissolution is initially dominated by the
formation of etch pits on surfaces and later becomes limited to
step retreat from such pits
As this period of hydration is quite short (1-2 hours) and
contributes little to the final strength, it has been left out of the
analysis here. The second mechanism is commonly referred to
as ‘the phase-boundary controlled reaction’ [11]. Here, the
hydration productions of C-S-H inner and outer are formed
around the C3S particle and CH is formed in the pore space.
The growth of the thickness of the inner product is given by
Equation 2 [3, 6-8, 11] where K1 is in units of μm/hr. The
degree of hydration α(t) (for a spherical particle with an original
radius R) is given by Equation 3 [3, 6-8, 11] where rin is the
changing C3S radius over time.
Equation 2
𝑑𝑟𝑖𝑛 (𝑡) = 𝐾1 𝑑𝑡
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𝑟𝑖𝑛 3
Equation 3
)
𝑅
The third mechanism is controlled by diffusion which begins
when the radius of the outer C-S-H (rout – rin) reaches a critical
value, typically 4μm. The rate of hydration is then given by
Equation 4 [3, 6-8, 11] where rout is the outer C-S-H radius
𝐾2 𝑑𝑡
Equation 4
𝑑𝑟𝑖𝑛 (𝑡) =
𝑟𝑜𝑢𝑡 − 𝑟𝑖𝑛
As shown in Table 2, the values for K1, K2 and rout – rin are
0.012μm/h, 0.006μm2/hr and 4μm respectively. The above
hydration rates determine the C-S-H growth on the C3S
particles, either growing inwards (inner C-S-H) our outwards
(outer C-S-H). As shown in Equation 5, for every 1.0 volume
units of C3S reacting with 1.318 volume units of water, 1.57
volume units of C-S-H and 0.593 volume units of CH are
produced. The model, which can be changed by the user,
allocates 1.00 volume units to inner C-S-H (thereby replacing
the original volume of C3S at each time-step with inner C-SH) and 0.57 volume units to outer C-S-H units.
1.0𝑉𝐶3𝑆 + 1.318𝑉𝐻20
Equation 5
→ 1.57𝑉𝐶−𝑆−𝐻 + 0.593𝑉𝐶𝐻
The CH is allowed to form in the free pore space using a
random number generator that defines a location after checking
for the availability of a free space. The number of CH particles
generated (n(t)) is given by Equation 6 where nmax is the
maximum number of CH particles and assumed to be 20% of
the total number of C3S particles [3, 6-8, 11] but is changeable
by the user. α is another constant which has been reported to be
0.213 but also changeable by the user. The volume of C3S
converted to CH as shown in Equation 5 and the density of CH
are 0.593 and 2.24 g/cm3 respectively, and are both adjustable
by the user.
Equation 6
𝑛(𝑡) = 𝑛𝑚𝑎𝑥 (1 − 𝑒 −𝛼𝑡 )
As shown in Equation 5, the volume of the hydration
products is less than the volume of the reactants. This follows
Le Chatelier’s contraction [16] and leads to chemical
shrinkage, which is also calculated by the model together with
the change in water volume, porosity and the heat release
during hydration using a enthalpy value of 500 J/g (Table 2).
𝛼(𝑡) = 1 − (

5

DISCUSSION AND CONCLUSION

A new model has been developed to simulate cement
hydration and microstructure development over time. The
simulations of several thousand particles in a short period of
time above give reasonable predictions. Future work includes
calibrating against experimental analysis and comparing with
other hydration models in the area.

Figure 8: Analysis time for increasing number of particles

The simulations
The model was run for the two cements (C1 & C2) in Table
1 with a w/c ratio of 0.4. The pre-processor time required to run
a complete analysis for a range of particle distributions (Figure
8) is quite short and approximately linear in n, compared with
the processing time required of n2 and n.log(n) (where n =
number of particles) reported by Navi and Pignat [3, 6-8] and
Bishnoi [11] respectively.
Figure 9 shows the 2D microstructure development at t = 0,
7, 28 and 91 days (0, 60.3, 91.7 & 99% hydration) for the 2,628
particle distribution in Figure 6(a). The lesser number of
particles were chosen for clarity. The red, green and dotted
black lines circles represents the decreasing C3S, the outer CS-H and the original C3S radius respectively. At each step in
the analysis (1 hour here), the degree of hydration, heat release
during hydration, chemical shrinkage and porosity are
calculated and shown in Figure 10. Figure 11 presents a phase
assemblage diagram for the C3S, C-S-H and CH.

Figure 9: Hydration at 0, 7, 28 and 91 days (red = C3S; green
= C-S-H; black line = original C3S boundary)
The model is currently focussed on C3S hydration. However,
work is ongoing to include the other cement phases, namely
C2S, C3A and C4AF.
The model has been developed with customisable user input
in mind and has the potential to be a useful tool for the
simulation of cement hydration that can include, in time,
supplementary cementitious materials (SCM’s) and
supplement experimental analysis of new cement products as
the industry continues to move towards sustainable cement.
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Degree of hydration

Figure 11: Phase assemblage diagram for C3S, C-S-H and CH
over time for cement C1.
ACKNOWLEDGMENTS
The authors acknowledge the advice received from Mr. Dale
Bentz and Dr. Shashank Bisnoi.
REFERENCES

Heat release during hydration

Chemical Shrinkage

Porosity
Figure 10: Degree of hydration, Heat release during hydration,
chemical shrinkage & porosity for C1.

207

[1] S.K. Johnson, H.M. Jennings, Computer simulated hydration of a cement
model, Proceedings of the 10th CIB congress, International Council for
Building Research, Studies, and Documentation, Washington D.C., U.S.A.,
1986, pp. 2086–2095.
[2] K. van Breugel, Numerical simulation of hydration and microstructural
development in hardening cement-based materials (I): Theory, Cement and
Concrete Research 25 (1995) 319–331.
[3] P. Navi, C. Pignat, Simulation of cement hydration and the connectivity of
the capillary pore space, Advanced Cement Based Materials 4 (1996) 58–67.
[4] M. Stroeven, P. Stroeven, SPACE system for simulation of aggregated
matter application to cement hydration, Cement and Concrete Research 29
(1999).
[5] H.M. Jennings, S.K. Johnson, Simulation of microstructure development
during the hydration of a cement compound, Journal of the American
Ceramic Society 69 (1986) 790–795.
[6] P. Navi, C. Pignat, Three-dimensional characterization of the pore
structure of a simulated cement paste, Cement and Concrete Research 29
(1999) 507–514.
[7] P. Navi, C. Pignat, Effects of cement size distribution on capillary pore
structure of the simulated cement paste, Computational Materials Science 16
(1999) 285–293.
[8] C. Pignat, P. Navi, K. Scrivener, Simulation of cement paste
microstructure hydration, pore space characterization and permeability
determination, Materials and Structures 38 (2005) 459–466.
[9] J.J. Thomas, J.J. Biernacki, J.W. Bullard, S. Bishnoi, J.S. Dolado, G.W.
Scherer, A. Luttge, Modeling and simulation of cement hydration kinetics and
microstructure development, Cement and Concrete Research 41 (2011) 1257–
1278
[10] J.W. Bullard, A three-dimensional microstructural model of reactions and
transport in aqueous mineral systems, Modell. Simul. Mater. Sci. Eng. 15
(2007) 711–738.
[11] S. Bishnoi, K.L. Scrivener, μic: a new platform for modelling the
hydration of cements, Cem. Concr. Res. 39 (2009) 266–274.
[12] D.P. Bentz, Three-dimensional computer simulation of cement hydration
and microstructure development, J. Am. Ceram. Soc. 80 (1997) 3–21.
[13] Kondo R. and Ueda S., Kinetics of hydration of cements, Proceedings of
the 5th international symposium on chemistry of cement, Tokyo, 1968, pp.203248
[14] Gartner E.M., A proposed mechanism for the growth of C-S-H during the
hydration of tricalcium silicate, Cement and Concrete Research, Vol. 27, 1997,
pp.665-672
[15] Juilland, P., Gallucci, E., Flatt, R. and Scrivener, K (2010) Dissolution
theory applied to the induction period in alite hydration, Cement and Concrete
Research, 40, 831–844.

CERI-ITRN2018

Ecostructure: Concrete design for improved marine biodiversity
Atteyeh S. Natanzi1, Ciaran McNally1
School of Civil Engineering, University College Dublin, Dublin, Ireland
Email: Atteyeh.natanzi@ucd.ie, Ciaran.mcnally@ucd.ie

1

ABSTRACT: In some parts of the world artificial marine structures now cover more than half of the available natural shoreline.
Due to the impact of climate change and the need for improved coastal defences this number is set to increase, and these will
inevitably have a significant impact on the local marine ecosystem. As an indicator of this impact, research in the UK has shown
the epibiotic diversity to be significantly reduced on submerged artificial structures.
The Ecostructure project is part funded by the Ireland Wales Cooperation Programme and has the objective of addressing
climate change adaptation through ecologically sensitive coastal infrastructure. The approach under development is to increase
the ecological value of artificial coastal infrastructure in the Irish Sea through careful design of pre–fabricated ecological
engineering units.
A key parameter in the design of these units is material selection. Reinforced concrete plays an important role in the design of
these units, due to its ease of production, relatively low cost and its suitability for mass construction. However when assessing
concrete mixes for use in this application, a key issue is how easily the local marine organisms can colonise the hard concrete
substrate. It is considered that key parameters can include binder composition, aggregate type, texture, colour etc. To assess
these parameters, a testing programme has been developed that is focusing on 9 different concrete designs. These are assessed
for key engineering parameters (strength, chloride diffusion coefficient etc.), as well their ecological colonisation performance.
This is determined by placing concrete samples in marine environments in Ireland and measuring the ecological diversity
through quadrat sampling at a number of time intervals. This testing is taking place in Dublin and initial results are presented.
KEY WORDS: Ecological engineering, Coastal defences, Biodiversity, Habitat enhancement, Concrete design

1

INTRODUCTION

Human kind has always lived close to the coast. Costal
habitats provide precious resources for the harvesting of food,
assimilation of waste and secure anchorage for shipping [1, 2].
Statistics from the United Nations Environmental
Programme UNEP2016 [3] predict that over the next 50-100
years the population distribution will change so that between
50-70% of people will be living in coastal areas. Globally,
coastal margins are experiencing a significant increase in
population and associated construction of artificial structures.
Data from the CORINE project (Coordination of information
on the environment) showed that 22,000 km2 of Europe’s
coastal zones are covered in concrete or asphalt [4], and that
between 1990 and 2000 artificial marine structures increased
by almost 1900 km2 [5]. This irreversible alteration, often
from natural to urban infrastructure development, is
considered one of the main threats to coastal system integrity
and sustainability [2].
Rocky reefs, which provide primary habitats for a
significant number of subtidal animals and plants, continue to
be destroyed and replaced with artificial structures [6].
Despite this alteration, there remains little understanding of
the role of urban infrastructures as marine habitats, and the
ecological relationship of man-made habitats and adjacent
natural habitats [7] remains unclear. However, subtidal
assemblages are found living on artificial marine structures

such as concrete walls, fibreglass pontoons and wooden
pilings; these have been shown to be function as simplified
surrogates for natural rocky reefs [7, 8]. Artificial marine
structures could support more invasive non- indigenous
species and less diverse communities than natural habitats [9,
10]. In addition to providing significant habitat for epibiota,
these artificial marine infrastructures provide substantial
refuge habitats for mobile species during high water, while
during low water, a wide range of birds can be observed
feeding on and around the structures [11, 12].
As the increasing impact of global climate change continues
to be felt, the intensity of storms and the height of sea levels
are predicted to increase; this introduces an inevitable need for
enhanced coastal defence structures. Furthermore, the role of
artificial structures as appropriate habitats for non-native
species is important if we are to understand the patterns of
biological invasion in marine areas [13].
Research by Glasby and Connell [7] has showed that age
and composition of structures have a profound effect on the
identity and abundances of epibiotic organisms within a
habitat, and that these factors differ significantly between
rocky reef and artificial structures. Ecological engineering
tries to bring together engineering practices and ecological
understanding to build structures which will benefit marine
life, while also meeting society’s requirements [14]. The
ecological value of artificial structures has been enhanced by
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increasing their potential to support biodiversity. Researchers
have investigated ways of testing different engineering factors
to enhance topographical complexity at different scales and to
enhance the habitats that are mostly absent from artificial
structures [15]. Surface texture, holes, cracks, pits and pools
have been proven to have a significant effect on increasing
biodiversity on artificial marine infrastructures [16, 17, 18, 19,
20]. Increasing surface complexity is known to encourage
biological development [21, 22]. Perkol-Finkel and Sella [22]
compared the smooth and textured surfaces and found that
colonization is almost 10% more on a textured surface than a
smooth surface.
Construction materials also play a significant role in
biodiversity enhancement. Reinforced concrete could be the
most effective and feasible material due to its ease of
production, relatively low cost, surface topographies and
suitability for mass construction [23]. Concrete has high
surface alkalinity (pH 12-13 compared to 8 for seawater),
which could impair settlement of marine organisms. This
could however result in communities dominated by a few
alkotolerant taxa such as barnacles [24] and the establishment
of different communities on concrete marine structures than
what is observed on natural habitats. Portland cement has
shown to be a good support for colonising organisms with
calcareous skeletons like oysters, serpulid worms, barnacles
and corals deposit calcium carbonate onto the surface in the
biogenic build-up process [25]. The environmental footprint
of concrete and its associated CO2 emission concerns could
also be reduced by replacing Portland cement with pozzolanic
industry by-products such as ground granulated blast-furnace
slag (GGBS), fly-ash and silica fume. Adding pozzolans to the
concrete mix could also reduce the alkalinity of the of
concretes [26, 27] and create more suitable surfaces for
colonisation by marine species [28]. The use of pozzolanic
materials such as GGBS has also been shown to improve
concrete durability in marine environments and delay the
onset of reinforcement corrosion [29, 30, 31]. Chloride ions
exist in seawater and can destroy the passive layer at the rebar
surface of reinforced concrete when the chloride concentration
at rebar level reaches a critical threshold level. Previous
research [32, 33, 34, 35] has shown that by replacing a portion
of the Portland cement with GGBS, the expected service life
can be increased.
Some researchers [23, 36] have tried to replace the
aggregate with waste materials such as shells or ceramic in
order to provide a more textured surfaces and encourage
marine life settlement. Although waste materials have
relatively low cost, they usually do not have engineering
requirement to replace the aggregate in the concrete mix
design.
This paper describes collaboration between ecologists and
engineers to develop a materials-based approach for providing
a habitat to marine species in the west part of Irish Sea.
Reinforced concrete tiles were cast and placed in Mornington,
Ireland. The aim of this project is to investigate the effect of
modifying the concrete composition and surface texture on the
concretes capability to support marine life. The size of the
tiles utilised was constrained by engineering consideration and
cost, but the overall objective was to test a design that could
be generally appropriate to a wide range of conditions.
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MATERIALS AND METHODS

Nine different concrete mixes were trialled in this study,
and a brief overview is provided in Table 1.
Table 1. Mix design and details.
Mix

Binder

Aggregate

Plasticiser

1

CEM I

Limestone

No

2

CEM I

Limestone

Yes

3

CEM I + GGBS

Limestone

No

4

CEM I + GGBS

Limestone

Yes

5

CEM I

Granite

No

6

CEM I

Granite

Yes

7

CEM I + GGBS

Granite

No

8

CEM I + GGBS

Granite

Yes

9

CEM I

Limestone

Yes

The control binder used for this work was a CEM I Portland
cement and was used for all cast reinforced concrete tiles in
this project. As the concrete tiles would be subject to
corrosion arising from sea-borne chlorides, the appropriate
exposure class was XS3. This also corresponds to the tidal
zone, as the samples will not be fully submerged. For this
particular exposure class, the National Annex to EN206
requires a minimum cement content of 360 kg/m3, a
maximum water/binder ratio of 0.50 and a minimum strength
class of C35/45. Of the 9 mixes tested, 4 were designed using
a GGBS replacement level of 50%. This would increase the
chloride resistance of the concrete while also changing the
alkalinity of the concrete, potentially making them more
hospitable to marine life. A series of tiles were also built with
a rough surface to provide some initial feedback on the effect
of texture, by comparing the results from the same mix design
with a standard vibrated surface finish. The texture was
formed using a wire brush to expose the aggregate some 2
hours after casting the concrete.
Limestone and granite were chosen as suitable aggregates to
fulfil the engineering concrete mix requirements. The
proportion of fine aggregate to coarse aggregate was 0.4 in all
mixes. Plasticisers were also added to 4 mixes at the ratio of
0.8% of cement content.
For each designed mix, 8 reinforced concrete tiles of
dimension 200 x 200 x 40 mm were manufactured, leading to
a total of 72 samples. Reinforcement mesh was placed in the
middle of tiles and samples were cast with 4 holes of 10 mm
diameter located in the corners of each slab to facilitate
installation of the tiles. The casting process can be seen in
Figure 1. All specimens were cured in the a water bath at a
temperature of 20°C for 28 days to ensure a consistent level of
curing.
6 no. 100mm cube samples were made for compression
testing at 7 and 28 days for each mix. The compressive
strength obtained for these tiles was found to be 45-50 MPa
after 28 days curing in water, confirming that the mix was
compatible with XS3 exposure class. To investigate the
chloride penetration resistance, 3 cylinders of diameter 100
and height 200 mm were also cast for each mix design.
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a.

b.
Figure 2. Tiles (a) installation and (b) deployment
Figure 1. Tiles mould and casting
The concrete tiles were deployed on the breakwater at
Mornington, on Ireland’s east coast (Figure 2). They were
attached to exposed and sheltered surfaces on the rocky
breakwater at Mornington in April 2018. These habitats were
submerged during high tide. They will remain in the intertidal
environment for 12 months to evaluate their performance with
respect to supporting marine biodiversity. Over the next 12
months, we will be working with our ecologist colleagues to
monitor colonisation of the concrete tiles in an effort to
evaluate whether some of the concretes provide a better
substrate for marine life than others. The project will examine
the impact of concrete composition and complexity on
biological performance through periodic quadrat sampling.
This visual inspection will allow us to draw preliminary
conclusions on the impact of material selection on ecological
behaviour.

ACKNOWLEDGMENTS
The authors would like to thank Mr Derek Holmes and Mr
John Ryan, lab technicians in University College Dublin for
their tireless efforts in the lab throughout the research.
REFERENCES
[1]
[2]
[3]
[4]

[5]

[6]
[7]

Knottnerus, O. S. (2005). History of human settlement, cultural change
and interference with the marine environment. Helgoland Marine
Research, 59(1), 2.
Shabman, L. A., & Batie, S. S. (1980). Estimating the economic value
of coastal wetlands: conceptual issues and research needs. In Estuarine
Perspectives (pp. 3-15).
UNEP 2016,
http://www.unep.org/urban_environment/issues/coastal_zone.asp.
EEA. (2005). The European Environment — State and Outlook 2005.
Copenhagen:
EEA.
Online.
Available
HTTP:
https://www.eea.europa.eu/publications/state_of_environment_report_2
005_1/SOER2005_all.pdf/view (accessed 14 May 2018).
EEA. (2006). The Changing Faces of Europe’s Coastal Areas. EEA
Report 6/2006. Luxembourg: OPOCE. Online. Available HTTP:
https://www.eea.europa.eu/publications/eea_report_2006_6 (accessed
14 May 2018).
Shepherd, S. A., & Thomas, I. M. (Eds.). (1982). Marine invertebrates
of Southern Australia (Vol. 1). DJ Woolman, Govt. Printer.
Glasby, T., & Connell, S. (1999). Urban structures as marine
habitats.Ambio, 28, 595-598.

210

3

CERI-ITRN2018

[8]
[9]

[10]

[11]

[12]

[13]

[14]
[15]

[16]
[17]

[18]

[19]
[20]
[21]

[22]

[23]
[24]

[25]
[26]

[27]

Connell, S. D. (2000). Floating pontoons create novel habitats for
subtidal epibiota. Journal of Experimental Marine Biology and Ecology,
247(2), 183-194.
Firth, L. B., & Hawkins, S. J. (2011). Introductory comments-Global
change in marine ecosystems: Patterns, processes and interactions with
regional and local scale impacts. Journal of Experimental Marine
Biology and Ecology, 400, 1–6.
Mineur, F., Cook, E. J., Minchin, D., Bohn, K., MacLeod, A., & Maggs,
C. A. (2012). Changing coasts: marine aliens and artificial structures. In
Oceanography and Marine Biology: An Annual Review, Vol. 50, pp.
189-233.
Firth, L. B., Thompson, R. C., White, F. J., Schofield, M., Skov, M. W.,
Hoggart, S.P., Jackson, J., Knights, A.M. and Hawkins, S. J. (2013).
The importance of water-retaining features for biodiversity on artificial
intertidal coastal defence structures. Diversity and Distributions, 19(10),
1275-1283.
Martin, D., Bertasi, F., Colangelo, M.A., de Vries, M., Frost, M.,
Hawkins, S.J., Macpherson, E., Moschella, P.S., Satta, M.P., Thompson,
R.C. & Ceccherelli, V.U. (2005) Ecological impact of coastal defence
structures on sediment and mobile fauna: evaluating and forecasting
consequences of unavoidable modifications of native habitats. Coastal
Engineering, 52(10-11), 1027-1051.
Bulleri, F., & Airoldi, L. (2005). Artificial marine structures facilitate
the spread of a non-indigenous green alga, Codium fragile ssp.
tomentosoides, in the north Adriatic Sea. Journal of Applied Ecology,
42(6), 1063-1072.
Bergen SD, Bolton SM, Fridley JL (2001) Design principles for
ecological engineering. Ecological Engineering 18:201–210.
Firth, L.B., Knights, A.M., Bridger, D., Evans, A., Mieskowska, N.,
Moore, P.J., O'Connor, N.E., Sheehan, E.V., Thompson, R.C. and
Hawkins, S.J. (2016). Ocean sprawl: challenges and opportunities for
biodiversity management in a changing world. Oceanography and
Marine Biology: An Annual Review 54,193-269
Chapman, M. G., & Blockley, D. J. (2009). Engineering novel habitats
on urban infrastructure to increase intertidal biodiversity. Oecologia,
161(3), 625-635.
Evans, A. J., Firth, L. B., Hawkins, S. J., Morris, E. S., Goudge, H., &
Moore, P. J. (2016). Drill-cored rock pools: an effective method of
ecological enhancement on artificial structures. Marine and Freshwater
Research, 67(1), 123-130.
Firth, L. B., Thompson, R. C., Bohn, K., Abbiati, M., Airoldi, L.,
Bouma, T. J., Bozzeda, F., Ceccherelli, V.U., Colangelo, M.A., Evans,
A. and Ferrario, F. (2014). Between a rock and a hard place:
environmental and engineering considerations when designing coastal
defence structures. Coastal Engineering, 87, 122-135.
Ido, S., & Shimrit, P. F. (2015). Blue is the new green–ecological
enhancement of concrete based coastal and marine infrastructure.
Ecological Engineering, 84, 260-272.
Perkol-Finkel, S., & Sella, I. (2016). Blue is the new green-harnessing
urban coastal infrastructure for ecological enhancement. Coastal
Management, January, 2016, 139-149.
Perkol-Finkel, S., Ferrario, F., Nicotera, V. & Airoldi, L. (2012)
Conservation challenges in urban seascapes: promoting the growth of
threatened species on coastal infrastructures. Journal of Applied
Ecology, 49, 1457-1466
Perkol-Finkel, S., & Sella, I. (2014). Ecologically active concrete for
coastal and marine infrastructure: innovative matrices and designs. In
From Sea to Shore–Meeting the Challenges of the Sea (pp. 1139-1149).
ICE Publishing, London, UK.
Dennis, H. D., Evans, A. J., Banner, A. J., & Moore, P. J. (2017).
Reefcrete: Reducing the environmental footprint of concretes for ecoengineering marine structures. Ecological Engineering, in press.
Guilbeau, B. P., Harry, F. P., Gambrell, R. P., Knopf, F. C., & Dooley,
K. M. (2003). Algae attachment on carbonated cements in fresh and
brackish waters—preliminary results. Ecological Engineering, 20(4),
309-319.
Risinger J.D, (2012) Biologically Dominated Engineered Coastal
Breakwaters PhD Thesis Louisiana State University and Agricultural
and Mechanical College
Bertos, M. F., Simons, S. J. R., Hills, C. D., & Carey, P. J. (2004). A
review of accelerated carbonation technology in the treatment of
cement-based materials and sequestration of CO2. Journal of
Hazardous Materials, 112(3), 193-205.
Park, S. B., & Tia, M. (2004). An experimental study on the waterpurification properties of porous concrete. Cement and Concrete
Research, 34(2), 177-184.

211

[28] Nandakumar, K., Matsunaga, H., & Takagi, M. (2003). Microfouling
studies on experimental test blocks of steel-making slag and concrete
exposed to seawater off Chiba, Japan. Biofouling, 19(4), 257-267.
[29] Pacheco-Torgal, F., & Jalali, S. (2011). Cementitious building materials
reinforced with vegetable fibres: A review. Construction and Building
Materials, 25(2), 575-581.
[30] Sivaraja, M., Velmani, N., & Pillai, M. S. (2010). Study on durability of
natural fibre concrete composites using mechanical strength and
microstructural properties. Bulletin of Materials Science, 33(6), 719729.
[31] Pack, S. W., Jung, M. S., Song, H. W., Kim, S. H., & Ann, K. Y.
(2010). Prediction of time dependent chloride transport in concrete
structures exposed to a marine environment. Cement and Concrete
Research, 40(2), 302-312.
[32] Cheewaket, T., Jaturapitakkul, C., & Chalee, W. (2010). Long term
performance of chloride binding capacity in fly ash concrete in a marine
environment. Construction and Building Materials, 24(8), 1352-1357.
[33] Pack, S. W., Jung, M. S., Song, H. W., Kim, S. H., & Ann, K. Y.
(2010). Prediction of time dependent chloride transport in concrete
structures exposed to a marine environment. Cement and Concrete
Research, 40(2), 302-312.
[34] Attari, A., McNally, C. & Richardson, M.G. (2016) A probabilistic
assessment of the influence of age factor on the service life of concretes
with limestone cement/GGBS binders. Construction & Building
Materials, 111, 488-494.
[35] Attari, A., McNally, C. & Richardson, M.G. (2016) A combined SEM–
calorimetric approach for assessing hydration and porosity development
in GGBS concrete. Cement & Concrete Composites, 68, 46-56.
[36] Collins, K. J., Mallinson, J., Jensen, A. C., & Robinson, B. (2015).
Colonisation trials of shell concrete. In Proceedings of the RECIF
Conference on Artificial Reefs: From Materials to Ecosystems(pp. 111118).

4

GEOTECHNICAL
ENGINEERING

CERI-ITRN2018

CPT methods for the design of deep foundations on sand
Kenneth Gavin1
Geo-Engineering Section, Delft University of Technology, Delft, The Netherlands
email: k.g.gavin@tudelft.nl

1

ABSTRACT: A wide range of empirical correlations linking the Cone Penetration Test (CPT) end resistance qc and the
resistance of deep foundations in sand have been published. Both National and European organisations are attempting to
introduce standard methods into practice that unify these approaches. In this paper experimental data and finite element analyses
are reviewed to examine the mechanisms governing foundation behaviour in a bid to move towards these unified approaches.
For pile foundations direct correlations between q c and pile end resistance that were dependent only on pile installation method
are widely implemented. For non-displacement piles, sand creep was found to affect correlations between q c and the mobilised
end bearing resistance. In the case of shaft resistance, constant correlation factors between q c and average shaft resistance are
possible for non-displacement piles. For the case of displacement piles, correlations that include the effects of friction fatigue are
recommended.
KEY WORDS: Cone Penetration Test, CPT, Pile base resistance, Pile shaft resistance, Sand..
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INTRODUCTION

Whilst conventional bearing capacity and earth pressure
approaches are widely used to design deep foundation in sand,
many design codes are moving towards Cone Penetration Test
(CPT) based design methods. This is as a result of a
significant research effort in the area of foundation design in
recent years. An issue facing both designers operating
internationally and causing debate for those drafting unified
codes such as Eurocode 7, is that many national
recommendations have been published linking CPT end
resistance, qc with the bearing resistance of piles. However,
these values are rarely consistent, and in some cases can vary
significantly. Whilst some of these differences may be caused
by geology, pile types adopted, and a wide range of methods
(averaging techniques) for estimating design q c profiles, it
arises at least in part due to a lack of understanding of the
mechanisms controlling foundation behaviour.
Even internally within some countries, there is ongoing
debate surrounding CPT based design. Recent updates to the
Dutch design code have caused significant debate within the
geotechnical engineering community. Based on an
interpretation of static load test data from across the
Netherlands, CUR report 229 proposed a 30% reduction to the
pile base reduction factors that will result in larger and longer
piles from January 1st 2017. These changes are largely due to
a lack of reliable pile load tests data in the Netherlands as the
country is unusual in that it does not routinely test the axial
capacity of piles. This reduction in pile capacity has been met
with some resistance from industry since historical pile failure
rates are very low.
In this paper, the results of experiments performed on
foundations in sand and finite element analyses are compiled
in an attempt to provide an insight into factors that may
influence correlations between CPT qc and the behavior of
deep foundations in sand.
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BASE RESISTANCE
Background

In many design guides and codes the end bearing resistance
(qb) mobilised by a deep footing in sand is calculated using
Equation 1:
qb = Nq v

(1)

Where Nq is a bearing capacity factor and v is the vertical
effective stress at the pile base. Nq factors typically vary with
 or sand density as shown in Table 1. Another common
feature is the adoption of limiting upper-bound values.
Randolph et al. (2011) note that these limiting values are included as field data suggests that Nq reduces with increasing
stress level.
Table 1. Recommendations for bearing capacity factors and
limiting values for offshore piles (API 2007)
_________________________________________________
Density
Nq
qb limit (MPa)
_________________________________________________
Loose
Medium
20
5
Dense
40
10
Very Dense
50
12
_________________________________________________
The Nq values recommended for bored and cast in-place piles
are typically assumed to be 50% of those derived for driven
piles.
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Closed-End Driven Piles
Because of the similarities between the penetration
mechanisms and the geometry of closed-ended piles and the
CPT, a number of empirical correlations between the CPT end
resistance qc, and qb have been proposed. Recent design
methods for driven closed-ended or full-displacement piles in
sand have been shown to have a relatively high reliability
(Chow 1997, Gavin 1998 and Lehane et al. 2005) and have
been widely accepted in industry. These techniques generally
estimate the base resistance at relatively large pile base
settlement (sb), typically at 10% of the pile diameter, qb0.1,
using an empirical reduction factor p:
qb0.1 = p qc

methods (driving and jacking) and sand state (Gavin and
Lehane 2003). Lehane and Gavin (2001) report measurements
of the annular stress mobilised during installation of openended piles that were independent of IFR (with qann = qc).
Lehane et al. (2005) propose that the average base stress
(combining the plug and annular components) mobilised for
an open ended pile be calculated using Equation 3:

(2)

Based on a database study Jardine et al. (2005) suggest that p
reduced from 0.63 to 0.43 as the pile diameter increased from
200 mm to 500 mm, Lehane et al. (2005) found that an p
value of 0.6 gave the best-fit to a database of instrumented
pile load tests with diameters ranging from 0.2 m to 0.68 m.
Randolph (2003) and White and Bolton (2005) argued that
once appropriate averaging techniques were adopted to derive
design qc values and the effects of residual loads were
accounted for, a constant p factor can be adopted which is
independent of pile diameter and tended towards qb = qc at
large pile base displacements (typically multiples of the pile
diameter)..
Open-Ended Piles
For partial displacement (open-ended) pipe piles, model and
full-scale pile tests reported by Lehane and Gavin (2001) and
Foye et al. (2009) show that direct correlations between p
(based on the average pressure mobilised over the entire pile
base area) and qc which are independent of pile diameter or
sand state can be determined once the degree of plugging
during pile installation are included. The plugging behaviour
is best quantified through the incremental filling ratio (IFR),
which compares the rate of soil intrusion during pile
installation with IFR = 1 for a fully coring pile (which causes
minimal disruption) and IFR = 0 for a pile with a fully formed
plug, which prevents soil intrusion and results in what is
effectively a closed-ended pile.
However, in reality, plug development during installation
is rarely recorded and the final plug length ratio, PLR = soil
plug length/pile embedment depth is only known. In the field,
plugging appears to be controlled by pile diameter, sand
density and installation method. The majority of large
diameter (D >500mm), piles driven offshore appears to have
PLR values close to one. Significant plugging seems to occur
only in the case of smaller diameter piles, or piles installed by
jacking.
Gavin and Lehane (2005) present data shown in Figure 1
of plug stress mobilised during jacking strokes (closedsymbols) and static load tests (open-symbols) for pipe piles in
jacked into loose sand. The normalised plug stress varies
linearly with IFR from a minimum value in the range 0.15 to
0.2 that is in keeping with values suggested by Lehane and
Randolph (2002) from numerical analyses of fully-coring
piles. As IFR reduced, qplug/qc increased linearly. The trend
was shown to be consistent over a range of installation

Figure 1 Effect of Incremental Filling Ratio on the plug stress
mobilised by open-ended piles in sand (after Gavin and
Lehane 2005)
qb0.1 = 0.15 + 045 Ar,eff

(3)

Where Ar,eff = 1 – FFR (Di / D)2, and FFR is the IFR value at
the end of driving.
Equation 3 suggests that αp increases from ≈ 0.15 for a fully
coring pile (IFR = 1) to 0.6 for a fully-plugged pile.
Partial Displacement Screw Injection Piles
Funderingstechnieken Verstraeten bv. and BMNED bv.
performed three static compression load tests on screw
injection piles installed in dense sand at a site in Ternausen,
Netherlands. The piles which had shaft diameters of 0.46m,
base diameters of 0.56m and embedded lengths of between
20.2m and 20.3m were instrumented with strain gauges along
their length. The purpose of the test was to assess recent
changes in pile capacity factors introduced in the Dutch standard NEN-EN 9997-1 introduced on January 1st 2017 that
reduced the αp values for all piles by 30%. The result was that
for screw injection piles the value decreased from 0.9 to 0.63.
Estimates of the pile capacity at the test site were made
using the pre-2017 design value and the piles were load tested
to this capacity in an attempt to validate the old design
approach. The CPT profiles at the test site are shown in Figure
2. The estimated pile capacity ranged from 5750 to 6100 kN.
The load test on pile 1 was terminated an applied load of 5874
kN when the pile head settlement reached 23mm (i.e. less than
5% of the pile diameter). The other piles were loaded up to
failure at ultimate loads of 6096 kN (Pile 3) and 6312 kN (Pile
5) causing pile displacements of 60 mm.
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Dutch averaging method, where qc is averaged over a distance
-8B to + 4B and assuming qc averaged over a distance ± 1.5B
above the pile base are shown in Table 2. Adopting the Dutch
averaging technique the measured αp is 1.12, 80% higher than
the current value (of 0.63). Using the ± 1.5B suggests that the
ultimate end bearing resistance of these piles approximates qc.
Table 2. Comparison of base capacity factors back-figured
from Ternausen test site using different CPT averaging
techniques
_________________________________________________
Pile
qc Dutch
αp;Dutch
qc±1.5B
αp; ±1.5B
(MPa)
(MPa)
_________________________________________________
Pile 1
9.75
1.40
12
1.23
Pile 3
10.90
1.10
15
0.80
Pile 5
11.60
0.86
11.8
0.85
Average
1.12
0.96
_________________________________________________
Bored Piles

Figure 2 CPT profile at Ternausen test site
The base pressure-settlement response of the piles is
illustrated in Figure 3, showing that the initial stiffness
response of the three piles was similar. Pile 1 mobilised the
highest resistance, 13.7 MPa despite not reaching failure. Pile
3 mobilised an ultimate base resistance of 12 MPa and Pile 5
had the lowest resistance of 10 MPa.

The earliest correlation between the end bearing resistance of
bored piles and qc were suggested by (Meyerhof 1956;
Meyerhof 1976; Meyerhof 1983). Based on theoretical and
experimental studies on deep foundations, he introduced two
reduction factors, C1 for scale effects and C2 to account for
shallow penetration into dense strata to predict the ultimate
end bearing resistance (qbu) of a bored pile:
qbu = 0.3 qc C1 C2

(4)

The LCPC or French method (Bustamante and Gianeselli
1982) was developed from a database of 197 pile tests on
driven and bored piles in a range of soil conditions. An p
value of 0.2 is recommended for bored piles in sand and
gravel. The design qc is the average from ±1.5B having
excluded values that are in excess of ± 30% of the average. De
Cock et al. (2003) compiled a review of pile design practice in
Europe and found that α commonly ranged between 0.15 and
0.2, and typically did not depend on the diameter or the length
of the pile. Eurocode 7, Part 2, suggests that p values, which
although independent of footing width and depth, reduce from
0.2 for qc values up to 15 MPa, to 0.16 for qc = 20 MPa. Lehane (2008) reported a database study of Continuous Flight
Auger (CFA) piles where the pile length varied from 4 m to
10.5 m. The database contained both straight and expanded
base piles and recorded p values that increased from
approximately 0.15 for 4 m long piles, to approximately 0.4
for a 10.5 m long pile.

Figure 3 Base resistance mobilised by gout injection piles at
Ternausen test site
The back-figured αp value depends on the design average qc
value adopted. A comparison of values derived from the
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Gavin et al. (2013) compiled a pile test database comprised
of 20 static maintained load tests performed on nondisplacement piles installed in sand where the piles were
loaded to settlements in excess of 10% of the pile diameter.
The diameter B of the piles ranged from 0.2 m to 1.5 m, while
their length L ranged from 4 m to 26.5 m, with L/B in the
range 4 to 37. They were founded in sand where the CPT end
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resistance, qc1.5B value ranged between 2 MPa and 40 MPa. In
the assessment of mobilised p values, the design qc±1.5B was

adopted. The variation of p with pile diameter, length,
relative density and CPT qc value is shown in Figure 4.
Although there is considerable scatter in the results, there is
no suggestion that p varied in a consistent manner with any
of the parameters considered in the assessment, with an
average p value for the database piles of 0.24.
Tolooiyan and Gavin (2013) performed finite element
analysis using PLAXIS to investigate the factors affecting p
for bored piles in sand. The sand was modelled using the
Hardening Soil (HS) model described by Schanz et al. (1999)
with the HS model parameters calibrated from lab-test data.
Cavity expansion analyses were performed using a procedure
described by Xu and Lehane (2008) and Tolooiyan and Gavin
(2011) in order to predict the CPT q c profile for Blessington
sand. The FE generated values are compared in Figure 5 with
a four typical qc profile measured at Blessington. It is clear
that the FE model provided a reasonably good albeit lowerbound estimate of the measured CPT qc profile.

Figure 5. Measured and predicted CPT profile at Blessington
The effect of pile width, B on the bearing pressure
mobilised by piles in Blessington sand was considered by
analysing a pile of fixed length of 6 m with a diameter ranging
from 0.2 m to 0.8 m. The piles were loaded until the
settlement reached 10% of the pile diameter, see Figure 6a.
The maximum end bearing resistance ( 5,500 kPa) of all
piles was similar. However, the settlement required to achieve
this resistance increased in proportion to the pile diameter.
The normalised pressure-settlement response is shown in
Figure 6b. This reveals that the normalised stiffness response
for the piles was very similar, with  = 0.31.
Figure 4 p values back-figured from load test database (a)
effect of pile length, (b) diameter, and (c) strength
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sand. This value is 50% higher than values typically used in
practice and 25% higher than the p value of 0.24 inferred
from the database study. To investigate one possible reason
for the difference between the field response and FE analyses,
it is of interest to consider the effect of loading rate on the
mobilisation of p.
Gavin et al. (2013) performed tests on instrumented
continuous flight auger piles installed in dense sand in
Killarney, South-West Ireland on two piles, a 450 mm
diameter, 15 m long pile and an 800 mm diameter, 14 m long
pile. The load test procedure involved a maintained load test
(MLT) followed by a fast-loading, constant rate of penetration
(CRP) test. The results of the MLT portion of the load test are
shown in Figure 8a where it is clearly evident that when the
applied base pressure exceeded 1500 kPa, the piles
experienced creep during load increments. When the
normalised base displacement reached 10% of the pile
diameter, the p factor approached 0.24.

Fig. 6. Bearing pressure mobilised by piles installed in
Blessington (a) effect of pile width; (b) normalised pressuresettlement response
Considering the effect of pile length in Figure 7, a
tendency for a slight reduction in p with depth is noted with
the value decreasing from 0.34 to 0.31 as the pile length
increased from 3m to 8m. The influence of CPT averaging
technique (from ± 0.75B to ± 3.5B) technique is also
considered. However, for Blessington sand the effect is
negligible.

Fig. 7. Effect of pile length L on normalised bearing pressure
Tolooiyan and Gavin (2013) compared the numerical
predictions for Blessington sand with three other sand
deposits to consider the effect of sand state on pile behaviour.
On the basis of these analyses, it appears that an approximate
constant p factor of 0.3 would produce reasonable lowerbound estimate of the end bearing resistance of bored piles in
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Figure 8 Effect of loading rate or test method on αp
mobilized by CFA piles in sand
When the piles were reloaded in the CRP test (See Figure
8b), significantly higher base resistance was mobilised. Whilst
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the loading history would affect the initial pressure-settlement
response, the p factors mobilised in the fast loading tests
(where creep effects were minimised) exceeded 0.31. The soil
models used in the numerical analyses did not model sand
creep which clearly affected the MLT result and thus the
mobilised base resistance.
3

SHAFT RESISTANCE
Background

The peak unit shaft resistance (f) mobilised by a pile in sand
can be estimated using earth pressure theory as:

f = K v tanf

(5)

where K is the earth pressure coefficient, v is the in-situ
vertical effective stress, and f is the soil-pile interface friction
angle. As with all earth pressure approaches, the difficulty
with the application of Equation 5 is in the choice of an
appropriate K value for design. For bored piles, Reese and
O’Neill (1999) suggest K/K0 (where K0, is the coefficient of
earth pressure at rest), varies with the pile construction
method, varying from 0.67 for a pile excavated using slurry,
to 1.0 for a pile formed in a dry excavation. K0 is notoriously
difficult to measure, but may be estimated using the method
proposed by Kulhawy and Mayne (1990):
K0 = 1-sin
- Normally Consolidated
K0 = (1-sin) OCRsin
- Over Consolidated

(6a)
(6b)

where ´ is the friction angle and OCR is the OverConsolidation Ratio.
For displacement piles, K will be changed during pile
installation due to large stress changes as the pile base moves
through the penetration depth and friction fatigue occurs
during cyclic installation. Values in the range K = 1-2 are
often used in practice. Due to uncertainties regarding input
parameters such as , OCR and f, and the effect of
installation method, the use of CPT based design methods
cone Penetration Test (CPT) are increasing:
f = s qc

(7)

A range of s values that depend on pile type are
recommended in many design codes, with values typically
being lowest for bored piles and highest for displacement
piles. For example, in the Netherlands NEN 9997-1-2016
recommends s value that range from 0.06 for bored or driven
open-tube piles, to 0.01 driven concrete or closed-ended steel
tubes and up to a maximum of 0.014 for a driven cast-in-place
piles. In Belgian practice, summarized by Huybrechts et al.
(2016), s depends on qc, pile type and roughness. A limiting
maximum shaft resistance of 150 kPa is imposed for q c values
> 20 MPa.
Intensive research on displacement piles reported in
Jardine et al. (2005) and Lehane et al. (2005) show that the
local shaft resistance is given by:
f = (hc + hd) tan f

where: hc, is the fully equalized horizontal effective
stress after pile installation and hd is a component derived
by dilation during loading.
Chow (1997) examined profiles of hc recorded by an
instrumented pile installed at two sites and found that hc
values at a given location on the pile were almost directly
proportional to the qc value at that level and the distance from
the level to the pile base (h) normalised by the pile diameter
(D). These findings were incorporated into the widely used
design method for displacement piles known as the Imperial
College (IC-05) design method (Jardine et al. 2005) and a
similar approach known as the University of Western
Australia (UWA) method (Lehane et al. 2005), where:
hc = 0.03 qc (h/D)-0.5

(9)

A minimum h/D value of 2 should be used is Equation 9.
Equation 9 suggests that s is highest near the pile tip and
reduces with increasing distance from the pile tip. Lehane
(1992) suggests that the dilation induced increase in
horizontal stress (hd) could be predicted using cavity
expansion theory:
4 G h
(10)
 =
 hd
D
where G is the shear modulus of the soil mass and h is the
horizontal displacement of a soil particle at the pile-soil
interface.
The IC-05 and UWA design approaches have been shown
to provide more reliable estimates of the shaft capacity of
piles and accurate predictions of the distribution of mobilised
local shear stress on closed-ended displacement piles by
Chow (1997), Gavin (1998), Schneider (2007) and others.
Given the prevalence of driven open-tube piles, particularly in
the offshore sector, both the IC-05 and UWA methods allow
for a reduction of shaft stress due to the lower displacement
resulting from installation of these piles. Gavin et al. (2011)
note that whilst the two approaches give very similar
predictions for shaft capacity of closed-ended piles,
differences in how they address the issue of plugging can
result in significantly different estimates for open-ended piles.
Driven cast-in-place piles
Flynn and McCabe (2016) describe instrumented pile load
tests performed on 3 driven cast-in-place piles installed at a
site near Coventry, in the United Kingdom. The piles that
were formed by driving a 0.32m diameter hollow steel tube
with a sacrificial circular steel plate at the base were
instrumented with strain gauges at four levels. When they
reached their final penetration depths of between 5.5m and 7
m bgl. the steel tube was filled with concrete and the steel
casing was withdrawn. The CPT profile at the site is shown in
Figure 9. The ground conditions comprise made ground and
stiff sandy clay to approximately 1.8 m bgl. underlain by
medium dense to dense sand to a depth of ~ 6.5 m. Below this
depth the sand becomes increasingly gravelly. The piles were

(8)
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load tested in compression between 19 and 23 days after
installation.

Continuous Flight Auger (CFA) Piles
Gavin et al. (2009) presents the results of instrumented load
tests performed to study the development of shaft resistance
on Continuous Flight Auger piles installed in sand. Ground
conditions at the test siteconsist of approximately 2 m of
mixed (sand, silt and clay) deposits overlying a deep deposit
of sand. The CPT end resistance, qc measured in the vicinity
of the test piles are shown in Figure 11.

Figure 9 CPT profiles at Coventry
The mobilisation of average shaft resistance (av = total
shaft resistance/shaft area) during the load tests is shown in
Figure 10. The three piles exhibited similar initial stiffness
response with peak s values in the range 0.094 to 0.14.
A noticeable feature of the response is that relatively large
normalised dis-placement was required to mobilise the peak
capacity (between 3% and 13% of the pile diameter) and in
the case of Piles 1 and 3, the resistance was still increasing up
to the end of the load test.

Figure 11 CPT profiles for CFA pile tests at Killarney (after
Gavin et al. 2009)
Two instrumented test piles were installed at the site. The
first pile was installed using an 800 mm diameter auger to 14
m bgl., and the second using a 450 mm auger to 15 m bgl. The
piles were instrumented with strain gauges at four levels in
order to separate base and shaft resistance components and to
determine the distribution of shaft resistance along the pile.
Static load tests in compression were performed and the
average shaft resistance (av) mobilised during the static load
tests of between 35 and 36 kPa was almost identical on both
the 450 mm and 800 mm diameter piles suggesting that scale
effects were insignificant. The resulting s (= av/qcav) value of
0.008, shown in Figure 12 are similar to those used for the
design of displacement piles in sand. The relatively large
displacement required to mobilise the peak resistance is again
a feature of the pile tests.
Figure 10 Normalised shaft resistance mobilised by driven
cast-in-place piles (after Flynn and McCabe 2016)
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(a)

Figure 12 Normalised shaft resistance mobilised
Continuous Flight Auger Piles (after Gavin et al. 2013)

by

Screw Injection Piles
The average shaft resistance mobilised by the screw injection
piles installed in dense sand at a site in Ternausen,
Netherlands, described in Section 2.4 is shown in Figure 13a.
The initial stiffness response of the piles which had shaft
diameters of 0.46m were remarkably similar. The load test on
Pile 1 was stopped before it reached peak resistance as the pile
mobilised a much higher base resistance than the other test
piles, see Figure 3.
Notwithstanding this, it would seem that the ultimate shaft
resistance of the piles was in the range 110kPa to 130 kPa,
However, displacements in excess of 10% of the pile shaft
diameter were required to mobilise this resistance. The backfigured s values shown in Figure 13b show that the Dutch
standard NEN-EN 9997-1 recommended αs value of 0.09
would provide a reasonable estimate of the fully mobilised
shaft resistance for these piles.
Distribution of normalised shaft resistance on piles in
sand
Whilst the s values mobilised by the test piles described
above conformed broadly with the constant values proposed
in many codes and seemed to depend on pile type, with higher
values generally pertaining to driven piles, there remains some
variation in s values proposed by different codes. Some
insight into possible reasons for this can be determined by the
instrumented load tests. The strain gauges on the piles allowed
the local shear stress profiles to be determined.
The normalised local shear stress profile along the driven
cast-in-place (DCIP) pile (Flynn and McCabe 2016) is
compared in Figure 23 to the profile predicted using the
UWA-05 approach with f = cv). It is clear that a method

(b)
Figure 13 Shaft resistance (a) and normalised resistance
mobilised (b) mobilised by Screw Injection Piles at Ternausen
which includes for the effects of friction fatigue provides a
very good match to the measured response and suggests that
for piles where friction fatigue occurs during installation that
s should vary with pile geometry.
The normalised local shear stress values for the CFA piles
and a typical screw injection pile are shown in Figure 14. For
these piles that do not experience friction fatigue during
installation, a constant αs value is suitable to describe the shaft
resistance. The value is lower than that applying to driven
piles over a distance of 5D from the pile tip. Above this level
the piles developed larger αs values. Thus suggesting that nondisplacement piles with deep embedment lengths could
mobilise higher average αs values than piles driven in the
same deposit.
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Figure 14 Comparison of distribution of shear stress on driven
cast-in-place pile with prediction of UWA-05 method
The normalised local shear stress values for the CFA piles
and a typical screw injection pile are shown in Figure 15. For
these piles that do not experience friction fatigue during
installation, a constant αs value is suitable to describe the shaft
resistance. The value is lower than that applying to driven
piles over a distance of 5D from the pile tip. Above this level
the piles developed larger αs values. Thus suggesting that nondisplacement piles with deep embedment lengths could
mobilise higher average αs values than piles driven in the
same deposit.
4

CONCLUSIONS

Whilst conventional earth pressure approaches remain in
common use for the design of deep foundations in sand,
researchers have highlighted a number of challenges related to
the applicability of these methods. In all cases, obtaining high
quality samples and determining operation frictional angles
over the range of stress and strain relevant for design remains
an issue. For over-consolidated deposits, accurately
determining the earth pressure coefficient is essential and nontrivial. The impact of installation effects; for example friction
fatigue which causes complex changes to in-situ horizontal
stress regime around a pile and plugging effects that results in
large changes to the strength and stiffness of the sand below
the pile base have been quantified in recent field tests.
Given that the CPT provides a continues indirect
measurement of the strength and stiffness properties over the
complete range of sand state, correlations between the cone
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Figure 15 Comparison of distribution of normalised shear
stress on CFA and Screw-Injection piles with prediction of
UWA-05 method
end resistance qc and foundation behaviour are in common use
and have been embedded in the design codes in many
countries. However, many of these codes give conflicting
guidance on design. In this paper, results from lab and field
experiments on instrumented piles and finite element analyses
are used to explain the physical basis for the regional
variations in CPT based approaches.
Considering the base resistance mobilised by piles in
sand, the CPT qc value appears to be an ideal design tool.
Whilst at very large pile displacements the base resistance, q b
tends to the qc value, see White and Bolton (2001) and
Randolph (2005). The exact displacement required depends
on the pile installation method and in some cases could be
several pile diameters. At displacement levels typically
considered in practice as representing failure, e.g. s/B=10%,
the stiffness response depends on the pile installation method.
For low displacement pile types αp (= qb0.1/qc) in the range of
0.15-0.2 are typically adopted in practice. For displacement
piles, qb/qc of 0.6 is recommended for closed-ended driven
steel and concrete piles. A particular feature of field tests on
shallow foundations and bored pile (i.e. where pre-stressing
during installation did not occur) was that significant creep
occurred during maintained load tests at high stress levels.
Numerical analyses of these piles using soil models that do
consider creep, showed αp values around 50% higher than
those measured in maintained load tests. In quick load tests
where creep was minimised, αp values similar to those in the
finite element model were mobilised. Based on these results,
if effects such as loading rate, the definition of failure and
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residual loads are considered then higher αp values can be
adopted in design codes.
When considering shaft resistance, a number of codes
suggest constant s (=av/qcav) values, with recommended
values for displacement piles typically being higher than nondisplacement piles. The case histories presented herein
strongly suggest that s values for driven piles should
incorporate a friction fatigue parameter. The absence of
friction fatigue effects for non-displacement piles could result
in some slender driven piles developing lower s than a nondisplacement pile installed in the same soil deposit.
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ABSTRACT: Extensive depths of extremely soft clay underlying Gothenburg city poses a significant challenge for constructing
deep foundations in the area. Driven pile installations in soft soil deposits displaces the soil, causing construction sites to expand
laterally outwards, stressing the existing foundations of adjacent structures. Hence, predicting movements induced by the proposed
pile driving activities becomes an important prerequisite to ensure the economic pile layout does negatively that minimises
negative impact on adjacent structures. This paper discusses the procedures applied for predicting soil movements induced by
driving 300 precast reinforced concrete piles for a constrained triangular site. The analysis was undertaken by using Volumetric
Expansion (VE) features in Plaxis 3D simulating volumetric strains within the soil body. The numerical problem was initially
validated by modelling a single pile expansion and calibrations were fitted against empirical data using the Shallow Strain Path
Method (SSPM). Following validation, the numerical analysis was expanded to take into account multiple pile installations using
a superpile approach. This methodology allowed groups of smaller piles supporting the structure to be represented as single
‘superpiles’ which were expanded to the equivalent volume of soil displaced by the sum of the real piles. The models also
considered the effect of pre-boring intended to be performed during construction as a mitigation-measure. Furthermore, existing
foundations of adjacent bridge structures and railways were modelled as piled rafts surrounding the new piling location. During
construction phase, heave and lateral displacement were measured on site and were compared with final numerical responses. The
predicted movements of the soft clay were seen to accurately represent the lateral displacements observed during construction. As
a result, The Gamlestad project was successfully completed with no negative impacts on surrounding structures.

KEY WORDS: Pile Driving, Finite Element Modelling, Movement Prediction, Soft Clay, Gothenburg Clay
1

INTRODUCTION

Clay deposits generally exhibit an incompressible behaviour in
the short term (Nenonen & Ruul, 2011). Hence, insertion of
external volumes into the soil would generally result in
excessive movements in the surrounding area. This
phenomenon can induce movements in the adjacent buildings
as well as causing uplift in pile foundations in the surrounding
area (Sagaseta & Whittle, 2001). The current paper discusses
an extensive study that was performed to analyse the effects of
pile driving in extremely soft clay for a development in
Gamlestad, Gothenburg (see architectural view on Figure 1), to
ensure safety of surrounding structures and existing
foundations.
The proposed development comprised of three buildings
ranging between 5 to 18 stories in addition to two basement
levels, planned to be built on a triangular shaped site. (see
Figure 5). The development was planned to act as a transport
hub interlinking trains, trams and buses connecting the eastern
parts of Gothenburg.
The piled site was bounded by the Gamlestad bridge
(supported on piles) to the west and the River Säveån to the
south. One of the planning requirements was to undertake a
detailed ground movement analysis to confirm the impact of
the construction on the adjacent infrastructure that bordered the
highly constrained site. Neighbouring works by Trafikkontoret
included new double tram tracks on two of the three sides of
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the property. All tram lines around the property were designed
as elevated bridge structures or piled deck structures and the
dual train line consists of a station on a piled bridge structure
(see Figure 2). Hence, there were substantial risks concerning
ground interactions between the different piled structures for
tram, train and the new development. Furthermore, the
footprint of the new building was to be maximised, while
simultaneously trying to minimise any interaction with the
adjacent infrastructure, requiring an innovative engineering
approach.

Figure 1 Architectural rendering of the proposed
development, (Credit: Sigma Civil Ltd.)
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Figure 2 Aerial map of the proposed site (Google maps)
The primary geotechnical challenge for this site was
predicting lateral soil displacement as a response to driving of
300 precast, reinforced concrete piles with square dimensions
ranging from 235 mm to 350 mm. The piles needed to be driven
to 40m below ground to support the new structure. The main
construction measure applied to prevent heave and lateral
movements in neighbouring areas was pre-augering to a depth
of 12m before installing a precast pile into the void and driving
the pile to the design depth. The aim of the analysis was to
predict the soil movements due to pile driving.
2

of soft clay extending to more than 40m depth overlying
bedrock, necessitating extensive piling works.
Material properties of the soil were estimated based on the
recommendations by Edstam & Kullingsjö (2010), for
Gothenburg soft clay. The undrained shear strength of the soil
(cu) was deemed to be 15kN/m2 with a gradient of 1kN/m2/m
and a constant average stiffness of approximately 9.6MPa was
assumed (seeTable 1). Furthermore, an undrained behaviour
was defined for the surrounding soil to allow for the occurrence
of lateral and vertical displacements generated as a result of
volumetric expansion during pile installation.

GROUND CONDITIONS
Regional overview

The site is situated in the southern part of the Göta älv River
valley. Areas of bare bedrock and deep valleys in between the
exposures dominate the Gothenburg region (Claesson, 2003).
During the period after the last ice age, the Baltic Ice Lake was
drained off, resulting in large quantities of fine grained
sediments being deposited in relatively still saline water
conditions. These relatively homogeneous soil layers exist
across the study area. The clays are soft, slightly structured
soils, prone to disturbance and highly compressible. A review
of the characteristics of Gothenburg clay by Olsson (2013)
suggests that the clay is slightly overconsolidated. The clay
overlies thin glacial sands and gravels of variable thickness
which in turn overlie the bedrock. Geological maps provided
by the Geological Survey of Sweden suggest that the bedrock
is a granite or rhyolite.
Ground conditions at the site
The site-specific geotechnical information was reviewed to
produce a ground model that incorporated the stratigraphy and
mechanical soil characteristics. The ground conditions consist

Figure 3 Geological map of Goteborg, depth to bedrock
(https://www.sgu.se)
Table 1. Soil Parameters employed in finite element models
Description
Soil Unit Weight (kN/m3)
Poisson’s Ratio, ν
Young’s Modulus, E (MPa)

Value
17
0.2
9.6
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constitutive model is recognised as a relatively simple soil
model in comparison with non-linear models, the successful
use of it in previous research on Gothenburg Clay and the
subsequent calibration detailed below made it a favourable
choice for the purpose of this project.
Calibration practice

Figure 4 Ground investigation information, (extracted from
Geotechnical Investigation report of Gamlestadstorg:
Markteknisk undersökningsrapport, Geoteknik, by Vectura)

Figure 5 Aerial photo of the triangular shaped piling site
bounded by railway bridge, river and tram lines,
(www.hitta.se)
3

METHODOLOGY

The numerical analysis to predict the effect of pile installation
into the soft soil on the adjacent buildings was undertaken using
PLAXIS 3D Finite Element (FE) package. The pile driving was
simulated using the Volumetric Expansion Method (VEM), by
simulating volumetric strains within the soil body. This feature
allows changes in an element’s volume that induces additional
stresses in the surrounding soil which introduces deflections
around the model until a global equilibrium of stresses is
reached.
Constitutive soil model
A Linear Elastic constitutive soil model was used to model the
sub-soil. This soil model was chosen since the deflections
considered were relatively large and outside the “small strain”
zone. The main aim of the study was to capture the Large
Strains occurring in close distances from the piles as a result of
driving. Furthermore, this soil model had provided satisfactory
results in previous research of Gothenburg Clay soil
movements for instance, Edstam & Kullingsjö (2010) and
Nenonen & Ruul (2011). Although the Linear Elastic (LE)
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Considering the complexity of the problem and the highly nonlinear nature of the calculations, it was deemed necessary to
validate the approach using a simplified geometry. In other
words, Careful calibration was essential in validating the Linear
Elastic model so that the results could be considered accurate.
Hence, the numerical problem was initially validated using a
single pile expansion and comparing the numerical results to a
predictive method, the Shallow Strain Path Method (SSPM).
This method which is an extension to SPM initially developed
by Baligh, (1985) suggests that during pile installation,
movements in the surrounding soil are relative to the pile tip
movement similar to the flow of an incompressible fluid around
the pile tip, regardless of the undrained shear strength or
friction angle of the soil material. In their research on SSPM,
Xu et al. (2006) carried out an experimental programme to
investigate the displacements associated with close ended and
pipe piles. The experimental site is located in a northern suburb
of Shanghai on the deltaic deposit of the Yangtze River, with
normally consolidated or very lightly overconsolidated clay
deposits. The horizontal and vertical settlements were
monitored in order to verify the empirical method suggested.
Based on this method, vertical and radial movements of the
surficial soil due to closed ended pipe installation can be
predicted using the following formula, where L is the pile
embedment length with a diameter of R and r is the radial
distance from pile centre axis (Xu et al., 2006):
𝛿𝑧 (𝑐𝑙𝑜𝑠𝑒𝑑 𝑒𝑛𝑑𝑒𝑑) = −

𝑅2 1
1
( −
)
2
2 𝑟 √𝑟 + 𝐿2

𝛿𝑟 (𝑐𝑙𝑜𝑠𝑒𝑑 𝑒𝑛𝑑𝑒𝑑) = −

𝑅2
𝐿
(
)
2 𝑟 √𝑟 2 + 𝐿2

Xu et al., (2006) managed to accurately predict ground
movements caused by pile installation in clay deposits using
SSPM. The normalised results of their research was used as a
bench mark for the calibration of the initial numerical model in
this project. For this reason, the output of the single-pile
installation analysis in Plaxis was compared with the results
generated from the empirical method recommended for this
problem by Xu (2006) and good agreement was found between
the results (see Figure 6).
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Figure 6 Predicted heave generated due to a single pile driving in soil using Plaxis 3D by GDG (Green dots and Red line)
compared to Xu et al. (2006) results (piles A and B)

Following this validation exercise, the volumetric expansion
method of analysis was employed with more certainty in the
full numerical analysis stage.
Full numerical analysis
Following validation, the numerical model was expanded to
take into account multiple pile installations according to the
pile layout drawings for the site. One of the challenges
regarding the piling plan was that piles were not spread evenly
throughout the site in a grid layout. Due to the extensive
number of piles, the effect of pile-driving was simulated using
a superpile approach. This methodology allowed groups of
smaller piles supporting the structure to be represented as single
‘superpiles’ which were expanded to the equivalent volume of
soil displaced by the sum of the real piles. Reducing the number
of piles reduced the computational tie required to complete the
analyses and also the likelihood of the model failing to
converge due to the number of elements in the analysis.
The model could take into account the effect of the pre-bore
before the installation of the piles by limiting the deformation
to below the level of the pre-boring. For this reason, no volume
expansion was assigned to the top 12m of the piles.
Furthermore, the pre-existing foundations of the adjacent
bridge structures were also modelled as piled rafts surrounding
the new piling location, based on the as-built drawings (see
Figure 7).

4

RESULTS

Based on the results of the FE analysis, the foundation of the
buildings located to the south and south-west of the piling site
were not excessively affected by the pile driving. However, the
results suggest that the piles to the immediate west of the
foundation may be damaged due to piling works since the
distance between the two sites was less than 1m. It was also
observed that the new pile installations could detrimentally
affect the adjacent piled structures by generating excessive
moments and shear forces in the exiting piles. For these areas,
the use of bored piles instead of driven piles was recommended.
Further numerical predictions indicated that buildings on the
west side of the piling site could be in a critical situation if pile
driving was conducted closer than 7.5m to them; this
established what the minimum safe piling distance was. Final
results of the FE analysis concluded the maximum
displacement in the soil adjacent to the piling works was to be
approximately 50mm (as indicated by the displacement
contours in Figure 8).
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Figure 7 Finite element model in Plaxis 3D
gave very accurate result and actual maximum soil movements
were recorded to be below 50mm. The accuracy of predictions
compared to on-site displacements were less than one
millimetre and an accuracy rate of above 95% was achieved.
The maximum movement has since decreased as the effective
stress have equalised following completion of the piling works.
Ultimately, the project was completed on time and in budget,
largely due to the complex numerical modelling that allowed a
detailed piling sequence to be developed.
6

Figure 8 Lateral displacements generated in the surrounding
soil due to pile driving activities based on the Plaxis model
5

CONSTRUCTION PHASE

The models were reviewed by Trafikkontoret and it was
concluded that a maximum lateral displacement of
approximately 50mm was to be expected for the most critical
adjacent structure due to the new pile installation works. Given
the innovative nature of the design, GDG recommended a
practical observational approach to validate the results by using
on-site monitoring to record the ground movements. This
approach also validated the accuracy of the 3D simulations.
During the piling operations, inclinometers were installed on
site in order to monitor the soil displacements in the area.
All of the structures were also monitored by surveying
structural movements. It can be concluded that the FE analysis
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CONCLUSION

The extensive depths of soft clay (>40m) underlying
Gothenburg pose a significant challenge for constructing deep
foundations. Lateral displacement of soil due to pile driving is
a particular concern for adjacent structures. Extensive piling
operations for a development in Gothenburg required analysis
the effect of pile-driving on adjacent structures and their
foundations. This task was fulfilled by employing detailed 3D
numerical modelling using cavity expansion approach, while
calibrating the initial FE model against empirical methods to
predict soil movement due to driving a single pile. The results
of the project conclude pile driving effects in soft clay deposits
can be accurately simulated using the suggested numerical
method. As a result of the accurate method of prediction, the
Gamlestad project was successfully completed with no
negative impact on the surrounding structures and the predicted
movements of the soft clay were seen to accurately represent
the lateral displacements observed during construction (see
Figure 9).
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Figure 9 Site view during the construction phase
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ABSTRACT: Diaphragm walls equipped with ground heat exchangers are one kind of thermo-active foundations, which harness
the energy stored by the ground for heating and/or cooling buildings. Past investigations on geothermal diaphragm walls mainly
focused on the thermal performance, whereas little attention was paid on their mechanical response to geothermal energy
operation, for example, changes in the wall structural behaviour and temperature-induced settlement of adjacent buildings. This
paper presents the results of thermo-hydro-mechanical (THM) finite element analyses to investigate the behaviour of geothermal
diaphragm walls in London Dean Street Station. The numerical analyses account for both the station excavation process in short
term and long-term behaviour of the diaphragm wall. The ground as well as the wall structural response under thermal solicitation
is analysed. A comparison between the mechanical behaviour of the geothermal diaphragm wall and that of the same wall without
geothermal activation allows providing some guidance for the design and maintenance of geothermal retaining structures.
KEY WORDS: Geothermal foundation; Diaphragm wall; Long-term ground settlement; Thermo-hydro-mechanical analysis.
1

INTRODUCTION

Geothermal energy is a type of renewable energy generated and
stored under the ground surface with the potential to reduce
fossil energy consumption. It has attracted increasing attention
from the engineering community all over the world. For most
European countries, the seasonal ground temperatures remain
relatively constant at a certain depth, e.g. 10-15°C down to a
depth of approximately 50 m [1-2]. This allows heat exchange
with the ground for cooling and heating civil infrastructures.
Over the last few decades, the technologies for the exploitation
of low enthalpy geothermal energy have been developed
significantly, especially thermo-active ground structures.
Unlike conventional ground heat exchanger (GHE) systems,
e.g. earth collectors or borehole heat exchangers, thermo-active
ground structures are more cost-effective and environmentally
friendly [2]. This technology embeds heat exchanger pipes into
underground structural elements such as slabs, anchors, tunnel
lining, pile foundations and diaphragm walls, allowing the
structural system to absorb geothermal resources and sustain
loads at the same time. The main benefits of thermo-active
structures include: preventing groundwater pollution, saving
drilling cost, boosting heat transfer efficiency, and reducing
underground space occupation.
The majority of past investigations and practices of thermoactive structures were focused on energy piles [3-5], while
nowadays progressively growing attention has been paid to
other thermo-active structures, for example, energy diaphragm
walls. Diaphragm walls are widely adopted as earth retaining
structures for deep pit foundations, such as metro stations or
high-rise building foundations; they provide larger contact area
with surrounding ground than piles, which in turn enhance the
heat exchange efficiency [2].
Currently, there have been some studies on the thermal
behaviour of geothermal diaphragm walls [6-8], whereas
insufficient analyses were conducted on the mechanical
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behaviour, e.g. ground settlement and wall displacement due to
geothermal operation in the long term. Di Donna et al. [6]
analysed data collected from seven geothermal diaphragm
walls from the UK, Austria and China, but most of their case
histories were not well-recorded with only emphasis on thermal
performance records. Brandl [2] briefly indicated that
temperature-induced settlement or heave of thermo-active
structures is negligible based on practical experience and site
observations, whereas no field measurements or data analysis
were given in a quantitative manner. Bourne-Webb et al. [9]
built a 2D numerical model to assess the thermo-mechanical
response of a geothermal wall, and concluded that the effect
from geothermal operation on the changes in the wall
movement and bending moments is slight. Coletto & Sterpi
[10] and Sterpi et al. [11] conducted 3D numerical thermomechanical analysis and the computed results predicted that the
thermal effects on wall movement in the first year of operation
are very likely to be acceptable in terms of geotechnical safety.
Past numerical analyses mentioned above, however, did not
take ground consolidation and hydraulic effects into account,
which is essential for evaluating soil-structure interaction in the
clayey soil in the long term.
This study conducted a thermo-hydro-mechanical (THM)
finite element analysis to evaluate the effects of thermal
solicitation on the mechanical behaviour of geothermal
diaphragm walls at London Dean Street Station. The finite
element model was built using commercial geotechnical
software PLAXIS, while the model parameters were based
upon construction and design records reported by Rui [12]. The
finite element analysis simulated the whole life of London
Dean Street Geothermal Station starting from station
construction in the short term to long-term geothermal
operation. In particular, the thermal effects due to seasonal
temperature change, cyclic geothermal operation on the
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mechanical behaviour of geothermal diaphragm walls and
ground response were discussed.

3

2

For simplicity, a 2-dimensional PLAXIS model was built based
on the project report of London Dean Street Station as shown
in Figure 3. The excavation block is 32 m wide and 28.9 m
deep, surrounded by 1-m-thick and 41-m-deep diaphragm wall
panels. The diaphragm wall is mostly surrounded by lowpermeability clay, 23 m thickness of London Clay and 9 m
thickness of Lambeth Group Clay. The model boundary is 160
m deep and extended 144 m laterally from excavation edges to
both sides. The structural members used during construction
are shown in the figure: three temporary props (yellow in the
figure, 1 m thickness), five slabs (grey in the figure, 1 m
thickness) and a base slab (2 m thickness).
The model assumes a 2D plane strain condition with 10011
15-node triangular elements. For better accuracy, the finite
element meshes around the excavation pit are refined, whereas
coarser meshes are adopted away from the station as to save
computational cost.

PROJECT OVERVIEW

In London, there have been some energy foundations adopted
in new or redeveloped station boxes. Dean Street Station is one
of these geothermal boxes, known as the second thermal wall
project in the UK, with 500 kW geothermal capacity. The
station is located at the intersection of Dean Street and Oxford
Street (red block C & D in Figure 1), consisting of two main
boxes with different base levels. A combination of thermal
piles and thermal walls has been installed in the station.

NUMERICAL MODELLING
Model geometry

144 m

32m

144m
Made Ground (4m)
Terrace Ground (5m)

Groundwater Level -3m

London Clay A3 (11m)
London Clay A2 (12m)

The station box was constructed using bottom-up method.
Prior to the pit foundation excavation, a 1-meter-thick
diaphragm wall trench (up to 41m depth) was constructed
around the excavation site. 40-m-long absorber pipes were
attached to the reinforcement cage and lowered into the trench
(0.25 m from the soil-side surface of the wall), and later grouted
together with the steel cage to form geothermal diaphragm wall
panels. The foundation pit was designed to be 28.9 m in depth
and excavated following 5 stages as shown in Figure 2. Three
temporary props and one slab were constructed to support the
excavation for each stage. Due to access constraints at the site,
the lowest prop was omitted during excavation as to save
construction time and cost. After excavated to the designated
elevation, slabs were cast from the base of the station, and the
temporary props were replaced by slabs to form a five-level
station box.

Lambeth Group
UMC (8m)

160 m

Figure 1. Location of Dean Street Station Box (C & D, [12])

Lambeth Group
LMC (12m)

Thanet Sand (4m)

Chalk (104m)

Figure 3. Numerical Model Geometry
Material parameters
The temporary props for construction stages are made of 1-mdiameter hollow steel tubes, modelled as node-to-node anchors,
while concrete slabs and diaphragm walls are modelled as soil
polygon entities in PLAXIS software. The material properties
of anchors and concrete are listed in Table 1 and Table 2,
respectively. The geotechnical and thermal properties for soil
layers are listed in Table 3. For simplicity, linear thermal
expansion coefficients are assumed for all materials in this
model.
Table 1. Prop (Steel) Properties
Material Type

Eo (GPa)

External D (m) Thickness (mm) EA (kN)

Elastic

205

1

16

Spacing (m)

1.00E+07 5

Table 2. Wall and Slab Properties
Material Set

g
E0 (kPa)
(kN/m3)

Linear Elastic,
24.0
Non-porous

n

Specific Heat Thermal
Capacity
Conductivity
(kJ/t/K)
(kW/m/K)

2.30E+07 0.15 920.0

1.75E-03

Soil Density Thermal
Expansion
(t/m3)

Laterial
Pressure
Ratio k0

2.50

1.0

1.00E-05

Figure 2. Geometry of Dean Street Station Box [12]
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Table 3. Soil Properties [12]
Soil Description

Made Ground

Terrace Ground

London Clay A3 London Clay A2 Lambeth Group UMC Lambeth Group LMC

Thanet Sand

Chalk

Material Set

Mohr-Coulomb,
Drained,
Saturated

Mohr-Coulomb,
Drained,
Saturated

Mohr-Coulomb,
Undrained (A),
Saturated

Mohr-Coulomb,
Undrained (A),
Saturated

Mohr-Coulomb,
Undrained (A),
Saturated

Mohr-Coulomb,
Undrained (A),
Saturated

Mohr-Coulomb,
Drained,
Saturated

Mohr-Coulomb,
Drained,
Saturated

Unit Weight (kN/m3)

20.0

21.0

20.0

21.0

21.0

21.0

19.0

21.0

E0 (kPa)

10000

50000

76000

109000

300000

270000

400000

1500000

Poisson's Ratio

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.35

Cohesion c (kPa)

0.00

0.00

5.00

5.00

230.00

230.00

0.00

0.00

Friction Angle φ (o)

22.20

35.80

25.00

25.00

28.00

28.00

32.00

32.00

Dilation Angle (o)

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Permeability (m/day)

8.64E+00

8.64E+00

2.59E-06

2.59E-06

2.59E-06

2.59E-06

8.64E+00

8.64E-05

1385.50

1319.52

1602.50

1526.19

1537.14

1537.14

1315.79

1028.57

Specific Heat Capacity
(kJ/t/K)
Thermal Conductivity
(kW/m/K)

1.25E-03

9.00E-04

8.10E-04

8.10E-04

2.10E-03

2.10E-03

1.27E-03

1.54E-03

Soil Density (t/m3)

2.0

2.1

2.0

2.1

2.1

2.1

1.9

2.1

Thermal Expansion (1/K)

5.00E-06

5.00E-06

5.00E-06

5.00E-06

5.00E-06

5.00E-06

5.00E-06

5.00E-06

Solid Thermal Expansion

Linear

Linear

Linear

Linear

Linear

Linear

Linear

Linear

Laterial Pressure Ratio

0.6

0.4

1.0

1.0

1.0

1.0

1.0

1.0

Note: Parameter c and φ for Lambeth Group were determined by referring to the upper bound data provided by Hight et al. [13].

Boundary conditions
The water level is set to be 3 m below ground surface, while
the pore pressure distribution is assumed to be hydrostatic prior
to soil excavation. During station construction, the clayey soil
layers (e.g. London clay) are assumed in undrained condition,
whereas drainage is allowed at all model boundaries for longterm thermo-hydro-mechanical coupled analysis after
construction. The hydraulic boundary conditions inside the
station are set to be impermeable after soil excavation. The
maximum negative pore pressure is controlled within -100 kPa
to avoid suction cavitation.
At the side and bottom boundaries of the model, the
horizontal and vertical displacements are fixed. The FE model
is built 10 times greater than the excavation site (see Figure 3)
as to minimize the boundary effect on the numerical results.
The top boundary is free to move, allowing possible ground
settlements to be induced by both consolidation and
temperature variations.
In the long term, thermal boundary conditions are varied
with seasonal temperature and geothermal operation. The
boundaries of the station box and the far-field soil are set to be
constant at 18°C and 12°C respectively, while the temperature
of absorber fluid and ground thermal boundary is kept same as
the external air temperature subject to seasonal changes as
shown in Figure 4. For simplicity, this study adopts a stepfluctuating thermal function (Figure 5) to represent seasonal
variations, cycling from 2°C for 6 months (winter cycle) to
18°C for 6 months (summer cycle).

during long-term operation without any thermal
solicitation;
2B) Long-term phase B (T-H-M, thermo-hydro-mechanical
coupling analysis): without geothermal operation,
evaluating the effect of seasonal temperature change on
the mechanical behaviour of the structure;
2C) Long-term phase C (T-H-M): with geothermal
operation, evaluating the effect of geothermal operation
on the mechanical behaviour of the structure.
Due to limited space in this paper, the following result
analyses focus on Phase 2: the thermal effects on the long-term
mechanical behaviour of geothermal diaphragm walls.

Figure 4. Thermal Boundary Conditions

Computation procedure
The whole modelling program consists of two phases as
follows:
1) Construction phase (H-M, hydro-mechanical coupling
analysis): modelling the construction procedure;
2A) Long-term phase A (H-M): non-thermal effect,
evaluating ground settlement and wall displacement
Figure 5. Thermal Function
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RESULTS AND DISCUSSION
Long-term A

In this study, the long-term performance of the wall due to
ground consolidation exclusively (Long-term phase A) is
evaluated first as a reference case for further thermal effect
analysis.

mm after 30 years since excavation at a distance of 12.2 m from
the diaphragm; as much as 1.28 times of the maximum
excavation-induced ground settlement (8.7 mm) in the short
term.
Distance to the foundation centre (m)
-140.0

-3.0

-2.0

-1.0

0.0

1.0

2.0

Soil Side

Excavation Side
-5

-80.0

-60.0

-40.0

-20.0

0.0

15

3.0

0
1Y winter
1Y summer
10Y winter
10Y summer
30Y winter
30Y summer

-100.0

1Y winter
1Y summer
10Y winter
10Y summer
30Y winter
30Y summer

Displacement (mm)
-4.0

-120.0

Slab 5

13
11
9

Slab 4

Year 30
-10

Settlement (mm)

4

7

Slab 3

5

-15

Slab 2

3
-20
Year 1

1

Slab 1

-25
Year 30

Year 1
Wall Edge

-3

Figure 7. Long-term
Incremental
Ground
Settlement (A)
Long Term Ground
Incremental
Settlement

-35

Long-term B

-40
-45

-1

BaseSlab

-30

Depth (m)

Figure 6. Long-term
Incremental Wall Displacement (A)
Long Term Wall Incremental Displacement
Figure 6 shows the incremental horizontal displacement of
the diaphragm wall after construction in the long term. The
maximum incremental horizontal displacement of 2.33 mm
towards the excavation side after 30 years is obtained below the
base slab, which is only 7.9% of the maximum horizontal
movement of 36.8 mm due to construction. Since substantial
soil was excavated between slab 2 and base slab within a short
period of time (36 days), significant excess pore pressure was
generated below the base slab after excavation. As soil
consolidates with time, the ground below the base slab heaves
up and in turn allows the adjoining D-wall to move towards the
excavation side in the long term.
Another significant movement (2.28 mm) towards the
excavation side occurs at the depth of 21.8 m between slab 2
and slab 1, where a large amount of soil was excavated during
construction. The wall lateral movement mode is governed by
the combined effect from lateral soil pressure, excess pore
water pressure distribution and propping forces.
In addition, there are two large horizontal movements (both
around 2 mm) towards the soil side, appearing between slab 1
and base slab, and the bottom of the wall, respectively. The wall
lateral movement mode is due to the combined effect from
lateral soil pressure, excess pore water pressure distribution and
propping forces.
Figure 7 shows the incremental ground settlement after
construction during ground consolidation. Wongsaroj [14]
indicated that it was usually more reliable to analyse the ground
settlement at a certain depth (e.g. 5m) below the surface as to
avoid interference from the temperature and seasonal changes
in the air. Hence, this paper particularly focuses on the ground
settlements at 5 m below the surface. The incremental ground
movement distribution generally shows agreement with the
long-term ground settlement for clayey soil deposit predicted
by Ou and Lai [15]; the ground heaves progressively with time
as the excess pore water dissipates during consolidation. The
maximum incremental ground displacement builds up to 11.1

Another scenario (Long-term B) is modelled to evaluate the
effect of seasonal environment temperature on the performance
of the wall. In this case, the thermal boundaries of air
temperature and station temperature are activated immediately
after construction, whilst the initial temperatures for soil and
the thermal boundaries of the model set to be constant at 12°C.
The temperature inside the station is assumed to be 18°C as a
constant throughout the consolidation.
Displacement (mm)
-4.0

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

0
1Y winter
1Y summer
10Y winter
10Y summer
30Y winter
30Y summer

Soil Side
-5

Excavation Side

Slab 5
Slab 4

-10

Slab 3

-15

Slab 2

-20
Year 1
Slab 1

-25

Year 30

BaseSlab

-30
-35
-40
-45

Depth (m)

Figure 8. Long-term Incremental Wall Displacement (B)
Long Term Wall Incremental Displacement

Figure 8 shows the incremental horizontal movement of the
wall under seasonal temperature variations. Compared with the
incremental horizontal wall displacement in Long-term A, the
wall section above the base slab shifts 1.3 mm to the soil side
immediately after construction. This is mainly caused by the
heat expansion of the slabs inside the station. There is
negligible difference in wall displacement between Long-term
A and Long-term B at the footing, only around 0.2 mm, due to
the distance away from the base slab.
In general, the influence of seasonal temperature variations
on the incremental lateral movement of the wall is small. Of
particular interest is the top 1.3 m of the wall above slab 5,
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which bends slightly towards the soil side. This is due to the
temperature gradient laterally along the wall thickness,
inducing less thermal expansion at the soil side (12°C) than that
at the excavation side edge (18°C). For the rest of the wall, far
below the ground surface, seasonal temperature variations have
negligible influence on the development of wall deformation:
the wall movements for the summer and winter within a single
year are generally unchanged.

similar to that in Long-term B. As soil pressure increases along
the depth of the wall, the geothermal operation effects no longer
dominate the changes in wall movements.
Displacement (mm)
-4.0

-3.0

-2.0

-1.0

-120.0

-100.0

-80.0

-60.0

-40.0
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-5
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-10
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0.0
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10Y summer
30Y winter
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Figure 10. Long-term Incremental Wall Displacement (C)
Long Term Wall Incremental Displacement

1
Year 1

Extension
Shrinkage

-1

Slab 5

Figure 9. Long-term
Incremental
Ground
Settlement (B)
Long Term Ground
Incremental
Settlement
Figure 9 shows the changes in the long-term ground
settlement under seasonal temperature variations. In the first
winter after construction, the incremental ground settlement
adjacent to the wall increases to be 3.1 mm (1Y winter in Longterm B) greater than 1.2 mm for 1Y winter in Long-term A.
After 30 years since construction, the peak incremental longterm ground settlement in Long-term B is 13.2 mm, which is
only 2.1 mm higher than that in Long-term A.
Long-term C
Long-term C analysis is performed by activating the
geothermal system together with the external air boundary
conditions to evaluate the geothermal operation effects. Figure
10 shows the incremental wall displacement during geothermal
operation. The wall deflection mode is generally consistent
with Long-term B, whereas the movement variation at the top
of the wall differs due to geothermal operation. Figure 11
illustrates the mechanism for the temperature variation inside
structural elements, slabs and wall. In this particular thermal
operation mode, there is little temperature variation for slabs,
whereas a 16°C degree temperature difference develops along
the wall thickness in winter.
Above slab 5, the wall moves greatly towards the soil side in
winters, approximately twice as much as that in summers, while
it starts to tend towards the excavation side between slab 5 and
slab 4. In winters, the soil side of the wall (2°C) shrinks,
whereas the excavation side (18°C) expands as shown in Figure
11. Consequently, the temperature difference across the wall
thickness leads to differential thermal displacement and the
greater wall bending deflection towards the soil side than in
Long-term B. In summers, since the absorber fluid temperature
(18°C) is almost the same as the station temperature (18°C), the
temperature difference along the wall thickness is small and
therefore the wall deflection is almost the same with the results
from Long-term B. Below slab 5, the D-wall displacement is

233

Slab 5

-3
Pipe Temperature 2°C/275.15k

Pipe Temperature 18°C/291.15k

Station Temperature 18°C/291.15k

Station Temperature 18°C/291.15k

Slab 4

Slab 4

Diaphragm Wall

Diaphragm Wall

Winter

Summer

Figure 11. Temperature Mechanism of Structural Elements
Figure 12 shows the incremental ground settlement during
geothermal operation. The seasonal differential settlement
adjacent to the wall is roughly around 5.0 mm, between each
operation circle (winter and summer within a single year). After
30 years, the peak ground settlement in Long-term C is 11.0
mm at a distance of 29.2 m from the centre of the foundation
pit, which is similar to the computed results in Long-term A &
B. This suggests that the seasonal geothermal operation does
not affect the maximum ground settlement, although the
cyclically seasonal change may have an impact on the
foundations of adjacent buildings.
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Thermal effect
In summary, the thermal effect on wall displacement is not
significant, whereas the magnitude of ground settlement may
be considerable. The induced differential ground settlement
may have an impact on existing buildings nearby. In order to
evaluate the thermal effect on adjacent building foundations,
this paper considers the most critical situation: from the peak
incremental settlement to the edge of the station box.
According to the assessment method proposed by Burland and
Wroth [16], the differential settlements between the edge of the
station (e) and 29 m from the foundation centre (t) after 30
years are particularly discussed. The potential risk to adjacent
buildings is evaluated by the ratios of the relative settlement to
the horizontal distance (∆/L) together with the proportions of
relative settlement to maximum settlement (∆/t) for three
phases. The results are listed in Table 4.
Table 4 shows that the maximum differential settlement (∆)
in Long-term A (2.6 mm) is much greater than that in the other
two scenarios (Long-term B & C): Long-term A predicts the
maximum ratios for both ∆/L and ∆/t, whereas Long-term B
and Long-term C shows substantially smaller ratios. The
magnitude of differential settlement in all three scenarios is
much smaller than the allowable deflection ratio in
geotechnical design, 0.2%. In terms of the incremental ground
settlement in the long term, the operation of geothermal system
is unlikely to be a potential risk for adjacent infrastructures.
Table 4. Ground Settlement Analysis
Scenarios
Long-term A
Long-term B
Long-term C

5

t (mm)
11.1
13.2
11.0

e (mm)
8.5
11.3
9.4

∆=t-e
2.6
1.9
1.6

L (mm)
12000
12000
12000

∆/L
0.022%
0.016%
0.013%

for soil stiffness degradation, anisotropy and other features. In
addition, a parametric study will be conducted to further
examine the effect of various soil parameters (e.g. heat
conductivity, permeability) on the wall behaviour and ground
settlement.
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An experimental investigation of helical piles subject to inclined pullout loads
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ABSTRACT: Helical piles consist of spiral like plates attached at locations along a regular pile shaft. The primary application of
these pile types is in the on-shore and off-shore energy sectors. This study examined the pullout resistance of helical piles,
subjected to inclined loads in a geotechnical centrifuge. The addition of a helical plate to a pile was found to increase the pullout
capacity of the pile by at least 30% over that observed for the equivalent plain pile. The pullout resistance of the helical piles with
an interhelical spacing ratio of three decreased as the loading angle became more vertically inclined. This response was not
observed when the interhelical spacing ratio was reduced to two. The peak pullout resistance of the helical piles was dependent
on the sample density with single-plated helical piles providing the most pullout resistance in the dense sand samples and the twoplated helical piles providing the most resistance in the loose sand samples. No significant difference in pullout resistance was
found between the single and two-plated helical piles thus suggesting that the single-plated helical pile was the most efficient
helical pile type. Horizontal deformation of the pile was predominant when the loading angle was ≤ 45o, while vertical deformation
predominated for loading angle > 45o. Rotation of the helical piles at peak resistance was largely observed in tests involving
loading angles of ≤ 45°. The experimental results demonstrated that the sand sample density was the most influential parameter;
with greater pullout resistance consistently achieved by the helical piles installed in the denser sand samples.
KEY WORDS: helical piles, inclined loading, centrifuge testing, pullout testing.
1

INTRODUCTION

To meet targets set by the European Commission on renewable
energy production many European Union member states have
increased their interest in offshore wind turbine developments
[1]. As demand rises for potential sites for offshore wind farms
it has become necessary to explore deep-water locations further
offshore to support ever larger turbines. Turbines positioned in
waters in excess of 35m depth cannot adopt the traditional
monopile foundation system as their length to diameter ratio of
five cannot be sustained at greater depths [2]. It is not
technically or economically viable to continue to expand the
diameter to maintain this ratio for installation. Therefore, a new
deep-water foundation system is required, and it is suggested
that helical piles can be one component of this solution [1].
Although helical piles were initially developed for relatively
low capacity removable foundation systems, their versatility,
good load carrying ability and ease of installation have
broadened their application [3]. The installation process is
quick and quiet and is more suitable to sensitive marine
environments compared to driven piles [4].
The offshore renewable energy industry has identified
geotechnical limitations of current foundation systems to be
one of the major challenges that must be overcome in order to
extend their operating depths [5]. However, offshore anchoring
foundation systems are subjected to strong pullout loading
during service originating from wind and wave loads.
Therefore, it is of great importance to investigate the resistance
of helical piles against typical offshore pullout loads.
Helical piles consist of a long cylindrical steel shaft with
helical plates connected at specified locations along the shaft
by welding. A typical helical pile is shown in Figure 1. Helical
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piles are installed by applying a torque at the head of the pile
so that pile rotation forces it into the ground. An axial load
applied to the tail of the pile, known as a crowd force, may also
be applied to assist the ease of installation.

Figure 1. Typical helical pile [8].
The majority of available literature relating to helical piles
focuses on purely axial and purely lateral loading conditions
[6,7,8,9,10,11,12,13]. The main aspect of those studies focused
on the failure mechanisms induced upon pullout and their
predictors based on geometric characteristics. Little
information is available on inclined pullout load in any soil
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type. Studies have discussed inclined pullout resistance at a 30°
loading angle but focuses primarily on the response to cyclic
loading [14]. Others have investigated the inclined pullout
resistance of grouted helical piles in sand and used non-grouted
(regular) helical piles as blank samples for comparative
purposes [15]. Helical piles did not form a primary part of that
study and are therefore discussed very little. Attaching helical
plates is known to improve pullout resistance [7,9,10] however
it is important that information is obtained on the performance
of helical piles under inclined load.
The aim of this study [16] was to investigate the behaviour
of helical piles subjected to inclined loading and to determine
the influence of the piles geometric parameters on their
performance.
2

A linear actuator was used throughout the centrifuge
experimental work to pullout the helical piles under inclined
load. The actuator consisted of a worm screw with attached
brass nut powered by a small stepper motor [17]. The actuator
had a capacity of ±2kN and a velocity range of ±10mm/sec.
The load passing from the actuator to the top of the screw
piles was measured by an inline compression/tension button
load cell with a capacity of 1kN.

METHODOLOGY

This experimental study used geotechnical centrifuge
modelling to measure the pullout resistance of verticallyinstalled piles under inclined pullout load.
IT Sligo Geotechnical Centrifuge
The geotechnical centrifuge at the Institute of Technology,
Sligo (ITS), illustrated in Figures 2 and 3, is a 9 g-tonne
machine with a maximum acceleration level of 300g and a
maximum rotational speed of 638 rpm. The centrifuge has a
0.75 m long beam rotor with two strongboxes at either end. In
the interests of safety, a 12 mm thick steel casing with an outer
diameter of 1.7 m surrounds the centrifuge.

Figure 2. IT Sligo geotechnical centrifuge [17].
The strongboxes currently in use are designed to carry a
maximum sample size of 300 x 180 x 100 mm and are safety
certified for a 6 g-tonne payload. The strongbox contains two
removable Perspex panels on each side which allow for image
capturing on either side of the soil sample in-flight. Also, for
this purpose a camera and light are fixed on a custom-built
bracket on the side of the strongbox.
A more specific discussion on the main features of the ITS
geotechnical centrifuge, including control and data acquisition
systems can be found in O’Loughlin et al. [17].

Figure 3. IT Sligo geotechnical beam centrifuge general
layout [17]
A digital camera was used during experimental testing to
monitor pile displacement and rotation. In this study a Veho
Muvi K2 Action Camera was selected for use inside the
centrifuge as it possessed features applicable for centrifuge
work. As the camera was designed for use in high velocity
environments, it was capable of functioning during high glevels. Problems were encountered when attempting a similar
procedure using a standard, commercially available camera that
was not designed for high velocity environments [18,19]. The
Veho camera also possessed the feature of wireless control via
the official Muvi app. This allowed real time footage of inside
the centrifuge to be viewed via a tablet or phone. The camera
could also be controlled by this app allowing zooms to be
altered, recordings to be switched on/off and intermittent
photos to be taken during testing. For all tests a continuous
video feed was recorded, allowing pertinent stills to be
extracted for post-testing analysis. The camera was fixed
securely to the strongbox using a steel frame and a fabricated
plastic bracket.
Videos of the helical pile movement during testing were
automatically recorded to the external memory port of the
camera. To allow pile displacements to be measured from
recordings, a 1mm thick Perspex film with an outlined grid was
placed on the inside of the strongbox Perspex window during
all tests. The film was held in place by connecting the edges to
the strongbox with strong adhesive tape. The thickness of the
lines forming the grid was the thinnest available line for
printing. The grid consisted of 10mm x 5mm rectangles. Post
testing analysis of still images and the determination of pile
displacements and rotations was undertaken in AutoCAD
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software. The scaling factors required to adjust the imported
stills to 1:1 were computed using the known dimensions of the
grid. Pile displacements were measured every 5 seconds after
loading and pile rotations were measured at the peak pullout
resistance and final position of testing.
Model helical piles
Helical pile models used in this study were hand fabricated
from stainless steel rods and plates. The helical plates were
manufactured by splitting a moulded stainless steel washer,
forming it into the required helical shape and gluing it to the
stainless-steel rod. A mould was used to form the helical shape
of the plate. This ensured the helical plates were consistent for
each of the piles used. All piles were 100mm in length
corresponding to a 5m long pile at 50g. The thickness of the of
helical plates was 1.5mm corresponding to 75mm at 50g and
had diameters of 16mm and 24mm corresponding to 800mm
and 1200mm at 50g respectively. The selected pile length was
influenced by boundary laws for geotechnical centrifuge
modelling which limited how close the pile could be positioned
to a boundary of the strongbox. Pilot holes were drilled through
the rods approximately 5mm from the top of the pile to provide
a connection point to the loading system. The parameters varied
included number of attached plates, size of attached plates and
shaft type. A list of the piles tested is given in Table 2. Images
of the helical piles are shown in Figure 4.
Table 1. Geometric variation of the helical piles at 1g
Pile No.

A
B
C
D
E

Shaft
diameter
1g (mm)
8
8
8
8
8
(a)

Plate
diameter
1g (mm)
16
16
16
24
24

No of
plates

(b)

(c)

0
1
2
1
2

Plate
spacing
(mm)
48
48

to the steel rods. The plates were attached to the steel rod using
the ultra-strength adhesive, Loctite 401. This method was
adopted after earlier efforts to construct a weld between the rod
and plate failed. No structural failure was observed at the
connections between the plates and the pile shaft using this type
of adhesive.
Sand properties
Congleton silica sand, supplied by Mineral Marketing Ltd, was
used in all tests in this study. The properties of the sand are
presented in Table 2.
Table 2. Properties of sand used in this study.
P
(0)
36.3

Plates were constructed into a helical pattern using a 3:1
(horizontal:vertical) pitch. This value was adopted to negate
elastic behaviour of the washer plates at lower pitch
dimensions. A 3:1 pitch ensured plastic deformation occurred
and no recoil movement followed during structural attachment
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(0)
7.6

min
(Mg/m3)
1.70

max
(Mg/m3)
1.48

CU

Cz

0.72

0.92

Sample preparation and installation of piles
All sand samples used in this study were prepared by the dry
pluviation technique. The target post-flight relative densities,
Dr, investigated were 60% and 80%.
After preparing the sand sample to the required density, the
helical piles were inserted into the sample by manually
screwing it into the sand bed at 1g. No crowd force was applied
to the top of the pile, rather the rotation of the helical plates
provided the force to install the helical piles into the sample.
This ensured that the manual screwing technique adopted was
repeatable. Verticality of the pile was ensured using a guide
stencil during installation. This guide rested between the
strongbox walls and allowed the pile to be screwed through a
designed opening.
To create an angled pullout mechanism a small pulley was
connected to the foot of the actuator behind which a steel cable
ran, Figure 5(a). Positioning the pile at specific distances from
the actuator allowed a range of load angles to be achieved.
However, with this experimental setup pile rotation and pile
displacement during testing may have altered the pullout angle
slightly. Loading angles discussed hereafter are assumed to be
initial loading angles. To achieve a purely lateral loading, 0°, a
second pulley was required in the equipment set up as
illustrated in Figure 5(b).
In this study each test configuration was conducted three
times and the peak pullout resistance taken as the average of
these three measured values. All piles were pulled out of the
sand at a constant rate of 1mm/second, which was used in
previous studies [12].
3

Figure 4. Helical pile models (a) plane pile, (b) pile with one
helical plate and (c) pile with two helical plates.

CV
(0)
30.2

EXPERIMENTAL RESULTS

A representative pullout resistance response for a target relative
density of 80% and pullout angle of 650 from the horizontal is
shown in Figure 6. Excellent repeatability was observed
between the three samples tested at this test configuration.
Overall good to excellent repeatability was observed in all tests
conducted in this study.
A clear reduction in peak pullout resistance was observed for
the plane pile and helical pile with 800mm diameter as the
angle of pullout moved from a predominantly horizontal angle
(0°) towards a vertical angle (90°), Figure 7(a). When the plate
diameter was increased to 1200mm the pullout resistance no
longer reduces with pullout load angle, Figure 7(b). The
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Pullout resistance reduced as the loading angle became more
vertically inclined, with minimum pullout resistance produced
for the purely vertical loading angle, 90° to the horizontal. This
trend was observed in both the 60% and 80% Dr samples,
Figures 9 and 10.
Figure 11 combines all the peak pullout resistance from the
plain, one- and two-plated piles measured during tests
conducted on helical piles with 800mm diameter plates. The
peak pullout resistance developed at each angle of loading
studied was dependent on relative density of the sand sample,
with higher pullout resistance generated in denser samples.
This was likely caused by the increased overburden stress,
developed from the increased sample density, acting across the
helical plates.

Peak Pullout Resistance (kN)

addition of a least one helical plate to the pile increased the peak
pullout resistance by about 30% over that observed for a plane
pile with no plate. The peak pullout resistance developed by the
one and two-plated helical piles were similar in all tests
conducted in this study.
An example, chosen at random, of the displacement and
rotation of a pile during testing is shown in Figure 8. Point A
was the initial position, Point B was the position at maximum
capacity and Point C was the final position of the pile when the
test was terminated.

(a)

0 Plates

1000
900
800
700
600
500
400
300
200
100
0

1 Plate
2 Plates

0

30

45

65

90

Loading Angle from the Horizontal (degrees)

(b)
Figure 5. Pulley system for (a) inclined loading and (b)
horizontal loading.

Pullout Load (kN)

800
600

1000
900
800
700
600
500
400
300
200
100
0

0 Plates
1 Plate
2 Plates

30

65

Loading Angle from the Horizontal (degrees)

400
Test 1- 82 % Dr
Test 2- 81 % Dr
Test 3- 83 % Dr
Peak Loads

200

(b)

0
0

10

20

30

Time (sec)
Figure 6. Relationship between pullout load and time for a
helical pile with one, 800mm diameter, plate at a load angle of
650, in a 60% Dr sample.
4

Peak Pullout Resistance (kN)

(a)

DISCUSSION

The greatest pullout resistance developed by helical piles were
produced under horizontally applied load (0° loading angle).

Figure 7. Relationship between peak pullout resistance and
loading angle for helical piles with (a) no plate and 800mm
diameter plates installed in 80% Dr samples and (b) 1200mm
diameter plates installed in 60% Dr samples.
Figures 12 and 13 present the rotation and vertical and
horizontal displacements for each of the angles studied on
helical piles with 800mm diameter plates. The horizontal
displacements were generally larger in tests involving
predominantly horizontal loading angles (loading angles less
than 45°), and vertical displacements were larger for tests
involving predominantly vertical loading angles (loading
angles greater than 45°).
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0 Degrees
45 Degrees
90 Degrees
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200
0
0

1

2

No. of Helical Plates (units)

Figure 8. Displacement and rotation of a sample helical pile to
inclined loading.
0 Degrees
45 Degrees
90 Degrees

800
600
400
1:1

200

1:1.5
0
0

200

400

600

600

Figure 11. Influence of sand relative density on peak pullout
resistance.

400

0 Degrees

30
200

0
0

1

2

No. of Helical Plates (units)
Figure 9. Relationship between peak pullout resistance and
number of helical plates for helical piles with no plate and
800mm diameter plates installed in 60% Dr samples.
Increasing the plate diameter, from 800mm to 1200mm,
resulted in an increase in pullout resistance. Increasing the plate
diameter also disrupted the trend previously observed in which
inclined pullout resistance reduced as the loading angle became
more vertically inclined. The larger area of the plate developed
increased bearing resistance, an important form of resistance
for vertical loading conditions. This helped the helical piles
generate a more consistent resistance across each of the loading
angles studied. The large-plated helical piles provided greater
pile anchorage in the sand sample and caused the piles to
undergo rotational movement and translational displacement
upon loading.
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800

Peak Resistance (kN), 60% Dr

Pile Rotation at Peak
Resistance (degrees)

Peak Resistance (kN)

800

30 Degrees
65 Degrees

Peak Resistance (kN), 80% Dr

Figure 10. Relationship between peak pullout resistance and
number of helical plates for helical piles with no plate and
800mm diameter plates installed in 80% Dr samples.

30 Degrees

25

45 Degrees
20
15
10
5
0
0

1

2

No. of Helical Plates (units)
Figure 12. Pile rotation at peak resistance for helical piles with
no plate and 800mm diameter plates installed in 60% Dr
samples.
Where two plates were attached to the pile the the inter-helix
spacing ratio (defined as the ratio of plate diameter to plate
pitch) reduced from three with the 800mm diameter plates to
two with the 1200mm plates. Helical piles with an inter-helix
spacing ratio of two are prone to an individual plate bearing
failure mechanism [3,11,12]. This failure mechanism assumes
each plate contributes individually to the overall pullout
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Vertical Displacements at Peak
Resistance (mm)

resistance of the helical pile. For the helical piles with 1200mm
diameter plates (inter-helix spacing ratio of three) no additional
resistance was observed from the provision of the second large
helical plate. This suggested that the individual plate bearing
failure mechanism was not employed and that a cylindrical
shear failure mechanism was mobilized [12].
1500
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ABSTRACT: There has been significant reductions in the cost of developing Offshore Wind Turbines (OWTs) over the past few
years. In favourable locations - with high wind speeds, shallow water depth <35m and stiff soils – the cost of developing OWTs
is now competitive with traditional forms of fossil fuel electricity generation. In order to ensure offshore wind remains competitive
at less favourable sites, further research is required to optimise the structural design and lifetime of the structure. The largest
uncertainty with respect to modelling the dynamic response of an OWT typically relates to the geotechnical design. Accurate
modelling of geotechnical behaviour and soil-structure interaction (SSI) of an OWT is essential to providing an optimised design.
This paper compares a state of the art SSI approach utilising advanced 3D Finite Element (FE) modelling with traditional soil
spring p-y approach and assess the impact of modelling approach on the foundation stiffness and natural frequency of the OWT
structure.
KEY WORDS: Monopiles; Offshore Wind; Soil-Structure Interaction.
1

INTRODUCTION

Offshore Wind Turbines (OWTs) are most commonly
supported on Monopile foundations, which account for more
than 80% of all OWT substructures installed in Europe to date.
Monopiles are single large diameter (up to 10m) open-ended
tubular steel piles, usually driven into the sea bed, which rely
on the stiffness and strength of the surrounding soil to provide
resistance against large environmental loads. OWT’s founded
on monopiles are typically designed as “soft-stiff” structures,
where the fundamental natural frequency of the structure lies
between the excitation frequencies corresponding to one full
revolution of the turbine (1P) and of each turbine blade passing
the tower (3P) [1]. In most practical situations, considerations
of the dynamic response and natural frequency of the OWT
structure will govern the monopile diameter [2].
The industry standard approach for the geotechnical
design of monopiles in Europe are those recommended by Det
Norske Veritas - Germanischer Lloyd (DNV-GL) [3], which
are based on American Petroleum Institute (API) design
guidelines [4] originally intended for oil & gas jacket piles.
Both methods use a decoupled Winkler beam approach [5]
where the lateral soil reaction is described by non-linear ‘p-y’
springs. The methods were calibrated using a limited number
of pile tests performed on slender jacket piles with diameters
less than 1m, and are now recognized as being unsuitable for
predicting the response of large diameter monopiles [3].
Kallehave et al. [6] presented Nacelle measurements from
OWT’s at the Walney offshore wind farm to show the
measured fundamental frequencies were significantly higher
(≈5 – 7%) than best-estimate predictions using the traditional
API/DNV p-y approaches in sand. The difference between the
measured and calculated natural frequency was attributed to the
DNV method underestimating the soil-stiffness, particularly at
low strain levels which are relevant for fatigue loading on large
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diameter monopiles. In recent years, a number of modifications
to the DNV approach have been proposed and are now being
used in monopile design practice (Kallehave et al. 2012 [6] ,
Kirsch et al. 2014 [7] and others). Recent updates to the DNVGL guidelines [3] have added text suggesting 3D Finite
Element analysis should be used to verify the monopile
response, although no guidance on how this should be
performed is provided.
Recent research ([2], [8], [9] and [10]) has attempted to
address some of these issues by validating FE modelling
approaches against high quality large scale field testing, and
there is significant research effort in this area currently
ongoing. This paper compares the dynamic response of an
OWT structure where the below ground pile-soil behaviour was
modelled using (i) the conventional DNV ‘p-y’ approach and
(ii) an advanced in-situ calibrated 3D FE geotechnical design
approach. The difference in stiffness between the two
approaches is compared and the outputs were used in separate
dynamic wind turbine models to assess the effect on the overall
structures fundamental natural frequency.
2

MODELLING
Site Location, Pile Geometry and Loading Conditions

Soil profiles from an offshore wind development zone in the
Netherlands, referred to as Holland Kust (Zuid), was chosen
due to the public availability of the soil profile information and
geotechnical testing reports. Following a careful review, the
HKZ2_BH03 location was deemed to be representative of a
typical North Sea medium dense to dense sand site. The Cone
Penetration Test (CPT) profile from the site is shown in Figure
1 below. All soil parameters required for both the DNV/API
approach and the 3D FE modelling were derived from the CPT
profiles following the method defined by [2]. Based on the
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mean sea level at the location a water depth of 30m was selected
for analysis.
For the purposes of modelling the below mudline pile
response, an initial approximate monopile geometry for the site
was estimated as 7m in diameter, 28m embedment with a
constant 70mm wall thickness below mudline. The geometry
was chosen based on authors experience of designing of
monopiles at similar locations. Above the mudline, the
monopile and wind-turbine geometry were developed based on
a 5MW reference turbine as defined by the NREL (Jonkman et
al. [11]). The tower properties were modified (stiffened) to
account for the 30m water depth as compared with the 20m
water depth defined in [11]. The above mudline monopile and
tower properties are shown in Figure 3.
For this initial study, a fatigue damage equivalent
horizontal load, H, of 4000kN was estimated (based on the
authors experience) to act at an eccentricity, e, of 40m above
mudline. It should be noted that this load is much lower than
the ultimate limit state (ULS) extreme load which may be
experienced by the monopile, but is deemed representative of
typical operational loads acting over the lifetime of the
structure.

Estimation of natural frequency
For this study, a simplified approach, proposed by Arany et al.
[13], was used for estimating the first natural frequency of the
OWT structure. The approach is based on the simple cantilever
beam formula, and applies modifying coefficients to take
account of the foundation flexibility. The first natural
frequency of the OWT structure, f0, can be calculated as:

𝑓0 = 𝐶𝐿 𝐶𝑅 𝐶𝑆 𝑓𝐹𝐵

(1)

where CL and CR are the lateral and rotational flexibility
coefficients and Cs is the structural flexibility coefficient and
fFB is the fixed base cantilever natural frequency of the tower.
In order to calculate CL and CR it is necessary to derive the pile
head stiffness (K) matrix at mudline as shown below:

Monopile Finite Element Modelling
The 3D FE modelling was undertaken using a static analysis in
Plaxis 3D 2017 software. The pile was modelled in half space
to reduce computation time (Figure 2). After a sensitivity
analysis to optimize the model geometry, the boundaries were
set at ±60m in the y-axis (direction of loading), 0 to +30m in
the x-axis and +40m to -50m in the z-axis (with mudline
defined at +0m). The soil elements were modelled as ten-node
tetrahedral elements. The pile wall was modelled using sixnode plate elements with interface elements added to allow a
reduction in interface shear strength by a factor, Rinter, of 0.7.
The pile plates were modelled as linear elastic elements with a
Young’s Modulus of 210 GPa, Poisson’s ratio of 0.3 and a unit
weight of 77 kN/m3. The Hardening Soil with small strain
stiffness model (HSS) as defined by Schanz [12] was used to
define the soil response. All the required soil parameters for this
model were derived from the CPT profile following the
procedure defined in [2], which has been validated against a
suite of monopile field tests. Once the 3D FE analysis was
successfully completed, the soil reactions were extracted using
the procedure described in [2]. A summary of the soil input
parameters is provided in Table 1.
For comparison with the 3D FE, the DNV ‘p-y’ approach
was also considered (for brevity, details of the formulation of
DNV approach will not be discussed in this paper). To
summarize the approach taken, the DNV cyclic p-y curves were
applied in a Winkler beam model using a static solver
developed in Matlab (similar to the commonly used
commercial LPile software). Under the applied fatigue loading
(H=4000kN), the displacement profile and secant stiffness of
each non-linear p-y soil spring was then output from the
monopile model for comparison with the 3D FE approach.

Figure 1: CPT Profile from HKZ2_BH03

Table 1: Summary of Plaxis soil input parameters
Top
Depth
[m]

E50,ref

Eoed,ref

Eur,ref

m

ɸ'

ψ'

[kPa]

[kPa]

[kPa]

[-]

[°]

[°]

0

93246

58253

279738

0.5

43.2

14.0

4

125868

77228

377604

0.5

44.1

15.1

7

146607

91462

439821

0.5

43.2

14.1

10

169413

104912

508239

0.5

43.6

14.5

17

191225

117960

573676

0.5

43.8

14.7

23

223015

145851

669044

0.5

40.8

11.0

33

264797

185994

794390

0.5

37.1

6.3
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Figure 2: Plaxis 3D model mesh and geometry (deformations
scaled x20)

Figure 4: Monopile Foundation Stiffness Coefficients (after
Arany et al. [13])

[

𝐹𝑦
𝐾
]=[ 𝐿
𝐾𝐿𝑅
𝑀𝑥

𝐾𝐿𝑅 𝜌
][ ]
𝐾𝑅 𝜃

(2)

where Fy and Mx are the lateral force and overturning moment
at mudline, KL is the lateral spring, KR is the rotational spring
and KLR is the cross coupling spring, ρ is the displacement and
θ is the rotation at mudline.
The foundation stiffness matrix is calculated from the
1D Winkler beam model of the foundation. The K L term is
calculated by fixing the pile head rotation, θ = 0, and applying
the lateral force. KL can then be calculated as:

𝐾𝐿 =

𝐹𝑦

(3)

𝜌

The KLR cross coupling term can then be calculated by diving
the moment required to fix the pile head rotation, Mθ=0, by the
displacement.

𝐾𝐿𝑅 =

−𝑀𝜃=0
𝜌

(4)

Figure 3: Above mudline pile diameter and wall thickness
The KR term is calculated by fixing the pile head deflection, ρ
= 0, and applying the overturning moment. KR can then be
calculated as:
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𝐾𝑅 =

𝑀𝑥

(5)

𝜃

Once the K matrix is derived, the flexibility coefficients CL, CR
and CS can be calculated based on the geometry and mass of
the structure. The exact details of the calculation procedure can
be found in Arany et al. [13].
3

RESULTS

The displacement and linearized stiffness profiles, output from
the 3D FE and DNV p-y static loading analyses are shown in
Figure 5 and Figure 6. It is evident that the 3D FE provides a
stiffer pile response, with the 3D FE analysis shows 30% lower
displacement under the applied load of 4000 kN. The secant
stiffness values from the 3D FE is significantly higher than the
DNV model near the pile toe, due in part to the 3D FE models
ability to capture the pile toe shear response.
The pile head stiffness matrix components derived
from the separate analyses are provided in Table 2. It is evident
that the lateral spring KL is 64% stiffer and the rotational spring
KR is 30% stiffer from the 3D FE analysis compared with the
DNV p-y approach.
Table 2. Pile Head Stiffness Matrix Components.
Spring
KL
KLR
KR

3D FE
4.57E+06
-2.99E+07
3.64E+08

DNV
2.79E+06
-2.10E+07
2.80E+08

Figure 6: Linearized Spring Stiffness from Static Monopile
Models

% Diff
64%
42%
30%
4

Calculations of the natural frequency of the OWT system using
the above stiffness matrix components suggest a 4.4% increase
in first natural frequency using values from the 3D FE approach
(0.226 Hz) when compared with the DNV p-y approach (0.217
Hz).

CONCLUSIONS / FUTURE WORK

The results of this study show that using a state of the art 3D
FE approach to model the soil-structure interaction of a
monopile can provide a notably stiffer response when
compared with a traditional DNV p-y model approach. The 3D
FE analysis demonstrated reduced displacements and a higher
natural frequency response of the OWT structure. Even a small
increase in natural frequency can result in significantly reduced
structural fatigue over the lifetime of the structure. Therefore it
is imperative to accurately model the monopile response in
order to optimise the foundation and tower for the OWT.
Further research is ongoing at the Trinity College Dublin
offshore research group to optimise the foundation and tower
design of OWTs. Work is currently underway to improve the
accuracy of the natural frequency calculations using a dynamic
modelling approach where the wind turbine structure will be
modelled using a multibody approach following Kane’s
method [14].
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ABSTRACT: Previous ground investigation data is a valuable resource when evaluating geotechnical issues on existing or
prospective sites. The Geological Survey of Ireland (GSI) has, over many years, compiled a geotechnical borehole database and
provides a short synopsis of the borehole records via their map viewers and also to numerous scanned copies of the original reports.
Many recent ground investigations are compiled using the Association of Geotechnical and Geoenvironmental Specialists (AGS)
common format for electronically organising geotechnical data in order to facilitate data sharing. This data format can be used by
specialist software packages to allow for quick and efficient processing of the ground investigation information. The GSI funds
research to develop the TAGS (Tool for AGS) project to create an interface between the existing GSI Geotechnical Database and
the AGS format following demand from the geotechnical engineers. This paper describes why the AGS data format is valuable to
geotechnical designers, how the information can be made available in AGS format via the GSI online viewer and suggests how
the AGS format can be more widely used in Ireland.
KEY WORDS: AGS; GSI; Borehole Database; Geotechnical Online Viewer.
1

INTRODUCTION

for the adoption of AGS data in geotechnical engineering.
Chandler (2015) described a recent case study of the Silvertown
tunnel project in London where the availability of previous
ground investigation in AGS format resulted in a targeted
ground investigation which saved the Client approximately
£100,000 in ground investigation costs. The greater availability
of digital logging tablets can result in quicker and more
efficient data transfer between contractors and designers. The
data can be stored in a BIM environment where modifications
to a borehole database can be instantly transferred to 3D
models, allowing for easier interpretation of the borehole
findings. The use of the AGS format is particularly useful for
larger projects and is ideally suited to linear infrastructure
projects such as roads, rail, tunneling and drainage projects.
Chandler (2015) outlined how the use of AGS data format for
the HS2 project in the UK was streamlining the data flow
between the production of the data by ground investigation
contractors and the end users of the data (Figure 1) with an
important validation buffer between the parties.

The AGS data format was established in 1992 by Association
of Geotechnical and Geoenvironmental Specialists (AGS) as a
standard method for transferring data between industry
organisations, which is independent of software, hardware or
operating system. The AGS data format is widely used for
ground investigations in Ireland and the UK with an increasing
number of countries worldwide regularly using the format.
However, the format is typically only used by ground
engineering professionals and the Geological Survey of Ireland
(GSI) uses alternative data formats for their software platforms
to store and manage data. In order to enable data sharing
capacity in the AGS format, the GSI commissioned Gavin and
Doherty Geosolutions (GDG) to provide solutions for hosting
and exporting AGS format data from the National Geotechnical
Database (TAGS project). This paper presents an overview of
data sharing in ground engineering, the survey results of the
AGS data usage in Ireland, the solutions proposed by TAGS
project on hosting and generating AGS files based on GSI
database, and the impact as well as outlooks for the TAGS
project.
2

BACKGROUND

Previous ground investigation (GI) data is a valuable resource
when evaluating geotechnical issues on existing or prospective
sites. Efficient, economical and reliable data transferring
method plays a crucial role in modern geotechnical engineering
practice and is demonstrated by the increasing adoption of
Building Information Modelling (BIM) in civil engineering
projects. The use of digital data could unlock the collaboration
challenge between the clients, principal contractors and
specialists (Smith, 2017). The speed of delivery of GI
information and ability for end users to manipulate the data
without a reduction in quality of the information is a key driver

Figure 1. Management of data for HS2 (Chandler, 2015).
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Development of AGS data format
During the 1980s there was a proliferation of software systems
and data formats for site investigation. The need for standarised
data transfer and storage of site investigation information was
recognised and a Working Group was established in 1991 to
develop the AGS data format. The AGS data has been
developed over three decades from AGS 1 (03/92) (Bland,
2014) to AGS 4.0 and has become a prevailing data format for
ground investigation data transfer. The ease of use of the AGS
data files is dependent on the quality of the data entry.
Technically, all AGS files should:
• Follow the AGS rules, and
• Be validated before publishing using readily
available AGS file validation software.
There have been many problems with older files such as
corrupted file and unvalidated data (Entwisle & Self, 2018).
However, the quality of AGS data from Irish Contractors has
improved with time although files are not always fully
validated and some end-user corrections are often required,
depending on software compatibility. A survey of ground
engineering practitioners by the UK magazine ‘Ground
Engineering’ suggested that ‘Sharing and knowledge transfer’
and ‘Quality control’ are the two most significant inhibitors
towards using digital data (Figure 2).

Figure 3. BGS provides download for AGS data files via
Deposited Data Search.
Laboratory results and AGS
The AGS format is also used to capture laboratory results with
data linked to the sample codes in the borehole logs. Some
software packages have the facility to send and receiving Chain
of Custodies and Laboratory Test Schedules between the
designer and contractor, maintaining the fidelity of the AGS
data format through the ground investigation phase.
Geochemical data can be provided in AGS format and
integrated into mapping software for identifying the locations
of exceedances.
3

The GSI serves as a national earth science knowledge centre
hosting a geotechnical borehole database and providing access
to borehole records and original reports. The database holds
approximately 135,000 borehole records, dating back over
sixty years. The database is stored on an Oracle platform with
a bespoke filing system. Data is manually entered into the
database by the GSI. The red polygons outlining the ground
investigation are generated by the GSI during the data entry
process (Figure 4).

Figure 2. Results of digital data survey published by Ground
Engineering (2017).
AGS data and the British Geological Survey
The British Geological Survey (BGS) has designed the
relational database for the UK national geotechnical data based
on the AGS industry standard for AGS 3.1 (BGS, 2017). AGS
digital data transfer format can be quickly added without
transcription errors compared to the traditional method of
adding data from paper records. The BGS provides AGS data
uploading, integration to the relational database, and
downloading services (Figure 3). Data were originally typed
into the database from paper records, a slow and laborious
process, but now a majority added are from AGS digital data
transfer format files, most notably from the Highways Agency
Geotechnical Data Management System (HA GDMS). With an
increasing drive towards asset management and extending the
design life of asset portfolios, having an understanding of the
ground conditions is a key component of what future
maintenance may be required. The BGS connect and BGS AGS
support were integrated in Keynetix Holebase SI, where
Holebase SI users would be able to find and download mapping
and AGS data held at the BGS using the mapping interface.

Figure 4. Extract from the GSI Borehole online map viewer.
The majority of the data stored on the database is collated
from the Dublin region and it has been possible to generate
2
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useful information on the depth to bedrock and 3D stratigraphy.
GOLDMINE is a GSI repository of scanned documents, in
particular old maps and ground investigation reports.
The GSI sought to explore how to provide AGS data to serve
the ground engineering community and also to take advantage
of the increasingly availability of digital data and streamline the
population of the Irish National Geotechnical Database. The
development of a Toolkit to manage AGS data for geotechnical
usage (TAGS) project provided solutions for hosting AGS files
to be viewed and downloaded in their original formats as well
as developed an AGS 4.0 data file generation tool from the GSI
Geotechnical Database which would enable downloading AGS
4.0 ground investigation file via GSI Online Map Viewer. A
simplified AGS data flow in Ireland is illustrated in Figure 5.

Figure 6. Data transfer for ground investigations without
laboratory test scheduling in AGS data format.

Figure 5. Simplified AGS data flow in Ireland.
4

SURVEY ON AGS USAGE IN IRELAND

The targeted audience of the survey on the AGS data usage in
Ireland is GI contractors. The survey was structured with an
emphasis on ground investigation data production and transfer
by the Irish GI contractors in AGS formats. Informal
discussions with leading ground investigation contractors and
our experience processing AGS files resulted in the
development of the survey. Illustrations of data transfer for
ground investigations with Excel and with AGS laboratory test
scheduling are presented in Figure 6 and Figure 7, respectively.
Scheduling laboratory tests in AGS formats could be more
efficient in the final AGS data production with fewer
reformatting errors and compatibility issues. The compatibility
issues with AGS files generated from different software
packages was considered in the design of the survey by
gathering the software information used by Irish GI contractors
in AGS data production and management.

Figure 7. Data transfer for ground investigations with
laboratory test scheduling in AGS data format.
Survey results
The survey was sent to 12 Irish GI contractors with seven
completed survey results. Fortunately, the seven respondents
represent some of the larger ground investigation firms and
would account for a significant market share. The survey
indicates that contractors issue AGS ground investigation data
as part of the ground investigation contracts (Figure 8). Popular
AGS data management software packages (Figure 9), including
Holebase SI, KeyLab, GEODASY and gINT, are used in
Ireland, of which 71.4 % are on ongoing maintenance contracts
with the service provider and 28.6 % have the AGS data
production software upgraded carried out before more than four
years by the time of the survey.
Six of the seven contractors are able to provide the GI AGS
data in AGS 4.0 formats, however the version of AGS data is
usually defined by the end-users. Both AGS 4.0 and AGS 3.1
are prevalent at data production stage.

Survey structure
A survey on the AGS data usage in Ireland has been issued to
the ground investigation contractors in Ireland. The current
usage of AGS formatted ground investigation data by Irish GI
contractors in Data Production, Data Management, Laboratory
Test Scheduling, Data Supply, Data Donation to GSI during the
process illustrated in Figure 6 and Figure 7 have been
incorporated in the design of the survey.
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geotechnical ground investigation data within the ground
engineering community (contractors, laboratories, clients,
design and consultancies, etc.). Two parallel implementations
were carried out to enable GSI to host donated AGS files as
well as to export AGS files from the GSI National Geotechnical
Database.
AGS data file hosting on GSI database
Possible approaches to host AGS data files on the GSI database
were explored. The donated AGS data files were proposed to
be hosted on the GSI OnLine Document, Maps and
InformatioN Explorer (GOLDMINE) and the meta data for the
AGS data files would be used to populate the GSI Geotechnical
Database with uniform resource locators (URLs) created and
stored in the database as links with which the original AGS data
files can be downloaded from the GSI Geotechnical Online
Map Viewer (Figure 10). The file name of the donated AGS
data would be hard-coded as a unique identifier on
GOLDMINE.

Figure 8. Frequency of GI contractors supplying AGS data as
part of the GI contract.

Figure 9. AGS data management software packages used by
Irish GI contractors.

Figure 10. Flowchart illustration for hosting donated AGS
data files in GSI database.

Similarly, five of the contractors manage the laboratory tests
in AGS with AGS software packages, e.g. GEODASY and
KeyLAB. However, only one of the contractors has scheduled
laboratory tests in an AGS file from a consultant. The dominant
approach to issue laboratory test schedule templates in Excel
format and the test requirements are added by the client to the
Excel Sheet. Compatibility issues were encountered while
scheduling laboratory tests in AGS format, and one contractor
developed a system by integrating KeyAGS and Excel for
better performance.
All the of the contractors gave positive answers on their
willingness to donate the AGS data files to GSI to improve the
National Geotechnical Database, although only one of the
contractors has donated AGS data files to GSI. Confidentiality
and copyright of the data pose as the main concern from
donating the data since the ground investigation data obtained
by GI contracts should be considered the property of the Client.
Future improvements for GI data transfer and share in Ireland
were proposed by training on AGS data file production,
guidance on laboratory testing management using AGS data,
workshop between contractors and consultants on the AGS data
format usage. One contractor noted that integrating AGS more
routinely into the GI workflow would ease fundamental issues
such as Bill of Quantity measurements. The contractor was
actively exploring using digital logging software in the field to
improve how data is captured.
5

AGS 4.0 file export tool
The common practice of downloading and re-using the
geotechnical investigation data stored on the GSI Geotechnical
Database is by downloading the ground investigation report
(Figure 11) including the borehole logs and laboratory tests in
portable document format (PDF) and transferring the
information manually to editable formats, e.g. Excel or AGS.

Figure 11. Ground investigation report example on the GSI
Geotechnical Online Map Viewer.
The TAGS project developed a tool by querying the ground
investigation data stored on the GSI Geotechnical Database,
mapping the data into its corresponding fields in AGS 4.0 data
format, and exporting the information into AGS 4.0 data files.
The structure of a subset of the GSI Geotechnical Database

TAGS PROJECT

The TAGS project was commissioned and financially
supported by GSI within the scope of the GSI Information
programme to increase the accessibility and re-usability of
4
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containing borehole information is presented in Figure 12. Nine
tables from five schemas (sets of objects) were used to export
AGS 4.0 formatted ground investigation (borehole) data. GDG
compiled the data mapping from the GSI Geotechnical
Database to the AGS 4.0 Data format for borehole logs. The
mapping between the AGS groups and GSI database tables is
listed in Table 1. Five AGS groups (PROJ, UNIT, ABBR,
LOCA, GEOL) were populated based on the GSI database, and
two groups (TRAN, TYPE) were hard-coded since the TRAN
and TYPE information is not project-specific. The ABBR
group in the AGS format was compiled from the LOOKUP
tables. All of the FILE_FSET fields were hard-coded as blank
for the current tool. 27 GSI database fields are matched to the
62 AGS 4.0 format fields within the five AGS groups for
borehole log information.
Figure 13. GDG AGS 4.0 file generation tool.

Figure 14. Illustration for hosing the TAGS tool on the
Geotechnical Online Viewer.
Table 1. Mapping between AGS 4.0 groups and GSI database
tables.
AGS
4.0
Group
PROJ
PROJ
PROJ
PROJ
PROJ

AGS 4.0
field

GSI DB
schema.table

PROJ_ID
PROJ_NAME
PROJ_LOC
PROJ_CLNT
PROJ_CONT

GEO.RPT
GEO.RPT
GEO.RPT
GEO.RPT
GEO.RPT

GSI DB
field

REPORTID
PROJECT_TITLE
PROJ_ADDRESS
CLIENT_COMPANY
INVESTIGATING_COM
PANY
PROJ
PROJ_ENG
GEO.RPT
CONSULTING_ENGIN
EER
PROJ
PROJ_MEMO
GEO.RPT
COMMENTS
UNIT
UNIT_UNIT
BH.BH
UNITS
UNIT
UNIT_DESC
LU.UNT
UNITS
LOCA
LOCA_ID
BH.BH
BORID
LOCA
LOCA_TYPE
BH.BH
INVTYPE
LOCA
LOCA_NATE
LOC.LOC
EASTING
LOCA
LOCA_NATN
LOC.LOC
NORTHING
LOCA
LOCA_GL
BH.BH
GROUDELEVATIONO
D
LOCA
LOCA_REM
BH.BH
COMMENTS
LOCA
LOCA_FDEP
BH.BH
DEPTH
LOCA
LOCA_STAR
BH.BH
STARTDATE
LOCA
LOCA_PURP
BH.BH
OWNER
LOCA
LOCA_ENDD
BH.BH
FINISHDATE
LOCA
LOCA_DATM
BH.BH
DATUM
LOCA
LOCA_OFFS
BH.BH
SURFACEOFFSET
GEOL
LOCA_ID
BH.LOG
BORID
GEOL
GEOL_TOP
BH.LOG
DEPTHTOP
GEOL
GEOL_BASE
BH.LOG
DEPTHBASE
GEOL
GEOL_DESC
BH.LOG
LAYERCOMM
GEOL
GEOL_GEOL
BH.LOG
MAJOR_LITH
GEOL
GEOL_GEO2
BH.LOG
MINOR_LITH
where DB = database, GEO = GEOTECH, RPT = REPORTS, BH =
BOREHOLE, LU = LOOKUP, UNT = UNITS, LOC = LOCATION.

Figure 12. Relational tables for AGS 4.0 data file generation
in GSI Geotechnical Database.
The GDG AGS 4.0 file generation tool was coded in
Python 3 (Figure 13) and can be hosted in the GSI Geotechnical
Online Map Viewer (Figure 14) at the next upgrade.
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(1) Make the AGS data format more available for
consultants for Irish projects. This involves
advertising how this data format can be used to
develop ground models and avoid or mitigate
geohazards earlier in the design process. Feedback
from contractors and the Geotechnical Society of
Ireland suggests that the AGS format is underutilised.
(2) The tool developed by GDG will be tested and
integrated on the GSI servers and the new online map
viewer which enables the availability for the wider
community to download AGS compatible data.
(3) The methodology could be reverse engineered for
receiving AGS data files and populating the GSI
Geotechnical Database. A series of protocols will be
required to ensure that the AGS files provided to the
GSI will be easily imported. These protocols would
ideally follow the AGS 4.0 rules and be of benefit for
all users.
(4) The LOOKUP tables of the GSI Geotechnical
Database could be mapped to the AGS standard
abbreviations in the generated AGS data files,
providing greater alignment of the GSI generated
AGS data with the AGS 4.0 abbreviation standard.
(5) Natural Language Processing could be used to analyse
the layer comments for geological description and
assign the standard AGS geology code in the
generated AGS data files. At present, the AGS user
will be required to define the geology codes within the
AGS software package.
(6) Some limited information on geotechnical tests (insitu and laboratory) are available in the GSI database.
Future developments of the tool could incorporate this
data for export in the AGS data files.
(7) Along with the ground investigation data sharing in
AGS format, the tools and platforms developed would
be open-sourced for generating end-user customised
queries.

Impact of the TAGS project
The TAGS project explored the means to increase the
accessibility and re-usability of geotechnical ground
investigation data by hosting the donated AGS data files on the
GSI GOLDMINE and providing the access for the borehole
information stored in the National Geotechnical Database in
AGS 4.0 data format. The TAGS survey results suggest that
Irish GI contractors are generally willing to donate the AGS
ground investigation data files to GSI. The AGS files will
expand the coverage of the National Geotechnical Database
quickly and reliably as well as increase the efficiency and
quality of transferring and reusing the geotechnical
investigation data.
By accessing and exporting from the GSI National
Geotechnical Database, minor improvements were made to the
database in terms of the comment fields and unit consistency.
Line feed and cartridge returns were commonly used in the
comments fields, such as GEO.RPT.COMMENTS,
BH.BH.COMMENTS, and BH.LOG.LAYERCOMM, which
poses difficulties in transferring these fields into the AGS
format and had to be replaced throughout the GSI database.
Some other issues were found, such as the unit caseinconsistency in BH.BH and in LU.UNT fields. The TAGS
project provided an opportunity to check the GSI Geotechnical
Database based on the AGS industry standard.
The ground investigation data held by the GSI is a valuable
resource for the geotechnical industry. Transferring borehole
data in AGS format allows the industry to share and re-use the
ground investigation data more efficiently and reliably. The
AGS data can be loaded into a range of software packages
leading to quicker test result plotting, two-dimensional crosssection logging and three-dimensional geological modelling
which can be a subsurface component for BIM. It is noted that
the responsibility for verifying the data, assessing the quality of
the data sources and developing a suitable ground model will
remain with the designer.
Quality constraints of the TAGS project
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We thank the Geological Survey of Ireland Research
Programme for financially supporting the TAGS project and
providing permission to publish these interim results. We are
also grateful to the respondents to the survey which is useful
for highlighting the current status of AGS data usage in Irish
ground investigations.
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Geosynthetic reinforcement for unpaved roads – recent experience
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ABSTRACT: Modern geosynthetic materials, including geotextiles and geogrids, are often used to generate savings in materials
and time on construction projects. Geosynthetics are used as reinforcement and separation membranes for unpaved roads that are
supported by low strength or unsuitable subgrades. When geosynthetics are used, unsuitable subgrades can be left in place and
reduced thicknesses of road base are required. This paper reviews the design methods currently used to build geosynthetic
reinforced unpaved roads and documents the validation of these design approaches. A number of recent case histories of projects
in the UK and Ireland are outlined, showing the use of geotextiles and geogrids to reinforce unpaved roads founded on peat,
alluvial soils, and low strength glacial tills. The cost savings achievable are commented upon and the results of performance
monitoring over time are presented. The overall aim of the paper is to show how geosynthetic reinforcements can be efficiently
utilised in unpaved access roads over unsuitable subgrades, leading to savings in materials, time, and reduced environmental
impacts.
KEY WORDS: Geosynthetics; Reinforced soil; Unpaved roads; Temporary works; Geotechnical engineering.
1

INTRODUCTION

Geosynthetic materials, including geotextiles and geogrids,
have been in common use on construction sites since the 1970s
and their use often results in savings in materials and time. One
area where extensive use is made of geosynthetics is the
reinforcement of unpaved roads, often for temporary access
purposes, over low strength or otherwise unsuitable subgrades.
By allowing the unsuitable subgrade to remain in place and
allowing for reduced road thicknesses, the appropriate use of
geosynthetics can lead to substantial reductions in the cost and
environmental impact of such unpaved roads. Other benefits
include the reduction of rutting and increased road service life.
Unpaved roads are generally constructed by placing one or
more layers of high quality granular fill material, either natural
gravel, crushed rock, or crushed construction and demolition
waste, over a natural subgrade. The natural subgrade may have
been stripped of topsoil or not. When specified, one or more
layers of geotextile or geogrid are placed between the subgrade
and the granular fill. These geosynthetics can act as separators
and reinforcements. A typical reinforced unpaved road cross
section is shown in Figure 1.

Figure 1. Typical unpaved road cross section.

2

DESIGN OF UNPAVED ROADS
Introduction to design methods

Many design methods have been proposed for unreinforced and
reinforced unpaved roads over the years. A significant body of
field test data, where unreinforced unpaved roads and airfields
were tested under known loadings, was published in 1970 [1],
and various authors have developed design methods based on
these and other data [2,3,4,5,6,7].
Loading imposed on the subgrade includes a vertical
component, caused by the traffic loading P applied to the road
and spread at an angle β through the thickness D of the granular
fill and the self-weight of the granular fill, and a horizontal
component, caused by lateral earth pressure developed in the
granular fill, Pfill. The typical situation of loading over a width
2B, along with a likely failure mechanism, is illustrated in
Figure 2.

Figure 2. Combined loading on subgrade (no reinforcement)
[5].
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The horizontal thrust generated in the fill, Pfill, is normally
only partially resisted by the available passive resistance PL, in
the unloaded adjacent fill, and consequently the excess lateral
thrust is transmitted to the subgrade as an outward shear stress.
This outward shear stress may reduce the bearing capacity of
the subgrade by up to 50% [5]. The bearing capacity of the
subgrade is related to the undrained strength, cu, by a variable
bearing capacity factor, Nc, which can vary between 2.8 and
3.33 for unreinforced roads [3,4] and between 5.14 and 5.71 for
reinforced roads where the reinforcement is in a position to
carry all the outward shear stress [6,7].
Design objectives and processes
The design of unpaved roads focusses on the specification of a
thickness (D or h) of high quality fill and a suitable
geosynthetic arrangement. The design is often controlled by a
serviceability limit state of excessive rutting rather than an
ultimate limit state of overall failure or local failure in the
granular fill. It is generally assumed that a potential failure is
confined to the subgrade, which is the natural ground or the
existing fill at the site. The limit state of overall failure or local
failure in the granular fill is checked by inspection or by
calculation where necessary. A serviceability limit state may
typically be defined as rutting of 75mm or more, measured
from the highest point each side of a channelised track. Clearly
this value will vary from project to project depending on the
vehicles accessing the unpaved road.
Separation
Geotextile separators, usually consisting of non-woven
products, are commonly used between the subgrade soil and the
granular fill. They serve to separate the weak fine-grained
subgrade from the expensive imported fill. The separator layer
is placed below the geogrid as shown in Figure 1. Through this
separation function they preserve the strength of the granular
road construction. Two mechanisms which can lead to the
degradation of the road are the “pumping” of fines from the
subgrade into the granular fill, reducing the elasticity and shear
strength of the granular fill, and the loss of granular fill into the
soft subgrade, reducing the effective thickness of the granular
fill.
Geotextile separator layers are required to be sufficiently
durable to maintain their integrity during installation and in
service, and to permit the easy passage of water out of the
reinforced fill. Non-woven geotextile separator fabrics with
tensile strengths in the range of 8 to 10 kN/m and water flow
rates of over 100 l/m2.s, such as Thrace PB1000/S8NW, have
proven satisfactory.
Reinforcement
The reinforcement function can be provided by a separator
geotextile or, more commonly, by a dedicated geogrid
reinforcement product. In addition to resisting the outward
shear stresses shown in Figure 2, which is often referred to as
the “tensioned membrane” effect, a further benefit of the
inclusion of a geogrid reinforcement at the interface between
the insitu soil and the unpaved road is the confinement and
lateral restraint of the granular particles which interlock with
the ribs of the geogrid [8], as illustrated in Figure 3.
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Figure 3. Interlocking of granular particles with geogrid ribs.
The efficiency of this interlock will vary depending on the
nature and properties of the geogrid; the microscale study of
this effect is an area where further research is needed.
Several types of geogrid are available on the market: woven
and coated, welded junction, and extruded punched-andstretched geogrids. These are made with various polymers
including polypropylene, polyethylene, and polyester. This
paper focuses on the use and performance of punched-andstretched geogrids, also known as extruded geogrids, which are
manufactured by pre-straining the polymer; woven and welded
junction geogrids are not pre-strained and may present lower
initial stiffness. While geogrids are manufactured in different
manners, certain standardised tests can be used to compare their
index properties. Two of these index properties shall be
considered in this paper, namely tensile strength and aperture
stability modulus.
Giroud-Han design method
The Giroud-Han design method [6,7] has been used by the
authors for the design of at least 20 unpaved roads in Ireland
and the UK and it is considered to have been successfully
applied. Design using the Giroud-Han (G-H) method involves
iteratively solving for the thickness of granular fill (h)
corresponding to a given reinforcement condition (none,
geotextile, or geogrid). It is usual in the authors’ experience to
apply a safety factor of 1.2 to this thickness, although in cases
where sufficient comparable experience exists this safety factor
may be reduced.
It is important to note that it is recommended that the G-H
method is used within the following boundaries:
• Surface rut depths are between 40 and 100mm,
• A minimum granular fill thickness of 100mm is used,
• The CBR of the subgrade soil is less than 5%,
• The subgrade soil is saturated, incompressible, and
frictionless. This excludes the use of the design method in
peat.
• Aperture stability modulus of geogrids should be less than
0.8 mN/deg.
It is recommended that, for the case of geogrid reinforcement,
the generic G-H design equations are calibrated for the
proposed product. This was carried out for two extruded biaxial
geogrids by the original authors [7] but has very rarely been
carried out aside from this. By way of explanation, it has been
noted that hundreds of unpaved roads and areas in the United
States, Canada and Latin America have been designed in a
consistent manner using the generic, uncalibrated, design
equations without known performance problems [8]. This
paper shall go on to document several other examples.
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A feature of the G-H design method is that the contribution
of the tensioned membrane effect is completely neglected, as it
is considered that the tensioned membrane effect is only
applicable once rutting has exceeded 100mm and exceeded the
serviceability limit state. In this way, the tensioned membrane
effect provides an additional level of safety in reserve to guard
against an ultimate limit state failure once the serviceability
limit state has been exceeded.
The generic uncalibrated G-H equation is [7]:

3

Subgrade
The subgrade is typically the insitu natural soil immediately
below the proposed road, and in the case of peat, may
encompass a partially-decomposed “crust” of dry organic
material at the surface.
Ground investigations must be carried out in advance of
design and should be sufficient to characterise the nature,
depth, and strength of the various soil strata underlying the site.
Typically, reinforcement is most needed with soils behaving
in a fine-grained manner, such as fine-grained glacial till, soft
silts, soft clays, and peat, which exhibit an undrained shear
strength, and this paper will limit its scope to these soils.
3.1.1

(1)
Where h = thickness of the granular fill (appears on both sides
of equation); RE = limited modulus ratio (less than 5); J =
aperture stability modulus of the geogrid (0 for unreinforced or
geotextile reinforced); r = radius of the equivalent tire contact
area (m); P = wheel load (kN); N = number of axles passes; s =
allowable rut depth; fs = factor equal to 75mm; Nc = bearing
capacity factor; and cu = undrained shear strength. The Greek
symbols ξ and ω and the symbol n are unknown constants
which were determined through calibration with unreinforced
unpaved road test data [1]. Bearing capacity factors have been
proposed as follows:
• Nc = 3.14 for unreinforced unpaved roads (allowing for a
reduction due to outward shear stresses),
• Nc = 5.14 for geotextile-reinforced unpaved roads
(allowing for the full bearing capacity of the clay), and
• Nc = 5.71 for geogrid-reinforced unpaved roads (allowing
for a benefit from maximum inward shear stresses being
generated between the fill and the subgrade).
As stated previously, the resulting equation is generic for the
unreinforced and geotextile-reinforced cases but further
calibration is required for use with geogrids. The original
authors selected the aperture stability modulus (J) as the most
applicable parameter for two extruded biaxial geogrids that
they calibrated the equation for, and suggested that other
parameters may be more relevant for other geogrids.
Calibration to a specific geogrid may consist of large scale
cyclical plate loading tests or full scale load tests. When
calibration was carried out using two reference geogrids
(denoted B11 and B12 in the original text), an equation as
follows was obtained:

(2)
In Equation 2, m is the bearing capacity mobilisation
coefficient which is proportional to allowable rut depth s, and
fE is the modulus ratio factor. Strictly, Equation 2 applies only
to two specific geogrid reinforcements, but in practice it has
been widely applied [8].

SOIL PROPERTIES

Undrained shear strength

Undrained shear strength (cu) is the resistance to internal
shear deformation of the soil per unit area when the soil is
loaded sufficiently quickly that movements of pore water
cannot take place. As traffic loadings are typically dynamic and
quickly applied and removed, this is the appropriate strength to
consider. However, undrained shear strength is not an intrinsic
parameter of a soil but rather varies with many factors
including anisotropy, test type, effective stress, stress history,
rate of loading, and temperature effects [9]. Further, the bearing
capacity-type failure that causes rutting and overall failure
imposes several types of loading on the soil along the failure
surface – compression, simple shear, and extension.
For design, it is essential that a representative value of
undrained shear strength is chosen as that parameter is the
critical geotechnical parameter controlling the design.
As ground investigations for unpaved roads are often cursory
and conducted with limited budget, the information available
from which to derive undrained shear strength is often lacking;
typically, in-situ tests consisting of plate loading tests, field
vane tests, or standard penetration tests at intervals along the
road alignment have been carried out. Sometimes, samples
retrieved from the field may have been subjected to
unconsolidated undrained triaxial tests. It is a challenge to
derive a representative value of cu to use in design and
experience of local conditions is invaluable in this regard.
California Bearing Ratio (CBR) values derived from plate
loading tests can be correlated with cu. The authors consider the
widely-used correlation cu = 30·CBR to be appropriate for
designs involving fine-grained materials in Irish conditions.
3.1.2

Particular precautions for peat landscapes

Special precautions are required in areas of peat, especially
upland areas where the contact between the upper peat and the
underlying strata may be sloping. Such designs are not
considered in this paper.
Granular fill
A crushed rock fill complying with Class 6F2 of the TII
Specification for Road Works is the preferred material for
reinforced unpaved road construction. The grading envelope of
this material is shown in Figure 4. Recycled crushed concrete
has also proven satisfactory, whereas recycled fill from other
construction and demolition waste streams has proven less than
satisfactory. The key requirements for the fill are durability, a
high peak effective angle of shearing resistance, and a coarse
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grading. A crushed rock material commonly sold as 3” inch
down by quarries typically has a grading falling within the
allowable grading envelope for Class 6F as shown in Figure 4
may be suitable. Fines passing the 0.063mm sieve should make
up less than 10% of the material by mass.
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Figure 4. Grading curve for preferred fill materials.
4

WHEEL LOADING

The primary loadings applied to reinforced unpaved roads are
vehicle wheel loads, typically taken from quoted or specified
axle loads. The axle load for a conventional road-going fouraxle rigid truck (for example a gravel truck or fully laden
concrete truck) is 80 kN, however the axle load for cranes can
be much higher. Off-road earthmoving vehicles impose axle
loads higher than this. For example, a fully loaded Volvo A25
articulated dump truck can exert 160 kN and the larger A40
may exert 240 kN on each rear axle.
It is assumed in design that loads are moving along the road
and hence are treated as dynamic loads; if it is likely that
vehicles may stop and park overnight, then a separate static
loading analysis would be appropriate.
5

Figure 5. Locations of case history projects.
The access roads were constructed on farm lands with glacial
till sub-grades which had CBR values > 1%. The undrained
shear strength of the sub-grade was assumed to be 25kPa.
The road’s foundation was initially constructed from a
550mm thick granular recycled construction waste backfill.
However, the construction waste backfills became unstable and
broke down as vehicles tracked over sections of the access
roads. The construction waste material was deemed unsuitable
and was replaced with competent Class 6F2 capping materials.
The granular capping base was reinforced with one layer of
Thrace TG3030S biaxial geogrid. A Thrace PB1000/S8NW
non-woven geotextile acted as a separator membrane between
the granular base and the subgrade.

CASE HISTORIES

A number of case histories are presented, which show the
application of the calibrated G-H equation (Equation 2) to
geotextile- and geogrid-reinforced unpaved roads. The
locations of these case history sites are shown in Figure 5.
East Anglia One, Ipswich.
This project comprised of 37km of access haul roads with a
width of 5.50m and 9 site compounds along the access route.
The route was from the coast north of Felixstowe and passed
north of Ipswich, terminating to the east of the town, as shown
in Figure 6. The access roads facilitated the installation of
110kV power cables from the offshore wind turbines to the
transfer power station. The access roads were designed to
support 500,000 cycles of construction traffic and a special
cable laying rig with axle loads of 100kN.
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Figure 6. East Anglia One onshore access road route map.
The access road performed very well, with rutting less than
40mm. This design saved the importation of significant
volumes of imported Class 6F2. The original design proposal
without geotextile membranes and reinforcing grid specified a
base thickness of 770mm. This equates to a backfill material
saving of approximately 29%. On this project, the total volume
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of backfill saving equated to 44,770m². At an average of 10m²
per full transport lorry, this equates to a saving of 4470 loads of
Class 6F2 capping material.
Lidl, Birr
As part of an upgrade of the Lidl store in Birr, Co. Offaly, a
new piled supermarket structure was provided and the existing
car park was improved and extended. The entire site was
underlain by significant peat and lacustrine deposits. The
measured undrained shear strength (cu) of the lacustrine
deposits was 15kPa and of the soft dark brown plastic pseudofibrous peat was 25kPa. The peat extended to 3.0m below
ground level. An access road was constructed on top of the soft
peat to facilitate construction traffic such as tipper trucks,
excavators, and the piling rig. The access road was designed to
support an axle load of 80kN and a wheel load of 40kN with
5,000 axle loadings over the construction period. A rut depth of
50mm was assumed with a 500kPa tyre pressure.
The design assessment determined that a 450mm thick Class
6F2 capping was required to support the construction traffic.
The granular base was reinforced with one layer of
PB1000/S8NW separator membrane which was installed on
top of the soft subgrade and one layer of Thrace TG4040S PP
biaxial geogrid which was placed directly on top of the
separator membrane. The 450mm thick layer of Class 6F2
granular fill was installed and compacted on top of the geogrid.
The access road performed very well with rutting less than
40mm observed in service. This design saved the importation
of significant volumes of Class 6F2 granular fill. The original
design proposal without geotextile membranes and reinforcing
grid specified a base thickness of 715mm This equates to a
material backfill saving of approximately 37%.
The project shows the satisfactory use of the G-H method for
a road over peat, subject to very careful geotechnical
investigation and evaluation of overall stability.

place on top of a Thrace PB1000/S8NW separator
membrane and the second grid layer was placed in the
middle of the capping base layer.
At the end of the construction phase, plate loading tests were
carried out to determine if the design criteria were achieved.
The results were very impressive with rut depths of
approximately 20mm being observed in practice. The lowest
CBR result on top of the capping layer equated to 28.8% and
the highest to 168.40%. The average measured CBR at
subformation level was 40%.
Grange Castle South, Co. Dublin
The project was located in the IDA Grange Castle South
Business Park where an unpaved road was required to allow the
delivery of a large transformer to the site. The subgrade
comprised of soft glacial tills. A series of plate bearing tests
were carried out using a 450mm diameter steel bearing plate.
The lowest test result equated to 0.5% CBR with 1% CBR as a
lower average value. Two design proposals were considered for
each of the subgrades. The access road was designed to support
a 16 Axle Small Girder Frame Transport Vehicle with a trailer
gross weight 2429 kN and an axle load of 151.80kN.

Center Parcs
The site of the proposed Center Parcs Longford Forest location
is located at Newcastle Wood, in Co. Longford approximately
3km to the east of Ballymahon. The subgrade soils comprised
of very soft to soft organic rich silt/clay. Glacial Till underlies
the Peat or Topsoil across the entire site, to depths of
approximately 2.50m to 9.50m below natural ground level. The
Glacial Till is made up of laterally and vertically variable,
interbedded clay, silt and gravel soils.
Twenty-four plate bearing tests using a 450mm diameter
steel plate were carried out along the main entrance road and
future car parking area. The lowest CBR value was 1.0% and
the average CBR was 2.3%. An undrained shear strength of
25kPa for the glacial till was assumed. The design of new
access roads and parking areas was carried out in accordance
with the Forest Road Manual 26 and the G-H method.
• The design brief specified a minimum target value of 15%
CBR on top of the 6F2 capping layer.
• The access haul roads and parking areas were designed to
support 750,000 vehicle cycles from Volvo A40
articulated haulers with a 250kN axle load during the
construction phase.
• The 6F2 base thickness equated to 900mm with two layers
of Thrace TG4040S PP biaxial geogrid. The first layer was

Figure 7. Transformer arriving at Grange Castle South site.
The first design considered a sub-grade with a CBR of 0.5%.
A granular 6F2 capping 900mm thick was required to support
the imposed vehicle load. The granular base was reinforced
with one layer of PB1000/S8NW separator membrane and two
layers of Thrace TG4040S PP biaxial geogrid. The first geogrid
layer was placed directly on top of the separator membrane and
the second layer placed 450mm above the first geogrid layer
midway in the granular base as a secondary reinforcement.
The second design considered a subgrade with a CBR of
1.0%. A granular 6F2 granular base 350mm thick was required
to support the imposed vehicle load. The granular base was
reinforced with one layer of PB1000/S8NW separator
membrane which was installed on top of the soft subgrade and
one layer of Thrace TG4040S PP biaxial geogrid which was
place directly on top of the separator membrane. The 350mm
thick 6F2 capping was installed and compacted on top of the
geogrid.
The access road performed very well with rutting less than
30mm observed. This design saved the importation of
significant volumes of imported 6F2. The original design
proposal without geotextile membranes and reinforcing grid
specified a base thickness of 1300mm in areas where the CBR
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of 0.5% was encountered and 650mm in areas where a CBR of
1% was encountered. This equated to a material backfill saving
of approximately 38%.
Páirc Uí Chaoimh GAA Stadium
As part of the redevelopment of the Páirc Uí Chaoimh GAA
stadium in Cork, a granular base was required to support a
stormwater attenuation system and eventually an artificial turf
training pitch. This design demonstrated the use of the G-H
method outside of its intended application and for a situation
where traffic was not strictly channelized. Engineering
judgement was used to identify a suitable value for wheel
loading P and axle passes N to represent the future use of the
site. The granular base was to have a final CBR of 2%. A
comprehensive site investigation was carried out prior to
carrying out the design, and the ground conditions encountered
during the investigation are summarised below:
• Made Ground up to 2.0m BGL.
• Soft Cohesive Alluvial/Estuarine Deposits were comprised
of very soft and soft-to-firm grey and brown laminated
(slightly) sandy clayey Silt with shell fragments present to
depths of between 3.5m and 4.8m BGL.
The design called for removal of all Made Ground. A ground
improvement base was to be constructed on-top of the Soft
Silty Clay with an assumed CBR of 1%. The design led to the
specification of one layer of Thrace PB1000/S8NW separation
membrane, one layer of Thrace TG4040S PP biaxial geogrid,
and a 300mm thick layer of 6F2 capping.
The final acceptance test result on top of the 6F2 capping
indicated a CBR of 8.4% using a 300mm diameter steel plate
and rutting of up to 40mm was visible due to site traffic. The
design was found to be satisfactory.

6

This paper has documented six case histories where the Giroud
Han (G-H) method has been used to design reinforced unpaved
roads in Ireland and the UK. The main conclusions are as
follows:
1. The G-H design method has been found to
satisfactorily predict the performance of unpaved
access roads in Ireland and the UK.
2. For the projects where geogrid was used, the G-H
design equation was not specifically calibrated for the
proposed geogrid material yet satisfactory
performance was achieved, validating the approach.
3. Calibration of the G-H design method specifically for
the products discussed may yield further savings and
it is a task being considered for further development.
4. Overall, considerable material savings of between 29
and 38% were achieved through the use of
reinforcement. In addition to time and cost savings,
this represents a significant reduction in transport
movements and greenhouse gas emissions.
5. The project at Dubber Cross shows that weather may
have an impact on the performance of unpaved roads
and that a reassessment of the design may be needed
during extended periods of wet weather.
ACKNOWLEDGMENTS
The authors would like to thank the clients and contractors
involved with each of the projects mentioned for permission to
publish information on those project as case histories.
REFERENCES
[1]

Dubber Cross
A project at Dubber Cross, Finglas, Dublin 11, involved
providing an economical design for a 1km long temporary site
access road over agricultural lands. The design was based on
an interpreted characteristic undrained shear strength of 50 kPa
for the firm to stiff brown glacial till (Dublin Boulder Clay) just
below the topsoil. 250mm of crushed rock meeting the main
requirements of Class 6F2 was specified over one layer of
Thrace PB1000 geotextile. The crushed rock was compacted by
tracking in. Design allowed for a rut depth of 75mm after 1500
passes of an 80kN axle. The performance was satisfactory, with
rut depths typically 60 to 70mm but up to 100mm observed
during the life of the road. The road was installed during very
wet weather and this may have reduced the CBR of the
subgrade, contributing to the more severe than anticipated
rutting observed. It is noted that the rutting did not cause any
serious issues for plant and vehicles accessing the site.
A design achieving a similar degree of serviceability but
without the addition of reinforcement would have required a
base thickness of 400mm of crushed rock rather than the
250mm used. Hence the use of reinforcement resulted in a
saving of around 600m3 of crushed rock and an overall saving
of 33% in material costs, with a marginal increase in labour
costs.

257

CONCLUSION

[2]
[3]
[4]
[5]
[6]

[7]

[8]

[9]

Hammitt, G.M. (1970). ‘Thickness requirement for unsurfaced roads and
airfields, bare base support, Project 3782-65.’ Technical Rep. S-70-5,
U.S. Army Engineer Waterways Experiment Station.
Giroud, J.P., and Noiray, L. (1981). ‘Geotextile-reinforced unpaved road
design’, J. Geotech. Eng., 107(9), 1233–1254.
Milligan, G.W E., Jewell, R.A., Houlsby, G.T., & Burd, H.J. (1989a), ‘A
new approach to the design of unpaved roads—Part I’, Ground Eng., Vol
22, No. 3, pp. 25–29.
Milligan, G.W E., Jewell, R.A., Houlsby, G.T., & Burd, H.J. (1989a), ‘A
new approach to the design of unpaved roads—Part II’, Ground Eng., Vol
22, No. 8, pp. 37–42.
Jewell, R.A. (1996). Soil reinforcement with geotextiles. CIRIA Special
Publication 123.
Giroud, J.P. & Han, J. (2004a), ‘Design Method for Geogrid-Reinforced
Unpaved Roads. I: Development of Design Method’, Journal of
Geotechnical and Geoenvironmental Engineering, Vol. 130, No. 8, 775786.
Giroud, J.P. & Han, J. (2004b), ‘Design Method for Geogrid-Reinforced
Unpaved Roads. II. Calibration and Applications’, Journal of
Geotechnical and Geoenvironmental Engineering, Vol. 130, No. 8, 787797.
Giroud, J.P. (2009), ‘An assessment of the use of geogrids in unpaved
roads and unpaved areas’, Proceedings of the Jubilee Symposium on
Polymer Geogrid Reinforcement, Institution of Civil Engineers, London,
UK, pp. 23-36.
Long, M. (2018). ‘Geotechnical properties of Irish compressible soils’,
2nd Hanrahan Lecture, Paper presented to the Institution of Engineers of
Ireland, 25th April 2018.

CERI-ITRN2018

Embankment construction over soft ground in Galway, Ireland
Graham Barton
Jacobs, City Park, Alexandra Parade, Glasgow, UK
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ABSTRACT: The N17/N18 Gort to Tuam PPP Scheme comprises 52km of mainline dual carriageway motorway, 4.2km of dual
carriageway, 50No major structures and significant lengths of side road realignment. Detailed design on the Scheme started in
August 2014 with construction commencing in January 2015. The Construction joint venture of Roadbridge, John Sisk and Sons,
and Lagan Construction, encountered very challenging ground conditions with both soft ground and karstic rock. Despite various
unforeseen delays including a 1 in 100-year storm inundating the site in 2015, the project was opened in September 2017, some 5
months ahead of schedule.
This paper describes the approach adopted for earthworks design and for monitoring the construction of embankments over soft
ground. The soft ground comprised peat bog underlain by both calcareous silt and lacustrine clay. The designers were informed
by technical papers in similar materials and benefitted from various phases of ground investigation. Ground treatment was
employed in combination with staged construction of embankments to ensure stability with opportunity taken for surcharge to
safeguard long term performance of the pavement. The thickness of fill was typically some 4 to 5m along the mainline, with
special measures required where higher. The predicted behaviour of soft ground was calibrated against field records to derive the
operational material parameters for the calcareous silt and lacustrine clay.
KEY WORDS: Calcareous Silt; Lacustrine Clay; Staged Construction; Galway.
1

INTRODUCTION

Soft ground was encountered beneath low-lying basins of
peat in the North Section of the N17/N18 Gort to Tuam PPP
Scheme, being attributable to groundwater-fed ephemeral lakes
associated with remnant ‘Turlough’ features. It is thought that
during periods of relatively static lake level, lime saturated
groundwaters upwelled into these lakes and mixed with
relatively acidic peat-derived waters. The resulting chemical
reactions directly precipitated calcium carbonate into the
interstices existing at the base of the peat and in the top of the
accumulated, open-structured lacustrine clays lying beneath
them. The calcium carbonate particulates were typically of silt
to sand-sized gradings, with both the upper and lower
boundaries of the resulting calcareous silt deposit being
gradational. This mode of deposition produced calcareous silt
deposits of medium to high sensitivity, with considerable loss
of strength and volume occurring on disturbance due to their
open-structured character.
At tender stage it was judged that band drain/ stage
construction/ surcharge techniques could be accommodated
within the construction programme for embankment
construction in two soft ground sections:
• 1.14km length on peat bog alongside the Clare River
(N17 Embankment 11)
• 1.92km length on peat bog at Kilmore, south of Tuam
(N17 Embankment 12/ TB Embankment 1)
2

GROUND INVESTIGATION

Eurocode guidelines Ref 1 advise that ‘knowledge of the ground
conditions depends on the extent and quality of the

geotechnical investigations. Such knowledge and the control of
workmanship are usually more significant to fulfilling the
fundamental requirements than is precision in the calculation
models and partial factors’. The client-supplied ground
investigation had been carried out in 4-phases over a period of
12-years and was of reasonable extent, albeit variable in
quality; the aggregated scope of works for the areas of soft
ground is summarised in Table 1.
Table 1. Client Supplied GI.

Borehole
Trial Pit
Cone Penetrometer
Dynamic Cone
Undrained Strength
Effective Stress
Oedometer

Embankment
11
8
2
12
9
42
3
11

Embankment
12/ TB1
18
11
24
0
61
11
23

With the peat removed, soft ground was expected to be
typically 9m (Embankment 11) to 11m thick (Embankment 12)
comprising:
• Calcareous Silt. Described as very soft to soft, whitecream/beige to pale brown/yellow, slightly sandy to sandy,
calcareous SILT/ CLAY with fibrous organics occurring
near the upper gradational boundary with overlying peats
and shell debris in the larger part.
• Lacustrine Clay. Described as very soft to firm/ compact,
pale cream-brown to grey-blue mottled green/orange,
slightly sandy to sandy, thinly laminated and variably
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organic SILT/ CLAY, with scattered shell debris and an
increasing gravel content towards the base.
In selecting design parameters for these materials, it is
pertinent to further consider the Eurocode guidelines Ref 1 being
‘the zone of ground governing the behavior of a geotechnical
structure at a limit state is usually much larger than a test
sample or the zone of ground affected in an in-situ test.
Consequently, the value of the governing parameter is often the
mean of a range of values covering a large surface or volume
of the ground. The characteristic value should be a cautious
estimate of this mean value’; so not necessarily the lowest
recorded value.
The coefficient of volume compressibility (mv) and
coefficient of consolidation (cv) derived from laboratory testing
was 2.0 m2/MN and 2.0 m2/yr respectively for Calcareous Silt,
and 1.0 m2/MN and 1.0 m2/yr respectively for Lacustrine Clay;
Long and Rodgers Ref 2 reported the coefficient of consolidation
for calcareous silt to be somewhat higher, typically 4 to 6
m2/year.
Strength testing on these materials, both in-situ and in the
laboratory, presented marked inconsistencies, which in part
reflected variability of materials and in part the sensitive nature
of such materials when subject to disturbance. To characterize
strength of the undisturbed ground, the approach of
Jamiolkowski et al Ref 3 was adopted, this being predicated on a
relationship between undrained strength and overburden
pressure for normally consolidated clays. A minimum value of
5 kPa was applied to both the Calcareous Silt and Lacustrine
Clay, with a cu/σv’ ratio of 0.22; a similar value being reported
for very soft deposits on the Galway Eastern Approach Road
Ref 2
. The ratio is expected to range between 0.19 and 0.30 for
extension and compression conditions respectively, which
broadly correlated with triaxial testing in the laboratory (see
Figure 1) and was in accord with other published literature for
Galway Eastern Approach Ref 4 and Limerick Tunnel Approach
Roads Ref 5.
5kP
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ground (see Figure 2 and 3) broadly indicated that the
normalized strength profile for the upper layer (Calcareous Silt)
had been understated whilst the lower layer (Lacustrine Clay)
was indeed lower bound for some chainages. It follows that
stability of upfill placed in those sections relied on strength gain
by consolidation.

Figure 2. Calibrated CPT data (N17 Embankment 11)
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Figure 1. Consolidated undrained shear strength tests
Supplementary ground investigation was carried out to
validate the parameters that had been adopted in design for the
in-situ material. Cone penetrometer testing was carried out in
combination with window sampling to characterize materials,
and calibrated against in-situ vane tests by varying Nkt for the
two defined layers. The strength profiles derived for soft
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Figure 3. Calibrated CPT data (N17 Embankment 12)
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3

DESIGN FOR CONSTRUCTION

Analyses for determining construction stages considered
both the SHANSEP Ref 6 approach to improvement of undrained
strength (Stress History and Normalized Soil Engineering
Properties) and the effective stress approach to analysis of the
undrained condition. Commercially available software (Settle
3-D and Slope-W) readily allowed an iterative methodology to
be developed for the specification of each load cycle based on
a predicted porewater pressure response to load, consolidation
settlement and resulting strength improvement (see Figure 4).
The design strategy being that field performance is then to be
monitored with vibrating wire piezometers, inclinometers,
extensometers and settlement monitoring plates.
cu (kPa)
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1
2

Compensation filling of up to 250 mm may be required for
a given stage to regulate ongoing settlement, and there is
benefit in placing this well in advance of the next stage of
upfill.
• Design based on lower bound parameters requires
acceptance of a low Factor of Safety, on the basis that
excess porewater pressure is a transient condition.
Vibrating wire piezometers proved responsive to the placing
of fill (see Figure 5 and 6). The installations required careful
detailing of the band drain layout to obtain reliable readings.
The continuous-read provided good context for understanding
fluctuations in pressure, which included movement of plant and
flooding of the site. Fluctuations coinciding with changing
levels in the River Nanny were not fully explained, whilst pump
activity by the Contractor at Kilmore Junction (Embankment
12) was extended when it proved to be beneficial to
consolidation. In general, other than issues with lack of a
reliable baseline, the monitoring equipment proved sufficiently
robust to successfully provide continuous records over a 24month period of construction activity.
In broad terms, the excess porewater pressure response to
load was as expected; one location proved atypical and required
modification to the fill schedule to accommodate abnormally
high porewater pressure. Dissipation of excess porewater
pressure typically achieved the scheduled 50% over 3-months,
with later stages tending to dissipate at increased rates.
The progress of consolidation settlement was closely
monitored and the performance of the ground broadly matched
the predicted behavior:
• 1190mm settlement recorded at N17 Embankment 11
(ch21+400), see Figure 7. The predicted consolidation
settlement with surcharge was up to 1200mm.
• 1500mm settlement recorded at N17 Embankment 12 (ch
25+400), see Figure 8. The predicted consolidation
settlement with surcharge was up to 1550mm.
•

8
9
10
11
12

Figure 4. Typical modified-Cu for each stage
In broad terms, the allowable initial lift for the various areas
was some 1.8 m to 2.3 m of fill with a scheduled hold period of
3-months to achieve 50 to 70% dissipation of excess pore water
pressure depending on the relative proportion of calcareous silt
and lacustrine clay. In practice this incorporated an initial
‘working platform’ placed to allow installation of band drains
and other monitoring instrumentation. Thereafter, upfill was
limited to 600 mm lifts, with 800 mm lifts where stabilized with
side slope berms, and 1,000 mm lifts where stabilized with
basal reinforcement; each with a scheduled 3 to 4-month hold
period. It follows that a 12-month period was required to upfill
a 5.0 m high embankment.
Notable issues arising from analysis include;
• Critical slip circles for the modified-Cu analysis differ
markedly from those for c-phi analyses and require zoning
of layers beneath the shoulders of embankment.
• Surcharge allowance for plant and equipment has a
limiting effect for the deeper critical slip circles associated
with the modified Cu approach. A 10kPa surcharge for
construction plant equated to a lift of 500 mm and being a
transient load doesn’t bring a strength benefit from
consolidation. More exact calculations were necessary for
specific plant to better model surcharge.

4

CONCLUSION

The operational material parameters for the soft ground
(Calcareous Silt and Lacustrine Clay) were back-analysed to
calibrate fill proposals ahead of the third lift and verify
proposals for surcharge of embankments:
• coefficient of volume compressibility (mv) = 2.3 m2/MN
(range 1.5 to 3.0 m2/MN)
• coefficient of consolidation (cv) = 2.0 m2/yr (range 1.0 to
5.0 m2/yr)
It is accepted that within this figure there will be different
behaviours from different layers, however, this contributed to
giving comfort on programme delivery. In the event, the later
stages tended to dissipate slightly quickly and settle somewhat
less than the earlier fills. This allowed surcharge to be placed
and held to benefit performance of the pavement.
The monitoring appears to indicate that the Construction
Requirement that ‘all ground movement is prevented or is
substantially complete before the execution of the road
pavement’ has been met. Here-on, secondary compression is
expected to be ongoing over a very long period. Surcharge was
designed to mitigate the magnitude of future secondary
compression and thereby comply with the Construction
Requirement that ‘the maximum permitted change in gradient
from the Design gradient shall be 0.1 percent.’
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Figure 5. Piezometer water level with time - Embankment 11 (Ch 21+500).

Figure 6. Piezometer water level with time - Embankment 12 (Ch 25+300).
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Figure 7. Settlement with time - Embankment 11 (Ch 21+400).
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Figure 8. Settlement with time - Embankment 12 (Ch 25+400).
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ABSTRACT: In recent years, there has been an increased resort to microtunnelling/pipe-jacking as a means of constructing
underground conduits (for water, sewage, gas and other utilities) to avoid on-street disruption in urban areas. In this paper,
technical details of two 1200 mm internal diameter microtunnels in silty sand totalling 550 m in length are discussed; the
microtunnels were constructed by Ward and Burke Construction Ltd. as part of the Blackpool South Strategy project. A general
overview of the tunnelling process is provided, including the separation plant, jacking facilities and the bentonite supply
process. The results show that the lubrication system was very effective at maintaining low skin friction, and that the pipe string
was almost fully buoyant for the majority of the drive. Stoppages were shown to have a significant but transient effect on the
jacking force; high jacking forces upon resumption of jacking after a stoppage return to ‘baseline’ levels after the length of one
pipe diameter. Machine deviations did not appear to play a major role in increasing jacking forces for this particular project.
Keywords: Microtunnelling; Jacking force; Skin friction; Lubrication; Bentonite; Stoppages; Deviations.
1

INTRODUCTION

The rapid expansion of urban areas worldwide has resulted in
a need to provide new and/or upgrade existing water, sewage,
gas and other utility conveyance networks. Pipe-jacking has
emerged as the preferred method of utility pipeline
construction, as it avoids the on-street disruption arising from
trenches constructed from the ground surface. However, the
difficulty in identifying suitable intermediate shaft locations in
urban projects means that long drives are often necessary;
keeping jacking forces at manageable levels is a challenge in
these drives. For example, excessive stress concentrations can
give rise to spalling at the joints between pipes, potentially
inducing pipe failure [1]. Intermediate jacking stations are
cumbersome, however, and are generally kept to a minimum.
The total jacking load (Ftotal) consists of the resistance at the
face (Fface) of the tunnel boring machine (TBM) and the
frictional resistance (Ffriction) between the pipe train and the
surrounding ground. The frictional force is often the main
contribution to the jacking load, especially in long drives [2].
The introduction of a lubricant into the overcut (the annulus
formed on account of the TBM having a larger diameter than
the pipes) is an efficient means of reducing the jacking force.
The skin friction (τ, force per unit surface area of pipe)
depends on the effective normal stress (𝜎#$ ) from the soil on
the pipe, the total effective weight of the pipe string (𝑊()) )
and the angle of effective interface shearing resistance
between the pipe and the soil, δ:
𝜏 = ,𝜎#$ +

./00

4 𝑡𝑎𝑛𝛿
123

(1)

where D is the pipe diameter and L is the embedded pipe
string length. Lubrication has the effect of lowering δ.
Additionally, if the pipe is buoyant in the lubricant, 𝑊()) will
be lower than the weight of the pipe 𝑊, and may be as little as
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zero in a fully buoyant condition. A number of authors [1, 36] attest to the benefits of a properly-lubricated overcut. For
example, τ values ranging between 0.1 kPa in well-lubricated
drives to 4 kPa in moderately-lubricated drives were identified
in four different drives in clay and gravel deposits [7].
Stoppages and deviations in steering also influence the
jacking forces along a tunnel string [8, 9]. A study of
microtunnels in glacial till in Ireland [10] found that stoppages
in sands/gravels required a higher frictional force to be
overcome upon recommencement of jacking than in clays.
Furthermore, the stoppage duration had an effect on this
jacking force in clay but not in gravel. Long stoppages in soft
ground may allow the TBM to settle, resulting in deviations
from the intended path. Deviations, irrespective of the cause,
can increase the required jacking force. An analysis of data
from microtunnels in alluvium and glacial till in Ireland [11]
found that for two drives of similar length and ground
conditions, the drive with the greater deviations overall
required much greater jacking forces.
This paper provides an overview of some tunnelling aspects
of the Blackpool South Strategy project, U.K. Following a
brief description of the tunnelling process, data recorded
(jacking force, deviations, bentonite injections) for two 1200
mm internal diameter tunnel drives are presented and
analysed.
2

THE BLACKPOOL SOUTH STRATEGY PROJECT

The project site is located in Blackpool, U.K. The overarching purpose of the project is to improve bathing water
quality along the seafront and mitigate the risk of flooding.
This necessitated (i) an increase in the capacity of the sewer
network, (ii) a reduction in the volume of surface water
entering the network and (iii) an upgrade to the wastewater
pumping station situated at Lennox Gate. The latter element

CERI-ITRN2018

included the provision of a new storm-water holding tank to
hold excess storm water until pumping back into the sewer
network is possible. New pipework will connect this tank to
the existing pumping station. A new surface water pumping
station will pump surface water straight to sea.
The ground conditions comprise a layer of peat (1 − 2 m
thick), overlying medium dense sand (2.6 − 4.4 m thick), in
turn overlying silty sand. The water table was at a depth of 1.2
m in a borehole close to the reception shaft of Drive A.

to direct the TBM. In general, ground conditions dictate how
far the machine deviates from the intended line and what
steering interventions are needed. For instance, the machine
can change direction more easily in sandstone bedrock or
cobble formation than in sand or clay deposits [12].
Drive A was 272 m in length, constructed in an east northeasterly direction with a gradient of -0.154 % and an initial
launch invert depth of 7.61 m. Drive B was 295 m in length,
constructed in a west south-westerly direction with a gradient
of 0.347 % and an initial launch invert depth of 7.59 m (see
Figure 1).
Jacking frame and intermediate jacking station

Figure 1. Location of tunnels and shafts at Blackpool site
(adapted from Google Maps).

The jacking frame consisted of four hydraulic cylinders that
push the machine and the concrete pipes through the ground.
The hydraulic cylinders have a total stroke length of 3.52 m.
The operator controls the speed at which the hydraulic
cylinders advance the tunnel through the ground; this is
dependent on torque, jacking forces, ground conditions and
the steering of the machine. Figure 3 displays the main setup
for the pipe jacking process with a concrete pipe in place for
the recommencement of jacking.

The locations of the two drives, A and B, referred to in this
paper, are shown in Figure 1. These provide a sleeve for 700
mm internal diameter ductile water pipes which will transport
excess stormwater from the holding tank to the outfall pipe at
Harrowside, which will then feed the water out to sea.
3

TUNNELLING PROCESS
TBM, pipe and general details

A schematic of the tunnelling process, including TBM,
jacking frame, separation plant, slurry feed and return lines
and control unit, is provided in Figure 2.

Figure 3. Concrete pipe installed for jacking.

In the event that the jacking forces become excessive,
recourse is made to intermediate jacking stations (interjacks),
pre-installed partway through the drive. The interjack reacts
off the pipes towards the launch shaft to advance the pipe train
on the side of the reception shaft. The pipe string is therefore
advanced in an ‘inchworm’ manner [13]. Each interjack
consists of 10 hydraulic rams which are placed inside the
tunnel at 100 m intervals. In this project, an interjack was
placed in both tunnels but was not used as the total jacking
force remained sufficiently low.
Separation plant
Figure 2. Schematic of the microtunnelling process
(courtesy of Herrenknecht).

The TBM used at Blackpool was a Herrenknecht AVN
1200 (slurry shield), with a cutterhead diameter of 1515 mm
and a machine lining outer diameter of 1505 mm. Each
concrete pipe was 2.5 m long with an outer diameter of 1490
mm, providing an overcut 25 mm thick into which lubrication
may be pumped.
A laser positioned on the back wall of the launch shaft and
aimed at a target at the rear of the machine helped the operator

As the TBM advances, the revolving cutterhead excavates the
soil material. During this process, water is pumped at high
velocity to the head of the machine, where the soil material
and water mix to form a slurry. This slurry is then pumped to
the separation plant above ground, where the solid material is
recovered from the slurry, before recirculation to the face of
the machine in a closed system.
The separation plant consists of a primary shaker, a
secondary shaker and a centrifuge. The slurry returning from
the face of the machine passes through the primary shaker
initially. The primary shaker comprises coarse screens that
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only permit material finer than 4 mm to pass. The secondary
shaker removes fine particles (greater than 20 µm). Finally,
the mixture is pumped into a centrifuge which spins between
700 rpm and 2000 rpm. A flocculant is added to bind the fine
silt particles together thereby aiding their removal; particle
sizes greater than 1 µm are removed at this stage. The solid
material that emerges from the shaker screens and centrifuge
is subsequently dried by adding lime and removed from site.
Lubrication
Lubricant is pumped into the overcut to maintain tunnel
stability and to reduce friction at the pipe-soil interface. For
the Blackpool project, the first station was located in the pipe
directly behind the TBM, with a further 19 stations positioned
in ensuing pipes (one every fifth pipe) and one on the launch
shaft wall. Each station comprised three lubrication ports
(separated by 120°) situated at the midpoint of the pipe. A
lubrication station arrangement is shown in Figure 4.

cylinder forces and bentonite injection volumes and pressures.
The results presented in the following sections relate to Drive
A only (with the exception of Figure 9), as findings are
generally consistent between the two drives. Due to a
technical issue with the data acquisition system, data were
only recorded for Drive B beyond a jacked distance of 62 m.
Jacking force
As already mentioned, minimizing jacking forces is an
important consideration during pipe jacking. From Figure 5, it
is clear that the jacking force remained relatively constant
throughout this drive, with an average of ~380 kN. Towards
the end of the drive, the jacking force rose to over 1000 kN, as
the TBM approached the concrete wall at the reception shaft.

Figure 4. Lubrication station.

Figure 5. Development of total jacking force during Drive A.

The bentonite lubrication system is volume-controlled; the
volumes required for each station are calculated from the
TBM advance rate and ground conditions [14]. The bentonite
solution comprised Hydraul-EZ and water in the ratio 22.7kg
to 400 l. Other additives included (i) soda ash to balance pH,
(ii) MX polymer to prevent additional groundwater
penetrating the mix, and (iii) torque reducer to promote
lubrication and to reduce the potential for the pipeline to
become jammed due to soil pressures exceeding that of the
bentonite lubrication acting on the pipeline. When tunnelling
in fine sands and silts, more lubricant is used than is required
to fill the overcut. The extra lubricant seeps into the ground
creating a filter cake that serves as a membrane or zone of low
permeability to transfer the support pressure acting in the
annular gap into the grain structure of the ground [15]. The
typical volume administered in these ground conditions is 2.5
times the overcut volume [15], based on experience of
monitoring on numerous pipe-jacking projects. The formation
of a filter cake in sands and gravels requires more bentonite
than in clays, due to differences in permeability.

Two separate methods of calculating Ffriction are compared:
a) Method A: The face pressure was calculated over the
first 3 m of the drive (the length of the TBM) on the
assumption that Ffriction was negligible over that length
[16]. This face pressure was assumed constant for the
entire drive, enabling Ffriction to be inferred.
b) Method B: Based on the work of Pellet-Beaucour and
Kastner [8], Ffriction can be approximated from a trendline
joining the minimum points on the total jacking load
envelope, while Fface is taken as the difference between
the minimum and maximum envelopes (data plotted at
10 m intervals in Figure 6).

4

MONITORING
Overview

The output data from the TBM was recorded at 200 mm
intervals of jacked distance. Output provided by the TBM
included jacking force, steering deviations, water circulation,
feed and slurry line pump details, advance speed, cutting
wheel revolution, slurry pressure in excavation, interjack

267

Figure 6. Maximum and minimum jacking force envelopes
and face resistance for drive A
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Skin friction is calculated by dividing Ffriction by the
developed surface area of all embedded pipes. Skin friction
values calculated using these two methods are plotted against
jacked distance in Figure 7. Using Method A, it takes ~35 m
for the skin friction calculated to drop below 1 kPa, while it
takes ~70 m for the skin friction to drop below 1 kPa using
Method B. Average values beyond 100m are 0.27 kPa and
0.48 kPa for Methods A and Method B respectively.
It is interesting to note that if the slurry pressure recorded by
the TBM is assumed to be numerically equal to the face
resistance, the inferred skin friction is almost identical to that
derived using Method B (Figure 7). Similar observations were
made for Drive B. In practice, the slurry pressure is chosen to
be slightly higher than hydrostatic ground water pressure. The
match between slurry pressure and face pressure in this drive
is perhaps fortuitous and/or specific to the silty sand, but
suggests that the water pressure contributes significantly more
than the active earth pressure to the face pressure. Had the
machine been in clay, this slurry pressure would be lower than
the face pressure, as the clay material at the face would not
need the same level of support as the silty sand.

legend (the position of Station 25 was fixed at the launch
shaft).
Station 1 (immediately behind the TBM) is responsible for
greater bentonite volume than any other individual station for
most of the drive. The trailing stations pumped smaller
volumes as their purpose was merely to maintain bentonite
levels. For example, at the midpoint of the tunnel (135 m),
Station 1 had produced 44% of the total volume of bentonite,
Station 25 had contributed 13% and Stations 2 and 3 supplied
10.9% and 6.4% respectively. Therefore, these four stations
contributed 74.3% of the total volume of bentonite at this
position.

Figure 8. Percentage of total bentonite volume pumped from selected
stations.

Figure 7. Methods of evaluating skin friction for drive A.

The constant face pressure method (Method A) is not a robust
approach as the face resistance is likely to change throughout
the drive. Fface calculated using Method B (also plotted on
Figure 6), shows great variation with jacked distance, with an
average value of 70 kN when the data are plotted at 1m
intervals. This suggests that the value of Fface adopted (200
kN) at the start of the drive was too high, possibly due to
careful driving style of the operator soon after launch.
Frictional resistances have been reported for sand of 2.8
kPa to 4 kPa without the use of lubrication [8] and 0.5 kPa –
2.5 kPa with lubrication [17]; the measured values reported
here are at the lower end of these ranges, suggesting effective
lubrication practice, which is explored further in Sections 4.3
and 4.4.

The development of bentonite volume normalised by the
volume of the overcut during the drive is considered in Figure
9. It can be seen that the actual normalised bentonite volume
for Drive A (~6.5 for most of the drive length) far exceeds the
target of 2.5 recommended for filter cake formation [15]. The
corresponding normalized volume for Drive B is lower at ~4.5
although the average skin friction values are virtually the
same for both drives. Further research is required to assess
whether there is a minimum or threshold normalized bentonite
volume which enables minimum friction values to be
achieved.

Lubrication
The volume percentage of bentonite pumped into the annulus
is plotted (on a log scale) against jacked distance in Figure 8
for a selection of the 21 stations noted in Section 3.4. The
distance of these stations from the TBM face is shown in the

Figure 9. Normalised bentonite volume against jacked distance for
both Drives A and B.
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Pipe buoyancy
It is highly desirable for a train of pipes to be buoyant within
its overcut, to help minimize the 𝑊()) term in eqn (1).
However, to the knowledge of the authors, pipe flotation has
not been demonstrated using measured data. Making 𝜎#$ the
subject of Eqn (1) gives:
𝜎#$ =

𝑊())
𝜏
−
tan 𝛿 𝜋𝐷𝐿

It appears that the initial peak in force upon resumption of
jacking following a stoppage is reversed quickly. It can be
seen in Figure 12 how the jacking force (normalized by the
initial force upon recommencement of jacking) has reached
baseline values over a length of little more than one pipe
diameter.

(2)

A value of 28.20 was assumed for 𝛿, interpolated from data
measured by Reilly and Orr [18] for a sand/rough concrete
interface. In Figure 10, two extreme scenarios are presented:
(i) full string weight (including TBM and power pack)
assumed, i.e. 𝑊()) =𝑊, and (ii) 𝑊()) =0, i.e. the string is
fully buoyant. It is clear that scenario (i) is incorrect as
(impossible) negative values of 𝜎#$ arise after a jacked distance
of 37 m. The correct normal stress lies somewhere between
the scenario (ii) data on Figure 10 and the 𝜎#$ = 0 axis. This
suggests that the pipe string is almost fully buoyant (on
average over its length), if not fully buoyant.
Figure 12. Jacking force ratio over one tunnel diameter for overnight
stoppages

Figure 10. Demonstration of pipeline buoyancy

The increase in jacking force after different stoppage
durations, t, are shown in Figure 13. Stoppage durations are
categorised as follows: t < 3 h (pipe change and miscellaneous
minor breaks), 10 h < t < 20 h (overnight stoppages) and t >
20 h (weekends). The jacking force increase is determined
using the initial force after a stoppage minus the average
jacking force calculated between one and two pipe diameters
upon resumption of jacking. Results show that additional
friction to be overcome is 0.22 kPa for short breaks, 0.30 kPa
for overnight stoppages and 0.75 kPa for stoppages greater
than 20 h. This suggests that the length of a stoppage dictates
the increase in jacking force. Although the trend is similar to
that reported by Curran and McCabe [10], values presented
here are much lower in comparison.

Stoppages

t < 3h
t = 10h - 20h
t > 20h

240
Jacking force increase (kN)

As the tunnel is advanced, small peaks in jacking force arise
as a result of overnight and weekend stoppages, an example of
which can be seen in Figure 11.

200
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150

200
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300
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Figure 13. Influence of jacking force after stoppages
22h 15m

14h 10m

Figure 11. Influence of stoppages on total jacking force.
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Steering deviations
The vertical and horizontal deviations from the laser line are
recorded from both the back of the machine and at the drill
head tip. With the articulated joint in the TBM used for
steering, it is important to note that the drill head tip and rear
of machine may not be on the same alignment (see Figure 14).
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Horizontal deviations remain relatively low throughout the
drive (<10 mm); only vertical deviations are shown in Figure
14 (over a selected length).

[4]

[5]
[6]

[7]

[8]

Stoppage

[9]
[10]

Figure 14. Deviations and total jacking force along tunnel.
[11]

For this silty sand site, steering deviations did not play a
major role in the development of jacking forces. The small
spikes in jacking forces, which align with deviations between
40 mm and 50 mm, are actually due to stoppages at these
times.
5

CONCLUSIONS

This paper describes the microtunnelling process in the
context of a recent UK project, including the jacking,
lubrication and slurry separation processes. The results show
that for the drives considered, the lubrication system proved
very effective at maintaining low frictional forces, and the
data suggest that the string was at least partially buoyant for
the majority of the drive. The volume of lubrication used to
achieve this exceeded minimum recommended amounts and
efficiencies may be possible in this regard. Stoppages were
shown to have a significant but temporary effect on the
jacking force; high jacking forces upon resumption of jacking
after a stoppage return to ‘baseline’ levels after advancing
only the length of one pipe diameter. Machine deviations did
not appear to play a major role in increasing jacking forces for
this particular project.
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ABSTRACT：Peat is a soft organic soil composed of partially decomposed and disintegrated plant material. Unlike
typical mineral soils, the organic matter in peat usually contributes to very high water content, low shear strength, high
compressibility and other characteristics that make it unfavourable for civil engineering construction. This paper
summarises the results of a site investigation and subsequent laboratory testing of peat sampled from an upland blanket
bog in the southwest of Ireland. Furthermore, standard classification tests were conducted to determine the physical
properties of peat, followed by a series of unconsolidated undrained triaxial tests on peat specimens of different size and
orientation to investigate undrained shear behaviour. Results show that the undrained shear strength of peat grows
continually with increasing shear strain but reach no obvious peak strength throughout the test, even at very large strain
(i.e. 25%). The shear stiffness of peat degrades substantially with the increase of shear strain. The shear modulus is
normalised by reference shear moduli at relatively small strains (i.e. 0.1% and 1%). The normalized-shear modulus is
plotted against strain on a logarithmic scale in charts.
KEY WORDS: peat, blanket bog, stiffness degradation, unconsolidated undrained triaxial test, water content
1 INTRODUCTION
Peatland is widely distributed in Ireland, Scotland,
Northern Eurasia, Northern America as well as other
countries all over world. Compared to typical mineral
soils, peat usually contains much higher content of organic
matter and water, which in turn results in lower shear
strength, high compressibility and other unfavourable
engineering characteristics. There have been a number of
peat landslides across Ireland and elsewhere in the world
(GSI 2006)[1], for example, the Derrybrien Landslide in
2003. In addition, the development of civil infrastructure
in Ireland, such as inland wind farm, transportation
network and etc., may also involve construction on
peatland.
One challenging characteristic of organic peat is the low
stiffness, which degrades non-linearly substantially with
increasing shear strain in relatively small strain level
[2][3]. Kishida and Boulanger (2006)[4] performed 1-D
consolidation tests and measured the shear wave velocity
in the laboratory using both reconstituted and undisturbed
samples, as to investigate the effect of organic content and
stress history on small strain stiffness. The results showed
that organic content did not significantly affect the
stiffness, and the magnitude of maximum stiffness (Gmax)
measured from the reconstituted samples in static test is
similar to that of the undisturbed samples [5].
Adnan and Habib (2015 & 2017) [6][7] conducted a
number of post-cyclic triaxial test to study the behaviour
of peat soil on small strain，ε=0.1%. They found that when
peat is subject to post-cyclic monotonic loading the shear
strength and maximum shear stiffness Gmax decreased to
be smaller than its initial shear strength and stiffness in
static condition. The magnitude of Gmax was almost 5
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times as much as shear stiffness G at small strain，ε=0.1%.
Another engineering concern is the low shear strength of
peat in both undrained and drained condition. Munro
(2005)[8] and Culloch (2006)[9] reported that the shear
strength of peat is determined by moisture content, rate of
decomposition, mineral content and other physical
properties. The shear strength can be measured by either
in-situ field test or laboratory experiments: Landva et al
(1986)[10] pointed out that the in-situ cone penetration
technique is questionable for fibrous peat, whereas the
laboratory test data, on the other hand, tends to estimate
lower strength due to sampling disturbance. As an
alternative, triaxial tests may be used for evaluation of the
shear strength under undrained conditions (Yamaguchi et
al (1985)[11] , Simonetta and Giampaolo (2005)[12]).
Similar to mineral soils, the behaviour of anisotropy is
also observed in organic peat. Landva and LaRochelle
(1983) [13] and Farrell and Hebib (1998)[14] conducted
triaxial tests and ring shear tests on peat to investigate the
friction angle (ф') on different directions. They reported
that the difference in peat shear strength is attributed to the
fibres in peat.
As a further study, O’Kelly and Zhang (2013)[15] carried
out a series of consolidated-undrained (CU) triaxial tests
to measure the shear strength of peat. The results showed
that the specimens did not reach failure throughout the test,
whereas significant difference in micro soil structure and
fibre content only cause small difference in shear
resistance.
This paper conducted a series of unconsolidated undrained
triaxial tests to investigate the shear behaviour of
undisturbed peat. Results show that in all the tests, the
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deviatoric stresses of peat keeps growing and ends up with
no obvious peak strength. For each individual test, the
shear modulus is normalised with respect to the stiffness
at reference shear strains. The normalised shear modulus
then is plotted against shear strain on a logarithmic scale
within a narrow band for engineering reference.
2 PEAT SAMPLES

Once the peat profile was characterised, a hand dug pit
was created and a block of peat at a depth of 0.6m below
the ground surface was carefully cut and removed from
the trial pit with minimum disturbance. The size of the
undisturbed block retrieved was 47cm in length x 36cm in
width x 27cm in height, the undisturbed block shown in
figure 3.

2.1 Site Description
The peat tested in this study was sampled from blanket
bog in the southwest of Ireland. The phreatic groundwater
level at the site is around 0.3m below the ground surface.

Figure 3 The bulk undisturbed peat block sample (taken at
0.6-0.87m bgl).
2.3 Specimen Preparation
Figure 1 Blanket Bog near Millstreet Co. Cork, where
peat augering and bulk peat sampling was undertaken.
The location for sampling was relatively deep upland
blanket bog (c.3.5m) which has a high cover of Sphagnum
moss , shown in figure 1. The vegetation in the area is
generally dominated by Tricophorum cespitosum, Calluna
vulgaris, Racomitrium lanuginosum and Sphagnum
capillifolium (Conaghan, 2009)[16]. Plants such as
mosses can hold 16–26 times as much water as their dry
weight when living. These mosses and other plants in
the habitat accumulate and degrade slowly in an anoxic
environment and experience diagenic changes with depth.
It is noted that the water content reduced from >1000% to
273% over the peat depth profile.
2.2 Field Investigation
A Russian corer was used to log the peat profile at the
sample location, shown in figure 2. A maximum peat
depth of 3.5m was reached, under which a silty clay was
recorded. BS5930 logging including Von Post (1926)[17]
humification classification was undertaken in the field and
samples were taken for water content and organic content
laboratory analysis.

After the peat block was taken from ground, it was
immediately packaged using plastic film to maintain the
moisture content. The block was then placed into a
suitcase and surrounded by soft packaging material to
minimise any disturbance during the transport of the
sample to laboratory. When the block sample was
delivered to soil laboratory, it was preserved in a
temperature controlled fridge at 15℃ temperature .
Specimens were cut to the required diameter from the
block sample of peat in vertical and horizontal directions,
respectively. Two sets of specimen sizes were prepared for
the triaxial tests: (a) 50mm in diameter x 85mm long and
(b) 100mm in diameter x170mm long. A height to
diameter ratio of 1.7 is used in this study as suggested by
Berre (1982)[18] and Boylan (2008)[19]. Each set
includes 6 individual specimens: three were vertically cut,
while the other three were horizontally cut. The specimens
were trimmed using a soil lathe and sharp blade, and then
labelled according to the size, direction and test sequence.
For example, ‘50Horizontal 1’ represents the specimen for
the first test in the 50mm diameter horizontally cut set.
3 LABORATORY MEASUREMENTS
3.1 Physical Properties

Figure 2 Field Peat Logging and Classification using a
Russian corer.

Water content was measured by an oven-drying using
every 0.1m selected specimens, at a temperature of 105℃
(BS1377 2 [20]) for over 24 hours, which can provide
accurate values of water content of peat materials (O ’
Kelly 2004 [21]). Above the phreatic groundwater level,
water content increases from approximately 1000% to
1450%. Under this point, the soil is divided in water
content domains: 950% between 0.4 and 0.6m, 1400%
from 0.7 to 1.5m, 1200% between 1.5 and 2.5m with a
drop to 775% around 1.7m. Below 2.5m, water content
slightly decreases from 1000% to 25% at 3.5m.
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The loss on ignition was determined every 0.5m using a
muffle furnace at 440ºC for 5 hours of the selected
samples (BS1377 2[20] and BS1377 3[22]). The results
indicate that the soil is 98-99% organic almost along the
depth and as such the soil is clearly peat. At the depth of
3.5m, the soil changes from peat to stiff clay as the organic
content decrease to 2.57%.
Fibre content was determined at different depths using
remaining selected specimens following ASTM D199791 [23] procedures. Since fibres are only organic, the loss
of ignition was also measured to correct the values. All
results for the content tests are shown as figure 4.

3.2 Triaxial Testing
Unconsolidated undrained triaxial testing was performed
on the peat specimen with GDS triaxial tester, which
consists of two pressure\volume controllers, a digital
transducer interface and a computer. Figure 5 shows the
configuration of the triaxial test in order to minimise end
restraint for the peat specimen in the test according to
Boylan (2008)[17]. In the cylindrical specimen, the
surface of the plastic disc below the membrane disc was
lubricated to minimize the end restraint, and a filter paper
was put on the porous filter stone.
In each unconsolidated undrained triaxial test, a cell
pressure of 4kPa was first applied on the specimen to
mimic the water pressure at initial ground condition.
After 1 hour, the specimen was loaded at a rate of 10%
axial strain per day until 25% of axial strain was reached.

Figure 5 Test Construction to minimise end restraint
4 EXPERIMENTAL RESULTS AND DISCUSSION

Figure 4 Water, organic and fibre content versus depth
Using the undisturbed block sample, bulk density was
measured at 1204kg/m3 in average and dry density at
71.32kg/m3. Liquid limit was determined by measuring a
sub-sample from the block. The cone penetrometer
method (BS1377 2 [20]) was selected to carry out 5 tests.
The liquid limit, corresponding to the water content for a
cone penetration of 20mm, was 896% in average. The
natural water content of the sample was measured at
1257%. The liquidity ratio, corresponding to the water
content over the liquid limit, was 1.40. According to
Hobbs (1986) [24], this ratio, for peat bogs, is ranged
between 1.0 and 1.85 with an average of 1.38. Thus, the
liquidity ratio of the block falls within the range of past
studies, suggesting that that the peat is typical and its
mechanical behaviour may be representative for the
reference of construction design on peatland.
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Figure 6 and 7 show some photos of the representative
specimens after the triaxial tests. Unlike typical shear
failure mode of mineral soil, there is no obvious failure
evidence in peat specimen. Instead, there is a slight
difference between the horizontal and vertical specimens:
When the same axial load is applied, the horizontally cut
specimens tend to develop greater inclination than the
vertically cut ones, possibly due to the soil fabric
anisotropy and fibre orientation.
Likewise, specimens of different sizes also show slightly
different deformation mode: The 100 diameter specimens
tilt remarkably after the tests, whereas the 50 diameter
specimens remain upright throughout the tests, as the
shorter specimens are usually less susceptible to
inclination or eccentric loading.
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Figure 8 Shear Strain-Deviator stress of triaxial test for
50mm diameter specimens

(a) 50mm x 85mm
(b) 100mm x 170mm
Figure 6 Horizontal specimens after triaxial tests

Figure 9 Shear Strain-Deviator stress of triaxial test for
100mm diameter specimens

(a) 50mm x 85mm
(b) 100mm x 170mm
Figure 7 Vertical specimens after triaxial tests
4.2 Triaxial Test Results
(1) Deviator stress
After each triaxial test, the collected raw data of stressstrain relationship was calculated. Figure 8 and 9 show the
processed test data of 50mm diameter specimens and
100mm diameter ones, respectively.
In the test, the deviator stress (σ1-σ3) (in kPa) is given
by[25]:
σ1-σ3=(σ1-σ3)m-σmb
Where

(σ1-σ3)m is the applied axial stress;
38
𝑡
σ =
×
𝑚𝑏
𝐷 0.2
Where D is the initial specimen diameter (in mm)
t is the total thickness of membrane
enclosing the specimen, which usually is
0.2mm (in mm).

For both the 50mm diameter and 100 diameter specimens,
the deviator stress starts to increase substantially with the
shear strain at relatively small strain up to around 8%. At
large strain, the stress continues to build up slightly and
end up with no obvious peak value. For each test, the
deviator stresses at some representative strains are listed
in Table 1. There appears no clear difference between
horizontal and vertical specimens, whereas some
distinctive discrepancy is noted among specimens of the
same size and cut directions, for example, ‘100vertical
1&2&3’.
Table 1 Deviator stress(σ1-σ3) for unconsolidated
undrained triaxial test
γ
γ
γ
γ
γ
Shear strain(γ)
5%
10%
15%
20%
max
(kPa) (kPa) (kPa) (kPa) (kPa)
specimen
50Vertical 1
2.99
4.94
6.09
7.30
7.79
50Vertical 2
3.58
5.13
5.34
5.73
5.78
50Vertical 3
5.67
8.86 10.18 11.09 11.43
50Horizontal 1 2.57
3.57
4.57
5.71
6.05
50Horizontal 2 4.78
7.80
9.47 10.27 10.51
50Horizontal 3 4.09
5.65
6.19
100vertical 1
3.44
4.85
5.51
5.71
5.76
100Vertical 2
4.49
5.82
6.48
6.99
7.41
100Vertical 3
5.41
6.61
6.99
7.19
7.30
100Horizontal 1
3.82
5.34
6.44
7.39
8.25
100Horizontal 2
5.64
7.25
8.14
8.85
9.56
100Horizontal 3
3.97
5.28
6.06
6.73
7.34
*The data of 50Horizontal 3 was lost after 15% shear
strain due to test errors.
Table 2 shows the water content of specimens of
‘100vertical 1 & 2 & 3’ from the same peat block at the
same depth across the width. The water content of
specimen vertical 1 is greater than those in vertical 2 & 3.
This in turn leads to smaller deviator stresses of vertical 1
than those of vertical 2 & 3 as shown in Figure 9 and Table
1. Similar correlation is also observed in Figure 8 for the
50mm diameter specimens, suggesting that water content
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plays an important role on the mechanical behaviour of
peat.
Table 2 Water content depending on specimen width
100Vertical 100Vertical
100Vertical
Specimen
1
2
3
Water
content
1398
1078
1064
(%)
(2) Shear modulus
To make the triaxial test data comparable, the secant shear
modulus of peat in each test is normalised against shear
moduli at reference shear strains. For simplicity, 0.1% is
selected as a reference strain for peat, whereas strain
smaller than that is unpractical for construction in soft
peatland. In addition, 1% is selected as the other reference
shear strain to account for large peat displacement. Figure
10a & 11a plots the normalised shear modulus with
respect to the shear modulus at 0.1% shear strain against
shear strain γ on a logarithmic scale. Similarly, the
normalised shear modulus with respect to the shear
modulus at 1% shear strain is plotted against log γ in
Figure 10b & 11b.

value
Figure 10 Shear Strain(log)-Shear Modulus of 50mm
diameter specimens
Figure 10 shows the normalised shear modulus reduction
with increasing shear strain. All the normalised data of
G/G0.1% or G/G1% versus log γ are plotted in a narrow band.
In Figure 10a, the normalised shear stiffness G/G0.1%
decreases significantly with increasing shear strain and
end up to be 0.085 at 1% shear strain. Figure 10b shows
that the normalised shear modulus G/G1% continues to
degrade after 1% shear strain and eventually down to
around 0.1 at shear strain 25%.

(a) Shear modulus normalized with 0.1% as reference
value

(a) Shear modulus normalised with 0.1% as reference
value

(b) Shear modulus normalized with 1% as reference
value
Figure 11 Shear Strain(log)-Shear Modulus of 100mm
diameter specimens
Similar degradation of normalised shear modulus versus
log shear strain γ is also observed in Figure 11 for the
100mm diameter specimens. The charts of normalizedshear modulus versus log γ in Figure 10 & 11 may be of
use for engineering reference in peatland.
(b) Shear modulus normalised with 1% as reference
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5 CONCLUSIONS
In this paper, a series of unconsolidated-undrained triaxial
tests was performed on peat specimens of different sizes
in different orientations. The mechanical behaviour of
peat was found to be significantly different from typical
mineral soil behaviour and the main conclusions are
summarized as follows:
1.The in-situ water content of peat is found to be greater
than the liquid limit. The water content plays an important
role on peat mechanical behaviour and can vary
significantly within a meter along the depth or width.
2. When axial load was applied to the specimens in the
triaxial tests, the 50mm-diameter specimens remain
upright throughout the tests, whereas the100mm-diameter
specimens gradually tilt to one side at large strain.
3. In all the triaxial tests, the deviator stress continues to
increase with shear strain with no obvious peak strength.
There is no clear evidence of shear failure mode in any
peat specimen.

[5]

[6]

[7]

[8]
[9]

[10]

[11]

[12]

[13]

4. The shear stiffness of peat degrades significantly with
the increase of shear strain, and the normalised shear
modulus is plotted against shear strain on a logarithmic
scale.

[14]

To date, there is much fewer investigations on the
mechanical behaviour of organic peat compared to
mineral soil. Further research will involve conducting
more triaxial tests of different types (e.g. consolidated
undrained and consolidated drained tests), aiming to shed
more light on the shear behaviour of peat. In addition, a
comprehensive review will be conducted to collect more
laboratory data of peat triaxial test available in past studies.
The test data will be analyzed with particular emphasis on
shear stiffness degradation with strain. It is anticipated
that a mathematical expression may be proposed as to
correlate normalised stiffness degradation with strain on a
logarithmic scale.

[15]
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ABSTRACT: Deep dry soil mixing (DDSM) is a form of ground improvement in which dry binders are injected and mixed in
situ, forming individual columns, rows or interlocking panels, thereby improving the geotechnical characteristics of the host
soil. In situ strength verification is required to validate designs and is typically achieved using the Push-In Resistance Test
(PIRT). Guidance on PIRT bearing factors is almost exclusively based on Scandinavian experience which has limited
confidence in the technique internationally; this has prompted a comprehensive suite of laboratory-scale PIRT verification tests
in cement-stabilised clay/silt at NUI Galway (Timoney and McCabe 2017). Given that peat soils can be successfully stabilised
and that very little of the collective PIRT experience to date pertains to peat, a small supplementary study of PIRT in stabilised
peat was carried out, the results of which are reported in this paper. The PIRT bearing factors inferred for stabilised peat are in
keeping with those obtained for clay/silt at comparable stabilised strengths.
KEY WORDS: Push-in Resistance Test (PIRT), Kalk-Pelar-Sondering (KPS), stabilisation, deep dry soil mixing, cement, peat.

1

INTRODUCTION

Dry soil mixing (DSM) is a form of ground improvement in
which dry cementitious and/or pozzolanic binders (e.g.,
cement, lime, pulverised fuel ash, gypsum or ground
granulated blast-furnace slag in suitable combinations) are
injected and mixed in situ. Deep Dry Soil Mixing (DDSM)
facilitates the construction of stabilised columns (in single
units, rows or interlocking panels), while Mass Stabilisation
allows for the complete stabilisation of a zone of soil, with
both versions suited to a wide range of geotechnical and geoenvironmental engineering applications [1].
In DSM, binder hydration reactions are initiated by the
natural moisture content of the host soil, resulting in a
stronger, stiffer and less permeable composite mass. DSM is
typically deployed in soils with moisture contents in excess of
40% [2], for example soft clays/silts, peats, dredged sediments
and other weak soils. In spite of their high moisture contents,
there is plenty of evidence that peat soils can be stabilised
effectively [e.g. 3,4]; cement or cement-GGBS binders are
recommended, at dosages of 150-300 kg/m3 [1].
Site-specific laboratory trials are routinely used to estimate
the stabilised strengths that will be achieved in the field.
However, it can be difficult to replicate field conditions in the
laboratory [5], given the myriad of technical considerations
involved, such as soil and binder characteristics, and mixing
and curing conditions [6,7]. Therefore, in situ strength
verification is essential; for DDSM the most commonly used
method is the Push-In Resistance Test (PIRT). Guidance on
inferring column strengths from PIRT relies almost
exclusively on Scandinavian experience, e.g. [8-12],
prompting Timoney and McCabe [13] to carry out a
laboratory-scale study of PIRT on stabilised organic clay/silt,
aimed at offering independent verification to satisfy
international interest in the test. Given the potential of peat
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soils for stabilisation and that very little of the collective PIRT
experience to date pertains to peat soils, a small study of PIRT
in stabilised peat was carried out as a supplement to the
Timoney and McCabe [13] study and is reported in this paper.
Bearing factors inferred for stabilised peat are compared with
those for clay/silt [13] at comparable stabilised strengths. This
work will be of interest to geotechnical engineers in light of
recent evidence that stabilised peat can sequester CO2
[14,15,16]; the on-site environmental impact of soil mixing is
therefore lower than excavate-and-replace solutions which
lead to CO2 release from peat.
2

PUSH‐IN RESISTANCE TEST

The Push-In Resistance Test, also known as Kalk-PelarSondering (KPS) in Scandinavia, involves the measurement of
the force as a winged penetrometer is advanced through a
stabilised column at a constant rate of 20±4 mm/s. Typically,
the width of the penetrometer is 75% of the column diameter;
a 400mm wide penetrometer is shown in Figure 1.
wing plate

leading edge
bulb
36mm dia.
shaft
50mm dia.
cone tip

Figure 1. 400 mm-wide PIRT penetrometer
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cu =

1 P
×
N A

[1]

McCabe [13] have
h
summarised PIRT N vvalues
Tiimoney and M
repo
orted in the liiterature, whicch range betw
ween 8 and 200. The
only
y data relevannt to peat soills are attributed to Wiggerrs and
Perzzon [18] who backfigured an
a N value of 20 for overlappping
colu
umns in poorrly-decomposeed peat with clayey interlaayers,
stab
bilised with 3000 kg/m3 blastt-furnace slag
g-cement, haviing cu
valu
ues in the rangge 100-300 kP
Pa.
In
n their reduceed-scale PIRT
T series on stabilised claay/silt
colu
umns under coontrolled labooratory conditions, Timoneyy and
McC
Cabe [13] foound N values to lie in th
he range 8-133 and
estaablished a cleaar influence of
o both column
n confinemennt and
und
drained shear sstrength on N..
3

LABORATOR
RY TESTING

recom
mmendations made by Tiimoney [21]. For consisteency
with
h the work of Timoney
T
and McCabe [13], cement was also
used
d, at dosages of
o 150 kg/m3, 200 kg/m3, 250 kg/m3 andd 300
kg/m
m3.
Th
he raw peat was initially mixed in a pan mixer, after
remo
oving large ro
oots and fibress, to homogen
nise the mass. The
bind
der was added
d and mixed w
with the peatt until the sam
mple
was visually homo
ogeneous (afte
ter approx. 5 minutes).
m
The mix
was then compacted, in 30-40 m
mm layers, intto 65mm diam
meter
and 320
3 mm high cylindrical m
moulds and a lo
oading cap placed
at th
he top of the sample. The m
moulds were mounted
m
verticcally
into a rack within a curing baasin (water at
a 20°C), withh an
18kP
Pa pre-stress (approximating
ng 1m of fill material)
m
placeed on
each
h loading cap. At 7 and 288 days, samplles were careffully
remo
oved from theeir moulds annd 2 no. 130m
mm high sam
mples
weree subjected to
o Unconfinedd Compression
n Strength (U
UCS)
testin
ng. A plot of
o E50 (the Y
Young’s mod
dulus at a sttress
correesponding to cu = 0.5q, wheere q is the UCS
U value) agaainst
cu for
f the differrent binder/tiime combinaations (Figuree 2)
sugg
gests that E50/c
/ u lies consiistently betweeen 120 and 142
(each
h point repressents the averrage of two UCS
U
tests). These
T
values are in keeping with thosee for other staabilised Irish peats
p
[4]. Based
B
on the binder trial reesults, a cemeent content off 300
kg/m
m3 was selected for use in thhe subsequent PIRT test serries.
30
3
Young's Modulus E50 (MPa)

Thee leading edgee has a circular bulb shapee to reduce friiction
alon
ng the verticaal plate sectionns of the win
ng; this is typiically
15 or
o 20 mm in diameter, whhile the wing thickness is 5 mm
lesss than the leadding edge. The cone tip is typically
t
50 m
mm in
diam
meter and thee sounding rodd diameters arre between 366 mm
and
d 44 mm diam
meter. Swedissh guidelines [11,12] allow
w for
pre--drilling of coolumns to reduuce the risk of
o the penetrom
meter
dev
viating from vvertical and exiting
e
the co
olumn. Typiccally,
thiss is applied to columns longger than 6-8 m or with undrrained
sheaar strengths (cu) in excess of 300 kPa.
k
Timoneyy and
McC
Cabe [13] alsoo encounteredd penetrometeer deviation inn their
redu
uced-scale tessts and predrilling enabled successful
s
testting.
The
T profile off cu with deppth for a staabilised colum
mn is
estimated using E
Equation 1 [177], where P iss the PIRT proobing
forcce (kN) corrected for sounnding bar fricttion, A is thee plan
areaa of the penettrometer in coontact with thee column (m2 ) and
N iss a dimensionlless bearing capacity factorr.

20
15

E50/cu=125
E50/cu=15
50

E50/cu =100

10
5
0

3.1 Peat Properrties

0

Peaat is a highly organic soil covering
c
17.2% (1.2m hecttares)
of Ireland’s
I
land area; blankett bogs (formed over 4,000 years
ago
o) are the m
most commonn type in the
t
country, with
thiccknesses rangiing from 1 too 6m [19]. The peat used inn this
stud
dy was taken from a depthh of 2-3m at a blanket bogg near
An Spidéal, Coo. Galway. The
T
peat waas pseudo-fibbrous,
classsifying as H55-H6 on the von Post [20] humification
h
sscale,
with
h natural moiisture contentts (determined
d at 1050C) iin the
rang
ge 775-915%.. The characteeristics of thiss peat are provvided
in Table
T
1.
Table 1. Characteristiccs of the An Spiidéal peat
Pa
arameter
Naatural moisture content (%)
Bu
ulk density (kg//m3)
Lo
oss on ignition (%)
Fiibre content (%))
Vo
on Post degree of humificationn
pH
H

7 Day 150
0kg/m³
7 Day 200
0kg/m³
7 Day 250
0kg/m³
7 Day 300
0kg/m³
28 Day 150kg/m³
28 Day 20
00kg/m³
28 Day 250kg/m³
28 Day 30
00kg/m³

25

Value
775 – 915
955
94 – 97
36
H5 – H6
4.9 – 5.1

50

100

150

200

Undrained Shearr Strength cu (kPa)

Fig
gure 2. Variatio
on of E50 with c u for stabilised peat binder triaals

3.3 Reduced‐Sca
ale Penetromeeter and Curing Basin
The peat-cement columns
c
weree tested using the PIRT faccility
deveeloped by Tim
money and MccCabe [13]. The
T 150 mm-w
wide
redu
uced-scale pen
netrometer useed was a besspoke one-quarter
scalee version of a standard 600 mm wide pen
netrometer (Fiigure
3). The
T curing basin consisted of a high-den
nsity polyethyylene
(HDPE) pipe, 0.75
5 m in diametter and 1.0 m high,
h
sealed at
a the
base with an HDPE base platee, intended to
o accommodaate a
centrrally-located 0.2 m diameeter column (modelling
(
0.8 m
diam
meter columns at one-quarteer scale).
3.4 PIRT Column Constructionn
Threee mixes weree required to construct eaach column; these
t
weree generated ussing the samee procedures as
a used for biinder
trialss. Initial peat moisture conntent ranges are
a given in Table
T
2. Th
he column waas constructed as follows (seee Figure 4):

3.2 Binder Trials
ls
Bin
nder trials were carriedd out in accordance with
EurroSoilStab [100] protocols foor mass stabillisation and fuurther

(i)

Two semi-ciircular halvess of 200mm diameter, 3755mm
long form pipe were bound togetther and placed
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vertically onn a thin clay base (raw peeat did not proovide
enough stabbility for the pipe
p and colum
mn); Figure 4((a).
(ii) A 13 mm ddiameter steell rod was pusshed into the basin
floor and m
maintained cenntral and verticcal within the pipe.
The peat/ceement mix was
w added to the form pippe in
50mm layerrs, with each layer
l
compactted using a 655 mm
diameter taamping bar annd a 96 mm diameter cusstommade ram uuntil the form
m pipe was fiilled (Figure 44(b)).
The surfacees of layers were
w
scarified
d with an exteended
fork to aid iinter-layer binnding.
(iii)) The 375 mm
m form pipe was
w then careefully removedd and
replaced witth a 800 mm long
l
version. Layers were aadded
to the pipe until the finnal column heeight was reaached.
The form ppipe was thenn gently remo
oved exposinng the
full length oof the stabiliseed column; Fig
gure 4(c).
(iv) The columnn was then surrrounded with raw peat, addded in
60-80mm laayers and com
mpacted using
g a 65mm tam
mping
bar (Figuree 4(d)) until the top levell of the stabbilised
column wass reached.

HDPE
basin

(aa)

steel rod

(b)

fo
orm pipe

(d)

(cc)

Figure 4. Timeline of PIR
IRT column con
nstruction

3.5

PIRT Colum
mn and UCS teesting

Oncee the designatted curing perriod was comp
plete, the steell rod
was removed frrom the cenntre of the column (theereby
repliicating a pre-d
drilled hole inn the column) and the basin was
centrred under the PIRT rig (an adaptation off the NUI Gallway
CPT
T rig) as shown
n in Figure 5.

NUI Galway
G
CPT
T rig

reaction
n frame

DPE
HD
baasin

Figure 3. 150 mm-widee scale PIRT pen
netrometer
ding edge bulb)
(inset: wing pprofile with its 6 mm dia. lead
RT test details
Table 2. PIR

Peeat initial moistuure ct. (%)
Av
verage curing teemp. (0C)
Tim
me of PIRT (daays)
Tim
me of UCS testt (days)
P1
Pu
ush-in rate
(m
mm/sec)
P2

PI-A
743-844
19.6
1.95
2.28
12.4
17.8

PI-B
74
40-767
20.2
6.99
7.46
19.6
18.6

PII-C
771 -872
200.0
133.85
144.22
211.8
222.0

During
D
curing, the basin was
w stored at a temperatuure of
betw
ween 18°C annd 21°C (averrage values in
n Table 2). Thhe top
of the
t basin wass covered witth plastic bettween construuction
and
d testing to avoid moisture loss. A small stress was appplied
to th
he top of the bbasin to aid inn the curing prrocess.
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Figure 5. NUI G
Galway PIRT riig

Th
he PIRT penetrometer was attached to the
t bottom off the
push
h rod, which in
i turn was at
attached to thee ram of the CPT
rig. A load cell and draw-wirre gauge con
nnected to a data
acqu
uisition system enabled a force-deptth profile too be
recorrded (Figure 6(a)). The peenetrometer was
w advanced into
the column
c
(Figurre 6(b)) at the
he rates shown
n in Table 2 until
u
the clay
c
base beneath the colum
mn was reach
hed (P1 repressents
the first
f
push befo
ore pausing tem
mporarily at ≈300
≈
mm deptth to
facilitate the addittion of a secon
ond sounding bar;
b P2 repressents
the second
s
push). Three PIRTss were carried
d out on stabillised
peat (PI-A, PI-B and
a PI-C) witth nominal cu
uring times off 2, 7
pectively (the exact test tim
mes are show
wn in
and 14 days, resp

CERI-ITRN2018

Tab
ble 2). A fouurth PIRT was
w conducted
d in the raw peat
surrrounding the ccolumn for comparison.
After
A
each teest, the stabbilised colum
mn was careefully
exh
humed and llaid flat for inspection; see Figure 6(c).
Cyllindrical speciimens, approxximately 50mm in diameteer and
100
0-120mm long, were obtaained from th
he column w
where
possible (avoidinng areas of cracking) for UCS testinng in
acco
ordance with EuroSoilStabb [10] (Figuree 6(d)). Exact UCS
test times are alsoo provided in Table 2.

Penetration FForce, Pu (kN)
0.5

0.0

1.0

1.5

2.5

2.0

0
100
PI‐C

Depth (mm)

200

load
ceell

300

PI‐A
Unstab.
Peat

400
PI‐B

500
600

draw
wire

PI‐B base

700

PI‐A (2 days)
PI‐B (7 days)

(aa)

PPI‐C base
PI‐AA base

800

(b)

PI‐C (14 days)

900

Fig
gure 7. Penetrattion force (Pu) vvariation with depth
d
in columnns

0

Unco
onfined Compresssion Strength (U
UCS), q (kPa)
100
1
200
300
400

0

(cc)

(d)

4.1

RESULTS
on Force profiiles
Penetratio

The
T profiles off penetration force
f
(Pu) witth depth are shhown
in Figure
F
7 for thhe stabilised peat
p PIRTs an
nd the single PIRT
in unstabilised
u
peeat. The Pu prrofiles for PI-A
A (2 days) annd PIB (7 days) clearlly reflect theiir different strrengths, a funnction
of th
he curing periiod, but Pu proofiles for PI-B
B (7 days) andd PI-C
(14 days) are muuch closer in magnitude. For
F PI-B and PI-C,
larg
ge Pu values w
were observed upon initial penetration
p
intto the
colu
umn, followed immediatelly by a sharp
p drop as a crack
prop
pagated aheaad of the penetrometer. The increeasing
PI-A,
jagg
gedness of thee curves (from
m the unstabiliised PIRT, to P
to PI-B
P
and PI-C
C) reflects a prrogression in column brittlleness
(illu
ustrated by [222] using strrains at failurre), giving riise to
incrreased crackinng ahead of thhe penetrometeer. This jaggeddness
is also
a reflected iin the Wiggerrs and Perzon
n [16] data. Siimilar
observations on ccracking weree made by Tim
money and MccCabe
[13]] for stabilisedd silt/clay.
4.2

Unconfineed Compressio
on Strength te
esting

The
T expected increase in q with curing time is show
wn in
Figu
ure 8. The q values are reelatively conssistent with ddepth,
giveen the variabiility in the hoost peat and th
he mixing proocess.
From Figure 9, itt can be obserrved that the dependence
d
off E/cu
on cu is slightlyy more pronouunced than in
n the binder trials
(Fig
gure 2), possibbly due to thee different co
ompaction met
ethods
app
plied to mouldd samples and the column.

Depth (mm)

4

200
2
300
3
400
4
500
5
600
6

2 days
7 days

700
7

14 days

800
8

Figure 8. UCS
U profile withh depth (colum
mn samples)
40
4
Young's Modulus E50 (MPa)

Figu
ure 6. (a) Instruumentation (b) Pre-test
P
set up (c)
( Exhumed coolumn
for inspection//sampling (d) UCS
U test on 2-day old specimen
en

100
1

2 days
7 days
14 dayss

35
3
30
3

E 50/cu = 200
E50/cu = 150

25
2
20
2

E50/cu = 100

15
1
10
1
5
0
0

0
50

100
150
200
ear Strength, cu (k
kPa)
Undrained Shea

250

Figure 9. Variation
V
of E50 with cu (colum
mn samples)
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500

INTERPRETA
ATION OF N VA
ALUES
Corrected
d Penetration Force
F
Profiles

5.1

Tim
money and M
McCabe [133] performed
d cone-only tests
enab
bling the fricttional contribbution of the cone
c
and sounnding
bar to be deducteed from the ovverall PIRT fo
orce profile, ass P in
Equ
uation 1 relattes to the coontribution off the penetrom
meter
only
y. No cone-oonly tests werre conducted for the peat sseries
desccribed here. H
However, exaamination of the data prodduced
by Timoney
T
and McCabe [13] indicated th
hat the contribbution
of the
t cone plus sounding barr consistently amounted to 6-9%
of the total pennetration forcce. A cone plus
p
soundingg bar
con
ntribution of 7.5% was assum
med for this peat
p series.
Corrected
d UCS values fo
or time‐equiva
alence

5.2

150
100
50
0
10

155

20

25

30

In Figure 12, average N vvalues for eaach of the three
t
stabiilised peat columns plotte
ted against th
he corresponnding
average corrected
d strengths cu,u,cor,avg, are su
uperimposed upon
u
s
the corresponding clay/silt ddata derived using the same
expeerimental arran
ngement [13].. The averagee N value for PI-A
P
(24.6
6) is higher th
han those for unstabilised clay/silt valuees in
Figu
ure 12. Given that the streng
ngth of this co
olumn is relatiively
low, it is postulatted that the fiibres may hav
ve provided some
s
tensiile resistancee to passagge of the 6 mm diam
meter
peneetrometer bulb
b, thereby infllating Pu values. In generall, the
graph indicates th
hat the N valuue may be mo
ore closely rellated
to strrength than ho
ost soil type, aat least for cu > 50 kPa. Thhis is
a po
otentially sign
nificant findinng but requirres substantiaation
throu
ugh further research.
400

N values
v
were caalculated for each
e
individuaal sample retrrieved
from
m the column using Equatioon 1 with P = 0.925Pu,avg (w
where
Pu,avg is the averaage Pu in Figuure 7 (calculaated over lenggth of
the sample) and cu = cu,cor = 0..5qcor. A profiile of N with ddepth
is sh
hown in Figurre 10. In keepping with prev
vious researchh [11],
a sm
mall number of N values were
w
omitted at shallow deepths,
wheere cracking ahead of thhe penetromeeter (due to low
con
nfining forces from the peaat surrounding
g the column)) was
beliieved to havee resulted in abnormally low P values.. The
indiividual valuess of N are plootted against corresponding
c
g cu,cor
in Figure
F
11, annd again inddicate that N may be streengthdep
pendent, as fouund for clay/siilt [13].
N value
10

200

N value

PIRT N Va
alues

5

PI‐A (2 days)
PI‐B (7 days)
PI‐C (14 days)

Figure 11. N value variation wiith corrected un
ndrained strengtth

Thee UCS tests (Figure 8) were
w
unavoid
dably perform
med a
num
mber of hourss after the corrresponding PIRT
P
as evideent in
Tab
ble 2. Thereforre, a correctioon to the q vallue of each saample
(to that at the tim
me of the PIR
RT test) was required to eenable
accu
urate N value calculation. Timoney and McCabe [13]
prop
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the Lekkerkerk site,
s
as oppossed to single columns in this
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6

CONCLUSIONS

It is clear from this study that Dry Soil Mixing is an effective
method of stabilising peat soils, although binder contents
required are typically greater than those needed to stabilise
soils (e.g. clays/silt) with lower moisture and organic contents.
The PIRT N values derived show some scatter as expected,
given the inherent natural variability of the peat and the
mixing process. The individual values from three columns
tested at different curing times lie in the range 7-26, showing
the same strength dependence as found for PIRT on clay/silt
columns using the same apparatus [13]. Furthermore, the
combined peat and clay/silt dataset suggests that the N value
(corresponding to a particular strength) may be independent of
the host soil type, but further research is warranted to
investigate this preliminary finding. In addition, further
research is required to confirm the applicability of reducedscale model data to field scale.
7
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ABSTRACT: Slope stability on the transport network is an increasing issue. In the UK, embankments and cuttings are increasingly
susceptible to failure due to aging infrastructure, and globally, environmental change is likely to increase the frequency of slope
failure through a predicted increase in rainfall, which will threaten the serviceability of transport infrastructure proximal to natural
slopes. Long-term monitoring of slopes and embankments is required if failure is to be mitigated, avoiding the need for costly
remedial works. Geophysical monitoring techniques are an alternative to cost- and time-intensive geotechnical monitoring and
unreliable visual monitoring of earthworks assets, as they can be implemented relatively inexpensively, and can provide near-real
time information about large volumes of the subsurface, including changes in moisture content over time. Here, the use of
Electrical Resistivity Tomography will be assessed in terms of its applicability to monitoring both man-made embankments and
cuttings (using a railway test track at Old Dalby, Leicestershire, UK, as an example) and natural slopes which affect transport
infrastructure (using Ripley Landslide, British Columbia, Canada, as an example). Data from these sites will be presented, enabling
the comparison of the use of geophysical techniques on slopes of different scales.
KEY WORDS: TRANSPORT INFRASTRUCTURE; ELECTRICAL RESISTIVITY TOMOGRAPHY; PRIME SYSTEM;
SLOPE STABILITY.
1  

INTRODUCTION	
  

Transport infrastructure is critical to the functioning of
modern society, and many transport networks are now
operating at capacity or exceeding capacity [1]. Growing
populations mean that the demands on transport infrastructure
are continually increasing. As such, there has been growing
interest in increasing the resilience of the transport network
over recent years [2]. Transport assets require sustainable, costeffective management, while maintaining an appropriate
service level to meet social, economic and environmental
needs.
Earthwork failures have the potential to disrupt rail and
road travel, and are potentially hazardous to the people using
the transport networks [3], and given that emergency repair
works cost ten times as much as planned maintenance works
[4], monitoring of such infrastructure is important. This is
particularly important given the aging infrastructure: Much of
the UK’s railway network was constructed during the Industrial
Revolution, when materials were primarily selected for their
ease of excavation, so many embankments and cuttings are
comprised of weak, unconsolidated mudstones and clay. As
such, they are vulnerable to failure [5], and the frequency of
failure is increasing as the assets age [6, 7].
Many of these failures occur on cuttings and
embankments, as in the mid-late 19th century and early 20th
century when much of the railway network was constructed,
railways required very shallow angles and many earthworks
have slopes far steeper than would be constructed today due to
the locally sourced, and poorly engineered fills used when
constructing the earthworks [7]. Cuttings and embankments
make up approximately 1/3 of the asset value of major highway
infrastructure [4], and there are approximately 20,000 km of
cuttings and embankments in the UK alone. In 2010, 50% of
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cuttings and embankments managed by Network Rail were
considered to be in poor condition [8]. This has major
implications for the transport industry, as failure of slopes
affecting infrastructure results in large economic and social
challenges.
Natural slopes can also threaten the serviceability of
transport infrastructure where infrastructure has been poorly
sited. Many parts of the world’s road and rail networks are
positioned in close proximity to unstable slopes. One example
of this is the Ripley Landslide, British Columbia, Canada,
where two railway lines (Canadian National and Canadian
Pacific Railways) run beneath a large, slow-moving landslide
(approximately 55 mm per year) on a natural slope proximal to
the Thompson River. If these railway lines were to be affected
by a major landslide, major economic losses would be incurred
as these railway lines are mainly used for freight trains
travelling to and from Vancouver [9, 10]. Another example is
the Bhagirathi catchment in the Indian Himalayas, where a 12
km road corridor is threatened by several landslides from the
steep slopes surrounding it, and given the nature of the
topography in the area, the placement of the road network in
such close proximity to steep slopes could not be avoided [11].
As such, it is often necessary for transport networks to be
positioned close to natural unstable slopes, and so monitoring
of the slopes to inform hazard management and mitigation is
required in these areas.
Traditionally, geotechnical investigations, or remote
sensing investigations are used to monitor slope stability [12,
13, 14, 15]. However, these techniques are sparse:
Geotechnical investigations are spatially limited as discrete
borehole sampling cannot capture the complexity of often
highly heterogeneous slopes, and invasive sampling is costly
[5]. Remote sensing provides good spatial data, but does not
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provide any insight into the subsurface. Geophysical
investigations offer an alternative to invasive, costly
geotechnical investigation, and provide the necessary subsurface information to understand landslide processes [16]. It
should be noted, however, that while geophysical methods are
useful tools in supporting slope stability assessment, combining
geophysical techniques with geotechnical techniques is a more
reliable method of slope stability assessment.
The use of geophysical methods for assessing earthwork
stability is relatively new, but is a rapidly growing approach.
Given that earthworks assets are generally much smaller than
the structures which geophysical methods are generally
deployed to investigate, the techniques must often be adapted;
for example, higher frequencies must often be used when using
wave methods [1]. However, in recent years, geophysical
methods have been effectively used to monitor earthworks
assets [17, 18, 19, 20]. Indeed, the Department for Transport
(2014) has recommended that geotechnical asset owners focus
on trialing non-invasive methods of monitoring earthworks
assets, such as those made available by geophysical techniques
[5].
There are multiple methods used for near surface
geophysical surveying, including Electrical Resistivity
Tomography (ERT), Seismic methods (including Multichannel
Analysis of Surface Waves (MASW)), Ground Penetrating
Radar (GPR), Electromagnetic ground conductivity (EM),
gravity methods, and magnetic methods etc. The type of
geophysical technique selected depends on the geophysical
properties of the subsurface at the site of interest. In this
research, the use of electrical methods for monitoring slopes
that affect transport infrastructure are assessed.
2  

METHODOLOGY	
  

Here, ERT is used to monitor unstable slopes at two sites:
The Old Dalby test track embankment, Leicestershire, whereby
a man-made embankment adjacent to a railway line is unstable,
and the Ripley Landslide in British Columbia, Canada, where
a natural, slow-moving landslide threatens the serviceability of
two adjacent railway lines [21]. These field sites were selected
as they demonstrate the applicability of near-surface
geophysical surveys on both man-made embankments and
natural slopes that affect transport infrastructure. Both field
sites already had surveying equipment installed, including
PRIME (Proactive Infrastructure Monitoring and Evaluation)
systems which are used to provide near-real time ERT data
remotely, and both sites are being monitored over long periods
of time.
  

Field	
  Sites	
  

2.1.1.	
  Ripley	
  Landslide,	
  British	
  Columbia,	
  Canada	
  
The Ripley Landslide is a small, slow-moving,
translational landslide [22] and is 220 m long (N-S) by 150 m
wide (E-W), and has an estimated volume of 400,000 m3 [10].
It is one of fourteen natural, active landslides along a welldocumented >10 km section of the Thompson River Valley,
North East of Vancouver, Canada [23], as shown in Figure 1.
These landslides threaten the integrity of Canadian National
and Canadian Pacific railway lines which run along the bottom
of the valley [10], with potentially large economic impacts if

the main railway lines for the transport of goods to and from
Vancouver were to be interrupted by a slope failure.

b  

Figure 1. (a) Location of the study area, and (b) the Ripley
Landslide site (From Huntley et al., 2017).
Although the Ripley Landslide is slow-moving – with
movement ranging from 2.55 mm yr-1 at the northern end of
the slide to 54.75 mm yr-1 at the southern end of the slide –
vertical and lateral displacement of the railway tracks requires
the tracks to be lifted and ballast added underneath to
compensate for the movement and to allow the passage of trains
to continue through the area. Indeed, between autumn 2006 and
spring 2007, track lifting of 10 mm to 20 mm was required as
often as every 3 to 6 weeks [9]. As such, continual monitoring
of this site is beneficial as it enables an ongoing management
programme to be implemented, as opposed to costly remedial
works post-failure. Indeed, a hazard and risk assessment of the
Ripley landslide completed by Canadian Pacific showed that
the risk to life and the environment from the landslide was very
low, but that stabilizing the slope would be very costly, have a
significant environmental impact, and may not be effective.
Instead, a monitoring programme was considered a better
course of action for the Ripley landslide [24].
2.1.2..	
  Old	
  Dalby	
  test	
  track,	
  Leicestershire,	
  UK	
  
The Old Dalby test track is a railway in Leicestershire,
England, which closed to passenger trains in 1967 and to goods
trains in 1968, and is now used for the testing new trains
designs [25]. The Old Dalby test track includes cuttings and
embankments, which have a history of instability. Figure 2
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shows the location of the monitoring equipment at the site, as
well as the geology of the area. While the railway line at Old
Dalby is not used directly for transport, the maintenance of such
tracks is important, as testing allows the safety of the world’s
railways to be maintained.
A PRIME system, along with several sensors measuring
moisture content, bulk EC, and temperature, is installed at the
site, at the top of a relict landslide. There is an indication of
instability developing adjacent to this relict landslide. The
monitoring at the site allows moisture conditions to be
monitored over time, allowing the influence of moisture
conditions on slope instability at the site to be characterized.

Figure 3. Schematic diagram of electrodes used in electrical
resistivity measurements.
The measured potential difference in voltage is given as:
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I is current (amps). Resistivity can then be calculated:
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Figure 2. Local geology at the Old Dalby test track site.
Electrical Resistivity Tomography survey lines are shown in
red, and labelled L1-5. Borehole location (BH 1, 2, and 3) is
also highlighted.  
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Electrical	
  Resistivity	
  Tomography	
  

Electrical Resistivity Tomography (ERT) is based on
the resistance of the subsurface to a passing current. Resistivity
varies between soil and rock types, and is dependent on
moisture content and temperature [26]. Igneous rocks tend to
have the highest resistivities, and sedimentary rocks tend to
have the lowest resistivities, largely due to the greater
proportion of pore space in sedimentary rocks, as most current
travels through the ground via the pore fluid [27]. A large
proportion of clay in soils also results in low resistivity, as clay
minerals are electrically conductive. However there is overlap
between many common rock and soil types, which can pose a
challenge in identifying the geology. Resistivity can therefore
not be related directly to the geology of the subsurface without
combining it with some other geophysical or geotechnical
information.
In electrical resistivity surveys, electrode arrays with
multiple separations are used to produce resistivity-depth crosssections, known as pseudo-sections. For a single resistivity
measurement, four electrodes are used: a known current is
forced between two electrodes (electrodes A and B), and the
potential difference, ΔV, is measured across the other electrode
pair (electrodes M and N) [28]. An example of this arrangement
using a Wenner array is illustrated in Figure 3.
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Where ρ is resistivity (Ωm), and K (m) is a geometrical
coefficient which is dependent on the spacing of the four
electrodes.
The resistivity measured in electrical resistivity
tomography surveys can be related to the gravimetric moisture
content of the subsurface by the Waxman-Smits (1968)
equation [29]:
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In this equation, ρ is resistivity, F is the formation factor, S is
saturation, n is the saturation exponent, ρw is the pore water
resistivity, Q is the cation concentration per unit pore volume,
and B is the average mobility of the ions. This demonstrates the
influence of moisture content on the resistivity of the
subsurface.
2.2.1  

The PRIME System

For this research, a PRIME (Proactive Infrastructure
Monitoring and Evaluation) system has been installed, both at
the Ripley landslide in Canada, and at the Old Dalby landslide,
UK, which automatically collects electrical resistivity data, in
near-real time, enabling time-series data to be developed,
allowing for the long-term monitoring of both slopes. This
system enables failure processes to be identified early, so that
low-cost preventative measures can be implemented, as
opposed to costly remedial work post-failure, which is
important, as emergency repairs typically cost around ten times
as much as planned maintenance [4]. The initial results from
three months of monitoring at the Ripley Landslide, Canada,
and results from Old Dalby, UK, are presented in this paper.
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3  

RESULTS	
  AND	
  DISCUSSION	
  
  

Ripley	
  Landslide	
  

Figure 5 are likely due to increased moisture content of the subsurface in response to precipitation.

The electrical resistivity of the Ripley Landslide on
05/12/17 is shown in the resistivity fence diagram below
(Figure 4). The high resistivity measurements at the surface
(>500 Ohm.m) are likely to be caused by a unit of silt, sand,
and gravel at the surface, which are predominantly exposed
fluvial, colluvial, and anthropogenic deposits. The lower
resistivities recorded below this are due to the presence of a
glacial till deposited during the Fraser glaciation, with a high
clay content [10]. This results in a low resistivity as surface
conduction by clay particles allows current to flow more easily
in materials with greater proportions of clay, as opposed to
flowing only via pore fluid conduction in materials where clay
is not present. It is this Pleistocene unit, comprised of highplasticity glaciolacustrine sediments, in which the shear surface
of the landslide is situated in the Ripley landslide, as well as
other landslides in the Thompson River Valley [30].

Figure 5. Changes in resistivity (Ohm.m) over time at the
Ripley Landslide from resistivities measured on 05/12/2017, up
to 19/02/2018.
Figure 4. Resistivity profile of the cross-sections measured at
Ripley Landslide.
Figure 5 shows the changes in the electrical resistivity
of the study site from the resistivity profile shown in Figure 4,
over a period of three months. These changes are
predominantly down to moisture changes in the subsurface,
although temperature is also an important consideration in this
area as there are large seasonal changes in temperature, with
additional large short-term variations. Here, air temperatures
ranged from a minimum temperature of -18.86 °C in December
2017 to a maximum temperature of 8.63 °C in January 2018.
Indeed, the change in temperature results in changes in
moisture content as snow-melt in the spring season is expected
to result in large increases in moisture content, and is usually
associated with landslide activity at the site [9].
The near-surface increase in resistivity shown in
places in Figure 5, (e.g. 08/01/2018), is likely to be due to
freezing of the ground as a result of the low winter
temperatures. Given that most electrical current flows via ions
transported in groundwater [17], despite the high levels of
precipitation (snowfall), the resistivity of the ground can
therefore decrease. The reductions in resistivity shown in

Critically, the PRIME system operating on the Ripley
Landslide will continue to collect data throughout the snowmelt
season, and longer term, which will provide information about
moisture-driven processes operating in the subsurface relating
to failure, and capture seasonal changes in landslide processes
operating at this site. Given that landslide activity typically
occurs during the snowmelt season at this site, and in response
to changes in the elevation of the Thompson River which varies
seasonally, this is particularly important for the long-term aim,
which is to develop moisture thresholds for the prediction of
slope failure at this site.
  

Old	
  Dalby	
  Landslide	
  

Some initial results from the PRIME system at Old
Dalby are shown in Figure 6. These results indicate a build-up
of water below the surface at the interface between the Blue
Anchor formation and the overlying Westbury formation,
which is likely as a result of groundwater pooling above the
aquitard (Figure 2). The ERT data shown in Figure 6 A and B
shows the condition of the site at the end of a dry season, and
at the end of a wet season, respectively, so demonstrates how
the moisture conditions of the slope change seasonally,
showing an decrease in resistivity following prolonged rainfall,
corresponding to an increase in moisture content.
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The volumetric moisture content (VMC) of the
subsurface is shown in the graph in Figure 6. This demonstrates
the relationship of volumetric moisture content to electrical
resistivity at the site. The changes in VMC at 0.1 m below the
surface correspond closely to the changes in rainfall over short
time-periods, but the VMC at 1.5 m depth relates to seasonal
changes in rainfall. Indeed, the VMC rises sharply at 1.5 m
depth during rainy seasons, coinciding with reduced resistivity
in the subsurface (Figure 6 B) and falls during dry seasons,
coinciding with an increase in resistivity in the subsurface
(Figure 6 A).

A  
L4  

The results also demonstrate the effect of vegetation
on earthwork slopes; during the summer months when there is
a tree canopy, the resistivity of the subsurface under the
vegetated part of the slope (Lines 3 and 5, Figure 2 and Figure
6) is considerably higher than the non-vegetated part of the
slope. This difference results from the uptake of water by the
trees in these locations, which reduces the moisture content of
the slope at that point. When the tree canopy disappears in
winter, which coincides with an increase in rainfall, the overall
moisture content of the slope increases sharply as a result of the
reduced uptake of water by the vegetation.

L3  

L5  
L2  

L1  

B  

L4  

L3  

L5  
L2  

L1  

A  

B  

Figure 6. Change over time in resistivity at Old Dalby, corresponding to rainfall, with A and B
corresponding to different times, as shown on the graph. Survey lines are marked L1-L5,
corresponding with the layout highlighted in Figure 2.

287

CERI-ITRN2018

4  

CONCLUSIONS	
  

Electrical Resistivity Tomography, particularly when
incorporated into a PRIME system to provide near-real-time
information about instability processes occurring in the
subsurface, is a highly valuable tool for slope stability
monitoring and assessment. Initial results from the PRIME
system installed at the Ripley Landslide in British Columbia,
Canada demonstrate the sensitivity of the measurements to
moisture content, and given that slope stability is highly
sensitive to moisture content at this site, ERT is extremely
useful here. Similarly, at Old Dalby, the long-term ERT
monitoring of the site has revealed the response of the
subsurface to seasonal changes in rainfall. Research will
continue into both of the field sites considered here, as both
have a continuous data collection programme, with the longterm aim of producing moisture thresholds to enable the
prediction of instability.
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ABSTRACT: In the UK and Ireland bearing pile design is generally based on the “design by calculation” methodology where
soil strength parameters are obtained from in-situ data or through empirical correlation with ground test results. Direct ground
test results from Cone Penetration Tests (CPTs) are seldom used to complete ultimate limit state designs to satisfy EC7. This
paper discusses the development of a numerical method where direct results from CPTs are used to design bearing piles. The
method was verified through a case study where a large amount of CPT data was available. The resulting pile designs were
compared to the more commonly used “design by calculation” and “design by pile load test” approaches. The numerical method
was incorporated into the ALLPile (Axially and Laterally Loaded Pile) software which supports single pile design according to
EC7.
KEY WORDS: CERI 2018; Bearing Pile Capacity; Design by Ground Test; Cone Penetration Tests (CPT’s); EC7.
1
1.1

INTRODUCTION
Pile Design to EC7

Eurocode 7 offers a number of methodologies for completing
pile design to satisfy Ultimate Limit State (ULS)
requirements. Typically, the Serviceability Limit State (SLS)
requirements for pile design are satisfied once ULS
requirements are met. This paper does not consider SLS
design in detail and focusses on ULS design.
The three ULS design verification methods offered by EC 7
are: design by calculation, design by load test and design by
ground test. “Design by calculation” is satisfied by
determining characteristic parameters for the strata
encountered. These parameters are typically arrived at through
correlations with the results of field tests and through direct
measurements using laboratory testing. The characteristic
parameters are used to calculate characteristic pile base and
shaft resistance. Partial factors are applied to these
characteristic resistance values to determine design resistance
values. The ULS design is verified provided that these
resistance values are greater than the applied design loads.
One of the drawbacks of this method is that the correlation
between field test results and geotechnical parameters is
typically conservative and this adds an implicit factor of
safety to the design on top of the stated partial factors used in
the calculation. The methods of calculating resistance from
characteristic parameters rely on a number of empirical
factors that will also contain an implicit conservatism in their
determination. This conservatism is then transferred to the
resistance calculation reducing the efficiency of the design.
Design by load test is satisfied by completing static load
tests on piles and back calculating pile resistance from the
stress-strain curves generated during the test. Correlation
factors are applied to the measured pile resistance. These
correlation factors decrease as the number of tests carried out
increase, allowing for more efficient designs to be obtained
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provided a sufficient number of tests is carried out. The
advantage of this method is that the pile resistance is directly
measured in the form of the stress-strain relationship for the
pile, removing the implicit conservatism that can develop in
the design by the calculation method. The disadvantage of this
method is that pile load tests are typically expensive to carry
out and to achieve the full benefit of this method the pile
testing is ideally done prior to the installation of working piles
on sacrificial preliminary piles. This further increases the cost
associated with this method, making it an unattractive option
for most clients.
Design by ground test is a design method that offers the
efficiency advantages of the design by load test without the
large additional cost of the preliminary pile load tests. This
method directly correlates the results of field tests with pile
resistance. This essentially skips a stage in the design by
calculation method where the characteristic parameters are
first calculated before pile resistance. Skipping this stage
removes the potential for an implicit conservatism to be
introduced to the design. A partial factor is applied to the
correlated resistances based on the number of field tests
completed. This factor reduces as the number of tests
completed increases. This method utilises field tests that are
likely to be completed as part of a ground investigation prior
to the design process and so no additional cost is incurred.
The field tests that are typically used for this method are the
Standard Penetration Test (SPT) and Cone Penetration Test
(CPT). The correlations between CPT field tests and pile
resistance are discussed in the next section.
1.2

Pile Capacity Using CPT Results

Previous research (Robertson & Cabal, 2010; Briaud and
Tucker, 1988; Tand and Funegard, 1989) has demonstrated
that CPT methods generally give less conservative predictions
of axial pile capacity compared to other methods. This has
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been attributed to the continuous profile of soil response that
the CPT provides. Generally, CPT methods use correlation
factors applied to measured CPT values. The correlation
factors consider a combination of influences such as scale
effects, rate of loading effects, difference of insertion
techniques, position of the CPT friction sleeve and differences
in horizontal soil displacements.
The LCPC Method proposed by Bustamante & Gianeselli
(1982) provides guidance that is relevant to many different
pile installation methods and provides good estimates of the
axial capacity of single piles. The method is empirical and is
based upon pile load tests. The pile unit end bearing, qb, is
calculated from the calculated equivalent average cone
resistance, qc, multiplied by an end bearing coefficient, kc, that
depends on pile type and ground conditions. The pile unit
side friction, qs, is calculated from measured qc values divided
by a friction coefficient, αLCPC, which is also dependent on
ground conditions and pile type. The advantage of this method
is that only the measured cone resistance, qc, is used for the
calculation of both side friction and pile end bearing
resistance.
The methodology recommended by EC 7 follows the
rationale presented in the LCPC method. The correlations
between pile resistance and field test values are based solely
upon the cone penetration resistance, qc. The unit base
resistance, qb, and unit shaft resistance, qs, are obtained
through correlations based on the qc values and the permitted
settlement of the piles. EC7 recommended values of qb and qs
are given in Table 1 and 2 respectively.
For ULS design, the values correlated at the ultimate
settlement of the pile head, sg, should be used. The values of
qb and qs are multiplied by the pile base and shaft area
respectively to obtain the resistance values as a force.
The values provided below are for coarse granular material
and may vary depending on the relevant country’s National
Annex. Unit base and shaft resistance can also be obtained by
multiplying the qc values by an empirical coefficient cs and
cb,0.1 respectively which can vary depending of the pile type
and the soil type (Equation 1 and 2) (BS8004:2015).
𝑞𝑏,0.1 = 𝑐𝑏,0.1 × 𝑞𝑐,𝑏
𝑞𝑠,𝑗 = 𝑐𝑠,𝑗 × 𝑞𝑐,𝑗

Table 1: Relationship between unit base resistance, qb, and
average cone penetration resistance, qc, as a function of
normalised settlement proposed by EC7.
Normalised
settlement
s/Ds; s/Db

qc = 10

qc = 15

qc= 20

qc = 25

0.02

0.7

1.05

1.40

1.75

0.03

0.9

1.35

1.80

2.25

0.10 (=sg)

2.00

3.00

3.50

4.00

NOTE: Intermediate values may be interpolated linearly.
In the case of cast in-situ piles with pile base enlargement,
the values shall be multiplied by 0.75.
s is the normalised pile head settlement
Ds is the diameter of the pile shaft
Db is the diameter of the pile base
sg is the ultimate settlement of the pile head
Table 2: Relationship between unit shaft resistance, qs, and
average cone penetration resistance, qc, proposed by EC7.
Average cone penetration
resistance qc (CPT) in MPa

Unit shaft resistance qs in
MPa

0

0

5

0.040

10

0.080

≥ 15

0.120

NOTE: Intermediate values may be interpolated linearly.

(1)
(2)

Where qc,j is the measured cone resistance in layer j and qc,b is
the average cone resistance measured over a distance ±1.5 pile
diameters below the pile base.
BS8004:2015 recommends values of empirical coefficients
that are provided in Table 3 which are correlated for an
ultimate resistance at a settlement equal to 10% of pile
diameter, sg.
The ultimate resistance is calculated for each CPT test and
is used to calculate a characteristic resistance that is a function
of the number of tests that were carried out.
The
characteristic resistance, Rck, is selected as the lowest of either
the minimum resistance calculated, Rcal,min, or mean resistance
calculated, Rcal,mean, from the CPT method (Equation 3).

Unit base resistance qb, in MPa, at average
cone penetration resistance qc (CPT) in MPa.

𝑅𝑐𝑘 = 𝑚𝑖𝑛 (

𝑅𝑐𝑎𝑙,𝑚𝑒𝑎𝑛 𝑅𝑐𝑎𝑙,𝑚𝑖𝑛
,
)
𝜉3
𝜉4

(3)

The values of ξ3 and ξ4 depend on the number of CPT’s
that were completed and reduce as the number of tests
increases. They also depend on the relevant country’s
National Annex. For example, if one CPT was completed in
the UK, ξ3 = ξ4 = 1.55 (NA to BS EN 1997-1:2004). These
correlation values may be divided by 1.1 where the pile loads
can be redistributed i.e. the structure has sufficient stiffness
and strength to transfer loads from “weak” to “strong” piles.
Following determination of the characteristic resistance, the
design resistance, Rd, is determined using the relevant partial
factors, γtotal, in the National Annexes to EC7 (Equation 4).
𝑅𝑑 =

𝑅𝑐𝑘
𝛾𝑡𝑜𝑡𝑎𝑙

(4)
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Table 3: Recommended values for empirical coefficients cs and cb,0.1 from BS8004:2015.
cs
High
Low
Replacement
displacement displacement
High
piles
Soil type
piles
piles
displacement
0.0004Sand
0.009
0.0015- 0.004 0.003-0.006
0.3-0.5
Silt
Medium to high strength/
over consolidated Clay
Low strength/ normally
consolidated to lightly
over consolidated Clay
2
2.1

0.006-0.01

0.003-0.006

0.007-0.017

0.008-0.012

Data not available

ALLPILE SOFTWARE
Numerical Method

A drawback to the design by ground test methodology is that
it is time-consuming to iterate when a large number of CPT
tests are available. A numerical method was developed
following the advice of EC7 and relevant standards including
British Standards and the UK and Irish National Annexes and
incorporated in ALLPile (Axially and Laterally Loaded Pile).
The software enables the rapid recalculation of the pile
capacity for different load combinations. The software is used
to complete pile designs to the three methodologies in EC7.
Figure 1 illustrates the ALLPile framework. A ground model
is entered into the software along with characteristic
properties to complete pile design by calculation. The
derivation of the characteristic properties is left to the user.
The results from static pile load tests can be entered into the
software to complete the design by load test methodology. In
addition, CPT results may be entered into the programme to
complete the design by ground test approach. The pile design
can be completed by any number of these methods depending
on the availability of information.

cb,0.1
Low
displacement
0.15-0.25

0.15-0.25

Data not available
0.8-1.3

0.4-0.65

0.9-1.0
2.2

Replacement
piles

0.34-0.66

0.9-1.0

Algorithm framework

The design by ground test algorithm (Figure 2) is discussed in
more detail in this section. This method relies on field test
results over the full pile length and to 1.5 times the pile
diameter below the base (BS8004:2015). To estimate this
depth, it is recommended that an initial pile design is
completed using characteristic properties.
The ALLPile algorithm increments depth until pile
resistance exceeds the applied load. At each depth interval the
pile base and shaft resistance are calculated for each CPT
using the results of cone resistance and the empirical
correlations between that and pile resistance. This procedure
is completed for each depth interval until the shallowest CPT
depth is reached. The total resistance at each depth interval
and from each CPT is used to create a two-dimensional array.
The characteristic total pile resistance is determined at each
depth interval using Equation 3 and design total pile resistance
is determined using Equation 4.
A design action is obtained using the approach
recommended by EC7, Equation 5. The dead loads, G k, and
live load, Qk, are factored by the respective partial factors, γG
and γQ, and are summed together. Design load, Ed, and design
resistance, Rd, are compared at each interval of depth. Pile toe
level is achieved when the design load is lower than the
design resistance. The flowchart in Figure 2 summarises the
calculation steps.
𝐸𝑑 = 𝐺𝑘 × 𝛾𝐺 + 𝑄𝑘 × 𝛾𝑄

(5)

Where down-drag force is applied, it is calculated and
incorporated into the design load, Ed, as a dead load. Pile
ultimate capacity above the neutral plane (plane where the
initial effective stress of the soil is equal to the final effective
stress) is taken as zero.

Figure 1. ALLPile framework
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and design by pile load test methodology. The case study is
located in the Belfast Harbour area of Belfast city. The Belfast
Harbour region is underlain by relatively thick deposits of
Belfast Sleech.
The sleech is a Quaternary deposit that was deposited in
post Glacial times. It is described as a soft, sensitive estuarine
clay in Gregory & Bell (1991) and was formed by deposition
from the River Lagan. The sleech is lightly over consolidated
due to variations in groundwater level and secondary
compression. Due to the soft nature of the sleech and low
cobble content it is well suited for investigation using CPT
technique. The CPT results allow for a more accurate and less
conservative design to be completed using the design by
ground test method as cone penetration resistance is obtained
over the full pile length. In addition, due to the risk associated
with the sleech deposit, it is more common to load test piles in
the Belfast Harbour area.
This case study analyses a 450 mm diameter CFA pile of
24.5m length. The pile bearing capacity was estimated based
on five CPTs completed on site to depths of between 22.5 and
24.1m below existing ground level (bgl) (Figure 3) and
verified with a preliminary static pile load test.

Figure 2 Algorithm framework as flowchart

3

CASE STUDY

The model was verified using a number of case studies where
several CPTs were completed. One of those case studies is
presented here. The piles were designed by applying EC7
design by ground test and coefficients suggested by
BS8004:2015. The accuracy of the results was evaluated by
comparison with results found by the design by calculation

Figure 3 CPTs used in the ground test design approach for the
case study
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To achieve the desired pile length, CPT results were
extrapolated to depth of 35 m bgl. That assumption was
possible thanks to additional SPT’s completed at the location
to that depth.
Ground interpretation shows that the stratigraphy
comprises of very soft low strength organic clay and very soft
clay/silt containing shell fragments underlying (Belfast
Sleech) to depths of between 9.5m and 12 m below the ground
level; beneath the clay/silt, the soil is found to be a gravel
stratum with 1.2m to 6.5m thickness. The gravel is generally
described as medium density material. The gravel layer is
typically underlain by a medium dense to dense sand deposit
interbedded with firm to stiff brown clay. The sand layer is
between 3.15m and 8.2m in thickness. Following the sand
strata, the soil is interpreted as glacial till comprising stiff high
strength brown silty gravelly clay with occasional pockets of
fine to coarse sand.
The resistance was calculated using the design by ground
test approach for intervals of depth of 0.1 m to a final depth of
24.5 m bgl. Empirical coefficients cs and cb,0.1 values
recommended by BS8004:2015 were adopted (Table 4).
Table 4: Empirical coefficients, cs and cb,0.1, used for the strata
in the case study.
Stratum
cs
cb,0.1
Belfast Sleech
0.003
0.9
Gravel
0.0045
0.2
Sand
0.005
0.25
Stiff Clay
0.01
0.4
Glacial Till
0.012
0.35
Values of ξ3 =1.36 and ξ4=1.26 for 5 CPTs were adopted.
The proposed toe level is 24.5m below the existing ground
level (bgl). The design resistance was calculated as 746.2 kN
and 438.9 kN for DA1C1 and DA1C2 respectively.
Pile design resistances were obtained by dividing the
characteristic resistance by its respective partial factors of
resistance for CFA piles with verification of SLS as per the
UK National Annex to EC7. Partial factors of total resistance
equal to 1 and 1.5, for DA1C1 and DA1C2 respectively, were
applied to design by ground test approach.
One preliminary static pile load test was completed on site
using a 450mm diameter pile (Figure 4). The pile was loaded
1400
1200
Load (kN)

1000
800
600
400
200
0
0

5

10

15

20 25 30
Settlement (mm)

35

40

45

50

Figure 4 Static pile load test results from preliminary pile test
completed.
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until the pile settlement reached 10% of pile diameter, which
represents failure.
From pile load test results, the ultimate pile capacity is
found to be 1178 kN. Applying the “Design by load test”
approach, the pile design resistances are calculated for
DA1C1 and DA1C2 (Table 5).
“Design by calculation” was also completed using a
representative soil profile. Ultimate base resistance was
adopted as equal to qb = 9cu. For cohesive soil, the ultimate
shaft resistance was estimated as qs=0.5cu and for granular soil
the shaft resistance was estimated by qs= ksqav’tanδ.
The resulting characteristic base resistance was calculated
to be 102.24 kN and the total shaft characteristic resistance is
found to be equal to 509.67 kN. Applying the appropriate EC7
partial factors of resistance, the design resistances calculated
for DA1C1 and DA1C2 are also summarized in Table 5.
Table 5: Total design resistance according to EC7 for the case
study using three different methodologies.
Methodology
Design Resistance, Rd (kN)
DA1C1
DA1C2
Design by ground test
746.16
438.92
Design by pile load test
760.00
447.06
Design by calculation
611.91
424.19
4

DISCUSSION OF RESULTS

A case study was presented where CPT field tests and pile
load tests were available. Piles were designed using the design
by calculation, pile load test and ground test approaches. A
number of developments are made to the design by ground
test framework to enable a numerical implementation of the
methodology proposed in EC7 in the ALLPile (Axially and
Laterally Loaded Pile) software. The software enabled the end
user to switch between all three EC7 design methodologies
allowing the end user to easily compare the results from one
design methodology to another.
The case study carried out with a 450 mm diameter CFA
pile showed that the resulting design using design by ground
test results was less conservative than the more commonly
used design by calculation. The least conservative design was
obtained using design by load test, which is to be expected as
it is using the pile resistance as a direct input. Note that the
results found through the design by ground test approach can
be influenced by the empirical coefficients adopted. For
granular material, EC7 recommends an ultimate shaft
resistance of 120 kPa for cone resistance, qc > 15 MPa. The
ultimate shaft resistance would vary between 60 kPa and
135kPa depending on the pile type when applying the range of
empirical factors recommended by BS8004:2015 to a granular
material with qc=15 MPa. This introduces a level of
subjectivity to the design by ground test approach where a
design by calculation may be required to validate the choice
of empirical coefficient.
An advantage of completing design by ground test
approach is that the CPT results are directly correlated with
pile resistance using empirical factors. In agreement with
previous research, by applying the BS8004:2015
recommended empirical factor, this method was found to be
less conservative than design by calculation where
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characteristic properties must be inferred from the field tests
before pile resistance is calculated.
A further advantage is that both minimum and mean pile
resistance from the available CPT results are used in the
determination of characteristic resistance, which increases
confidence that variability across the site has been accounted
for. In the case study, firm to stiff brown clay material was
found interbedded in the dense sand deposit. The firm to stiff
brown clay material was easily identified in some CPT
profiles and incorporated into the design by ground test
calculation. For sites with large material variability, a
significant difference between the maximum and minimum
pile ultimate resistance will be observed and the characteristic
pile resistance will be driven by the minimum value. Using
the design by calculation approach, the site would be
represented by a conservative soil profile. Finally, the ξ
factors used to reduce both the mean and minimum total
resistance are reduced as the number of available tests
increases. This provides an incentive to complete a suite of
CPT results to achieve a less conservative design. Variation
across the site is more likely to be better understood by
completing additional CPTs.
If there was a particular portion of the site where early
refusal of CPT’s consistently occurred, then it would not be
possible to complete design by ground test in this location and
design by calculation or design by load test would have to be
used.
5
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Bustamante, M. and Gianeselli, L., 1982, May. Pile bearing capacity
prediction by means of static penetrometer CPT. In Proceedings of the
2-nd European Symposium on Penetration Testing (pp. 493-500).
Gregory, B.J. and Bell, A.L., 1991. Geotechnical properties of
Quaternary deposits in the Belfast area. Geological Society, London,
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NA+A1:2014 to BS EN 1997-1:2004+A1:2013. UK National Annex to
Eurocode 7. Geotechnical design. General rules.
Robertson, P.K. and Cabal, K.L., 2010. Guide to cone penetration
testing for geotechnical engineering. Gregg Drilling and Testing Inc.,
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Tand, K.E. and Funegard, E.G., 1989. Pile capacity in stiff clays—CPT
method. In Proceedings of Twelfth International Conference on Soil
Mechanics and Foundation Engineering. Rio de Janeiro (Vol. 1, pp.
349-352).

CONCLUSION

The recommendations in EC7 for completing single pile
design by ground test were interpreted to enable a software
algorithm to be written in order to carry out the design
calculations. The software allows piles to be designed using
direct ground test information efficiently and for a number of
different load cases. The software can also complete pile
design by calculation and by load test allowing direct
comparison. The algorithm framework is presented as
implemented in the pile design software, ALLPile (Axially
and Laterally Loaded Pile).
A case study is outlined where pile designs completed by
all three methodologies could be compared. The case study is
located in the Belfast Harbour area where the presence of
Belfast Sleech means that CPT’s and pile load tests are
commonly included in design specifications. Using empirical
correlation factors recommended by BS8004:2015, the results
show that applying the design by ground test results in a less
conservative design In addition, for a site comprising a
significant variability in material, the design by ground test
approach presents a more accurate approach than design by
calculation.
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1

ABSTRACT: In this paper, contaminated sediment dredged from a commercial harbour in Ireland was stabilized using Ordinary
Portland cement (OPC) alone and in combination with Ground Granulated Blast Furnace Slag (GGBS). The engineering
characteristics of the stabilized sediments were established from Unconfined Compression Strength tests. Tank leaching tests
were conducted to investigate the long term release of 11 elements (Al, Cr, Mn, Fe, Ni, Cu, Zn, As, Cd, Ba, Pb) relative to their
original concentrations in the stabilized sediment. Leached concentrations after 100 days were below 1% of the original
concentration for most elements. Cement replacement with suitable amounts of GGBS increased stabilized strength and also
decreased the extent of leaching of Al, Cr, Mn, Fe, Ni, Cu and Pb. The performance of OPC alone was superior for restricting
leaching of Zn, Cd and As. Both Al and Fe are key elements in the stabilization process; the results suggest that Al stabilizes
more slowly than Fe. Given that GGBS is both a more cost-effective and more environmentally-friendly material than OPC and
that it is commonly used in concrete, its potential for stabilization of sediments warrants further study.

KEY WORDS: Dredged sediment; stabilization; unconfined compression strength; contamination; metals; tank leaching test.
1

INTRODUCTION

Dredging is carried out periodically in channels and ports to
maintain sufficient water depth for navigation. As a result,
large amounts of sediment are moved from an aquatic to a
terrestrial environment annually. Traditional management
strategies for these sediments include landfilling, confined
aquatic disposal or disposal directly at sea. However, these
strategies have disadvantages such as high cost, capacity
limitations and potential environmental pollution [1,2]. As a
result, there is an emerging need for cost-effective methods
of treating and/or re-using dredged material.
One management option for dredged sediments is to
reuse them as a construction material. The parent sediments
typically have a high moisture content and therefore poor
geotechnical properties (low strength and stiffness); some
have accumulated high concentrations of contaminants (such
as metals, organotin compounds, polycyclic aromatic
hydrocarbons (PAH) and polychlorinated biphenyls (PCB))
as a result of natural and anthropogenic activities [1].
Solidification/stabilization using a cementitious additive is
widely acknowledged as an effective method of improving
engineering properties of sediments and encapsulating
contaminants [2–4]. The ability of Ordinary Portland Cement
(OPC) to improve geotechnical characteristics [5–8] and
immobilise contaminants [9–11] has been documented
widely. Appropriate OPC replacement with Ground
Granulated Blast Furnace Slag (GGBS), a by-product of the
steel industry, optimizes the engineering properties of treated
soil (strength, swelling, resistance to sulphate attack, etc.)
[12,13] and further inhibits the leachability of contaminants
[9,14,15].
Leaching tests are important in the environmental
assessment of solidified and stabilized (S/S) contaminated
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sediments. Two broad categories of leaching tests exist:
extraction and dynamic tests, differentiated by whether or not
equilibrium is established during the test period [15].
Dynamic diffusion has been shown to be more representative
of the long-term leaching behaviour of S/S contaminated
sediments [16]. In this paper, a dynamic tank leaching test
was chosen to measure the leaching behaviour of a marine
sediment stabilised with various compositions of OPC and
GGBS. The total concentration of priority metal pollutants in
the sediment was determined using aqua regia extraction tests.
The effect of different binder combinations/dosages on the
Unconfined Compression Strength was also investigated.
2

MATERIALS AND SAMPLE PREPARATION

Approximately 50 kg of recently-dredged sediment was
collected from a commercial harbour in Ireland (December
2016). Once in the laboratory, debris was removed and the
sediment was carefully homogenized and stored in a freezer
(-20℃) until time of use. The sediment comprised 82.9%
sand, 16.4% silt and 0.7% clay (average from n=3 samples),
classifying as a silty SAND. The particle size distribution is
shown in Figure 1, with D10 and D50 values of 0.015 mm and
0.17 mm respectively. The natural (gravimetric) water
content of the sediment fell in the range 52.3-54.4% (n=5).
The OPC (Lagan CEM I 42.5 R) and GGBS used in this
study were supplied by Ecocem Ireland Limited (Dublin,
Ireland). The particle size distributions for OPC and GGBS
are also shown in Figure 1. The sediment particle size
distribution is typically an order of magnitude larger than that
of the GGBS and OPC; with the GGBS particle size
distrution marginally smaller than that of the OPC. Blaine
fineness values for OPC and GGBS were distinctly different
at 3520 cm2/g and 4490 cm2/g respectively. The chemical
constituents of both binders are listed in Table 1.
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thorough mixing. The specimens were removed from the
moulds when the structure was formed, and subsequently
cured in a sealed plastic bag at 20 ± 2 0C.

Cumulative distribution (%)
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Figure 1. Particle size distributions for sediment, GGBS and OPC
Table 1. Chemical constituents of OPC and GGBS

Chemical

SiO2
(%)

Al2O3
(%)

Fe2O3
(%)

CaO
(%)

MgO
(%)

SO3
(%)

Mn2O3
(%)

OPC

19.9

5.1

2.7

64.5

1.2

2.3

-

GGBS

34.11

11.16

0.85

41.1

6.57

0.1

0.25

Chemical

TiO2
(%)

K2O
(%)

Na2O
(%)

Cl
(%)

C3A
(%)

FCaO
(%)

OPC

-

0.52

0.22

0.08

9.1

1.8

GGBS

0.87

0.48

0.43

0.01

-

-

The binders were added as a proportion of the dry mass
of the sediment and a total of 8 different compositions
(T1-T8) were developed (Table 2) with the following test
goals:
 T1, T2, T6, T7 and T8 were prepared to investigate the
effect of OPC content on the Unconfined Compression
Strength (UCS).
 T2, T3, T4 and T5 (all 6% binder mixes) were prepared to
evaluate the effect of the replacement of OPC with GGBS
on the UCS. The term  is hereafter used to refer to the
ratio of GGBS to OPC in a particular mix (ranging from 0
to 2 in this study).
 Specimens of T2, T4 and T5 were prepared for tank
leaching tests.

TEST PROGRAMME

UCS tests were conducted on the stabilized sediments after
curing times of 7, 28 and 56 days using a UTS012
Fully-Automated Cyclic Triaxial (FACT) Testing Machine.
The loading rate used was 1.0 mm/min. Three replicate UCS
tests were carried out for each of T1 to T8.
In addition, 250 mg sediment samples (dried in an oven
at 105 ℃ over a 24 h period and sieved to eliminate particles
greater than 2 mm in size) were mineralized and dissolved
using aqua-regia (HCl:HNO3 in the ratio 3:1) in a closed
vessel microwave digestion system (Figure 2) (MILESTONE,
1200-Mega, Bergamo, Italy). The suspensions obtained were
filtered (Whatman No. 541) and diluted to 50 ml prior to
analysis by Inductively-Coupled Plasma Mass Spectrometry
(ICP-MS) (PerkinElmer, Elan DRCe, USA). The method was
validated by using Certified Reference Materials (CRMs)
(NIST SRM 2711a and Sewage Sludge 2: CRM029-50G).

Figure 2. Milestone 1200-mega microwave digestion system

Tank leaching tests (Figure 3) were performed following
the NEN-7375 (2004) standard [18] using a liquid/solid ratio
of 3.5 (permissible range of 2-5) and observing an extended
leaching time of 100 days (tests are typically 64 days long).

Table 2. Composition of samples
Sample I.D.
Composition
(C = % OPC,
G = % GGBS)
OPC (% of
dry weight)
GGBS (% of
dry weight)
GGBS/OPC

lid

T1

T2

T3

T4

T5

T6

T7

T8

4C

6C

3C
3G

2C
4G

4C
2G

8C

12C

16C

4

6

3

2

4

8

12

16

0

0

3

4

2

0

0

0

0

0

1

2

0.5

0

0

0

Perspex moulds (100 mm high × 50 mm diameter) were
used to sample for the UCS and tank leaching tests after

stabilized
sediment
sample

leachant

pedestal

Figure 3. Tank leaching test
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4

EXTENT OF CONTAMINATION

The elemental concentrations in the sediments (in parts per
million, ppm) are presented in Table 3, along with Soil
Guideline Values (SGVs) from the UK [19] and Dutch target
and intervention values for soil remediation [20]. It can be
observed from Table 4 that As (arsenic) is the only element
exceeding limits in the Residential/Allotments category for
the SGVs, whereas the concentrations of Zn, Ba and Cd
exceed their Dutch target values. The Ba concentration also
exceeds the Dutch intervention values.

5

Target

Intervention

14471.07
22.34
278.23
19715.96
24.26
34.13
142.09
22.52
877.8
0.93
65.11

130
50
20
1-8
450

Dutch [20]

Commercial

Al
Cr VI
Mn
Fe
Ni
Cu
Zn
As
Ba
Cd
Pb

UK SGVs [19]

5000
5000
500
1400
700

100
35
36
140
29
160
0.8
85

380
210
190
720
55
625
12
530

Residential/
Allotments

Chemical element

Concentration (ppm)

Table 3. Element concentrations and metal limits (ppm)

RESULTS AND DISCUSSION

5.1

Geotechnical properties

The variations of 28-day UCS with both OPC content
(OPC-only mixes) and  (6% total binder content) are shown
in Figure 4. UCS standard deviations are also shown.

materials (e.g. C-S-H, C-A-H) from hydrolysis and hydration
reactions between cement and soil at an early stage [21]. In
addition, the exchange reactions between Ca2+, Na+, and K+
ions decrease the thickness of the electric layer, shortening
the distance between the particles, resulting in a more
compact structure. An approximately linear increase in UCS
occurred over a certain range of OPC contents (0-12% OPC
in this case); consistent with previous studies [22,23]
(although note that UCS is plotted on a log scale in Figure 4
for clarity). In addition, the threshold OPC content noted here,
beyond which the UCS increases sharply, has been found in
previous research [24].
At lower levels of cement replacement with GGBS (i.e.
<1), the GGBS/OPC combinations lead to improved UCS
values (Figure 4). This is expected because the latent
cementitious reactivity of GGBS is activated by hydration
materials, such as alkaline activators Ca(OH)2, NaOH and
KOH, which can break the Si-O and A1-O bonds [25]. While
it is not well understood how the activator works on the
GGBS, previous research [26] has suggested that
cement-hydration reactions, slag-hydration reactions and
some interaction between them can be expected. In addition
to these three reactions, it is conceivable that there are some
activators within this marine sediment itself giving rise to the
higher strengths in comparison with those for OPC-only
mixes. However, when the proportion of GGBS is excessive
(i.e. the=2 case in Figure 4), these reactions are not
sufficiently activated, leading to a decrease in strength.
5.2 Leaching properties
5.2.1 Immobilization efficiency of different stabilizers

The concentrations of leached elements (over the 100 day
period) were normalized by their initial concentrations in the
stabilized sediment, in order to eliminate the influence of the
sediment heterogeneity. The impacts of different stabilization
strategies on this leaching ratio are shown in Figure 5. The
highest immobilization levels were achieved for Mn, Fe and
Pb (lower than 0.0131%). For other target elements, the
stabilization treatment was effective in decreasing the
mobility (the leaching ratio varied from 0.0234% to 1.36%).

 GGBS/OPC

Unconfined compressive strength (kPa)

0.0

0.5

1.0

1.5

2.0

1000



100
OPC

10
4

6

8

10

12

14

16

OPC content (%)

Figure 4. Effect of OPC and GGBS on UCS

The increase in UCS with OPC content can be ascribed
to the development of a grid framework of cementitious
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Figure 5. Leaching of metals as a proportion of initial
concentrations

The effectiveness of the various binders over 100 days can be
summarized as follows (> signifies more effective):
 Al, Cr, Mn, Ni, Cu and Pb:
4C2G2C4G6C
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GGBS achieves a better efficiency for the immobilization
of Al, Cr, Mn, Ni, Cu and Pb, and the benefit of replacing
cement with GGBS for the stabilisation of Cr and Pb found
here is consistent with other publications [27, 28]. In the
cases of Zn, Cd and As [29], the performance of OPC alone
is superior to that of blended OPC/GGBS mixes. Similar Fe
concentrations at andmay suggest that a limiting
value is reached at the former ratio. The highest immobility
level for Ba was observed at =0.5 which is consistent with
the trend between UCS and .
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The cumulative releases of Al, Fe, Ni, Cu, Zn and Ba over
the course of the tank leaching test period are presented in
Figure 6 (Mn, Cd and Pb are not shown given their low
normalized values in Figure 5). The cumulative leaching
increased sharply with time initially, but upon reaching a
critical point (defined as the intersection of the linear
portions as shown in Figure 6), the rate decreased
dramatically. It should be noted that curve shapes and critical
point times are similar for all three binder compositions for
the metals tested, suggesting that the leaching mechanism is
independent of binder types considered here.
It is well known that aluminium and iron oxide minerals
play a major role in stabilizing soil structure, leading to a
decrease in soil dispersion and an increase in
microaggregation [30]. The critical point times of Al (which
varied from 17.6 to 20.6 days) are greater than those of Fe
(5.2 to 6.6 days), implying that the stability of Al occurs
more slowly than that of Fe. Furthermore, the aggregates and
structure produced by Fe ions may be more stable than Al.
In case of the Ni and Cu, a rapid increase in leaching
occurred after 64 days and was particularly obvious for
sediment stabilized with pure OPC, indicating that OPC
replacement results in lower releases and slower leaching
rates. The trend displayed for Zn is less clear. The results also
showed that there was little difference between GGBS and
OPC in relation to the leaching of Ba.
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5.2.2 Leaching characteristics

Al

30

2

Fe:
Zn, Cd:
As:
Ba:

Cumulative leaching (mg/m )






0.4

0.2

0.0

0
0

20

40

60

Time (days)

80

100

0

20

40

60

Time (days)

298

CERI-ITRN2018

REFERENCES:
Ba

7

[1]
6C
4C2G
2C4G

2

Cumulative leaching (mg/m )

6
5

[2]

4

[3]

3
2

[4]
1

[5]

0
0

20

40

60

80

100

Time (days)

[6]

Figure 6. Cumulative leaching during test period for
Al, Fe, Ni, Cu, Zn and Ba
[7]

6

CONCLUSIONS

Binders incorporating GGBS are well known to be more cost
effective and environmentally friendly than cement-only
binders. In this study, the efficiency of various combinations
of OPC and GGBS in stabilizing a marine silty sand
sediment was investigated in terms of geotechnical and metal
leaching properties. The main conclusions are as follows:
 Greater UCS values can be obtained by partial
replacement of OPC by GGBS. For the marine sediment
studied here, a GGBS:OPC ratio of 1:1 provided the
highest strengths.
 The maximum leaching ratio (leached concentration to
initial concentration) recorded after leaching for 100 days
was 1.36% (for Cu in 6C sediment). The minimum
leaching ratio was 0.0023% (for Mn in 2C4G sediment).
 Increased GGBS content resulted in more efficient
immobilisation of Al, Cr, Mn, Ni, Cu and Pb. GGBS has
benefits for leaching of Fe but it may be insensitive to the
exact quantity. In the cases of Zn, Cd and As, the
performance of OPC alone was superior to that of OPC
and GGBS combined.
 The variation in cumulative leaching concentration with
time suggests that the leaching mechanism is independent
of the binder combinations studied.
 The time to the ‘critical point’ and flatter curves thereafter
suggest that the stability of Al occurs more slowly than
that of Fe. It is suggested that the aggregates and structure
produced by Fe ions are more stable than that by Al.
This research confirms that for the silty sand sediment
considered, OPC replacement with GGBS mixes can be used
effectively to optimise the engineering properties and the
leaching potential for most of the elements studied. Further
research is required to investigate appropriate encapsulation
strategies in other sediment types.
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ABSTRACT: Machine learning (ML) is an Artificial Intelligence (AI) field of study that allows computers to learn from existing
data without being explicitly programmed. In recent years, the application of ML in wide range of industries has grown rapidly.
The increase in machine computing capabilities over the past decades has provided the possibility to perform advanced analyses
such as ML on big data. ML can be effectively used in geotechnical engineering applications, where uncertainty is part of the
nature, to develop robust predictive models for soil and foundation engineering parameters/behaviours. Then geotechnical design
parameters are not always directly measured from laboratory and in-situ tests, rather often estimated from empirical or numerical
correlations that are developed from regression fitting to a dataset. These empirical correlations usually use linear regression
methods and can be greatly improved by multi-dimensional nonlinear modelling techniques such as Artificial Neural Networks
(ANNs). This paper presents an overview of existing studies on application of ML in geotechnics and a case study on application
of ANNs to predict undrained shear strength of San Francisco Bay clay. ANN models were developed and trained using a local
dataset. The performance of ANN models in predicting the undrained shear strength was assessed. The comparison of the predicted
values to measured undrained shear strength demonstrated a reasonable accuracy in prediction of the laboratory test results.
KEY WORDS: Machine Learning; Geotechnical; Artificial Intelligence, Artificial Neural Networks, Undrained Shear Strength.
1

INTRODUCTION

In the past two decades, Artiﬁcial Intelligence (AI) algorithms
have proved to be promising tools in many industries for image
processing, voice recognition, etc. Machine Learning (ML) is a
broad subfield of AI that uses multivariate, nonlinear,
nonparametric regression or classiﬁcation algorithms and
techniques to learn from existing data and develop predictive
models. ML can be very useful in solving problems where
deterministic solutions are not available or are excessively
expensive in terms of computational cost but for which there is
significant observations and data available. The commonly
used types of the ML algorithms include Artiﬁcial Neural
Networks (ANN), Support Vector Machines (SVM), SelfOrganizing Map (SOM), Decision Trees (DT), Neuro-Fuzzy
(NF), Genetic Algorithm (GA), Multi-Variate Adaptive
Regression Splines (MARS), etc (e.g., [1]–[4]).
Geotechnical engineering has not been immune from push of
technology. The traditional practice in geotechnical
engineering uses empirical correlations to evaluate engineering
properties. These correlations are generally linear regression
models that are calibrated based on existing datasets, often with
limited variability. The prediction accuracy of these methods
can be low due to the non-linear nature of the dataset that
cannot be captured by linear regression methods. ML
techniques and algorithms such as ANN and SVM can capture
the nonlinear and multivariate relationship among the data and
therefore improve the prediction accuracy. These methods
learn from data presented to them, to recognise the patterns
even if the underlying relationships are unknown prior to
modelling or the physical meaning is difﬁcult to explain.
Therefore, it is perfectly suited to predict the complicated
response of materials in geotechnical problems without making
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assumptions about the controlling variables in the problem in
hand. The ML models can be multivariate with a few or
thousands of variables. This capability provides an excellent
platform to consider all the potential variables that might affect
the desired outcome rather than making assumptions on the
dominating variables. This is in contrast with the traditional
methods that are significantly simplified with many
assumptions about the relationship of the variables.
Although the AI techniques have been used in many science,
medicine and engineering problems (e.g. [5]–[8]), their
application to geotechnical problems are quite new and limited.
Das (2013) presented a comprehensive review the basic
formulation, modelling, application issues, and future
challenges of ANNs in geotechnical engineering [9]. Shahin
(2014) reviewed the AI applications in shallow foundations and
presented the salient features associated with the AI modelling
development [10]. There has been as number of studies on
predicting pile properties using AI techniques.
Goh (1995a, 1995b) used back-propagation neural network
(BPNN) models to evaluate the shaft resistance of piles driven
in cohesive soil and to find a relationship between seismic soil
parameters and the liquefaction potential of the soil ([11], [12]).
The performance of the neural‐network models was assessed
by changing the number of input variables. It was found that
the model consisting of eight input variables was the most
successful. These variables are identified as: the standard
penetration test (SPT) value, the fines content, the mean grain
size (D50), the equivalent dynamic shear stress (τav/σ'0), the total
stress (σ0), the effective stress (σ'0), the earthquake magnitude
M, and the maximum horizontal acceleration at ground surface.
Teh et al. (1997) developed a BPNN model to estimate the
static pile capacity from the dynamic stress wave data [13]. A
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dataset of 37 records from 21 different sites were collected and
ANN models were developed. The predicted soil resistance
along the shaft was in good agreement with CAPWAP solution.
Abu Kiefa (1998) developed a general regression neural
network (GRNN) model to determine the capacity of piles
driven in cohesionless soil [14]. Predictions of the tip, shaft,
and total pile capacities are made for piles with available
corresponding measurements of such values. The paper
concludes that the developed GRNN model can be applied for
all types of conditions of driven piles can be predicted with.
Hanna et al. (2004) presented an artificial neural network
(ANN) model that predicts the efficiency of pile groups installed in cohesionless soil and subjected to axial loading [15].
A dataset of 176 records was collected from the available field
and laboratory test results for pile groups in cohesionless soil.
The developed ANN model accounted for the planar geometry
of the group (pile diameter, pile spacing, and pile arrangement)
and incorporates the effect of pile installation, pile length, cap
condition, soil condition, and type of loading on the group
efficiency. The performance of the model was assessed based
on several statistical indicators, such as coefficient of
determination (R2), mean absolute error (MAE), Root Mean
Squared Error (RMSE), and average percent error. The results
compared well with the available results of laboratory and field.
Yousefpour et al. (2011, 2014) developed physically-driven
ANN models to predict the pile depth for bridges with unknown
foundations based on the superstructure, loading, location, year
built, and soil resistance parameters ([16], [17]). A database
was collected from 200 bridges in the Bryan district of Texas
and in collaboration with Texas Department of Transportation.
The input parameters for the ANN models were defined based
on the limit state design of deep foundations. This study
showed MLP networks can successfully predict the minimum
embedment depth of piles for scour evaluations at bridge piers.
Also it was shown that MLP networks with LevenbergMarquardt algorithm outperform other ANN architectures
including Radial Basis Function (RBF) Networks, GRNNs, as
well as nonlinear multiple regression methods.
Zhang and Goh (2016) compared the performance of two
machine learning methods, called multivariate adaptive
regression splines (MARS) and BPNN for assessing pile
drivability [18]. The focus of this paper was to formulate
maximum compressive stresses (MCS), maximum tensile
stresses (MTS), and blow per foot (BPF) in terms of several
inﬂuencing variables. The database of more than four thousand
piles were used to develop the models. To simplify the analysis,
the dataset was divided to five categories based on the ultimate
pile capacity. The performance of the two models was
compared by four different performance measures: R2,
coefficient of correlation (R), relative root mean squared error
(RRMSE) and performance index. The results of the study
showed that BPNN and MARS models could provide good
predictions for the analyses of pile drivability with marginal
difference in the accuracy measures. However, MARS was
found to be more computationally efﬁcient than BPNN as it
builds ﬂexible models.
A detailed review of the AI applications in pile foundations
was presented by Shahin (2016) [19]. This paper focuses on the
comparison of the performance of the AI techniques to other
modelling methods to estimated bearing capacity, settlement,

and load-settlement response. It was concluded that the
performance of the AI techniques was better than, or at least as
good as, the most traditional methods. In addition to predicting
shallow and deep foundation properties, AI models have been
successfully used in predicting soil properties.
Bhattacharya & Solomatine (2006) used ML techniques
including Decision Trees (DT), ANN and Support Vector
Machines (SVM) to develop an approach to automate the
classification process. The proposed methodology was defined
in two steps: Segmentation and Classification. In segmentation
phase, J segments of data are found from each of the data series
(i.e. CPT data). In the classification phase, classifiers are built
to assign classes to each segment. The classifiers are built using
measured data and extracted features from segments for a
number of series trained with classes labelled by experts. The
methodology was tested in classifying sub-surface soil using
measured data from Cone Penetration Testing and satisfactory
results were obtained [20].
Das and Basudhar (2008) used ANN modelling to predict the
residual friction angle of clay based on clay fraction (CF) and
Atterberg’s limit [21]. a feed forward back propagation neural
network was used on a dataset of 54 data points. The results
were discussed based on performance measures of Coefficient
of (R2) and coefficient of correlation. Furthermore, a sensitivity
analysis was performed to find the most significant parameters.
It was found that the deviation from the A-Line (PI) was the
most important input parameter with the relative importance
value being 66.33% in comparison to 33.66% for the CF.
Furthermore, a prediction equation was proposed based on the
weights/parameters of the ANN.
Khan et al. (2016) developed prediction models for residual
strength of clay based on a set of index properties including
liquid limit (LL), plasticity index (PI), CF and deviation from
the A-Line (PI). The developed FN model was compared to
SVM and ANN models based five performance measures:
correlation coefﬁcient, Nash–Sutcliff coefﬁcient of efﬁciency,
absolute average error, maximum average error and root mean
square error. The database included 131 data point from
landslide areas, slope failure areas, debris ﬂow areas and
volcanic eruption areas with measured residual friction
values by ring shear test. It was found that FN has a better
prediction performance than ANN. A sensitivity analysis to
ascertain the importance of various inputs in the prediction of
the residual strength of clay was also performed. The
sensitivity study indicated PI as the most important input
followed by LL, PI and CF. A prediction equation was also
provided. This equation can be used by the practicing
geotechnical engineers to calculate the residual friction angle
value if the index properties of the soil are available.
AI techniques have successfully been used in other areas of
geosciences such as remote sensing (e.g. [22]–[24]), rock
engineering (e.g. [25]–[27]), liquefaction (e.g. [28], [29]) and
earthquake engineering ([30]).
In this paper, a dataset on San Francisco Bay clay was
collected and ANN models were developed using MLP
networks to predict the undrained shear strength of clays. The
performance of ANN models was assessed by performance
measure R2 and RMSE. Comparison of the predicted values to
measured data demonstrated a good accuracy in prediction of
the test results.
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2

METHODOLOGY

Table 3. Data statistics of the ANN model parameters
Parameters

Data mining and Processing
A dataset collected on San Francisco Bay area clays was used
in this study. Each record including the results of several lab
and in-situ test results including Soil Type, USCS
classification, effective vertical stress (𝜎 ′ 𝑣 ), Elevation, Depth,
Clay Fraction (CF), Cone resistance (𝑞𝑐 ) and sleeve resistance
(𝑓𝑠 ) from Cone Penetration Test (CPT), water content (𝑤𝑐 ),
Saturated Unit Weight (𝛾), dry unit weight (d), liquid limit
(LL), plastic limit (PL), fine content, consolidation test result
including OCR, pre-consolidation pressure (𝜎 ′ 𝑐 ), compression
index (𝐶𝑐 ), recompression index (𝐶𝑟 ) and undrained shear
strength from triaxial Unconsolidated Undrained (UU) tests.
Data was compiled and matched based on sample ID (for lab
tests), soil type (classification) and depth. The matched data
was processed further by averaging over the range of measured
CPT values for a UU test result at a depth. Finally, any
repetitive data points were removed to generate an independent
set of data points.
Soil type and class indices for ANN models are presented in
Table 1 and Table 2. Table 3 presents the statistics of the
parameters used to develop the ANN models. In this study, the
output parameter was selected to be normalised undrained
shear strength (𝑠𝑢 ⁄𝜎′ 𝑣0).
Table 1. Soil type and class indices for ANN models
Soil Type
Index
Bay Mud
1
Valley Deposits
2
Marine Sands
3
Interbedded - Cohesive
4
Interbedded- Cohesionless

5

Old Bay Clay
Melange Matrix

6
7

Table 2. Soil class indices for ANN models
Soil USCS Class Index
ML
1
MH
2
CL
3
CH
4
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SC

5

SP
SC-SM
SP-SM
SP-SC
mg
SM-CH
SM

6
7
8
9
10
11
12

Unit

Min

Max

Median/
Mean

USCS Class
Index*
USCS Class
SU+

-

1.00

6.00

1.00

-

1.00

12.00

4.00

Elevation

ft

-153.19

-6.82

-55.56

Depth

ft bgl

19.00

166.00

69.40

𝑞𝑐

tsf

2.12

374.80

25.82

𝑓𝑠

tsf

0.02

10.90

0.45

𝑤𝑐
(tsf)
𝛾𝑑

%

17.70

17.70

42.07

Pcf

60.40

60.40

79.66

𝛾

Pcf

99.00

134.18

112.27

LL

%

20.00

60.00

44.75

PL

%

15.00

34.00

24.84

CF
OCR

%
-

12.30
0.80

42.70
2.99

21.88
1.61

𝜎 ′𝑐

Ksf

1.95

22.50

7.95

𝜎 ′𝑣

Ksf

1.77

9.80

4.59

𝐶𝑐

-

0.08

0.43

0.26

𝐶𝑟

-

0.00

0.05

0.03

-

0.09

1.45

0.49

𝑠𝑢 ⁄𝜎

′

𝑣

* USCS classification based on Index test results
+USCS classification based on UU test results

ANN Modelling
Artiﬁcial Neural Networks (ANNs) are a form of AI that
mathematically simulates the learning function of the human
brain and nervous system to recognise patterns. Although the
concept of ANNs was ﬁrst introduced in 1943 [31], it has only
become major part of AI since 1986 when the concept of backpropagation training algorithm for feed-forward multi-layer
perceptrons (MLPs) was introduced by Rumelhartet al. [32].
Typically, ANNs are organised in layers that consist of a series
of processing elements (PEs), or nodes (neurons): an input
layer, an output layer, and one or more hidden layers, as shown
in Figure 1. Patterns are introduced to the network by ‘input
layer’. The input values form each node 𝑋𝑖 is multiplied by
connection weight 𝑤𝑖𝑗 and then bias factor 𝑏𝑖 is added. The
resulted value is the passed-through a non-linear transfer
function f(.) to produce the output of the node 𝑦𝑗 . The output of
the transfer function provides the input for the nodes in the next
layer [19]. The last hidden layer then connects to the output
layer where the answer is output. This process is summarised
in equations. (1) and (2), and illustrated in Figure 1.
𝐼𝑗 = ∑ 𝑤𝑖𝑗 𝑋𝑖 + 𝑏𝑖

(1)

𝑦𝑗 = 𝑓(𝐼𝑗 )

(2)

The propagation of information in an ANN starts at the input
layer, where the input data are presented. The network adjusts
its weights on the presentation of a training data set and uses a
learning rule to ﬁnd a set of weights that produces the
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input/output mapping that has the smallest possible error. This
process is called learning or training. Once the training of the
model has successfully accomplished, the performance of the
trained model needs to be validated using an independent
validation set [19].
In this study, the MLP networks with back-propagation
algorithm were developed and trained using the processed
database as shown in Figure 1. The Monte Carlo method was
used for random subsampling the data to generate training
(70%), testing (15%) and validation (15%) datasets to ensemble
the networks. An ensemble of networks was generated with R2
> 0.7. The performance of the generated networks was
measured with R2 of predictions and RMSE.

Figure 2. Forward stepwise parameter selection process

Model Predictions
An ensemble of ANN models was developed using random
subsampling method as mentioned in section 2.2, to predict
normalized undrained shear strength of clay. Performance
measures for prediction of the models were selected as the
coefficient of determination (R2) and Root Mean Squared Error
(RMSE).
1 𝑛
∑𝑖=1(𝑌𝑖 − 𝑌̅)
𝑛
𝑅 = 1−
1 𝑛
∑ (𝑦 − 𝑦̅)
𝑛 𝑖=1 𝑖

(3)

2

Figure 1. Schematic ANN architecture

(4)

𝑛

3

RESULTS
Parameter Selection

Stepwise Forward Selection is an incremental search strategy
that selects individual candidate variables one at a time. The
method starts by training m single-variable ANN models and
selecting the input variable (Xi) that maximises the model
performance optimisation criteria. Selection then continues by
iteratively training m − 1 bivariate ANN models, in each case
adding a remaining candidate to the previously selected input
variable. The process of adding variables one by one continues
until the addition of another input variable no longer improves
the performance of the ANN model ([33], [34]). A schematic
of the process is shown in Figure 2.
The most significant parameters to predict the normalised su
were found as following,
• Fine Percentage
• USCS Classification
• Dry Unit Weight
• Liquid Limit
• Cone Penetrometer Tip Resistance
• Cone Penetrometer Sleeve Friction
• Soil Formation Type
• Water Content

1
𝑅𝑀𝑆𝐸 = √ ∑(𝑌𝑖 − 𝑦𝑖 )2
𝑛
𝑖=1

where 𝑦̅ is the mean of the target values of yi and 𝑌̅ is the
mean of the predicted values 𝑌𝑖 ; 𝑛 denotes the number of data
points in the training set, testing set, validation test or the
overall set.
Figure 3 shows the comparison of the predicted values to the
measured value for one of the networks in the ensemble for
training dataset, test dataset, validation dataset as well as all
data. The vertical axis shows the predicted values of normalised
shear strength (𝑠𝑢 ⁄𝜎′ 𝑣) by ANN models and the horizontal axis
shows the measured values. Values of R2 and RMSE are also
presented on the figures. The results show that this model has a
reasonably good performance in predicting the normalised
undrained shear strength with R2 value of 0.89 on training
dataset and 0.82 on test dataset.
The average values for all the models in the ensemble are
provided in Table 4. The average R2 value of all the models is
equal to 0.85 with standard deviation of 0.064 and on training
dataset and 0.81 with standard deviation of 0.061 on test
dataset. The average RMSE value on all the models was found
equal to 0.084 for training datasets and 0.095 for test datasets.
The results indicate that the developed models were effectively
trained to learn from the relationship between input parameters
and the target parameter and were reliable in predicting the
normalised undrained shear strength. The developed ANN
models can be used where the data is not available or
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insufficient or for cross checking the measured values. The
resulting value of R2 on predictions (>0.8), which is a
reasonably good compared to the existing empirical models
that are currently used in practice for prediction of su [35].
This study aimed to showcase the capabilities of ML
techniques in training models that can predict a geotechnical
design parameter. The dataset used to develop the ANN models
were from San Francisco bay. Therefore, the developed model
cannot be generalised for other soil types in other locations. A
more extensive dataset that includes data from variety of
location and soil types will result in a more comprehensive
model with better generalisation ability. It should be noted that
the performance quality of ANN models is highly dependent on
the quality and quantity of the dataset used for training and
validation, as well as the applied learning algorithms and
selected input parameters. Therefor proper data mining is a
critical part of applying ML techniques in any discipline,
especially in geotechnical engineering where variability and
uncertainty in measured soil parameters can be significant.

(c)
Figure 3. Comparison between the ANN predictions and the
measured values for (a) training data (b) test data (c) all data
Table 4. Summary of model predictions for normalised su
ANN Ensemble
Performance

All
Data

Training
Dataset

Testing
Dataset

R2 Mean
(Expected Value)

0.85

0.90

0.81

0.064

0.071

0.061

0.084

0.067

0.095

0.024

0.022

R2 Standard
Deviation (Variability)
RMSE Mean
RMSE Standard
Deviation

(a)

(b)
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4

0.018

SUMMARY AND CONCLUSION

The empirical correlations widely used in geotechnical practice
are generally lcally calibrated and uses limited soil features to
estimate a target parameter. Machine Learning techniques
provide an invaluable platform to train models with various soil
features to predict a target parameter. In this paper, past studies
on the use of ML technics in geotechnical engineering were
reviewed. In addition, ANN models were developed and
trained on a small-scale database of clay samples including UU
and in-situ CPT results. The results of this study demonstrated
the potential and value of using Machine Learning techniques
in predicting geotechnical design parameters. It should be noted
that the developed model is based on a dataset from a specific
site and cannot be used for general purposes. To develop a more
comprehensive, robust model to make predictions on su and
other relevant geo-design parameters for a wider range of soils,
more extensive datasets from various locations and different
soil types should be used to train the model. Such models can
be employed to directly estimate the design parameters where
laboratory test results are not available.
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ASTRACT: In the transportation system, congestion is a very common problem which lead to enormous amounts of lime losses.
One can imagine that the future emergence of automated vehicles will improve considerably this problem. This paper analyse
current motorways traffic congestion. Based on a video taken from helicopter, it illustrates the various zones of traffThe paper
also promotes a two factors way to quantify congestion: severity and amplitude. Indeed the individual traveller travel time does,
if it perfectly well quantifies the severity, does not permit to assess the service given to the city. Only the amplitude can really
permit fair comparisons between congestions. We illustrate the importance of this approach on a recent real case of ramp meter
installed in Grenoble, France. Further, we extend this congestion assessment methodology to the case of future transportation
system. Based on the analysis of the various zones of a typical congestion, and on the quantification of it, we assess the possibility
of an automated shuttles service to guaranty a congestion-free behaviour.
KEY WORDS: Transportation management; congestion; motorway traffic; automated shuttles.
1.

INTRODUCTION

Congestion is a problem that most of the cities face, if not all.
This generates time loss, productivity reduction but also extra
pollution (air pollutants and noise emissions), waste of
unrenewable resources (fuel consumption, but also vehicles
building materials) and public health issues (stress, road
safety).
The progressive emergence of automated vehicles generates,
especially in the cities governing bodies, the hope to solve
drastically the congestion plague or to reduce significantly its
occurrences and impacts.
Three types of automated (more likely automated and
connected) vehicles seem to appear the first category will be
automated goods transportation trucks that will considerably
reduce the number of professional lorry drivers; the second
category groups individual cars. These cars can be the property
of the user him-/ her-self or owned by a company that proposes
mobility services to groups of few individuals. The third
category is composed of shuttles. It is an evolution of the transit
system more than an evolution of the individual vehicle.
Nevertheless, the overall availability of this type of
transportation mean may make it a credible alternative to the
individual cars for daily life transportation needs, like for
example home-work commuting. Those shuttles would for
example fellow predetermined routes and offer an on-demand
mobility service along this road. As this service can use
separate lanes many experiments of this type have been already
conducted, especially in Europe in the last 5 years.
This presentation explains why this is very likely that the
emergence of such automated shuttles will not lead to
uncongested cities where inhabitants never lose time while

travelling from one point to the other.
Based on recent researches, the paper will address successively
the following topics: (i) the economics and physical
phenomena explaining the occurrence of congestion and taking
place hereafter, (ii) the quantification of congestion and the
assessment of traffic regulations and (iii) more innovative
attempts to quantify the travel time losses an automated shuttles
service may generate for the travellers.
2.

CONGESTION IN TRANSPORTATION: OCCURRENCE AND
PERSISTENCE

2.1 Congestion phenomena: excess of demand compared to
supply
The transportation demand is the result of a socio-economic
process. Peak hours are an universal results of collective
organization of the cities’ rhythms. During decades, there have
been a continuous increase of the total demand for
transportation by individual car. This pace is progressively
reduced especially in urban centres, and a demand decrease can
be observed, due to the emergence of new usages: electric
bikes, for examples, but not only. This does not impact the
suburb-to-suburb movements
On the other hand, every piece of infrastructure of the
transportation system is characterised by a specific supply.
Infrastructures are, by design, not able at their entry-intoservice, to face the extreme peak demand (in France, principle
of the 30th hour). The supply is not homogeneous along the
road and it is uniquely in the places where it is reduced that we
can observe its value. Accidents, incidents and road works
occur, but also, supply can have micro-variations that are
stochastic in nature: for example overtaking of a slow lorry,
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Congestion is always generated by an excess of demand
compared to the supply, whatever the mode.
Congestion is characterized by a slower speed, even though the
threshold at which congestion is “tagged” may differ depending
of the network (urban signalized streets / motorways) and of the
user.
Our aim is to propose a comprehensive structuration of the
various occurrences of congestion. Its main characteristics are
summarized in the next table.

The lane change behaviour can be mandatory (for example to
insert/ exit the motorway) or discretionary (to maintain a
desired speed).
3.

ASSESSING CONGESTION IN MOTORWAYS: COMPARING
TWO SITUATIONS TOGETHER

Road users assess the congestion they suffers through their
travel times and evaluate for each travel the difference between
their experienced travel time and the free flow travel time.
Travel time is always distributed.
The road managers must also consider the total numbers of
users. Many measurements of effectiveness where proposed in
the past. None taken isolated can satisfactorily reproduce the
double dimension of congestion: severity (the amount of time
losses) and amplitude (the number of drivers multiplied by the
distance travelled).
3.1 The severity / amplitude duality
We recommend to use simultaneously the total travelled
distance (that permits to evaluate the service that was afford by
the system) and the total travel time (that permits to estimate
the severity of the congestion). The next figure presents
theoretical behaviours.

Table 1: comprehensive structuration of the various
occurrences of congestion
(source: Buisson, Keyvan-Ekbatani, Wagner, TR-C, to be
submitted)
2.2 Macroscopic description of the various zones of a
congestion

Figure 1: extract from a video taken from helicopter
displaying the various zones of a congestion.
(source: MOCoPo project).
On the basis of a highly detailed film of a French motorway,
we will describe the various zones of the congestion:
• Upstream zone where the congestion propagates ;
• Congested zone itself ;
• Downstream zone: acceleration fan and capacity drop.
2.3 Microscopic behaviours of cars around and inside
congestion
At the individual level, two main behaviours can be observed:
car following and lane changing.
Car following is based on the fact that drivers’ behaviour
consist mostly in keeping a safe distance to the leader. This safe
distance depends on the current speed. During this process, the
acceleration-deceleration distribution is not symmetric (mean
acceleration is lower than mean deceleration). At the global
scale, this explains why the upstream frontier of the congestion
is much sharper than its downstream ends. This might be the
microscopic explanation of the capacity drop.
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Figure 2. theoretical description of the use of total travelled
distance (TTD) and total travel time (TTT) and illustration of
three possible evolutions in before / after studies.
3.2 Assessment of a ramp metering deployment experiment
Example in assessment of a ramp metering deployment in
Grenoble in 2018. With real data, it is much more difficult to
define a clear impact of ramp meter. For example, in this case,
each dot correspond to a given day of 21 one days of year 2017
without ramp meter (in blue) and 21days of 2018 with ramp
meter (in red).
On the bottom part of the figure 3, one can see that the situation
of the evening peak is better than the one without for the same
given transportation service (the groups of points circled in blue
corresponds to a lower TTT than the one circled in red, for the
same service). On the contrary, for the morning peak (top plot),
no clear conclusion can be given.

CERI-ITRN2018

separated from the other motor vehicles; it will share urban
space with bicycles, pedestrians and other non-/light-motorized
transportation tools. The spatial organization of the service will
be built around lines, in a way very similar to what we have
currently for the transit system.
We developed a modelling tool to assess in advance it this type
of new system can be considered as devoid of congested
periods. For this we describe the demand: the temporal
dynamic and its spatial distribution. We also describe three
types of possible organization of the passengers hop on and hop
off.
The results show that the method we indicated earlier (a
combination of the total travel time and of the total travelled
distance) can be very efficient to compare various organizations
of the stops management and various time evolution of the
demand.
As nowadays, on urban motorways, it is likely that a peak hour
will occur.
CONCLUSION
Transportation engineering is a part of civil engineering in the
sense that it uses the concepts of engineering sciences to
improve the lives of our fellow citizens.
All of us spend about 22-23 hours a day in built environments,
houses or enterprises building. Inside houses and at the office,
we need sewer systems, and many networks that are considered
since long as a constitutive part of the civil engineering area.
But we spend also, for some of us, as much as 2 hours a day in
transportation. Moreover the transportation system is a key for
an harmonious city life, that enables all of us to communicate
not only through (social-)media but also through face to face
contact and to receive the goods we need for leaving.

Figure 3: comparison of the situation with and without ramp
metering on a stretch of a two lanes motorways (5.5 km) with
four metered intersections. Left: morning peak (6am-10am);
right: evening peak (4 pm- 8 pm). (Source: V. Creusel, Master
thesis under the supervision of CB)

4.

LESSONS LEARNT FROM A SIMPLE
AUTONOMOUS SHUTTLES SERVICE

MODEL

OF

Three main types of transportation needs may be fulfilled by
autonomous vehicles:
• Fleets of trucks for long distances logistics delivery
services
• Individually owned cars
• Autonomous shuttles services
What will an autonomous shuttles service looks like? It will be

The aim of this presentation was to illustrate that some of the
key civil engineering concepts can be applied in the
transportation sub-field also:
• modelling to understand what the future might be,
• make experiments to describe precisely the physical
behaviour of the phenomena we study
• and assess the control of the system.
All those techniques are a key for an applied science at the
service of better cities.
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The application of Artificial Intelligence (AI) has rapidly penetrated in all aspects of science and technology specifically in the
field of the transport industry. The wide application of intelligent sensors and technologies in vehicles might be considered the
most predominant impact of AI in motorway transport, which may give vehicles intelligent behaviours to make more flawless
reactions in driving experiences. More recently, attention in the car industry and transport science have been directed towards a
new generation of smart vehicles called Autonomous Vehicles (AVs), which are claimed to be capable of driving without the
intervention of human drivers. It is foreseen that AVs may have direct impacts on the components of traffic flow such as the
travel time, vehicles’ delay and queue, and some environmental aspects such as fuel consumption and emissions. Therefore, it is
essential to understand how effective could AVs behave towards a smoother traffic flow in motorway trips. This research seeks
to address the effects that AVs might have on motorway traffic flow by modelling AVs in a case study simulation (using
VISSIM) on the 40km length of motorway M50 in Dublin, Ireland. The result of the study found that AVs could behave more
efficient than the Conventional Vehicles (CVs) in the long-haul motorway transport by the overall average improvement of 50%
on the components of traffic flow mentioned above. They could make fewer stops, queue and delay than the CVs by 60% on
average. Also, the level of service had 30% improvement from the range of D-E on a fully-conventional M50 to the range of CD when AVs fully occupied M50. Moreover, fuel consumption and emission CO reduced by the overall average of 69% in a
fully autonomous M50.
KEYWORDS: Autonomous Vehicles; Driving Behaviours; Motorway Transport; Traffic Flow.

1

[9] verifies this idea by saying that the amount of emission per
mile will reduce through the application of AVs.

INTRODUCTION

Autonomous Vehicles (AVs) have been pointed out by
various studies [1-8] for their traffic safety, reduction of
congestion, smoothness of traffic flow, and their
environmental benefits. Fagnant and Kockelman [9] indicated
that by the adoption of autonomous technology like automated
cruise control and traffic monitoring operation, there would be
a smoother traffic flow through the application of automated
braking and acceleration systems. Fagnant and Kockelman [9]
also showed AVs could anticipate other vehicles’ reactions
like any unexpected braking and or any decision for
accelerations. Also, the study [9] believe AVs have a better
route choice ability, which helps them use the road lanes more
efficiently. Subsequently, they will have shorter gaps with
other vehicles in the platoon, and this ability provides better
control of the vehicle for smoother braking operation and
better adjustment of vehicle speed in the platoon.

For a better vision of the real outcomes of the application of
AVs, it is essential to know how they might behave in realworld transport conditions and how they might interact with
other vehicles on their network. For this purpose, the current
study focuses on the assessment of the real effects resulting
from the application of AVs in motorway transport under a
case study microsimulation of the motorway M50 in the city
of Dublin, Ireland. The simulation comprised of five scenarios
for the evaluation of Conventional Vehicles (CVs) and AVs.
The difference between the scenarios is their sharing
percentage of CVs and AVs on the network. In this context,
the network is designed to fully operate by CVs in scenario
one, which gives an assessment of the current status of traffic
flow on M50. Then the sharing percentage of AVs increases
by 25% over the scenarios, until they occupy the whole
network in scenario five. Results of each scenario will be
presented in tables and graphs, which shows the impact of
altering the conventional M50 to a fully autonomous M50.

Environmental problems such as the production of CO2
emission on road transport which was 6 billion tons in 2015,
from which 1,6 billion tons of this amount was related to
urban transport. The 6 billion tons of CO2 in 2015 is estimated
to increase to 7.5 and 10 billion tons of CO2 emission by 2030
and 2050 respectively [10]. In this context, studies [7-8]
showed that AVs are assumed to reduce the emission by an
average of 65-70% and the study by Fagnant, and Kockelman

2

One of the methods which have been very helpful in
operational testing of autonomous technologies is
microsimulation approach as it provides a situation for the
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representation of heterogeneous traffic flow. In this context,
some studies [11-12] to date have focused on the
microsimulation of Adaptive Cruise Control (ACC) which is
one of the intelligent technologies incorporated with AVs.

network. For this purpose, motorway M50 has been modelled
on the microsimulation software VISSIM. The road network
starts from Bray and ends up in the vicinity of Dublin
International Airport by the total length of 40 kilometres,
which makes the model unique in its type. This model
evaluates the travels from Bray to includes all the merging
roads to M50, which are called as Nodes hereafter.

The study by Kesting et al. [11] proposed a microscopic
simulation of traffic assistance system using ACC and a jam
avoidance strategy. In their model, the ACC vehicles detect
the traffic state based on the actual traffic situation and local
information. Then, they utilise variable driving strategies and
adapt themselves to the traffic, by choosing the strategy which
is more suitable for the actual traffic. Results showed vehicles
equipped with ACC could significantly improve the traffic
flow and reduce the travel time.

The input traffic data for the modelling is generated from
Transport Infrastructures Ireland (TII) traffic database [15].
Those data are checked for the whole period of September
2017 and the day with the highest traffic volume in September
is selected for the simulation, which would give an
understanding of the realistic performance of AVs in the peak
traffic condition. According to TII Traffic Data Site [15], the
peak traffic was related to the period 7:00 am – 8:00 am of
Sep. 13, 2017.
It must be noted that despite the many efforts for extracting
the exact traffic volumes from TII, no data was found for the
turning manoeuvres at nodes. Therefore, half of the merging
traffic considered to join M50, where the other half is
assumed to pass the nodes, which is an assumption of the
model design. Table 14 shows the extracted traffic volume
from TII [15].

Davis [12] addressed the impact of adopting autonomous
technologies such as ACC on traffic flow. The study applied a
simulation on a single-lane highway and on-ramp with
cooperative merging. Results revealed that congestion could
be essentially eliminated and travel distances could be on free
flow situation with 50% usage of ACC vehicles. Also, the
throughput improved by 20% compared to the simulations
where the vehicles were manually driven. The study claimed
if enough vehicles are equipped with autonomous
technologies such as ACC and the vehicles can cooperate
when merging, the throughput will be increased due to
suppression of transition to the congested location at merging
areas.

Table 1. Traffic data for each centroid.
Assigned Traffic Volume to VISSIM Model
Data Site
Traffic Volume
Direction
Location
(veh/h)
Main Road
Northbound
5,101
Node 01
Eastbound
705
Node 02
Eastbound
2,265
Node 03
Eastbound
2,586
Node 04
Southbound
1,824
Node 05
Southbound
1,292
Node 06
Southbound
276

Talebpour and Mahmassani [13] presented a simulation
framework to simulate different technology-appropriate car
following model using stability analysis of the traffic stream
behaviour for different penetration rates of AVs. The result of
their study revealed that AVs could be effective in preventing
shockwave formation and propagation of traffic flow. Also,
they could improve the string stability of mixed traffic
streams. Throughput also showed a substantial potential to
increase in some scenarios, where automation incorporated.
Maybe the most relevant study with a focus on the
microsimulation of AVs to date is the study conducted by Yea
and Yamamoto [14], which developed a traffic flow-model for
the microsimulation modelling of connected and autonomous
vehicles. They developed a two-lane traffic flow model
incorporating connected and autonomous vehicles (CAVs)
and measured their impact on road capacity. Results of their
study indicated that the capacity of the road increases by the
increase in the penetration of CAVs.

3

After preparing the input data, the model has been designed
for M50 on VISSIM. Figure 1 shows the model created on
VISSIM with the traffic data.

FRAMEWORK AND APPROACH

This study is conducted over three phases of Model design
and data gathering, incorporation of Wiedemann driving
behaviours, and simulation of CVs and AVs on M50.
Model and Data
To evaluate the efficiency of AVs on the long-haul motorway
trips and the traffic flow, they should be modelled in a realworld scenario with behaviours expected from them. In other
words, it must be seen how they will perform on road
networks and how they interact with other vehicles in their

Figure 1. VISSIM model
2
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As with all modelling projects, there are some assumptions for
the VISSIM Modelling of this study as follow:
• The motorway (M50) has four lanes throughout its length
except at nodes where one lane will be added to lead the
merging vehicles to the main traffic flow;
• The motorway has six nodes in total;
• The input traffic volumes at nodes are exactly according to
their real values;
• All the vehicles in the model will continue their journey
towards Dublin Airport, and none of them will leave the
motorway.
It is important to mention that, the purpose of the modelling in
this study is to evaluate the efficiency of AVs and to compare
the results of adopting them on motorways with CVs.
Therefore, it is not necessary that the links, lengths, traffic
volumes be exactly according to real values as long as they
are considered the same for both CVs and AVs. However, in
this study, they are designed according to the real situation
and real data to conduct a more realistic simulation and for the
use in future studies.

shows the parameters of Wiedemann-99 driving behaviours
by their default values and the optimised values for AVs.
Table 2. Parameters of wiedemann-99 for freeway traffic.
Model Parameters
CVs
AVs
CC0 (Standstill Distance) - m
1.50
0.38
CC1 (Headway Time) - s
0.9 ± 0.2
0.45
CC2 (‘Following’ Variation) - m
4.00
2.00
CC3 (Threshold for Entering ‘Following’)
-8.00
-8.00
CC4 (Negative ‘Following’ Threshold)
-0.35
-0.35
CC5 (Positive ‘Following’ Threshold)
0.35
0.35
CC6 (Speed dependency of Oscillation)
11.44
11.44
CC7 (Oscillation Acceleration) – m/s2
0.25
0.25
CC8 (Standstill Acceleration) – m/s2
3.50
3.50
CC9 (Acceleration with 80 km/h) – m/s2
1.50
1.50
Simulation of CVs and AVs
In order to ascertain the real impacts of AVs on the road
network, the results of their simulation must be compared to
the results of the simulation for CVs.
In general, the simulation phase answers three main questions:
• What are the simulation results for the current status of
traffic flow on M50?
• What are the simulation results on a network of fully AVs?
• What would happen if there are different sharing
percentage of CVs and AVs on M50 motorway?

Driving Behaviours
VISSIM [16] uses Wiedemann Car-Following Model
(WCFM) for the simulation of vehicles on the network, which
is well-known for its extensive application in the microscopic
simulation of traffic flow [18]. The model was defined by
Rainer Wiedemann in 1974, based on conceptual development
and limited data, which needs to be calibrated for any specific
network [18]. There are two types of WCFM: Wiedemann-74
for the simulation of urban traffic and merging areas (nodes of
the model) and Wiedemann-99 for Freeways (main link of the
network).
Describing the parameters of WCFM is not the focus of this
study. However, it is important to say that scenario one is
using the default values of WCFM, which is defined for CVs.
Scenarios two to five acquire the optimised values of WCFM
for AVs which is not presented before this.
According to Menneni and Sun [17], CC1 (Headway Time)
and CC2 (Following Variation) are the most important factors
while calibrating the model for capacity. However, the focus
of this study is not just on capacity. So, the study conducted
an in-depth Sensitivity Analysis (SA) for the optimisation of
Wiedemann-99 parameters from CC0 to CC9. Redirecting to
Menneni and Sun [17], the focus of SA was on the
optimisation of CC0, CC1, and CC2 to evaluate how they
impact the results. For this purpose, 63 scenarios have been
defined with different combinations of those three CCparameters. The result has been used for the optimisation of
the rest of the Wiedemann-99 parameters which comprised of
23 later scenarios. In total, the optimisation process
incorporated 86 scenarios with 10 hours of VISSIM
simulation for each scenario.
Results revealed that improving three parameters of CC0,
CC1, and CC2 improve the simulation results, which verifies
the study by Menneni and Sun [17]. However, change of
parameters CC3-CC9 not only didn’t improve the simulation
results but also imposed negative effects on the results, means
that they should be kept the same as Wiedemann-99. Table 3

For this purpose, different vehicle compositions have been
defined for the simulation of CVs and AVs with different
relative flows on the network. Each of these vehicle
compositions forms a scenario for the simulation. Therefore,
the simulation comprised of five scenarios for the evaluation
of CVs and AVs on M50.
As mentioned before, the only difference between the
scenarios is their sharing percentage of CVs and AVs. In this
context, the network is firstly designed to operate completely
by CVs in scenario one, which represents the status of current
traffic flow on M50. Then, the sharing percentage of AVs
increases by 25% through the scenarios, until AVs occupy the
whole network in scenario five. So, the result would give an
understanding of the quality of trips in the shared and single
occupancy modes of CVs and AVs.
Table 13 shows the scenarios with their sharing percentage of
CVs and AVs:
Table 3. Scenarios for the simulation of CVs and AVs.
(%) Relative Flow
Scenario
CVs
AVs
1
100
0
2
75
25
3
50
50
4
25
75
5
0
100
Regarding the number of simulation runs, PTV suggests a
minimum of three-five runs for a highway with low traffic
volume for one hour of simulation to get a stable result [16].
3
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As M50 is a long motorway and operates in high volume,
each scenario is designed for fifteen runs of simulation to
represent a more realistic status of the real traffic flow.
4

Results of the queue length and vehicle delay show that the
length of the queue and vehicle delay has significantly
reduced through the scenarios due to the increase in the
occupancy of AVs. Tables 7 and 8 show the total average of
queue length and vehicle delay for all the vehicles on the
network including appended traffic at Nodes, and their
reduction percentage to the base scenario.

RESULTS AND DISCUSSIONS

This section represents the average results of adopting AVs
over fifteen simulation runs for each scenario using tables and
graphs.
Results of the simulation showed that Travel Time reduced by
10% from 11,305 seconds in scenario one (Fully Conventional
network) to 9,896 seconds in scenario five (Fully Autonomous
Network). The gradual reduction of travel time from scenario
one to five shows the effect of autonomous driving on travel
time. Table 4 shows travel time for vehicles started their
journey from Bray and ended up to Dublin Airport,
accompanied by their reduction percentage to the base
scenario (scenario 1).

Table 7. Reduction of queue length through scenarios.
Scenario
Queue Length (m)
(%) Reduction
1
3,761
0
2
3,214
14.54
3
2,792
25.76
4
2,571
31.64
5
2,155
42.70
Table 8. Reduction of vehicle delay through scenarios.
Scenario
Vehicle Delay (s)
(%) Reduction
1
7,277
0
2
5,703
21.63
3
4,640
36.24
4
3,872
46.79
5
3,116
57.18

Table 4. Reduction of travel time through scenarios.
Scenario
Travel Time (s)
(%) Reduction
1
11,305
0
2
10,822
4.27
3
10,493
7.18
4
10,260
9.24
5
9,896
12.46

Also, results revealed that stops and stop delay had 83%
reductions in average from scenario one to scenario five,
which is a remarkable improvement on the efficiency of
traffic flow, where only a few numbers of vehicles proceeded
to stop. This claim is also approved previously by the results
of queue length and vehicle delay.
Note that the vehicle stops could happen for any reason such
as a queue, waiting to find a clear path, giving right of way to
other vehicles, stops at nodes, or any other reasons.
Table 9 and 10 show the total number of stops and stop delay
for all the vehicles on the network, and their improvement
percentage to the base scenario. Figure 2 shows the overall
average improvement of the vehicle stops and stop delay for
each scenario.

Table 5 shows that fewer number of vehicles could finish their
journey from Bray to Dublin Airport in scenario one where
CVs wholly occupied the network. Such few numbers of
vehicles could be due to delay resulting from traffic
congestions within the main road and merging areas. By
increasing the occupancy of AVs on the model, more vehicles
could enter the simulation and finish their journey, which
indicates an increase in the throughput of the network.
Tables 5 and 6 show the total number of vehicles on the
network and the consequent increase in the network
throughput.

Table 9. Reduction of vehicle stops through scenarios.
Scenario
Vehicle Stops
(%) Reduction
1
1,302
0
2
929
28.65
3
599
53.99
4
375
71.20
5
250
80.80

Table 5. Number of vehicles from bray - Dublin Airport.
(%) Throughput
Scenario
Number of Vehicles
Increase
1
1,406
0
2
1,674
16.01
3
1,857
24.29
4
2,017
30.29
5
2,220
36.67

Table 10. Reduction of stop delays through scenarios.
Scenario
Stop Delay (s)
(%) Reduction
1
1,737
0
2
1,157
33.39
3
738
57.51
4
424
75.59
5
258
85.15

Table 6. Total number of vehicles on the network.
(%) Throughput
Scenario
Number of Vehicles
Increase
1
41,568
0
2
44,170
5.89
3
46,187
10.00
4
47,807
13.05
5
49,864
16.64
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Table 12. Reduction of emission CO through scenarios.
Scenario
Emission CO (Tonnes)
1
2.42
2
1.89
3
1.37
4
0.97
5
0.75

-31.02

-55.75
-73.39
-82.97

2

3

4

0 0
-10

5

(%) Reduction of
Emission CO

(%) Reduction of Stops and
Stop Delay

CERI-ITRN2018

Scenario Code
Figure 2. Overall reduction of stops and stop delay.

Table 11 shows the total average of fuel consumption on the
network and their Reduction percentage to the base scenario.

(%) Reduction of Fuel
Consumption

-68.85

2

3

4

5

According to the results related to Emission CO, a fully
conventional network had the highest amount of CO Emission
by 2,42 tonnes for six nodes, which this amount had an
intense decrease to 1,89 tonnes on scenario two where just
25% share of the network applied to AVs. The decreasing
trend continued until it reached 0.75 tonnes in scenario five
with 100% occupancy of AVs, which is a significant
difference (69% reduction) with the amount of emission on
scenario one.
The less production of CO Emission by AVs, which
happens due to smoother traffic flow is also previously proved
by the results of fuel consumption.

-68.85

5

Regarding the level of service (LOS), results showed 30%
reduction through scenarios from the LOS value of 4.5 out of
6 on scenario one to 3.13 on scenario five, which is a
considerable improvement in LOS. One might expect more
changes in LOS between CVs and AVs, but it must be
considered that one index change of LOS on motorway traffic
is tangible as motorways have normally higher LOS than
urban roads. So, it is a big leap to improve the LOS for one
index on motorways, which is taken in this study just by
defining autonomous behaviours for vehicles and without
changes on infrastructure and or implementation of traffic
limitations.
Table 13 shows the average LOS values on the network and
their improvement percentage to the base scenario.

Scenario Code
Figure 3. Average reduction of fuel consumption (%).
As it is shown in Table 11, the total amount of fuel
consumption calculated for the vehicles had a significant
reduction (21.6%) from 131,069 litres in scenario one to
102,755 litre on scenario two, where just 25% of the network
occupancy devoted to AVs. The decreasing trend continues
gently afterwards until it reaches to 40,833 litres on scenario
five with 100% sharing of AVs on the network.
The sharp decrease in fuel consumption through the scenarios
could be justified by the results of simulation on queue length,
the number of stops and stops delay, where the least number
of stops and subsequently queue length occurred when the
network had more sharing percentage of AVs. As a result, less
amount of fuel consumed for standing in queues at merging
areas, which shows the smoothness of traffic flow at nodes.

Table 13. The level of service and improvement.
LOS
Scenario
(%) Improvement
Value
Index
1
4.50
D-E
0
2
4.11
D-E
8.67
3
3.83
C-D
14.89
4
3.47
C-D
22.89
5
3.13
C-D
30.44

Table 12 shows the total average of the emission CO for 15
hours of commuting on M50 over five scenarios. Also, Figure
4 represents the reduction percentages of the emission CO
through scenarios.
5
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Figure 4. The average reduction of emission CO (%).
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Table 11. Reduction of fuel consumption through scenarios.
Scenario
Fuel Consumption (Litre)
1
131,069
2
102,755
3
74,353
4
52,757
5
40,833
0 0
-10
-20
-30
-40
-50
-60
-70
-80
1

-21.60

-20
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Table 14 and shows the overall average of improvement from
scenario one which is a fully conventional network to scenario
five which represents a network of fully occupied by AVs.
Also, Figure 5 shows the overall improvement of scenarios on
each evaluated parameter.

improvement for long-haul motorway transport. Such
improvement and specifically the reduction of fuel
consumption and emission could positively impact upon the
long-term effects of the motorway transport on the
environment and help cities towards a greener transport.

Table 14. Overall average improvement.
Relative Flow (%)
Scenario
Improvement
Code
(%)
CVs
AVs
1
100
0
0
2
75
25
17.71
3
50
50
32.09
4
25
75
42.49
5
0
100
50.66
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ABSTRACT:
Traffic flow analysis is an important and essential part in the improvement of the transport network of a city. The actual context
of environmental concern and the growing traffic congestion, show that we need to find solutions. Nevertheless, the knowledge
of networks is necessary to do such works. The general spirit of traffic modelling is to be able to reproduce physical reality using
models that improve understanding of the complex real phenomenon. Macroscopic Fundamental Diagram (MFD), introduced by
Daganazo in 2007 which is an extension of the fundamental diagram to a larger scale is an important tool in understanding the
state of road networks by studying the relationship between key traffic stream parameters, such as, density and flow.
KEY WORDS: Traffic flow modelling, SCATS, fundamental diagram, MFD
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1

INTRODUCTION

Traffic flow analysis is an important and essential part in the
improvement of the transport network of a city. Environmental
concerns and growing traffic congestion, show that we need to
find ways to improve its efficiency. Hence, the understanding
of how the network performs is necessary to achieve. The
essence of traffic modelling is to be able to reproduce physical
reality of traffic movement using models that improve
understanding of the real complex phenomenon. Two types of
model exist which helps to obtain networks characteristics:
The microscopic model which refers more to the dynamic flow
of transport demand. The main vocation is to be able to describe
the individual behaviours of users. The other model is the
macroscopic model which correspond to the static modelling at
the scale of the network of a large mesh. The purpose of these
models is to be able to characterize the overall traffic behaviour
at a relatively large scale of a city or region. Their common
applications include traffic simulation for infrastructure
planning and design, dynamic traffic management and
evaluation of these management measurements.
Macroscopic Fundamental Diagram (MFD), introduced by
Daganazo in 2007 [1] and then Geroliminis [2] allows to
understand the state of road networks by the study of the
relation between density and flow in a network. MFD has been
described by modellers as elegant and attractive because it
provides a global view of traffic behaviour and performance at
a network level despite its shape being influenced by many
variables. The key characteristics of MFD are: 1) MFD is a
property of the network itself and not of the demand 2) The
space-mean flow is maximum for the maximum value of
density of vehicles or of average speed 3) The average trip
length for the study region is almost constant with time and 4)
MFD can be estimated accurately using existing monitoring
technologies.
The last characteristics provides important grounds to estimate
the state of a network using MFD. There are mainly 3 methods
for calculating the shape of MFD, 1) Analytical approach, 2)
Trajectory based approach and 3) loop-detector based
approach. In this study the loop-detector based approach is used
for calculating MFD. The estimation methodology follows the
methods described in [3].
In this study, the MFD is calculated in multiple networks in
Dublin City, Ireland utilising loop-detector data from the streets
of Dublin recorded in 2005 and 2017 as a part of the urban
traffic control system present in the city.
In addition to calculating the MFD, the phenomenon of capacity
drop has also been modelled. Capacity drop is linked with the
capacity of a road. It appears when the capacity of a road
reduces due to traffic jam. Indeed, during this traffic jam, the
output flow becomes less important than the capacity. The fall
in capacity amplifies the mismatch between supply and
demand. If the application continues to increase in the presence
of a fall in capacity, congestion worsens and can affect the
entire network. Capacity drop causes are not well known but a
reached capacity associated to a continuing increase of demand
implies a drop of capacity. Then, the output flow will stabilize
even if the demand increases.

2

METHODOLOGY
Calculation of MFD

Different tools exist to obtain the MFD’s shape. They are more
or less precise and adapted for different types of network. For
instance, MFD’s analytical expression is good to describe
simple and regular network, whereas the derivation of traffic
state allowed to analyse reasonably complex networks. The key
assumptions are:
 There are fixed number of lane
 Any number of intersections can be controlled by traffic
signals
 The total number of vehicles is constant in the network
Thus, formula is:
(1)

𝑞=inf{𝑢:𝑅(𝑢)+𝑘𝑢}

Where R(u) is the upper bound of the number of vehicles that
can overtake an observer moving at the average speed.
However, it is complicated to evaluate this number. q, k and u
are respectively the flow, the density and the speed.
For the presented study, observer’s speed are only dependant
on the number of stops, noted ϒ, they make at red signals. This
number allows to define the cuts. In each direction, there are at
most two cuts which are meaningful. The stationary cut is also
important.

Figure 1: MFD for a network
In real network, detectors give the density and flow of the
network over certain duration. Then, the length of the window
is important. At the end, data of each detector is combined to
obtain network average.
Estimation of Traffic Parameters
Traffic flow and density were utilized in developing the MFD.
These parameters were estimated from the vehicle counts
recorded by the inductive loop-detectors present on the urban
arterials of Dublin as a part of the Urban Traffic Control (UTC)
system: Sydney Coordinated Adaptive Traffic System
(SCATS).
Traffic flow was measured as,
Flow = VO*60/Cycle_length_time
(2)
where, q is the traffic volume; VO is the traffic count/ minute.
It is possible to estimate density from occupancy measurement
following the formula:
occupancy =𝑘(𝐿+𝐿𝑑)

(3)
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Where L is the length of vehicles and Ld the width of detectors.
The total time t while the detector is occupied is:
𝑡=𝑛∗(𝐿+𝐿𝑑)/𝑉

(5)

where n, number of vehicles passing over the detector during
an observation period T.
Occupancy corresponds to the ratio time when the detector is
occupied over the duration of the observing period (t/T).
Density k, is the ratio of flow to mean speed of the car:
q=kV

(4)

The following exact formula was used to calculate density of
SCATS measurements:
Density = DS/(mean length of vehicles + length of detector) (5)
where DS was the degree of saturation recorded by the SCATS
system. An average length for cars about 4.2m was used and the
width of the detector was assumed to be 1m. As SCATS allows
the DS values to be over 100 to adjust for the next phase, density
greater than 100v/hm (vehicles/hectometre) can be observed in
the figures later.
3

DATA

The traffic data used for modelling were recorded in 2005 and
in 2017 at the same location of the Dublin city-center as shown
in Figure 2.
The two intersections are situated on a priority route of this city
for traffic going from the south of the city to the north. In
addition, the traffic on the critical junction TCS 183 is for going
from the south of the city to the center and to the main train
station. The traffic in both intersections are one-way with traffic
going from south to north. Both the junctions are controlled by
two-phase traffic signals where the first phase, ϕA is the main
phase for providing right-of-way to the major road, Tara Street
and the second phase, ϕB is for providing right-of-way to the
minor road Burgh Quay and Poolbeg Street respectively.
In case of junction TCS184, the junction has semi-actuated
traffic control where the major road Tara Street receives redlight once the pedestrian signal or the minor road traffic actuates
the ϕB. The traffic signals are synchronized for majority of time
during the day. During peak-hours shorter cycles are used on
TCS183 and during off-peak hours double length cycles are
used. Both the junctions are part of the sub-system 6 as the part
of the SCATS system of the Dublin City UTC.
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Figure 2: Study Sites (Map Data: Google)
For signal plans and loop-detector locations, please refer to the
Figure 2. The approach receiving right-of-way during ϕA in
junction TCS 183 will be designated as 183A and similar
nomenclature will be followed for all other approaches. It is
important to note that approach 183A and 184A both refer to
Tara Street.
The analysis was based on data records on these two
intersections for the week of 27th June 2005 during the five
working days and for the week of 15th May 2017 during the
five working days. There was almost a 10 years interval and the
recorded data helped to see changes in the traffic characteristics
over this period in the Dublin City. The signal timings remained
largely similar over this period. The slight changes of the phases
are reflected in the new designation of approach 183A as
approach 183AC in some figures as applicable. In 2017, there
were 3 phases where ϕC essentially was dedicated to N-S
through movement without allowing any left turning movement
to the quays. For the analysis, ϕA & ϕC has been added to
replicate the phases used in 2005.
The evolution of traffic volume at the junction TCD183 and
TCS 184 in the two signal phases A (North-south), B(EastWest) are shown in Figure 3. The traffic flow were calculated
using equation 2. In case the phase length was longer than 1
minute the traffic volume was converted to per minute
aggregate volume following equation 2.
Equation 3 was used to calculate the corresponding occupancy
which is a surrogate of traffic density. Traffic speed can be
calculated using a kalman filter based algorithm which
estimates the mean traffic speed using single inductance loop
measurements of volume and occupancy.
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from all the lanes of all approaches for all intersections was
used.
For identifying the MFD shape the analytical approach was
utilized. To plot the analytical based approach, the max speed
value (SPEED = VO/Density) was used for the slope which
generated the first straight line for the MFD. The second curve
is a horizontal line corresponding to max density. Finally, the
third curve had the congested speed for the slope factor which
was around -0,33km/min, as described in [3] for the calculation.
The intersection fo these three chosen curves will provide the
capacity of the network.
The MFD for the chosen approaches and the junctions shown
in Figure 5, was calculated using the data-based and the
analytical approach (DB & A) as described in section 2 and
here.

Figure 3: Traffic Volume at the intersections recorded over
a day
Approaches 183A & 184A shows maximum traffic volumes
as expected from the traffic signal timings and the road
geometry. The approach 184B shows negligible volume due to
its low usage and priority in the city. It is important to note that
none of these junctions are used by public transport such as
Dublin Bus or Luas services and hence is appropriate for the
analysis.
A snapshot of the SCATS database is shown in Figure 4 for
illustrating the lane-by-lane variability of the dataset.

Figure 4: Fundamental diagrams of each road and
macroscopic fundamental diagram
The traffic volume and the density values for all four
approaches as well as the network MFD calculated for the small
network consisting of the two junctions are reported in Table 1.

Figure 4: SCATS Strategic Monitor Data used for modelling
4

RESULTS

The flow-density plots or the fundamental diagrams (FD) of
each of the lanes were studied in this analysis. These plots were
created utilizing the data-based approach. The flow and density
values per minute as calculated using equation 2 & 3 were
plotted for each approach calculated using average values for
all loop-detectors on all lanes of the approach. To obtain the
MFD, the average of the VO and density at each time-interval

Table 1: Maximum flow and density values
183A 183B 184A 184B
Maximum values recorded in June 2005
Flow
2100 900
2340 240
(vph)
Density
115
55
70
35
(v/100m)
Maximum values recorded in May 2017
Flow
1920 600
2100 120
(vph)
Density
90
42
60
15
(v/100m)

MFD
1320
80
900
40
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The MFDs show a decrease of use, especially on the minor
roads (183B and 184B), and capacity of this network.
It is visible that road 183A is used extensively. Indeed, there are
four lanes and results give a maximum density of 1 vehicle per
meter which is the maximum of use because the average length
of a car is about 4 meters. However, it seems the congestion on
Tara Street has been controlled to some extent using the new
signal plans and other traffic measures as the density value has
just fallen short of 100v/hm.

Table 1: Differences in MFD calculations using the
analytical approach with and without modification
183A 183B 184A
Max Values Without Modification
Flow
1920 600
2100
(vph)
Density
90
42
60
(v/100m)
Max Values With Modification
Flow
1860 720
2460
(vph)
Density
45
19
39
(v/100m)

MFD with outlier modifications
Based on the use of the maximum speed and flow, the existence
of outliers can totally modify the MFD shape. As the data based
& analytical (DB & A) approach consists of 3 curves, the first
one has the maximum speed value as the slope of flow-density
plot, the horizontal one corresponds to the value of the highest
density and the last one has the congested speed as the negative
slope of the flow-density plot. The first and the second curve
are affected by outlier values and hence the dataset should be
investigated and outliers should be removed to account for this
problem.

The outlier removal methodology involved removing the top
values with less than 1% relative frequency which was applied
for each approach of each intersection and for the two periods.
Figure 6 provides an illustrative example for this methos. On
studying the distributions of flow and density, the sum of the
frequency of all flow values superior to 47 Veh/min, is less than
1%. Thus, it is possible not to remove these values in the
analytical approach. Concerning the density, values lower than
6 Veh/hm and for values greater 128 Veh/hm the frequencies
were negligible and were removed. The differences of
maximum values after the modifications are presented in the
Table 2.
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MFD

120

900

15

40

102

1320

3

28

No capacity drop was observed at the two locations and hence
has not been included in the analysis.
5

DISCUSSION

The traffic is reduced in 2017 comparing to 2005 according to
the lane based analysis. The MFD provides the decrease of the
use of roads on these intersections. The flow is reduced by 420
vehicles per hour, with a weakly density, decrease of 40
vehicles per hectometre. The reduction is more important on the
second intersection (183), than on the first (184), probably due
to the weak use of the road 184B in 2005 like in 2017.
This evolution is a good start to the changes required by the city
council because it hopes an important decrease of use of cars in
favour of pedestrian movements, bikes or public transports.
Straight-through flow of vehicles is more important at the
intersection 184 than 183 on Tara Street. There was a higher
average (5.8 vehicles per minute in 2017) of vehicles crossing
the first intersection (184) than the average in the next
intersection (183) (4.5 vehicles per minute in 2017). This is
probably caused by a higher use of the perpendicular road on
the second intersection which generates a shorter cycle length
for Tara Street.
6

Figure 6: MFD with and without filtering using DB & A
approach

184B

CONCLUSION

The purpose of this study was to investigate the evolution of
traffic characteristics in a small part of the network of Dublin
city consisting of two junctions utilising the macroscopic
approach of MFD. The analysis showed that policy instruments
and traffic signal design changes has proved to be effective in
this part of the network and the overall usage of the network has
been reduced relieving the junctions of excessive traffic jams
with density values over 100v/hm to 90 v/hm. In addition, the
analysis also employs a technique to effectively estimate the
traffic parameters by removing outliers. The data-based method
and the analytical approaches were utilised and the trajectory
based approach was not employed due to lack of data for the
third approach.
The analysis indicated the difficulties to obtain a trustworthy
MFD on roads controlled by traffic lights and possible methods
to address that was followed. However, this observation is in
line with the research carried out by Leclercq and Courbon [3].
The closer the detectors are to the traffic light, the more distant
the congested part is from analytical approach to the data based
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one. Henece, the discrepancy between the two approaches are
further highlighted. It will be also be useful to broaden the area
of coverage of this analysis for better understanding of the
results.
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ABSTRACT: Transport infrastructure is critical to the effective functioning of societies. However, natural disasters and extreme
weather events can have a major impact on the operation of such infrastructure, often resulting in significant physical damage
and loss of functionality. With such a reliance of major cities on the reliability of their transport networks there is significant
value to be gained through the use of advanced methodologies to quantify the risk which extreme events pose to transport
infrastructure and to identify appropriate strategies for mitigating this risk. This paper presents recent work which has been
carried out in the area of risk assessment for transport infrastructure with the objective of improving the ability of transport
infrastructure owners to more accurately assess the risk to their networks and facilitate more informed decision making in
relation to safeguarding their infrastructure. The EU FP7 funded INFRARISK project developed methodologies to assess the
impact of extreme natural hazard events on critical transport infrastructure network. The RAIN project, also funded by 7th
Framework Programme, developed a systematic risk analysis framework which quantifies risks due to extreme weather events.
This paper presents case studies which demonstrate how the methodologies developed in these projects can be applied and
makes reference to ongoing work which is being carried out as part of the Horizon 2020 funded SAFE-10-T project to improve
decision making regarding the management of transport infrastructure along the European TEN-T network. The work presented
in this paper shows how research in the area of risk evaluation will facilitate government authorities and infrastructure operators
in more accurately assessing network risk and safety levels going forward.
KEY WORDS: Transport networks; Risk assessment; Seismic hazard; Landslide hazard; Extreme weather.
1

INTRODUCTION

With most cities becoming more and more reliant on their
transport networks, combined with increasing frequency of
extreme events, the risk posed by such events is becoming
more significant. In order for governments and infrastructure
operators to make informed decisions in relation to the
management and maintenance of their transport networks, the
ability to accurately quantify this risk is of major benefit. The
FP7 funded RAIN and INFRARISK projects developed
advanced methodologies to enable the calculation of risk to
transport infrastructure networks for extreme events. The
application of these methodologies using specific case studies
are demonstrated in this paper.
SAFE-10-T (Safety of Transport Infrastructure on the TENT Network) is a Horizon 2020 funded research project, which
commenced in May 2017. The project aims to develop a
global risk framework that will form the basis of an online
Decision Support Tool (DST) to assist in decision-making
regarding the management of transport infrastructure along
the European TEN-T network. The novel approach of the risk
framework developed will allow simultaneous consideration
of road, rail and inland waterway transport infrastructure.
End-users will be able to assess the impact of interventions for
infrastructure assets, including bridges, tunnels and
earthworks. Machine learning applications are being
developed both at asset and network levels to provide realtime safety assessments for critical infrastructure (CI) assets.
The targeted end-users are government authorities and
infrastructure owners who will be able to use the outputs of
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the SAFE-10-T project to make strategic investment decisions
regarding transport infrastructure.
Three demonstration projects are being conducted in the
SAFE-10-T project, whereby the methodologies and tools
developed in the project will be implemented for real
locations along the TEN-T network. These demonstration
projects will comprise multi-modal networks, including:
• A major freight corridor (Port of Rotterdam, the
Netherlands);
• A major tourism route (Rijeka Harbour, Croatia);
• An urban interchange (Severn River Crossing, UK).
The objective is to ensure that the project outputs can be
implemented in practice for the purposes of infrastructure
management.
The approaches adopted by INFRARISK, RAIN and SAFE10-T all aim towards a similar overall goal, which is to
improve the ability of infrastructure operators to efficiently
manage and maintain their networks. While each of the
projects differ slightly in their approach, each provides a
suitable framework to infrastructure owners which allows the
risk to their network to be considered depending on whether
natural disasters, extreme weather events or other factors
which may impact transport networks.
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2
2.1

INFRARISK
Background

which was selected based on the network functionality. To
identify the critical network element, a betweenness centrality

The goal of the INFRARISK project (Novel Indicators for
Identifying Critical INFRAstructure at RISK from Natural
Hazards) was to develop tools and methodologies to assess
the impact of extreme, low probability natural hazard events
on
critical
transport
infrastructure
networks
(http://www.infrarisk-fp7.eu/). The project focused on the
TEN-T road and rail networks, which comprise the core
European transport network corridors, and are critical to the
effective functioning of the European economy. The objective
of the INFRARISK project was to enable infrastructure
managers and owners to perform stress tests for critical
networks to determine their resilience to low probability,
extreme natural hazard events and, consequently, to assist in
the decision-making process with regard to the protection of
critical infrastructure networks.
2.2

Road Network

To demonstrate the systematic application of the proposed
INFRARISK methodology, a road network in the vicinity of
the city of Bologna in Northern Italy was examined. The
network forms part of the European TEN-T road network,
specifically along the Scandinavian-Mediterranean corridor,
which is considered a vital axis for the European economy.
This road network is located in a seismically active region,
which is also prone to landslides. Consequently, the impacts
of an extreme earthquake hazard scenario and the associated
cascading effects in terms of earthquake-triggered landslides
were analysed for the selected road network.
The selected Italian road network is located in the Emilia
Romagna region and is distributed over an area of
approximately 990km2 in the vicinity of the city of Bologna.
Along this network, 340 bridges (excluding culverts) and 40
tunnels were identified. The geographical locations of the
bridges and tunnels were obtained from Open Street Map
(http://download.geofabrik.de/), as illustrated in Error!
Reference source not found..
2.3

Figure 1Italian Road Network.
method was adopted, which is used to identify the structural
elements that would result in a substantial decrease in the
serviceability of the network due to their failure [4]. Figure 2
shows the susceptibility of the province of Bologna to
earthquakes.

Methodology

The proposed INFRARISK stress testing framework [1][1]
requires an estimation of the risk to critical networks due to
the associated hazards. To do so, a quantitative probabilistic
risk assessment procedure was adopted for the selected Italian
road network due to an extreme seismic hazard scenario and
the associated landslide cascading effects.
To consider a low probability earthquake hazard scenario, a
Monte Carlo simulation (MCS) method was employed [2].
MCS is commonly adopted when dealing with low probability
ground motions as it facilities the identification of seismic
events that contribute most to target amplitude levels, and
provides a powerful and flexible means for considering the
uncertainties associated with the prediction of seismic ground
motions, providing a clear link with the probabilistic risk
analysis[3]. Based on this approach, ground-motion scenarios
in terms of peak ground acceleration (PGA) were developed
for selected probability levels, and a specific extreme value
threshold at a reference site. These ground-motion scenarios
were linked to a critical element along the road network,

Figure 2. Earthquake hazard [5]
In order to estimate the seismic risk to the road network, the
vulnerability of the network bridges and tunnels to seismic
loading was assessed. In addition, the risk of the associated
cascading effects in terms of earthquake-triggered landslides
was also considered for the Italian road network, with the
vulnerability of individual road sections to earthquaketriggered landslides being assessed.
Fragility curves, which provide the probability of reaching
or exceeding specific levels of damage, were used to represent
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the vulnerability of bridges & tunnels to ground motion and of
road segments to landslides. Figure 3 shows sample fragility
curves for a bridge, considering the possibility of experiencing
4 different damage levels (DS1-DS4) as described in [6].

Interestingly, the costs associated with the 2,500 year stress
test are highest, with this shown to arise from the fact that
stress test scenarios corresponding to a 2,500 year return
period relate to a seismic event where the earthquake
epicentre is situated to the north of the selected study area,
where a large number of bridges are located.
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Figure 4. Stress test results: total network repair costs

Figure 3. Median fragility model with 16%-84% confidence
bounds
The consequences associated with bridges, tunnels and road
segments experiencing different levels of damage were
defined using expert judgement both in terms of direct repair
costs and loss of serviceability [6]. In order to calculate the
indirect economic effects a traffic model was used to estimate
the traffic delays associated with damage to the road
infrastructure. Using a MCS approach, the risk associated
with the network was then calculated, considering the
vulnerability of the infrastructure and the direct and indirect
consequences of damage for a range of seismic scenarios.
The goal of the stress test framework applied to the Italian
case study was to determine whether or not the potential
losses were deemed to be acceptable (see [7] & [8]). In reality,
stress tests are performed based upon evaluation criteria, e.g.
total monetary losses. As such, the results of the stress tests
performed for the Italian case study were analysed based on
the criteria outlined in Table 1.
Table 1. Stress test evaluation criteria.
Evaluation Criteria
Total repair cost
Maximum increase in travel time per region
Maximum GDP per capita loss per region

0.8

3

Threshold
€300m
50%
€16,000

To evaluate the outcome of the stress tests according to the
‘maximum increase in travel time’ evaluation criterion, the
results of the traffic analyses were compared to the imposed
thresholds. Figure 5 illustrates that all stress tests predicted
that the maximum increase in travel time at regional level
would not exceed the threshold value (with approximately
99% certainty). However, it is noted that when the same
analysis was carried out considering the delays at a national
level, the results showed that the threshold value would most
certainly be exceeded [6].
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Figure 5. Maximum increase in travel time at regional level
2.4

Results

The MCS was used to carry out stress tests for a range of
seismic events, with a number of sensitivity tests performed to
examine the impact of various parameters and the required
number of simulations to reach convergence in the solution.
Figure 4 shows the results of the stress tests performed
according to the ‘total repair cost’ evaluation criterion,
showing that the stress test corresponding to a 2,500 year
return period demonstrates with certainty that the ‘total repair
cost’ threshold will be exceeded, i.e. the stress test has failed
and the potential losses are deemed to be unacceptable.
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Finally, Figure 6 shows the outcomes of the stress tests when
evaluated according to the maximum GDP per capita loss per
region. Figure 6 illustrates with 99% certainty that all stress
tests predicted that the imposed threshold would be exceeded.
As such, mitigation measures would be required for the
outcome of the stress tests to be acceptable.
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Figure 6. Maximum GDP per capita loss
2.5

3.1

In order to showcase the application of the Risk-Based
Decision Making Framework (RBDMF), outlined in RAIN
Deliverable D5.1 [10], a case study analysis in North Eastern
Italy was undertaken [11]. The area of Friuli Venezia Giulia
located in an Alpine area has previously been impacted by
extreme rainfall resulting in flooding and landslides.
The case study examined the economic, societal and
security impacts on the land transport and electrical networks
(Figure 7). Two major roads run through the case study area,
the A23 and SS13, along with a section of the Baltic-Adriatic
TEN-T railway line. This aspect of the case study discussed
below concentrates on the impact to the land transportation
network due to flooding.

Discussion

This case study demonstrates the systematic application of the
methodologies that have been developed within the
INFRARISK project. These were to perform stress tests for a
critical road network due to low probability, high consequence
seismic hazard scenarios according to the overarching risk
assessment methodology proposed by [9].
The stress tests performed for the Italian case study
considered existing scenarios, i.e. based on the existing
structural condition of the road network and the current
network demand. However, the applied stress test framework
can also be applied to consider the impact of a network
intervention program. For example, the stress test framework
could be used to determine the potential losses for the Italian
case study if strengthening measures were implemented for all
of the concrete, simply supported, multi-span bridges along
the TEN-T motorway in this region. In addition, the stress test
framework has the potential to consider future scenarios; for
example, stress tests could be performed for a future scenario
whereby the network traffic is substantially greater.
The application of these methodologies provides a
systematic approach for infrastructure owners to accurately
consider risk and also to examine potential mitigation
strategies and their ability to reduce the risk to their networks
in response to extreme events.
3

Road Network

RAIN
Background

The RAIN (Risk Analysis of Infrastructure Networks in
Response to Extreme Weather) project aimed to quantify the
complex interaction of infrastructure systems and their
interrelated damage potential in the event of specific extreme
weather events (EWE). The intent was to thereby improve the
robustness of CI networks in order to avoid disproportionate
damage or disruption due to EWE’s. This involved increasing
the level of redundancy in the infrastructure networks at
critical nodes, improving the performance of key
infrastructures and developing detailed plans for a range of
potential emergency scenarios (http://rain-project.eu/).

Figure 7. RAIN case study area & Critical Infrastructure
3.3

Methodology

As mentioned, the case study approach follows that RBDMF
(Figure 8). The RBDMF itself is flexible in how the
quantification of risks takes place but Rain D5.1 [10]
recommends that Bayesian probability theory, in this case
Bayesian Networks (BN) be utilised. Other approaches are
discussed in 12 and 13.
The main steps involved in the development of a BN model
are as follows:
• define the nodes, i.e. random variables
• construct the Directed Acyclic (DAG) graph, i.e. the BN
model
• assign a Conditional Probability Distribution to each node
• employ an inference algorithm to compute a set of hidden
variables given a set of observed variables.
The Bayesian Network software employed in the case study
analysis is GeNIe1.
3.3.1

Enumeration

At the enumeration phase all CI and the hazards which they
are exposed to are identified. The critical infrastructure for
1

GeNIe Modeler from BayesFusion, LLC - available at
http://www.bayesfusion.com/
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this case study is readily apparent given the limited
geographic scope of the region. RAIN Deliverable D3.1 [14]
presents a methodology developed to identify critical
infrastructure components for land transport infrastructure.

identify the probability that rainfall falls into one of three
categories of intensity: ‘low’, ‘med’ ‘high’.
The conditional probability of flooding, given the rainfall
intensity, is calculated using a calibrated flood model which o
10,000 values of rainfall and outputs corresponding flood
levels and flow rates for points throughout the region.
3.3.3

Damage states Analysis

The CI in the region is subdivided into elements and those
elements that are subject to the identified hazards are
examined.
The risk for each element is modelled as a BN node with
probably conditional on a parent node. For road bridges a
methodology to cluster bridges based on the characteristics in
the context of the hazard (see 11) was implemented. The
resulting damage states probabilities, conditional on hazard
intensity are then programmed into the BN. In Figure 9 these
probability are represented by the SS13B & A23B nodes. A
similar exercise is undertaken for the road & rail inundation
risk as well as the risk to vehicles.
3.3.4

Actions

The hazards due to EWE are identified as flooding and
landslides through the historical context of past events in the
region.

The possible actions in the case study are represented by the
‘Mit’ nodes in Figure 9 which represent the mitigation actions
in place before the event. In this model the mitigations are
direct improvement to the infrastructure lowering the
probability of all damage intensity states. Each mitigation
action is assigned a cost with a budget assigned to the overall
area.

3.3.2

3.3.5

Figure 8. RAIN Risk-Based Decision Making Framework

Quantification of Likelihoods

Before assessing the likelihood of hazard occurrence, the
likelihood of the EWE generating the risk is quantified. This
is done through analysis of 8 years of hourly rainfall to

Consequence Analysis

The consequence analysis for each node and how it is
modelled depends on the overall outcome being examined.
For example if economic consequence is the main concern

Figure 9. Bayesian Network for flood risk
Q nodes: probability of flow rate intensity; SS13F probability of intensity flooding on SS13; RailF: probability of flooding
intensity on railway; REF/RailF: probability of damage intensity for road rail section; A23B\SS13B: probability of damage
intensity on road bridges; Mit nodes: mitigation action; VehF: probability of vehicle damage intensity; DF nodes: probability
of a death.
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then all damage states must have a value assigned.
3.4

Results

The resulting probability for each Figure 9 node state is
calculated by the BN software. A further mathematical
program calculates the utilitiy outcomes based on the assigned
value e.g. monetary for economic evaluation.
3.4.1

Outcome distributions

For one of the mitigation scenarios the economic outcome
distribution is shown in Figure 10.

Figure 10. Economic utility distribution
3.4.2

Optimal Actions

The optimal action is chosen by examining the utility
distributions for all combinations of mitigation action within
budget constraints. The optimal action is that which maximise
the position of the utility distribution given taken as an
average of the upper bound, lower bound and mean values
[10].
4

CONCLUSIONS

The INFRARISK and RAIN projects developed tools and
methodologies to help inform infrastructure managers and
make decision relating to the risks posed by natural hazards
and extreme weather events.
The SAFE-10-T project will build on these projects and
extend the work to help ensure that critical infrastructure is
protected going forward/
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ABSTRACT: Each year road traffic collusions account for thousands of deaths and injuries worldwide. The World Health
Organization warns that road traffic injuries will rise to become the seventh leading cause of death by 2030 if nothing is done to
address road safety issues around the world [1]. Population-based crash rates are the primary method used to assess road safety
interventions and determine a driver’s crash risk. The aim of this study was to calculate and analyze the crash rates of various
driver groups in the UK and the US and use the results to create a foundation for the relative comparison of drivers’ population
in terms of their crash risk. A number of exposure measures including distance travelled, travel time and number of trips were
used to calculate the crash rates of driver groups involved in one and two-car collisions in the UK and the US. The analysis
presented the following key findings: drivers aged 17-20 had the highest risk of crash involvement while drivers aged 60-69 had
the lowest risk of crash involvement. As driver age increased, crash risk decreased except for those drivers aged 70+. There was
also a higher risk of crash involvement at night for both male and female drivers compared to any other time during the day.

KEY WORDS: road safety; traffic collision; crash rate; population; exposure.
1

INTRODUCTION

In today’s society motorized travel plays a key role in both the
social and economic development of many countries, enabling
the transportation of goods and people in a fast and efficient
manner. There are many obvious benefits of motorized travel,
however it also brings the risk of causing serious harm if
safety is not made a priority. Each year, road collusions
account for thousands of deaths and injuries worldwide.
According to the World Health Organization over 1.2 million
people die each year on the world’s roads and between 20-50
million suffer non-fatal injuries [2]. Governments need to take
action to address the road safety of vehicles, roads and road
users in their countries and to develop countermeasures that
will help reduce the incidence of road traffic collusions. If no
action is taken to address road safety issues on a global level,
road traffic injuries will rise to become the seventh leading
cause of death by 2030 [1].
Many conventional approaches to road safety focus on crash
or injury frequencies alone, however these measures provide
inadequate information to fully describe and understand the
mechanisms of road trauma. The principal method used to
assess road safety interventions and determine a drivers crash
risk is the calculation of population-based crash rates.
Estimating the crash risk of various road user groups has been
of significant interest among researchers and road safety
professionals for many years. Calculating the crash rates for
different driver groups rather than the population as a whole
allows road safety professionals to identify the groups who
have a high crash risk. This information can be used by the
government to establish policies that will target these highrisk groups with the aim of reducing their crash risk. Common
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techniques for estimating crash risk including descriptive
comparisons, case-control techniques and exposure-controlled
methodologies.
This study aims to use available data to estimate the crash
rates of various driver groups throughout the UK and the US.
The results will then be used to create a foundation for the
relative comparison of drivers’ population in terms of their
crash risk. In this analysis various exposure measures, namely
the distance travelled, the travel time and the number of trips,
were used to estimate the crash rates of different driver groups
in both countries.
The findings for one-car collisions in the UK and the US
followed similar trends. The youngest drivers, i.e. those aged
17-20, had the highest risk of crash involvement where the
majority of collisions occurred among male drivers at night.
As the driver age increased the number of crash involvements
decreased except for those drivers aged 70+. In the UK and
the US drivers aged 70+ had a higher crash risk than drivers
aged 60-69 who had the lowest crash risk amongst all the age
bands. Lastly, for both male and female drivers, as the time of
day increased so too did their risk of crashing. The findings
for two-car collisions in UK were identical to the findings for
one-car collisions in the UK and the US. The findings for twocar collisions in the US however varied depending on the
exposure measure that was used. The main difference found
between the results of the three exposure measures was the
driver age band that had the highest crash risk. For the number
of trips it was drivers aged 21-29 who had the highest risk of
crash involvement while for distance travelled and travel time
it was drivers aged 17-20 who had the highest risk of crash

CERI-ITRN2018

involvement.
2

DATA SOURCES

In this study, a total of four data sources were used.
Data from the United Kingdom
There were two sources of data used in the UK analysis. The
collision data were taken from the STATS19 database and the
exposure data were taken from the UK National Travel
Survey.
STATS19 is a national database which contains all the
recorded collision data for the UK. In the event of a serious
collision, a police presence is necessary and the task of
completing the standardized STATS19 form falls to them.
However, in non-serious incidents where a police presence is
unlikely, the responsibility of carrying out the administrative
registration falls to those individuals involved. Unfortunately
in many cases these individuals fail to complete the
administrative registration leading to under-reporting and thus
completion issues in the dataset. STATS19 contains a total
of 82 variables which are separated accordingly into three
main categories: collision, casualty and vehicle. Examples of
the explanatory variables within each category include:
(i) collision: the time of the collision, the location, the type of
collision, the number of vehicles involved in the collision etc.
(ii) casualty: types of casualty, number of each type of
casualty, age and sex of each casualty etc.
(iii) vehicle: type of vehicle, impact on the vehicle etc.
The collision data used in this study were split into one and
two-car collisions and separated by driver age, driver gender
and the time of day at which the collision occurred. Age was
broken up into the following seven age bands [17-20], [2129], [30-39], [40-49], [50-59], [60-69] and 70+ and time of
day was broken up into the following three time periods 6h18h, 18h-21h and 21h-6h. The exposure measure used in the
UK analysis was the number of trips taken. The trip data were
collected as part of the UK National Travel Survey, a series of
household surveys designed to provide regular up-to-date data
on personal travel and monitor changes in travel behavior over
time [3]. The respondents of the survey, approximately
16,000, complete a 7-day travel diary to record their personal
travel patterns. A sample of individuals selected at random are
sent a letter inviting them to participate in the survey based on
their postcode address. A travel diary is then personally
delivered to the home of each respondent by a member of the
UK National Travel Survey. The survey provides detailed
information on different types of travel, namely where people
travel from and to, distance, purpose and mode as well as
personal and socio-economic information to distinguish
between different types of people and the differences in their
travel patterns. The annual response rate for the survey ranges
between 55% and 60%.
Data from the United States

Reporting System (FARS) and the exposure data were taken
from the National Household Travel Survey (NHTS). The
Fatal Accident Reporting System (FARS) is a national census
of all motor-vehicle crashes on US public roads where a
fatality occurred within 30 days following the crash [4]. The
FARS data are abstracted from numerous sources such as
police accident reports, driver licensing files and death
certificates. Unlike the collision data for the UK, which
contained fatal, serious and non-serious injury collisions
FARS contains fatal collisions only. The collision data used in
this study were split into one and two-car collisions similar to
the UK collision data and separated by driver age, driver
gender and the time of day at which the collision occurred.
Age was broken up into the following seven age bands [1720], [21-29], [30-39], [40-49], [50-59], [60-69] and 70+ and
time of day was broken up into the following three time
periods 6h-18h, 18h-21h and 21h-6h.
The exposure measures used in the US analysis were distance
travelled, travel time and number of trips taken. The source of
US exposure data was the 2009 National Household Travel
Survey (NHTS). The NHTS collects travel data from a
national sample of the civilian, non-institutionalized
population of the United States [5]. The survey is conducted
over the period of a year with travel days assigned for all
seven days of the week including holidays. Survey staff
contact a random sample of households and conduct a
recruitment interview with all household members aged
sixteen and over. It is during the recruitment interview that
each household is assigned their ‘Travel Day’ for which
detailed data on their travel patterns are collected. Travel
diaries are then sent to all those households who completed
the recruitment interview so that they can provide information
on all personal trips they took during their designated travel
day. During the weekdays, the twenty-four-hour travel day
starts at 4:00am and continues until 3:59am the following day
and on weekends it begins at 6:00pm on Friday and ends at
midnight on Sunday. The respondents to the survey describe
their trips in terms of purpose, duration in time and distance,
mode of transport, composition of travel party and the specific
vehicle used (if a household vehicle). The 2009 NHTS had a
sample size of 150,147 households.
3

CRASH RATE CALCULATIONS

The method used to calculate the crash rates of different
driver cohorts is largely dependent on the data that can be
obtained. As mentioned previously both the US and the UK
had collision and exposure data available and therefore an
exposure-controlled estimation method was the evident choice
for our analysis. The number of trips taken was the exposure
measure used to calculate crash rates in the UK while distance
travelled, travel time and number of trips were each used to
calculate crash rates in the US. For the UK crash rates were
calculated for one and two-car collisions in 2002, 2006 and
2010 while for the US crash rates were calculated for one and
two-car collisions in 2006 alone.

There were also two sources of data used in the US analysis.
The collision data were taken from the Fatal Accident
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Calculation of one-car collisions crash rates
In this study, driver age (17-20, 21-29, 30-39, 40-49, 50-59,
60-69 and 70+), driver gender and time of day (6h-18h, 18h21h, 21h-6h) were included as factors, with year as a
covariate. The annual exposure estimates produced for each
time of day by drivers of every age range and gender were
included as an offset term to control for driver exposure by
age, gender and time of day and to calculate population-based
crash rates. To calculate the crash rates for one-car collisions
by driver age, gender and time of day equation (1) was used.
𝑅"# =

𝐸"#

𝐴"#
× 365 × 𝑃"

(1)

where 𝑅"# is the collision involvement rate for group 𝑔 in
situation 𝑠; 𝑔 is the driver group based on gender and age; 𝑠
is the driving situation defined by the time of day at which the
collision occurred; 𝐴"# is the yearly collisions for group 𝑔 in
situation 𝑠; 𝑃" is the population size for group 𝑔; 𝐸"# is the
daily exposure measure for group 𝑔 in situation 𝑠.
In order to obtain the annual crash rate estimates, we need to
multiply the daily exposure measure 𝐸"# by 365 as shown in
equation (1). In the UK analysis, 𝐸"# was the daily number of
trips taken by group 𝑔 in situation 𝑠 while in the US analysis,
𝐸"# changed depending upon the exposure measure being
used. When calculating crash rates using the distance, as
exposure measure, 𝐸"# was the daily number of miles driven
by group 𝑔 in situation 𝑠. On the other hand, when using the
travel time, as exposure measure, 𝐸"# was the daily number of
hours driven by group 𝑔 in situation 𝑠.
Calculation of two-car collisions crash rates
To calculate the crash rates for two-car collisions, equation (1)
cannot be used as it doesn’t control for the exposure of both
drivers involved in the collisions. The driver exposure for
each time of day by the age and gender of both drivers was
calculated by computing the square root of the product of the
annual exposure estimates of both drivers involved in the
collision. This adjusted for the exposure of both drivers and
was included as an offset term to estimate the populationbased crash rates. To calculate the crash rates for two-car
collisions by driver age, gender and time of day, equation (2)
was used.

𝑅"# = /
0

𝐴"0#

,
12 𝐸"# × 365 × 𝑃" 3 × ( 𝐸0# × 365 × 𝑃0 )

(2)

where 𝐴"0# is the yearly collisions between a driver from
group 𝑔 and a driver from group 𝑘 in situation 𝑠; 𝐸"# and 𝐸0#
are the daily exposure measures for group 𝑔 and group 𝑘,
respectively, in situation 𝑠; 𝑃" and 𝑃0 are the population sizes
for group 𝑔 and group 𝑘, respectively.
The crash rate calculation for two-car collisions was more
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complex than that of one-car collisions for some couple of
reasons. In order to obtain the overall crash rate for driver
group 𝑔 in situation 𝑠, we first calculated the crash rates of
driver group 𝑔 being involved in a collision with each other
driver group 𝑘 in situation 𝑠 and then summed these 𝑘
calculations to get the overall rate 𝑅"# . For example, to get the
overall crash rate for a 17-20 year old male involved in a twocar collision with another male between 6am and 6pm we first
calculate the crash rate for a collision involving two 17-20
years old males between 6am and 6pm and then we calculate
the crash rate for a collision involving a 17-20 year old male
and a 21-29 year old male between 6am and 6pm and so on
until finally calculating the crash rate for a collision involving
a 17-20 year old male and a 70+ year old male between 6am
and 6pm. The overall crash rate is then obtained by summing
these 7 crash rate calculations.
4

RESULTS AND DISCUSSIONS

For the UK crash rates were calculated for one and two-car
collisions in 2002, 2006 and 2010 using only the number of
trips while in the US crash rates were calculated for one and
two-car collisions in 2006 using the number of trips, the
distance travelled and the travel time.
Analysis of one-car and two-car collisions for the UK
In the UK in 2010 drivers aged 17-20 had the highest crash
risk in both one and two-car collisions. In general, teenage
drivers are perceived as the most dangerous among all driver
groups with some research studies suggesting that it is a
combination of inexperience and youth that puts them at this
elevated level of risk compared to all other drivers [6]. The
threat posed by young drivers on society’s roads is of
significant interest among road safety professionals and for
this reason some extensive research studies were dedicated to
the crash risk of this category of drivers as well as the factors
that contribute to their high crash risk.
There are several factors that put young drivers at higher risk
and of them is the over-confidence. Various research studies
have shown that young drivers who display overconfidence in
their driving skills are more likely to crash in their first two
years of driving than those who are insecure about their
driving skills [7]. Other characteristics that account for the
high risk of young drivers are extensive risk taking and poor
assessment of hazards. Studies have also shown that young
drivers are more likely to partake in risky behaviors such as
speeding or drink driving. Inappropriate speed is known to be
a key contributory factor in crashes involving young drivers in
the UK [8] and elsewhere.
In our analysis, we also found that the young drivers had a
higher proportion of crashes at night, particularly the young
males. For one-car collisions in the UK, 17-20 years old had a
rate of 318.8 involvements per one million trips, where over
half of these were caused by males driving at night between
9pm and 6am. At night, young drivers are most likely driving
for recreational purposes, and more likely to be drunk or
drugged, or taking risks such as speeding due to peer pressure
[9]. Young passengers can cause distraction and encourage
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bad driving and more risk taking. It has been found that 16-17
years old are four times more likely to die in a crash when
carrying young passengers than when driving alone [10].
However, driving at night is more dangerous and carries a
higher crash risk for drivers of all ages, not just for young
drivers, due to factors such as reduced visibility and fatigue.
Drivers aged 17-20 had a substantially higher number of crash
involvements compared to all other age bands particularly in
one-car collisions where there was a difference of 241.5
involvements between drivers aged 17-20 and those aged 2129 who had the second highest crash risk. This is exaggerated
risk for 17-20 years old leads to a degree of skepticism
regarding the reliability of their crash risk estimates and raises
the question: “for the UK is the risk of young drivers
exaggerated when number of trips is used as a measure of
exposure?” The average number of trips made by males and
females in 2010 for the seven different age bands show that
females aged 70+ had the lowest number of trips in 2010
followed by young males and then young females. From this
analysis, young male and female drivers took a much lower
number of trips than drivers of other ages, particularly those in
the middle age bands. The crash risk estimates for one and
two-car collusions are in the form of a fraction, where the
exposure measure is one of the values being multiplied in the
denominator. The young drivers had a low number of trips
and therefore, the denominator value in their crash risk
calculation would have been small, producing a high crash
risk estimate. The other driver age bands, particularly the
middle-aged ones, had a high number of trips and therefore,
the denominator value in their crash risk calculation would
have been large, producing a lower crash risk estimate.
Aside from young drivers having the highest crash risk
compared to the other driver ages, we found that as driver age
and therefore experience increased, the crash risk decreased
except for those drivers aged 70+. In both one and two-car
collisions, drivers aged 70+ had a slightly higher number of
crash involvements than drivers aged 60-69, possibly due to
elderly persons’ higher susceptibility to injury and death in the
event of trauma. Older drivers find it more difficult to judge
the speed and intentions of other drivers and many lack the
ability to conform to the quick moving pace of drivers on the
road today, which can have negative road safety consequences
[11].
The last point of discussion for the UK results is the decrease
in crash rates from 2002 to 2010 (see Figure 1 and Figure 2).
This decrease would imply that people are taking more care
when out driving and the question we ask is: “why?” Since
2002 a number of policy changes have come into play, for
example, in 2004 the maximum sentence for causing death
when driving under the influence of alcohol or drugs was
increased to 14 years and in 2005 police officers were given
power to require evidential breath specimens elsewhere other
than the police station [12]. As of December 2003, it has been
an offence to drive a motor vehicle on the road while using a
hand held mobile and from 2007 this has been an endorsable

offence, punishable with 3 penalty points on the license and a
60 pounds fixed penalty [13]. These changes help to
discourage dangerous driving behaviors and are possibly one
of the reasons for the decrease in crash rates. Another possible
reason for the decrease could be the road safety campaigns
that have been circulated since 2002 targeting risky driving
behaviors such as drink driving, speeding and not wearing a
seat belt. An example of such a campaign is “Kill your speed
or live with it”, which was released in February of 2009 [14].
It highlighted the life wrecking consequences for drivers as
well as victims of speeding. The campaign’s stark message
was that if you kill someone while speeding you will be
tormented by it forever. These campaigns share powerful
messages and it is possible they have played a role in reducing
crash rates by making drivers more aware of the consequences
of their actions.
This study of the crash rates for the UK has a number of
limitations. First, the measures of exposure were based on
annual trips made by drivers and do not take into account the
length, time or purpose of the trips made (e.g. leisure, work)
for which there may be differences with age, gender and time
of day. Second, in the analysis of two-car collisions the driver
that was most likely responsible for the collision was not
accounted for in the data. Third, the accuracy of the UK crash
data relies upon crashes being reported correctly by police
officials and the accuracy of exposure data relies upon the
respondents of UK National Travel Survey recording their
daily travel patterns correctly. Any errors in these data
however, should not have varied systematically with time of
day, driver age or gender and therefore should not have had an
impact on the primary findings. The data used in this analysis
is the most accurate road safety data that is available in the
UK.

Figure 3.11: A Comparison of Two-Car Collisions in the UK for Years 2002, 2006 and 2010
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of their results with those produced for 2010. We can establish from Figure 3.11 that the crash
rates for two-car collisions, similar to one-car collisions, have decreased from 2002 to 2010, in
particular for collisions involving two male drivers. The total number of crash involvements per
one million trips over the three time periods for two male drivers in 2002 was 515.5 compared to
329.1 in 2010 a decrease of 186.4. Similarly, total collisions between a male and a female driver
have decreased from 451.9 in 2002 to 289.4 in 2010 and total collisions between two female drivers
have decreased from 103.2 in 2002 to 74.6 in 2010. Based on these findings we can conclude there
has indeed been an evident decrease in crash involvements from 2002 to 2010. However, while
the crash rates have decreased the trends and patterns identified in the 2002 and 2006 analysis are
identical to those identified in 2010. The number of crashes for both male and
332female drivers in
2002 and 2006 increase as the time of day increases and drivers aged 17-20 count for the largest
number of crash involvements across all years, gender combinations and times.
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was not carried out for all years due to the limited amount of time.

measure produces more accurate results?

Figure 2. A Comparison of Two-Car Collisions in the UK for
Years 2002, 2006 and 2010

Figure 3.7: A Comparison of One-Car Collisions in the UK for Years 2002, 2006 and 2010

The differences in the results highlight that all exposure
measures are equally important and not just one should be
considered when calculating crash risk. In certain situations,
or among certain driver groups one exposure measure may
provide more reliable estimates than the others. Some research
studies have suggested that the risk of low mileage groups in
the US such as the young and the elderly can be exaggerated
when distance travelled is used as an exposure measure [15].
It is believed that low mileage drivers make short trips in busy
city environments where traffic conflicts are more probable
while high mileage drivers accumulate most of their mileage
on freeways where driving is an easier task and consequently,
the crash risk is lower.
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calculation would have been small, resulting in a high crash
but the rate was considerably lower at 207 involvements per one million trips, a decrease of 128.
UK in 2010. In the US analysis of one-car collisions, we risk estimate. The other driver age bands, particularly the
Among the female drivers, the largest drop in crash involvements between 2002 and 2010 occurred
found that: (i) drivers aged 17-20 had the highest crash risk middle-aged ones, accumulated a high number of miles and
within the hours of 6pm and 9pm. In 2002 females driving in the evening had a rate of 55.2
among all driver age groups (ii) the highest proportion of therefore, the denominator value in their crash risk calculation
crash involvements
per one million
trips among
while in 2010
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had a rate
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while
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other age groups, which might possibly explain why their
crash risk increased and was higher than that of drivers aged
decreased the trends and patterns identified in the 2002 and 2006 analysis are identical to those
As
driver
age
increased
the
crash
risk
decreased
except
for
60-69. Based on this information it is possible that distance
identified in 2010. The number of crashes for both male and female drivers in 2002 and 2006
those drivers aged 70+, who had a higher crash risk than travelled exaggerates the risk of low mileage drivers in the
increase as the time of day increases and drivers aged 17-20 account for the largest number of
drivers aged 60-69. The possible reasons for these patterns US. Consequently, another measure of exposure might be
have been mentioned previously in the discussion for the UK more appropriate for calculating the crash rates of low
34
results. For example, the high risk of young drivers is likely mileage drivers. In this instance number of trips appears to be
due to factors such as overconfidence, poor assessment of the better choice of exposure measures as it does not
hazards and extensive risk taking. In this discussion, we will exaggerate the risk of 17-20 years old. This is contradictory to
focus on the difference, if any, among the results produced for our UK results where number of trips appeared to exaggerate
each of the exposure measures; distance travelled, travel time the risk of the youngest drivers.
and number of trips. The results produced for one-car
collisions under each measure of exposure follow the same Another difference among the results of the three exposure
overall trend. The decrease in crash involvements between the measures was the risk of crashing at night compared to during
driver age bands 17-20 and 21-29 varied depending on the the day for the different gender combinations. When using
exposure measure. This suggests that drivers aged 21-29 have the number of trips, two males driving at night had 4.2 times
a more exaggerated crash risk when the number of trips taken the risk of crashing compared to during the day. In contrast,
is used as the exposure measure compared to travel time and when using distance travelled, two males driving at night had
distance travelled. Another difference among the results was 2.7 times the risk of crashing at night compared to during the
that when using the number of trips, as exposure measure, day. This suggests that the crash risk at night compared to
male drivers had the highest crash rate in all driver age bands during the day is more exaggerated when the number of trips
at night. However, when the distance travelled and travel time is used as the exposure measure compared to the travel time
are used as exposure measure, male drivers didn’t have the and particularly the distance travelled.
highest crash rate in all driver age bands at night. When using
the distance travelled and the travel time the highest crash rate This study of the crash rates for the US has a number of
corresponds to male drivers aged 50-59 in the evening.
limitations. First the US collision data was limited to fatal
collisions only. If data including fatal, serious and non-serious
For two-car collisions in the US in 2006, there was a more injury collisions had been available it would have painted a
noticeable difference in the results produced for the three much fuller picture of the number of collisions among each
exposure measures. The patterns produced when using driver group and improved the reliability of our results.
distance travelled and travel time are similar in the results for Second, the exposure data that is used in the 2006 analysis is
both one and two-car collisions while number of trips produce actually from 2009 as the National Household Travel Survey
different results. The question we now ask is: which exposure is only carried out once every 8 years. It would have been
We can establish from Figure 3.7 that crash rates have decreased from 2002 to 2010 more
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beneficial to carry out analysis for all available years. Third,
the accuracy of the crash data used in the US study relies upon
the fatal crashes being correctly reported by police officials
and the accuracy of the exposure data relies upon the NHTS
respondents recording their personal travel patterns correctly.
Any errors in these data however, should not have varied
systematically with the time of day, driver age or gender and
so should not have had an impact on the primary findings.
Comparative summary
In conclusion, the US and UK data followed very similar
trends overall for one-car collisions. However, there was some
differences between the results for two-car collisions. For the
UK data, the number of trips, as exposure measure, appeared
to exaggerate the risk of drivers aged 17-20 while for the US
data the distance travelled, as exposure measure, appeared to
exaggerate the risk of drivers aged 17-20. At this stage these
findings are just preliminaries results with further research
being required to validate them. The US and the UK have
very different driving environments and travelling patterns
mainly due to the fact that the US is a much larger land mass
than the UK where the roads are generally wider and
highways are much more frequent. Consequently, it is likely
that the results will vary between the two places dependent on
the exposure measure that is used.
5

CONCLUDING REMARKS AND FURTHER WORK

In this study, several exposure measures were applied to crash
data from the US and the UK to estimate the crash rates of
different driver groups in both countries. The exposure
measure used included the distance travelled, the travel time
and the number of trips. There were two data sources used in
both the UK and the US analysis, a total of four altogether.
The UK data were taken from the STATS19 database and the
UK National Travel Survey and the US data were taken from
the Fatal Accident Reporting System and the 2009 National
Household Travel Survey (NHTS). The data sources were
separated into driver groups based on driver gender, driver
age and the time of day at which the collision occurred. In the
UK crash rates were calculated for one and two-car collisions
in 2002, 2006 and 2010 using only the number of trips while
in the US crash rates were calculated for one and two-car
collisions in 2006 using the number of trips, distance travelled
and travel time.
The findings for one-car collisions in the UK and the US as
well as two-car collisions in the UK followed similar trends.
The youngest drivers, i.e. those aged 17-20, had the highest
risk of crash involvement where the majority of collisions
occurred among male drivers at night. As the driver age
increased the number of crash involvements decreased except
for those drivers aged 70+. In the UK and the US drivers aged
70+ had a higher crash risk than drivers aged 60-69 who had
the lowest crash risk compared to all the age bands. Lastly, for
both male and female drivers, as the time of day increased so
too did their risk of crashing. The findings for two-car
collisions in the US however varied depending on the
exposure measure that was used. The main difference found

between the results of the three exposure measures was the
driver age band that had the highest crash risk. For the number
of trips it was drivers aged 21-29 who had the highest risk of
crash involvement while for distance travelled and travel time
it was drivers aged 17-20 who had the highest risk of crash
involvement.
The US results for two-car collisions demonstrate that
different exposure measures can lead to varying results. These
findings highlight the importance of each individual measure
and hints towards the idea of a combined exposure measure
that would take into account the three exposure measures used
in this study. Such a measure would possibly provide a more
rounded and accurate result than any one individual method.
Some exposure measures are more appropriate for calculating
the crash risk of certain driver groups than others and so a
combined measure might help to alleviate this problem. To
conclude, a combined exposure measure is definitely
something that should be considered in the field of road
safety. It would provide a new way of looking at the
calculation of crash rate estimates and could potentially lead
to more accurate results.
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The Influence of Passing Events on Cyclists’ Behaviour and Risk Perception
Thomas Mac Hale1, Michael O’Byrne2, Ronan Doorley1, Giacinto Rittgers1, Bidisha Ghosh1, *, Vikram Pakrashi2
1
School of Engineering, Trinity College Dublin,
2
School of Mechanical & Materials Engineering
email:*bghosh@tcd.ie

ABSTRACT: This paper analyses the influence of passing events on the risk perception and behaviour (e.g. Heart rate, cycling
speed etc.) on cyclists, and determines the factors which have the greatest influence on these. An instrumented bicycle was used
by 9 participants in real traffic, to record the passing distance of other road users, the speed and location of the bicycle, the heart
rate of the participant and also the self-reported risk level. As well as this, a stereographic camera system was developed and tested
in order to test its viability as a method of measuring passing speed of vehicles, as well as the distance they are positioned from
the camera system. The factors studied showed that passing events relate to an increased heart rate and reduced cycling speed, but
not an increased perceived level of risk. The present study also demonstrated the stereographic camera system as capable of
collecting data regarding speed and distance. However, the method used for this experiment requires considerable time and effort
to perform the necessary data processing.
KEY WORDS: Cyclists’ behaviour, risk perception, passing events, sensors
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1

INTRODUCTION

It has been shown that cycling is frequently perceived to be
inherently more dangerous than other forms of transport, and
studies have supported the risks inherent to this mode of
transport. In 2011, 611 cyclists were killed and another 52,000
were injured on American roads, an increase of 9% in fatalities
compared to 2010, despite the fact that the total number of road
fatalities across all modes of transport actually dropped by 2%
in the same period [1]. As of 2006, research into the topic of
interaction between cyclists and other road users was extremely
limited, with one study noting that “Practically nothing is
known about what happens when passing maneuvers take
place” [2]. A better understanding of the perception of the
involved risk and the causes of these perceptions is therefore
important to further understand the behavior of these road users
and what issues may be preventing increased uptake of cycling
as a mode of transport.
Research into this field has focused predominantly on the
interaction of drivers and cyclists at junctions, but in recent
years a new area of research has been the passing behavior of
drivers when encountering a cyclist outside of a road junction.
Walker [2] researched the average distance at which a cyclist
was passed in response to their outward appearance and actions,
finding apparent relationships between passing distance and
appearance, distance from the kerb and the type of vehicle
passing. A follow on study [3] looked at the difference between
roads with a cycle lane and those without, which showed that
motorists would provide a larger clearance gap between
themselves and cyclists on roads which did not have a marked
cycle lane. These studies however have not looked at any
relationship between passing distance and cyclist reaction, or
how other factors may be influenced by the passing distance.
A new finding in cycling research has been a link between
elevated heart rates amongst cyclists and an increase in the
perceived level of risk of these cyclists [4]. The study which
found this link however used an extremely homogenous
sample, consisting solely of college aged males. Confirming the
existence of this relationship in a heterogeneous sample was
therefore an objective of this study.
2

METHODOLOGY
Apparatus

A significant focus of this study was the development of
instrumentation capable of recording a wide variety of variables
simultaneously, including techniques which had not been
previously applied within this field. In particular, stereographic
imagery was one of the primary instrumentation methods the
researcher aimed to successfully apply. The following
instruments were fitted to a typical road bicycle;


Heart Rate Monitor: A chest worn heart rate monitor
was selected and worn by all participants during the
course of the study. The selected device was capable
of measuring the Interbeat Interval (IBI) of the
participant, measured in milliseconds.



GPS Sensor: a GPS sensor was attached to the front
handlebars of the bike in order to record the location
of the participant at 1 second intervals.
 Speed Sensor: a speed sensor was fixed to the rear
wheel of the bicycle in order to measure the actual
speed of the bicycle in real time.
 Sound Meter: A sound meter with microphone was
used to record the self-reported risk rating of the
cyclists during the course of the testing.
 Digital Cameras: two digital cameras were fitted in
a box at the rear of the bicycle, facing the oncoming
traffic.
 Ultrasonic Proximity Sensor: An ultrasonic sensor
was fitted to the bicycle in order to measure the
passing proximity of other road users during the
testing.
A mounting system was developed in order to fit the cameras,
sound meter and proximity sensor to the bicycle.
Stereographic imagery
Stereographic imaging is the application of the technique of
“stereoscopy” in order to recover depth information from
photographic images. It mimics the process by which the
human brain processes visual information in order to determine
depth and relative distances. Each eye presents a slightly
different image, which when combined, creates the perception
of depth due to the slight differences between the two images.
While originally replicated using drawings, photography has
improved the range of applications for this technique. A simple
pair of cameras is the only equipment required to take a
stereographic image. The cameras must be horizontally and
vertically aligned, and must take an image simultaneously – in
this case, video footage was used. Using stills from this footage
allows for the distance to an object shown in both images to be
calculated, as will be outlined in detail.
Participants
9 participants who met the selection criteria were recruited
for this study. 5 participants were male, 4 female. The
participants ranged in age from 23 to 62 years with a mean age
of 38.77 ± 5.68 years. All cyclists were of varying degrees of
fitness and cycling experience. The participants had a mean
Body Mass Index (BMI) of 25.88 ± 1.12, below the national
average of 27. One participant was a non-national of Ireland.
The sample size for this study was too small to be representative
of the population of cyclists in Ireland, due to limitations of time
in which to carry out the study.
Reported Risk ratings
The current level of perceived risk was reported by the
participant at set points along the route, corresponding to the
major junctions, which broke the route into clear sections.
These ratings were a measure of the level of risk the participant
felt they had been exposed to during the course of the previous
section. As well as this, the participants were instructed to
report any event which occurred between the junctions where
they felt exposed to a different level of risk than before the
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event. A Likert Scale was used in order to quantify the level of
perceived risk.

below;

Table 1: Likert Scale used to Quantify Risk
Perception

No
risk

Rating

1

Very
little
Risk
2

Moderate
Risk
3

Risk of
minor
accident
4

Risk of
Severe
accident
5

Route
All data was measured over a 5.7km route within the Dublin
Region, shown below. This route was selected due to the wide
variety of road infrastructure and conditions present, as well as
for the variety of road users who use this route, including
standard passenger vehicles, HGVs and public transport.
Sections of this route included designated cycle lanes, with
other sections featuring bus-and-cycle lanes, and the remainder
having no traffic segregation. Surface conditions also varied
across the course from good to poor.

Figure 2: Variation of Heart Rate between participants
The large variation amongst some participants, particularly
participant 8 and Participant 9 may be explained by the strap for
the heart rate monitor not being fitted correctly, resulting in
reading errors. In general however, it can be seen that the heart
rate data varied largely from person to person.
Risk Ratings
A total of 108 ratings were made during the course of the
study. Of these, a rating of 1 was the most common, being
60.9% of all ratings. None of the ratings were a 5, with only
8.5% of ratings made being a 4. This is to be expected from the
small number of participants in this study, which reduced the
possibility for a serious risk occurring during the course of the
study. A larger sample size would have resulted in increased
interactions with other road users which may have seen a higher
percentage of high risk ratings.
Passing Proximities

Figure 1: Test Route (Map Data: Google)
3

DATA

This study set out to explore the relationships between
perceived risk and the corresponding physiological responses
amongst cyclists. These results are outlined below using
descriptive statistics;
Heart Rate
The participants had a resting heart rate of 83 ± 0.47 beats
per minute (bpm) with a median of 84 and a range between 34
and 185bpm. The data was slightly negatively skewed, which
may be due to the relatively small number of data points
gathered. The participants had a mean active heart rate of 135 ±
0.29 bpm, with a median of 134bpm. As with the resting heart
rates, the data is very slightly negatively skewed, but can be
considered to be normally distributed. The variation of heart
rates amongst the participants was also plotted, as shown
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The passing proximity of other road users was recoded
throughout the course of the testing. The minimum distance the
sensor could record was 16cm, with 678cm being the largest
distance which could be measured. Any distances nearer or
farther than these two distances returned the min/max value.
450cm was taken as the maximum possible overtaking distance,
with results under 22cm not being considered due to the size of
the bicycle – a result of under 22cm would have resulted in a
collision with the bicycle. For all participants the mean passing
distance was 255 ± 3cm, with a median passing distance of
262cm. These results were not normally distributed.
Cyclist Speeds
All participants cycled at between 1km/h and 31km/h over
the course of the route, with a mean speed of 17 ± 0.05km/h
and a median of 18km/h, with the female participants being
slightly slower on average than the males.
Stereographic Analysis
One of the primary goals of this study was to verify
stereographic imagery as an instrument for use in cycling
research. The purpose of this instrumentation was to measure
the distance from the cameras to an object in the images, as well
as to determine the relative speed of the object. This was done
using image analysis. The necessary steps were as follows;
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•
Input left camera and right camera imagery.
•
Rectify images so all points are in correct alignment.
•
Track an object in both image series’.
•
Retrieve corresponding coordinates of the object.
•
Calculate disparity.
• Calculate distance between vehicle and cameras using
disparity values.
Disparity is the difference in the position of the object between
the two images, due to the different position of each camera.
Once the distance was determined, the speed could be easily
found through analysis of the change in distance values over
time – at 25frames per second, this meant each distance reading
was 0.04 seconds apart. The equation to calculate depth from
disparity is shown below;
𝐷𝑒𝑝𝑡ℎ =

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑥 𝐹𝑜𝑐𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑃𝑖𝑥𝑒𝑙𝑠
𝐷𝑖𝑠𝑝𝑎𝑟𝑖𝑡𝑦

The baseline is the distance separating the two cameras. The
focal length is dictated by the lens used on the camera, with the
pixel value being dictated by the pixel size of the image itself,
and the physical size of the sensor within the camera, assuming
digital cameras have been used.

Influence of Passing Events
As detailed above, the data was split into two groupings in
order to identify the influence of passing events on cyclist
behavior and physiology. The following factors were compared
for both passing events and non-passing, investigating the
relationship between passing proximity and these;
 Heart Rate
 Cyclist Speed
 Risk Rating
A Pearson’s R Value was calculated for each of these,
followed by hypothesis testing to confirm if the results found
were statistically significant or not. Finally, the two groups
were investigated using T-testing to determine if the differences
between the results for passing and non-passing were
statistically significant. The null hypothesis is that there is no
relationship between the selected variables.
Table 2: Statistical Analysis of Passing events on Cyclist
Variables
Test
Passing

Non
Passing

Figure 3: Example of Rectified Stereographic Imagery
4

Passing

RESULTS

All data could be collated into groups corresponding to 1
second intervals. In order to identify the influence of passing
events on the participants, the data was further sorted using the
proximity values to divide the data into two groupings: those
corresponding to passing events, and to those which did not.
The data was then analysed in these two separate groups which
were compared to identify any statistically significant
relationships.
Heart Rate versus Self-Reported Risk Ratings
A previous finding in research was a relationship between the
heart rate of cyclists and their perception of current risk. This
relationship was investigated in order to confirm if this
relationship held amongst a sample group of various ages and
gender. A Pearsons R-Value of 0.189 was found, suggesting a
slight relationship, with hypothesis testing finding this result to
be statistically significant (P<0.001). While Risk Rating is a
subjective variable, this result confirms the presence of this
relationship. A larger sample size would allow for a better
analysis of this.

Non
Passing

T values

Comments

Heart Rate
R
=
0.13841
Slight
negative
correlation

Cyclist Speed

Risk Rating

R = 0.14587

R = -0.03486

Slight positive
correlation

No practical
correlation

R = 0.01979

R = 0.3483

R = 0.17379

No practical
correlation

Mild positive
correlation

P < 0.001

P < 0.001

Reject H0
P=
0.086961
> 0.05
Accept H0
t-stat =
9.4679
t-crit =
1.9606
Reject H0

Reject H0

Slight
positive
correlation
P = 0.12585
>0.05
Accept H0

P < 0.001

P < 0.001

Reject H0
t-stat =
-4.7651
t-crit =
1.960752426
Reject H0

Reject H0
t-stat =
15.7327
t-crit =
1.9608
Reject H0

Stereographic Analysis
Using the method outlined above, speed and distance
measurements were successfully made using stereographic
imagery. An example of this is shown below. The speed values
determined are relative to the cyclist, and as such an accurate
measurement of this would be needed to use this tool effectively
if actual speeds are desired.
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Table 3: Spatial Data Collected from Image Analysis
Left X
(px)
815

Right X
(px)
784

Disparity
(px)
31

Depth
(m)
7.48

807

772

35

6.62

797

757

40

5.8

786

742

44

5.27

773

720

53

4.37

763

694

69

3.36

740

661

79

2.93

724

627

97

2.39

705

597

108

2.14

683

561

122

1.90

656

518

138

1.68

During this event shown in the above table, the vehicle was
moving steadily towards the cameras, which is shown in the
calculated distances. Its speed was found to vary from frame to
frame, with a range of values from 14.4km/h to 90km/h. The
average of 43.2km/h however gives an actual speed of 60km/h
for the vehicle, which was travelling in a 50km/h zone. These
values are within the bounds of possibility, but further study is
required to improve this method.
5

DISCUSSION

The primary aim of this study, and the research question, was
to identify the influence of passing events on the heart rate and
the risk perception of cyclists.
A correlation was found between passing events and heart
rates/cycling speed, as well as between non-passing events and
cycling speed/risk rating. The data showed that passing events
have a clear effect on cyclist behavior and physiology. As the
proximity increases, meaning that vehicles are either further
from the cyclist or not present at all, the cycling speed increased
for both data sets. This suggests that the participants may have
been more cautious in situations where they were in closer
contact with other road users, in the form of cycling more
slowly. In addition, it was found that there is a negative
correlation between heart rate and passing distance within the
data set corresponding to these events. This generally implies
that the closer the vehicle comes while passing, the higher the
heart rate found within this sample population.
An unexpected result was that there was no relationship
found between passing events and the risk rating of the cyclist.
This is in contrast to the expected result of an increase in the
perceived level of risk.
An objective of this study was to confirm the relationship
between an increased perception of risk and an elevated heart
rate. A slight linear relationship was confirmed within this
sample, which consisted of a mix of genders and ages. As a
result this objective can be considered achieved. Risk
perception is subjective however, and would not follow a
strictly linear relationship amongst the cycling population. For
a more accurate understanding of the extent to which heart rate
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is influenced by risk perception, a further study should focus on
studying the relationship between risk and heart rate due to
participant characteristics, such as aversion to risk.
A further objective of this study was the development of an
instrument set capable of collecting the required variables. The
devices selected were, as previously discussed, a chest heart
rate monitor, sound meter, ultrasonic proximity sensor,
GPS/speed sensor, and two digital cameras. These instruments
were selected as a result of either their suitability, or availability
for this study. These devices have been shown to be capable of
studying the selected variables with acceptable accuracy. The
primary contribution to this objective however was the
development and application of stereographic imagery to this
field, which is a novel technique which has not been previously
applied.
This study has shown the viability of stereographic imagery,
proving that it is possible to collect data on the overtaking speed
of a vehicle, the distance of the vehicle from the participant and
naturally the type of vehicle, from non-stabilized video footage
collected with a simple pair of consumer level digital cameras.
With the functionality of matlab, it was possible to produce
software which was capable of performing the necessary
actions to process the images, rectify them in order to calculate
disparity, track an object through two separate series’ of images
(for the right and left camera), and subsequently calculate
disparity and depth. Calculating speed of the vehicle using this
novel method is quite straightforward.
The proof of the viability of this method shows potential for
accurate study of the overtaking speed of vehicles at a minimal
financial cost to the researcher. Stereographic analysis may also
allow further study of the factors influencing cyclist behavior,
outside of those investigated during this study. This technique
could also be developed further in future to improve accuracy
and ease of use, which this study did not address.
6

CONCLUSION

The purpose of this study was to investigate the influence of
passing events on cyclist behavior, develop instrumentation
capable of allowing stereographic analysis to be used, and to
confirm a previously found relationship between heart rates and
perceived risk. The findings of this study suggest that passing
events do influence cyclist behavior, elevating heart rates and
resulting in lower cycling speeds, but do not appear to directly
alter the perceived level of risk. Similarly a mild correlation
between heart rates and perceived risk was found, but due to the
small sample size this relationship cannot by inferred for the
cycling population.
Another finding was that passing events did not play a
significant part in the participant evaluation of risk. The
participants’ risk perception was more frequently altered by
variables which did not fall into the scope of this study, such as
vehicles being parked in the bicycle lane or needing to overtake
a large vehicle, than by passing events. Future studies could
build upon this by investigating a wider range of variables. As
well as this, the novel method of determining passing speed has
been implemented in a real-world environment and could be
developed further to assist future research in this area.
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ABSTRACT: Road traffic incidents are analysed using machine learning techniques to estimate the duration of congestion on a
road network following various types of incidents. This information allows road operators to respond more effectively to incidents
and reduce the massive impacts that congestion can have on the road network as well as the economy. Incident and traffic data
from the M50, Ireland’s busiest motorway, is analysed. Machine learning algorithms are applied to historical data to predict the
duration for which traffic flow is affected by different types of incidents. The results showed that duration could be estimated with
a mean absolute error of 25 minutes. Recommendation are made to improve this accuracy in future studies.
KEY WORDS: traffic; incidents; M50; duration; congestion; machine learning; regression; classification.
1

GENERAL GUIDELINES

With road infrastructure approaching its maximum capacity,
even minor incidents at peak times can cause a significant
increase in congestion, often lasting many hours. Such events
cause significant disruption to commuters and result in
significant negative social, environmental and economic
impacts on those in the surrounding area or even across a whole
city. For this reason, road operators need to develop more
innovative methods to assist them in understanding of how
incidents impact a road network so that they can respond
accordingly. Currently network recovery time following an
incident is estimated based on field experience of the
emergency operator. This is not a sufficient approach due to
issues such as staff turnover and human error. This paper
explores if Machine Learning (ML) can predict the duration of
congestion following and incident and revolutionise how road
operators manage incidents on their networks.
Previous research has investigated using ML to predict the
duration of road traffic incidents. A number of studies compare
the accuracy of different ML approaches for predicting the
duration of an incident. Valenti et al. [1] compare five machine
learning methodologies by applying the methods to a dataset of
237 incidents collected at two motorway sites in Italy over a
three-month period. The results show that linear regression is
the best approach for short duration incidents (<30min),
support/relevance vector machines perform best for medium
duration incidents (31 - 90min), and artificial neural networks
perform best for long duration incidents (>90min). However,
there is less confidence in the accuracy of long duration
incidents due to only a small number of severe incidents being
captured in sample period. Yu et al. [2] assess the accuracy of
artificial neural networks and support vector machines for
predicting the duration of traffic incidents. Data related to 235
incidents on a freeway between Dalian and Shenyang in China
is used. The study used a similar methodology to Valenti et al.
[1]. It finds that the support vector machine has the better
overall performance but that artificial neural networks achieve
the best results for long duration incidents. Park et al. [3] use a

341

Bayesian neural network approach to predict incident duration.
The accuracy of this approach is assessed by comparing it with
three other methods: classification and regression tree, the back
propagation neural network, and support vector machine. The
Bayesian neural network approach provides superior results to
the other methods. In addition, decision trees are extracted
using the TREPAN algorithm. This provides the emergency
response personnel with understandable information on the
factors which influence duration and allows more informed
decision making.
He et al. [4] use a hybrid tree based quantile regression
approach with unbiased recursive partitioning. This method is
compared with a classification and regression tree and Knearest neighbour approach and appears to offer higher
prediction accuracy.
In contrast to the studies which compare various methods, other
studies focused on only one particular ML approach. Wang et
al. [5] examine a database of 1853 incidents recorded in Utrecht
in the Netherlands. Incident duration is predicted using partial
least squares regression. The approach delivers an accuracy of
71.3% which is comparable to that found in other studies which
use machine learning to predict incident duration.
Wei et al. [6] use a combination of two artificial neural network
models to predict duration following an incident. The first
provides an initial estimate of duration once an incident occurs.
The second provides an updated duration once the effect on
traffic has been detected by vehicle loop detectors. The two
approaches provide stable models with reasonable forecast
accuracy, mostly within 40%.
Vlahogianni et al. [7] employ a neural network model with
single and competing uncertainties. Initially, fuzzy entropy
feature selection is used to identify redundant factors and rank
factor importance. Interestingly, the results find that rainfall is
the highest contributory factor whereas alignment, collision
type and downstream geometry are found to be redundant. A
Partial Logistic Regression Artificial Neural Network is used
to predict incident duration with single and competing
uncertainties.
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Li et al. [8] examine two years of incident data from Singapore
using a competing risks mixture model. This approach is used
to examine the duration associated with various types of
incident clearance methods. Improvements on the accuracy of
traditional Accelerated Failure Time (AFT) models are
achieved. However, the model does not provide reasonable
predictions for durations of less than 15 minutes.
The studies described above examine the duration while the
road is blocked or partly blocked by the incident as this is what
is recorded in the incident database. However, depending on
the severity of the congestion caused by the incident, traffic
flows may take a significant time to recover after the incident
has been cleared. This paper examines the duration that the
traffic flow is negatively impacted by the incident. This is the
duration that effects the road user and is what they are
concerned with.
Transport Infrastructure Ireland (TII), who operate the primary
road network in Ireland, provided the data for the M50
motorway, which is Ireland’s busiest motorway – see Figure 1.
556 incidents are examined from 31st January 2014 to 10th June
2016.










End time
Nearest junction
Direction
Incident type
Number of vehicles involved
Incident Category (four categories from low priority
to major incident)
Action taken by MTCC
Free text fields
Traffic Data

There is a series of inductive loop traffic counters on the M50
and generally there is a site between each junction on the
motorway. The dataset contains traffic count data for 13 sites
on the M50 – see Figure 1. Data was available between 1st
January 2014 to 12th July 2016. At each site there is a record
for every vehicle that passes and for each vehicle various
information is recorded, which includes:
 Timestamp
 Lane
 Speed
 Class
 Length
 Headway
Weather Data
TII have a network of weather stations around their road
network. These sensors capture various types of weather data.
This study uses the rainfall, temperature, wind speed and wind
direction data from a weather station at Blanchardstown – see
Figure 1. It is assumed that weather conditions will be similar
along the length of the M50.
3

Figure 1. M50 Motorway Dublin.
2

DATASETS USED AND DATA PROCESSING

The following datasets are used:
 Incident Data
 Traffic Data
 Weather Data
Details of the cleaning and preparation performed on these
datasets is given in the following sections.
Incident Data
TII’s incident database is used. The following are the key
details recorded for each incident:
 Start time

INCIDENT DURATION AND PREPARATION FOR ML

Incidents are examined where it is perceived that the effect on
the traffic flows will be significant. The data is filtered to
identify the following incidents for the ML analysis:
 Category 3 (High Priority) and Category 4 (Major)
Events
 Incidents related to collisions and fires
 Only incidents with a junction number describing the
location. Incidents with no location data are not used
as they cannot be linked to traffic counts.
 Incidents which occur in Dublin Tunnel (between
Junctions 01 and 02) are not used as they are
responded to very differently to incidents in other
locations on the M50.
 Incidents at Christmas (24th Dec. to 1st Jan.) are not
examined as traffic patterns are very different at this
time and it is difficult to determine if changes in traffic
patterns are associated with an incident.
 Only incidents where traffic count data is available are
used (1st January 2014 to 12th July 2016).
These criteria identify 556 events in the incident data.
Identifying the Duration of an Incident
The duration of the incident is the key parameter which the ML
algorithms will predict. There is a start and end time in the
incident database. These times relate to when the incident was
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identified to the time it was cleared. However, this may not be
representative of the effect on the traffic so the objective is to
obtain a duration for each event based on the effect it had on
the traffic flows recorded in the traffic counter data.
For each incident, the traffic flows around the time of the
incident are examined. These flows are compared with the
average flows for that day of the week. If there is a 25% drop
in the flow below the average value then that point is identified
as the start time of the incident. The incident then continues
until the flow recovers to within 25% of the average. This is
done for the four traffic counters nearest the incident. The
earliest start time and the latest finish time are then used to
determine the duration of the event. An example of an incident
is shown in Figure 2. A drop in traffic volumes passing the
counter is visible at approximately 13:00 after the incident
occurs. The traffic volumes are restricted until approximately
15:00 when the incident is cleared and the traffic flows return
to normal.

Incident Features Used
The features of each incident are extracted for use in the
machine learning algorithms. For each of the 556 incidents, the
information shown in Table 1 is used.
Table 1 – Incident features extracted for use in ML
Feature
Duration
Hour of day
Weekend or
Weekday
Month of year
No. vehicles
involved
Incident Type

Range
0 – 360 min
1 – 24

Notes
Capped at 360min

0 = Weekday

Public holidays
not considered.

1 = Weekend
1 – 12
1–6

Category

1 = Fire
2 = Collision
3 = High Priority

Direction

+1 = Southbound

Junction
Rain
Temperature
Wind Direction
Wind Speed

-1 = Northbound
2 - 17
No defined range
No defined range
0 – 360
No defined range

4 = Major

4

mm
C
Degrees
m/s

MACHINE LEARNING

Various regression and classification ML approaches are
applied to the data to compare and contrast their ability to
predict the incident duration. These methods are described and
discussed below.
Regression Analysis
Figure 2. Incident northbound at Junction 15 in September
2015.
Figure 3 shows a histogram of the durations identified for all
incidents. For many incidents, no effect is identified in the
traffic data. As a result, there is a peak in the plot at zero
minutes.

Regression models are used to understand and explore the
relationship between predictor variables (i.e. incident features)
and the response (i.e. incident duration). Linear regression is
the simplest form of regression analysis and aims to establish a
linear relationship between the variables and the response.
Matlab’s Statistics and Machine Learning Toolbox was used to
apply ML algorithms using the Regression Learner App. Using
this App, various types of regression models can be easily
applied to the same dataset and their results compared. All
available algorithms were applied to the data to identify the
optimal algorithm. The algorithms used fall into the following
categories:
 Linear regression models;
 Regression trees;
 Support vector machines;
 Gaussian process regression models;
 Ensembles of trees.
The Ensemble Bagged Tree approach achieved the best result
with a Mean Absolute Error (MAE) of 24.9 minutes. Therefore,
when predicting the duration of an incident, on average, the
error is ±24.9 minutes.

Figure 3. Histogram of durations identified for all incidents.
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Classification Approach

Model Validation

Classification is an ML approach where the algorithm learns to
classify observations based on training using labelled data.
Matlab’s Statistics and Machine Learning Toolbox is also used
to classify the durations into various groups. The objective is to
classify the duration of an incident into different categories, i.e.
short (≤10min), medium (10-60min) and long (>60min)
durations.
Two approaches were applied. Initially, only the incident
duration was divided into categories and the features of the
incident were given their normal values. Then an alternative
approach where all features of the incident were also
categorised was applied.
Table 2. Classification of incident features.
Feature

Classification

Duration

Category 1: <=10min
Category 2: 10-60min
Category 3: >60min

0 = Off Peak
Peak Hours

Winter
Number of vehicles
involved
Incident Type

Category

Direction

Rain
Cold

1 = Peak Hours (Weekdays 07:0010:00 or 15:00-19:00)

0 = Summer (Apr-Sep)
1 = Winter (Oct-Mar)

0: <=2
1: >2

0= Fire
1 = Collision

0 = High Priority
1 = Major

0 = Northbound
1 = Southbound

0 = <=0.3mm
1 = >0.3mm

0: >5C
1: <=5C

Firstly, only the duration was classified using the categories at
the top of Table 2. The full details of each of the features
described in Table 1 were maintained. Using this approach, the
Ensemble Bagged Trees approach achieved the best results
with an accuracy of 52.7%. The approach performs best for
predicting Class 1 and 2 durations but performs poorly for
predicting Class 3 durations (> 1 hour).
For the second approach, all features are divided into the
categories shown in Table 2. Some features which were not
easily classified were not used. This approach achieved similar
accuracy to the first classification approach. The coarse knearest neighbour classifier achieved the best result with an
accuracy of 52.6%.

Validation is used to assess the performance of the ML
algorithms. It tests the trained model on a different dataset to
that which it was trained on to assess how the model will
perform with new data. Validation was performed using
Matlab’s Cross-Validation option which partitions the data set
into five folds, i.e. that data is broken into five pieces. The
model is trained five times on five different groups of data and
then tested on the out of fold data. Every training fold contains
4/5 of the data and every test fold contains 1/5 of the data.
Discussion
The results achieved are not as good as those achieved in the
literature. For example, Valenti et al. [1] applied a number of
ML approaches and achieved RMSEs in the range of 17 to 23
minutes whereas the best RMSE achieved in this study was 37
minutes. Yu et al. [2] and Wei et al. [6] also achieve RMSEs
which were similar to those of Valenti et al. [1].
The reasons for the poor accuracy in this study are unclear.
However, there are some factors which may be contributing.
Other studies had more reliable information on certain
characteristics of the incidents that were not available in the TII
data used. The literature [1]–[3], [6] showed other studies had
information on the number of lanes blocked, the level of injury,
the number of heavy vehicles, whether hazardous material was
involved and the location of the incident relative to the nearest
interchange. If such information was available in the TII data it
may have improved the accuracies achieved in this study.
The studies examined in the literature also examined shorter
duration events with durations of up to 180 minutes. All
incidents examined by Valenti et al. [1] were less than 180
minutes and all incident examined by Wei et al. [6] were less
than 100 minutes. This study looked at incident durations on
the M50 in the range of 0 – 335 minutes. This may have also
contributed to greater average errors.
The sample size may also be playing a role in the accuracy of
the results. Valenti et al. [1] and Yu et al. [2] use less incidents
than our study with 237 and 235 incidents respectively but
Hojati et al. [9] and Wang et al. [5] use more incidents with
4962 and 1853 incidents respectively. Although the sample size
is comparable to other studies, there may not be enough
incident records for the ML algorithms to identify the patterns
in the data.
5

CONCLUSIONS

This project combines various transport datasets and ML
approaches to predict the duration of congestion following
traffic incidents on the M50. Despite the extensive analysis
completed, the results are not as good as those described in the
literature. The reasons for this are unclear but there may be
effects which influence the duration of an event which are not
captured in the data used. For example, the lane the incident
occurs in, the number of lanes blocked, whether secondary
incidents occur, the severity of the injuries, unpredictable
human behaviour, etc.
The sample size may also be affecting the accuracy of the
results. The available data was for the period from 1st January
2014 to 12th July 2016. Although incident data was available
over a greater period, the usable data was restricted by the
period for which traffic count data was available. It is therefore
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recommended that the analysis is repeated when the latest
traffic count data for the rest of 2016, 2017 and 2018 is
available. This will significantly increase the sample size which
may help improve the accuracy.
It is also recommended that if it is intended to use an incident
database to make predictions of incident duration then the data
should be gathered using a very structured approach. In this
project, some of the key incident features were recorded in the
free text fields. This information can be unreliable as it depends
on different operators noting the details of an incident using a
consistent approach. Therefore, it may be beneficial to use
dropdown menus to record the following information:
 Is the incident located on the on/off ramp or the main
carriageway, and if it is on the ramp, is it on the onramp or the off-ramp;
 What lanes are blocked by the incident;
 Does the incident just involve cars or is a heavy
commercial vehicle involved;
 The severity of injuries;
 What emergency services are at the scene (Fire
Brigade and Ambulance).
ML techniques aim to uncover hidden relationships between
the variables in a dataset. However, the dataset may only
contain weak relationships and if this is the case then the
algorithms may have limited success. Additionally, no two
datasets are the same. Even when other similar studies have
published promising results, it does not guarantee that a similar
study using different data will be as successful, as was the case
with this study. Therefore, success using ML approaches is
never guaranteed. However, combining several data sources
together to produce richer datasets to carry out analyses creates
great opportunities. As the amount of data stored by transport
and road operators continues to increase, machine learning and
artificial intelligence will play a major role in this sector in the
future.
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ABSTRACT: Irrespective of national guidelines for medical fitness to drive, this study investigated the cumulative expert wisdom
of clinicians regarding minimum periods of driving cessation required for patients suffering from conditions that can impair driver
capability. Occupational Physicians (196) and Psychiatrists (103) completed an online questionnaire. For private motorists, the
modal response for anxiety and depression favoured clinical discretion, followed by three-month cessations for hypomania, acute
psychosis, schizophrenia and alcohol dependence and six weeks for alcohol misuse/dependence. For professional drivers the
modal value for anxiety and depression was three months, rising to six months for hypomania, psychosis and schizophrenia and
12 months for both alcohol misuse/dependence. Chi-square test results indicated statistically significant differences in clinical
opinion between Occupational Physicians and Psychiatrists regarding driving cessation times for drivers suffering from psychiatric
and alcohol misuse conditions except for alcohol dependence. Further studies are warranted to investigate these issues in more
depth.

KEY WORDS: Medical Fitness to Drive; Medical Conditions; Clinical Judgement; Driving Cessation.
1

INTRODUCTION

Theoretical models1 and a wealth of international
research2 indicate that driver capability is a major predictor of
traffic risk. Driver fitness in Europe is governed by EU law and
regulations made locally in individual jurisdictions. In Ireland,
the Sláinte agus Tiomáint Medical Fitness to Drive Guidelines3,
developed by the National Office for Traffic Medicine and
published by the Road Safety Authority, represent an
interpretation of these laws and the best available evidence
from research in traffic medicine. These guidelines, which
reflect similar guidelines produced by the UK Driver and
Vehicle Licencing Agency (DVLA)4 serve to increase
awareness among medical professionals and the wider
community about fitness to drive. They summarize the criteria
for medical certification of two classes of drivers; Group 1 (cars
and motorcycles) and Group 2 (trucks and buses).
A range of research studies indicate that doctors have
inadequate knowledge of their national or state medical fitness
to drive (MFTD) guidelines5,6, although this can be improved
by pro-active dissemination of national guidelines and an
extensive education programme in traffic medicine7,8.
However, few (if any), studies have attempted to investigate the
cumulative wisdom and experience of clinical MFTD
judgement among experienced clinicians. This approach may
be particularly helpful in aspects of MFTD where there is little
by way of empirical evidence to support guideline
development, for example, with psychiatric illness and alcohol
and substance abuse8.
The aim of the current study was to broaden our understanding
of the insights arising from clinical practice/opinion of
occupational physicians and psychiatrists. Whereas current

MFTD guidelines in Ireland and the UK specify minimum
periods necessary before individuals living with certain types
of medical conditions (e.g. alcohol misuse or dependence), we
were interested in gauging the clinicians’ beliefs and practices
when deciding on minimum periods necessary for individuals
suffering from the following six types of medical
conditions; severe anxiety states and depressive illness,
hypomania, acute psychosis, chronic schizophrenia, and also
alcohol misuse and alcohol dependence. The basis for the
choice of minimum periods of driving cessation relies more on
tradition rather than on an evidence base. However, if the
duration of driving cessation is unduly prolonged, the driver
may suffer from occupational and social distress from restricted
mobility, which may in turn aggravate the underlying
psychiatric condition. There is also some concern that such
guidelines may be ignored in clinical practice. It is noteworthy
that in Australia the minimum cessation period for Group 1
drivers is left to clinical judgment9.
Some divergence is evident in guidance provided in the UK
DVLA and Irish MFTD guidelines. The MFTD guidelines state
that where persistent alcohol misuse has been confirmed by
medical enquiry, driving should cease until a minimum threemonth period (Group 1 drivers) and a minimum period of 12
months (Group 2 drivers) of controlled drinking or abstinence
has been attained. In the case of alcohol dependence the
minimum cessation period of 6 months (Group 1) and three
years (Group 2) is stipulated. In comparison, the DVLA
guidelines stipulate an abstinence from driving of 6 months
(Group 1) and 12 months (Group 2) for drivers who misuse
alcohol and minimum abstinences of 12 months (Group 1) and
3 years (Group 2) for alcohol dependent drivers.
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2

METHODS

An online survey, consisting of 30 questions, assessed
professional opinion about medical fitness to drive with
respect to Group 1 and Group 2 drivers among Occupational
Physicians and Psychiatrists in the UK and Ireland.
Respondents were asked to indicate the minimum period of
wellness and stability (if any) that should, in their clinical
judgment, be present prior to resuming driving in relation to
six conditions; severe anxiety states and depressive Illness,
hypomania/mania, acute psychosis, chronic schizophrenia or
relapsing/remitting schizophrenia, alcohol misuse and alcohol
dependence. A five-point scale was used to measure responses
related to Group 1 drivers (1 = No minimum period, at
clinician discretion, 2 = 1 month, 3 = Six weeks, 4 = 3
months, 5 = 6 months). An expanded nine-point scale was
used for Group 2 drivers (6 = 12 months, 7 = 18 months, 8 =
24 months and 9 = 36 months). Clinicians were instructed to
make their judgement without reference to existing guidelines.
3

RESULTS
Participants

The total number of respondents invited was: 21,000 from the
Royal College of Psychiatrists (London), 1,043 from the
College of Psychiatrists (Ireland), 117 from Royal College of
Occupational Health, and 690 from the Irish Society for
Occupational Health and licentiates, members and fellows in
Occupational Health at the Royal College of Physicians of
Ireland (RCPI). Three hundred and forty-five Occupational
Physicians and Psychiatrists accessed the questionnaire,
however as 38 (11%) of these did not answer a substantial
number of the questions the data they provided was not
included in subsequent analyses. Of the remaining 299
participants, 196 (66%) were Occupational Physicians and
103 (34%) were Psychiatrists. In terms of gender, 163 (55%)
of participants were men and 117 (39%) were women and 19
(6%) did not indicate gender. Of the psychiatrists, 54% were
women and 46% were men. Of the Occupational Physicians,
36% were women, whereas 64.5% were men.

Minimum period of wellness/stability necessary
before resuming driving for Group 1 licencees
Alcohol Dependence

Alcohol Misuse
6 months
3 months

Schizophrenia

Six weeks

Acute Psychosis

1 month
No Mimimum period at clinician
discression

Hypomania

Severe Anxiety &
Depressive States
0%

10%

20%

30%

40%

50%

Figure1. Clinician’s judgement of minimum periods of
wellness/stability needed before resuming driving for Group 1
licensees.
Clinical judgements in relation to Group 2 licensees were
predictably more conservative. For instance, the percentages of
respondents who believed that no minimum period should be
stipulated, but that the minimum periods of wellness/stability
necessary before recommending driving should be left to
clinical discretion was considerably lower, i.e. Severe anxiety
states and depressive illness (n(6.1%)), hypomania (n(7.7%)),
acute psychosis (n(6.4%)), schizophrenia (n(13.1%)), alcohol
misuse (n(9.3%)) and alcohol dependence (n(7.7%)) (Figure 2).
The modal value for anxiety and depression was three months,
this rose to six months for hypomania, psychosis and
schizophrenia and 12 months for both alcohol misuse and
dependence.

Minimum period necessary before resuming driving
In the case of Group 1 licensees, the following percentage of
clinicians from both disciplines indicated that the minimum
period of wellness/stability necessary before resuming driving
should be at clinician discretion; Severe anxiety states and
depressive illnesses (n(25%)), hypomania (n(18%)), acute
psychosis (n(15.5%)), schizophrenia (n(27.5%)), alcohol
misuse (n(21.8%)) and alcohol dependence (n(16.9%)) (Figure
1).Whereas clinician discretion was the modal response in
relation to anxiety and depression, three months was the modal
response for cases of hypomania, acute psychosis,
schizophrenia and alcohol dependence and six weeks was the
modal recommendation where alcohol misuse was diagnosed.
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Figure2. Clinician’s judgement of minimum periods of
wellness/stability needed before resuming driving for Group 2
licensees.
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Preliminary inspection of the data suggested that there were
some differences of opinion between the Occupational
Physicians and the Psychiatrists surveyed regarding the
minimum periods of wellness/stability required before
resuming driving for Group 1 (private) and Group 2
(professional) drivers (Table 1).

Table 2. Chi-square tests for independence for differences in
clinical opinion between Occupational Physicians and
Psychiatrists regarding driving cessation times for drivers
suffering from psychiatric and alcohol misuse conditions.
Condition
Group 1 Licensees
Severe
Anxiety/
Depressive illness
Hypomania
Acute Psychosis
Schizophrenia
Alcohol Misuse
Alcohol
Dependence
Group 2 Licensees
Severe
Anxiety/
Depressive illness
Hypomania
Acute Psychosis
Schizophrenia
Alcohol Misuse

Table 1. Comparisons of Psychiatrists’ and Occupational
Physicians’ clinical judgements regarding minimum periods
of wellness/stability required before resuming driving for
Group 1 licensees.
Medical
Condition
Severe
anxiety/
depressive
illness
Hypomania
Acute
Psychosis
Schizophrenia
Alcohol
Misuse
Alcohol
Dependence

Clinician

No
minimu
m period

1
mth

Six
weeks

3
mths

6
mths

Psychiatrists

38.1%

21.4%

11.9%

17.9%

10.7%

Occupational
Physicians
Psychiatrists
Occupational
Physicians
Psychiatrists
Occupational
Physicians
Psychiatrists
Occupational
Physicians
Psychiatrists
Occupational
Physicians
Psychiatrists
Occupational
Physicians

19.4%

18.9%

18.4%

27.6%

15.8%

23.3%

18.4%

22.3%

26.2%

9.7%

15.3%

13.8%

13.8%

34.2%

23.0%

25.5%

13.7%

15.7%

27.5%

17.6%

10.3%

11.3%

12.9%

33.0%

32.5%

37.0%

18.0%

0%

27.0%

18.0%

22.5%

12.0%

0%

28.8%

36.6%

28.0%

19.0%

0%

38.0%

15.0%

18.5%

16.9%

0%

32.8%

31.7%

22.2%

14.1%

0%

31.3%

32.3%

14.1%

10.8%

0%

26.5%

48.6%

When treating patients in Group 1, a higher percentage of
Psychiatrists than Occupational Physicians favoured the use of
clinical discretion for all 6 conditions that featured in this study.
Conversely, a higher percentage of Occupational Physicians
tended to favour 6 month cessations in comparison to the
clinical judgement of the Psychiatrists. Whereas a similar
pattern emerged in the context of Group 2 licensees, the
percentage differences were noticeably smaller. Subsequently,
a series of a chi-square tests for independence was conducted
to explore the nature of these differences (see Table 2).
The results showed that these differences were statistically
significant for all conditions of interest in this study with the
exception of alcohol dependence However, as indicated by the
Cramer’s V statistic, these effects were quite small.

4

x2

df

n

p

Cramer’s
V

13.24

4

280

.01

.01

14.11
16.64
14.29
10.43
7.68

4
4
3
3
3

299
296
291
289
284

.007
.002
.003
.015
.053

.007
.002
.003
.015
.053

19.3

8

280

.013

.013

18.06
28.04
32.22
24.99

8
8
8
8

299
296
291
289

.021
.000
.000
.002

.021
.000
.000
.002

DISCUSSION AND CONCLUSIONS

The results from this study suggest a high degree of variability
among clinicians with regard to both the principle of a defined
minimum period of driving cessation with a range of
psychiatric and alcohol dependence conditions and also to the
minimum time period in each instance. For Group 1 drivers in
particular, between one-sixth and one quarter of clinicians
indicate that there should not be a defined minimum but rather
that the clinician should make an individual determination.
Perhaps of more significance is that the combination of those
who opt for clinical discretion and the modal value of the
minimum time of the other clinicians is significantly less than
the current Irish and UK DVLA guidelines in relation to
minimum periods for alcohol dependence and misuse. This
should prompt a reconsideration of the validity of the existing
guidelines for these conditions. Further studies are required into
the actual advice given in clinical setting to consecutive series
of drivers presenting with alcohol misuse and dependence as
well as naturalistic studies of crash outcomes for these groups
of drivers.
A similar divergence is seen for Group 1 drivers with regard to
the UK guidelines for the other conditions, although the Irish
guidelines have moved to clinician discretion since 2016.
While road safety is a key consideration for MFTD, the
importance of transport as a mediator of psychosocial and
economic well-being is increasingly recognized as an important
consideration in making these decisions10. It is clearly
important that MFTD assessment maintains a due balance
between mobility and safety, and the insights of experienced
clinicians into the variability of prognosis and insight for
drivers with mental health and substance abuse/dependence
problems must form a key element of developing guidelines
that are acceptable to all stakeholder in the transport and road
safety system.
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The limitations of this research relate to the relatively low
response rate, common in internet-based surveys. However, as
this is the first survey of its kind in the biomedical literature,
we feel that it represent an important first step in teasing out
MFTD guidelines for an important range of mental health
conditions which represent a due combination of evidence and
clinical experience.
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ABSTRACT: This project is an implementation of the CRISP-DM methodology to apply a classification model to the issue of
identifying fatal aircraft accidents/incidents based on flight information such as aircraft attributes, geographical attributes and
purpose of flight etc. The process followed mirrors CRISP-DM as closely as possible and covers data exploration, data preparation,
data modelling and data evaluation. Attribute usefulness and feature selection are analysed using statistical techniques and some
interesting relationships are examined. There are a significant number of missing values in many of the attributes which are
discussed as well as outlier detection, data bias and data transformation. The performance of the model will be evaluated and
reviewed.
This process underpins a business objective which is the use of the predictive model to identify criteria that can identify those
aircraft accidents/incidents which result in fatalities. The ability to predict these fatal events has the primary objective of saving
lives. In parallel to saving lives there would be a significant cost saving in terms of aircraft damage, liability claims and reputational
damage for aircraft carriers.
KEY WORDS: CERI 2018; Aviation; Accident; Incident; Prediction; CRISP-DM; Feature Selection; Fatalities; Costs.
1

INTRODUCTION

The cost of Aviation accidents is typically measured both in
terms of aircraft damage and damage to aircraft/buildings along
with the human cost i.e. fatalities/injuries. There are also
intangible costs as people become more fearful of flying as the
number of aviation accidents increases. Utilising the CRISPDM methodology, and a variety of data mining techniques, the
project will seek to identify those attributes which have the
biggest influence on these costs from the primary dataset
downloaded from the US National Transportation Safety
Board. As a result effective measures can be undertaken in
order to reduce costs, reduce lost revenue from fear and most
importantly to save lives.
An attempt will being made to determine via data mining if
there are certain factors that are more prevalent in the cause of
the aviation accidents/incidents.
A classification model will be used to predict the cost of
accidents in terms of Fatal Injuries, Serious Injuries, Minor
Injuries, No Injuries and Substantial Aircraft Damage. The
significance of the individual attributes in terms of
predictability, the nature of patterns in the data and their
usefulness and the transformations applied to the attributes will
be detailed.
A description of the work undertaken during the iterations of
data understanding, data preparation, data modelling and
evaluation will detail the implementation of the project plan in
this report.
The dataset appears to be of reasonably good quality. The
majority of attributes contain some blanks e.g. Engine Type,
Number of Engines, Purpose of Flight. I do not believe that the
number of blank values is sufficient to severely affect the
outcome of the project or meeting the project objectives. There
is sufficient data of the appropriate quality and size to attempt

to achieve the project goal and project objectives. For the
purposes of this document the term event will be used to
describe accidents and incidents without distinguishing
between the two. [1]
2

BACKGROUND

In order to assess which of the attributes in the dataset have the
most impact on the costs feature selection must become the
main focal point of the project as it will be the main determinant
of the final outcome. Feature selection is typically centred on
feature relevance and feature redundancy in terms of an
objective. There are four common feature categories. Strongly
relevant, weakly relevant but not redundant, irrelevant and
redundant. [10] Strongly relevant features are essential to
achieve an optimal feature subset. Their removal will affect the
original objective. Weakly relevant features are not mandatory
to achieve an optimal subset. Other conditions determine their
necessity. Irrelevant features do not have any bearing on the
optimal subset of features and therefore can be excluded.
Redundant features are features that can be termed weakly
relevant but are completely substitutable by alternative features
without affecting the objective. These alternative features are
known as a Markov Blanket. A Markov Blanket of a feature F
is the minimum set of features, on which all other features are
probabilistically independent of F. The maximisation of
relevance and the minimisation of redundancy is the
fundamental goal of feature selection.
Relevance has had numerous definitions in machine learning
literature. The reason for the differences are due to the
motivations/goals of the individuals. In Blum Langley [11] the
authors illustrate different examples and motivations of
relevance in literature. Relevance is determined in relation to a
target concept. A good example of this is in [12] where the
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authors Lutu and Engelbracht redesigned feature relevance and
introduced a new feature selection algorithm based on this new
definition. Their reasoning for this undertaking were due to the
authors being of the opinion that previous literature did not
provide information on how to distinguish clearly between
highly correlated and lowly correlated features in the generally
acceptance that relevant features are highly correlated with a
class label and redundant features are highly correlated with
other features.
Feature selection algorithms are divided into three
categories: filters, wrappers and embedded methods. Filter
methods use a performance measure to select features
independently of any classification algorithm. Filter methods
can be used for ranking individual features or for ranking
subsets of features and specific criteria are used for this
ranking. The ranking mechanism uses a statistical measure to
assign a rank to the features or feature subsets.
Wrapper methods utilises the predictive capability of the
learning algorithm to assess the usefulness of the features in the
dataset. Feature subsets are evaluated based on their predictive
capabilities. There are a number of prerequisites to using a
wrapper method. Firstly one will need to define a mechanism
for how to test the possible feature subsets i.e. an exhaustive
search vs some other mechanism. Then one must decide how
the algorithms predictive performance can be used during the
search and to subsequently determine when to stop. The
predictive algorithm to use must also be chosen. An exhaustive
search is only an option where the number of features is
relatively small however. There is much criticism of the brute
force nature of wrappers as this requires much in the way of
computational resources. There are efficient mechanisms
known as a search strategy [13] which can be used to overcome
this however.
Embedded Methods are a combination of the advantages of
both filter methods and wrapper methods. They interact with
the classification algorithm as a wrapper does but they are more
computationally efficient than a wrapper method. [14], [15],
[16]. Initially, an independent statistical method is used to
choose the most optimal subset of features based on a threshold
for each level of cardinality. The learning algorithm is
subsequently used to evaluate each of the proposed feature
subsets for the different levels of cardinality and select the most
accurate feature subset.
In [7] the authors applied a number of filter method feature
selection techniques to airline accident data in order to
determine the predictive capabilities of the attributes. The aim
was to enable airline companies to make better predictions
using their data. Principal Component Analysis was the most
accurate feature selection technique enabled a number of safety
recommendations to some aviation experts. The same authors
applied a more specific analysis in [5] when decision trees were
used for data mining accident and incident data for a Turkish
airline. The aim was to predict warning levels and once more
aviation experts were able to extract safety recommendations.
These safety recommendations have a positive impact on risk
and safety. A classification accuracy of 87% was the result. A
similar result of 87% can be yielded by the authors in [8] using
Case Based Reasoning, a lazy learner algorithm where each
incident is compared to all other previous incidents resulting in
the retrieval of nearest neighbours. Five different distance
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functions were used in the research for this nearest neighbour
retrieval. The authors in [9] took an interesting approach by
examining the relationship between accidents and incidents to
find patterns for the biggest contributory factors and largest
causes of accidents by looking at correlations between the
underlying elements of accidents and incidents for commercial
airlines in the United States. They concluded that factors are far
more likely to be contributory to an accident when they are
combined together. They combined factors into categories
Company factors, Air Traffic Control Factors, Pilot Factors and
Aircraft factors. The end result was a methodology with the
capability of application in other regions and for noncommercial aircraft. The current project covers a broader set of
aviation records. It is not confined to commercial airlines or the
United States. Combinations of features similar to [9] that
result in a higher costs of accidents/incidents are the aim of this
project.
In [6] the authors used data mining algorithms in SPSS
Clementine to assess the levels of seriousness of
accidents/incidents. Their aim was to identify the most relevant
attributes and reduce the risk/impact of these attributes. The
current project aims to extend this further by examining the cost
of accidents/incidents and the combinations of features that
contribute to these costs.
3

BUSINESS UNDERSTANDING
Business Objectives

The primary business objective is the reduction of the costs of
Airline Accidents. These costs can be categorised as below.
The goal of this project is to be able to predict the cost of an
accident based on the data attributes and subsequently reduce
these costs by implementing appropriate measures to mitigate
any actionable attributes. The costs of Accidents/Incidents are
as follows:
•

•

•

Human Cost
• Fatalities
• Serious Injuries
Financial Cost
• Aircraft Damage
• Damage to Buildings/Environment
Intangible Costs
• Fear of Flying/Safety Concerns

In parallel to this another objective is to identify flight criteria
and the associated relationships which have the most
significant impacts on accidents.
Assess the situation
One of the main challenges is the fact that each record in the
dataset is a record of an accident/incident. The data does not
contain any records where for flights that were
incident/accident free. For this reason the dataset will be used
to assess the impact of the various attributes on the magnitude
of the accident/incident. This magnitude will be measured
either as the number of fatalities number of injuries or the level
of damage to the aircraft. Each of these measures will be
assessed individually. There is a risk that the outcome of the
analysis is inconclusive in terms of determining which
attributes are the most influential.
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Data Mining objective
The data mining objective is to use the CRISP-DM
methodology to create a classification model that can predict
fatalities, injuries and aircraft damage based on event
information such as Broad Phase of Flight, Purpose of Flight,
Engine Type, Weather Conditions, Number of Engines, Make,
Model and FAR Description
To identify the attributes which have the biggest influence on
the human costs and damage associated with airline accidents.
4

DATA UNDERSTANDING
Description of the data

The dataset used in this project has nineteen thousand four
hundred and fifty five records and a polynomial label indicating
that the principle cost of the event is Fatal Injury, Severe Injury,
Minor Injury, Substantial Aircraft Damage or No Injuries. The
primary dataset consists of thirty two attributes which are made
up of two binomials, twenty four polynomials and six
continuous attributes. The primary dataset is sourced from the
US National Transportation Safety Board. [2] It contains data
on civil aviation accidents and selected incidents within the
United States, its territories and possessions, and in
international waters. Generally, a preliminary report is
available online within a few days of an accident. Factual
information is added when available, and when the
investigation is completed, the preliminary report is replaced
with a final description of the accident and its probable cause.
[2]
A secondary dataset is used to obtain the altitude in metres for
those events which have a Longitude and Latitude coordinates.
The website http://www.gpsvisualizer.com/elevation [3] will
return the altitude when the Longitude and Latitude are entered
along with a unique identifier. In this instance the Accident ID
was passed in along with the coordinates and the resulting
Altitude was joined to the primary dataset via the Accident ID.
A number of weeks were spent analysing the dataset using
cutting edge data tools. The aim of this analysis was to identify
missing values and the potential impact of these missing values
on the final outcome, to identify relationships between the
attributes in the dataset and their potential influence on the
predictive capabilities of the dataset, the creation of a
correlation matrix to outline these relationships between the
attributes and a number of visualisations to show these
relationships. The data tools used for this section of the project
were R-Studio, Tableau, Rapidminer and Qlikview.
4.1.1

Figure 1. Phase of Flight (Above and Below Average)
4.1.2

Injury Severity for Numeric Attributes

Total Fatal Injuries, Total Serious Injuries, Total Minor Injuries
and Total Uninjured were each plotted against Total Passengers
with some interesting results. If Fatal Injuries and Uninjured
are taken to represent the two extremes in terms of human cost
when we look at the charts below we see that for the extreme
costs the scatterplots form linear patterns. The data points are
much more spread for both the Serious and Minor Injuries
charts.

Figure 2. Total Fatal Injuries vs Total Passengers

Phase of Flight

A good starting point to explore the accidents was to examine
the Broad Phase of Flight attribute.
Some analysis of Phase of Flight in Tableau split the data based
on the Broad Phase of Flight in relation to the number of Total
Fatal Injuries. The Takeoff phase has the highest number of
Fatal Injuries.

Figure 3. Total Serious Injuries vs Total Passengers
4.1.3

Aircraft Damage over Time

The increase in the number of Substantial Aircraft Damage
records was very significant in comparison to the other types of
aircraft damage.
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4.1.4

Seasonal Pattern

When visualising the number of events over time there
appeared to be a seasonal pattern, most notably for Substantial
Aircraft Damage. This led to further analysis of the numeric
attributes over time (ARIMA analysis in Data Preparation).

(18.6%) events. The data was also very biased towards the
United States (91.4%) in comparison to other countries.
In terms of the component elements that make up the Class
Label there was an uneven split between Fatal Accidents,
Serious Injuries, Minor Injuries and Aircraft Damage. The No.
Injuries component has the most values so the data will be split
using a Rapidminer sub process into the various components
and each of the components, with the exception of No. Injuries,
was bootstrapped to have a record count similar to No. Injuries.
Once the bootstrapping had been completed the components
were remerged using a merge component in rapidminer and
subsequently cross-validated.
5

DATA PREPARATION
ROC

The selection of a classifier to use for data presentation was
achieved through the generation of an ROC curve for multiple
classifiers on the initial dataset. (Random Forest, Gradient
Boosted Trees, Naïve Bayes, k-NN and Decision Tree). K-NN
and Decisions Tree achieved the highest AUC on the dataset.
The dataset consists of predominantly Nominal attributes. This
was the reason for the choice of candidate classifiers used.
Figure 4. Aircraft Damage Trends
4.1.5

Correlation Matrix

There was no correlation between any of the attributes in the
dataset after the creation of a Correlation Matrix Pairwise table.
Some additional noteworthy findings which do not have
bearing on the predictive nature of the data are:
There were five hundred and thirty three Aircraft registrations
which were involved in more than one event. The max number
of Events for any one aircraft is five. There are two hundred
and fifty four events involving more than one aircraft. Each of
these events generates two records in the dataset – one for each
aircraft.

Figure 5. ROC Comparison

Verify Data Quality
The data contains a significant amount of missing data. There
were both blanks and N/A values in the majority of the
attributes with missing values. Both Null Values and N/A
values were treated as one and the same in this project. Records
for attributes with less than 5% missing were removed from the
dataset. Attributes with more than 60% null or N/A were
removed from the dataset.
There were other data quality issues. There were multiple
variants of Makes and Models which differed based on Upper
and Lower casing, different variants of Company and Inc e.g.
Inc, Inc., Co., Company, Llc. I tried to map as many of these to
a consistent value as I could using a mapping table to map
substrings in a Qlikview script and I capitalised the values. The
same concept was used for location as there were a number of
variants of Miles used e.g. Miles, Mi, MI., and Nm.
After the removal of records related to the data quality issues
and the removal of the attributes that contained too many
missing values there were still sufficient attributes and records
to proceed with the data mining objectives. There were no real
outliers in the data.
Some biases were encountered in the data, for example there
were significantly more non-fatal (81.4%) events than fatal
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Test Sample
A 20 percent sample of data was extracted from the dataset.
This was used for testing the model once it was trained. A
secondary test dataset was also used. This secondary dataset
consisted of the additional accident data uploaded to the US
National Transportation Safety Board website between
February and May of 2017. The majority of testing was carried
out on both test datasets.
Bootstrapping
A multiplier component was used to apply five separate filters
to the dataset. Each of the individual copies of the dataset had
an attribute/text underscore value filter applied to it in order to
strip out the relevant data e.g. Detailed Class=No Injuries. The
individual filtered datasets were then bootstrapped in order to
have the same number of records as the filtered dataset with the
most records. The bootstrap components used a relative sample
ratio in order to increase the size. The bootstrapped datasets
were subsequently remerged prior to splitting the dataset into
training and testing.
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ARIMA
The seasonal cyclic pattern in the data was analysed using
ARIMA for a number of metrics. These metrics were No. of
Records, Total Fatal Injuries, Total Serious Injuries, Total
Minor Injuries and Total Uninjured. The trends for these
metrics were further Decomposed to further analyse the trend
and seasonal element. Each of the metrics were compared with
a supplementary dataset which was obtained from the Capstats
website. [4] This dataset contained global departure figures for
periods corresponding with the accident data. The result of the
comparison showed that there appeared to be no correlation
between the trend for global departures and the accident data.
This indicated that the accident metrics do not oscillate as a
result of fluctuations in global departures. A forecast was also
generated for each metric using HoltWinters. Once again the
Capstats Data and the Accidents data had different forecast
patterns.

Event Year, Event Month, Event Quarter, Event Season and
Event Weekday to see if there were any patterns. The Event
Quarter was removed from the model as Event Season was
deemed to be of more interest.
It was decided to bin the altitude (m) attribute into 500m
buckets to see if this made the attribute any more relevant. This
did not have any impact on the accuracy of the model.
In order to perform a Correlation analysis between the Capstats
data and the Accidents data the accidents data had to be
aggregated at a monthly level using an Event Period attribute
in the form YYYYMM e.g. 201612 for December 2016, Each
of the Numeric Attributes i.e. No. Fatal Accidents, No. Serious
Accidents, No. Minor Accidents and No. Uninjured, along with
the number of records were aggregated for each Month from
2002 onwards. The Capstats Data is available Monthly from
2005 onwards. The Year and Month attributes from the
Capstats data were combined to create an Event Period
attribute.
6

MODELLING
Select Modelling Technique

The algorithms that were used as part of the modelling
technique were K-NN, Naïve Bayes, Gradient Boosted Trees
and Deep Learning. These were the most accurate algorithms
thus far in the project. The attributes used in the model were a
combination of the domain applied reductions in combination
with the Weight by Chi-Squared feature selection features.

Figure 6. Decomposition of Fatal Accident Trends
Clean Data
The make and Model attributes were converted to upper case
in order to consolidate different casings of the same value.
A number of attributes contained both null values and a number
of variants of N/A i.e. NA,na,n/a,N/S,.,---, UNKNOWN, UNK.
Each of these variants were converted to Nulls for the following
attributes. Country, Location, Make, Model, Amateur Built,
Engine Type, Purpose of Flight, Schedule, FAR Description,
Schedule, Weather Conditions, and Broad Phase of Flight.
For the numeric variables Total Fatal Injuries, Total Serious
Injuries, Total Minor Injuries and No. Uninjured the value was
set to 0 where Null or N/A. For the number of Engines if the
Number of Engines was Null or N/A it was set to the floored
median which was one engine. A mapping table was created to
map all variants of Company to Co, all variants of Incorporated
to Inc and all variants of LLc to Llc. A mapping table was
created to map all variants of Miles or Nautical miles to Miles.
Location and Air Carrier values were capitalised.
Construct Data
The first Attribute to be constructed was a total passenger
attribute. This is a combination of No. Fatal Injuries + No.
Serious Injuries + No. Minor Injuries + No. Uninjured and is a
record of how many individuals were present on the plane.
When analysing the Event Date attribute it was decided to
create date parts based on the event date to analyse the data by

Figure 7. Rapidminer Data Model after Data Preparation
Generate Test Design
The Test dataset was generated using random sampling of 20%
of the original dataset. The training was completed using the
remaining 80%. Another potentially interesting test dataset that
I chose to use in parallel was to download the accident data for
the periods since the last download was taken and see how
accurate the model is against this new data.
For each of the tests the results were evaluated based on a
combination of the accuracy of the cross validation component
from the training dataset and the accuracy of the subsequent test
on the test dataset.
Build and Assess the model
The two test datasets were tested a number of times against a
model that was trained using the bootstrapped 80\% of the
accidents dataset. Each iteration used a different combination
of parameters for the algorithm in question. Where a higher
level of accuracy was obtained the same parameters were used
against the alternate test dataset to confirm a consistent
accuracy.
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7

EVALUATION

While a significant amount of knowledge about the dataset was
gained the results of the testing were ultimately disappointing
in terms of accuracy. The highest overall accuracy was 63.97%.
The following are the highest accuracies achieved by the
different algorithms during the testing.
Table 1. Algorithm Highest Accuracies.
K-NN
Naive Bayes
Decision Tree
Gradient Boosted Trees
Deep Learning

41.71%
45.74%
59.90%
52.68%
63.97%

None of these results were very accurate. One common result
was an inability to predict either minor or serious injuries. This
was consistent throughout all of the testing across each
algorithm. Aircraft Damage was the most accurately predicted
cost. This was followed by No. Injuries. Occasionally the Fatal
Injury prediction rose above 50% but this was not consistent.
The number of attributes used to generate the most accurate
results was not consistent either. There were instances where as
little as seven attributes generated a reasonably accurate result
(accurate in relation to this project). For the most part twenty
attributes were used to generate the most accurate result.
8

CONCLUSION

The overall outcome of the project in terms of predictions was
inconclusive. This was flagged as a possibility earlier in the
project. Overall the models did not achieve high accuracy.
There was a wide disparity amongst the different algorithms but
overall the max accuracy of 63.97% was lower than originally
anticipated. Some of the algorithms appeared to be quite
accurate at predicting particular types of costs. This is perhaps
the most interesting outcome of the project and a potential topic
for further study. Aircraft Damage and No. Injuries were
consistently higher in accuracy than the other costs.
Occasionally Fatal Injuries had an accuracy over 50%. In
general Minor Injuries and Serious injuries had very low levels
of accuracy. The algorithms all struggled to predict these labels
accurately. This was one of the most disappointing outcomes.
There were no reasonably accurate predictions of minor or
serious injuries. These types of costs were more dispersed when
visualising the dataset during the data understanding phase.
This dispersion may be the reason why these types of costs are
very difficult to accurately predict. In terms of extremities
injury levels are mid-range. This could account for the
difficulty in prediction. Fatalities and No. Injuries are at the
opposite ends of the spectrum and possibly easier to predict.
There were not enough records of Aircraft Damage in
comparison to the other types that manifested themselves in the
class label. These records had to be significantly bootstrapped.
This led to a high accuracy rate for Aircraft damage in the
training phase of the model.
The dataset in general, while extremely interesting, did not
appear to have many predictive qualities. The test results
highlight this fact. The high accuracy of the training model can
be attributed to overfitting. Too much of a focus on accuracy in
the training stage led to excess use of K-NN with one neighbour
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in the earlier iterations of the model. This lends itself to
overfitting.
Some earlier models decision tree models resulted in very flat
decision trees with high levels of accuracy. The decision trees
were so wide that they would not render properly in this
document. These trees were overfitted in a similar vein to the
K-NN models with 1 neighbour.
In terms of trending and seasonality the various accident
metrics all had regular sharp seasonal spikes. The Capstats data
had a seasonal spike too but the rise and fall was not as sharp
as the accidents data. The forecast for the Capstats data was that
passenger departures will continue to rise in the near future.
The Serious injuries metric was the only Accident metric
forecast to rise in the near future. As this metric proved so
difficult to predict accurately as a classifier there is nothing
meaningful that can be obtained from this forecast.
The ability to generate significant cost saving in terms of
human cost and aircraft damage is does not seem to be possible
from this dataset based on the testing to date.
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ABSTRACT: This critique offers an appraisal of the recent policy research publications reflecting the effects the United
Kingdom’s decision of leaving the European Union. For Ireland, an island nation and the nearest neighbour, this has serious
implications, primarily politically, economically and finally on the logistic realignment of the island’s economy. This paper
traces the influences on the existing Irish freight logistics, collated the policies and academic research literature outlining current
trends. For the Republic of Ireland and the whole island, on the periphery of Europe, the freight industry contributes
significantly to the overall GDP, employment and the measurement of economic prosperity.
Post BREXIT realities will require a paradigm shift in a logistics process for Ireland to realign its trade and tourism links to the
European Union, United Kingdom and the rest of the world. This new stance reflects an Ireland-centric rationalising of all
logistics’ linkages. The new realities reflect the embedding of Ireland’s present and future trade commitments to EU and nonEU states.
The critique reviews a number of relevant printed articles and evaluates them as viewed through the lens of freight logistics.
Subsequent solutions must consider the implementation of intermodal networks as the effective alternative for freight and
passenger reflecting post BREXIT realities. A ‘smart’ ports policy will incorporate a stable platform for investments, based on
sustainable and practical transport solutions based on smart intermodal logistics. These new policies must reflect the innovative
political leadership with creative solutions offered by academic research and commercial realisation by the industry.
KEY WORDS: ITRN 2018; Ireland Post Brexit transport logistics; Sustainable transport mode options; intermodal
infrastructure
1

INTRODUCTION

Ireland’s transformation to a modern and thriving economy
was accomplished by promoting an open economy and
supported by being a part of the European Union (EU). On the
23rd June 2016, the peoples of the United Kingdom (UK)
voted in favour of leaving the EU. British Prime Minister
May, informed EU President in Brussels, triggering Article 50
formalising the UK leaving the EU at 11pm (UK time) on
Friday 29 March, 2019. United Kingdom (UK)’s departure
from EU is popularly known as BREXIT.
This paper offers a critique on the findings in the main
published articles on the post-BREXIT influences on Irish
transport logistics and networks. Section 2 sets out the two
main post-BREXIT issues considered in this critique. The first
issue discussed is the political implications and its influences
on the trans-border relations between the Republic and
Northern Ireland. The second issue discusses the effects of the
‘new’ border arrangements on transport logistic realities.
Section 3 reviews relevant literature, reports and studies
commissioned by the various state departments, institutions,
industry bodies, and the media on the Irish trade and transport
till 29th March, 2018. Section 4 offers a critique of the main
literature reviewed in Section 3, highlighting the probable
influences on the Irish freight logistics. Section 5 considers a
number of alternative scenarios on the future investments in
Irish transport logistics not considered in other policy and
investment plans. Section 6 concludes the paper with possible
policy recommendations.
2
MAIN ISSUES CONSIDERED
This critique examines the BREXIT implications on two
main issues: the political implications and secondly, the Irish
trade issues.

BREXIT political issues
Following a meeting, on the 8th December 2017, between
the negotiators of EU and the UK, the Council set out the
guidelines for the transition on the 15th December 2017.
The Report is divided along three sub-sections:
1. Citizens’ Rights: Articles 6-41 deal with the complex
issues related to Citizens’ Rights, including protecting the
rights of EU citizens in the UK and UK citizens in the EU;
2. Irish Issues: Articles 42-56, addresses the unique
circumstances in Northern Ireland, recognising the need to
respect the provisions of the Good Friday Agreement, where
Article 49 was of special relevance … The United Kingdom
remains committed to protecting North-South cooperation and
to its guarantee of avoiding a hard border. Any future
arrangements must be compatible with these overarching
requirements. ... In the absence of agreed solutions, the
United Kingdom will maintain full alignment with those rules
of the Internal Market and the Customs Union which, now or
in the future, support North-South cooperation, the all island
economy and the protection of the 1998 Agreement.
The Irish Taoiseach noted the ‘options and the means to
achieve a comprehensive agreement between the EU and the
UK. However, failing that, there is a backstop arrangement in
which Northern Ireland and perhaps all of the UK would
maintain full alignment with rules of the Internal Market and
Customs Union which are relevant to the avoidance of a
border, north-south cooperation and the all-island economy.
3. Financial Settlement: Articles 57-86 summed the agreed
Financial Settlement between the EU and UK, with other
administration issues relating to the functioning of the Union
institutions, agencies and bodies.
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Ireland Trade issues
The UK has been Ireland’s second biggest trade partner and
with interdependent cross-border trade, transit routes, trade
patterns and industries operating on an all-island basis. In
2016 almost 13% of the total Irish exports were destined for
the United Kingdom [8]. The economic successes of Ireland’s
trade statistics show export of goods and services as a
proportion of GDP rose from only 24% in 1965 to 124% in
2015 [14].
Figure 1 shows the Irish trade shows with exports almost
€37 billion and imports about €31 billion. UK was the main
destination for Ireland’s FDI portfolios, supporting over
80,000 jobs in Ireland [3].

Figure 1 Ireland-UK trade and investment relation
Source: Copenhagen Economics
Irish freight logistics networks have evolved with the
networks for UK markets and extending to mainland Europe
through a seamless freight supply chain. The present freight
supply chain had evolved around UK centred logistics. The
proposed changes will require sustainable alternatives to the
probable delays or additional regulatory charges that would
increase the total costs.
3

REVIEWS OF PREVIOUS BREXIT RELATED
ARTICLES ON TRADE AND LOGISTICS ISSUES

This section reviews printed literature from three sources:
State departments, Industrial institutions and finally the media
reports, with special regards to Ireland and freight transport
industry. Declarations made by the UK’s political position
would be regarded as a third country as of 30 March 2019. For
this paper, date of the 30th March 2018 was selected as the
‘cut-off’ date for the literature review.

Government departments
o
Irish Department of Finance paper ‘UK EU Exit:
Trade Exposures of Sectors of the Irish Economy in a
European Context [1] examined the exposure on the EU
Member States (including Ireland) trade and economies
pressures resulting from BREXIT. Results from critical
examining the main UK and EU trade sectors showed the
inordinate exposure of in a large number of traded sectors,
especially the Agri-food sector. The paper concluded that
Ireland appears to be significantly exposed in both goods and
services sectors. This is true especially for the Services sector
arising from increasing the uncertainties and trade tariffs.
o
Department of Transport, Tourism and Sport
(DTTAS) convened a conference on ‘All-Island Sectoral
Dialogues on Transport & Logistics and Tourism &
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Hospitality: An overview of Brexit issues and concerns raised
at the Dialogues,’ [2] at the Crown Plaza Hotel, Dundalk on
the 23rd January 2017. The Conference was convened in two
sessions, with the morning session discussing ‘Transport and
Logistics All-Island Sectoral Dialogue’. The afternoon session
covered ‘Tourism and Hospitality All-Island Sectoral
Dialogue’. The summary of the all-island sectoral meeting
Transport & Logistics published in February 2018.
The Minister prioritised four BREXIT issues:
i. Economic and trading arrangements;
ii. Northern Ireland Peace Process including border issues;
iii. Common travel area; and
iv. Future of the European Union.
The conference were presented a set (6) of questions, based on
the above four priorities, for discussion (Item 4, page 3). The
Chairman assured the stakeholders that their deliberations
would be presented to the Department. Several stakeholders
requested, especially in the event of a ‘hard border, there
should be ‘a phased transition programme should be agreed
where significant changes’ (Item 4.1.6 page 6).
Other post-BREXIT suggestions were for:
 New shipping routes linking Ireland and mainland
Europe by-passing UK landbridge routes and networks
(with further administration, regulations, toll charges,
etc.);
 Air freight networks: New air network systems bypassing UK logistics and transhipments
o Additional businesses supplying security, surveillance,
customs clearance and cost reduction services may
experience increased demand;
There were recurring concerns raised regarding the
uncertainty about post BREXIT influences on currency
exchange, trade agreements, etc.
The afternoon session dealt with tourism issues, reflecting
concerns from the uncertainty about the final EU/UK border.
o
Department of Business, Enterprise & Innovation
(DBEI) commissioned Copenhagen Economics [3] to provide
an analysis on the post BREXIT implications. The paper
confirmed Ireland’s the unique exposure to Brexit based on
the very high trade relationships with the UK. Based on CSO
(2017) data, the report highlights five key sectors negatively
affecting post BREXIT: Pharma-Chemicals; Agri-food; (about
40% of its export market); Electric/electronic equipment;
Wholesale and retail sectors; and Air transport with
challenges on UK/Ireland routes
The report set out the four possible different scenarios post
BREXIT EU-UK economic models. However, these models
were all based on ‘a soft Brexit transition period leading into
the future trade agreement’ (page 32). The Report concludes
that with no major policy preparations for a ‘hard’ Brexit,
there would be very severe adverse knock-on effects on Irish
economy, GDP and transport networks.
O
Iarnród Éireann (Irish Rail)
Irish Rail Review Report (2016) [4] examined the operations
of the rail network with regards to demand and environmental
objectives. The review examined Irish Rail’s operation
liabilities and its financial commitments. The Review showed
Irish Rail’s proposals for managing the financial outlook with
the expenditure and earnings along with proposed State
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funding. AECOM updates its previous study1 , identifying
further funding requirements in view of shortfalls from the
2012 Rail Review. This critique reviews an earlier study2
listing the concerns about Irish rail operations, funding and
offers suggestions for improved management.

Industrial institutions providing research studies on
trade, industry and also on the influences on Irish economy
following BREXIT:
o
The Economic and Social Research Institute (ESRI)
offers Ireland based informed quality analysis and policy
research. The Institute has often provided in-depth analysis
and excellent research to other institutions.
The Competition and Consumer Protection Commission
(CCPC) commissioned the ESRI to assess the potential impact
on Irish households brought about by BREXIT. The paper,
‘Special Article: Brexit and Irish Consumer [5] addressed the
potential impact of over 4,500 products imported from the UK
on Irish household budgets.
The three issues considered that might influence Irish
customers: (a) exchange rates and its effect on import and
consumer prices; (b) possible additional trade barriers with
possible reduction in trade between the UK and the reduced
competition within EU could lead to higher prices; (c) trade
barriers add to cost of traded products, which are often passed
on to the consumer at higher retail prices.
The study showed that Ireland imported over 28% from UK
and exported 14.6 per cent of Irish goods exports (2016). A
“hard Brexit would increase the cost of living for all
households in Ireland by 2 per cent to 3.1 per cent – an annual
increase of €892 to €1,360 per household.”
o
Irish Exporters Association (IEA) represents the
export institutions, including the SMEs and lobbying on
behalf of the industry. IEA and BDO Customs &
International Trade Services, set out their recommendations
for the Irish export sector in ‘BREXIT: Preparing for 2018
[6], as follows:
1. EU freight movements (sea and air) will be dealt as nonEU movements.
2. Corporate administration (delays and costs) to provide
for the implementation of Customs, VAT and Excise for
EU and UK trade.
3. Introduce pre-notifications to customs (customs posts set
back from ports) for roll on- roll off traffic:
4. UK Traders will be subject to customs declarations and
checks for the first time.
5. Trusted Trader new status: allowing avoiding delays –
in particular at the N.I. Border.
 Trusted Traders: possible simplified options for lodging
customs declarations i.e. the monthly reporting
 Cross border trade: possible for aggregated returns and
periodic duty payments.
o
The Dept of Finance commissioned ESRI to report
on transport patterns of Irish international trade and the
1

AECOM (2012) 2030 Rail Network Strategy Review, April
2011, of the Infrastructure investments (maintenance and
renewal) up to 2030
2
Barrett, S.D, (2003) “The Irish Strategic Rail Review: A
Critique”, Quarterly Economic Commentary, autumn, p. 4058, The Economic and Social Research Institute. Dublin

possible scenarios arising from the impact of Brexit. The
ESRI report [7] offers possible scenarios on the future trade
flows, in weight and value and the implications on transport
modes (page 18) and cost.
The paper discusses alternate transits to mainland Europe and
international markets, by-passing the UK landbridge. There
would be new opportunities for alternate transport logistics,
supply chains and the modes connecting Ireland to mainland
Europe and international markets.
The Chartered Institute of Logistics and Transport (CILT)
presents the industries concerns and implications about
BREXIT [8]. The trade figures based on the CSO figures,
between Ireland and the UK and mainland Europe. The
paper concludes that one of the greatest difficulties from
BREXIT process arses from the uncertainty on final details.
Nick Fitzgerald, (LINKLINE 8th November 2017) presents
‘EU Supply Chains to back out of UK Operations as a result
of BREXIT’ [9], summarising the potential down-stream and
the resulting supply chain costs to UK business:
 64% suffering from currency fluctuation
 20% difficult to secure contracts post March 2019
 15% postponed/cancelled contracts because of
uncertainty
 25% companies spent huge sums preparing for Brexit
 63% EU companies plan to move supply chains out of
the UK
The paper quotes George Walsh, (CEO, Chartered Institute of
Procurement Supply) regarding the apparent lack of clarity in
explaining the BREXIT details. Walsh states that ‘... the
success of the negotiations should not be measured on the
final deal only but on how quickly both sides can provide
certainty’.
The Institute of International and European Affairs (IIEA)
states the Institute’s position on BREXIT, Ferris [10] and
the possible implications. He cautions Ireland’s two key
transport sectors, freight and aviation would be adversely
affected3.
The Institute’s newsletter, reporting on the progress of the
BREXIT [11] negotiations reported on Guidelines on: trade
in goods; reciprocal access to fishing waters; customs cooperation; technical barriers to trade; voluntary regulatory
cooperation; trade in services; access to public procurement
market and protection of intellectual property rights.

Legal institution:
o A&L GOODBODY is a leading corporate law firm,
was commissioned by the Irish Maritime Development
Organisation (IMDO) provide post BREXIT issues, scoping
legal and operational issues influencing, UK/Ireland and EU
shipping laws. Their paper ‘Brexit and Shipping (2016) [12]
sets out the possible significance of shipping in the UK and
the EU, with issues of importance to shipping in both the UK
and EU. In the next section on EU law and shipping, the paper
stresses the concerns arising from the uncertainty of the final
details of the agreements between the UK and the EU,
including Ireland.

3

Other sectors: maritime transport; the international
passenger; international bus and coach and international rail.
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Business lobby groups:
o European Sea Ports Organization (ESPO) as the
European interface between the seaports and
institutions presents their priorities on maritime transport
on following seven issues:
i. Importance of a trade deal
ii. Ensuring the free flow of goods in ports
iii. Enabling communication between UK and EU-27
Member State border authorities
iv. Cooperation between stakeholders
v. Investments to make affected ports “Brexit proof”
vi. Awareness raising campaign to inform shippers and
operators
vii. A sufficiently long transition period
It follows up with the following three points:
 Negotiators to prioritise maritime transport and the
freight flow between ports;
 Port congestion: "risks turning ports into bottlenecks
and disrupting established supply chains" at border
controls between U.K. and EU;
 Consider the additional costs upgrade terminals post
Brexit and suggest "sufficiently transition period" to
make adjustments.
O Ibec, representing Irish business, presented their
views on the process in their paper [14] and prioritised on
eight priorities: trade; transit; all island economy; free
movement; consumer market and finally currency. The
paper concluded with its three recommendations:
i. Working at local and national level, with government and
relevant state agencies, providing support to the industry
during this period of uncertainty.
ii. Working at UK and EU level protecting Irish interests
during ‘exit negotiations’ and forging new post BREXIT
relationship
iii. Supporting the industry during the Brexit process.
o Intertrade Ireland (ITI) commissioned ESRI to
investigate the World Trade Organisation (WTO) tariffs and
regime within the European Union Customs Union (EUCU)
and present the potential impacts on cross border trade after
BREXIT. The paper [15] defined the various tariff and nontariff charges and their influences. The paper evaluated the
differences between the present rates with the WTO tariff
rates and the potential impact on trade between the Republic
of Ireland and Northern Ireland and Great Britain. The paper
concluded that the scenarios considered were ‘hard border’
future EU-UK trading relationship. However, there were no
considerations presented in the alternative transport modes
and or routes.
o
ITI commissioned the ESRI to report on the CrossBorder Trade & Supply Chain Linkages on the extent and
contribution of trade [16]. The analysis was based on the CSO
data, on merchandise exports and imports of manufacturing
firms. The key findings identified that the cross-border trade
links reflected a high level of market integration; the success
of the two-way trade showed the major importance of the role
of supply chain links to the of cross-border trade. Finally, the
degree of success reflected the agility and innovation of
stakeholders managing the range and volumes of cross-border
trade.
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 Media: This review reports from the media, expressing
Irish and UK based reports on BREXIT transport issues.
Posaner and Livingstone highlighted [17] the difficulties from
the loss of the UK landbridge networks. The paper lists
added delays resulting from the customs inspections,
delayed connections from the loss of UK landbridge
logistics networks for Irish freight.
How BREXIT truck transit options
Figure 2 routes with Ireland UK landbridge and mainland

The paper lists the existing links to UK and to mainland
Europe links to France and Belgium. Figure 2: Transit links
Ireland/mainland Europe/UK landbridge and direct
 Dublin to UK: Ferries between Ireland and the UK, with
10 crossings a day, with a transit time of two or three
hours loaded with Roll-On/Roll-Off (RoRo) trailers or
Load-On/Load-Off (LoLo) on container ships. Even if
tariffs were avoided post Brexit, possible customs checks
could see Irish truckers slapped with four separate customs
controls on the UK landbridge -adding hours to transit
times.
 Directly to Cherbourg, in France, takes roughly twice as
long as the U.K. route. The direct ferry route to Belgium’s
Zeebrugge takes nearly three times as long.

Figure 3: Sea routes from Ireland to UK and main land Europe
Figure 3 shows IRISH Short Sea Routes to UK and EUROPE
 Ireland – UK mainland RoRo
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 Ireland – UK mainland LoLo
 Ireland – European Continent and Scandinavia RoRo
Ireland – European Continent and Scandinavia LoLo

Figure 4: Sea routes connecting UK to Ireland and main
land Europe
Figure 4 shows Short Sea links between UK to Ireland and
Europe.
 UK – Near Europe (Germany, Netherlands, Belgium)
 UK – France, Spain and Portugal (Channel)
 UK – Ireland
 UK – Scandinavia
 UK – Baltic
The authors refer to the Irish road haulage, especially to the
delivery paradigms in the food sector, with potential losses
and deterioration from delays. Variations on existing systems
(between Germany and Switzerland, also Sweden and Norway
called authorized economic operator system) would allow
British and EU the transport of goods across borders as long
as they meet predetermined health and safety standards.
Customs duties may be paid regularly and an agreed
procedure for borders inspections. Further, EU and British
officials would conduct random checks — which could take
place some distance from ports to avoid traffic jams.
Eoin Burke-Kennedy reported in the Irish Times
Ireland and the UK in numbers [18] (7th November 2017) i of
the CSO’s an update of the data on trade, employment,
migration and travel. This new page updates using up-to-theminute information from the agency’s statbank. Orla
McCarthy, a senior statistician at CSO, added that CSO ‘... did
plan to add further topics and indicators of interest’.
Simon Carswell [19] reported the need to upgrade Ireland’s
logistic linkages and realign Ireland’s connectivity European
and international markets. Carswell reported that EU Budget
Commissioner, Günther Oettinger, visiting Ireland (March
2018) had informed the Oireachtas finance committee that in
the event of a ‘super-hard BREXIT,’ the European Union
funds the new realignment of Irish links European ports.
4

CRITIQUE ON POST BREXIT INFLUENCES ON
IRISH FREIGHT TRANSPORT NETWORKS

The critique reviewed several articles, studies and reports
across Irish State departments, independent commercial
institutions and finally those representing the transport media.
It is acknowledged that there were very serious concerns of
the repercussions arising from the political uncertainties.

However, there were a no mitigating measures of the
challenges to logistics and networks after BREXIT.
State Departments: The reports from State Departments,
either in-house or outsourced to professional institutions, have
acknowledged the huge negative effects to the Irish economy,
trade and transport links resulting from the BREXIT process.
However, there were very few suggestions in new policy
measures, towards mitigating the difficulties to the Irish
SMEs, freight and trade sectors, etc. Further, there was no
planned investment infrastructure planned to the Irish logistic
networks compensating the ‘loss of the UK landbridge’.
Irish freight institutions: Irish transport-based institutions
reiterate the increasing interests in the widening of transport
networks. There have been increasing calls for direct links
between Ireland and mainland Europe, connecting short sea
(trailers and container ships) with rail networks.
Both the National Transport Agency and Iarnród Eireann are
committed towards providing rail solutions to congested roads
and achieving national green climate targets. However, there
are serious concerns about Irish Rail’s viability; increasing
accumulated losses, shortfalls resulting from reduced State
funding and poor returns. There has been an
acknowledgement that with further State subvention, there
must be improved service delivery, productivity gains and
with improved performances on both freight and passenger
services.
Observations from the media:
Irish press has highlighted the damage to the Irish delivery
links with UK. This would directly influence the Ireland/UK
freight process (exports, imports and financial transactions).
The loss of the UK landbridge would affect the delivery times
between Ireland and mainland Europe [17].
Ireland’s membership with EU institutions has provided
positive opportunities in the funding of new infrastructure
replacing the networks of the UK landbridge [19].
5

THE MISSING SCENARIOS

Notwithstanding the political uncertainties arising from the
UK politics, its influences on BREXIT ripples, there are other
issues with greater influences on Ireland’s wider transport
industry. They extend to failures in policies and a lack of
infrastructural investments realigning post BREXIT Ireland
and mainland Europe and overseas markets. They are:
Sulphur Emission Control Areas (SECA): Promoting to
make maritime transportation sustainable and environmentally
friendly, the International Maritime Organisation (IMO) and
adopted by the European Parliament (EU 2020 priority) has
stipulated that low sulphur marine fuel that must not exceed
0.1% (IMO, 2011) in designated areas. There will be huge
influences on ship operations involving bunker management,
replenishment, ‘cold ironing’ in ports, etc.
Sea Traffic Management (STM): provides a new platform
towards improving maritime interactions connects and
updates the maritime information exchange in real time. STM
reduces risks making efficient maritime transport chains
between stakeholders (port agents, cargo owners, ship owners,
bridge officers, service providers and State authorities).
Disruption: Appreciating new operational issues brought on
by the disruptive influences extending to the autonomous
technologies in ships, ports, etc. and the industry.
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6

CONCLUSION
This critique reviewed the publications on BREXIT by the
Irish State and industry. Based on the material reviewed, the
assessment is that a convincing case has not been made for
post BREXIT Irish transport interests and industry, especially
around the maritime sector. There are two issues arising with
this particular review. Firstly the BREXIT political issues
have not yet been agreed and secondly, there was lack of
definite long term planned process with an investment scheme
on transport.
Failure to exploit the importance of smart sustainable
transport policies have led to several inefficient polices and
delays in planned infrastructure over more than three decades.
A major reassessment of the Department of Transport,
addressing the current deficiencies in policies and investment
would provide leadership to the industry. The synergies from
direct linkages between Departments (Transport, Taoiseach,
Finance, Business, Enterprise and Innovation and finally the
Employment Affairs and Social Protection) would allow for
a community approach reflecting 21st century transport needs.
This would permit the industry to plan for an industry facing
new disruptions, technological challenges and human
resources. The reforms would offer solutions for the new
paradigms for a sustainable passenger and freight transport
industry.
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Brexit: Adding extra links to already taut Supply Chains to and from
Europe
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Review options available for exporters and importers to avoid, where possible, the continued use of the UK as a
land-bridge to Europe and mitigate the effects of extra time delays and additional costs to products. The views
and requirements of current service providers and service users were explored and potential alternatives to access
certain geographic markets with time sensitive products investigated. Limited options exist as most of the
infrastructure and capacity is not in place. There is still quite a number of possibilities to offer service users,
however, as negotiations are ongoing, the final goal remains elusive. Serious consideration should be given to the
development of the direct links to and from Europe via France.

KEY WORDS:
Supply Chain; Borders; Customs inspections; Contingency Planning; EU; Brexit; Ireland; AEO.

Many Organisations in Ireland and on mainland
Europe are faced with the very real possibility of
extra customs and border controls when transiting
the UK. These unknown delays could potentially
add additional costs and valuable time to exporters
and importers on products and service providers.
The challenge is in finding alternative routes from
Ireland to mainland Europe and vice versa.
As an Island we have no option but to use sea
routes to export and import. The value of exports in
2017 totalled €122 billion (Central Statistics
Office), of which €5.4 billion was exported to the
EU (Table 1). The volume of business between IRE
and EU and percentage that travel on the land
bridge via the UK to Europe. As discussions on
Brexit continue, it is the uncertainty of realistic
outcomes that causes difficulty with our
competitiveness. Supply chains already exist on
predetermined routes and sources. Making changes
to these chains require careful planning and takes
time to set up. An element of flexibility is also
required although not at extra costs. “Two thirds of
Irish goods exporters make use of the UK land
bridge to access continental markets.” (Copenhagen
Economics February 2018). In short, strategic
supply chains as organizational entities are more
likely to succeed when they are able to adapt
and align with the demands of the external
environment (Thompson, 1967). - Thompson,
J.D. (1967), Organizations in Action, McGraw‐
Hill, New York, NY. [Google Scholar]

Following UK decision to leave the EU, Irish
exporters and importers will have potential
difficulty in reaching our main market in EU. The
main route for our products is EU and majority of
traffic is via the UK on land bridge – short sea
crossings to UK and then to France. Any agreement
reached between EU and the UK will result in
checks at borders in some way. The majority of
discussion surrounds the economic implications of
Tariffs and the very real possibility of increased
border inspections. The exact added cost and time
to already pressurised manufacturers and service
providers as a result, is unknown. Negotiations still
continue on what status will the EU/UK adopt in a
formal Trade agreement. Regardless of Customs
Union (CU), Free Trade Agreement (FTA) or WTO
Scenario (WTO) scenarios, customs inspections
will still be required (Report to Irish Government
by Copenhagen Economics – 2017 Pg. 22/23).
Delays at borders due to inspections could delay
freight shipments by between 30 to 60 minutes
(Study for the AFCO Committee Nov 2017
quoting – Breemersch T and Vanhove F, on
impact of border controls within Schengen on
the single market) It can be argued that
introducing the same controls at the between the
UK and EU the same situation could arise, thus
adding further delays especially to time sensitive
products. It will also add additional costs to
shipments and ultimately to prices of finished
products “documentation and customs compliance
requirements, lengthy administrative procedures
and other delays can increase transaction costs an
estimated 2 to 24% of the value of traded goods”
(Study for the AFCO Committee Nov 2017
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quoting – Moise E and Le Bris F, ‘Trade Costs:
What have we learned? A Synthesis Report’),
OECD, Trade and Agricultural Directorate, 15
April 2013. Potential for additional 4 checks and
delays for transiting UK – extra costs as
above…and time delay of up to 1 hr per inspection.
Industry feels there is also potential for the UK to
introduce road charging schemes or other cost
adding or time-consuming rules on Irish/EU
traffic… (industry to Copenhagen Economics).

Alternatives suggested include appointing more
AEO’s and possible border controls similar to those
in use between Norway & Sweden, Switzerland
and the EU to ensure smooth transitions of product
across borders. AEO registration can be expensive
and many operators are reluctant to sign up. In the
absence of any trade agreements, contingencies in
Supply Chain is paramount to avoid any disruption
to supply. AEO – Authorised Economic Operator.
Suggestions include AEO status – reducing waiting
times and possible inspections…. however, this
will still cause delays at ports for both exporters
and importers, as this will not eliminate the need
for some checks. Any economic operator
established in the customs territory of the Union
who is part of the international supply chain and is
involved in customs-related operations, may apply
for the AEO status. Mutual Recognition of AEOs is
a key element of the WCO SAFE Framework of
Standards to strengthen end-to-end security of
supply chains and to multiply benefits for traders.
By mutual recognition of AEOs two customs
administrations agree to recognise the AEO
authorisation issued under the other programme
and provide reciprocal benefits to AEOs of the
other programme. The EU has concluded and
implemented Mutual Recognition of AEO
programmes with Norway, Switzerland, Japan,
Andorra, the US and China. Further negotiations
are currently taking place or will be launched in the
near future with the other most important trading
partners. In addition, the EU is providing technical
assistance to a number of countries to prepare them
to set up AEO programmes. (EC/Europa)

Transit time to Europe varies dependent on which
route is taken. Figure 1 (Source: RSA - EU drivers
hours regulations) indicates hours Commercial
drivers are allowed to work and using this
information, it takes and average of operate and
figure 2 indicates average transit times to mainland
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Europe. Given the potential delays envisaged at
border checks and inspections, alternative routes
direct to Europe, although slightly longer, overall
assure manufacturers and producers assured transit
times without inspections or time delays. EU
regulations for driving times – increased due to
potential delays at border inspections twice
potentially on entry and exit of the UK to mainland
EU – increase time drivers will be required to rest
and take enforced breaks.
Across in Wales, the main ports a=of Holyhead and
Fishguard/Pembroke will fell the additional burden
of extra traffic and delays. Dr Andre Potter’s
opinion (Dr Andrew Potter- LSE Brexit) on the
border issue indicates “if ‘hard’, traffic may well
migrate to non-Welsh ports unless ports, the supply
chains they form part of, and government agencies
take steps to reduce the potential delays. A ‘hard’
border would increase delays and it may be more
cost and time effective for a trailer to travel without
a driver on the sea leg, for which Liverpool
becomes a more attractive option. However,
perhaps the one issue that could have the biggest
impact here in Wales is whether the border with
Ireland is ‘hard’ or ‘soft’. If ‘hard’, traffic may well
migrate to non-Welsh ports unless ports, the supply
chains they form part of, and government agencies
take steps to reduce the potential delays.”

HMRC (UK Customs authority) estimates that the
number of customs declarations at Dover and
elsewhere could rise from 60m a year to 300m a
year. The increased compliance will stretch
facilities at ports, such as Dover, because more
vehicles will have to be stopped (currently only
about 3% are subject to checks for paperwork
because the lorries are from outside the EU).
Suggestions that these customs checks may take
place in land, after going through the port, but a
location or system to ensure that lorries maintain
compliance has yet to be suggested or determined.
The Road Haulage Association (RHA) in the UK
states that approximately 30% of all food
consumed in the UK come from the EU,
transported in trucks. The extra time to be
processed and cleared through customs will have to
be factored in, especially when considering the
short lifespan of food, to ensure that the goods are
able to get to market in time.
Analysis - what impact will Brexit have on
supply chain operations?
NICHOLAS HALLAM Sep 07, 2017,
url:
https://www.supplychaindigital.com/scm/analysiswhat-impact-will-brexit-have-supply-chainoperations (Google Scholar)
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CONCLUSION
Currently without an agreed Trade agreement,
proposals and discussions for a Hard or Soft border
are ongoing. Regardless of proposals for similar
agreements already in place with Norway,
Switzerland and Turkey and best indications of 3
scenarios, all will include extra inspections and
delays at border crossings wherever they may be. It
can be argued that as trade will continue, direct
access via the UK is still the best route to Europe,
extra costs will have to be taken into consideration
as a result of Brexit. Time sensitive goods appear to
be affected most by border crossings and therefore,
indicates the real difficulty faced with exporters
from Ireland to the Continent. AEO status for many
operators and manufacturers suggests an effective
“Green Corridor” through customs channels. Slow
uptake from all parties to become AEO’s suggests
reluctance to commit financially and legally to the
process. Opinion in the UK also suggests
preparation is required for a border in some form. It
is important to note that as negotiations are ongoing
and the formal date has not yet been reached, there
are still new articles and commentary appearing.
Serious consideration to improved direct routes to
the continent to be researched in more detail.

Table 1
Goods Exports and Imports classified by
country
€million
Exports
Country

Feb
2018

Austria

JanFeb
2018

Imports
JanFeb
Feb
2018 2018

31

64

33

60

Belgium

1,543

2,974

108

230

Bulgaria

6

14

1

4

Croatia

3

7

1

2

Cyprus

3

5

0

0

Czech
Republic

40

91

58

105

Denmark

47

108

41

83

2

4

2

2

Estonia
Finland

22

43

14

25

France

427

897

684

1,053

Germany

797

1,573

789

1,479

1,051

2,238

1,351

2,778

35

73

4

8

Great Britain
Greece
Hungary

20

45

9

17

193

442

227

478

Latvia

4

12

5

9

Lithuania

3

4

6

18

Luxembourg

7

20

5

10

44

46

0

1

Netherlands

490

1,037

216

439

Northern
Ireland

151

302

103

204

Poland

91

169

45

94

Portugal

35

66

25

41

Romania

24

55

6

12

Slovakia

6

10

4

8

Slovenia

9

15

3

5

164

365

202

330

78

142

54

136

Italy

Malta

Spain
Sweden
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EU country
not
specified2

6.
12

23

17

40

Total EU

5,337

10,844

4,015

7,671

of which
United
Kingdom

1,201

2,540

1,454

2,982

Euro-Zone3

3,815

7,650

2,328

4,196

Figure 1

Figure 2
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DETERMINATION OF THE CRITICAL ECONOMIC CORRIDOR ZONES
SERVICING DUBLIN CITY
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As road traffic volumes in Dublin increase the resultant congestion will inevitably put roads
authorities back into the eye of the storm. These two represent a necessary component (volume) and
undesired resultant by-product (congestion) for the existence of modern life and in order for the economy
to function and thrive. And with the tentative steps we are taking into a post-recession economic world,
coupled with threats and opportunities that will likely present themselves in equal measure due to ‘Brexit’,
the stakes couldn’t be higher. Our roads and the network of transport interconnections that is already in
place are the taken-for-granted infrastructure that presents Dublin with a competitive advantage. Following
a methodological approach, this body of work examines the network of roads in Dublin and identifies
which zones of the city carry the most volume of traffic, which zones are the most congested and using a
multi-factorial approach identifies which zones could be deemed most critical.
ABSTRACT:

KEY WORDS: data mining, SCATS
1

INTRODUCTION

Cities like Dublin, Ireland being the hub of
economic activity on that island generate and attract
vast amounts of traffic each day. With so much
traffic radiating towards (and away from) the
centre, traffic jams and congestion have an effect
on movement.
The transport mode share throughout the Irish
State in recent years identifies car as the main mode
of transport with share of all transport trips by that
mode ranging from 73.0 percent to 76.5 percent
when passengers are included.
In Dublin city the figures are quite different.
Dublin City Council has been monitoring traffic
entering the city via both the Royal Canal (to the
north of the city) and the Grand Canal (to the south
of the city) since 1980. These counts tally the
numbers of cars, buses, taxis, cyclists, motor bikes,
lorries, goods vehicles and pedestrians entering
through the canal cordon during the AM peak
period 07:00 – 10:00. The counts take place during
the month of November when traffic is usually at
its peak volumes.
Figure 1 details the percentage break-down per
mode (of vehicle volumes) entering the city centre
via the canal cordon split out by mode over the
years 2006 – 2015. Once again, car is by far the
most prevalent mode (in terms of vehicle numbers)
on the city streets.

Figure 1 – Mode share (vehicle numbers) in percentage
terms (1)

By further analysing public transport surveys in
conjunction with the Canal Cordon Counts, Dublin
City Council and the National Transport Authority
(NTA) derive the number of people engaged in
each mode of transport.
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These modes are further sub-divided into
sustainable modes (incl. public transport, cycling
and walking) and Car, Goods & Other modes of
transport. This data shows that in 2015, 2/3 of all
trips into Dublin city during the AM peak period
(07:00 – 10:00) were taken on sustainable modes.
2

BACKGROUND

Given the importance of transport in the Dublin city
region coupled with an increasingly-thriving
economy, falling unemployment and with traffic
volumes and congestion naturally following these
associated trends; and as significant resources –
which include human and financial – are invested in
the transport sector on an on-going basis – to
improve public transport offerings and to encourage
mode shift from unsustainable modes to sustainable
modes – understanding the locations of the most
heavily trafficked and congested areas of the city is
a valuable competitive advantage.
3
3.1

LITERATURE REVIEW
Transport Interconnections

In 18th century Dublin, city transport was
characterised by walking in the main with those
who could afford luxury travelling by horse back or
horse-drawn carriage depending on their social
status. The Dublin Paving Board was established in
1744 to bring civility to the city of Dublin; the city
having come a long way since its foundation in the
9th century, however it had not thrived as much as
other similar-sized European cities, still having
only one bridge across the river Liffey up to 1610
(2). The Dublin Paving Board enriched the city by
setting out templates for wider streets and
footpaths, waste removal, public lighting and –
even at that early stage – plans for dealing with
traffic congestion (3). Later travelling by stage
coach (1820), horse-drawn buses (1840), horsedrawn Omni buses (1850) and horse-drawn trams
(1872) was more common-place and relatively safer
due to the improvements laid out by the Dublin
Paving Board (4).
Travel by railway began in 1834. Development and
settlement further into the countryside was enabled
and by 1918 there were in excess of 5000
kilometres of railway throughout the country.
Electrification of the tram network began in 1911
by which time Dublin had developed an impressive
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public transport offering to its increasing population
justifying its position as the second city of the
British Empire (5). Two ubiquitous forms of
transport throughout all this development were
those of walking and cycling, however, it was the
introduction of the first motor car to Ireland (1896)
and other derivates of it (buses and lorries etc.) that
was to have the most profound impact on the
transport infrastructure of the State which continues
to this day.
The proliferation of motor vehicles over the
following years meant that road transport was now
becoming the most popular mode putting both the
railways and city trams under increasing pressure
for survival (6).
3.2

Macro Economics

Having achieved independence from the United
Kingdom (UK) in 1922 the Irish Free State sought
to embed policies that would ensure economic self
sufficiency. Built mainly on agriculture and exports
from that sector to the UK with small-scale
manufacturing for a population of less than 3
million people it soon became clear that this model
was not sustainable (7). A political shift in
economic policy from this Protectionism towards
Free Trade in the 1950’s lead by Taoiseach Sean
Lemass ultimately paved the way for membership
of the European Economic Community (EEC). This
paradigm shift in economic thinking was required
as in the 1950s Ireland was defined by high
unemployment, increasing emigration and an overreliance on the UK market for its exports. Ireland’s
first application to join the EEC was made in July
1961 but ultimately failed due to a veto made by the
President of France, Charles de Gaulle who did not
accede to allowing the UK join; this veto meant that
Irish membership was also out of reach for the time
being (8). Following a change in leadership in
Ireland and in the UK a second joint application for
membership was submitted by the UK and Ireland
in May 1967, however, a swift response confirmed
that de Gaulle was still not favourably disposed to
the UK joining the EEC; again going it alone from
our largest trading partner was not an option and
Ireland too were informed that their application
would not be entertained. The resignation of de
Gaulle in 1969 changed matters; with this
significant change in the political landscape in
France, enlargement of the EEC now looked
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possible – negotiations began in 1970 (9). Ireland
finally joined the EEC on 1st January 1973.
Despite our continued close economic linkages
with our nearest neighbours in the UK coupled with
our tight cooperation in our initial applications to
join the EEC in the early days, Ireland and Europe
as a whole is now entering a phase of uncertainty
due to the UK referendum result termed Brexit;
Britain’s exit from the EU. The vision of an “evercloser union among the peoples of Europe” where
social, economic and political inequalities amongst
the member states were to be aggressively targeted
(10) now seems as far away as ever. Transport and
movement of people, goods, services and
information is fully understood and manageable
under the current open economy of Europe;
however doubt surrounds the future of this key
driver of trade (11).
3.3

cities located inland) which in turn increases
demands on the environment leading to a loss of
natural habitat (15). Housing and employment is
increasingly coming under pressure. Urban energy
use is expected to rise three-fold by 2050 (16) and
transport where traffic congestion, longer
commuting, insufficient investment in public
transport and lower-than-required take-up of
sustainable modes will combine to ensure
inefficiencies in the movement of people, goods,
services and information (17).
In an effort to meet some of the challenges that
are predicted ahead the government of Ireland has
developed a framework for investment in
infrastructure over the years 2016 to 2021 for which
€30 billion has been budgeted. All major areas of
importance have been targeted however; the sector
allocated by far the most amount of money over the
lifetime of the plan is Transport (18).

Globalisation

In 2015 the total global population was estimated to
be approximately 7.4 billion people. Europe stood
at approximately 740 million with Ireland having a
population of approximately 4.7 million people
(12). In their 2015 revision forecast out to the year
2100 the United Nations Department of Economic
and Social Affairs predicted that the total global
population will rise to approximately 11.2 billion, a
rise of an additional 53 percent on the 2015 figure.
Europe they estimate will have a population of 646
million a decline of 13 percent with Ireland
predicted to rise to approximately 6.4 million
people marking an increase of an additional 36
percent on 2015 levels.
Inherent in these forecasted changes the focus
of these population centres will be towards cities in
increasing numbers. Prior to the 1990’s less than
forty percent of the global population lived in urban
areas. This figure rose to fifty percent within twenty
years of that date. And it is expected that by 2050
seventy percent of the world’s population will live
in cities (13). This will increase the pressure on
municipal governments and local authorities who
are charged with managing city infrastructure and
services for their citizens. Already resources are at
tipping point; water supply is susceptible from
increasing pressure from population growth and
climate change (14), coastlines are coming under
threat as cities located by the sea are attracting a
disproportionate number of inhabitants (than those

3.4

Urban Data

Investment in technology has also taken place.
Urban data systems are not a new phenomenon with
early contributions on the matter questioning the
advantages of such systems when compared to the
(huge at-the-time) financial costs (19). However, in
the intervening period, and after strategic
investment, the amount of sensors present in the
urban setting has seen exponential growth. This
growth has been fuelled by the amount of low-cost
high-availability sensors which now give
unprecedented levels of monitoring capability. In
addition to this the proliferation of smart phones,
tablet computers and other mobile devices has
enabled instant sharing of events to take place in
real-time. These then combined with social
networks such as Twitter have given rise to new
ways of interacting with family, friends and other
people. All combined, these have been catalysts for
the growth in quantity, quality and variety of
heterogeneous urban datasets (20). Sensors whether
static, mobile or social now deliver insights into
modern city life; a study of taxi trips in New York
city showed economic activity and origin and
destination mobility details of the 500,000 taxi trips
taken each day in the city (21); travel optimisation
in Madrid has empowered commuters to efficiently
plan their journeys (22), other cities such as
Montreal are making urban data available in the
areas of real-estate, transportation, food safety and
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libraries (23); Lyon is making use of their city bike
scheme (Velo’v) to gain insights into their
customers usage patterns such as demographics and
mobility patterns (24); and others have analysed
social data to discover links between dwelling
locations and stress (25). Urban data has the
potential to improve the living conditions and
metropolitan experience for city dwellers around
the world.

4

3.5

Datasets
In determining the nature of economic corridor
zones inbound to Dublin city during the AM peak
period SCATS volume and DS data was mined.

The Case for the Smart City

In the Irish context it will be the movement of
people to cities that will pose the greatest challenge
for future generations. As our cities become bigger
and more crowded so too must they become Smart.
They must do this in order to capitalise fully on the
economic advantages of having large population
densities in relatively small catchment areas.
However, as urban areas become more crowded so
too do demands for the services supplied to citizens
living there. In terms of transportation this is also
the case. We have seen the planned investment in
the city centre core of Dublin to the tune of €150
million over the next five years or so. Transport is
the interrelationship between most economic
activities; carrying raw materials to manufacturing
plants; finished products to distribution centres;
purchases to customers; workers to jobs; students to
schools and every other function upon which it
relies. Economically it enables wider distribution
channels bringing products, people, goods, services
and information to a wider market (26). Strong
positive correlations have been found to exist
between investments in transport infrastructure and
growth in the economy in general (27) and between
per capita GNP with freight and passenger
transportation in particular (28). Furthermore in the
Irish context it is documented that three main
benefits arise from such investment: the first relates
to opportunities arising from the investment
including better access to new markets. Secondly,
reduced travel times have far-reaching economic
benefits right across the economy. Thirdly,
transport can lead to the generation of hubs that
have a positive collection effect where the knockon benefits accrue to both business and society
(29).
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METHODOLOGY

A number of datasets were identified such that they
might offer information in pursuit of the overall
goals of this body of work namely; the
identification of the economic corridor zones of
Dublin city. These datasets extended to include
SCATS (Sydney Coordinated Adaptive Traffic
System) Volume data and SCATS Degree of
Saturation (DS) data.

SCATS
SCATS was initially developed in Australia by the
Department of Main Roads in the 1970’s. SCATS
is traffic management software that uses a unique
blend of hardware, software and control philosophy
to deliver real-time adaptive traffic management.
Unlike other traffic control software SCATS
generally operates in dense urban environments
where optimisation at the network level is desired
over that of optimisation at the intersection level
(30). Dublin City Council as the roads authority for
Dublin city employs SCATS as its preferred traffic
management software where it is installed at
approximately 850 intersections throughout Dublin
city and region.
SCATS reads information from vehicles as
they pass over detector loops which are buried in
the roadway at traffic-controlled intersections. This
information is processed through an off-site server
which carries out much of the calculations required
for the efficient running of intersections. SCATS
architecture consists of a SCATS Central Manager,
one or more Regional Computers and a number of
traffic-controlled intersections.
This study identified sixty-four intersections
throughout the region to act as a model for the
entire city traffic network. A graphic illustration of
an intersection is presented such as the example in
Figure 2. In the example in Figure 2 the rectangles
are numbered 1, 2, 3, 4, 5, 6 and 7. These
rectangular symbols represent detectors placed in
the roadway the data from which determines how
SCATS operates the intersection.
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There were 1,834,608 rows of data in this
dataset. Once all data was extracted and preprocessed it was further analysed using Tableau.

Figure 2 – SCATS Graphics illustration of intersection 151
‘Hanlon’s Corner’ at the intersection of Old Cabra Road and
Prussia Street with the North Circular Road (31)

Detection of vehicles is a critical aspect of the
successful management of traffic. In order to
optimise efficiency at intersections SCATS uses
various types of detectors; most of which in the city
of Dublin are inductive loop detectors fixed into the
roadway. These induction loops detect the presence
or otherwise of a vehicle; more precisely these
detectors are based upon the principle of the change
of inductance in a coil whose electro-magnetic field
is interrupted by a ferrous-metallic object (e.g. the
chassis of a car). When a vehicle approaches a
SCATS loop detector this demand detects the
presence of a vehicle and increases the volume
counter by one vehicle. Therefore, throughout
Dublin city SCATS loops are counting the volume
of vehicles traversing each intersection, in each
direction all of the time.
Volumetric Data
As traffic flows through Dublin city, intersections
with SCATS control use detection to manage
conflicting demands in an appropriately-efficient
manner. On travelling through these intersections,
vehicles are detected and one of many parallel
actions that takes place at the Regional Computer
level is that of recording traffic volumes across
each detector.
Traffic Reporter is a software application
that is used by traffic managers working for Dublin
City Council to analyse on-line or export data
collected at each SCATS-controlled intersection
throughout the city. For the purposes of this study
all data was downloaded and analysed off-line
using this tool.

Congestion Data (Degree of Saturation)
The principal elements of interest to traffic theory
include flow, flow rate, speed, density, occupancy,
space time and headway. Each of these factors is
present and plays an important role in ubiquitous
traffic movements. Mismanagement of one or more
of these factors can result in the inefficient use of
road space and therefore can lead to poor traffic
management causing unnecessary delays and
congestion. Degree of Saturation (DS) is a SCATS
measure of traffic density and relates to how
efficiently road space is being utilised. As vehicles
pass detectors at SCATS-controlled intersections,
data on flows (number of vehicles per hour);
occupancy (how long vehicles are taking to cross
the loops), headway (time between vehicle
detections) and space-time (the amount of time
when no vehicles are present) amongst other critical
parameters are recorded. SCATS uses aspects of the
information collected from detectors to calculate a
DS percentage, where values of greater than 100
percent indicate that there is insufficient green time
to satisfy demand and where values such as these
are present, congestion soon follows (30).
As the flow of vehicles through an
intersection increases so too does the density up
until it reaches a maximum flow condition (Qmax) as
indicated in Figure 3. At this point the intersection
(or the approach) is operating at its maximum
capacity. Beyond this point deterioration in the
intersection (or approach) performance occurs. This
deterioration continues up until a point where a
maximum density condition is reached at which
time flow returns to zero and a traffic jam occurs
(jam density). From Figure 3 it can be seen that for
every value of flow there are two values of density
depending on whether Qmax has been exceeded and
therefore whether free-flow or congested conditions
exist.
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routes and zones; and the most congested routes
and zones throughout the city.
By Volume
Using the latitude and longitude coordinates of each
intersection Figure 5 shows the geographic layout
and dispersion of the sixty-four intersections
examined throughout the city.

Figure 3 – Traffic engineering flow / density curve

Furthermore SCATS measures space time as
illustrated in Figure 4 which is the amount of time
that SCATS loop detectors do not have a vehicle
crossing over them. The average space between
vehicles when maximum flow is achieved is termed
the Optimum Space Time.

Figure 4 – Diagram of space time

DS represents an efficiency in road space usage so
is therefore a good proxy in determining congestion
at an intersection, along a route, throughout an
entire zone or across the whole city. DS data was
downloaded in a similar way from Traffic Reporter
to that of volumetric data.
5

IMPLEMENTATION
MINING)

AND

EXPERIMENTATION

(DATA

This section examines each dataset in turn; the data
now having completed its pre-processing stage is
clean and ready for examination.
Determination of Dublin’s Economic Corridor
Zones
The SCATS volume and DS datasets were mined
separately to identify the intersections exhibiting
the largest volumes and highest degrees of
saturation respectively so that when aggregated at
the zonal level gave an indication of the busiest
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Figure 5 – Overall view of intersections analysed during this
study

The data used for this study has been collected for
the years 2013, 2014 and 2015 and collectively
across the sixty-four intersections analysed over
this period there have been 1,086,052,714 vehicle
detections.
In order to identify the key economic
corridor zones the methodology proceeded to
identify which intersections processed the most
amounts of vehicles on average during the AM
peak traffic period (07:00 – 10:00) during
weekdays. The analysis was conducted separately
over each of the years 2013, 2014 and 2015.
The methodology continued such that it
became important to group a number of
intersections together in a logical way to create
zones throughout the city. Firstly the city was
divided into the northside (Direction_1) and
southside (Direction_2).
The zones were then established in an anticlockwise motion from the north-east of the city;
Zone 1 North-East, Zone 2 North-Central, Zone 3
North-West, Zone 4 South-West, Zone 5 SouthCentral and Zone 6 South-East (illustrated in Figure
6).
By Congestion
A measure of congestion is not explicitly calculated
by SCATS, however Degree of Saturation (DS), its
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measure of traffic density, which is directly
measured by SCATS acts as a proxy for congestion
for the purpose of this study. Extraction of DS data
can be considerably more cumbersome than that of
SCATS volumetric data therefore DS data was
extracted for each intersection on each of the four
Wednesday’s in November 2015.
Ranked
This section provides the reader with information
relating to the ranked traffic volume and traffic
congestion analyses at network and intersection
levels.
By Volume
Amongst other criteria stated, all data contained in
this section is filtered by weekday (Mon-Fri) and
hour-of-day (07:00-10:00). Initially at the Direction
Level (i.e. northside or southside) analysis was
carried out to determine if there were any major
differences in average hourly traffic volumes per
intersection on the northside versus those on the
southside Figure 6.

Figure 7 – Zones ranked by congestion

Combined
In order to identify which zones were most
significant at delivering higher average volume
whilst minimising average congestion a multifactorial approach was carried out. Considering
volume, each zone was initially assigned a number
from 1 to 6 based on the ranking of that zone from
SCATS volume analysis. Therefore, zone 2 having
been ranked in first position gets a value of six
assigned to it. Zone 4 was ranked in second position
and was thus assigned a value of five and so on
decreasing in assigned value to zone 6 which was
ranked in sixth position and therefore was assigned
a value of one. A factor of (plus) two was assigned
to volume as it was considered to be of a positive
economic benefit when larger volumes arrive
through a particular zone. Evaluating the
contribution congestion has on each zone where a
factor of (minus) one was assigned. This value was
considered reasonable as congestion has negative
connotations – see Table 1.
Table 1 – Zonal analysis for average traffic congestion

Figure 6 – Zones ranked by traffic volume for the year 2015

By Congestion
The data was examined, aggregated and ranked
based on data from 4th November and 25th
November 2015. This information was then split
out to the zonal level. The ranking positions are
confirmed in Figure 7.
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Giving an overall ranking as follows (Figure 8).

Figure 8 – Multi-factorial-ranked zones
6

RESULTS

The use of SCATS data to estimate the number of
vehicles entering the city of Dublin on weekdays
during the AM peak period (07:00 – 10:00) was
carried out by mining SCATS volumetric data.
When examining the volumes of vehicles entering
Dublin city, knowing which radial approach roads
and zones carry the most (or least) traffic is of
importance to a number of stakeholders. Due to its
physical size, its development, its settlement
patterns, and its medieval core, it is unlikely that
many new roads will be built in the city in the near
future. However, with an estimated transport asset
replacement cost of €2.35 billion including, but not
limited to the network of roads, streets and
footpaths (measuring approximately 1,200km in
length), its 147 bridges and numerous public
lighting and traffic light installations Dublin City
Council, the roads authority for the city, may use
this knowledge discovery for a number of Business
Intelligence uses such as when planning upgrades
or maintenance on these road corridors. This work
(and financial expenditure) can be prioritised based
on the relative magnitude of each corridor.
In order to make most use of existing road
assets, intelligent transport systems (ITS) are
currently deployed throughout the city in the form
of SCATS traffic-controlled intersections, CCTV
cameras, variable messaging signs (VMS), Realtime Passenger Information (RTPI) and INSIGHT
to name a few. In this regard, the knowledge
discovery identified in this study relating to
economic corridor zones could identify possible
locations within each zone for future investment in
such ITS equipment.
Other stakeholders such as the Department
of Transport and the National Transport Authority
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might use this information when planning upgrades
to existing public transport offerings; where bus
lanes might be included along certain sections of
these zones to improve the performance of buses
due to the presence of large volumes of other road
users that currently share the same road space.
These authorities may also use this information to
plan extensions to other transport modes (e.g.
further expansion of the Luas network) or to assist
in the evaluation of whether new forms of public
transport are required for certain areas (e.g. Metro).
Knowing the patterns of movement of people,
particularly the areas of the city where most road
users travel along is of great importance to
advertising companies. For example, as part of the
greater Civic Amenity Contract between Dublin
City Council and advertising company JC Decaux,
the former provided prime advertising locations in
return for delivery of the Dublin Bike Sharing
Scheme (dublinbikes) which was launched in 2009.
Having information relating to the volumes of
traffic travelling through the city which can pinpoint those areas of highest volumes is a clear
advantage should further extensions of the verypopular dublinbikes scheme (in excess of 3.7
million bike journeys since its launch) ever occur.
7

DISCUSSION AND CONCLUSIONS

This body of work has examined SCATS
volumetric data and SCATS Degree of Saturation
data. Initially, the volume dataset was mined over a
three-year period to establish what areas of the city
of Dublin were the most heavily trafficked during
the weekday AM peak period (07:00-10:00). This
analysis has concluded that the north-central zone is
the most heavily trafficked, followed by the southwest zone, then by the north-east zone, the northwest zone, the south-central zone and finally the
least trafficked zone, the south-east. Secondly, the
SCATS DS data was analysed as a proxy for
congestion to highlight those zones within the city
of Dublin experiencing the most road overcrowding during the AM peak period. Most
congested was the south-central zone, followed by
the south-east zone, then the south-west zone, the
north-central zone, the north-east zone and finally,
the least congested zone, the north-west.
Combining these two results, using a multi-factorial
approach the overall corridor zones in the city of
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most significance due to their volume-congestion
composition were identified.
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ABSTRACT: While many transport infrastructure projects have been proposed, in the Global South, aiming at bringing economic
development to remote areas, researchers have long advocated that large investments in roads construction and improvements are
not enough to guarantee poverty alleviation. This paper draws upon literature to shed light on this recurrent misperception and to
develop a framework of an ex-post social impact assessment of transport projects. This framework is applied to a case study in
Northeast Brazil, in which we analyse the social impacts of a large transport project performed over the last decade, namely, the
widening of the motorway BR-232. Since only one stretch of the motorway has been widened, a quasi-experimental study is
proposed to compare the municipalities alongside the motorway which have received the treatment (road widening) and the control
ones (alongside the non-widened stretch). Considering that the construction happened during the Brazilian intercensal 1period, the
main datasets examined in this panel study are the censuses of years 2000 and 2010. Thus, a wide range of social indicators of the
municipalities within the area of influence of such motorway are assessed by means of a double-difference matching technique.
We compare the results obtained with and without Propensity Score Matching method to emphasise the importance of including
context dependent factors in the analysis. Our findings show that while people living in less severe levels of income poverty have
been favoured to a certain extent from such transport intervention, people living in extreme poverty have been negatively affected
from the same transport investment. This work emphasises the necessity of including social impact appraisals when designing and
prioritising transport projects.
KEY WORDS: Transport Planning; Social Impact; Northeast Brazil, Extreme Poverty.
1

INTRODUCTION

Ever since the late 1960’s studies assessing the links between
poverty and transport have become ever more frequent in the
academic literature [1], [2], [3], [4], [5], and [6]. A substantial
amount of evidence has been raised on the contributions of
transport infrastructure development to poverty reduction in
many different countries, especially from the Global South [7],
[8], [9], [10], and [11].
Nonetheless, it is still unclear what effects transport
infrastructure investments have on extreme poverty alleviation.
In fact, some authors advocate that people living in extreme
poverty do not equally benefit from road constructions or roads
improvements projects, mostly because walking is the only
travel mode available/affordable for them [12], [13], [14], [15],
and [16]. Similarly, Hansen et al [17] also argue that transport
infrastructure interventions only impact people’s well-being
after a long chain of intermediate outcomes that interact with
other investments, private as well as public, and geographical
conditions.
Hence, while several large transport infrastructure projects
have been proposed also aiming at bringing economic
development to remote and disadvantaged areas, a central
question that requires attention is: to what extent this
development implies in real improvements in the well-being of
the neediest people living nearby such projects?
From a political philosophy perspective, Pereira et al [18]
reinforce this question by applying the Rawlsian Egalitarianism
1

Intercensal period: Period between two censuses.
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theory to transport justice and declaring that transport
infrastructure and other transport related investments can only
be considered fair if they improve the accessibility levels of the
least advantaged groups.
Therefore, our study addresses this recurrent issue of
transport planning and aim to develop a framework of an expost social impact assessment of transport projects particularly
tailored to the Brazilian context. We draw upon literature to
employ a quasi-experimental approach performed by means of
a double difference matching technique, since it has been
considered an effective and robust method for this type of
analysis by various authors [17], [19], [20], [21], and [22].
This framework is then applied to a case study in Northeast
Brazil, in which we analyse the social impacts of a large
transport project performed over the last decade, namely, the
widening of the motorway BR-232. There are at least three
main reasons to believe that this particular infrastructure
intervention is an appropriate and paradigmatic example to be
investigated by this framework:
(1) The project happened during the latest intercensal
period between years 2000 and 2010, which enables
the Census’ Demographic Database to be used for
longitudinal comparisons;
(2) This motorway (BR-232) has been only partially
widened, leaving another considerable stretch with
very
similar
socio-economic
and
spatial
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characteristics rather suitable to be used as a control
group;
(3) It is located in the Northeast region of Brazil, which
accounts alone for nearly 60% of the entire population
living in extreme poverty of the Country and where it
is located the largest pocket of rural poverty in Latin
America [23].
Under these conditions, our study aims to propose a simple
and well-grounded methodology capable of evaluating how
people living in different levels of poverty are affected by
transport infrastructure interventions in the Brazilian context.
We conclude by calling attention to the urgent necessity of
considering systematic social impact analysis in transport
projects appraisals and prioritisation.
2

DATA AND METHODOLOGY
Data

The main dataset utilised for this study were the Demographic
Censuses of 2000 and 2010, collected by the Brazilian Institute
of Geography and Statistics (IBGE) and made available by the
Atlas of Human Development in Brazil [24]. From the original
dataset 27 socio-economic indicators at a municipality have
been chosen to compose a multi-dimensional evaluation of
poverty for the referred region. The selection of such range of
indicators builds on the concept of the multi-dimensional
poverty, widely explored in the public economics and welfare
literature [25], and [26].
The motorway BR-232, analysed in this case study, is
considered the transport backbone of the Pernambuco state. It
is 552 km long, starting from the capital Recife, close to the
shore. This motorway crosses the state inwards, being the main
east-west road connection of Pernambuco. The widening
project was performed between 2001 and 2005 only in the
stretch between Recife and Sao Caetano (142 km). According
to the responsible authorities only two other transport
infrastructure projects of construction/widening of motorways
were performed during the intercensal period in the
Pernambuco state (BR-101 and BR-104), both at the same side
of the treatment group. The information about road network
including dates, dimensions and its spatial distribution have
been provided by the Brazilian National Transport
Infrastructure Department (DNIT) [27].
In that sense, two groups of municipalities were then
formed: those within the influence area of the widened stretch
of the motorway (treatment group) and those along the original
stretch of the motorway. Considering similar studies [19], [28],
[29], and [30] and the spatial distribution of the municipalities
around the referred motorway we have assumed an influence
area of 20 km around the center-line of the motorway on either
side.
Difference and Difference Matching technique
Assessing social outcomes of transport investments means
understanding the context in which an intervention happens and
the channels through which the impacts are expected to occur
[17]. In the context of large infrastructure interventions, one of

the most suitable and referenced approaches used for capturing
such outcomes is the quasi-experimental design [17] and [31].
Considering the advantage of a comprehensive panel data
available for our case study, we employ the double-difference
(DD) method to explore the social impacts at a municipality
level of the referred intervention in the BR-232 motorway. The
core principle of this method is to draw causal relationships
between an intervention and its outcomes based on a
longitudinal comparison between a treatment and a control
group [32]. Therefore, the social outcomes of this particular
road widening project are determined as follows:

∆𝑌(𝑀𝑖) = 𝑌(𝑀𝑖|𝑡 =̇ 1) − 𝑌(𝑀𝑖|𝑡 = 0)

(1)

̅ ̇|𝐺 = 1) − ∆𝑌(𝑀
̅ |𝐺 = 0) (2)
𝑆𝑜𝑐𝑖𝑎𝑙𝑂𝑢𝑡𝑐𝑜𝑚𝑒 = ∆𝑌(𝑀
Where ∆𝑌(𝑀𝑖) is the effect over time 𝑡 (between years
2000 or 2010) observed in a vector of socio-economic
indicators 𝑌 of municipality 𝑀𝑖 . The final social outcome is
then obtained by the difference between the average effect
̅ ) of the treatment and control group (𝐺 ).
∆𝑌(𝑀
To cope with observed confounding factors intrinsically
associated to the context where the treatment takes place,
authors have suggested the use of Propensity Score Matching
(PSM) and Instrumental Variables (IV) [31], [33], [34], [35],
and [36]. However, since our case study considers only
municipalities along the same motorway (spatial restriction) in
the samples, the use of Instrumental Variables appears to be not
applicable. Thus, PSM turns out to be the most appropriate
measure to reduce the bias when estimating the treatment
effects caused by heterogeneity of the samples.
Several factors have been applied throughout the literature
for the formulation of propensity scores in similar studies [36],
[37], and [38]. Ravallion [31] states that such propensity scores
must be calculated based on a range of pre-exposure control
variables, which can also include pre-treatment values of the
outcome indicator. The scores offer a single numeric
description of the initial context of the samples
(municipalities/villages/neighborhoods) in the analysis. Such
variables can be exemplified and classified in the following
three different levels:
1. Demographics: total population, GINI index2,
economic dependency per household, ethnicity rates,
GDP per capita, poverty rates, etc;
2. Facilities available: such as the number of schools,
enterprises, industries, police stations, banks (with
credit availability) post offices, restaurants, markets,
hospitals and motorways, and coverage rates of
sewage, water piped, electricity, phone and internet
resources;
3. Land use: urbanisation rates, population density, size
of arable areas, number of roads, the presence of other
infrastructure construction projects, etc.
Since the availability and relevance of such variables
might vary from region to region, the selection of such
variables has been tailored to be applicable to the Brazilian

2

GINI Index: The most commonly used measurement of inequality. It varies
from 0 (perfect equality) to 1 (maximal inequality).
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context. Thus, the Propensity Scores of this case study were
calculated based on the municipalities’ figures from year 2000
of i) Total population; ii) Population density; iii) Gross
Domestic Product; iv) Number of schools; v) Number of
healthcare centres; vi) Number of roads crossing the
municipality; vii) Urban population rate; viii) GINI index; ix)
Human Development Index (HDI); and x) Extreme poverty
rate. Equation 3 represents how the propensity scores are given:

̇
𝑃𝑆(𝑀𝑖) = 𝑃𝑟𝑜𝑏(𝐺
= 1|𝑀𝑖) (0 < 𝑃𝑆(𝑀𝑖) < 1) (3)
Where, the propensity scores (𝑃𝑆) are estimated by the
predicted values of a logit model which calculates the
probability (𝑃𝑟𝑜𝑏) of a given municipality (with a vector of
its initial conditions indicators 𝑀𝑖 ) receive the treatment
according to its pre-treatment characteristics.
Four different strata of PS were defined with a numeric
interval of less or equal to 0.1 each. The comparison between
indicators from Treatment and Control groups were then
performed for every stratum. Lastly, the Social Outcome was
calculated by an average the Double Differences of each
stratum weighted by the number of cases included in each of
these strata.
3

RESULTS

Six out of the ten indicators used for calculating the propensity
scores were found to be significant explanatory variables of the
road-widening project (treatment) by Pearson correlation.
Municipalities with higher HDI’s, more healthcare centres and
larger share of urban population were more likely to be in the
treatment group - correlation was significant at the 0.01 level.
Also, the treatment group is the one with usually more schools,
larger total population, and higher population density –
correlation was significant at 0.05 level.
The other five indicators (GDP, GINI, HDI, Poverty rate,
and number of roads) had a lower level of correlation with the
group variable. The number of roads crossing each
municipality and the GINI index were the only two variables
with negative influence over the group variable.
Figure 1 shows the distribution of the propensity scores
displayed by group. From the original sample of 76
municipalities (35 from the control and 41 from treatment

group), only 14 municipalities were deemed fit for comparison
in the four different propensity scores strata:
1. Four cases which 0.265 < 𝑃𝑆 < 0.365
2. Four cases which 0.410 < 𝑃𝑆 < 0.510
3. Four cases which 0.735 < 𝑃𝑆 < 0.835
4. Two cases which 0986 < 𝑃𝑆 < 0.989
A summary of the social outcomes is presented in Table 1.
Such outcomes were calculated following the methodology
previously mentioned in Equations 1 and 2. This table allows a
comparison between the results obtained by two different
methods: The Double Difference (based on the original dataset)
and the Double Difference Matching technique (based on the
PSM dataset).
Table 1. Social outcomes
Variable
DD
Life expectancy [years]
0.488

DDM
0.793

Creche enrolment rate [%]

4.217

11.933

Primary School enrolment rate [%]

2.009

2.406

High School enrolment rate [%]

-0.783

5.174

Higher education enrolment rate [%]

-0.266

-2.875

Avg inc pc of the extremely poor[R$]

-3.295

-4.594

Avg inc pc of the poor [R$]

-0.661

5.273

3.658

-4.790

HDI overall

0.002

0.021

HDI education dimension

-0.003

0.026

HDI longevity dimension

0.009

0.013

HDI income dimension

-0.007

-0.005

% of HH with piped water

-0.919

-2.112

% of urban HH with waste collection

-7.791

-9.853

% of HH with electricity

-7.303

0.685

% of HH w/o Sewage/water facilities

-10.52

-1.998

% of HH w/ inappropriate walls

-2.802

2.179

Child mortality [child deaths/1000]

-1.776

-3.332

Illiteracy (age of 15+) [%]

0.511

-0.954

GINI index

-0.006

-0.022

Extreme poverty rate [%]

2.433

0.552

Child extreme poverty rate [%]

1.826

-1.468

Poverty rate [%]

-1.851

-1.139

Child poverty rate [%]

-3.547

-2.016

Vulnerability to poverty rate [%]

-2.291

-4.332

Child vulnerability to poverty rate[%]

-2.133

-6.127

0.971

1.011

3

Avg inc pc of the people VTP [R$]

1

VTP taking +1h of commuting [%]

Figure 2 shows the reduction in the extreme poverty rate of
municipalities within 20km from the motorway BR-232
according to the censuses of years 2000 and 2010.
Figure 1: Distribution of Propensity Scores by group
3

VTP: Vulnerable to poverty
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Figure 2: Reduction of Extreme Poverty Rate between 2000 and 2010 along road BR-232
4

DISCUSSION

The purpose of this set of indicators presented at Table 1 is to
assess how people living in different poverty levels have
benefited from the referred transport investment. The indicators
related to the monetary dimension of poverty shows that there
has been a different impact on people living in extreme poverty
and people living in less severe levels of income poverty4.
While the Extreme Poverty Rate decreased less over time in the
treatment group than the control group (positive value), the
rates of Poverty, Child poverty, Vulnerability to poverty, Child
vulnerability to poverty declined more in municipalities along
the road widening project (negative values).
The same difference can be observed also on the changes of
the Average Income Per Capita of the Extremely Poor (worse
in the treatment group) when compared to the equivalent
indicator for people in Poverty (better in the treatment group).
Such differences point out to a trend confirmed by other studies
[13], [14], [15], and [16] that extreme poverty is not necessarily
alleviated by large transport infrastructure investments.
Variables related to household facilities usually applied to
proxy other dimensions of extreme poverty like Percentage of
households with inappropriate walls, piped water, waste
collection and Sewage/water facilities, also appear to be worse
in the treatment group. These results suggest an increase in the
number of temporary houses commonly inhabited people
experiencing severe levels of poverty. Such influx of people
coming from less developed regions towards the treatment
group can be explained by the temporary job opportunities
generated by the road-widening project.
We also propose a comparison between the results obtained
by the DD and the DDM methods in Table 1 to explore the
potential misperceptions of an ‘context-less’ analysis. A set of
eight indicators from Table 1 (including High School enrolment
rate, Average Income per capita of the poor and VTP, HDI
education dimension, Percentage of households with
electricity, Percentage of households with inappropriate walls,
Illiteracy, and Child extreme poverty rate) point out to
opposing directions when compared the DD and DDM results.
This contrast strongly supports the idea that if the context of the
quasi-experiment study is not considered the results may lead

to misperceptions of the causal relationships between the
transport investment and its outcomes.
As previously described, the only two other transport
infrastructure projects delivered to this region in this
intercensal period happened both along the widened stretch.
Hence, we assume that any potential endogeneity originated
from these two projects would only exacerbate the differences
between treatment and control group, and would not cover
potential differences not captured by our analysis.
Nevertheless, it is important to mention that our study does not
control for public or private investments in any sectors other
than transport infrastructure.
5

CONCLUSIONS

This paper sheds light on a recurrent misperception in the realm
of transport planning that is mostly triggered by the lack of a
systematic social impact analysis when appraising and
prioritising projects. Our findings subscribe to the view that
people living in extreme poverty not necessarily benefit from
large transport infrastructure investments. This fact is
particularly illustrated in our case study by the decrease of the
Average Income Per Capita of the Extremely Poor and by the
modest decline (as shown on Figure 2) of Extreme Poverty Rate
of the municipalities along the widened stretch when compared
to the municipalities of the control group.
The framework proposed in this study was proved to be
capable of performing a systematic ex-post analysis of social
outcomes from transport investments. Still, some limitations
highlighted in our discussion point out that future studies
should also include other types of investments (other than
transport infrastructure) as a mean to reduce the bias potentially
caused by endogeneity factors.
Under these circumstances, we advocated that large
transport infrastructure investments must have their potential
social outcomes systematically assessed at the planning stage
in order to promote not only economic development to the
better off, but also better living conditions to the least
advantaged groups.

4

The three levels of poverty considered are based on the household monthly
income per capita at 2010 purchasing power parity, namely, Extreme Poverty
(R$70.00), Poverty (R$140.00) and Vulnerability to Poverty (R$ 255.00)
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ABSTRACT: This paper describes part of a study carried out under the Horizon2020 project, SKILLFUL. The project aims to
look at future employment needs of the transport sector. The objectives of the work described in this paper were to look at
emerging and innovative transport training and education and to predict where gaps might arise in the future in transport The work
involved a review of existing employment and training and consultation with experts and industry. The findings point to a need
for greater soft skills in managers and professionals and more opportunities for upskilling after employment has started. The paper
also recommends a blended approach to training of transport professionals.
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1

– 38 from google scholar search and 15 from partners’
contribution - completed the scientific literature
review. As was the case for the scientific literature
review, 6 papers were excluded when processing the
analyses, as they were found to be out of the scope of
the review and 9 more because of language issues
(paper in language other than English and that could
not be reviewed and/or translate by a partner). The
final review was based on 38 papers.

Introduction

The paper describes part of the SKILLFUL project, carried out
under Horizon2020. The objectives of this work were to
identify through a literature review and interviews with experts
innovative and state of the art training methodologies and
schemes in place across Europe and to identify and benchmark
through an extensive review of literature, innovative and state
of the art training tools in existence across Europe. All tables
and results presented in this paper are drawn from the
Deliverable 2.1 of the project.
2

Methodology

To ensure the best coverage of the topic under investigation,
the methodology used relied on multiple sources of knowledge,
respectively:
1. A wide consultation of experts – either in
the field of transport or education/training or both –
form all over the European continent. 32 experts from
13 countries were interviewed (Belgium, Cyprus,
England, Germany, France, Greece, Ireland, Italy,
Portugal, Poland, Slovakia, Spain and Sweden). Table
1 shows the anonymised table of experts.
2. An extensive review of the recent scientific
literature; Based on the reference title and abstract,
125 scientific paper were initially included in current
review. From these, 10 were excluded when
processing the analyses as they were found to be out
of the scope of the review and 3 more because of
language issues (paper in other language than English
and that could not be reviewed and/or translate by a
partner). The final review was based on 112 papers.
3. A complementary review of literature on
local and regional initiative and innovation (grey
literature); In total, 53 papers from the grey literature

Table 1: Anonymised Table of Experts
#
1

2

1

2
3

4

Job position (type
of organization)

Function and domain of expertise

Country

Experts in the field of education
Academic
Adult education and learning, self-directed Belgium
(University)
learning, workplace learning, lifelong
learning, employability, learning of lowqualified employees, skill obsolescence
among older workers, career development
Staff
member Coordination of training courses for adults, Italy
(Education
and programming learning platform for the web,
training institute) managing and administrating communitybased learning platform
Experts in the field of transportation
Chief
operations Roadway and Transportation engineering, Greece
officer (Motorway motorway road safety, toll collection
operation
company)
Academic
Discreet choice modelling, traffic modelling, Ireland
(University)
transport policy
Project manager (Public Safety, intelligent transport systems, Spain
sector, road and public road and public transport (bus)
transport)
assistance, capacity flow conditions
Director (Rail freight Management of Rail freight logistic, Spain
logistic company)
prediction of demand, Public-Private
partnership
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5 Project
manager Manufacturing technologies
Italy
(Automotive company/
research division)
6 Warranty
inspector claim management, ship management, Germany
(Cruise
shipping ship chandlers responsibilities, work
company)
together with agencies, customs
7 Master mariner (worldwide Managing
of
crew/people, Poland
trade container ship company) navigation of vessel
Experts in both education and transportation fields
1 Staff member education University education provision Belgium
development, diversity & (support,
evaluation
and
innovation (University)
innovation) for certain domains
and faculties including the School
of Transportation Sciences
2 Head of transport department Transport Planning, Transport Ireland
(University)
Operations and Technology,
University curricula development
(sections: transport engineering,
transport operation, automotive
management and technology)
3 Training and development Road and railway infrastructure, Portugal
director (Road and railway human resources and training
infrastructure management management
company)
4 Staff member HR, skills & Railway
transport
and France
training department (Railway infrastructure,
training
transport company)
development and innovation,
assembling and retention of
skills.
5 Head of branch office Education for rail personnel, Slovakia
(Education
and
training management
of
education
institute
specialized
for organization.
railways transport provider)
6 Education project manager Industrial engineering, Training Slovakia
(Research
Institute
in management
Technology)
7 Head of transport department Transport engineering, transport Slovakia
(University)
planning,
urban
transport,
University curricula development
(Sections:
transportation
engineering
and
transport
technics)
8 Operation Manager (Rail Port
planning,
terminal Spain
freight transport company) management,
rail
freight
and Academic (University)
planning
and
operation,
University
curricula
development (Sections: Civil
engineering, transportation and
urban
planning,
port
management and intermodal
transport)
9 Academic (University)
Transport and Regulation issues, Spain
Freight
and
Passengers
transport, University curricula
development
(Sections:
Micro/Macro-economy,
Transport economics)
10 R&D Manager (air transport Transport : Remotely Piloted Italy
accreditation/certification
Aircraft Systems, Unmanned
company)
Aircraft Systems, Unmanned
Aerial Vehicle, Safety, Air traffic
management
Education
:
Training
management
in
Remotely
Piloted
Aircraft
Systems
(provision,
accreditation,
certification)
11 Academic (University)
Human Machine Interfaces in Italy
Aviation, Design Methods and
User Centered Design Methods,
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12 Marketing & Maintenance
Manager(Operation
&
Maintenance Company of
Highway)

Virtual Reality and Augmented
Reality in aerospace, Reverse
Engineering
and
Rapid
Prototyping, Computer Aided
Industrial Design  both
technical
and
teaching
experience in these domains
Road
maintenance,
safety Greece
operation, ITS & Training of
employees
on
road
maintenance, safety operation,
ITS issues
ship management, maritime Germany
training

13 Master Mariner (shipping
company
and
University/institute)
14 Academic (University)
transport : maritime transport, Sweden
ship navigation
Education or training : maritime
safety, integrated navigation,
maritime simulation
15 Master mariner Transport : Navigation, cargo handling, Cyprus
(ship
leadership
management
Education or training : leadership, training of
company)
cadets, of all crew; safety training crew,
drills
16 Academic
Transport: dangerous goods, occupational Germany
(University)
health and safety , maritime area
Education and training: dangerous goods,
occupational health and safety , all transport
area

3

Results

3.1 Expert consultation:
Partners from the SKILLFUL consortium were asked to
identify experts from either transport, education or both – from
their own country – and to solicit them for an interview. The
interview focused on new and emerging training
methodologies, schemes and tools as well as on current and
projected skills and competences development and
requirements. In total, 32 experts from various fields and
coming from 13 countries (Belgium, Cyprus, England,
Germany, France, Greece, Ireland, Italy, Portugal, Poland,
Slovakia, Spain and Sweden) responded to the interview.
Throughout the interview, experts were questioned about
three aspects related to potential pedagogical innovations
within the transport sector, namely: 1. Skills/competences
importance ratings regarding future job requirements; 2.
Potential improvements of actual training/education provision
in order to meet future needs (as a function of job category and
of education type/level); 3. Most promising training/education
tools and methodologies.
Experts were first asked to rate the skills and competences
that they saw as being important for the following job
categories: blue collar job, driver/professional driver, white
collar job, engineer-researcher, manager and job profiles
belonging to public authorities and/or to the political field.
It was clear from the interviews that both hard and technical
skills are seen as being very important for low to middle-skilled
workers (i.e. blue collar and professional drivers). Language
skills were also seen to be important (although less so then
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technical skills). Other important skills included: ICT skills,
flexibility/adaptability, proactivity and engagement and
interpersonal skills. For the white-collar job profiles,
communication skills and team working/management and
proactivity and engagement were rated as very to extremely
important while all other skills were seen as fairly important. It
is interesting to note that technical skills were not seen as
important for these workers, but that soft skills were extremely
important. This might be interpreted as experts believing that
adaptability to a rapidly changing workforce and work
environment is of extreme importance.
For those employees in researcher, engineer and manager roles,
all skills categories were rated as very important, with the
exception of interpersonal skills which were rated as fairly
important for researchers and engineers.
For those in decision-making roles, all skills except job-specific
skills were seen as important. Decision makers have to be able
to have a broad knowledge of an area but may not always need
very in-depth or particular technical skills.
Experts were asked to list what they saw as ways in which
current education and training schemes could be improved.
Their answers were reviewed using content analysis. It was
found that 14 types of improvements could be identified with 4
main dimensions, namely, improvements regarding hard skills,
soft/transversal skills, training quality and training provision
scenario/process. Categories were identified for the job
categories (Table 2) and the education type/level (Table 3).

Table 2: Potential educational improvements as a
function of job category
Job categories*
Bl
W Ing
Suggested
Autho
ue
Dri hite .
- Man
improvements
rities
colla ver colla Resea ager
politics
r
r
rch
Hard skills
Better training
21, 14, 20, 10,
for using new
9,5% 3,9%
8% 1% 4% 7%
technology
Better training
for using new 9,0 9,4 16, 7,1
8,1% 5,2%
communication %
%
1% %
facilities
Adding special 11, 9,4 14, 10,
12,2
18,2%
themes modules 5% %
0% 7% %
Better language 2,6 6,3 3,2 1,2
1,4% 1,3%
competences
%
%
%
%
Soft/transversal skills
Soft/transversal
skills (Including 6,4 6,3 11, 20,
25,7
15,6%
HR
and %
%
8% 2% %
management)
Improving
motivation and 5,1 0,0 0,0 0,0
0,0% 0,0%
engagement into %
%
%
%
learning content

Suggested
improvements

Job categories*
Bl
W
Ing
Autho
ue
Dri hite .
- Man
rities
colla ver colla Resea ager
politics
r
r
rch

higher
versatility,
multiskilling,
2,6 4,7 3,2 6,0
9,5% 11,7%
flexibility
and %
%
%
%
knowledge
transfer
Training quality
Wider use of
12, 17, 12, 9,5
18,9
new
training
14,3%
8% 2% 9% %
%
methods
Fostering
2,6 1,6 4,3 2,4
individualization
1,4% 1,3%
%
%
%
%
of learning
Adequate and
9,0 20, 2,2 8,3
sufficient practice
0,0% 0,0%
%
3% %
%
training
Training provision scenario/processes
Better
standardization/c
ertification
of 10, 3,1 4,3 9,5
5,4% 10,4%
programs
3% %
%
%
(country or EULevel)
Faster
adaptation to new
5,1 4,7 7,5 11,
legislations,
5,4% 11,7%
%
%
%
9%
technologies and
labour market
Better
adequation
between
10, 3,1 4,3 9,5
5,4% 10,4%
education,
job 3% %
%
%
requirements and
industry
* Percentages represent the relative proportion of statements
for a specific improvements as compared to the total number of
statements made by all experts.
Table 3: Potential educational improvements as a
function of education type/level
Education type/level
CVE
Colle Ph
Suggested
VE T
– In- geD
improvements
T
appren house univers Postd
tic.
ity
oc
Hard skills
Better training for 12,5 14,9
10,5 11,6
10,7
using new technology %
%
%
%
%
Better training for
0,0
0,0%
3,6
using
new 0,0
%
%
2,3%
communication
%
facilities
Adding
special 10,0
18,4 16,3
21,4
8,0%
themes modules
%
%
%
%
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Education type/level
CVE
Colle Ph
Suggested
VE T
– In- geD
improvements
T
appren house univers Postd
tic.
ity
oc
Better
language 5,0
0,0
0,0%
0,0
2,3%
competences
%
%
%
Soft/transversal skills
Soft/transversal
10,5 9,3%
10,7
12,5
skills (Including HR
4,6% %
%
%
and management)
Improving
2,6
0,0%
0,0
motivation
and 5,0
%
%
0,0%
engagement
into %
learning content
higher versatility,
0,0
14,0
3,6
multiskilling,
7,5
%
%
%
8,0%
flexibility
and %
knowledge transfer
Training quality
Wider use of new 20,0 16,1
10,5 9,3%
3,6
training methods
%
%
%
%
Fostering
2,6
2,3%
0,0
0,0
individualization of
4,6% %
%
%
learning
Adequate
and
15,8 14,0
10,7
15,0
sufficient
practice
6,9% %
%
%
%
training
Training provision scenario/processes
better
5,3
0,0%
0,0
standardization/certif
%
%
2,5
ication of programs
3,4%
%
(country or EULevel)
Faster adaptation to
0,0
11,6
17,9
new
legislations, 7,5
11,5 %
%
%
technologies
and %
%
labour market
Better adequation
13,2 11,6
17,9
between education, 0,0
14,9 %
%
%
job requirements and %
%
industry
Better
transition
from initial education 2,5
0,0
0,0
2,3%
0,0%
continuous and life- %
%
%
long training
Bigger and more
specialized offer for
10,5
N/A N/A
N/A
N/A
in-house training in
%
company
* Percentages represent the relative proportion of statements
for a specific improvements as compared to the total number of
statements made by all experts.
Finally experts were asked to idenfity methods that might be
used to help teach/educate experts They identified e-learning,
virtual/augmented reality, gaming environment, human led
individualized training and blended learning as potential tools.
3.2.2 Literature Reviews
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In total, 16 teaching resources categories were identified and
grouped according to the three main sections – From the
literature review, it was decided to group approaches under 3
main headings:
1. Tools and technologies;
2. Settings;
3. Pedagogical approach.
Using these headings, 16 approaches were identified in the
papers reviewed and these are summarised in Table 4. This
table is from D2.1 of the SKILLFUL project.
Table 4: New and emerging training/education tools and
methodologies
1. Tools and technologies
Portfolio
Description : “A portfolio approach to evidence
collection involves the collection of a variety of evidence of
competence into a structured format for assessment.
Evidence is collected by the learner (usually into a file),
indexed, and mapped to the performance criteria, ranging
in statements, critical evidence, and underpinning
knowledge of the qualifications” (Davies & LeMahieu,
2003)
Examples of applications : VET – unspecified (Mukhtar
& Ahmad, 2015) ; Portfolio have been used at all levels and
in many discipline (see, Davies & Le Mahieu, 2003 for a
review)
References : Mukhtar & Ahmad, 2015 ; Davies & Le
Mahieu, 2003 ; …
Characteristics, potential benefits and/or results :
- Positive attitudes of student toward the method,
indicative of one’s own strengths and weakness, get
students involved in the evaluation of their own learning,
increased responsibility awareness in own development and
learning performance, empowerment and motivation
(Mukhtar & Ahmad, 2015).
Smart learning technologies
Interactive, adaptive and/or personalized learning systems
Description : e.g. Information visualization techniques :
“Such dashboards provide graphical representations of the
current and historical state of a learner or a course to enable
flexible decision making. Most of these dashboards are
deployed to support teachers to gain a better overview of
course activity (Stage 1, awareness), to reflect on their
teaching practice (Stage 2), and to find students at risk or
isolated students (Stage 3). Few, if any, address Stage 4 of
actual impact” (Few, 2006)
Examples of applications : Various VET contents
(Almeida & Moldovan, 2014; Moldovan, 2012); engineer
students (Charleer, Klerkx, & Duval, 2014); medical
internships (Moldovan, 2012)
References : Few, 2006 ; Almeida et al., 2014 ; Könings
& Gijselaers, 2015 ; Moldovan et al., 2012; El-Bishouty et
al. 2015 ; Charleer et al., 2014
Characteristics, potential benefits and/or results :
- Primarily used in combination with e-learning and/or
virtual learning environments facilities (Almeida &
Moldovan, 2014; El-Bishouty, Saito, Chang, Kinshuk, &
Graf, 2015; Moldovan, 2012)
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- Enhance interactive and dynamic teaching models by
enhancing communication and instructional feedback loops
; improve learning quality/performance with direct feedback
; help scaffolding learning (Almeida & Moldovan, 2014;
Könings & Gijselaers, 2015; Moldovan, 2012)
- facilitate authentic learning (Könings & Gijselaers,
2015)
- Increased satisfaction and motivation (Moldovan et al.,
2012)
- Widely transferable to all VET content (Moldovan et al.,
2012) or higher education content (e.g. medicine, Könings
& Gijselaers, 2015) and to various settings (e.g. work-based
learning, Könings & Gijselaers, 2015)
- Allow the teachers to adapt course contents to students
learning styles (El-Bishouty et al. 2015).
- e.g. Information visualization techniques applied to
learning analytics (for presenting learner traces in a
collaborative interactive settings, Charleer et al., 2014) :
helps compare activity and achievements ; foster discussion
and reflection ; create a collaborative sense-making learning
environment.
Problems, drawbacks or improvements needed :
- Needs to create new ICT emergent skills for teachers for
using such technologies (Almeida et al., 2014)
Virtual Learning Environment (VLE)
e-Learning Platforms - Content Management Systems
(CMS) – Learning Management Systems (LMS) - Learning
Content Management Systems (LCMS)
Description : “A virtual learning environment (VLE) is a
software system designed to support teaching and learning.
A VLE typically provides tools such as those for assessment,
communication, uploading of content, return of students’
work, administration of student groups, questionnaires,
tracking tools, wikis, blogs, chats, forums…over internet.”
(Weller, 2007). “VLE is the system surrounding the learner
and the teacher in terms of technical and social aspects”
(Khan, 2000).
Examples of applications : Transportation engineering
educators (Chang, Brown, Perkins, Boyle, & Cofer, 2015) ;
thermal and transport concept for engineering student (D.
Yang et al., 2012) ; Computer science master (Jacková,
2014, 2015) ; secondary school sciences courses
(Sriarunrasmee, Suwannatthachote, & Dachakupt, 2015) ;
primary and preschool teachers (Strunga, 2015); physics
master courses, (Martín-Blas & Serrano-Fernández, 2009);
References : Weller, 2007 ; Khan, 2000 ; Chang et
al.,2015 ; Jackova et al., 2014, 2015 ; Sriarunrasmee et al.,
2015 ; Strunga, 2015 ; Martin-Blas et al., 2009 ; Yang et al.,
2012 ; Hatzilygeroudis et al., 2014 ; Munkhchimeg and
Sanjaasuren, 2013 ; ….
Characteristics, potential benefits and/or results :
- Powerful resources that can be used in combination with
various other technologies :
- Gamification (Magyar, Cádrik, Virčiková, & Sinčák,
2014) : improve the speed and quality of learning a
procedure through “learning by gaming”
- Web 2.0 or 3.0 and smart learning tools/technologies
(Conde et al., 2014) : increase learner motivation,
performance, participation, authentic learning, learning
feedback loop, etc.

Virtual
reality
(Hatzilygeroudis,
Kovas,
Grivokostopoulou, & Palkova, 2014) : add new learning
capabilities (comprehensive and entertaining material) and
foster students enthusiasm and engagement
- Multimedia contents (Jackova et al., 2014, 2015) :
increased attractiveness,…
- Virtual field trips (Sriarunrasmee et al., 2015) : enhance
learning performance and critical thinking
- Can be used in various settings and learning contexts :
- instructor led and computer-based learning (Yang et al.,
2012)
- collaborative/peer-lead learning (Jackova et al. 2015)
- scaffolding (Strunga, 2015) : e-Mentorship and eInternships programs (allow flexibility, cooperation, etc)
- synergies between different groups, collaborative and
sharing resources ; creation of virtual network of ‘resource’
people (Salán et al., 2009) ; forum : e.g. sharing of
knowledge and student mentoring (Martin-Blas et al., 2009)
- Virtually applicable to all levels and types of education
and to standard and distance education (Jackova et al., 2014,
2015)
- Can be used to for learning difficult concept (thermal and
transport, Yang et al., 2012) : right pace ; flexible/convenient
approach for multiple learning style ; interaction with
content.
Problems, drawbacks or improvements needed :
- VLE per se is insufficient to lead to a real transformation
of learning processes (Blin & Munro, 2008) ; With VLE
only, lack of immediate clarification and feedback from
instructor and human interaction (Yang et al., 2012) :
therefore a mixed approach of VLE with other
technologies/resources and in various settings should be
favored (Yang et al., 2012)
- Promising but could be more efficient. According to
Oncu et Cakir (2011), 4 goals for making VLE more
efficient (increased learner achievement, engagement and
retention) :
1. Enhancing learner engagement &
collaboration, 2. Promoting effective facilitation, 3.
Developing assessment techniques, 4. Designing faculty
development programs. Possibilities for reaching these goals
are :
- increasing teachers competencies for using the
technology ; should be integrated in teacher’s initial and
continuous education; conversely increasing adaptability of
tools to trainers’ need (Blin & Munro, 2008)
- not solely relying on static/content-based resources but
capitalizing on its various possibilities (combination with
various other technologies and or settings/resources, Blin &
Munro, 2008)
- require students and teachers to be involved in this
technology (Salan et al., 2009) : benefits is highly dependent
on usage (higher performance for regular user, Martin-Blas
et al., 2009)
- should rely on recent collaborative learning tools
(Munkhchimeg & Baigaltugs, 2013)
- establishing an effective and efficient means to access
the material and to use it (Chang et al., 2015) : e.g. managing
the size and content of the materials provided
- Importance of develop a sustainability plan for ensuring
usage of the platform and adapt it to the evolving needs of

384

CERI-ITRN2018

instructors and students (Chang et al, 2015) : e.g. use google
google analytics for quantifying usage ; ensuring high
quality and comprehensive learning materialsEducational robotics
Description : “The incorporation of robotics as
educational tool” (Benitti, 2012)
Examples of applications : Mathematics, problem
solving logical problems, engineering and technology,
sciences, computer programming, …(Lit review Benitti,
2012) ; particularly suitable for STEM (Science,
Technology, Engineering and Math, Eguchi, 2010)
References : Alimisis, 2013; Barker & Ansorge, 2007;
Benitti, 2012; Blikstein, 2013; Eguchi, 2010; Hussain,
Lindh, & Shukur, 2006; Lindh & Holgersson, 2007; Mitnik,
Nussbaum, & Soto, 2008; Nugent, Barker, & Grandgenett,
2008; Owens, Granader, Humphrey, & Baron-Cohen, 2008;
Sullivan, 2008; Whittier & Robinson, 2007; D. C. Williams,
Ma, Prejean, Ford, & Lai, 2007;…
Characteristics, potential benefits and/or results :
- Allow broader skills and personal development such as
cognitive, meta-cognitive and social skills, such as: research
skills, creative thinking, decision making, problem solving
(Benitti, 2011 ; Eguchi, 2010)
- Can offer unique learning experience using hands-on,
fun, attractive learning activities (Eguchi, 2010) : Increased
interest, engagement, motivation and learning performance
Problems, drawbacks or improvements needed :
- Not applicable to all domains (mostly in STEM
discipline, Benitti, 2011 ; Eguchi, 2010)
- Need to be more consistently integrated into regular
classroom activities (usually take place in after-school or in
weekends/summer camps, Benitti, 2011)
- Obstacles to implementing robotics : equipment cost ;
practical work required from teachers ; class management
when using robotics (Alimisis, 2013) ; gender-biased
perception of robotics (only for boys) (Blikstein, 2013)
- Lack of systematic evaluations and reliable experimental
designs (Benitti, 2011)
Podcasting
Description : “the process of capturing an audio event,
song, speech, or mix of sounds and then posting that digital
sound object to a web site or blog in a data structure called
an RSS 2.0 envelope (or feed). Using specialized news
readers, users can subscribe to a web page containing RSS
2.0 tagged audio files on designated web pages and
automatically download these files directly into an audio
management program on their personal computer. When a
user synchronizes their portable audio device with their
personal computer, the podcasts are automatically
transferred to that device to be listened to at the time and
location most convenient for the user” (Meng, 2005).
Examples of applications : Machine, materials and
manufacturing processing (Shih et al., 2016), construction
project development (Lavrenz & Bullock, 2014) ;
Information systems management (Fernandez et al., 2009);
language education (i.a. discussion forum S.-H. Yang, 2009)
; analytical chemistry course (He, Swenson, & Lents, 2012);
key areas in mathematics (Kay & Kletskin, 2012)
References : Fernandez et al., 2009 ; Shih et al., 2016 ;
McGarr, 2009 ; Lavrenz, & Bullock, 2014 ; Yang, 2009,
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2012 ; McGarr, 2009 ; Kay & Kletskin, 2012 ; Swenson &
Lents, 2012 ; Bolliger et al., 2010 ; Chester et al., 2011 ;
Alpay & Gulati, 2010 ;...
Characteristics, potential benefits and/or results :
- Powerful complement tool to traditional learning but not
a substitute for it : enhance student learning experience
(Fernandez et al., 2009)
- Enhanced learning experience, motivation, confidence
and engagement, communication/collaboration between
students and teachers (Fernandez et al., 2009), increased
forward thinking skills - e.g. reflection upon content learned
(Lavrenz & Bullock, 2014) and critical thinking (selfcritique and self-reflection (Yang, 2009)
- Allows for a diverse range of skills and learning methods
(Fernandez et al., 2009)
- Potential application in distance/mobile learning (Shih et
al., 2016)
- Podcast have been successfully implemented as well as
material/duty to be realized by student as instructional
material – e.g. tutorials (Herreid & Schiller, 2013) : in both
case positive impact on student attitudes (e.g. Bolliger,
Supanakorn, & Boggs, 2010), behavior (e.g. Chester,
Buntine, Hammond, & Atkinson, 2011) and performance
(e.g. Alpay & Gulati, 2010)
Problems, drawbacks or improvements needed :
- Should be learner led but under de examination of the
instructor (accuracy and validity of content, Mcgarr, 2009)
and guided by sound educational goals instead of using
technology per se (Shih et al., 2016 ; McGarr, 2009)
Game-based learning
Description : “The use of game design elements in nongame contexts” (Deterding, Dixon, Khaled, & Nacke, 2011).
“Gamification is not a game for learning purposes, but
application of the motivational properties of games and
layers them in top of other learning activities, integrating
the human desire to communicate and share
accomplishment with goal-setting to direct the attention of
learners and motivate them to action” (Landers & Callan,
2011).
Examples of applications : Logistics and supply chain
(Wood & Reiners, 2012) ; Corporate training and education
(Kapp, 2012) ; Computer Science (CS) /Information
Technology (IT), game programming, math/science/
engineering (Dicheva, Dichev, Agre, & Angelova, 2015)
References : Deterding et al., 2011; Landers & Callan,
2011; Wood & Reiners, 2012 ; Kapp, 2012 ; Dicheva et al.,
2015 ; Perrota, 2013 ; Carr & Cameron-Rogers, 2016
Characteristics, potential benefits and/or results :
- increases active/authentic learning, motivation and
engagement (Wood & Reiners, 2012 ; Carr, & CameronRogers, 2016; Lit Review from Dicheva et al., 2015 ;
Perrota, 2013) ; better attitudes towards learning (Perrotta,
Featherstone, Aston, & Houghton, 2013), better
performance (Lit Review from Dicheva et al., 2015) and
flexibility and adaptability in the learning process (Carr, &
Cameron-Rogers, 2016)
increased
participation/involvement
in
voluntary/challenging activities and assignments (Lit
Review from Dicheva et al., 2015)
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- Minimizes the gap between the lowest and the top
graders (Lit Review from Dicheva et al., 2015)
- Easily incorporated into existing approaches (e.g.
LMS/VLE, Wood & Reiners, 2012)
- Useful for teaching nontraditional skills and broader
knowledge acquisition (Perrota, 2013): conceptual
knowledge (e.g. linking known information with the
unknown), soft skills (e.g. social guidelines for teaching
negotiating), psychomotor/physical skills (e.g. using
observation, demonstration, practice and/or haptic devices
(Kapp, 2012)  skills demanded in 21st century society
(Carr & Cameron-Rogers, 2016)
Problems, drawbacks or improvements needed :
- True empirical research is scarce (no proper evaluation
in most studies, Lit Review from Dicheva et al., 2015) ;
further research needed to evaluate the impact on traditional
and non-traditional learning outcomes (Carr, & CameronRogers, 2016)
- Reliance on extrinsic motivation to engage learners ;
maybe hamper intrinsic motivation (Carr, & CameronRogers, 2016)
- Lack of proper technological support is one of the major
obstacles to gamification efficiency : needs for welldesigned software tools for efficiently support gamification
(Lit Review from Dicheva et al., 2015)
- some suspicions and concerns about gamification held
by some cultures and some sectors of society may act as a
barrier its implementation in learning (Carr, & CameronRogers, 2016)
Virtual/augmented reality
Description : The use of Virtual/Augmented reality
technologies in learning content and processes
Examples of applications : Maintenance and assembly
process (Webel et al., 2013); sciences (chemistry) (Torres,
Neira Tovar, & Egremy, 2015) ; management of abnormal
situation and process industry (Nazir, Colombo, & Manca,
2013): car maintenance VET program (Bacca, Baldiris,
Fabregat, Kinshuk, & Graf, 2015) ; Marine officer
engineering (Chybowski, Gawdzińska, Ślesicki, Patejuk, &
Nowosad, 2015) ; Architecture and Building Engineering
courses (Redondo, Fonseca, Sánchez, & Navarro, 2013) ;
References : Webel et al., 2012; Sriarunrasmee et al.,
2015; Wood & Reiners, 2012; Dicheva, 2015 ; Chybowski
et al., 2015; Torres et al., 2015 ; Chybowski et al., 2015 ;
Wood et al., 2012 ; Perrotta, 2013
Characteristics, potential benefits and/or results :
- Positive impact on problem solving skills, broader
knowledge acquisition, motivation, engagement and on
active/authentic learning process (Wood & Reiners, 2012 ;
Perrotta, 2013 ; Redondo et al., 2013) and on confidence and
satisfaction (Bacca et al., 2015)
- Training in a real/physical performance environment :
better acquisition of the sensori-motor-skills and of
procedural skills (Webel et al., 2012) and increased graphic
and space skills (e.g architecture and building engineering
courses, Redondo et al., 2013)
- Can be used in conjunction with other technologies : e.g.
mobile learning systems (Redondo et al., 2013) ; VLE (VLE
allow students’ autonomy and self-engagement for learning
with virtual reality, Hatzilygeroudis et al., 2014)

- Proven to be reliable and valid to provide realistic input
and to construct real data through modelization (Öztürk,
Rende, İnce, & Soyer, 2014).
- In critical situation management: better process
understanding and situation awareness ; reduce human
errors (Nazir et al. 2013) ; awareness of a cause and effect
chain in safety hazard, helps to realize the consequences of
seemingly unconnected events (Chybowski et al., 2015)
- Safest and cheapest form of training/testing for profiles
handling big/dangerous engines (e.g. marine officer
engineers) (Boerger & Tietgens, 2014; Chybowski et al.,
2015; Laskowski, Chybowski, & Gawdzińska, 2015)
- Allow instructions and location-dependent information
to be directly linked and/or attached to physical objects
(Webel et al., 2012)
- Can provides multiple means of presentation, of
expression and of engagement (Paint-cAR, Bacca et al.,
2015)
- Availability of one-site trainer is not necessary (Webel
et al. 2012)
Problems, drawbacks or improvements needed :
- the implementation of virtual reality in educational
context (e.g. use of an educational platform in a school) must
be carefully evaluated, as it could become a workload, rather
than a working tool (Torres et al. 2015)
- Should be further applied and formally tested in various
learning context and with various types of population
(Torres et al. 2015).
2. Settings
Distance (D-)/Mobile (M-)/Ubiquitous (U-) - Learning
Description : “Online Learning is a type of delivery
method used in distance education that allows the
synchronous and asynchronous exchange of resources over
a communication network” (Khan, 2000). “Ubiquitous
learning can be defined as an everyday learning
environment that is supported by mobile and embedded
computers and wireless networks in our everyday life”
(Ogata, 2009). “It is aimed to provide learners with content
and interaction anytime and anywhere” (Hwang, Yang,
Tsai, & Yang, 2009; Liu & Hwang, 2010). ”Both concepts
– mobile and ubiquitous - are strongly interconnected. While
some authors describe ubiquitous learning as a nextgeneration form of mobile learning where technology fades
more into the background (Park, 2011), the terms are often
used interchangeably” (Hwang & Tsai, 2011).
Examples of applications : Maintenance skills in workbased context (Zhang, Yin, David, Xiong, & Niu, 2016);
secondary school biology course (Gedik, HanciKarademirci, Kursun, & Cagiltay, 2012); Various secondary
school VET contents (Almeida et al. 2014 ; Moldovan et al.,
2012) ; Technical VET (Mahazir et al., 2015) ; Architecture
and Building Engineering courses (Redondo et al., 2013);
Visual communication studies (Cochrane et al. 2014);
medical student (Könings & Gijselaers, 2015) ;
Transportation professional education (Islam & Chowdhury,
2015)
References : Ogata et al. 2009 ; Khan,1998 ; Hwang et al.
2008 ; Zhang et al. 2016 ; Mahazir et al., 2015 ; Könings &
Gijselaers, 2015 ; Cochrane et al. 2014 ; Almeida et al. 2014
; Moldovan et al., 2012 ; Gedik et al. 2012 ; Redondo et al.,
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2013 ; Hashemi et al., 2011 ; Islam et al., 2013 ; Liu &
Hwang, 2010 ; Frohberg et al., 2009 ; Pimmer & Pachler,
2014 ; Sharples, 2000 ; Wu et al., 2012 ; Pimmer et al. 2016
; Seppälä & Alamäki, 2003; Uzunboylu et al., 2009 ; Canter,
2011 ; …
Characteristics
- M- and U-Learning Vs. D-Learning (Discussion paper
from Hashemi, Azizinezhad, Najafi, & Nesari, 2011):
increased interaction/collaboration, handy (light and user
friendly), increased motivation (attractiveness of
technology), anywhere/anytime, cheaper than D-learning
(smartphone vs. computer),…
- U-Learning (context aware) Vs. D- and M-learning (Liu
& Hwang, 2010) : extension of D-/M- learning which allow
interaction between the learner and the device (smart
learning technologies ; personalized feedback learning loop
; …)
Potential benefits and/or results :
- Powerful resources that is typically combined with many
other technologies :
- virtual/augmented reality (Redondo et al., 2013) :
increased motivation (attractiveness of technology),
developing visuo-spatial skills,…
- Networked learning (Cochrane et al., 2014) :
- Smart learning technologies (e.g. Context aware
ubiquitous learning, Könings & Gijselaers, 2015; Mottus,
Kinshuk, Graf, & Chen, 2015; Sales De Melo, 2015; Zhang
et al., 2016) : enhance interactive and dynamic teaching
models by enhancing communication and instructional
feedback loops ; increased satisfaction and motivation ;
increased metacognition, facilitate authentic learning, help
scaffolding learning, help to get personalized, adaptive and
just-in-time learning supports in real working environment
…
- Allow increased interaction between learners and
between learners teachers, increased engagement and
motivation (Redondo et al., 2013)
- Suitable resources for developing student negotiated and
directed and self-determined learning (e.g. heutagogy,
Cochrane et al., 2014 ; Canter, 2011)
- Potentially transferable to a wide range of educational
context (i.e. VET, higher education, workplace/lifelong
learning, Cochrane et al., 2012; Frohberg, Göth, & Schwabe,
2009; Moldovan, 2012; Pimmer et al., 2016; Pimmer &
Pachler, 2014; Sharples, 2000; Wu et al., 2012)
- Can be used from different theoretical perspective (i.a.
instructionist, situated, constructionist and hybrid learning)
with different expected outcomes (see Review from Pimmer
et al. 2016, for details) :
- hybrid approach being the most convincing (i.e. linking
situated/constructionist approaches with the users’ life
worlds and more formal learning) : Allow multimodal
representations in situated, real-life learning environments
enhancing the students’ “situated awareness” (Pimmer et al.
2016) ; allow learner to observe, scan and reflect on their life
worlds more consciously and deliberately (Seppälä &
Alamäki, 2003; Uzunboylu, Cavus, & Ercag, 2009) ; help
connecting observations with concepts and knowledge from
formal education (Pimmer et al. 2016)
Problems, drawbacks or improvements needed :
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- Should systematically incorporate performance based
elements (e.g. menu and guidelines for learning orientation)
for better outcomes and performance (Mahazir et al., 2015).
- Content should be well tailored to best keep trainees
attentive : e.g. video/audio material, games and animations
should last no longer than 15-30 minutes (Islam et al., 2013)
- Takes learning out of the classroom and/or beyond the
reach of the teacher (potential threat) : designs must clearly
identify what is best learnt in and out the classroom and
integration of the two (Discussion paper from Hashemi et
al., 2011)
- Lack of evidence-based learning design framework
(Churchill, Lu, Chiu, & Fox, 2016)
- Needs to create new ICT emergent skills for teachers for
appropriate usage of such technologies (Almeida et al.,
2014)
- Hybrid approach, although the most convincing, is still
used marginally (Pimmer et al. 2016)
- Potentially transferable to all educational context but
predominantly used in higher education settings (Wu et al.,
2012)
Flipped/inverted Classroom
Description : “The ‘flipped’ part of the flipped classroom
consists for students of watching or listening lessons at home
and doing their ‘homework’ in class” (Fulton, 2012).
Examples of applications : STEM VET courses (Herreid
& Schiller, 2013)(Herreid, 2002 ; Introductory statistics
course (Strayer, 2012) ; Architectural engineering course
(Zappe et al., 2009) ; Preparatory chemistry course
(Ruddick, 2012) ;
References : Fulton, 2012 ; Herreid, 2002 ; Herreid &
Schiller , 2013 ; Strayer, 2012 ; Ruddick, 2012 ; Zappe et
al., 2009 ; Novak et al., 1999; Simkins et al., 2009 ;
Overmyer, 2012 ;…
Characteristics, potential benefits and/or results :
- Have been successfully combined with hybrid/blended
approaches (Novak et al., 1999; Simkins et al., 2009) and the
use of internet technology in general (Overmyer, 2012) :
flexible and appropriate approach for “21st century
learning” (Fulton, 2012).
- Better use of the teacher’s time : allow them to provide
student with help and feedback (less frustrating for teachers
and students) and to have better insight into student
difficulties and learning styles and to more easily customize
and update the curriculum and provide it to students (Fulton,
2012)
- increased levels of student achievement, proficiency,
interest, motivation and engagement; (Fulton, 2012 ;
Ruddick, 2012)
- Student more open to collaborative and informal learning
(through, e.g., feedback, group discussion and peer-led
instruction, Fulton, 2012) and to innovative teaching
methods (Ruddick, 2012)
- Enhanced authentic learning and critical thinking
(beyond the book knowledge with real-life relevance,
Fulton, 2012)
- Self paced learning (Fulton, 2012)
- Classroom time used more effectively and creatively
(Fulton, 2012)
Problems, drawbacks or improvements needed :
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- Active student engagement is required for the method
being efficient : Students may be initially resistant (as
engagement is required) and hence may come unprepared to
class to participate in the active learning phase of the course
(Herreid and Schiller, 2013)
- The homework (readings, videos) must be carefully
tailored for insuring the in-class effectiveness. Creating such
tailored material may require a significant amount of time
for the teacher (Herreid and Schiller, 2013)
Work-based learning
Description : “The Work-based learning (WBL) method is
a terminology used for students in school level in order for
them to obtain experience through work…Generally, the
WBL method involves the combination of learning in an
educational institution and the work place” (Ismail, Omar,
Heong, Kiong, & Kiong, 2015). ; “WBL may be described
as a learning that is derived specifically from doing a job of
work and talking on a workplace role” (Ariffin, 2009).
According to Billett & Sarojni (2013), learning experiences
in the workplace include informing individuals about
particular occupations, developing capacities for practicing
those
occupations,
meeting
specific
workplace
performances requirements, and sustaining occupational
and workplace competences across lengthening working
lives. ; “WBL is based on the theory of constructivism,
which is an active and dynamic form of learning that slowly
develops throughout the lifetime of an individual” (Wilson,
1997).
Examples of application : All types of professional
environment
References : Ismail et al., 2015 ; Ariffin, 2009 ; Billett &
Sarojni, 2013 ; Wilson, 1997 ; Ariffin & Asmah, 2009 ; Billet
& Choy, 2013 ; Zhang et al., 2016 ; Hase, 2011 ; Horn, 2015
;
Characteristics, potential benefits and/or results :
- Reduce the gap between education and the world of work
as concepts learned in the classroom have often minimal real
world significance (Ariffin & Asmah, 2009) ; Dual systems
(school-based and work-based) is thought to be beneficial in
easing the transition of apprentices from school to work
(however effect not demonstrated in Horn, 2016).
- Allows complex, higher order and strategic kinds of
learning but necessitate effectively accessing and utilizing
whatever resources and support are available within the
workplace (Billet & Choy, 2013).
- Suitable environment for heutagogical approach (Hase,
2011; Hase & Kenyon, 2013)
- Work-based learning diploma programmes more flexible
to suit the work environment in the companies (institutionbased programmes are more rigid and examination-oriented)
and students offers alternative route to further their studies
according to their learning style (see Ariffin & Asmah,
2009)
- Combined with mobile apps (WoBaLearn systems,
Zhang et al., 2016) : helps to get personalized, adaptive and
just-in-time learning supports in real working environment.
Problems, drawbacks or improvements needed :
Risks : students/apprentices being exploited rather than
provided with quality training ; work-based training cannot
compensate for poor quality of the vocational training ;

selection/screening effect (only best apprentices being hired)
; no control of the quality of the training provided in firms
(Schuh et al., 2014)
- For being effective, needs involvement of the student,
educational institution and the industrial employer (Ismail et
al., 2015)
Collaborative/team-based learning
Description : “A pedagogy that encourages learner to
contribute to the learning of others and to value the
contributions of others” (Hamer et al., 2008). ;
“Collaborative learning, deriving from both Piaget and
Vygotsky to combine the social and construction elements of
the learning process - sometimes referred to as ―social
constructivism (Vygotsky, 1978; Wertsch, 1985), making
use of integrated technologies capable of supporting both”
(Dillenbourg, et al., 1996; Scardamalia & Bereiter, 1994,
2006).
Examples of applications : Ethics and management
courses (business education, Betta, 2016)
References : Betta, 2016 ; Hamer et al., 2008 ; Laurillard,
2009 ; Sweet & Michaelsen, 2007 ; Cestone et al., 2008 ;
Denny et al., 2008 ; Jackova, 2014, 2015 ; Girgin, 2011 ;
Biggs, 2003 ; Michaelsen, 2004 ; Dillenbourg, et al., 1996;
Scardamalia & Bereiter, 1994, 2006 ;
Characteristics, potential benefits and/or results :
- New technologies (i.a. social networking, collaborative,
mobile, and user-generated-design technologies,…)
particularly suitable for collaborative learning facilities
(ideas and digital products sharing/exchange, Laurillard &
Laurillard, 2009).
- Enhance higher order (cognitive) skills and soft-skills teamworking
skills,
negociation,
communication
capabilities, etc.– and, hence, job readiness (Betta, 2016;
Dennis & Dailey-Hebert, 2015; Jacková, 2014, 2015) Denny
et al., 2008
- Gives students an active role in learning : engagement,
active/authentic/deep learning (Biggs, 2003; Michaelsen,
2004 ; Sweet & Michaelsen, 2007) and collaboration
(Cestone et al., 2008)
- Induces interdependence and synergies between
individuals and team (Betta, 2016)
- Helps moving forward in the process of self-confidence
(Girgin, 2011) self-awareness and self-leading achievement
(Betta, 2016)
Problems, drawbacks or improvements needed :
- The role of the teacher for guidance and feedback
provision is crucial (Betta, 2016)
Informal learning
Description : “The spontaneous and non- structured
learning that occurs in our daily life that go by in different
contexts” (Coombs 1985) ; “Any activity involving the
pursuit of understanding, knowledge or skill which occurs
outside the curricula of educational institutions, or the
courses or workshops offered by educational or social
agencies” (Livingstone 1999).
Examples of applications : MaWork-based learning
(García-Peñalvo, Colomo-Palacios, & Lytras, 2012) ;
lifelong learning (Berlanga et al. 2008) ; all education types
and levels (CEDEFOP, 2009)
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References : Chris et al., 2012 ; Garcıa-Penalvo et al.,
2012 ; Livingstone 1999 ; Coombs 1985 ; Knowles, 1950
Characteristics, potential benefits and/or results :
- Provides the best opportunity for practicing and refining
the things learned in more traditional settings (Knowles,
1950)
- Enhancement creativity experience, improvement of
synthesis and comprehension skills (Chris et al., 2012)
Though informal learning has always taken place, the
advent ICT, particularly social media, has facilitated these
processes and made them more perceptible (García-Peñalvo
et al., 2012)
- For a large part based on exchange of latent knowledge
between organization members (García-Peñalvo et al., 2012)
Problems, drawbacks or improvements needed :
- Crucial need for methodologies and tools to make visible
and testable results from informal learning (García-Peñalvo
et al., 2012)
Networked learning (social network technologies)
Description : “Networked learning is a process of
developing and maintaining connections with people and
information, and communicating in such a way so as to
support one another's learning. The central term in this
definition is connections. It takes a relational stance in
which learning takes place both in relation to others and in
relation to learning resources” (Dirckinck-Holmfeld et al.
2009) ; “Social network technologies includes web
applications such as blogs (online story-telling); wikis
(collaborative content sharing and editing); social
bookmarking (construction of meaning) and discussion
forums (information exchange)” (Cole, 2009).
Examples of applications : Urban planning studies
(Kassens-Noor, 2012) ; Visual communication studies
(Cochrane et al. 2014)
References : Dirckinck-Holmfeld et al. 2009 ; Cole, 2009
; Cochrane & Antonczak, 2014 ; Greenhow et al., 2009 ;
Crie, 2006 ; Azhar et al., 2015 ; Kassens-Noor, 2011 ; Conde
et al. 2014 ; Ginns and Ellis, 2007
Characteristics, potential benefits and/or results :
- Typically used in combination with D-/M-/U-Learning
(e.g. Cochrane & Antonczak, 2014; Greenhow & Robelia,
2009; Kassens-Noor, 2012) Crie, 2006
- Potentially transferable to a wide range of educational
context (Cochrane & Antonczak, 2014)
- Appropriated tools for heutagogical approach (Cochrane
& Antonczak, 2014), for enabling learner-generated content
and collaboration/ team-work skills (Azhar, Mustapa,
Ibrahim, & Yusoff, 2015; Cochrane & Antonczak, 2014)
and for mentoring to occur (Crie, 2006).
- When used for social and communicative purposes
support students’ learning in three important ways : (1)
validation and appreciation of creative work, (2) peeralumni support, and (3) school-task related support
(Greenhow & Robelia, 2009)
- Attractive media : highly motivating, excellent
opportunities to read and write, effective forums for
collaboration and discussion (Crie, 2006).
- Social media is fundamentally interactive and
collaborative and hence relevant for living in the digital
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world and to deal with the ever-complex problems faced by
students (Azhar et al., 2015)
- e.g. Twitter: can foster the combined knowledge creation
of a group better than individual’s diaries and discussion but
restricted critical thinking and self-reflection because of
character limit (urban planning courses, Kassens-Noor,
2011) ;
increases learner motivation, performance,
participation etc. (Conde et al. 2014)
Problems, drawbacks or improvements needed :
- Request great instructional scaffolding for being efficient
(Cole, 2009)
- When social media are used for learning purpose : may
be perceived differently compared with ordinary personal
use and may discourage student adoption (Cole, 2009)
- For being effective, needs for high quality, well-designed
and attractive online teaching and resources (Cole, 2009 ;
Ginns and Ellis, 2007)
3. Pedagogical model
Heutagogy/E-heutagogy
Description : “An holistic educational approach aimed at
developing learner capabilities, with learning as an active
and proactive process, and learners serving as “the major
agent in their own learning, which occurs as a result of
personal experiences” (Hase & Kenyon, 2007). In a
heutagogical approach, “learners are highly autonomous
and self-determined and emphasis is placed on development
of learner capacity and capability with the goal of producing
learners who are well-prepared for the complexities of
today’s workplace” (Blaschke, 2012). Heutagogy, is based
on several theories (e.g. self-efficacy theory, Bandura, 1977
; self-determining theory of learner motivation and
autonomy ; Deci and Ryan, 2002) that have highlighted the
crucial role of human agency in every human action and
accomplishment.” (Blaschke & Hase, 2016)
Examples of applications : Work-based learning and
life-long learning (Hase, 2011) ; Teachers education and
curricula (Msila & Setlhako, 2012)
References : Blaschke, 2012 ; Hase & Kenyon, 2007 ;
Blaschke & Hase, 2016 ; Msila & Setlhako, 2012 ; Canţer,
2012; Narayan & Herrington, 2014 ; Cochrane et al., 2005
; Hase, 2011 ; Canning, 2011 ;
Characteristics :
- Applies a holistic approach to developing learner
capabilities, with learning as an active and proactive process,
and learners serving as “the major agent in their own
learning, which occurs as a result of personal experiences.”
(Hase & Kenyon, 2007) ; revolution of it : focus no longer
on learning content but rather on how to place the learner as
an active and self-determined agent of his/her learning
(Blaschke & Hase, 2016) ; also reinvent the role of the
teacher (seen as a learning partner, Msila & Setlhako, 2012)
- Five pillars of the heutagogical approach (Blaschke and
Hase, 2016)
: Learner-centered/determined, learner
capability, self-reflection and metacognition, double-loop
learning, self-determined and nonlinear learning paths
Potential benefits and/or results :
- Heutagogical approach may be facilitated with new
technologies (e-heutagogy) : Mobile social media, mobile
devices, web 2.0 and 3.0 resources (e.g. Blaschke, 2012;
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Canţer, 2012; Cochrane & Antonczak, 2014; Narayan &
Herrington, 2014)
- Particularly suitable for the workplace and for becoming
lifelong learners (Blaschke, 2012 ; Hase, 2011)
- Thought to foster autonomy, motivation and selfdetermination/engagement (Blaschke, 2012) and to develop
many learning prone capabilities as self-reflection, selfdiscipline and motivation, critical thinking, autonomy,
metacognition (i.e. understanding one’s own learning
process), double-loop learning, and nonlinear learning and
teaching processes, creativity, etc. (Blaschke & Hase, 2016)
- Principles applicable to all level from kindergarten to
university (Canter, 2012)
- Blended learning can be beneficial for developing a
heutagogical learning approach in a flexible way ()(e.g.
different setting : face-to-face seminars, online learning and
discussion, work-based reflection, tutor visits to settings,
Canning, 2010)
Problems, drawbacks or improvements needed :
- Although expected benefits in many aspects of the
learning processes, heutagogy principles are much more
theoretically driven than empirically-based : have rarely – if
ever - been investigated in a formal and rigorous empirical
approach (Blaschke & Hase, 2016)
- Although virtually applicable to all education context
mostly investigated in the context of work-based and lifelong learning (Canter, 2012)
- Challenges for implementing heutagogy :
- Overcoming teachers’ resistance to change and a “fear of
relinquishing power” (from instructor to student, Blaschke,
2012)
- Need of pedagogical reconception by the establishment
of communities of practice (Cochrane & Antonczak, 2014)
- Appropriate curriculum redesign (Cochrane &
Antonczak, 2014)
- Development of a supporting technology infrastructure
that enables the use of mobile social media within a
framework of new pedagogies (Cochrane & Antonczak,
2014)
- Need for developing teaching module for helping teacher
to adopt heutagogical attitudes and capabilities (Msila &
Setlhako, 2012)
Active/Authentic learning
Description : “Authentic learning as a pedagogical model
has the opportunity to significantly improve educational
outcomes within the knowledge economy. It addresses
processes relating to the transformation of information and
key transferable knowledge and human mind processing
capabilities. It requires complex communication, judgment,
reflection, expert thinking, and advanced problem-solving
skills” (Herrington and Herrington, 2006) ; “The term
authenticity is used in education with respect to authentic
tasks as genuine and embedded in real life” (Brown, 1989;
Cranton, 2001; Darling-Hammond & Snyder, 2000;
Laursen, 2005)
Examples of applications : Transportation engineering
(Prado da Silva, Fontenele, & da Silva, 2014) ; Information
technology (Duangchant & Duangchant, 2016) ; Logistics
and supply chain education (Wood & Reiners, 2012) ;

References : Herrington and Herrington, 2006 ; Brown,
1989; Cranton, 2001; Darling-Hammond & Snyder, 2000;
Laursen, 2005 ; Alfieri et al., 2011 ; Herrington et al., 2010
; Wood & Reiner, 2012 ; Barsalou, 2008 ; Lombardi, 2007
; Prado da Silva et al., 2014 ; Duangchant & Duangchant,
2016
Characteristics, potential benefits and/or results :
- Some methods/tools are particularly prone to induce
active/authentic learning : e.g. flipped classroom setting
(Fulton, 2012)
- May be usefully combined with more traditional
methods (e.g. lectures) to help developing complex learning
(Prado da Silva et al., 2014)
- Provides the opportunity to exercise realistic work
practices, cognitive processes that are aligned with authentic
situations, while receiving valuable feedback, and using
more authentic sources and materials (Herrington, Reeves,
& Oliver, 2010) Herrington and Herrington, 2006) 
Important to improve students’ preparation for their
professional careers (Lombardi, 2007)
- Allow to develop complex competencies and skills
(Prado da Silva et al., 2014), to gain insight into complex
concepts and systems (Wood & Reiner, 2012) and to render
multimodal forms of representation - comprising perception
(e.g. a vision, audition), action (e.g. movement,
proprioception), and introspection (e.g. mental states, affect)
– upon which human cognition is premised (Barsalou, 2008)
- May lead to knowledge transfer and change (allowed
with authentic and observation/discovery based learning) of
knowledge patterns to create new knowledge (B-O-R-N
Model, Duangchant & Duangchant, 2016)
Problems, drawbacks or improvements needed :
- Require teacher and students to rethink learning process
and modalities - no solely teacher-led but requiring learner
active engagement (Alfieri, Brooks, Aldrich, & Tenenbaum,
2011)
- Should be further adopted in work-based learning for
enhancing the support of professionals as they continue to
learn through their professional lives (Webster-Wright,
2009)
Observation/Discovery-based learning
Description : “Discovery learning occurs whenever the
learner is not provided with the target information or
conceptual understanding and must find it independently
and with only the provided materials. Within discoverylearning methods, there is an opportunity to provide the
learners with intensive or, conversely, minimal guidance,
and both types can take many forms (e.g., manuals,
simulations, feedback, example problems)” (Alfieri et al.,
2011)
Examples of applications : Traffic observation into
transportation engineering education (Cooley, Brown, &
Abdel-Rahim, 2011) ; Computer skills, science, problem
solving, physical/motor skills, and verbal/social skills
(Alfieri et al., 2011).
References : Alfieri et al., 2011 ; Cooley et al., 2011 ;
Characteristics, potential benefits and/or results :
- observation/discovery based learning may lead to change
of knowledge patterns to create new knowledge (B-O-R-N
Model, Duangchant & Duangchant, 2016)
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- Application to the transport sector (advanced signal
timing class with observation based activities : Cooley et al.,
2011) : increases use of traffic observation as an affordance
condition ; influences for better conceptual change, induces
more extensive knowledges and concepts understanding.
Problems, drawbacks or improvements needed :
- Effects of unassisted-discovery tasks is very limited
(Alfieri et al., 2011)
- May lead to authentic learning experience but with welldesigned and well-thought assistance (e.g. at least some base
of knowledge in the domain in question ; guided tasks that
have scaffolding in place to assist learners ; providing
worked examples of how to succeed in the task, Alfieri et
al., 2011).
4 Conclusions
There was broad similarity between the findings of the
literature review and what the experts had said in the
interviews.
The two major lessons learned from this review are:
(A) No one resource or approach is sufficient and a blended
approach should be used. This ensures that all students
are engaged. Blended learning uses multiple education
resources, for example face-to-face, with technology. In
general, using blended learning model gives teachers
more time to focus on learning activities that engage
students and improve their own skills (Hamilton & Tee,
2013). Blended learning can bring about better
motivation, better soft skills and more knowledge
acquisition (Canning, 2010).
(B) Training and education should be student rather than
teacher centric. This encourages life-long learning and is
seen as a more authentic type of learning, leading to
better student engagement (Blaschke & Hase, 2016).
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ABSTRACT: The Children’s Sport Participation and Physical Activity study (CSPPA) was conducted in 2009 and surveyed 1,275
primary school pupils and 4,122 post-primary pupils between the ages of ten and eighteen on their daily activities. The main
objective of this paper was to analyse the travel patterns of the post-primary school participants to determine associations between
variables and commuting patterns to and from school. Using SPSS software, the survey data were analysed using a range of
techniques including the development or cross tabulations from which chi-squared tests were carried out, the analysis of cluster
graphs and development of a logistic regression equation.
The results indicate that there is a relationship between variables such as gender, distance from school, urban / rural residence,
school sex and social class on commuting habits of post-primary school pupils. A significant gender difference was observed
among those cycling to school. For pupils, both in urban and in rural school settings, a higher proportion of boys cycle to boys’
school compared to mixed schools and a lower proportion of girls cycle to girls’ schools compared to mixed schools. Distance
and time are the mostly commonly listed barriers to active commuting. Contrary to much research involving adult commuters,
girls are no more likely to list “traffic-related danger” as their barrier to active travel and there is a weak negative association
between health and active commuting. There is an association between mode of travel to school and social class with those from
the lower class less likely to travel to school by car and more likely to walk. “Gender” and “distance to school” offer the strongest
predictors for cycling to school or not. More research on the barriers to active travel is required.
KEY WORDS: CSPPA Study; Means of Travel to School; Gender; cycling rates.

The Children’s Sports Participation and Physical Activity
(CSSPA) Study collected information from school boys and
girls 2009. It presented the at-the-time participation in physical
activity, physical education and sport by children and youth in
Ireland. The Study provided information from 10-18 year old
children on their physical activity levels, physical education,
extracurricular sport participation, and extra-school club
participation as well as travel patterns to and from school.
(Woods et al., 2010)
A total of 123 schools took part in the survey. For the purposes
of this paper, the results of the 70 post-primary school students
only were analysed. Participants of the Study were asked a
range of questions which are analysed with respect to
background variables including health indices; children who
commute to school actively, such as by walking or cycling,
have better cardiovascular fitness than those that don’t
commute actively (Davison et al., 2008).

variables and travel mode and also the barriers to active travel.
Active travel is defined as walking and cycling. This review led
to a number of research questions surrounding the associations
between various variables and travel mode.
Prior to the analysis proper, the characteristics of the sample
were investigated in a number of ways to understand the types
of backgrounds of the 4,122 pupils in the Study. The results of
these preliminary analyses is presented in Section 3.
The majority of the analysis involved studying clustered bar
charts and cross tabulations for the means of travel to and from
school. Chi-squared tests for independence were carried out to
determine if there are statistical significant associations
between various variables and travel mode and in the case of
ordinal variables, a gamma value was calculated. A number of
dummy variables were generated to calculate the odds ratios
and for the development of the logistic regression model where
a prediction equation for cycling to school or not was
developed. Missing cases were omitted from respective
analyses.

2

3

1

INTRODUCTION

METHODOLOGY

As part of research into the gender differences between cycling
commuters, the CSPPA Study results provided a significant
dataset for the analysis of the factors and barriers associated
with means of travel to and from school. SPSS files for the
CSPPA Study were provided by the Irish Social Science Data
Archive (ISSDA). Due to the significantly larger sample size of
the former, it was decided to carry out an analysis of the travel
patterns of post-primary school pupils only.
The CSPPA Study (Report 1) which included summaries of
travel patterns of participants was reviewed. The Active Travel
chapter provided an overview of the associations between

OVERVIEW OF SAMPLE

Figure 1 shows the breakdown of participants in the Study by
age and gender. The mean age of the sample were 14.75 years
and 14.48 years for boys and girls respectively. The data from
post-primary schools only was analysed which accounts for the
smaller proportion of twelve-year old pupils in the Study as
many Irish pupils aged 12 years are still in primary school.
Similarly, the lower proportions of seventeen and eighteen
year-olds is likely to account for either dropouts or those that
finish school before the age of eighteen years. The results also
show that there is a higher proportion of females in the Study
(52.5% females and 47.5% males).
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school and 34.70% v 29.14% for girls and boys travelling from
school. The quantities travelling by train are insignificant.

Figure 1: Age profile of participants of Study (n = 4,110)
Figure 2 shows the number in the sample by urban and rural
school setting and by gender. An urban area is defined as “a big
city (More than 70,000 inhabitants) and “Suburbs, large town
or outskirts of city (less than 70,000 inhabitants). A rural area
is everything else. 1,563 pupils that indicated their area of
residence as urban and 2,553 that are from a rural area.

Figure 3: Means of travel to school (n = 4,090)

Figure 4: Means of travel from school (n = 4,093)

Figure 2: Breakdown of sample by area of residence (n =
4,116)
4

MEANS OF TRAVEL TO AND FROM SCHOOL
By Gender

Figure 3 and Figure 4 show the means of travel to and from
school by the participants of the Study by gender. Girls are
more likely to walk to and from school than boys. The
difference in proportions for walking to and from school
between the genders are 2.04% and 1.34% respectively. Boys
are more likely to cycle to and from school than girls. The
difference in proportions for cycling to and from school
between the genders are 5.94% and 5.53%. A higher proportion
of boys travel to and from school by car than girls. 35.19% v
33.13% for boys and girls travelling to school and 28.47% v
26.60 for boys and girls travelling from school. Among both
boys and girls, fewer students travel by car from school than to
school. There is an almost corresponding increase in the
proportion walking from school. Overall, 6.61% fewer students
travel home by car and 5.20% more students travel home on
foot. Girls are more likely to travel to and from school by bus
than boys. 33.41% v 27.73% for girls and boys travelling to
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Corresponding values of Pearson’s Χ2 (4, N = 4,090) =
129.953, p = 0.000 and (4, N = 4,093) = 120.266, p < 0.001 for
travel mode to and from school respectively indicate that there
is an association between gender and means of travel. This is
strong evidence against a hypothesis that means of travel and
gender are statistically independent. Table 1 shows the odds
ratios for different travel modes by gender. The five travel
modes, walking; cycling; traveling by car, taking the bus and
taking the train are analysed with respect to the odds ratios. I.e.
The ratio of the odds of a male student travelling to school by
certain means to the odds of a female student traveling to school
by the same means. The corresponding 95% confidence
intervals is also presented. The most noteworthy gender
difference is identified among those that cycle to school. Boys
are 28.18 times more likely to cycle to school than girls.
Table 1: Odds ratios for different travel modes by gender
Walking
Odds
Ratio
95% CI

Means of Travel to School
Cycling
Car
Bus

Train

0.91

28.18

1.10

0.76

0.84

0.79 –1.04

11.70 –
88.51

0.96 –
1.25

0.67 –
0.88

0.50 –
1.41

CERI-ITRN2018

4.1.1

Comparison with National Figures

When compared with the 2011 census data, the following is
noted (Central Statistics Office, 2011):
 The walking, cycling to school rates are higher among the
CSPPA participants compared with the national average;
 The travel to school by car rates are lower and
 The corresponding rates for travel by bus and train are
approximately equal as shown in Table 2.
This would suggest that the urban / rural split is higher among
the participants of the Study than the national average.
Table 2: Census 2011: Means of travel by “Students at school
or college aged between 13 and 18 year” (n = 1,289, 756)

Figure 5: Means of travel to school by age (n = 4,085)

Means of Travel to School
Walk

Cycle

Car

Bus

Train

Other

M

22.8%

3.7%

39.6%

29.3%

1.8%

2.7%

F

23.0%

0.3%

42.6%

30.3%

1.7%

2.0%

By Age
Figure 5 and Figure 6 show the means of travel to and from
school by age. For walking and cycling to and from school,
there is no age-related increase or decrease in respective active
travel rates. No conclusions can be drawn from the cycling rates
across the age profile due to low frequencies. Across all ages,
there is a reduction in the proportion of students that travel
home from school in a car compared with the proportion that
travels to school by car. There is a general increase in the
proportion of students that travel to and from school by car up
to the age of 15 years; beyond the age of 15 years, there is a
general decrease in the proportion. This relationship is mirrored
when analysing the bus mode share: there is a general decrease
in bus mode share up to the age of 14 for means of travel to and
from school and there is a general increase among those aged
more than 14 years.
The number of students taking the train are small compared
with other forms of travel however in both travel to and travel
from school. There is a significant increase in the proportions
taking the train for those aged 16 years and older.

Figure 6: Means of travel from school by age (n = 4,087)

By Urban / Rural Residence
Area of Residence data were coded into two categories: urban
and rural. The means of travel to and from school and by urban
/ rural residences are shown in Figure 7 and Figure 8.
The mean distances to school within each category are 3.4km
for urban and 7.6km for rural residences. Active travel rates are
more the double among those from urban areas compared with
those from rural areas. The rates for travel by car and by bus
are higher for travel to and from school in rural areas compared
with urban areas.

Chi-squared tests was performed and there is an association
between age and means of travel to and from school; to school,
Χ2 (24, N = 4,085) = 180.27, p < 0.001 and from school, Χ2
(24, N = 4,087) = 167.61, p < 0.001.

Figure 7: Means of travel to school by urban / rural residence
(n = 4,096)
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More pupils in the Study live in rural areas compared to urban
areas (R: 61.9% v U: 38.1%) and those from rural areas are
more likely to travel to school by bus than those from urban
areas. This explains, when considering the oddity above, the
fact that boys are more likely to travel by bus to mixed schools
than boys’ schools but girls are more likely to take the bus to
girls’ schools.

Figure 8: Means of travel to school by urban / rural residence
(n = 4,099)
Chi-squared tests was performed and there is an association
between urban / rural residence and means of travel to and from
school; to school, Χ2 (4, N = 4,096) = 470.75, p < 0.001 and
from school Χ2 (4, N = 4,099) = 511.34, p < 0.001. The results
indicate very strong evidence against independence as the
probability values are rounded to 0.000 in each case.
By School Sex
Pupils from boys’ schools, girls’ schools and mixed schools
were surveyed in this Study. The means of travel to school by
gender and by school sex are shown in Figure 9. The
corresponding graphs for travel from school is omitted as the
results are similar.
Both boys and girls are more likely to walk to single-sex
schools compared with mixed schools. Boys are more likely to
cycle to boys’ schools than mixed schools and girls are less
likely to cycle to and from girls’ schools than mixed schools.
The numbers of girls cycling to school in the sample, however,
is very low.
Chi-squared tests was performed and there is an association
between school sex and means of travel for both boys and girls
to; for boys, Χ2 (8, N = 4,085) = 59.10, p < 0.001 and for girls,
Χ2 (8, N = 4,087) = 43.253, p < 0.001.
The decreased walking rates can be explained by the larger
mean journey distances to mixed schools compared with
single-sex school. Boys travel an average of 0.9km farther to
mixed-schools compared with boys’ schools and girls travel on
average 0.4km farther to mixed-schools compared with girls’
schools. There is a higher proportion of students that attend
mixed schools in rural settings, with, on average, greater
journey distances to school, compared with that of urban
settings (71.5% v 28.5%). This also explains the higher
proportion of pupils that travel to mixed schools by car
compared with single-sex schools.
A peculiarity of the sample reveals that proportionally more
boys attend mixed schools than boys’ schools (M: 62.9% v B:
37.1%) but proportionally fewer girls attend mixed schools
than girls’ schools (M: 44.9% v G: 53.6%). This aligns with the
numbers of respective school types in Ireland (101 boys’
schools and 133 girls’ schools and 477 mixed schools) aided by
the Department of Education and Skills (Central Statistics
Office, 2017).
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Figure 9: Means of travel to school by school sex (n = 4,096)

By Distance to School
The mean distance to school for students within the study is
6.0km with a standard deviation of 7.0km.
The histogram presented in Figure 10 shows the percentages of
students travelling from certain distances with a bin of 4
kilometres. As expected, those walking to school travel the
least distance in kilometres followed by those cycling.

Figure 10: Histogram of journey distances of pupils in Study
(n = 3,804)
Box plots showing the central tendencies and the spread of
journey distances by travel mode are presented in Figure 11.
The interquartile range for each travel mode is represented by
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the top and bottom of the box. The median is shown by the
central horizontal line, outliers are represented by circles and
extreme outliers are represented by stars. Extreme outliers are
values more than 3 x Interquartile Range (IQR) from the ends
of the box and outliers are values more than 1.5 x IQR but less
than 3 x IQR from the ends of the box.
There are 37 values greater than 10 for distance travelled to
school in kilometres by foot. A number of these values may
have been incorrectly recorded.

Figure 12: Means of Travel by “social class” (n = 3,520)
By Health Index
Researchers coded each case into health indices based on levels
of physical activity and sports participation. The index ranges
from zero indicating an unhealthy student to four indicating a
very healthy student.
The strength of the association was determined by calculating
gamma. γ = -0.098 (P = 0.069) indicating weak negative
association between health and active travel. See Figure 13.
Figure 11: Boxplots for distances by travel mode n = 3,777)

By Social Class
Students were asked for details of their parent’s employment
status. This has allowed researchers to code students by socioeconomic status (SES). A simplified graph is shown in Figure
12Error! Reference source not found. with SC 1-2, SC 3-4,
SC 5-6 representing those from upper social classes, middle cla
and lower classes respectively. “Other” social classes were
removed. The corresponding graph for travel from school is
omitted as it is similar.
A chi-squared test was performed and there is an association
between social class and means of travel to school; Χ2 (8, N =
3,520) = 49.746, p = 0.000.
For travel to school, the likelihood of travelling by car increases
as one’s social class increases and the likelihood of taking the
bus decreases as one’s social class increases. Students are least
likely to walk to school if their SES is “upper class” compared
with the other classes.

Figure 13: Health indices for active and non-active commuters
by gender (n = 921)
5

BARRIERS TO ACTIVE COMMUTING

As part of the series of questions relating to travel patterns,
students were asked to list their barrier to active commuting, if
they don’t walk or cycle. Pupils were only allowed to list one
barrier. “Distance” and “time” were the most common cited
barriers to active travel. See Figure 14 which shows the
breakdown by gender.
In Figure 15, the barriers to active travel are presented for those
whose distance are less than 3km. Even for those shorter trips,
the barriers of “distance” and “time” are still significant. Girls
are significantly more likely (25.6% v 20.8%) to list “distance”
as a barrier to active commuting among those that live within a
3km trip of their respective school.

400

CERI-ITRN2018

An increase in 1 km in distance to school decreases the odds by
1.2 that a student travels to school by bicycle.
The odds of a boy cycling to school over the odds of a girl
cycling to school is 24.543. The odds of a pupil cycling to
school from an urban residence are 2.383 times the odds of a
pupil cycling from a rural residence.
7

Figure 14: Barriers to Active Commuting by gender (n =
2,733)

Figure 15: Barriers to Active Commuting by gender (Distance
<=3km) (n = 788)

6

PREDICTING CYCLING COMMUTING TO SCHOOL
Logistic Regression

The previous sections indicated relationships between the
variables gender, age, school size, school sex, distance to
school, social class and health index and means of travel to and
from school. A logistic regression is provided here to predict
the likelihood of a pupil cycling to school or not based on a
number of variables. The variables that were found to be
statistically significant were gender, distance to school and
urban / rural residence.
The logistic regression equation for this model is as follows:
Logit [p̂ (y=1)] = -5.650 + 3.200(gender) – 0.179(dist) + 0.868
(urban/rural)
The above equation can be used to predict if a pupil in the Study
travels to school by bicycle or not. The formula for the
probability is:
𝑃(𝑦 = 1)
𝑒 −5.650 + 3.200(gender) – 0.179(dist) + 0.868 (urban/rural)
=
1 + 𝑒 −5.650 + 3.200(gender) – 0.179(dist) + 0.868 (urban/rural)
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CONCLUSION

The sample is a reasonably good approximation of the
national average when compared to the corresponding census
data although with a slight skew towards an urban setting.
There are associations with means of travel to and from
school with a number of variables. Although, the strength of the
associations is sometimes unknown, chi-squared tests in many
cases offer evidence against independence. I.e. there are
associations between means of travel and gender, age, distance
from school, school sex and SES. This aligns with research
carried out by particularly relating to the gender gap among
pupils cycling to school in Europe (Aldred et al., 2017) and in
the United States (McDonald, 2012).
Distance to school is a strong indicator of urban / rural
residence which in turn has an association with travel mode.
A significant gender difference was identified between the
cycling rates among boys and girls with odds ratio calculated
to be 28.18 (95% CI: 11.70 – 88.51).
A weak negative association was identified between health
and active travel to school which would contradict much
international research (Davison et al., 2008).
Distance and time were the two most commonly cited
barriers to active travel with girls citing distance more than
boys for those that live within a comfortable active travel
commuting distance (3km).
Further research is required to determine reasons that might
explain some of the relationships between variables and means
of travel, particularly with respect to gender. Why is there a
significant gender gap in cycling rates? Why is there a strong
association between social class and means of travel? It would
have been valuable to ask pupils their barriers to walking
separate to their barriers to cycling.
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ABSTRACT: Currently Hot Rolled Asphalt (HRA) surfacings make up over 50% of the pavement surface on the Irish national
road network. HRA is a dense, gap graded bituminous mixture with a layer of cold coated chippings applied to the surface mat
and then rolled. Well manufactured HRA is a positively textured surface i.e. the surface macrotexture is formed by the peaks and
ridges of the coated chippings projecting above the surface level of the mastic. Detailed visual inspections of relatively new HRA
schemes constructed in Ireland indicated that the chippings were in many cases clustered together forming voids below surface
level. This type of surface is characterised as having ‘non-positive’ texture, which should not be a feature of HRA.
This research analyses 3D models of a variety of HRA pavement surfaces to objectively quantify the differentiators between
positive and non-positive pavement macrotexture. 3D models are captured using two methods – using Close Range
Photogrammetry (CRP) and using a Laser Crack Measuring System (LCMS). Once the models are captured, a virtual horizontal
slice was taken through the model at a user defined threshold below the surface. The portions of the model which project above
this slice are termed “Islands”. The number of islands identified at each location, together with the horizontal surface area of each
island, was calculated and reported. A parameter, Count50, was introduced based on a combination of the number of islands and
the individual island areas. CRP based Count50 has previously been shown to provide a clear and practical discriminator between
positive and non-positive textured surfaces and is included in TII’s latest specifications. This paper summarises the development
of the CRP based Count50 method and extends it to LCMS captured 3D models.
KEY WORDS: Photogrammetry, Pavement Surface Model, Texture, HRA, Specifications, LCMS

1

HOT ROLLED ASPHALT – BACKGROUND

Hot Rolled Asphalt (HRA) is a dense, gap graded bituminous
surface course mixture comprising of a large proportion of
fine aggregate (sand and/or crushed rock fines), a smaller
proportion of coarse aggregate plus filler and binder; the
material is manufactured hot [1]. HRA materials with less
than 35% coarse aggregate do not possess the necessary
surface characteristics to resist skidding. Therefore, after the
HRA passes through the road paver, a layer of cold coated
chippings is applied using a mechanical chipping spreader
and the surface is then rolled. This is the finished HRA
surface course (Figure 1). Good workmanship is required on
site to ensure the correct embedment of chippings.

Figure 1: HRA with Coated Chippings
The coated chippings that are rolled in to the HRA mat
provide two skid resistance characteristics necessary for the
finished surface course to be fit for purpose:
i. the Macrotexture which represents the distance between
the top of the coated chippings and the mastic mat. The
macrotexture provides drainage paths for the displacement
of most of the water from the tyre/surface interface when
braking in wet conditions.

ii. the Microtexture which is the surface roughness of the
individual coated chippings and is an inherent characteristic
of the chippings. The surface microtexture interacts with the
vehicle tyre to generate sufficient friction to allow the
vehicle to slow or stop under braking action. The coated
chippings rolled in are specified to have a high Polished
Stone Value (PSV) to ensure adequate microtexture
frictional resistance is generated.
To ensure contact with vehicle tyres, the macrotexture for
HRA surface course is required to be ‘positive’ meaning that
the coated chippings sit proud above the mat (Figure 1). If
positive macrotexture is not achieved, the vehicle tyre will
not be in consistent contact with the coated chippings and the
HRA surface course will not be fit for purpose. This
deficiency may in turn lead to vehicle tyre contact with the
mortar in a relatively short time frame. In general, the coarse
aggregate in the mortar is of lower PSV standard as its
primary purpose is only to provide a mastic to hold the high
PSV coated chippings.
2

PROBLEM STATEMENT

In Ireland, the national road network is managed by
Transport Infrastructure Ireland (TII). Currently, HRA
surfacings make up over 50% of the pavement surface on the
national road network. According to a European study [2],
well designed HRA may offer between 17 and 25 years of
service life on heavily trafficked European roads.
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Macrotexture acceptance criteria for HRA in Ireland was
previously based on texture depth only. The texture depth is
measured by the volumetric patch test using glass beads in
accordance with EN 13036-1 [3]. Surface texture takes two
forms:
‘positive’ texture: a cluster of angular peaks or
series of ridges above a datum level, typical of chip
sealing, hot rolled asphalt with chips, slurry and
microsurfacings and brushed concrete. Figure 1
illustrates positive texture in a HRA surfacing
material.
b) ‘negative’ texture: a network of voids or
depressions below the general level, typical of thin
surface course systems, and porous asphalt. This
‘negative’ texture should not be a feature of a HRA
surfacing.
a)

Detailed visual inspections of relatively new HRA schemes
constructed in Ireland indicated that the coated chippings
were in many cases clustered together forming voids below
surface level. This type of surface is characterised as having
‘non-positive’ texture to distinguish it from the designed
‘negative’ texture provided by thin surface course materials.
When the HRA surface was tested using the specified
volumetric patch method, it was possible to achieve the
specified texture depth even though the pavement surface
material had non-positive texture.
In Ireland prior to 2017 texture was characterised as positive
or non-positive based on visual assessment only, which is
inherently subjective and difficult to enforce contractually.
In 2017 a method was developed by McGowan et al [4] to
objectively differentiate between positive and non-positive
HRA surfaces using close range photogrammetry. This paper
summarises the research into the development of the method
and extends the method to laser-based data collection
equipment.
3

STUDY APPROACH

The research in this study analyses 3D models of a variety
of pavement surfaces to quantify the differentiators between
positive and non-positive pavement macrotexture. Two
techniques were used to recover the 3D models
I.

II.

Close Range Photogrammetry (CRP). This is based
on the methodology developed at Ulster University
by Millar [5] and McQuaid [6] whereby a 3D model
is created from a collection of 2D images.
Laser Crack Measurement System. This method
uses scanning lasers to create a 3D model of the
pavement surface.

The models created from each method were first compared
using a number of ISO25178 [7] surface texture parameters.
The models were subsequently analysed to capture the
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primary distinguisher of a positively textured surface, i.e.
that the texture is formed by discrete chips protruding from
a mastic of bitumen and fine aggregate. All analysis was
carried out using Digital Surf MountainsMap 7 surface
imaging and metrology software [8]
3.1

CLOSE RANGE PHOTOGRAMMETRY

The CRP technique developed at Ulster University is called
the Ulster University Photogrammetric Method of Highway
Surface Recovery and 3D Modelling or UUTex3D [9]. The
technique uses a bundle of 12 images to generate the 3D
model. While technically three images are sufficient to
create a 3D model, acquiring 12 images offers redundancy
enabling poor quality images to be rejected from the study
while still enabling a 3D model to be extracted.
In this study CRP is typically carried out on a rectangular
patch of approximately 300 mm x 300 mm. The area of
interest is enclosed by a set of scale rules. The scale rules are
captured in each image so that they can later be used to scale
the model and enable measurements to be made. A calibrated
3D model is created from these images using 3DF Zephyr
Pro, a software package designed to automatically create 3D
models from photos. The software creates a dense point
cloud representation of the pavement surface which is used
in the subsequent analysis.
Data collection equipment for CRP is relatively low cost and
data collection is easy to carry out. However, it is a static test
requiring lane closures and traffic management and causes
significant disruption to site operations or user traffic. It is
also a point sampling methodology with actual
measurements being taken on a very small percentage of the
pavement surface. This can be problematic for nonhomogenous surfaces.

3.2

LCMS

LCMS comprises two scanning lasers capable of operating
at 5600 Hz. The lasers have a lateral resolution of 1 mm over
a 4 metre wide field of view, and a vertical resolution of 0.25
mm. The longitudinal resolution is user definable but is
limited by survey speed. A 1 mm longitudinal resolution was
used in this study, allowing a maximum survey speed of 25
km/h. The output from LCMS includes greyscale images
based on reflected laser intensity, laser range values and a
combined intensity/range “3D” image. Examples for a
positively texture surface are shown in Figure 2.

Figure 2: LCMS Intensity, Range and 3D Images (left to
right)
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A 3D point cloud of the pavement surface can also be
extracted directly from the survey data, requiring no postmission model recreation or calibration.
LCMS equipment is significantly more expensive than CRP.
Data collection also requires more expertise. However,
LCMS offers 100 % coverage of the test site and can be
carried out with minimal disruption to traffic.
4

extracted from the model. This extract of the surface was
thresholded to remove noise, removing the top and bottom
0.5 % of elevations. Examples of the prepared CRP models
for a non-positive HRA surface (left) and a positive HRA
surface (right) are shown below in Figure 3, viewed at a 45
degree angle to the pavement surface. Similar examples for
LCMS based models are shown in Figure 4 for the same
location.

Test Sites

Six sites were selected for the evaluation of macrotexture
type. An initial walking survey of each site was carried out
by experienced pavement engineers to characterise the sites
as being either positive (P) or non-positive (NP). Four sites
were of relatively new HRA and characterised as displaying
non-positive texture when visually assessed. The two
remaining sites were characterised as having good positive
texture based on visual assessment.

Figure 3: Prepared CRP Models

Following the initial visual assessment, a detailed CRP and
LCMS data collection exercise was carried out on each site.
The sites were typically 500 metres in length. CRP was
carried out in the left wheelpath and in the centre of the lane
at 50 metre intervals on each site. Additionally, a volumetric
patch test was carried out at each point location. Each
volumetric patch test was performed at the identical point
location used in the CRP data collection. Finally, a full width
LCMS survey was carried out over the length of each site.
The national road descriptors and average texture depths for
each site are included in Table 1.
Table 1: Site Description

5

Texture
Depth(mm)
C
L

Site

Length(m)

Texture Type
(visual)

N02

500

NP

1.61

1.34

N04

225

NP

1.21

1.42

N05

500

P

2.48

2.71

N65

500

P

2

2.18

N77

500

NP

1.14

1.36

N78

500

NP

0.92

1.24

Data Analysis

The photos taken in the data collection phase were processed
to create a 3D model of each test location in accordance with
the UUTex3D method. LCMS models for each location were
extracted from the LCMS survey data. The LCMS models
were extracted from the same locations as the
photogrammetry models so that a direct comparison could
be made. Each model (CRP and LCMS) was loaded into
MountainsMap for analysis. Prior to analysis three
preparatory actions were taken. The form and slope of each
model was removed. A circular area of 140 mm radius was

Figure 3: Prepared LCMS Models

5.1

ISO25178 Comparison

The CRP and LCMS based models were compared using
several ISO25178 Surface Texture parameters. The
parameter values were compared to determine whether the
two types of model recovery (CRP and LCMS) produced
similar models. The parameters examined were:
•
•
•
•
•
•

Sq – Root Mean Square of Height
Sa – Arithmetic Mean Height
Sp – Maximum Peak Height
Sv – Maximum Pit Height
Sz – Maximum Height
Vv – Volume of Voids

Table 2 summarises the relationships identified in terms of
slope, intercept and R-sq. In most cases the LCMS and CRP
are very strongly linearly correlated with a relationship of
the form
CRP = M x LCMS + C
(1)
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Table 2: ISO25178 Comparison Summary

5.2

Unit
mm
mm
mm
mm
mm
mm³/mm²

M
0.92
0.92
0.98
0.97
0.88
0.88

C
0.03
-0.27
-0.08
-0.44
0.07
0.01

RSQ
0.91
0.84
0.89
0.89
0.89
0.90

Islands - CRP

The Islands module, available from the surface Structural
Analysis group in MountainsMap, is used to quantify the
volume of islands, i.e. of distinct areas of material above a
given height in a surface [7]. Effectively a virtual horizontal
slice is taken through the surface at a user defined threshold.
The islands are the portions of the model which project
above this slice. This is analogous to discrete stone chips
protruding above the surface of the mastic in a positivetextured HRA.

When the CRP Count50 for each survey location is plotted a
clear delineation between positive and non-positive
locations can be observed, as shown in Figure 4. Nonpositive locations typically have a Count50 of 5 or less,
positive locations are typically 8 or greater.
25
20

Count 50

Parameter
Sq
Sp
Sv
Sz
Sa
Vv

Figure 3: CRP Islands

∑𝑁
𝑖=1

𝐴𝑟𝑒𝑎(𝑖)
𝑇𝑜𝑡𝑎𝑙 𝐼𝑠𝑙𝑎𝑛𝑑 𝐴𝑟𝑒𝑎

× 100 ≥ 50%

(2)

10
5

An application of Islands Analysis to characterize HRA
texture as either positive or non- positive was developed by
McGowan et al [4] and subsequently incorporated into TII
Publications CC-SPW-00900, Specification for Road Works
Series 900 [10] and CC-GSW-00900, Notes for Guidance on
the Specification for Road Works Series NG 900 [11].
The models used in the development of the method were
captured using the UUTex3D procedure. The method
introduces a horizontal slice a level of 1.5 mm below the
highest point in each model. The number of islands
projecting above this slice and the area of each island is
calculated. A new parameter, Count50, was introduced based
on a combination of the number of islands and the individual
island areas. For a given test location, Count50 for that
location is the minimum number of islands (N) such that

15

0
0

100

200

300

400

500

Chainage
Positive

Non-Positive

Figure 4: Comparison of CRP Count50 for each Survey
Location.
5.3

Islands - LCMS

The Islands analysis carried out on the photogrammetry
models was replicated on the models captured using the
LCMS. Examples of LCMS based Islands analysis are
shown in Figure 4 for a non-positive (left) and a positive
(right) location using a 1.5 mm threshold. The examples
shown are for the same locations as shown in Figure 3.
Figure 4: LCMS Islands

where Area(1) = area of largest Island, Area(2) = area of
second largest island…area(N) = area of Nth largest island,
i.e. Count50 is the minimum number of islands require to
make up at least 50% of the total island area for a given test
location.
Examples of CRP based Islands analysis are shown in Figure
3 for a non-positive (left) and a positive (right) location using
a 1.5 mm threshold.
As with the results of the photogrammetry, the LCMS
Islands analysis shows a clear delineation between positive
and non-positive HRA surfaces (Figure 5). In general, nonpositive surfaces tend to have a Count50 in the range of 0 to
7, while positive tend to be 10 or greater.
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25

Count50

20
15
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5
0
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100

200

300
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500

Chainage
Positive

Non-Positive

Based on the results of this study LCMS offers a very useful
addition to CRP based analysis. While LCMS produces
generally higher values for Count50 it still clearly shows a
distinct difference between positive and non-positive
surfaces. The ability to collect data on 100% of the pavement
surface allows the site sampling regime to be replicated inoffice from the LCMS data files. Other sampling frequencies
or indeed analysis of the entire pavement surface may also
be carried out. A mobile platform with the ability to collect
data at high speeds is ideally suited to capturing and filtering
large volumes of pavement surface data to identify areas
where formal assessment in accordance to TII CRP
specifications may be advisable.

Figure 5: Comparison of LCMS Count50 for each Survey
Location.
Conclusions
A summary of the Islands analysis results reported by texture
type is included (Table 2). Examination of this table shows a
clear delineation between positive and non-positive sites on
all summary statistics for both data collection methods.
LCMS tends to give higher Count50 values than CRP,
probably due to the lower resolution of the LCMS data when
compared to a point cloud produced by a 20 MP camera.
Accordingly, a calibration of Count50 compliance
thresholds more appropriate to LCMS may be required if
LCMS were to be adopted in the specifications for
compliance testing.

•

•

•

Table 2: Count50 Summary Statistics by Model Type
LCMS
Statistic
Mean
StdDev
StdErr

6

P
16.7
3.6
0.6

CRP
NP
3.4
2.7
0.3

P
13.5
5.1
0.8

NP
1.7
1.3
0.2

•

Use of Count50 in TII Specifications

The Count50 parameter, based on the CRP data collection
method, is used as a compliance criterion in current TII
specifications [10],[11]. Where an initial visual assessment
of positive texture proves inconclusive, the 3D
Photogrammetry survey shall be undertaken at similar
locations to the volumetric patch tests. The layout and testing
frequency of the data collection for the 3D Photogrammetry
survey shall follow the same procedure as for the volumetric
patch test. In short, the road section is divided into 400m lane
lengths with 3D measurements carried out over alternate
50m lane lengths covering not less than 50% of the surface
course, with 10 tests in each 50m length diagonally spaced
at 5m intervals.
The determination of the average Count50 parameter shall
be based on a test length of 50m. The surface in the 50m
length shall be considered as exhibiting a positive
macrotexture if the average 3D Photogrammetry parameter,
Count50, is greater than 4.

•

•

CRP and LCMS produce very similar 3D models of
pavement surfaces based on a comparison of
ISO25178 parameters. Very strong correlations
were observed for all parameters examined with
relationships close to equivalence.
CRP based Count50 provides a clear delineation
between positive and non-positive surfaces and so
was adopted in the latest version of TII
Publications.
The Count50 method developed for CRP may be
extended to use on data from LCMS. While LCMS
generally reports a higher Count50 than CRP the
delineation between positive and non-positive
surfaces is still clear and significant.
Based on this study LCMS is an alternative to CRP
in the characterisation of surface macrotexture as
positive or non-positive and could reasonably be
included as a compliance test in future
specifications, subject to suitable calibration of the
Count50 thresholds for LCMS data.
The ability of LCMS to capture 100% of the
pavement surface at speed provides the ability to
carry out a much more exhaustive examination of
the pavement surface characteristics post mission
e.g. varying the sampling intervals, analysing the
entire pavement surface for uniformity
The ability to capture an accurate 3D model using
either method allows this type of surface analysis to
be extended to multiple other applications, for
example, virtual volumetric patch, assessment of
ravelling etc.
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ABSTRACT: This study investigated the performance of the carriageway due to trench reinstatements. In 2016, there were 25,762
excavations in total by various utilities within Dublin city. It is estimated that Dublin City Council, in its administrative area,
carries out approximately 55% of all the excavations on pavements within Ireland. The study area of 52 locations were identified
in the public realm of Dublin city. The average pavement surface condition index rating for the control sites was 8.6, which
represented a very good condition, and 6.1 for trench reinstatements which indicated surface defects were present. There was little
difference between the falling weight deflectometer (FWD) measurements for longitudinal and transverse trench reinstatements.
The FWD deflections from the 43 trench reinstatement locations showed that 60% of the trench reinstatements had the highest
FWD deflections on the trench, indicating a shorter residual life due to a lower structural capacity. The remaining 40% of the
highest FWD deflections occurred adjacent to the trench with 16% before the trench and similarly 16% after the trench. The trench
reinstatement at these locations recorded a better structural condition than the adjacent existing pavement. Good agreement was
found between the ground penetration radar and core sample pavement thicknesses. Trench reinforcement had a long-term impact
on 2nd life cycle of pavement as some that were reinstated before the last resurfacing of the pavement had failed. In addition, the
results showed that routine maintenance was required after 6 years 5 months.
KEY WORDS: trench reinstatement, falling weight deflectometer, pavement surface condition index rating, pavement.
1

INTRODUCTION

Pavements are major assets of transport infrastructure. One of
the challenges faced by local authority engineers and
administrators in transportation is the desired level of
serviceability through maintenance and rehabilitation of these
pavements.
Trench reinstatements on urban roads are an on-going
phenomenon for utilities to provide and upgrade services to the
public. These services are required to provide the economic
vitality to an urban environment. The long-term impact
resulting from trench reinstatement can be significant;
attributing to reactive maintenance and increased costs for local
authorities. The damage due to excavations can be attributed to
weakening of the pavement in the zone of influence or
undercutting of the pavement [1]. This zone depends on the
depth of the excavation and therefore can vary in size.
Destructive testing, such as coring, and non-destructive
techniques, such as the falling weight deflectometer (FWD),
can be used to assess the structural pavement condition. Nondestructive measurements alone may not indicate a
significantly weakened subsurface layer, with the weakened
subsurface identified during destructive testing [2]. Poor
subgrade from FWD testing can be attributed to possible lack
of compaction of the subgrade [3]. The level of compaction
applied during reinstatement is widely accepted among
engineers as the major factor in ensuring the long-term
performance of the reinstatement [4].
Destructive testing removes material from the pavement and
disturbs underlying pavement layers [5]. The removal of
underlying layers has an adverse effect on the future life of the
pavement. The testing of materials removed from the pavement

does not accurately reproduce testing that offers support of the
surrounding pavement. Laboratory testing does not reproduce
the environmental conditions of the pavement. Non-destructive
testing is also relatively inexpensive compared to laboratory
testing, with a large number of tests being conducted over a
short period of time.
The visual condition of 38 sites where the pavement was
reinstated in Edinburgh were investigated [6] and found that
when lightly trafficked reinstatements were omitted the
deterioration of the reinstatements became more evident.
Excavation and trench reinstatement in an urban environment
were easier to analyse, but that each site produced a
considerable scatter of performance data [6]. It was found that
routine maintenance of trench reinstatements was required after
6-7 years [6].
Sections of pavement with utility cuts deteriorated at a higher
rate than pavements with no utility cuts [4]. It was found in two
studies in Vermont and Seattle [4] that using a combination of
visual condition surveys and FWD the average life of a
pavement with reinstatements was around 60% lower than that
of pavements without reinstatements. Statistical data gathered
by the Department of Public Works in San Francisco [9]
indicated that as the number of utility excavations increased the
pavement condition rating decreased. Several excavations in
the carriageway can reduce the service life of the pavement by
up to 50% [7].
The aim of this study was to investigate the performance
reduction of the carriageway in the Dublin City Council
administrative area due to trench reinstatements. In 2016, there
were 25,762 excavations in total by various utilities,
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METHODOLOGY

In this study, visual condition surveys and non-destructive
falling weight deflectometer testing was used to assess the
condition of pavements of varying service age. This testing was
supplemented by ground penetrating radar and sample coring
to establish the thickness of the bituminous layers at the site
locations.
Overall 52 survey sites were selected throughout the Dublin
City Council administrative area and covered low to high
impact trafficked streets, Figure 1. Of the 52 locations; 43 were
trench reinstatements and 9 were control sections of pavement
that had no trench reinstatements. Streets were identified on the
basis that the date of last resurfacing was known. Dublin City
Council records on last road resurfacing began in 2006. The list
of streets selected provided a good variant on the age of the
pavement with the oldest pavement 12 years and the newest 3
years old. Streets resurfaced less than three years were not
chosen because of moratoria limiting the number of
excavations on this newly laid surface. Sites were chosen
which reduced the impact on traffic as minimal traffic
management was desired during the field work in order to
reduce cost. The impact of car parking on these locations was
also considered when deciding on trench reinstatements to
survey. The control pavement selection was picked at a random
point where no trench reinstatements were visible within 20
meters in either direction of travel. The locations were
concentrated around the south part of Dublin city for
geographical efficiency to minimize the cost and expedite the
time to complete the surveys.

Number of Sites

2

Almost all the reinstatements were located, such that, at least
one of the wheel tracks intersected at some point along their
perimeter and, in particular, the trench reinstatements were
mostly located on or very near to the nearside wheel track. It
was difficult to define the exact location of the trench due to a
requirement on the utilities to undertake additional surface
course area of reinstatement.
Each site was surveyed by a visible inspection and allocated
a pavement surface condition index (PSCI) [8]. Each survey
location was tested with a FWD and surveyed by ground
penetrating radar (GPR). Cores were taken at 12 locations to
calibrate the pavement thickness results from the GPR survey.
35
30
25
20
15
10
5
0
Carriageway Transverse Lontitudinal
(control)
Trench Type

Other

Figure 2. Types of trench reinstatement examined.
25

Number of Sites

representing approximately 55% of all the excavations carried
out on pavements within Ireland.

20
15
10
5
0
Parking
Area

Bus Lane

All Traffic

Off
Wheeled
Path
Trench Reinstatement Location

Figure 3. Trench reinstatement location on pavement.
3

RESULTS
Visual surveys

Figure 1. Locations of survey points.
The 43 trench reinstatements examined in this study were
made up of 70% transverse and 30% longitudinal trench
reinstatements, Figure 2, with 2 sites that were failures due to
trench reinstatements prior to the last road resurfacing and were
unable to be defined. The level of trafficking to which a
reinstatement is exposed primarily depends on its location
within the carriageway. In this study; 23 trench reinstatements
were in normal traffic lanes, 17 in bus lanes, 2 in parking areas
and 1 was located off the wheel path, Figure 3.
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The visual site surveys were undertaken in March 2018 and all
sites were inspected once within a particular geographical area.
The visual PSCI rating of all sites (control and trench
reinstatements) varied from 2 – 9 and represented a wide cross
section of pavement conditions going from minor surface
defects (PSCI ≥9) to large areas of structural distress (PSCI ≥2).
The average PSCI rating for control sites without trench
reinstatements was 8.6 which represented a road surface of very
good condition. The longitudinal trench reinstatements varied
in PSCI from 5 to 9 with an average rating of 6.6 and the
transverse trench reinstatements varied from 2 to 9 with an
average rating of 6.0. The average PSCI rating for trench
reinstatements was 6.1, which indicated that surface defects
were present.
Two trench reinstatements occurred before the last local
authority resurfacing and the PSCI of these two locations were

CERI-ITRN2018
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Figure 4. PSCI for Location A.
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Figure 5. PSCI for Location B.
Falling weight deflectometer
FWD was conducted before, on and after the transverse trench
reinstatements. The longitudinal trench reinstatements were
tested on and adjacent to reinstatement. The data was also
gathered on the control pavements before, on and after the site
location over a distance of between 8 and 20 metres.
In this study the D1 and D7 deflections were used to assess
the performance of the pavement. Figure 6 shows the results on
a pavement without trench reinstatements (control) at Location
C which is representative of the data as a whole. The D1
deflection results vary between 95µm and 250µm, indicating a
very good pavement [8] and the D7 deflection values vary
between 19µm and 40µm, indicating a fair to poor condition,
for the survey length.
Figure 7 presents the falling weight deflection results before,
on, and after a trench on Location C, which is again
representative of the data as a whole. The D1 deflection results

Deflection (μm)

PSCI rating

10

vary between 110µm, a very good pavement, and 920µm,
indicating a failed pavement, with the D7 deflection values
varying between 17µm and 26µm, indicating a fair to good
condition, for the survey length.
The FWD results indicated that 6 trench reinstatement sites
(14% of all sites) had a D1 deflection > 700µm, indicating
failure of the pavement. The FWD deflections from the 43
trench reinstatement locations showed that;
• 60% of the trench reinstatements had the highest FWD
deflections on the trench reinstatement indicating a lower
structural capacity and representing a shorter residual
service life.
• 40% of the highest FWD deflections occurred adjacent to
the trench reinstatement with 16% before the trench
reinstatement and similarly 16% after the trench
reinstatement. The trench reinstatement at these locations
recorded a better structural condition than the adjacent
existing pavement.
Chainage (m)
0
5
10
15
20
0

Deflection (μm)

2 and 3 respectively. These trench reinstatements were
reinstated 5 and 8 years before the pavement was resurfaced by
Dublin City Council, indicating that trench reinstatements may
have a long-term impact on the 2nd life cycle of the pavement,
even after road resurfacing.
Figures 4 and 5 present the PSCI for the control and the
trench reinstatements at two locations, Locations A and B
respectively, which are representative of the PSCI data from
this study. A wide scatter, going from 5 to 10 at Location A and
from 2 to 9 at Location B, was observed in the data. In general,
the trench reinstatement had a lower PSCI than the control
pavement at similar pavement age.
12

10
20
30
40
50
(b)

Figure 6. FWD (a) D1 and (b) D7 measurements for control
pavement at Location C.
Pavement thickness
Pavement thickness was determined using both cores extracted
from the pavement and GPR surveys of all reinstated sites.
The core samples showed the thickness of bituminous layers
varied between 87mm to a maximum of 290mm.
The GPR data was recorded along the length of the trench
reinstatement and allowed the thickness of bituminous layers,
granular material and concrete (where present) to be estimated,
Table 1. A layer of concrete was found at about 25% of the test
sites. The thickness of both the bituminous and granular layers
varied considerably between test sites. The bituminous
thickness varied from 80mm to 380mm and had a mean of
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199mm, while the thickness of the granular material varied
from 100mm to 800mm and had a mean of 411mm.

0

5

Chainage (m)
10

15

Table 2. Summary of traffic data at test sites.

Minimum
Maximum
Mean
Range

20

Deflection (μm)

0
200
4

400
600
800
1000
(a)
0

5

Chainage (m)
10

15

20

5
10

Traffic
AADT
428
26118
10451
-

Traffic,
HCV%
70%
7.8%
2.5% - 70%

DISCUSSION AND SIGNIFICANCE OF RESULTS

The visual survey indicated that all the trench reinstatements
investigated in this study had lower PSCI ratings than the
control of similar age, Figure 8. The results produced a varied
scatter of PSCI rating that reflected factors with the long-term
performance of trench reinstatements such as the type of trench
reinstatement being longitudinal or transverse and level of
trafficking.
There was a large variation of PSCI ratings within the first 2
years of trench reinstatement that were still in the guarantee
period and remained the liability of the utility until taken in
charge by Dublin City Council. The PSCI rating for pavement
control locations included evaluating the pavement before and
after the control. There is a good correlation between PSCI
ratings for control pavement locations and age, Figure 8.

15
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Trench

20

12

Pavement

25

10

PSCI rating

Deflection (μm)

0

Vehicle
count
451
27510
11007
-

30
(b)

8
6

Figure 7. FWD (a) D1 and (b) D7 measurements for trench
reinstatement at Location C.

4

Table 1. Range of thickness for the estimated bituminous
layers, concrete (when present) and granular thickness from
GPR.

0

Minimum
Maximum
Mean
Standard
deviation

Bituminous
layer (mm)
80
380
199

Granular
layer (mm)
100
800
411

Concrete
layer (mm)
115
225
-

63

104

-

Traffic data
The volume of traffic loading on the reinstated trenches was
determined from cycle counts, cordon counts and signalised
junction data. The number of heavy commercial vehicle counts
was taken from the cycle counts and cordon counts. There was
no percentage heavy commercial vehicle counts from the
signalised junctions. The traffic data varied considerably
between site locations, with one site having a low annual
average daily traffic (AADT) but a very high proportion of
heavy commercial vehicles (HCV), Table 2. In that particular
case the entire street was given over to HCV’s. The average
AADT across all sites was 10,451 and the volume of HCV
varied between 2.5% - 70% but were typically in the range
2.5% - 7.9%.

411

2
0

5

10

15

Pavement age (years)
Figure 8. PSCI rating for control and trench reinstatements.
Figure 9 presents the average PSCI rating by pavement age,
with both the lightly trafficked sites and trench reinstatements
less than two years old removed. Trench reinstatements less
than 2 years old are still the responsibility of the utility. PSCI
ratings of 6 or lower indicate moderate pavement defects such
as surface distortion that requires some reduction in speed and
routine maintenance is considered desirable. The average PSCI
values of the trench reinstatements indicated that routine
maintenance was required after 6 years and 5 months, Figure 9,
which is consistent with a TRL study in Edinburgh [6] who
concluded that reinstatements and the surrounding carriageway
required maintenance after approximately 6-7 years in service.
Using the PSCI rating system the remaining life of the
pavement in the reinstated trench reinstatements was projected
forward to produce a forecast of trench reinstatement
deterioration over time. At a PSCI rating of 2 (where the
pavement is badly deteriorated and very difficult to drive on)
the pavement requires intervention by the road authority. In this
study the trench reinstatements were estimated to have a service
life of 15 years and 2 months, Figure 9.
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Control Pavement

14

PSCI average trench rating by age

12

PSCI rating

10
8
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reinstatements indicated a poor condition which reflected a
weak subgrade (D7 > 20µm). The D7 deflection results
presented measurements varying between 10μm and 99μm
with an average of 10μm indicating a poor subgrade. Poor
subgrade conditions from FWD testing can be attributed to
possible lack of compaction of the subgrade [3].
A comparison between the PSCI rating and FWD D1
condition measurements is presented in Figure 13. Both the
PSCI and FWD D1 values are represented on a scale of 1 – 5,
where 5 corresponds to very good and 1 to failed. Using this
approach, no correlation was found between the PSCI and
FWD pavement conditions.

2
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Figure 9. PSCI ratio for control and trench reinstatements.
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The FWD data was gathered on approach to the trench
reinstatement, on the reinstatement and after the reinstatement.
With the exception of one site, Site 44, the FWD results data
for the control pavements showed a good correlation, Figure
10, with D1 measurements varying between 100μm and 150μm
(very good condition) and D7 between 12μm and 59μm (good
to very poor condition).
There was little difference between FWD results for
longitudinal and transverse trench reinstatements, Figure 11.
The structural condition of the transverse trenches were slightly
worse than those of the longitudinal trench reinstatements. This
was attributed to the transverse trench reinstatement being
subjected to higher traffic flows.
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Figure 11. FWD data for transverse and lognitudinal trench
reinstatements.
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Figure 12. FWD data for control pavement and trench
reinstatement.
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Figure 10. FWD data for control pavements.
The average FWD D1 deflections of the control and trench
reinstatements are shown in Figure 12. These average FWD
deflections indicate that there was greater deterioration of the
pavement due to trench reinstatements. The average D1
measurements of the control pavement indicated very good (D1
< 300µm) which signified that the pavements were in good
structural condition. The D1 for the trench reinstatement
indicates a fair to good condition (D1< 400µm). The average
D7 reflections of both the control pavements and trench
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Figure 13. Comparison of PSCI rating condition and FWD D1
condition.
Overall, there was good agreement between the estimated
GPR layer thickness and the actual layer thickness extracted
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from the core samples, Figure 14. This study indicated that
GPR surveys alone may be used to predict the pavement layer
thickness for flexible pavements.
350
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thickness (mm)

300
250
200
150
100
50

The FWD D7 deflection of both the control and trench
reinstatements were in reasonable agreement, indicating that
the subgrade was poor in both cases.
FWD testing showed that 14% of trench reinstatements had
structurally failed (D1 > 700µm) compared with 5% by visual
surveys (PSCI ≤ 2).
No correlation was found between the PSCI and FWD
pavement conditions.
Good agreement was found between the pavement thickness
determined from GPR surveys and measured from core
samples.
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CONCLUSIONS
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There was little difference between the FWD deflections for
the longitudinal and transverse trench reinstatements. The
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were slightly worse than those of the longitudinal trench
reinstatements, which was attributable to the transverse trench
reinstatement being subjected to higher traffic flows.
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of the trench reinstatements were 284% higher than that of
pavements without reinstatements, indicating a significant
reduction in the structural performance of the pavement.
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Keeping all traffic corridors and zones in a city open for business in a safe and efficient
manner will always be a challenge for roads authorities. Threats to this objective come in the form of
traffic accidents, traffic incidents, unusual weather events or terrorist activities to name just a few. Noticing
that these events have taken place – which is the first step in their resolution – has been achieved in the city
of Dublin, Ireland in the main by use of CCTV and from information from members of the public or the
emergency services. And whilst these traditional methods have achieved success in the past it is with the
development and deployment of INSIGHT (an EU-funded research project) in the Dublin City Council
Traffic Management Centre that identification of unusual traffic congestion has taken a quantum leap
forward. This automated system monitors multiple datasets in real-time for unusual patterns and then alerts
relevant personnel in the roads authority, informing them when and where issues arise. In order to advance
in theory the capabilities of this traffic management tool a number of novel datasets were mined to
critically evaluate their performance and suitability for inclusion. Datasets from sources as diverse as
Dublin City Council, Transport Infrastructure Ireland, Dublin Bus, Dublin Fire Brigade and Twitter were
mined to both consolidate and advance knowledge in this domain. Over the course of two case studies of
serious traffic accidents on the M50 motorway each of these heterogeneous datasets were mined to observe
their response from a normalised baseline as each event propagated. Moreover, business intelligence
reasoning is offered based on the outputs of the data mining processes to add the required level of maturity
in the business interest.
ABSTRACT:

KEY WORDS: heterogeneous
1

datasets, data mining, business intelligence

INTRODUCTION

Open data platforms are increasingly being
developed where public bodies share their data
freely and without restrictions on such things as
copyright or patents etc. Exponential growth in the
generation of data by these public bodies has been
experienced in recent years due to new ways in
which members of the public, through use of
technology, interact with these Public Services.
Ireland’s Open Data Portal (data.gov.ie) currently
has 6377 datasets from 101 publishers (as of the
date of this publication) and this number will
undoubtedly rise as researchers delve through these
datasets and begin to deliver economic, social and
environmental benefits by mining these rich and
hitherto untapped veins of data.
In this study investigations are undertaken
to establish whether these datasets can offer
insights into the identification of unusual traffic
events in Dublin city. The motivation is clear;
transportation in the city of Dublin is critical for the
functioning economy, particularly in the years

following the most-recent recession, coupled with
the uncertainty brought on by Brexit. The stakes are
high; knowing where the most heavily-trafficked
parts of the city are located is an important BI
advantage and identifying patterns in the data that
pinpoint unusual traffic behaviour (e.g. road traffic
accidents) can assist in the reduction of response
times and bring about a more speedy resolution to
these congestion-causing events.
A vast amount of money is spent on an
annual basis establishing, improving and
maintaining this critical infrastructure but the
evidence is also quite clear in support of this outlay,
indicating that the return on investment is
extremely favourable. And even though, in the Irish
context, a considerable amount of the capital
spending has been contributed by the EU it is the
fallout from ‘Brexit’ that may jeopardise any future
investment; a founding principle of the EU is that
of the freedom of movement of persons, goods,
services and capital within the Union, which must
now be called into question. And whilst a vast
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amount of money is spent constructing and
maintaining these infrastructures, considerable
money is wasted in traffic.
With potential to disrupt or cripple transport
infrastructure and services with those threats
generated by the environment, by transport systems
surroundings, inner threats or terrorist threats it is
important to have an understanding of the
movement of people within the city so that for
example the public realm can be designed and
constructed with the citizen in mind, that
encouragement of mode shift can take place along
suitable thoroughfares, events that are managed in
the city take cognisance of disruption to the
movement of traffic, retail planning is informed by
accurate footfall, and for those who drive that
parking facilities are convenient.
2

BACKGROUND

Heterogeneous in nature all datasets used in this
study offer unique mining and business intelligence
opportunities. In Dublin city November is typically
considered to be the busiest month (in terms of
traffic volumes) and Wednesday is the busiest
weekday of all as can be seen in
Table 1.
Table 1 – Average throughput per hour per intersection split
out per month during AM peak period spanning 2013-2015

Of the four Wednesdays (4th, 11th, 18th and 25th)
examined in November 2015 two of them (11th and
18th) had major incidents occurring on the M50
motorway. These two major incidents (incident_1
(11th November 2105) and incident_2 (18th
November 2015)) resulted in fatalities each time. A
fatality at any time is a sad event for those who
have lost a loved one. Unfortunately, there are quite
a number of fatalities on Irish roads each year. Over
the years 2014 and 2015 there were 193 fatalities
and 166 fatalities respectively (1).
3

LITERATURE REVIEW

From humble beginnings in Ireland such as the
example of a medieval roadway (645AD)
connecting St. Monaghan’s Church to St. Mella’s
Cell at Lemanaghan, county Offaly the importance
of connection of places was understood. Earlier
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more sophisticated examples of those connections
built by the Roman’s and which date from as early
as 300BC were constructed to mobilise battalions
of soldiers across Europe and beyond to conquer
new lands and build an Empire. In turn this Empire
was sustained by these roadways which enabled the
efficient movement of people, goods, services,
information and capital; a modern economy in
ancient times. As more and more places became
connected to each other the provision of an efficient
transport network was and continues to be a
challenge to deliver.
Despite our continued close economic
linkages with our nearest neighbours in the UK
coupled with our tight cooperation in our initial
applications to join the EEC in the early days,
Ireland and Europe as a whole is now entering a
phase of uncertainty due to the referendum result
termed Brexit; Britain’s exit from the EU. The
vision of an “ever-closer union among the peoples
of Europe” where social, economic and political
inequalities amongst the member states were to be
aggressively targeted (2) now seems as far away as
ever. Transport and movement of people, goods,
services and information is fully understood and
manageable under the current open economy of
Europe; however doubt surrounds the future of this
key driver of trade (3).
In an effort to meet some of the challenges
that are predicted ahead the government of Ireland
has developed a framework for investment in
infrastructure over the years 2016 to 2021 for which
€30 billion has been budgeted. All major areas of
importance have been targeted, however, the sector
allocated by far the most amount of money over the
lifetime of the plan is Transport (4).
Investment in technology has also taken place.
Urban data systems are not a new phenomenon with
early contributions on the matter questioning the
advantages of such systems when compared to the
(huge at-the-time) financial costs (5). In the
intervening period, and after strategic investment,
the amount of sensors present in the urban setting
has seen exponential growth. This growth has been
fuelled by the amount of low-cost high availability
sensors which now give unprecedented levels of
monitoring capability. In addition to this the
proliferation of smart phones, tablet computers and
other mobile devices has enabled instant sharing of
events to take place in real-time. These then
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combined with social networks such as Twitter
have given rise to new ways of interacting with
family, friends and other people. All combined,
these have been catalysts for the growth in quantity,
quality and variety of heterogeneous urban datasets
(6).
4

DATASETS

The following datasets have been mined for this
study.
4.1

M50 Motorway Data

The M50 motorway is one of the busiest motorways
in Ireland. It is C-shaped and takes motorists on a
circuitous route around the outskirts of the city of
Dublin thus avoiding the city centre.

majority of bus transport in Dublin is provided by
Dublin Bus (8). Due to this vast coverage of the
city Dublin Bus data was chosen to act as a good
representative of vehicles traversing the city in a
predictable manner.
The dataset under consideration for this
aspect of the study is characterised by eighteen
attributes with 28,441 records.
4.3

Dublin City Council Traffic Management Centre

Dublin City Council is the democratically-elected
body that governs Dublin city. It has sixty-three
Councillors elected from seven constituencies that
represent the 553,165 (9) city population. It
provides services relating to business, community,
fire and rescue, culture & amenity, housing,
planning, water, waste, the environment as well as
transportation.

4.1.1 Vehicle Volume Data

M50 motorway vehicle volume data is available
from (7). The data downloaded for this study was
refined for the section of the motorway between
Junction 6 (Blanchardstown/N3) and Junction 7
(Palmerstown/N4). Both case studies examined for
this body of work resulted in road fatalities which
both occurred along this stretch of the motorway.
1442 records were examined as part of this dataset.
4.1.2 Journey Time Data

The M50 motorway contains an array of Automated
Number Plate Recognition (ANPR) cameras which
capture the registration number of a sample of
vehicles travelling along the M50 motorway at
various locations from which journey times are
calculated. The dataset contained 28,842 rows of
information.
4.2

Dublin Bus Journey Times

Analysis of the 2015 annual Canal Cordon Count in
Dublin city shows that of all sustainable transport
modes used by commuters entering the city during
the AM peak period (07:00-10:00), 43.56 percent of
these trips are by bus. This is a significant market
share of sustainable modes but when analysed as a
proportion of the public transport mode share
entering the cordon, it increases to 56.14 percent.
And whilst the ‘bus’ category is also made up of
Bus Eireann and private operator services, the vast

4.3.1 Telephone Call Volumes

Due to the nature and significance of traffic on the
city, Dublin City Council operates a 24 hour 365
days per year Traffic Management Centre. This
control centre is operated by a team of highly
expert traffic managers who can intervene to
alleviate traffic congestion where required.
To assist them in their task they have access
to in excess of 300 CCTV cameras which are
located throughout the city and county of Dublin.
Having eyes on an incident can reduce the time to
effective resolution by firstly confirming that an
accident has taken place; identifying the type and
nature of the emergency and whether any casualties
are present; responding with the correct measure –
whether the emergency services are required or
whether an intervention with the traffic lights will
suffice etc.; all whilst getting this information out to
the travelling public via a dedicated radio station,
via Twitter (@DCCTraffic), SMS (short message
service) text alerts or on electronic road signs.
Dublin City Council hosts a Free Phone
number (1800 29 39 49) where citizens have the
ability to call the Traffic Control Room to get the
latest information on traffic-related matters or
report incidents or faults relating to traffic lights
etc. During times of unusual traffic or unusual
weather events calls to the free-phone number tend
to increase. This dataset is relatively small in nature
having nine attribute and 441 instances.
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4.3.2 Shift Reports

Each 24-hour period of cover in the Dublin City
Council Traffic Management Centre is split into
three eight-hour shifts. During each shift all items
(incidents, accidents, faults etc.) of interest to that
of traffic management are recorded on the Shift
Report. These reports are text based and are
distributed to all relevant stakeholders at the end of
the shift for information and follow-up purposes.
An archive exists of these records dating back to
2008.
Text mining and sentiment analysis was also
carried out on these reports. This dataset is
relatively small and contains twelve Word
Document reports.
4.4

Dublin Fire Brigade Emergency Vehicle Attendance
Times

Dublin Fire Brigade (DFB) has a long established
record of fighting fires in the city having been
established under the Dublin Corporation Fire
Brigade Act of 1862. In 1898 the Dublin Fire
Brigade Ambulance Service was established. Today
fire fighters work between fire and ambulance
duties and are highly trained in advanced paramedic
response. The force currently stands at
approximately 900 fire fighters operating from
fourteen fire stations throughout the county (10).
DFB record and measure all calls to their
control room, incident response times, number of
personnel who attended and with what vehicles and
specialised equipment etc. The dataset contained
fifteen attributes with 884 instances.
4.5

Dublin Tunnel Traffic Volumes

The Dublin Tunnel was opened in December 2006
with planning commencing thirteen years previous.
Such was the undertaking – it being the largest
roads scheme ever built in the Irish State – public
consultations, environmental impact issues, land
acquisitions, design options and a considerable
construction period had to be negotiated. The tunnel
links the M50 motorway with the Port of Dublin.
This enabled considerable heavy traffic to be
shifted away from the city which hitherto travelled
along the city quays bringing with it much negative
visual, noise, environmental and safety issues.
Dublin Tunnel data contains vehicle volume data
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passing through the tunnel split out over each hour
of the day.
4.6

Twitter

Since its launch in 2006 Twitter has enabled users
of the service to send messages and keep those
people of interest to them informed. In order to
extract or listen for data on the Twitter stream it
became necessary to open a Twitter account. Once
this process was complete an App had to be created
in order to access the Twitter stream directly. The
methodology included removing ReTweets (as
described in (11)), filtering the tweets for differing
values of P-Traffic, and converting UnixTime into
GMT. 44,887 Tweets were examined as part of this
body of work.
5

METHODOLOGY

There is a clear basis for the requirement of
advancing knowledge and understanding in the area
of movement of people into the city of Dublin
given the threats susceptible to transport
infrastructure and the movement of people.
Therefore, this study proceeded on the basis of
formulating a methodology for describing, in both
qualitative and quantitative terms, the effect that
unusual traffic events had on a number of relevant
transport variables, as described in two case studies.
The road infrastructure of Dublin city is
characterised by a number of main roads radiating
from the centre of the city outwards towards its
suburbs (and vice versa). These corridors play a
critical part in the economy. Therefore, keeping
them opened, maintained and efficiently run at all
times becomes an overriding objective of the roads
authorities. Under baseline conditions when no
unusual traffic congestion is present this is
generally the case. However, during times when
incidents and accidents throughout the road
network take place, sometimes roadways become
impassable or their vehicle-carrying capacity is
diminished in some way. Quickly identifying where
incidents take place throughout the road network
reduces both the response time and the time for the
issue to be resolved and normal conditions
resumed. And whilst there are many traditional
ways that incidents are reported to the relevant
roads authority such as by telephone or by
observation on CCTV etc; sometimes incidents are
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not detected as quickly as desired. To this end the
datasets identified in Section Error! Reference source
not found. are presented in the following sub
sections determining whether or not they exhibit
characteristics that might alert roads authorities
(such as Dublin City Council) to unusual traffic
congestion events especially in areas of the roads
network where coverage by traditional methods
such as CCTV are sparse or non-existent.
Identification of baselines in data analytics
is important when measuring variables that have the
ability to change based on different factors e.g. time
of day, day of week etc. When analysing traffic
generally there are two peaks each day – one during
the AM, the other during the PM. Other variables
also display profiles such as this e.g. journey times.
And when variables are predictable, to a certain
extent, they can be monitored such that when
abnormal behaviour is detected, warnings can be
issued. To this end the following sub sections
analyse baseline behaviour (as manifested by each
variables’ performance averaged over Wednesday
4th November 2015 and Wednesday 25th
November 2015). Each variable is then compared to
that on each of the other two days under
consideration (Wednesday 11th November 2015
and Wednesday 18th November 2015) and as
defined as incident_1 and incident_2 respectively.
5.1

M50 Motorway Data

The following two sub-sections detail the
observations encountered when analysing each of
the M50 motorway datasets.
5.1.1 Vehicle Volume Data

A baseline of activity was determined for M50
motorway vehicle volumes for incident_1 and for
incident_2. Both incidents took place on the
southbound lanes of the M50 motorway. At its
peak, incident_1 shows fluctuations of up to eighty
percent from baseline with incident_2 showing
variation of up to forty percent from baseline.
5.1.2 Journey Time Data

Average journey times and in particular their vast
deterioration were observed. As both incidents took
place on, and therefore impacted greatly,
southbound lanes of the M50 motorway, it was
noted that the northbound lanes of the M50

motorway also deteriorated in journey times. This
may be attributed to the phenomenon known as
‘rubber necking’ where even though not directly
affected by a road accident, drivers slow down or
even stop to get a view of an incident. As the fallout
from incident_1 propagates journey times cease as
lanes of the M50 motorway are closed down to deal
with the incident.
Analysis shows that there is extreme
fluctuation in both directions with the southbound
average journey times affected more. The figures
indicate that at particular times southbound journey
times were close to 140 percent higher than they
normally would be at that time. The figures also
show that even though not directly affected,
northbound average journey times peaked at up to
100 percent above what they would normally be at
those times. Southbound average journey times
lagged restoration to normality to those of average
northbound journey times by approximately two
hours.
5.2

Dublin Bus Journey Times

By examining a sample of bus routes spatiotemporal analysis of abnormal journey times was
carried out. The average bus journey times were
analysed for inbound and outbound journey
patterns. The results show that whilst not severely
affected average bus journey times reached
approximately twenty percent higher than they
normally would have at those times. This may have
been attributed to the extent of the Quality Bus
Network (QBN) throughout the Dublin region,
which afford buses their own road space and
independence from regular traffic. However,
maximum journey times increased severely at
certain times. These escalations in journey times
coincided with the incidents under examination.
Departure Discipline was also observed
over the course of the full four days. The average
Departure Discipline time (s) indicates that on
average all buses depart shortly after their
scheduled time. This is a reasonable outcome as
passengers do not like arriving to a bus terminus to
find that their bus has departed early. By its nature
Departure Discipline is a controllable feature of bus
service delivery. Under conditions when there are
no unusual congestion events (such as on 4th
November and 25th November) minor slippage of
the order of approximately two minutes is
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commonplace during peak traffic. However the
unusual traffic events cause a Departure Discipline
error of up to eleven minutes.
In contrast, Schedule Adherence is impacted
by the prevailing traffic conditions and is therefore
more susceptible to greater fluctuation. Schedule
Adherence during the AM peak is extremely
challenging whether there is unusual congestion or
not. The average amount of time by which buses
exceeded their expected journey times during these
mornings (mornings when there was no unusual
congestion) was approximately twenty minutes.
This is in contrast to mornings where there was
unusual traffic congestion where the average
journey exceeds its schedule by approximately
twenty-six minutes.
5.3

Dublin City Council Traffic Management Centre

The Environment and Transportation department of
Dublin City Council in pursuit of its objectives as
the roads authority for the city of Dublin designs,
constructs and maintains approximately 1,200 km
of roads and footpaths in its jurisdiction for the
benefit of all road users. In carrying out these
functions it also operates a 24/7 365 Traffic
Management Centre. Staff in the Dublin City
Council Traffic Management Centre control traffic
in the city and other parts of the Dublin region.
During busy periods such as the two peak periods
per day call volumes to the Dublin City Council
Traffic Management Centre are generally
predictable and thus a baseline was derived. During
periods of unusual traffic congestion such as during
incident_1 and incident_2 calls to the Dublin City
Council Traffic Management Centre increased
significantly.
5.3.1 Telephone Call Volumes

Call volumes to the Dublin City Council Traffic
Management Centre increased by up to seventy
percent over calls taken during similar times on
days where no significant traffic issues arose.
5.3.2 Shift Reports

Shift reports were analysed in R to produce a Word
Cloud (Figure 1) from the twelve reports – taken
from three shifts (AM, PM, Nights) across four
days (4th, 11th, 18th & 25th November 2015).
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Figure 1 – Word Cloud produced from analysing shift reports
from the Dublin City Council Traffic Management Centre
5.4

Dublin Fire Brigade Emergency Vehicle Attendance
Times

The Dublin Fire Brigade (DFB) data included all
fire-and-ambulance-related incidents that occurred
in the Greater Dublin Area (GDA) over the four
Wednesday’s in November 2015 i.e. the 4th, 11th,
18th and 25th. The data presented relates to
incidents to which an appliance (emergency
services responding vehicle) was dispatched. And
whilst the DFB receive many more emergency calls
than the amount presented they often relate to
duplicate calls or hoaxes etc. and are therefore not
included in this analysis.
By taking an average of the incident
attendance times on the 4th November and 25th
November a baseline of average incident attendance
time was derived. This baseline was then used to
examine the average incident attendance times for
appliances during incident_1 and incident_2. The
response fluctuations displayed by DFB attendance
times at incidents on both 11th November 2015
(incident_1) and 18th November 2015 (incident_2)
show sizable deterioration during these periods.
5.5

Dublin Tunnel Traffic Volumes

The Dublin Tunnel accommodates approximately
23,000 journeys each day. It is free of charge to
some types of vehicles (heavy goods vehicles,
commercial and public transport vehicles) but it is
open to all vehicles the rest of whom must pay a
toll. Figure 2 details the volume of traffic using the
tunnel over the course of the four days under

CERI-ITRN2018

examination as part of this study. The northbound
bore of the tunnel (i.e. the direction bringing
vehicles from the Port of Dublin to the M50
motorway) appears to have a longer peak period,
however, unusually, this peak period begins at noon
and remains in place up until 19:00 approximately.
In contrast and more logically, the southbound bore
(i.e. the direction bringing vehicles into the port of
Dublin) appears to experience its peak period
during the hours of 07:00-10:00.

As the 18th November 2015 was the only
day with a complete set of tweets, sentiment
analysis was carried out on this data to evaluate if
certain feelings could be garnered from within the
text of the tweets. The NRC Word-Emotion
Association Lexicon (12) was used in R to estimate
the proportion of the two sentiments (positive and
negative) and eight of the emotions (anger, disgust,
fear, sadness, anticipation, joy, surprise and trust)
contained in the tweet dataset.
The sentiment analysis shows that people tweeting
in the GDA on 18th November 2015 were generally
more positive than negative.
6

Figure 2 – Dublin Tunnel northbound (left) and southbound
(right) volumes across all four days
5.6

Twitter

The Tweets captured using the INSIGHT system
(Intelligent Synthesis and Real-time Response
Using Massive Streaming Heterogeneous Data)
were geographically bounded by an area
approximately that of the GDA and were
distributed across each day (4th November, 11th
November and 18th November). Initially, the full set
of available tweets from each day was examined to
produce Word Clouds that indicated the subjects
which engaged people on each day. Natural
language processing (NLP) was used to decipher
the textual contents of each tweet.
Upon capturing tweets, INSIGHT used an
algorithm to calculate the probability (P) that a
tweet related to traffic in some way. The tweets
were, therefore, grouped based on the P-value for
each across the following ranges: 10 percent and
higher, 25 percent and higher, 50 percent and
higher, 75 percent and higher and 100 percent.

RESULTS

This study examined data from a number of
heterogeneous sources as outlined in Section 4.
Acquiring, understanding, pre-processing and
analysing these datasets was a novel and unique
undertaking. Heterogeneous datasets are becoming
increasingly popular as researchers tap into a
wealth of undiscovered information that may be of
benefit. INSIGHT was a three-year EU-funded
research programme which looked at identifying a
number of datasets that when combined provided a
monitoring system for identifying unusual traffic
congestion. Dublin City Council was a partner in
this research effort and its use-case involved
monitoring real-time SCATS (Sydney Coordinated
Adaptive Traffic System), Dublin Bus and Twitter
data. INSIGHT algorithms performed complex
event processing and monitoring. Once an anomaly
was identified, the system alerted operators based in
the Dublin City Council Traffic Management
Centre where they then had the ability to intervene
with a view to resolving those anomalies.
INSIGHT was designed to be scalable by
using a novel concept of Intelligent Sensor Agents
(ISA). Each agent was designed to process
individual streams of heterogeneous data i.e. the
SCATS ISA processed information from the
SCATS data stream, the Bus ISA processed data
from the Dublin Bus data stream and the Twitter
ISA managed the data from the Twitter stream. The
outputs of each ISA were then integrated to visually
alert traffic operators to unusual congestion events.
This study builds on the work of INSIGHT
as it examined six other heterogeneous datasets all
of which were tested for their performance during
unusual traffic congestion. Understanding what
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datasets react to these unusual traffic events is of
importance to traffic managers. When an unusual
traffic event (e.g. a car crash) takes place on a busy
road during peak traffic it is inevitable that unusual
congestion will occur as a direct result of the
accident. When an accident takes place at time T0 it
is vital that the elapsed time between T0 and the
roads authority identifying the location and
assessing the severity of the accident is minimised.
With the extensive network of CCTV around the
city of Dublin this is often the case, however
sometimes events are missed or occur in areas
where CCTV coverage is poor or nonexistent.
Once the roads authority is aware that an
event has taken place the response to that event can
begin to be implemented. The emergency services
are notified and appropriate interventions to the
sequence of traffic lights are put in place.
Simultaneously, information about the accident
(such as location, number of vehicles, and delay
information etc.) is disseminated via various media.
From a business continuity and reliability
perspective it is vital for roads authorities to keep
traffic moving.
In a country experiencing a post-recession
economic recovery and with the unknown threats
and opportunities posed by ‘Brexit’ the Dublin City
Region – widely seen as the driver of the Irish
economy – must continue to ensure the efficient
operation of all road corridors. Innovations such as
the EU-funded INSIGHT project made strides in
identifying unusual traffic congestion from SCATS,
Dublin Bus and Twitter datasets. This study has
consolidated some of these datasets and examined a
number of others all of which have been critically
analysed particularly in relation to each dataset’s
performance under unusual congestion events. To
this end Figure 3 (top) illustrates the performance
of all datasets as a percentage of baseline when
examined during incident_1. Clearly there is
significant activity during the AM with activity
fluctuating from the time the incident began
between 05:00 and 06:00.
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Figure 3 - Profile of datasets performance during incident_1
(top) and incident_2 (bottom)

The profile of activity of each of the
datasets on the day of incident_2 is illustrated in
Figure 3 (bottom). This profile exhibits most
fluctuation during the PM period when incident_2
took place. (The activity during the AM was
attributed to flooding that took place in Dublin
during the morning time).
The datasets examined for incident_1 show
some very interesting results (which can be seen in
Figure 3 (top)); most significantly are the journey
times of vehicles travelling along the M50
motorway southbound which shows a fluctuation of
approximately 135 percent from its baseline.
Journey times of vehicles travelling in the opposite
direction showed deterioration in travel times of the
order of 100 percent as those travellers on the
opposite carriageway slowed down or stopped to
observe the accident site. Phone calls to the Dublin
City Council Traffic Management Centre showed
an increase in call volumes of seventy percent at its
peak. Also of interest are those datasets that
fluctuate into negative territory where during
incident_1 M50 motorway southbound volumes
decreased by up to seventy-nine percent.
Similarly in Figure 3 (bottom), M50
motorway southbound journey times increased on
average by up to 120 percent. Calls to the Dublin
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City Council Traffic Management Centre increased
by approximately seventy percent with M50
motorway southbound vehicle volumes reducing by
approximately forty percent.
Notwithstanding the profiles of each
individual event in Figure 3 the combination of
both events illustrated in Figure 4 shows how busy
individual parameters can get as incidents
propagate.

Figure 4 – Profile of datasets performance during both
incident_1 and incident_2
7

DISCUSSION AND CONCLUSIONS

This paper analysed a number of heterogeneous
datasets to determine which, if any, were robust
enough to offer insights into unusual traffic events
in the city of Dublin, Ireland. A baseline for each
dataset was established based on the performance
of each aggregated over the 4th November 2015 and
25th November 2015. Two significant traffic events
each causing a fatality took place on the M50
motorway; one on the 11th November 2015
(incident_1), the other on the 18th November 2015
(incident_2). Each dataset’s performance on these
two dates was observed in relation to its baseline
behaviour.
From the two incidents examined during the
course of this study both occurred on the M50
motorway. When incidents such as the ones
examined take place traffic congestion occurs and
depending on the severity of the incident dictates
the propagation of the congestion which often over
flows into the city. It is therefore concluded that
whilst Dublin City Council (or any other Dublin
local authority) do not have any jurisdiction over
the motorway they do suffer from the consequences
of incidents that take place on it.
As all three Dublin Bus components
(Journey Time, Departure Discipline and Schedule
Adherence) emanate from the same source they are

highly correlated and have interdependencies.
Dublin Bus journey time data is valuable when
identifying traffic anomalies throughout the city
region.
It is clear from the analysis that the volume
of calls to the Dublin City Council Traffic
Management Centre is a good indicator that an
unusual traffic event is taking place.
Dublin Fire Brigade average incident
attendance times recover more quickly than any
other dataset. This is in part due to the emergency
nature of the response vehicles which have the
ability to travel through traffic more quickly than
other vehicles and for whom hard shoulder travel is
permitted. Therefore, this examination concludes
that to monitor DFB incident attendance times
would yield results however, due to the relatively
consistent performance of the DFB in attending
emergency situations the rare events that will
provide insight are too sporadic to be reliable.
The reaction of Dublin Tunnel data seems
logical. As both incidents propagated inevitably
traffic built up behind the accident. On both
occasions the build-up of traffic would have
occurred in the southbound lanes with traffic
backing up north-eastwards towards the M1/M50
interchange. As information was disseminated
drivers became aware of the unfolding situation;
those who were not caught up in the congestion and
could complete their journey via the Dublin Tunnel
were likely to take this course of action particularly
during incident_2 which took place in the afternoon
when tolls heading south were less expensive than
during the AM peak as experienced during
incident_1. The reduction in expected volumes
travelling through the northbound bore of the tunnel
may be as a result of the same information being
disseminated; except in this instance where drivers
didn’t appear to want to risk getting caught up in
the unusual congestion event. Therefore, if they
could complete their journey by travelling through
the city centre they may have taken this option, thus
a reduction in volume travelling northbound during
these periods. For both incidents there is evidence
to support the thesis that the Dublin Tunnel acted as
a venting mechanism which alleviated some of the
traffic that might otherwise have got involved in the
unusual congestion events.
Undoubtedly, Twitter is a very valuable tool
for communication purposes however, in more
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recent times it has been used to great effect during
emergency situations. Twitter can provide great
insights during unfolding events from a qualitative
view point. The words that people tweet may be
relevant to an unfolding event in real-time. These
words may be intercepted via the Twitter stream
and key words can be used to trigger other response
interventions such as during floods, snow,
earthquakes, hurricanes, storms and terrorist events.
Twitter responded well to the main traffic events
being studied in this report. However, the baseline
analysis did not produce good results. Further
analysis of the baseline shows that on the 4th
November 2015 the Web Summit conference was
held in Dublin and that a significant amount of
tweet traffic during the late evening related to that
event. This skewed the data and lead to an
unreliable response. Overall, Twitter is a novel way
of monitoring events and should be utilised in
appropriate settings. NLP tools are advancing and
insight can be gained from large amounts of tweets
in real-time. Visualisations such as Word Clouds
and sentiment and emotional analysis assist in the
understanding of this text mine.
The conclusions indicate that M50 journey times,
M50 vehicle volumes and the number of telephone
calls to the Dublin City Council Traffic
Management Centre showed the greatest fluctuation
from baseline during both events. Dublin Fire
Brigade response times rose sharply during each
incident but recovered towards baseline more
quickly than all other datasets. Dublin Bus showed
a large rise in journey times with the Dublin Tunnel
experiencing modest increases in volume in one
direction with corresponding decreases in volume
in the other. Twitter was found to be of great value
from a qualitative perspective in determining if a
tweet was traffic-related or not. However, from a
quantitative point-of-view, tweets of interest were
overshadowed, in terms of volume, should another
subject begin trending during the time-frame under
examination. The Dublin City Council Traffic
Management Centre shift reports were deemed to
be of no use to this study due to their creation at the
end of each shift (rather than being updated in realtime). It was noted, however, that these shift reports
have other benefits and are widely consulted by
relevant personnel in Dublin City Council.
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ABSTRACT: The composition and size of the passenger car fleet is often influenced by taxation, scrappage, and vehicle
registration policies. In Ireland, an incentivisation of diesel passenger cars was introduced in 2008 to curb carbon emissions
through a taxation reform. Recent studies reported that this policy resulted in lower levels of emissions for some GHGs and air
pollutants, however, NOx were increased in the process. These pose a significant threat to public health. In this study a ‘what-if’
scenario was developed to evaluate the impact of not enacting this dieselisation policy which was followed by the development
of a Fleet Emissions Control (FEC) Framework for passenger cars. This FEC framework was proposed based on the comparison
of emission between original scenario against the ‘what if scenario. An optimal fleet share and corresponding mileage, in terms
of offering lower harmful emission derived from the FEC Framework was developed. In order to derive optimal fleet share, vehicle
categories that were causing higher emission level of the most harmful emission in Ireland and vehicle categories that were
triggered by the incentivisation were identified and vehicle mileage for those vehicle categories were gradually transferred to the
same engine sizes with a different fuel, until a mileage of targeted emission between the above two scenarios become nullified.
The FEC framework is dynamic and was designed to enable a balance to be struck between static taxation systems and
requirements in national policies on reducing emission. Result shows that if the level of NO x emission was kept the same as a
scenario without dieselisation, there would slight change of other emission including a slight increase (1.8%) of CO2 in 2016.
KEY WORDS: CO2, NOx, Air Pollution, Passenger cars, Fleet, Scenario
1

INTRODUCTION

Guiding fleet size and composition has been conducted through
different taxation, fleet renewal, and vehicle registration
policies, to achieve emission efficiencies [1,2,3,4]. In Ireland,
an incentivisation of diesel passenger cars was introduced in
2008 to curb carbon emissions through a taxation reform [5].
Passenger cars (PCs) are the largest category of the Irish fleet
causing the highest mileage share (77.3%) [6] and are
responsible for higher release of emissions in the air. The diesel
incentivisation was achieved through changes to the Motor Tax
(MT) and Vehicle Registration Tax (VRT) for new vehicles,
and diesel cars have a major share of the mileage [7,8].
Previous research predicted initial benefits of CO2 reduction [9,
10] due to this dieselisation, however, a 28% increase in NO x
emissions by 2020 was also predicted [5]. Bollen and Brink
[11] highlight that a nexus often exists between policy focused
on climate change and CO2 emission reduction, and policy
focused on air pollutants and public health, as has been the case
in the road transport sector. Considering both greenhouse gases
and air pollutants, investigations have highlighted the potential
positive impacts of the electrification of the fleet [12,13].
However, barriers exist to widespread electrification of the road
transport fleet [14], and an optimised fleet composition using a
balance of all available technology might be an option for
authorities in addressing climate change and air pollution
issues.

emissions, moving towards an optimum fleet emission mix
from both air pollution and climate change perspectives,
through a proposed FEC Framework. In addition, the impact of
not implementing the aforementioned diesel incentivisation
policy was also predicted.
2
2.1

Data

The major source of data in this research was collected from
the emission inventory of the Environmental Protection
Agency (EPA) from 1990 to 2016 [6]. The disaggregated fleet
and mileage data by emission standard, fuel type, and engine
size for PCs were collected using COPERT 5. The estimated
emissions for gasoline and diesel PCs were also obtained and
termed as the ‘original scenario’. Several other types of data
were required for mileage adjustment, and are presented in
Table 1.
The other country-specific modelling parameters such as traffic
speed, peak and off-peak share, share of urban, rural highway
mileage, etc. were kept identical to the original scenario
throughout this study, and these were described in previous
studies [7,8]. In addition to these, the total PC fleet size (TOT)
which was a sum of petrol and diesel PCs was also applied as
an indicator in modelling the fleet.
2.2

In this paper, an adjustment in taxation policy was investigated
to find a balance in the composition of the fleet. This balance
restricts fluctuations in the level of growth of different types of

METHODOLOGY & MODELLING

Methodological Steps

This paper comprised the modelling of three emissions
scenarios: i) a near present-day ‘original’ scenario; ii) a ‘whatif’ assessing the impacts of dieselisation; and iii) an ‘optimised
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emission’ scenario involving the development of the FEC
framework.
Table 1: Data types and sources
Data

Code

Unit

Source

Gross National Product

GNP

[15]

Gross National Product
per ‘000 population
Population aged over 15
years
Gross Domestic Product
Annual GDP growth

pGNP

2014 market
prices in €
millions
2014 market
prices in €
‘000

Applied
as/for*
Obtained/M

[15]

Derived/M

[15]

Obtained/M

[16]
[16]

Obtained/M
Obtained/M

Employment to
population
(age 15+) ratio
Final consumption and
expenditure

EMP

Current US$
Percentage
(%)
Ratio

[15,16]

Derived/M

Household final
consumption and
expenditure
Annual growth of
household final
consumption expenditure
Average Vehicle
Registration Tax **
Fuel price for petrol and
diesel
Average Motor Tax **
Income Elasticity of
Mileage

hC&E

POP
GDP
gGDP

C&E

Percentage
of the GDP
(%)
Constant
2010 US$

[16]

Obtained/M

[16]

Obtained/M

gHCW

Percentage
(%)

[16]

Obtained/M

VRT

€

[17,18])

Derived/M

P

€/'000 litre

[6]

Obtained/A

MT
I

€
Numeric
figure

[17,18]
[18,19]

Derived/M
Obtained/A

*Data

were directly obtained or derived from two or more sources for the
assessment of fleet modelling (M), or mileage adjustment (A). ** For petrol
and diesel PCs in relation to the engine sizes defined in COPERT model

Similar policy impact studies (a comparison between i & ii)
were conducted in forward and backward in time which were
discussed in [8,20]. The emissions from the ‘original’ scenario
was first compared against the emissions modelled under a
‘what if’ scenario. Only emission types under UNFCCC and
UNECE for road transport were considered. To construct the
‘what if’ scenario, the fleet and mileage data were
reconstructed to represent what would have happened without
the introduction of the diesel vehicle incentives in Ireland in
2008 (i.e. continuation of the 2008 taxation policies to 2016).
The fleet size and the total mileage remained the same, based
on an assumption that the economic growth would be
unhampered if total mileage remained the same. Emissions
modelled from the ‘what if’ scenario was compared against the
original scenario, and Implied Emission Factors (IEF) were
generated.
A framework was subsequently developed where an optimum
fleet could be determined based on the contributions of the two
highest priority pollutants. The composition of the future fleet
predicted by the FEC to enable this optimum fleet emission can
be used as an indicator for the refinement of the current taxation
systems. Priority on the emissions were set based on the
emission reduction targets at the national level. The steps in the
analysis are presented in Figure 1.
2.3

Fleet modelling

Eleven macroeconomic, household level expenditure and taxrelated indicators from Table 1 were assessed in the ‘original’
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scenario, and the selected indicators were applied to model the
fleet under the ‘what if’ scenario. Fleet modelling was
conducted in a two-stage process. In the first stage, a shift in
the fleet from petrol to diesel PC categories was modelled to
calculate fleet size. A shift of the engine size was modelled in
the second stage. In both stages, the last vehicle category (nth)
was not modelled, they (𝐹́𝑛𝑡ℎ ) were estimated from the
subtraction of the summed modelled fleets categories (∑𝑛−1
𝐹́𝑛
0
) from the total fleet (𝐹𝑛 ). This (n-1) modelling approach was
considered to keep the total fleet size the same as the ‘original’
scenario.
Other
parameters

Road transport emission model 1990-2016

Mileage by fuel
and engine size

Fleet by fuel type and engine
size

Income elasticity

Share of emission standard by
fuel type and engine size

Total of average
mileage by fuel type
and engine size in
2007

Macro-economic and
household
level
expenditure
indicators

Average mileage
by fuel type,
engine size and
emission standard
2008-2016

Adjusted fleet
by fuel type,
engine size, and

Adjusted fleet
by fuel type &
adjusted fleet
by engine size

emission standard

Emissions from ‘what if’ scenario

Comparison

Emissions ranking

Fleet Emissions Control
(FEC) Framework Scenario

LEGEND
Fleet related step

Mileage related step

Emission related steps
*Thickness of a box shows complexity of a step (thick-complex).

Figure 1: Analytical approach
Fleet modelling was carried out through a regression analysis.
The uninfluenced fleet sizes by fuel or by fuel and engine size
before the dieselisation reform were regressed against suitable
indicators from 1990-2007, and the developed models were
applied for the prediction of fleet categories from 2008 to 2016
without the influence of the diesel incentive. Results showed
22,457 vehicles were shifted from diesel PCs in 2008 and
gradually increased to 542,140 in 2016, using Eqn (1).
𝐹́𝑝 = −17070000 + 723800 ∗ 𝑙𝑜𝑔(ℎ𝐶&𝐸) +
0.0000008756 ∗ 𝐺𝐷𝑃 +∈𝑝
Where, 𝐹𝑝 = Fleet size of the petrol PC; ∈ = Error.

(1)
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𝐹́𝑝<1.4 =1.022−0.0012440000 ∗ 𝑀𝑇 − 0.0000001271 ∗
𝑇𝑂𝑇 +∈<1.4
(2)
𝐹́𝑝1.4−2 =0.5888000000−0.0007121 ∗ 𝑀𝑇 + 0.0000000880 ∗
𝑇𝑂𝑇 +∈𝑝1.4−2
(3)
𝐹́𝐷<2 = 1.763 − 0.185 ∗ 𝑙𝑜𝑔(𝐺𝑁𝑃) + 0.0007041 ∗ 𝑀𝑇 +
0.000000273 ∗ 𝑇𝑂𝑇 + ∈𝐷<2
(4)

The 𝐹́𝑝>2 and the 𝐹́𝐷>2 for Petrol >2L and Diesel >2L in ‘what
𝑝1.4−2
if’ were calculated from these equations (𝐹́𝑝>2 =1-∑𝑝<1.4 𝐹́𝑝 ;
𝐹́𝐷>2 = 1 − 𝐹́𝐷<2 ) and the results were presented in Figure 2(a)
and 2(b).
The share of fleets by fuel in Figure 2(a) and 2(b) was
multiplied with fleet size by fuel and the original share of fleet
emission standard to estimate the most disaggregated fleet (see
Figure 3).

Share (%)

(a)0.80

Diesel
incentivisatio

0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016
Year

Petrol <1.4 (What if)
Petrol >2L (What if)
Petrol 1.4-2L (Original)

Petrol 1.4-2L (What if)
Petrol <1.4 (Original)
Petrol >2L (Original)

1.00

(b)
Share (%)

0.80
0.60

Diesel
incentivisa

0.40
0.20
0.00

1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016
Year

Diesel <2 (What if)

Diesel >2 (What if)

Diesel <2 (Original)

Diesel >2 (Original)

Figure 2: Share between engine sizes: (a) Petrol, (b) Diesel
2.4

Mileage

An income elasticity of mileage -0.3 for smaller engine size
categories [19], and a zero value for the higher engine sized
PCs were applied in conjunction with the fuel price on the

original mileage of 2007. The later assumed no impact of fuel
price on vehicle use for larger engine PCs as per [18].
2,000

Fleet size ('000)

Fleet size data from 1990-2007 was modelled in the first stage
and original indicator values were applied for prediction in the
period 2008-2016. Fleet shares from 1990-2016 were modelled
in the second stage, using the original indicator values. In
prediction the share of fleets for ‘what if’ scenario, the MT and
VRT indicators were kept constant for the post-2007 years. The
resulting models for 𝐹́𝑝<1.4 , 𝐹́𝑝1.4−2 and 𝐹́𝐷<2 fleets in the ‘what
if’ scenario are presented in Eqns 2-4. The maximum VIF,
adjusted R2 and the validation R2 for the models were 1.17, 1.17
& 6.5, and 0.90, 0.93 & 0.88, and 0.95, 0.92 & 0.95
respectively.

1,500
1,000
500
0
2006

2007

2008

2009

2010

2011
Year

PC Petrol <1.4L Conventional
PC Petrol <1.4L Euro 2
PC Petrol <1.4L Euro 4
PC Petrol <1.4L Euro 6
PC Petrol 1.4-2L Euro 1
PC Petrol 1.4-2L Euro 3
PC Petrol 1.4-2L Euro 5
PC Petrol >2L Conventional
PC Petrol >2L Euro 2
PC Petrol >2L Euro 4
PC Petrol >2L Euro 6
PC Diesel <2L Euro 1
PC Diesel <2L Euro 3
PC Diesel <2L Euro 5
PC Diesel >2L Conventional
PC Diesel >2L Euro 2
PC Diesel >2L Euro 4
PC Diesel >2L Euro 6

2012

2013

2014

2015

2016

PC Petrol <1.4L Euro 1
PC Petrol <1.4L Euro 3
PC Petrol <1.4L Euro 5
PC Petrol 1.4-2L Conventional
PC Petrol 1.4-2L Euro 2
PC Petrol 1.4-2L Euro 4
PC Petrol 1.4-2L Euro 6
PC Petrol >2L Euro 1
PC Petrol >2L Euro 3
PC Petrol >2L Euro 5
PC Diesel <2L Conventional
PC Diesel <2L Euro 2
PC Diesel <2L Euro 4
PC Diesel <2L Euro 6
PC Diesel >2L Euro 1
PC Diesel >2L Euro 3
PC Diesel >2L Euro 5

Figure 3: Disaggregate fleet size in ‘what if’ scenario
The original average mileage (𝑀) by emission standard (e),
engine size (z) and fuel type (f) were expressed as 𝑀𝑓,𝑧,𝑒 and
these notation keys for disaggregation of mileage have been
applied to Eqns. 5-9. 𝑀𝑓,𝑧,𝑒 was available for 1990-2016 in
COPERT. In the ‘what if’ scenario, mileage adjustment was
carried out in a three-step procedure to match the same level of
disaggregation of mileage from 2008-2016. The mileage was
predicted at fuel and engine size level first and in the next step,
the mileage was disaggregated by emission standard, fuel and
engine size. Finally, the estimated mileage was adjusted to the
total mileage.
To predict the mileage by fuel and engine size in future years
̅̅̅̅̅
(𝑀
𝑓,𝑧 ) the unaffected mileage (𝑀𝑓,𝑧 ) of 2007 was considered as
a function of income elasticities (𝐼𝑧 ) of mileage by engine size,
and the fuel price (𝑃𝑓 ) for future years as shown in Eqn (5) and
in detail in Eqn (6) [21]. This was conducted to reflect the fleet
change impact and vehicle use decisions in the ‘what if’
scenario.
̅̅̅̅̅
𝑀𝑓,𝑧 = 𝑓(𝑀𝑓,𝑧 , 𝐼𝑧 )

(5)

The total average mileage of all emission standards at the level
̅̅̅̅̅
of fuel and engine size (𝑀
𝑓,𝑧 ) for 2008-2016 under the ‘what
if’ scenario was derived from Eqn (6):
𝑃𝑓,(𝑡+1)
̅̅̅̅̅̅̅̅̅̅̅
𝑀
)) ∗ 𝑀𝑓,𝑧,𝑡
𝑓,𝑧,(𝑡+1) = (1 + 𝐼𝑧 ∗ (1 −

(6)

𝑃𝑓,𝑡

Predicted total average mileage by fuel and engine size was
distributed to the emission standard level and predicted total
mileage by fuel, emission and engine size was calculated using
the fleet size from the ‘what if’ scenario, i.e. Eqn (7).
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̅̅̅̅̅̅
́
𝑇
𝑓,𝑧,𝑒 = 𝐹𝑓,𝑧,𝑒 ∗ 𝑀𝑓,𝑧,𝑒 ∗

∑𝐸=𝑛
𝐸=0 𝑀

𝑓,𝑧,𝑒

̅̅̅̅̅̅̅
𝑀𝑓,𝑧

(7)

Whereas,

1
𝐹́𝑓,𝑧,𝑒

(8)
∑𝑇

𝑓,𝑧,𝑒
𝑛 = ̅̅̅̅̅̅̅̅̅̅
∑

𝑇𝑓,𝑧,𝑒

RESULTS
Emission and implied emission factor comparison

3.1

Finally, the average mileage by fuel, engine and emission
standard (𝑀́𝑓,𝑧,𝑒 ) under the ‘what if’ scenario that is required for
COPERT, was derived following Eqn (8). In this equation, a
yearly adjustment factor (n) was applied (Eqn 9) to ensure that
the total mileage produced by this step, remained the same as
the ‘original’ scenario.
𝑀́𝑓,𝑧,𝑒 = 𝑛 ∗ ̅̅̅̅̅̅
𝑇𝑓,𝑧,𝑒 ∗

3

(9)

Emissions in the ‘what if’ scenario in Figure 4 shows some
changes e.g. PM2.5/ NOx would have increased immediately and
decreased afterwards; changes for N2O would have gradually
decreased from the year 2007, whereas changes for CO2 would
have increased then gradually decreased and would have
started increasing again. These changes were relevant to
emission factors improvement [7] and composition and size of
the fleet and fuel consumption. For instance, CO2 emission is
directly relevant to fuel consumption which is highly related to
economy, e.g. emission dropped in the rescission period (20082011), economic recovery (2011-2014) and economic boom
(2015-2016).

Fleet Emissions Control (FEC) Framework

The impact on emission caused by a switch of one unit of a fleet
category to another could be calculated from the ‘original’ and
‘what if’ scenario comparisons. In the FEC framework
developed here, two emission types with the highest priorities
were selected from the ‘what if’ and ‘original’ scenario
comparison to monitor the level of shifts between different
technologies. When satisfactory levels of emissions can be
obtained, the fleet composition can be considered as an optimal
fleet composition for a year. Optimal fleet composition in every
historic year can be applied with macro-economic data to
project an optimum future fleet composition to indicate the
changes required in the current taxation policy.
The optimal fleet composition here is considered in practical
terms, whereby only changes in vehicle fleets that could be
reasonably achieved by changes in the taxation system were
considered. Clearly shifting all vehicles to the smallest engine
size and highest emission standard would be most optimal but
not practicable. The FEC operates to shift mileage to the lowest
category of emitters and their total mileage will then be
converted to fleet size, and the fleet size will be used as an
indicator in changing the VRT and MT. The time series in the
policy period will be calculated year by year. Assumptions and
steps are as follows:

1.00
0.80
0.60
0.40
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Year
NOx (in 2006= 16,065t)

NH3 (in 2006= 2,304 t)

CO2 (in 2006= 7,360,570t)

CO (in 2006= 120,969 t)

N2O (in 2006= 474t)

CH4 (in 2006= 1,020t)

PM2.5 (in 2006= 1,067t)

NMVOC (in 2006= 11,180t)

Figure 4: Emissions in ‘what if’ scenario
When predicted emission figures were compared against the
‘original’ scenario, the following difference was found in
Figure 5.
35%

% difference

2.5

Change in emission
in comparison to 2006)

1.20

15%
-5%

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

-25%
-45%
-65%

1. Emission with the highest priority should be the target
pollutant and the aim will be nullifying the difference of the
target pollutant between two scenarios. Previous researches
reported nonlinear impacts on the reduction of different types
of emission in response to policy changes [20], thus selection
of targeted emission types simplifies the analysis in the
Framework.
2. Mileage shifting targets should always be within the same
fuel and nearest engine size. This will assist in the practical
implementation of the proposed new policies.
3. Optimisation is focused on changes to the ‘original’ scenario
as there is less uncertainty and analytical steps.
To implement the findings, the fleet sizes in the future years
will be used as indicators. The elasticity of MT and VRT to
engine size of the vehicle need to be estimated, and MT and
VRT will be adjusted based on the elasticity and indicator.
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NOx
N2O

NH3
CH4

CO2
PM2.5

CO
NMVOC

Figure 5: Difference in emissions in ‘what if’ and original
scenario
The result shows that the difference would be approximately
a 5.4% increase of CO2 and 6.4% for PM2.5 in 2016 without the
implementation of the 2008 diesel incentives. NH3, CO,
NMVOC and CH4 would also have been increased by 50.9% to
61.9%. The nitrogen-based emissions, however, would have
reduced by 22.8% for NOx and 19.9% for N2O. This estimation
is also well in line with previous predictions on the impacts of
the diesel incentive on NOx emissions, a 28% higher NOx
emission was estimated in 2020 in relation to a similar “what
if” scenario[5].
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Figure 6: (a) CO2 and (b) NOx implied emission factor
At the same time, CO2 IEF for this vehicle technology is the
second lowest source. Thus, it is noticeable that a change in
fleet size in this technology would likely have the most impact
on the emission scenario. Using this knowledge on the impact
of a fleet category shift, a framework tool could be developed
to control the future fleet composition.
3.2

Application of the FEC Framework

The following steps were considered to produce an optimal
fleet composition in Figure 7 and emission scenario in Figure
8.

emissions for these three groups over the years were 0.44g/km,
0.44g/km and 0.46g/km for NOx.
Step 3: Calculate mileage required to minimise the emission
difference: Four elements were required to perform this
calculation: a. Initial constant mileage for the starting year
when emission has started to increase (2010 for NOx); b.
Distribution of mileage for groups selected for trade off factor
calculation; c. original vehicle size distribution for the same
groups; and d. Increment of initial constant mileage in a % term
from starting year to end year.
Step 4: Mileage shift and emission calculation: The initial
mileage was selected by trial and error such that NOx emission
from all the groups closely matches the difference between two
scenarios of NOx emission (e.g. less than 1.00kg). Similarly,
the increment of mileage was selected by trial and error to
calculate a close match for all the emissions in all the years.
Step 5: Total mileage and fleet share calculation: Calculated
mileage was added and subtracted from the original mileage for
the corresponding vehicle categories. Average mileage from
the ‘original; scenario was considered to calculate the fleet size
and then the share of vehicle categories were calculated (see
Figure 7).
For the fleet composition above, while it is expected that there
will be no increase of NOX emission and level of NOx emission
would be the same as a scenario without dieselisation, there
would slight increase (1.8%) of CO2 emission in 2016. NO2
emission and PM2.5 emissions could be reduced. Potential for
PM2.5 was not identified in Figure 5, however, the selected fleet
composition; especially shift to petrol fuel reduced the release
of PM2.5.
3
DISCUSSION & CONCLUSION
The result reveals that the combined effect of higher
penetration of diesel PCs and smaller engine PCs which was
triggered by taxation policy, resulted in lower levels of
emissions for some GHGs and air pollutants since 2008.
50%
40%

Fleet Share (%)

IEFs (g/km) that were generated from the results and input data
were found to be the same for the two scenarios. The IEFs for
CO2 and NOx as a representative of positive and negative
differences that were found in Figure 6, were considered for
developing a FEC framework. CO2 and NOx were considered
for further analysis as representative of the negative and
positive difference in Figure 5. It is noticeable that all the CO2
IMFs for petrol PCs were gradually increased (Figure 6a),
especially after the year 2011, whereas the NOx IMFs were
gradually decreased for the same categories (Figure 6b). The
NOx IEFs increased for diesel >1.4L for the year 2011-2015,
however both diesel engine sizes showed a decreasing trend.
NOx emission for diesel <1.4L showed a decreasing trend, it is
one of the highest NOx producing sources in comparison to the
emission level of other PC categories.

30%
20%
10%

Step 1: Emission ranking: Two emission types with the highest
priorities were selected, one from air pollution e.g. NOx and
one from climate change priorities e.g. CO2 (see Figure 5).

0%
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Year

Step 2: Calculate emission trade off factor (g/km): An
emission trade-off factor was calculated which was the
difference or saving in the category unit in g/km of NOx
emission as a result of switching from one type of vehicle to
another. Trade-off factors were calculated for three groups: (1)
Diesel <1.4L to Petrol <1.4L; (2) Diesel <1.4L to Petrol 1.42L; and (3) from Diesel >1.4L to Petrol >2L. The average

Petrol <1.4L Revised FEC %
Petrol >2L Revised FEC %
Diesel >1.4L Revised FEC %
Petrol 1.4-2L Original %
Diesel <1.4L Original %

Petrol 1.4-2L Revised FEC %
Diesel <1.4L Revised FEC %
Petrol <1.4L Original %
Petrol >2L Original %
Diesel >1.4L Original %

Figure 7: Fleet composition under FEC framewrok with zero
NOx increase over the years
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ABSTRACT: The promotion of sustainable transport options is key to achieving the national and international climate change
targets. One means of achieving this goal has been identified as the transition to private vehicles with lower levels of fuel
consumption and environmental impact. Unlike modal switching, the swift towards low impact private cars offers the prospect of
reducing environmental impacts, while at the same time not asking individuals to sacrifice the mobility and utility levels that they
are currently accustomed to. This paper presents the results of a study undertaken in Norway in late 2017 which examined the role
that energy labels can play in influencing the uptake of low emissions vehicles. Specifically, this research examines how the
provision of information in terms of estimated monthly running costs can increase the willingness to pay for more fuel efficient
vehicles. Based upon the analysis of a discrete choice experiment, results indicate that the willingness-to-pay for more energy
efficient goods increases by 19% when running cost information is provided in addition to fuel use estimates. The results of this
research highlight existing information failures and also the potential improvements to information provision interventions in
general, and energy labelling specifically, that can be achieved by framing information in a metric that consumers are accustomed
to.
KEY WORDS: Transport, Fuel Efficiency, Environmental Impact

1

INTRODUCTION

The promotion of more sustainable transport is vital to
achieving national and international emissions reduction
targets. More fuel efficient vehicles represent an opportunity to
provide both running cost savings for the individual consumer,
and also societal benefits, in the form of reduced resource
consumption and greenhouse gas emissions. With this in mind,
information labels in the motor sales industry seek to provide
consumers with energy consumption and carbon dioxide
emissions information that would have otherwise been
unavailable to them, with the hope that it will motivate them to
make greener purchases. This research presents an examination
of the role that information framing can play in the
effectiveness of such labels within the context of the
Norwegian motor sector, specifically with regard to providing
running cost information in the form of monetary estimates.
2

BACKGROUND

Energy labels are one of the most popular methods available to
authorities to ensure that consumers are able to access
information on the energy use and environmental impact of the
products that are available. Such labelling schemes are used in
industries such as household appliances, the property sector,
and the motor industry. Typically such labels provide
information in the form of units that might be familiar to an
engineer or industry expert, such as kilowatt hours and
kilometers per liter, but which may not be used by ordinary
individuals as part of their everyday lives. As such, the
usefulness of such information to the consumer will be based

upon their ability to contextualize it to allow them to compare
a given vehicle to another in its class.
3

LITERATURE REVIEW

A number of studies have been undertaken within the motor
industry to understand the role that labels and fuel consumption
estimates can play in terms of influencing consumers’ choices.
Research in California found that very few of the households
surveyed mentioned running costs when discussing previous
car purchases [1] while a study in the United Kingdom revealed
that consumers spend little effort comparing the fuel efficiency
of available vehicles [2]. With specific regard to labels, a
number of studies have found that the provision of fuel labels
in the motor sector is of benefit to consumers ([2], [3], [4]), and
research has highlighted that such labels can be more effective
at promoting energy efficient purchases when running cost
estimates are presented in conjunction with other fuel
information [4].
4

METHODOLOGY
Choice Experiments

Choice modelling is one the most popular methods available to
analysts to understand the drivers behind consumers’ actions,
and hence, their societal impact in the form of environmental
damage. This modelling approach assumes that a product or
service can be represented as a bundle of attributes that describe
it, and these attributes combine to provide the consumer with a
given level of utility. It is then assumed that the consumer will
select the product or service that provides them with the
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greatest level of utility. As there is an error component to the
utility equation, based upon unaccounted for tastes of the
individual, the probability of the consumer choosing a given
option over another will be a function of the probability of a
respective utility being greater than that of the other options
available to them. Therefore, the probability that a given
respondent will select option g over any alternative option h,
within a defined and finite choice set, is expressed as the
probability that the utility associated with g is greater than the
utility associated with all other options:
𝑃[(𝑉𝑖𝑔 + 𝑒𝑖𝑔 ) > (𝑉𝑖ℎ + 𝑒𝑖ℎ )] = 𝑃[(𝑉𝑖𝑔 − 𝑉𝑖ℎ ) > (𝑒𝑖ℎ − 𝑒𝑖ℎ )]

Block 1 Control

Block 2 Control
Control
Block 3 Control

Block 4 Control

Enters Survey
Block 1 Treatment

Block 2 Treatment
Treatment
Block 3 Treatment

In order to estimate this probability, it is necessary to make an
assumption with regard to the distribution of the error terms. A
typical assumption is that they are independently and
identically distributed with an extreme-value (Weibull)
distribution. This implies that the probability that alternative g
will be chosen as the most preferred option can be expressed in
terms of the logistic distribution [5]:
𝑃(𝑈𝑖𝑔 > 𝑈𝑖ℎ ) =

exp(𝜇𝑉𝑖𝑔 )
∑𝑗 exp(𝜇𝑉𝑖𝑗 )

This research utilised a standard multinomial logit model
estimated using the Nlogit software package.

Block 4 Treatment

Figure 1. Block Assignment.
Figure 1 presents an example of the choice cars that was shown
to both the control group and the treatment group. It can be seen
that these labels are identical, with the exception of estimated
energy cost information. From this image it is clear that fuel
consumption and emissions information is highly prominent. as
it is afforded more text than the other attributes, as well as being
accompanied by an image. Survey respondents were also given
the option to select “neither” if they neither vehicle appealed to
them.

Experimental Design
This study employed a choice experiment that was designed to
consider four attributes that had been identified in previous
project workshops, as being the most important factors for car
buyers in Norway. These were: the upfront purchase cost of the
vehicle, the fuel consumption, the safety rating of the car, and
the luggage capacity. Based on this, an experimental design
was undertaken with attribute levels being selected to represent
the current Norwegian car market conditions.
Table 1. Attribute Levels.
Cost
(NOK)
500K
450K
400K
350K

Fuel
Consumption
0.8
0.7
0.6
0.5
0.4

Safety

Capacity

90
80
70

700
600
500
400

Using the attribute levels outlined in Table 1, a fractional
factorial design was undertaken using the JMP software suite,
producing 32 choice sets. These 32 choice sets were then
presented in both the control and treatment format, resulting in
a total of 64 sets. To avoid respondent fatigue, these choice sets
were split into blocks of 8, with a given block being randomly
assigned to a respondent when they began the experiment. Each
of the blocks contained either all control or all treatment choice
sets to avoid any contamination effects. Figure 1 outlines the
assignment of respondents to the various choice blocks,
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5

RESULTS

Table 4. Willingness to Pay Estimates.

Sample
Table 2 presents the properties of the sample in terms of age,
gender, and the stated levels of environmental concern as
indicated by a Likert 1-5 scale carried out as part of the survey.
This table indicates that control and treatment groups were very
similar with respect to these respondent characteristics.

Control
48.4 Years

Gender Ratio
Stated
Environmental
Concern (1-5)
P value=0.2937

Treatment
49.16 Years

Male
281

Female
274

Male
266

Female
272

Mean

Std.
Dev

Mean

Std.
Dev

2.52

.937

2.58

.951

MNL Modelling
The results of the MNL model are presented in Table 3. These
results indicate that all the variables under consideration are
found to be significant. A treatment interaction variable was
used in this model and it can be seen to be statistically
significant, indicating that there is an effect of note produced
by the interaction of the treatment (monetary framing) with the
fuel consumption. All the signs of the variables can be
considered to be intuitively correct, with increases in purchase
price and fuel consumption resulting in a decrease to utility,
while increases to levels of safety and luggage capacity are
linked to increases in utility.
Table 3. MNL Model Results.
Cost
Fuel Con.
Treatment
Interaction
Capacity L2
Capacity L3
Capacity L4
Safety L2
Safety L3
Constant

Value
-.57D-05***
-.49462***
.72588***
-.09417***
.32556***
.59540***
.59201***
.30861***
.66782***
-6.15921***

Stand Err
.3329D-06
.01827
.16591
.02484
.03970
.04184
.05115
.03468
.04403
.19372

Treatment
6

Table 2. Sample Characteristics.
Mean Age

MNL
Model
Control

Z
-17.23
-27.08
4.38
-3.79
8.20
14.23
11.57
8.90
15.17
-31.79

Table 4 presents the willingness-to-pay estimates for both the
control and treatment variables. It can be seen that the control
model produces a value of 86235 NOK compared to 102653
NOK for the treatment model. This represents a 19% increase
in the willingness-to-pay estimates between the two samples.

WTP
86235.2***

Stand
Err
5457.581

Z
15.80

102653***

6322.164

16.24

Confidence
Interval
75538.6 to
96931.9
90262 to
115044

DISCUSSION AND CONCLUSIONS

This research was undertake to examine how the reframing
of energy labels in the Norwegian motor sector could impact
upon the willingness-to-pay of consumers for more fuel
efficient vehicles. The results demonstrate that all the variables
considered in the experiment were found to be statistically
significant, with parameter signs in the direction that would be
considered to be intuitively correct.
These results suggest that there is currently an information
failure within the motor sector, with regard to energy efficiency
and fuel consumption, and that if consumers were more aware
of the running costs associated with the operation of their
vehicles, they would be likely to pay more for reductions in
running costs. Based on these findings it appears that
consumers are under estimating the value of fuel efficiency.
While these results highlight the potential for improvements
in the methods by which energy information is presented, this
experiment represents a simplification of a real world sales
environment, and is best viewed as an examination of framing
methods within the sector, rather than as a model for car
purchasing behaviours in general. This is reflected in the very
large willingness-to-pay estimates for both the treatment and
control groups, however, any bias created by the increased
salience of energy information in experimental design was
reflected in both samples, and therefore the relative difference
in willingness-to-pay values can still be consider to be valid.
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ABSTRACT: The transport sector has the highest share of NOx (Oxides of Nitrogen) emissions in Ireland and total annual NOx
emission levels exceed the limit of national emissions ceiling. However, the concentrations at the monitoring locations are below
the permissible limits specified by EU and WHO (World Health Organization). NOx, which comprises of NO (Nitric oxide) and
NO2 (Nitrogen Dioxide) contribute to acid rain and the formation of ground level ozone. Whereas, exposure to NO2 gas is
associated with health effects. It is still unclear how the emissions levels are linked to the concentration and resulting health
impacts. Thus, it is very important to investigate whether the high level of NOx emitted from the road transport causes the NO2
concentration to exceed the permissible limit at the level at which people inhale the air. Therefore, this research aims to study the
effect of NOx emissions from road transport on urban NO2 pollution. NOx emissions at street level in Dublin city have been
calculated using COPERT (COmputer Programme to calculate Emissions from Road Transport) Street Level. Additionally, the
expected NOx emissions following euro emissions standard specification were calculated to examine if the modelled emission
levels are higher than the specified limits. NO2 concentrations were modelled using OSPM (Operational Street Pollution Model)
on the same street. The results revealed that though the emission levels exceed the euro standard emission levels, the NO 2
concentration is below the guideline limit for 2015 fleet. In order to examine the impact for 2030 where it is expected that diesel
use will increase with business as usual scenario, the emissions and concentrations were modelled for 2030 fleet. Further, health
impacts in terms of the number of premature deaths attributable to exposure to NO2 as a result of road traffic were calculated. It
was found that even though the NO2 concentration is below the permissible limit, 168 premature death incidences in Dublin city
are associated with NO2 pollution resulted from road transport fleet.
KEY WORDS: Urban air pollution; Road transportation; Street canyon; OSPM; COPERT Street Level; NOx; NO2; Health impact;
Premature deaths; Emissions modelling
1

INTRODUCTION

NOx is generated through typically any process of hightemperature combustion, most commonly from the burning of
fossil fuels in the motor vehicles combustion engines (EPA,
2016a). It has been found that euro 5 and euro 6 diesel PCs and
LCVs emit much higher NOx than euro standard specifications
(Transport & Environment, 2016). NOx, in general, contributes
to the formation of ground-level ozone which is very harmful
to human health (USEPA, 2017; EPA, 2016b). Exposure to
NO2 has health effects such as reduced lung function, airway
responsiveness, increased reactivity to natural allergens and
increased risk of respiratory infections in children (EPA,
2018a). Ireland exceeds its NOx emissions ceiling since 2010
(EPA, 2018b). Though the hourly concentration of NO2 is
below the permissible level at the monitoring locations, it is
possible that concentrations are higher at the breathable level.
The relationship between emissions and concentration is still
unclear. Therefore, it is important to study the concentration at
the street level. In this paper emissions and concentration were
calculated at the street level. Emission level of NOx was
calculated using COPERT Street Level (EMISIA, 2017). It
uses the emission factors from COPERT (EMISIA, 2014)
which is used to develop national emission inventory
preparation and its subsequent applications in 22 European
countries (Kioutsioukis et al., 2010). Emission levels were also
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calculated based on the euro standard specification to examine
if the modelled emission exceeds the specified emissions
levels. OSPM (Aarhus University, 2018) is used to model the
NOx concentration on the same street. NO2 concentration was
also modelled to calculate the premature death incidences due
to the exposure to NO2. OSPM uses a Gaussian model to derive
the direct contribution from the source and a box model to
calculate the effect of turbulence on the concentrations
(Holmes and Morawska, 2006; Mensink and Cosemans, 2008;
Taseiko et al., 2009). Researchers have used OSPM to model
traffic pollution concentration in Ireland (Pilla and Broderick,
2015; Ganguly and Broderick, 2009) and other countries
(Assael et al., 2008; Lazic et al., 2016, Kukkonen et al., 2001,
Berkowicz et al., 2008; Kumar et al., 2016; Ottosen et al., 2015;
Ghenu et al., 2008; Berkowicz et al., 2006). It is expected that
the number of diesel passenger cars will continue to increase
and in 2030 the share of diesel passenger cars in the Irish road
fleet will be 75% (DTTaS, 2016) while other road
transportation modes will still be diesel dependent. Therefore,
in this study, the emission levels and the concentrations have
been modelled for the year 2030 to see if the concentration
values will exceed the permissible limits. Based on the
modelled NO2 concentrations, premature mortality incidences
have been calculated as per WHO BOD (Burden Of Disease)
method.
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Next section describes the methodology used in this study and
the data used, followed by the results and conclusion.
2

METHODOLOGY AND DATA

This section describes the methodology followed and the data
used in this study. Quay roads, as shown in Figure 1 were
chosen as the study area. 2015 has been considered as the base
year.

width, road orientation, height of buildings, height of receptor,
distance of the receptors from the centre of the road), weather
(temperature, global radiation, wind direction, wind speed
above roof level, background concentrations of NOx, NO2 and
O3), traffic (hourly traffic volume), activity data (average
speed, mileage), fleet configuration (disaggregated to fuel and
engine size). Weather data were obtained from Met Eireann
(2017), Background concentration data were obtained from the
Environmental Protection Agency (EPA, 2017), Ireland.

Figure 2. The geometry of the road segments.

2.1

Modelling emission levels at street level

COPERT Street Level (COPERT SL v2.4) which is based on
the popular emissions modelling software COPERT, has been
used in this study to calculate emissions on the road segments.
It requires detailed hourly traffic data, in addition to other input
data like traffic volume, road segment length, and average road
segment vehicle speed. It uses the same emission factors as
COPERT. The outputs are calculated as total emission levels
on the road segment. Annual average hourly traffic data in
terms of PCU (Passenger Car Unit) on each road segment were
supplied by Dublin City Council (DCC) for 2015. This total
volume data was divided into individual volume of each vehicle
type, such as passenger car, light commercial vehicles, heavy
duty vehicles, buses and mopeds using the PCU factors used by
DCC to aggregate the data and further disaggregated to euro
class and engine size (passenger cars)/weight class (for light
commercial vehicles, heavy duty vehicles and buses). This was
done to increase the accuracy of the calculation. The proportion
of each vehicle types in each euro class and engine size/weight
class were obtained from DTTaS (2015) and SIMI (2016).
Traffic volume for 2030 was estimated using the National
Transport Model (NRA, 2014). The future fleet composition
has been estimated using rolling fleet model (DTTaS, 2016).
Euro standard emissions were calculated by multiplying the
number of vehicles in each category, length of the road and euro
standard NOx emission factors corresponding to the respective
vehicle category.
2.2

Modelling concentration at street level

OSPM (v.5.1.90) has been used to model NOx and NO2
concentration on the street segments shown in Figure 2. OSPM
uses data related to street geometry (road coordinates, road

Hourly NO2 concentration
(µg/m3)

Figure 1. Study area: Quay roads

Road geometry and building information were obtained from
Dublin City Council in GIS (Geographic Information System)
format. Figure 3 shows the hourly permissible EU and WHO
limit (WHO, 2005; EPA, 2016a) and the NO2 concentration
data recorded at monitoring locations in Dublin.
250
200
150
100
50
0

Day
Recorded at monitoring location

EU/WHO limit

Figure 3. Permissible NO2 limit and recorded concentration at
monitoring locations
2.3

Health Impact

Health impacts due to NO2 were calculated in terms of
premature death incidences based on WHO BOD (2004)
method for outdoor air pollution. The expected number of
deaths (E) due to outdoor air pollution is calculated as,
𝐸 = 𝐴𝐹 ∗ 𝐵 ∗ 𝑃

(1)

Where AF is the Attributable Fraction of the health effects from
air pollution for the exposed population
B is the mortality rate (Deaths/person/year)
P is the relevant exposed population
AF is calculated as,
𝐴𝐹 =

𝑅𝑅−1

(2)

𝑅𝑅
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RR is the relative risk at exposure, compared to the reference
level.
𝑅𝑅 = [(𝑋 + 1)⁄(𝑋0 + 1)]𝛽

(3)

Where X is the current annual mean concentration of the
pollutant (μg/m3)
X0 is the baseline concentration of the pollutant (μg/m3)
β is effect estimate which indicates the risk of an adverse health
effect due to a one-unit change in ambient air pollution, taken
as 1.039 for 10 µg/m3 increase in NO2 concentration (EEA,
2017).
The baseline concentration of a pollutant is assumed to be the
concentration that would exist without any man-made pollution
(WHO, 2004). In this study, the baseline concentration of NO2
is taken as 20 µg/m3 (EEA, 2017). Baseline mortality rate is
taken as 8.1 per year per 1000 population (CSO, 2017). The
current (2015) and future (2030) population have been obtained
from National Roads Authority report (2014).
3

RESULTS

The modelled emissions and concentrations for 2015 and 2030
have been presented in this section. Table 1 shows the euro
standard and modelled NOx emission levels and also, the
annual mean concentrations recorded at air quality monitoring
stations and modelled NOx concentrations in the street canyon.
Table 1. Euro standard and modelled NOx emissions and
recorded NOx concentration at monitoring stations and
modelled NOx concentration in the street canyon
Emission levels
Concentrations (μg/m3)
(tonnes/day)
Study
year
Euro
Modelled Recorded
Modelled
standard
2015
31.24
45.38
40.38
47.59
2030

30.89

67.40

-

50.41

It can be observed that the modelled NOx emission levels in
2015 are about 45% higher than the expected emission levels
following the euro standard specification. NOx emission levels
are higher in 2030 due to an increase in the number of vehicles.
Euro standard NOx emission levels are even lower in 2030 than
in 2015 because of a higher share of vehicles with stricter euro
standard emission factors (euro 5 and euro 6) in the fleet.
Also, the modelled NOx concentration at the studied street
was found to be higher than that recorded at the monitoring
locations. Table 2 presents the average of modelled NO2
concentrations at the study roads and the recorded
concentrations at air quality monitoring stations and
permissible limit specified by WHO and EU (WHO, 2005;
EPA, 2016a). Also, the number of premature death incidences
as calculated using WHO BOD approach are listed in Table 2.
It can be observed that modelled NO2 is also higher at the level
people inhale the air than the concentration recorded at the
monitoring stations. But it was found that both the recorded and
modelled concentrations are below the WHO and EU guideline
value. However, as they are higher than the baseline
concentration value which is considered as 20 μg/m3, the
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Table 2. NO2 concentrations recorded at monitoring stations
and modelled in the street canyon with the WHO/EU
permissible limit and Premature deaths due to NO2
attributable to road transport
Annual mean concentrations
Study
Premature
(μg/m3)
year
deaths
Recorded WHO/EU Modelled
2015
28.25
40
29.92
168
2030
40
30.54
195
concentration levels both in 2015 and 2030 possess harmful
effect on human health as shown in Table 2. It was found that
the number of premature deaths attributable to NO 2 from road
transport in Dublin city will increase by 27 in 2030 relative to
2015.
4

CONCLUSION

NOx emissions were modelled on street level in Dublin city for
the year 2015. Impact of the high level of road transport NOx
emissions on NO2 concentration in the urban street canyon was
examined by modelling NO2 concentration on the same street.
Health impact in terms of premature deaths due to exposure to
NO2 was estimated.
Additionally, NOx emissions and resulting NO2
concentrations were modelled on the same street canyon for
2030 business as usual situation to evaluate and compare the
modelled values with the acceptable limits.
The results show that the NO2 concentrations in 2015 and
2030 are below the air quality guideline limit value, indicating
that Ireland’s air quality is good. However, it was found that
the concentration will increase in 2030 resulting in a rise in a
number of premature deaths due to short-term and long-term
exposure. Also, the NOx emission levels in 2015 and 2030 are
about 45% and 100% higher than the respective euro standard
emission levels. NOx emissions value was found to increase in
2030 by 48% compared to 2015, while it is expected to decrease
due to having more vehicles under stringent emissions
regulations. This will lead to an increase in ground-level ozone
which has severe health effects including, lung function
decrements, inflammation, and permeability, susceptibility to
infection, cardiac effects etc. (USEPA, 2016). Irish fleet has an
increasing trend of diesel use and it has been estimated that it
is not until 2050 when there will be a notable reduction of
internal combustion engine vehicles (DTTaS, 2016).
Therefore, measures should be taken to protect the air quality
and public health.
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ABSTRACT: Sentiment analysis is concerned with identifying and categorising opinions expressed in unstructured text. In this
research, the focus was on applying text analytics methods to a large volume of Tweets pertaining to bike sharing schemes in
defined geographical regions for both sentiment analysis and text visualisation. Tweets were captured and categorised based on
the location in which they originated before applying text analysis techniques to extract emotions and opinions in the different
geographical categories. A comparison of the emotion and opinion in each of the geographical categories was then performed to
determine if a particular region demonstrated a high degree of an emotion where a different region demonstrated a low score in
for the same emotion. The research discovered that the emotions displayed, and the general opinions been expressed across the
four geographical regions were generally the same. Further analysis of co-occurring emotions across the regions again should
comparable results in the four regions. The research concludes that even though Twitter posts can be a useful data source for
sentiment analysis, whether the emotions and opinions being expressed in the posts is difficult to confirm. An entity and aspect
level of sentiment analysis should prove better as identifying aspects of bike sharing schemes which could be leveraged upon by
other bike sharing schemes.
KEY WORDS: Sentiment analysis, Text mining, Opinion & emotion extraction, NRC Lexicon, Twitter, Public bike sharing.
1

INTRODUCTION

With the continuous growth of urban areas, the need for
efficient and reliable transport networks has also grown. To
meet these ever-increasing demands, urban planners are
looking at alternative modes of transport to both meet public
demand and to reduce demand on networks which already exist
[1] [2]. The advent of the combustion engine circa 1800
enabled the mass movement of people and goods is a relatively
safe and reliable manner. Roads and rail networks were built to
on which automotive vehicles would provide the transportation
service. While these transportation networks are useful, they
typically do not provide an end to end service for its users, there
was a demand for a service which could meet the ‘first/last
mile’ of a person’s journey [3] [4]. Increased usage on
transportation networks has also had negative side effects such
as congestion and pollution which can negatively impact the
mode of transport itself and the people living in the urban
environment. In response to these issues, alternative methods
of transportation have been developed to improve existing
networks and to negate any negative impacts of existing
networks.
Public Bike Sharing Schemes
Public bike sharing schemes (PBSS) are one example of an
alternative mode of transport which are being put into use in
cities around the world to meet transportation demands of those
living in the city. A bike sharing scheme can be typically
described as a service which provides bicycles to individuals
for a limited amount of time. As of December 2016, there were
just over 1000 cities hosting PBSS across 57 countries [5]. The
operation model of early PBSS involved making a fleet of
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bicycles available to the public in an urban area, the bikes
where unlocked and could be used by anyone at any time. When
a person was finished with the bicycle they simply left it there.
The initial schemes were prone to failure through misuse of the
bicycles, bicycles were damaged [5] and stolen [6]. In a bid to
reduce the main problems associated with the first-generation
PBSS (namely bike theft and vandalism), coin operated
schemes were developed. This model was vastly different to the
first generation; fleets of specially designed bicycles and
docking stations where bikes could be locked, borrowed, and
returned were introduced. The model was simple, to use a bike,
a coin would be deposited at one of the docking stations, when
the bike was returned to a docking station the coin would be
refunded. The first coin operated scheme introduced in
Copenhagen, Denmark in 1995 [6] was a robust and reliable
success which led to the introduction of similar schemes across
Europe.
A third generation of PBSS followed. This new generation
availed of information and communication technologies (ICT)
which brought about a smartening of the concept [7]. Services
such as the availability of bikes at a docking station were
possible. Users could interact with the such services on their
smartphone, or mobile device. Usage policies were introduced
to schemes where the goal was to make bicycles available for a
limited amount of time per journey, making more bicycles
available for the scheme. In most third-generation schemes,
users must register for the scheme which enabled scheme
operators to plan more effectively. The information that ICT
was able to capture from a scheme also aided the planning or
organisation of the scheme. Through research, patterns
emerged where PBSS were often being used as part of journey.
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Travellers would use a bike to travel from one location often to
a larger transportation hub such as a bus or train station, this is
referred to as the ‘first/last mile connection’ to other modes of
transport. GPS systems are also being installed on bicycles
which will give an even greater insight into bike usage. Using
this information, the location of docking stations to meet user
demands can be better managed.
Social Networks
In tandem with the growth of PBSS, there has been huge
growth in social media network or a social network site (SNS,
examples being Facebook, Twitter, Instagram and Google+.
Most SNS enables users to discuss and view a broad range of
topics. Text is the predominant medium for information
exchange on SNS [8], with large volumes to text being
generated constantly by the SNS. The collections of text
captured by SNS can contain valuable information on a topic
which may be of benefit to a person or organization that could
act upon the pertinent information contained. Data and text
mining techniques were developed to organize and extract
previously unknown information from these large collections
of text.
The focus of this research involved capturing information
from Twitter relating to bicycle sharing schemes and extracting
the opinion and sentiment being expressed in individual Tweets
where refer to a particular set bicycle sharing schemes.

Table 1 City Statistics
City

Population

NYC
Boston
Dublin
Belfast
Cork
Galway
London
Amsterdam
Barcelona
Singapore
Taipei

8,555,405
667,137
553,165
323,575
125,622
79,504
10,356,574
1,027,860
5,542,680
5,607,283
2,696,704

Primary
Language
English
English
English
English
English
English
English
Dutch
Catalan
Malay
Taiwanese

Twitter Handle
@CitiBikeNYC
@Hubway
#dublinbikes
@BelfastBikes
#Corkbikeshare
#Galwaybikeshare
@SantanderCycles
#ov-fiets
#bicing
@ObikeInc
#Youbike

To retrieve data from Twitter, the Twitter REST API was
used. For this research, the R programming language and an R
package called TwitteR utilised the REST API with our
credentials. The R programming language, the TwitteR
package and all other aspects of R which was utilised in a later
section. The REST API has a few limitations, when retrieving
data, only seven days’ worth of Twitter activity is available. As
this project used the REST API, this meant that the project had
to manually retrieve and store data over a period of weeks to
build up the dataset.
Sentiment Lexicons

2

METHODOLOGY

This section will describe the PBSS that were chosen in this
research, the tools used to capture, manipulate and process the
data to uncover sentiment and emotions expressed in the data.
The final part of the research was to compare the sentiment and
emotions in each of the defined regions as well as extracting
the most frequently occurring words in the both sentiment
polarities.
Data Understanding
The focus of this research paper is to compare sentiment
towards PBSS in Ireland to PBSS in other geographical regions
around the world. The four geographical and the cities in those
defined regions were;
• Ireland - Dublin, Cork, Galway and Belfast
• North America - New York and Boston
• Mainland Europe - London, Barcelona, Amsterdam
• SE Asia - Singapore, Taipei
The cities were chosen based on having active PBSS and that
the English language was either used widely or to some degree
in that city. Table 1 contains general information about each of
the cities chosen such as population, the PBSS chosen and
Twitter handle associated with the scheme in that city.

Extracting sentiment automatically can be achieve in one of
two ways, a lexicon-based approach calculates the degree or
potency to which a word, phrase or document aligns with a
positive or negative sentiment. The second approach is the text
classification approach which involves building a classification
model from previous bodies of text and using the model to
predict the opinion of an unseen body of text. This research, the
aim is to understand feeling people have towards PBSS in
different geographical regions, for this reason a lexicon-based
approach was used. A sentiment lexicon provides a dictionary
of words which are organised into distinct categories with each
category representing a different polarity of opinion.
Comparing a word, phrase or document with a sentiment
lexicon, the body of text can be scored based on degree to
which it belongs to a particular polarity.
2.2.1

NRC Word-Emotion Association Lexicon

The sentiment lexicon chosen for this research is the NRC
Word-Emotion Association Lexicon (EmoLex). EmoLex was
developed by Dr. Saif Mohammad at the National Research
Council Canada (NRC), the latest version being release in July
2011. The lexicon was originally developed for English words
but has been converted into over twenty other languages using
Google translate. It is non-domain specific lexicon. The lexicon
contains 14,182 words, in terms of categories, EmoLex
contains two sentiment categories (negative and positive) and
eight emotional categories (anger, anticipation, disgust, fear,
job sadness, surprise, and trust).
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Data Collection
The section will discuss any filtering used to extract pertinent
data, the task of retrieving data from Twitter and subsequent
storing of data for later phases of research.
Using the Twitter REST API enabled access and retrieval of
Tweets for the previous seven days. The dataset used for the
project was built up over several weeks, this required the data
collection phase and data storage process to be run each week,
for information extraction later. An R script was created which
utilised the TwitteR package to access the Twitter API. The
TwitteR package also provides a suite of commands which are
used by the API to retrieve Twitter data. The SearchTwitter
command is used to retrieve Tweets that contain a particular
string. The searchString parameter is the actual text which will
be searched for, it too takes its own set of arguments, it is
possible to filter out retweets and URL’s, two filters in the form
of a ‘-rt’ and ‘-http’ arguments were applied. Where available,
the Twitter handle for a PBSS, otherwise the most coming
hashtag for the relevant scheme was used.
The SearchTwitter command enabled filtering via populating
relevant parameters, filtering by language, location, and
number of Tweets to return, English only Tweets (lang = “en”)
were selected, and location-based filtering was not used at this
point. Due to lack of availability, the eight weeks were not
continuous. The dates on which Tweets were captured, the
number of Tweets captured, and the number of Tweets saved
after cleansing can be seen in Table 2.

scoring of each of the eight emotions of the EmoLex sentiment
lexicon (Figure 2).

Figure 1- All Tweets Word Cloud

Table 2 - Tweets Captured
Week

Date

1
2
3
4
5
6
7
8

29/04/2017
2/05/2017
7/05/2017
25/06/2017
2/07/2017
10/07/2017
16/07/2017
25/07/2017

Tweets
Captured
945
850
950
980
1040
1100
1100
1100

After
Cleansing
720
599
594
732
805
831
856
843

A series of pre-processing tasks to clean the data were applied.
Most of the cleaning focused on the text attribute of the Tweet
as this is the attribute from which will be examined for emotion
and sentiment. The pre-processing tasks used the R gsub
function for string manipulation. The tasks were removing
retweets entities, people, punctuation, digits, emoticons,
URL’s, unnecessary spaces and Unicode from individual
Tweets. Tweets retrieved where the text attribute was ‘Not
Available’ were also removed. The remaining rows had their
Text attribute converted to lowercase.
Information Extraction
The extraction of opinion and sentiment was an iterative
process, initially extracting opinion and sentiment scores from
the entire dataset, and then subsequent iterations to extract the
scores for the geographical regions defined. Information such
as the most commonly occurring words (Figure 1) and the
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Figure 2 - All Tweets Emotion Scoring
Subsequent iterations used the same analysis on data which was
partitioned base don the geographical region in which the
Tweet was created using the location attribute from the
individual Tweets. This resulted in a reduction in the size of the
individual datasets as the Location attribute was not
consistently populated and contained a high degree of variation.
For example, Tweets send from New York City contained
many variations, ‘NYC’, ‘New York’, ‘Brooklyn’, ‘Brooklyn
NYC’ and ‘Manhattan’ were some of the values for location
attribute for the CitiBikeNYC scheme. Similar variation was
displayed across other cities. To try and capture as many Tweet
relevant to a region, the sqldf package and SQL wildcards to
partition the dataset into four separate datasets based on
location. Post partitioning, the number of Tweets in each region
can be seen in Table 3.
Table 3 - Tweets Post Partitioning
Region
Asia
Europe
USA
Ireland

Number of
Tweets
316
453
1,373
93
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The emotions being expressed across the four regions were
generally the same. Trust and anticipation scoring the highest
in all region and disgust and sadness scoring the lowest except
for Europe where disgust and surprise were the lowest scoring
emotions. Across all four regions, the sentiment scoring was
also generally the same, there was a much higher degree of
positive sentiment being expressed than negative. Figures 3
through 6 show the emotion scoring in each of the regions.

Figure 6 - Ireland Emotion Scoring
As a Tweet can contain more than one emotion, analysis on
co-occurring emotions was carried out by constructing an
adjacency matrix. Similar patters were also exhibited across the
regions, the combinations of anticipation/joy and trust/joy
occurred most frequently. Figure 7 below shows the frequently
occurring emotions in the Asia region.
Figure 3 - USA Emotion Scoring

Figure 7 Asia Frequently Occurring Emotions
Figure 4 - Europe Emotion Scoring
The final piece of analysis examined the most commonly
occurring words in each of the regions in each of the sentiment
polarities (i.e. positive and negative). The word bike was the
most commonly occurring word across all regions in both
positive and negative sentiment. A similar pattern existed for
other words which occurred frequently, where a word occurs
frequently for positive sentiment, it also appears frequently for
negative sentiment. Figure 8 shows the most frequently
occurring words in each polarity in the Asia region.

Figure 5 - Asia Emotion Scoring
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frequent words for each sentiment in each region were
extracted. By identifying terms which had a negative sentiment
expressed towards them, where the same term had a positive
sentiment expressed towards it in a different region, the region
where the negative sentiment existed could leverage how the
region with the positive sentiment operates with regards to that
term. This exercise did not uncover any terms where such a
relationship existed. It did highlight that the same term in each
region was the most frequent term for both positive and
negative Tweets.
4

Figure 8 - Asia Term Frequency

3

RESULTS

The research objective was to analysis sentiment towards PBSS
across different geographical regions, aim was to understand if
sentiment varied between regions and where it did, what was
the underlying reason for the differences. If sentiment did vary
between regions, an attempt to identify an aspect of a PBSS
where one region had a high degree of positivity or negativity
to that aspect and a different region had the opposite sentiment
towards the same aspect. Where this occurred, a proposal
whereby the region where the aspect was rated highly could be
leveraged to improve the same aspect where it was viewed
negatively.
Four geographical regions where bike sharing schemes were
in operation in various locations in those regions were
identified. The regions chosen were Asia, Europe, USA, and
Ireland. Over a period of eight weeks, just over 8,000 Tweets
were captured pertaining to eleven bike sharing schemes across
four geographical regions. The initial analysis was to look at
the entire dataset of Tweets to see what sentiment and emotions
were being expressed on Twitter towards the PBSS being used.
Steps to extract emotions and sentiment from each of the
regions was repeated. The outcome of this exercise showed that
generally the same level of emotion and sentiment was being
expressed across all four regions, anticipation, joy, and trust
were the three most prevalent emotions across all four regions
and there was more positive sentiment that negative across all
regions. The next phase of investigation was to look at cooccurring emotions in each of the regions to see if there were
any variances between the regions. The results here showed
that the same emotions were co-occurring across all regions
with anticipation/joy, anticipation/trust and trust/joy being the
most frequent pairs of emotions which occurred together. The
results also discovered that during this exercise, there were
many Tweets in each region which exhibited no emotion (Asia
157, Europe 237, USA 603, Ireland 48).
Extending the research into co-occurring emotions, in
general, the same relationships between emotions existed
across all regions, the same three emotions occurred most
frequently in all regions there was slight variance in the
emotions which did not occur frequently. The final piece of
analysis was to look at Tweets where positive and negative
sentiment had been expressed in each region. The five most
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CONCLUSION

Reviewing results across the four regions, it can summarise by
saying that in general, the same level of emotion and sentiment
exists towards PBSS, in all regions there was greater positive
sentiment than negative and the same four emotions (joy,
anticipation, surprise, and trust) were common to all regions.
Examining the most frequently occurring terms in each region
for positive and negative Tweets, the same word occurred at
both polarities in all regions. It was had hoped that it would be
possible to identify aspects in a region which could be
improved by looking at the same aspect in a different region,
this was not possible as no such relationship existed in the
chosen regions and datasets.
After reviewing the results of this research, it was felt that it is
difficult to tell that the sentiment and emotions which were
extracted and measured pertain to bike sharing schemes in that
region. Twitter data lends itself to sentence level sentiment
analysis as the Tweets themselves are no more than 140
characters long. What is not clear is whether the content of the
Tweet is about a bike sharing scheme. The inclusion of a
hashtag is not a reliable indicator of the subject matter of a
Tweet. Also, outside of using the EmoLex sentiment lexicon,
no process to detect sarcasm which can have a major bearing
on the actual sentiment being expressed was performed. To
understand sentiment towards various aspects of bike sharing
schemes, entity/aspect level analysis would be a better choice
of analysis granularity. It was felt that entity/aspect level
analysis would be better suited at extracting aspects of bike
sharing schemes which could be leverage by other schemes
where sentiment towards that aspect is poor. Entity/aspect level
analysis would present its own set of challenges, as not all
Tweets would contain an entity and aspect, a much larger
dataset would need to be captured to make the exercise useful.
Another challenge which was relevant to this research and any
other research which attempts to partition Twitter data based on
location is using the location attribute. From this research, it
can be deduced that the location attribute is not utilised in all
cases. Twitter users have the option to hide their location at an
application level and at a device level. The location attribute
does not appear to be in any standard format, NYC, New York,
Manhattan were all names depicting Tweets sent from the
downtown New York. Longitude and latitude attributes in the
dataset were less sparsely populated than the location attribute.
Whether Twitter is a reliable indicator of sentiment is
subjective. Previous research has shown that Twitter can be
powerful as a predictive tool in an election [9], however
traditional techniques such as professional pollsters were still
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found to be more reliable can be a reliable predictor of results.
As social media platforms become more engrained in our daily
lives, they will become even more valuable source of
information. Text mining and sentiment analysis provide a
platform to extract and summarise attitudes towards a wide
variety of subjects, people, events, and objects. The results of
sentiment analysis exercises would be best utilised in
conjunction with other forms of research to gain a rounded
understanding of attitudes being expressed.
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The Role of Weather Conditions on Cycle Counter Observations in Dublin
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ABSTRACT: Cycling in the Dublin region has displayed a large degree of growth in the last decade due to a number of policy
interventions and infrastructure investments. The continued growth of its popularity as a mode of transport is seen as vital to
achieving a shift towards higher levels of sustainable transport in the city and its suburbs. While the popularity of cycling appears
to be growing, there are still a number of perceived barriers to its increased adoption, one of which is the weather conditions that
cyclists experience. This paper presents an examination of the relationship between daily weather conditions and the number of
cyclists recorded by a bicycle counter in Dublin’s southern suburbs. The results of this analysis indicate that factors such as daily
rainfall, maximum recorded temperature, and average wind speed all influence the number of cyclists recorded by the counters.
This trend appears to be present for trips that occur both on weekdays and the weekend, suggesting that all trip types may be
vulnerable to the impact of weather conditions. These results support previous work undertaken in North America, Europe, and
Australia. The results of this study also suggests that, while the modal share of cycling is increasing the Dublin region, this mode
is still quite vulnerable to changing weather conditions, potentially limiting its year around viability.
KEY WORDS: Weather, Cycling.
1

INTRODUCTION

Cycling in the greater Dublin area has been on the increase for
the last decade, and the promotion of this mode is viewed as
one means of tackling Ireland’s transport emissions, while also
promoting active travel habits. Traffic counts carried out on the
major commuter routes entering the city over the last ten years
in Dublin show a marked increase in the number of cyclists
passing the designated count stations, with 4,839 cyclists
recorded in 2006 and 12,089 recorded in 2016 [1]. Recently
published Irish national census numbers suggest that 7.6% of
commuters travel to work by bicycle in Dublin and its suburbs
(CSO, 2016), however. this figure is based upon the
respondent’s stated principal mode of transport, and the census
does not collect more granular data, making seasonal analysis
difficult. Within an Irish context, cycling in Dublin represents
a much larger modal share than on a national scale, where the
figure falls to 3%. Cycling in the Dublin area also represents a
greater modal share than in Irish regional cities, with shares of
2.8%, 2.8%, and 5.8% for Cork, Limerick, and Galway
respectively, and while this figure stands at 4.4% for all
combined urban areas in Ireland [2].
These increases may be linked to a number of projects and
initiatives that have been undertaken in recent years to promote
cycling, both within the city, and on a national level. These
include: the introduction of the very successful Dublin Bikes
public shared bicycle scheme, the Cycle to Work Scheme
offering tax breaks for individuals buying new bicycles for
commuting, and the construction of grade separated cycle paths
and greenways within the city and suburbs. However, while
these trends would appear to be encouraging, from the point of
view of promoting the uptake of non-motorised modes, it is
unclear as to how consistent levels of cycling are across the
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year. Specifically, it is not understood what impact weather
conditions can have upon cycling rates, and how significant a
barrier to modal uptake this is. In their 2016-2022 Dublin City
Development Plan, Dublin City Council have outlined the goal
of increasing the modal share of cycling to 25% [3]. To achieve
what may be considered to be quite an ambitious aim, it is
important to gain a greater understanding of the potential
barriers that may hinder the further growth of cycling with the
Dublin urban area.
2

WEATHER CONDITIONS

Cycling is, by its very nature, more exposed to weather
conditions than trips occurring by private car or conventional
public transport such as metro, heavy rail, bus, and tram. To
better understand this relationship, a wide range of studies have
been carried out across the globe investigating the role that
weather conditions play in the popularity of cycling within
urban contexts. When looking at cycling in the greater
Rotterdam area, Helbich [4] found that air temperature had a
supporting effect on the numbers of cyclists observed, while
both wind speed and precipitation has a negative effect on
cyclist numbers. In their research examining bicycle counter
data from a number of Canadian cities, as well as Portland
Oregon USA, Nosal et al [5] also found that temperature was
positively related to cycling, while increased levels of humidity
and precipitation were negatively associated with cyclist
numbers. The negative role of perception is observed again in
Corcoran et al’s [6] study of public bike trips in Brisbane
Australia, as well as Liu et al’s [7] research undertaken in
Sweden, and Nankervis [8]. While higher temperatures, in
addition to decreased snow and absence of rainfall, have been
observed to be associated with an increased likelihood of
cycling [9], research in Calgary Canada suggested that low
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temperatures alone may not be a major factor in terms of
deterring cyclists [10]. Within an Irish context Deenihan et al
[11] examined the factors that impact cyclist numbers on the
Mayo greenway in the west of Ireland, but found that weather
effects were quite weak. In their study of the public bicycle
scheme in Cork city, Caulfield et al [12] found that more trips
took place on days when the rainfall was below average, and
the trips that did occur were observed, of average, to be of
greater length. In general, the literature highlights the role of
weather conditions, especially precipitation, in determining the
number of individuals likely to cycle on a given day. Table 1
provides a concise overview of the findings emerging from the
literature.
Table 1. Previous Studies.
Study

Data
Collection
Travel
Diary

Location

Findings

Greater
Rotterdam

Air
temperature
increases promotes
cycling, increased
perception
and
wind
speed
decreases it

Hourly
and Daily
loop
detector
readings

Canadian
cities and
Portland

Temperature
is
linked to increased
levels of cycling,
humidity
and
precipitation
are
linked
with
decreases. Lagged
weather
effects
were
also
significant.

Corcoran
et al

Shared
bike
datasets

Brisbane

Perception linked
to decreases in
cycling numbers

Liu et al

Swedish
National
Transport
Survey
datasets

Sweden

Temperature
sensitively changes
from region to
region.

Nankervis

Cyclist
surveys
and
parked
bike
counts

Melbourne,
Australia

Adverse weather
conditions
are
related to reduced
cycling
levels.
Perceived weather
is also an issue.

Flynn
al

Surveys
and daily
logs

Vermont,
USA

Decreased
snow
and absence of
rainfall, have been
observed to be
associated with an
increased
likelihood
of
cycling

Helbich et
al

Nosal
al

et

et

Amiri,
2014

Intercept
survey on
cycle
ways

Calgary
Canada

Cyclists still travel
in
significant
numbers in cold
weather

Deenihan
et al

School
surveys
and bike
counters

Mayo,
Ireland

Weather
effects
quite weak

Caulfield
et al

Shared
Bike Trip
Records

Cork,
Ireland

Longer trips occur
during
good
weather

Cycling is not the only mode of transport that is affected by
changes in weather conditions. In their examination of
pedestrian GPS traces in both Boston and San Francisco,
Vankey et al [13] showed that adverse weather conditions had
a greater impact on weekend and discretionary trips. In an
examination of walking in nine cities, de Montigny et al [14]
found that increases in temperature and sunlit hours, as well as
the lack of snow, contributed to an increase in walking trips.
However, research has shown that cycling is more likely to be
affected by weather deterioration than walking [15], while also
finding that younger people were more affected than older
travellers. When examining the impact of weather on the
mobility of older individuals, Hjorthol [16] found less car trips
and less distance being travelled in winter months. From the
perspective of private cars, research examining the impact of
extreme weather on traffic levels in the Lothian region of
Scotland [17] found slight but significant decreases in both
weekday and weekend traffic with extremes of rainfall,
maximum and minimum temperature, and sunshine hours. In
addition large decreases in traffic were observed when snow
was lying. Public transport numbers can also be affected by
weather conditions, with studies of intercity bus passenger
numbers in Spain [18] and subway ridership in New York [19]
reporting the negative impact of adverse weather conditions on
passenger numbers.
3

METHODOLOGY

3.1 Research Objectives
This research sets out to examine the role that atmospheric
weather conditions can have upon the numbers of cyclists
recorded on a major radial commuter route on a daily basis.
This was undertaken to gain a better understand of the viability
of cycling as a means of replacing motorised transport, with
respect to the seasonal and weather variations that occur within
an Irish context. If cycling is to be considered as a viable
alternative to motorised modes, knowledge of its sensitivity to
weather conditions is critical.
3.2 Datasets
This research involved the combination of three publicly
available datasets collected by Irish government agencies. The
first of which was the bicycle counter data collected for a site
in the Dun Laoghaire Rathdown administrative area in south
east county Dublin, and the other two being weather data
collected for two stations in the greater Dublin area.
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3.2.1 Bicycle Counter Dataset
The bicycle counter dataset provides information on the
number of cyclists passing a location on the Rock Road in south
Dublin. This road is one of the principal traffic corridors linking
the suburban areas of Dun Laoghaire Rathdown administrative
area with the centre of Dublin. This road is located very close
to the sea, in many places quite exposed to maritime conditions.
This information is collected on a daily basis by Dun Laoghaire
Rathdown County Council, and is made publically available
through the website Dublinked [20]. This dataset covers a
period from the end of January 2012 through to the end of the
2015 calendar year. This dataset contains 1436 continuous
uninterrupted observations. Figure 1 provides an overview of
how the number of cyclists passing the counter changes with
respect to the period under examination (all graphs show time
on the X axis). This graph clearly shows a seasonal trend that
is present in all four years under consideration. Specifically,
cycling numbers are lowest in the early parts of the year, rise to
their highest levels during the summer months, and decreases
again in late autumn and winter. This graph also makes it clear
that, while there appears to be clear seasonal and cyclical
variations, the amount of cycle traffic passing the counter
seems to be quite stable.

weekends and Irish public holidays. It can be seen in both cases
that there are higher levels of cycling activity occurring in the
summer months than in the winter period.
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Figure 2. Weekday Trips.
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Figure 3. Weekend and Holiday Trips
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The first weather dataset used for this analysis provides
information on daily rainfall levels, as well as the maximum
and minimum recorded temperatures, for a location in Dun
Laoghaire close to the bicycle counter location. This dataset is
publicly available and can be accessed via the Met Eireann
(Irish national meteorological service) website [21]. Figures 4
and 5 provide an overview of how the factors under
examination vary throughout the period contained within the
bicycle counter dataset. Specifically, Figure 2 shows that rain
appears to occur in distinct spikes, with no clear seasonal trends
being immediately oblivious from the graph. In contrast, the
recorded temperatures displayed in Figure 3 show a clear
seasonal variation with peaks in temperature as would be
expected as they track the seasonal variations in the in the
northern hemisphere. As Dublin experiences a cool temperate
oceanic climate, it can be seen that temperatures rarely exceed
25 degrees Celsius. In addition, the number of days that
temperatures fall below freezing are quite limited, meaning that
the impact of icy conditions on the safety of cyclists is unlikely
to be a major factor.

200
0

Figure 2. Cycle Rates
Table 2 outlines the descriptive statistics for the respective
years contained within the dataset. In general, these cycling
patterns are very consistent across the years under examination.
The one statistic that may stand out is the increase in weekend
trips observed from 2014 to 2015. There also appears to be a
slight decrease in the number of weekday trips in the period
under examination, falling from a high of 610.9 in 2012 to
574.3 in 2015. Overall the dataset appears to be quite stable
across the years under examination.
Table 2. Trip Descriptives.
All Days Mean
All Days St. D
Weekday Mean
Weekday St. D
Weekend Mean
Weekend St. D

2012
514.3
203.4
610.9
153.2
299
118.3

2013
492.3
222.7
589.1
186.4
276.3
123

2014
504.4
216.7
603.6
174.7
283.3
113.2

2015
508.1
234.5
574.3
220.9
358.4
192.1

Figures 2 and 3 provide an overview of the seasonal trends
occurring throughout the four years under examination for both
trips that took place on weekdays, and those that took place on
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The modelling approach is described in Equation 1 and it
outlines the method used to understand the relationship
between observed weather conditions and recorded cyclist
numbers.

60
50
40

𝑌𝑡 = 𝛼 + 𝑋𝑡 𝛽 + εt

30

(1)

Where: Yt is the dependent variable at time t, β is the coefficients to be estimated, Xt is the observed value at time t, and
εt is the error term at time t.

20
10
0

Figure 4. Rainfall in Millimetres

30

Table 3 provides an outline of the variables that were used in
the modelling process, as well as some of their respective
properties. Minimum temperature was excluded from the
models as it is highly correlated with maximum temperature,
and early stage analysis revealed maximum temperature to be
the more significant variable.
Table 3. Modelling Variables.

25

Input
Variable
Cycle Count

Type

Unit

Role

Continuous

Count

Dependent

Day Type

Binary
Categorical

N/A

Independent

5

Rain

Continuous

Millimetres

Independent

0

Max
Temperature

Continuous

Degrees
Celsius

Independent

Wind Speed

Continuous

Metres/Second

Independent

20
15
10

Figure 5. Max Temperature in Degrees Celsius
As the Dun Laoghaire weather dataset did not include
information on wind speed, this information sourced from the
weather station at Dublin Airport. While this station was further
away from the bicycle counter, it was felt that the addition of
wind speed information, which would be otherwise unavailable
for the location, would be of interest to the research, as previous
studies have found it to be a significant factor in terms of cyclist
numbers. Figure 6 outlines the mean wind speed recorded in
knots for each of the days contained with the period under
examination.
30
25
20
15

Three separate models were estimated for the purposes of this
analysis. They consisted of an all-encompassing modelling,
which took into account all the observations in the dataset, a
weekday only model, and a weekend and holidays model.
4

RESULTS
Descriptive Statistics

Table 4 outlines the descriptive statistics for the three datasets
and dataset segmentations used for the purposes of the
regression analysis. These results show a significant difference
between the mean number of cyclists observed on weekdays,
with a value of 605.4 trips, in comparison with 277.31 trips for
weekends and holidays respectively. As may be expected, the
mean and standard deviation values for the weather variables
under consideration are very similar for all the datasets.

10
5
0

Figure 6. Wind Speed in Knots
This study utilised a Cochrane-Orcutt linear modelling
approach, as an investigation based upon an ordinary least
squares model highlighted the presence of auto-correlated
errors. This is due to the time dependent nature of the
observations which cannot be considered to be independent.
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Table 4. Variable Descriptives
All Data
N
Cyclists
Day
Type
Rain
Max
Temp
Wind
Speed

Weekdays

Weekends
and Holidays
443
Mean Std.
277.3 114.6
-

1435
Mean Std.
504.2 218.2
1.31
0.46

Mean
605.4
-

992
Std.
172.94
-

2.51
13.6

5.62
4.64

2.52
13.6

5.66
4.70

2.48
13.5

5.5
4.5

10.8

4.40

10.8

4.4

10.9

4.4

Models
Tables 5-7 outlines the results of the three models estimated for
the entire dataset, the weekday observations, and the weekday
and holiday observations respectively. Und Std=
Unstandardized Co-efficients, Std. Err=Standard Error, Std,
Co= Standardized Co-efficients.
Table 5. All Trips (Model 1)
R2 Adjusted

.703
Std. Err

Und Std
DayType

Std. Co

-293.6

5.6

-.76*

Rain

-4.69

.44

-.16*

MaxTemp

15.83

.88

.26*

-9.5

.69

-.19*

Wind Speed

Table 6.Weekday Trips (Model 2)
R2 Adjusted

.330
Std. Err

Und Std
DayType

Std. Co

-

-

-

Rain

-5.25

.55

-.25*

MaxTemp

16.51

1.14

.38*

Wind Speed

-9.69

.84

-.30*

Table 7.Weekdend Trips (Model 3)
R2 Adjusted

.330
Std. Err

Und Std
DayType

Std. Co

-

-

-

Rain

-4.59

.67

-.22*

MaxTemp

14.13

.82

.56*

Wind Speed

-9.55

.84

-.37*

Model 1 was generated using all the observations contained
within the bike counter dataset. This model examined the
relationship between the number of cyclists recorded by the
cycle counter and the day type (weekday or weekend/holiday),
the total recorded rain fall on the day, the maximum recorded
temperature, and the average wind speed. Model 1 displays an
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adjusted R squared value of 0.703, suggesting that the factors
included account for the majority of the variation observed in
the dataset. An examination of the results indicates that all the
factors examined emerge as being statistically significant at a
level of 0.01. In the case of both recorded rainfall and mean
wind speed, it observed that increases in these values decrease
the number the cyclists recorded. In contrast, increases in the
maximum recorded temperature are related to increases in
cycling numbers. As the day type has been coded with
weekdays taking the value of 0 and weekends and holidays
taking the value of 1, the direction of the parameter estimate
indicates that trips are less likely on weekends and holidays
than on weekdays. The size of this effect also appears to be the
largest of the factors examined suggesting the importance of
day type in predicting cycling trips. These results would appear
to be intuitively correct and agree with what is seen in the
descriptive statistics.
Model 2 was created by only considered the trips within the
dataset that occurred on weekdays. This approach was
primarily undertaken to assess whether different trip types,
specifically commuting and leisure, were more sensitive to
weather conditions. While the cycle counter cannot
differentiate trip type, it is assumed that there is a higher
likelihood of commuter trips occurring on weekdays, rather
than weekends. For this reason the Day Type variable was
removed, as all observations occurred on a weekday this value
is constant throughout the reduced dataset.
Model 3 was created using only the trips from with the bicycle
counter dataset that occurred on weekends. As with Model 2,
the Day Type variable is not considered for this model. As with
the previous models, the daily recorded rainfall, maximum
recorded temperature, and average wind speed on a given day
emerge as significant factors in determining the number of
cyclists that are recorded passing the counter on that day.
Increased rain fall and wind speed is also associated with
reductions in the number of cyclists, while higher maximum
temperatures are associated with increases in cyclists.
5

DISCUSSION

This analysis was undertaken to gain an understanding into the
role that weather conditions can play on cyclist numbers based
upon observations from a cycle counter in south Dublin. The
results of all of the models produced in this research highlight
the role that weather conditions appear to play in the number of
cyclists recorded on a given day. Model 1 shows that cycling
trips are more likely to occur on weekdays rather than
weekends, which reflects what is seen in the descriptive
statistics. This result can be considered to be intuitively correct,
as it accounts for the commuter traffic that would be passing
the counter, which is located on a busy arterial road which links
the south eastern suburbs and the city centre. In addition, for
the overall dataset, increases in rain fall and average wind speed
are linked to decreases in observed cyclists. Again these
findings can be considered to be intuitive, as colder and winder
conditions are likely to result in a decrease in the attractiveness
of this mode. In contrast, increases in the maximum recorded
temperature is linked to increases in cyclist numbers.
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To isolate the role of weather conditions, the dataset was spilt
for the purposes of examining the role of weather conditions on
trips occurring on weekdays and weekends. For these models
the adjusted R square falls to 0.33 and 0.454 respectively, both
of which indicating that their respective models still account for
a significant proportion of the variation seen in the respective
datasets. In the case of the two day-type models, the direction
of co-efficients are as expected, and the same factors emerged
as being significant, with increases in rain and wind speed
leading to decreases in the number of cyclists recorded, while
higher recorded maximum temperatures are correlated with an
increased likelihood of higher cyclist numbers.
6

CONCLUSION

This study was undertaken to gain a better understanding of the
role that weather conditions play in the number of cyclists
recorded by a bicycle counter in south county Dublin, and by
extension, provide insight into the sensitivity of cycling in
Ireland to changing weather conditions. This analysis was
based upon a number of publically available datasets that
provides comprehensive figures for the four year period
running from 2012 to 2015. A Cochrane-Orcutt regression
technique was utilised to account for error correlations in data.
The results of this analysis indicate that weather conditions of
all types, namely: precipitation, wind, and temperature, play a
very significant role in determining the number of individuals
that are likely to cycle upon a given day on the route under
examination. This results suggest that cycling in Dublin is, in
part, a seasonal activity that is vulnerable to poor weather
conditions. Increases in cycling are found in the warmer and
milder summer months, while significant decreases are seen to
occur in the colder and winder winter months. The models
indicate that while weather conditions account for a larger
degree of variability in weekend and holiday observations, than
in weekday ones, the weather factors examined were significant
at high levels in each of the models. These results appear to be
in agreement with findings in the literature from studies
undertaken across the globe. From the perspective of the
promotion of cycling within an Irish context, these results
suggests that, while cycling may present an attractive option to
help tackle transport externalities associated with motorised
modes, such as greenhouse gas emissions, air pollution, and
traffic congestion, the scope for modal shift will likely be
impacted by the nature of the Irish climate, which, unlike other
barriers to sustainable transport uptake, is unlikely to be easily
remedied. These variations, therefore, need to be considered
when assessing the effectiveness of policy interventions and
infrastructure investments designed to promote cycling growth
in Ireland.
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ABSTRACT: Cycling in the Greater Dublin Area has seen considerable growth over the last decade, however, rates of cycling
among women still lags considerably behind their male counterparts, with nearly twice as many males cycling as females. If
cycling is to make a significant impact, as a method of sustainable and active travel, barriers to inclusive accessibility must be
identified and tackled. This paper presents the results of research undertaken to examine the role that provision of better and safer
cycling infrastructure can play, in terms of encouraging the uptake of cycling among females, while also considering the role of
socio-economic factors. This study utilized a two-pronged approach to assess this research question. The first element of the
research was centred on in-field traffic counts examining the role different types of cycling infrastructure in an urban setting,
specifically assessing the ratio of male to female cyclists on different types of cycling facilities. The second element involved the
use of geospatial and 2016 electoral district level census data to assess whether or not the increased density of cycling infrastructure
has an impact on male/female cycling ratios. The results of both investigation techniques do not indicate a link between the current
levels of cycling infrastructure provided in the Dublin region with female cycling participation rates.
KEY WORDS: Gender Cycling; Modal Share; Safety; Cycling Infrastructure.
1

INTRODUCTION

Cycling within the Dublin region has seen a large increase in
modal share in the last 5 to 10 years. While this increase can be
viewed as a positive trend, in terms of the promotion of active
and sustainable travel behaviours, there is still a significant
discrepancy between the number of males and females cycling
to work. With this in mind, this paper presents the results of
two related studies designed to examine the role of cycling
infrastructure and other factors in female cycling participation
rates.
2

LITERATURE REVIEW

A wide range of studies have been undertaken to examine the
factors that contribute to female cycling rates. Safety and the
provision of high quality cycling infrastructure appears to be
paramount in its role in determining rates of female cycling
participation. Krizek et al. [1] show that women have a stronger
preference for safer forms of cycling infrastructure while
Pucher and Buehler [2] suggest that rates of female cycling
participation is higher in countries where cycling is safer, and
also show that safe, separate cycling facilities which connect
practical origins and destinations are likely to be especially
important for women. In their study at a number of locations in
Australia Garrard et al. [3] found that female commuter cyclists
prefer to use routes with maximum separation from motorized
traffic and that improved cycling infrastructure (paths and
lanes) is likely to increase female participation. A review of
literature by Heinen et al. [4] identifies that, in countries with
low cycling rates, men tend to cycle more than women, while
in countries with high cycling rates, cycling is also popular
among women, suggesting that absolute cycling rates is a factor
in female cycling participation. When assessing reasons for
lower cycling rates amongst women, they note that women cite
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the difficulty of combining a journey with picking up children
or shopping as a reason for not cycling. In addition, Heinen et
al. [4] also note that women cycle shorter distances than men,
which may be due to closer proximity to the workplace. Pucher
et al. [5] found that women prefer separate paths over bike
lanes, and both facilities over no facilities, and that women
generally more attracted to infrastructure with less motor traffic
Research by Heesch et al. [6] suggests that women are less
likely to cycle for recreation and for transport, and that women
are more concerned about traffic, motorist aggression, poor
weather, hills, car fumes, inability to put bike on public
transport, distance, cycling cost, and lack of fitness.
3

METHODLOGY

This research was undertaken utilising both an on-street traffic
count and an analysis of datasets arising from the Irish census
of 2016 to provide increased robustness.
Cyclists Count
The first step in this research was a count of cyclists based upon
gender on the major arterial routes coming into Dublin city
centre. Counts were undertaken for a two periods, in the
morning and evening peaks, at 20 locations outside the canal
cordon in late March 2018. Locations were selected to capture
large amounts of cycling commuters, while also accounting for
various forms of cycling infrastructure, including the urban
greenways. Figure 1 outlines the locations of the counts. It can
be seen these locations covered a wide geographic spread of the
main routes into the city.
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Figure 1. Bicycle Counter Locations
Geo Spatial and Census Data
The second element of the research was an analysis of
combined geo-spatial and census data. This element of the
research was based upon a dataset of commuting by gender
compiled specifically for this study by the Central Statistics
Office (CSO) based on electoral district (ED) level census data
from 2016. In addition to the data provided by the CSO, the
National Transport Authority’s GIS map of the Dublin Cycling
Network was used to create a cycle lane density variable for
each ED. This process utilised the line density of the cycle lanes
from the cycle lane layer, and allowed the creation of a line
density raster file. The mean density value of the raster field
within a given ED was then calculated using the zonal statistics
function in ArcGIS to produce a point value that could
represent the concentration of cycle lanes within a given ED.
Figure 2 presents a density map of cycling lanes allocated to
each of the electoral districts. This map outlines how the mean
value of cycle lane density within an ED can be taken as a proxy
for the access of that ED’s to cycling infrastructure. It must be
acknowledged that this is not a perfect technique, and that EDs
with larger areas are likely to have less representative values
that smaller ones.
Modelling
To gain a better insight into the role of various factors that
influence female cycling, the gender cycling data set provided
by the CSO, in addition to the spatial variables generated in
ArcGIS, were combined with existing census data from 2016
at ED resolution. This was then modelled using a standard OLS
regression modelling approach. The dependent variable for this
model was the ratio of female cycling modal share to male
cycling modal share. For example, if 20% of male commuters
cycled in 2016 and 10% of female commuters cycled, the value
of this variable would be 50%. This is the variable represented
geographically/visually in Figure 3, and was selected to
highlight the differences between male and female cycling
behaviours, and the role of the explanatory variables
considered.

Figure 2. Cycle Lane Density Map
4

RESULTS
Count Results

Table 2 presents a brief outline of the descriptive statistics
associated with the observations at the grade separated and on
road locations generated from the bicycle counts. These results
indicate that there are no significant differences in the gender
ratios on grade separated cycling lanes compared to on road
facilities. These results show that 23.21% of all cyclists counted
at all observation points were female, while this figure is
23.56% for locations with on street cycle lanes, and actually
falls to 22.25% for locations where grade separated cycle lanes
are present.

Grade
Separated
On Street
Total

Table 2. Cycle Lane Gender Share.
Evening
Morning
Female %
Female %
Mean
22.25
19.61
Std Dev.
4.82
7.97
Mean
23.56
22.57
Std Dev.
5.39
6.08
Mean
23.21
21.79
Std Dev.
5.15
6.53

Table 3 outlines the expected and observed values for both
male and female cyclists on grade separated and on-street cycle
facilities respectively. With a Chi Squared value of 7.44 for 19
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degrees of freedom, this difference cannot be considered to be
statistically significant.

On Street
Grade
Separated

Table 3. Expected/Observed Ratios.
Female
Expected
2146.2
Observed
2196
Expected
548.8
Observed
499

Male
1794
1744.2
6821.8
6772

Geospatial Results
The first step in the geospatial analysis was a descriptive
examination of the data based upon the electoral districts. This
was undertaken to examine the cycling mode share within the
respective female and male commuting populations. Figure 3
outlines the female cycling modal share within Dublin, while
Figure 4 outlines the male cycling modal share. It is clear from
these images that cycling is, for both genders, most popular
within the core urban area, specifically the Dublin City Council
area. A comparison of the two maps (which both use the same
colour scale) shows that male rates of cycling are both higher
than female rates, and more prevalent in outlying regions of the
city. Figure 5 presents the “Bike Gap” statistics, where the
modal share of cycling within the female is represented as a
proportion of the modal share of cycling within the male
population. It can be seen that, in all but one ED, the proportion
of females cycling is less than the proportion of males cycling.
In addition, this difference appears to grow the further one
travels from the city centre.

Figure 4. Male Modal Share Dublin 2016
Modelling Results
Based upon the combination the modal data with census data,
and geospatial variables such as the density of cycle lanes and
distance of the centroid of an electoral district from the city
centre, an OLS model was estimated to assess the factors that
impact upon female cycling relative to male cycling. Table 4
presents these results. It should be noted that, with an
associated R Squared value of 0.596, the model provides a large
degree of explanation of the variation seen with regard to
cycling share. These results demonstrate that the majority of the
variables under examination were found to be significant
predictors of the difference between male and female cycling
modal shares.

Figure 3. Female Modal Share Dublin 2016
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The cycle lane density variables were modelled as three levels
using dummy variables, and were found to be non-significant
at any level, suggesting that the provision of cycle lanes does
not act as factor in encouraging increased female cycling,
relative to males. Similarly distance to the city centre was
modelled with five levels using dummy variables, and these
results show that distance was found to be significant for three
out of the four levels, and that as distance from the city centre
increases, there is a large discrepancy between the modal share
of cycling within the male and female populations. For the
purposes of this modelling, only EDs with centroids within
10km of the city centre were included, reducing the sample
from 322 observations to 246. In addition the model shows that
in EDs where they are a greater proportion of individuals with
third level education, there is less of a cycling share
discrepancy between the genders, however in EDs with a
higher proportion of households with children and a higher
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proportion of rental properties, the gap between the percentage
of males cycling and the percentage of females cycling
increases.
Table 4. OLS Modelling Results
R Shared
0.596
N
246
Low Density
Reference
Medium Density
-0.0127
High Density
-0.0193
Distance 1
Reference
Distance 2
-0.0312
Distance 3
-0.0741*
Distance 4
-0.107**
Distance 5
-0.118***
% Higher Education
0.00576**
% Households with Children
-0.00379*
% Rental Properties
-0.00104*

provision of cycling infrastructure, there does not appear to be
a clear and observable link between the provision of cycling
infrastructure in its current format, and increased rates of
female cycling participation. Both the traffic count
observations and the analysis of census data did not reveal
higher levels of female cycling to be linked to the provision of
cycle lanes.
The results of the OLS analysis highlight the role of proximity
to the city centre, in terms of predicting the rates of female
cycling within a given ED relative to male cycling. This
suggests that female cycling distances within the Dublin region
are less than those of males, and that the issue of range may be
a potential barrier to increased levels of female cycling. Due to
the low range of female cycling trips observed within the CSO
dataset, it is debateable as to whether cycling has the ability to
act as a viable alternative to car trips within the female
commuter population without the promotion of technology
such as electric bicycles.
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Figure 5. Gender Bike Gap Dublin 2016
5

DISCUSSION AND CONCLUSIONS

This research was undertaken to examine the role that various
factors, including the provision of cycling infrastructure, the
distance to the city centre, and socioeconomic characteristics,
have on female participation rates within cycling. While female
cycling rates within the Dublin region have increased
substantially over the last ten years, this increase does not
appear to have been uniform across the urban area, instead it
has been concentrated in the urban core. With regard to the
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ABSTRACT: The SiN (Safety-in-numbers) effect has become prevalent within cycling research in recent years. It describes the
phenomenon whereby cycling accident risk may fall when the volume of cyclists increases. However, according resent research,
the SiN effect can coexist with a decline in cyclist safety and any beneficial SiN effect may be highly location dependent.
Additionally, cycling risks are significantly higher, per kilometre travelled, than both motorised and pedestrian travel. Cyclist flow
is strongly correlated with the number of cyclists’ crashes such that more cyclists result in more cyclist crashes (although risk may
reduce if SiN effect is present). Cycling flow data enables researchers to unpack risk causation and to unravel cyclist related
incidents disaggregate between explanatory factors and exposure. This paper presents a methodology to estimate cyclist flow
patterns by utilising recently developed open source analysis tools and cycling routing engine applications which were developed
specifically for cyclists. This is illustrated using a case study of Edinburgh City. A combination of traditional and novel data was
used to produce flow estimates at both link and meso-spatial area levels. The results confirm that a SiN effect is present at a global
level, that the effect varies in strength and that cycling risks remain despite its presence. If risk is not mitigated the magnitude of
injury, lack of transport risk equity and subsequent public health burden may continue to increase. This research also demonstrates
spatial statistics application for transport, in particular mapping model outputs at meso level, to provide a useful exploratory and
monitoring tool for transport research.
KEY WORDS: Cyclists Flow; Exposure; Macro Model; Meso Model; Geographically Weighted Regression; Safety Performance.
1

INTRODUCTION

Cycling as a mode of transport, for any purpose in most
countries, is a minority transport choice. Cycling, while
beneficial in terms of population health and reducing carbon
production, has much higher collision risks, per kilometer
travelled, than for car occupants and despite many countries
setting road safety reduction targets, cyclist road safety has
lagged behind improvements observed among motorised road
users. For example, the UK average risk per billion kilometers
travelled, between 2006 and 2015 cyclist killed or serious
injury collision risk was almost 20 times higher than for car
occupants and over that time cyclist risk has increased by
almost 20% while motorised transport risk has experienced an
overall improvement [4].
Many national authorities seek to increase rates of cycling
while at the same time improve road safety, however many
authorities lack reliable exposure metrics to calculate collision
and injury rates [24]. Detailed traffic data has the greatest
potential to improve safety analyses [16] however one of the
prevailing challenges in cycling research is ascertaining a
representative level of exposure or simply “how much cycling
happened and where”, also traffic exposure is a key
determinant of the likelihood of being in a road collision [15].
The choice or availability of exposure variables impact
analytical choices when developing accident prediction models
[11]. While macro level exposure information, such as country
level, provides a global estimate of risk, information at micro
or meso level, such link or neighbourhood level; which are
most useful for planning and evaluation, are not typically
available. Quite often proxy estimation, based on trip
production or population, may be the only information
available. However, Loo and Anderson [15] argue that
population-based exposure or those based on registered
vehicles in a society, are not true risk rates. Unlike macro level

453

risk evaluation, meso and micro level collisions do not
necessarily occur where the person lives.
Transport researchers have noted a correlation between an
increase in the number of cyclists (or pedestrians) and a relative
reduction of the incident rate of severe/fatal collisions
involving cyclists (or pedestrians). The phenomenon is widely
cited in policy and government sponsored cycling advocacy
referred to as the “safety in numbers” effect [14]. At the center
of the phenomenon is the observation of non-linearity of risk
where, increased exposure results in a less-than-proportional
(1:1) increase in the number of collisions [6]. Alternatively,
researchers have also observed that the risk profiles of cyclists
deteriorate if fewer people cycle and more use a car, termed
‘risk in scarcity’ [31].
According to the OECD there is little empirical research
examining the causal factors that could explain SiN, this may
be due to the difficulties surrounding exposure [24].
Furthermore, there is relatively little attention given to the
spatial patterns associated with SiN, where more pedestrian and
cyclist activity leads to lower accident risk. This study aims to
add to the understanding of SiN in a spatial context, using a
novel approach to obtain exposure estimates and to
demonstrate the need to focus on mobility-based exposure
measures for cyclists. Strategic cycling models, such as the
Transport for London Cynemon model, similar to models used
to analyse motorized transport, are currently not typical due to
cost.
Further, detailed exposure data may help improve our
understanding of SiN [2][5]. The modelling approach described
in this study will be of use to policy makers and planners who
may develop and monitor cycling safety more effectively based
on empirical information. Researchers have explored SiN at
national and city level, but there is little research on differences
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within a city at meso level [35]. Meso level models strike a
feasible balance between the level of output information
required and cost, where global models may conceal local risk
variation and micro level models are often time and cost
prohibitive for most cycling budget allocations in highly
motorised countries.
2

STUDY AREA

Edinburgh is the capital city of Scotland. It contains 111
Scottish Intermediate data zones (IZ), these represent the meso
scale units of the study. Edinburgh is a compact city with
477,000 inhabitants, 55% of the city’s population live within 4
km of the center [40]. Edinburgh has experienced a doubling of
cycling activity between the years 2001 and 2011 from 2% to
4.8% a trend well ahead of the national average. Within the city
mode share varies from 10% to 2.5%.
3

METHODOLOGY

Cyclist Flow Modelling
To estimate population-based cycling exposure [17] in each IZ
formula (1) was used. Where DProd is the total annual average
distance cycled in each IZ, n is the number of people who
cycled to work (estimated from Census 2011), f is the frequency
of trips (assuming 400 one-way trips per capita each year [10]),
d is the average trip distance (estimated from TS [33]) and p is
the proportion of commuter trips (assuming the proportion of
commuter trips is one third of all cycling trip purposes [9][30]).
As in previous research [17] it was assumed that cycling trips
to work can be used as a proxy for all cycling trips because they
are highly correlated to cycling modal share for all trips [9].
The calculation of the mobility-based exposure estimates the
actual cyclist routes using O-D information using a routing
engine algorithm within the R package stplanr [18] developed
for sustainable transport planning.
𝐷𝑃𝑟𝑜𝑑 = 𝑛 × 𝑓 × 𝑑 × 𝑝

The evaluation of cyclist risk includes two parts, firstly the
development of a model to provide mobility-based exposure
and secondly the specification of global and local models to
estimate cyclist risk at a meso spatial scale within an urban area,
shown in Figure 1 below. Several data sources were used,
Department for Transport (DfT) for major and minor road
traffic counts, City of Edinburgh Council (CEC) automatic
counters (AC) at on-road and off-road cycle routes and the
2011 census provided the origin destination (O-D) flow data
sets [25] for the O-D matrix.

Figure 1. Study procedure.
Observed cyclist counts from N=96 counters were used to
validate modelled link flows, N=54 major roads, N=24 minor
roads and N=18 cycle routes. The DfT STATS19 provided the
information on cyclist collisions.
Table 1. Summary of Edinburgh Scottish Intermediate Data
Zone - Census 2011 Cyclist trips [25].
O-D Trips

No. trips

(%)

Inter Zonal (Within Edinburgh)

8808

93

Inter Zonal (All trips)

9143

96.5

Intra Zonal

335

3.5

Scottish Intermediate Data Zones (IZ)

(1)

The stplanr package uses an external routing engine
CycleStreets.net via an application interface program (AIP)
developed specifically for cycling based on an Open Street Map
(OSM) to replicate the same decisions a knowledgeable cyclist
would make to find a route to their destination [23].
The flow volumes were estimated using stplanr::overline
function that aggregates overlapping lines [27]. First the O-D
flows are aggregated in each IZ, then the O-D data is converted
into Euclidian flows between O-D pairs (via matrix estimation
using doubly constrained gravity model), the flow lines are then
allocated to the network using CycleStreets.net and finally the
overlapping routes aggregated to produce modelled (M) link
flows. Cyclestreets.net has three built-in cycling route options,
Fast, Balanced and Quiet to replicate the route choices favoured
by fast and experienced utility cyclists to cyclists who may
wish to avoid traffic and who are willing to choose less direct
routes. All three options were validated against observed (O)
cyclist flow volume data, from the N=96 counter locations in
Edinburgh. The three models (Fast, Balanced and Quiet) M
flows were compared to the O link flows using a GEH
(Geoffrey Edward Havers) method.
The GEH statistic is a modified Chi² statistic used to calculate
a value for the difference between O and M flows, it is a widely
used criterion [38] used by UK Highways Agency and
Transport for London (TfL) among others (2).
2(𝑂𝑗 −𝑀𝑗 )2

𝐺𝐸𝐻𝑗 = √

(2)

𝑂𝑗 +𝑀𝑗

Total

N = 9478
N = 111

The following assumptions were made, work trips covered a
12hour period between 7am and7pm and AADF represents 16
hours. The census data was collected in March 2011 so a
12hour adjusted estimate was also derived to take account of
seasonality.

Where M is the modelled flow and 𝑂𝑗 is the average observed
flow. A GEH less than 5.0, for 85% of the model, is acceptable;
GEHs between 5.0 and 10.0 may warrant investigation. The
data information formats differed, therefore a long-term hourly
average flow was used. The GEH has limitations; it does not
take account of the variability of the count data and typically
uses peak hourly flows to determine ‘goodness of fit’ [8]. For
robustness and to reflect the fact that the GEH is intended for
peak hourly motorised traffic flows, the Pearson’s correlation
coefficient and linear regression were also examined. The best
fitting model will provide the vkm variable for the risk models
developed.
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Meso Level Global and Local Risk Model Estimation
To estimate the cyclist risk at meso spatial level, safety
performance risk models were developed using global and local
forms. The dependent variable, cyclist injury, was fitted against
each exposure variable, trip productions (population-based)
and vkm (mobility-based), summary data is shown in Table 2.

Cyclist Flow Model Validation

Description

N

Avg

Min

Max

SD

IZ- Date Zone

111

-

-

-

-

Exploratory examination of the three flow models indicate that
the Balanced and Quiet modelled flows are quite poor
predictors of the observer (O) data. The Fast modelled flows
appear to be more consistent with the AADF and the 12hr
adjusted O data. The GEH statistic was calculated using the
long term average cyclist per hour unit, 𝑂𝑗 in equation (2), and
the comparison of validation results are shown in Table 3.

PC-Cyclist Injury

240

2

0

25

3

Table 3. CycleStreet.net routing engine options comparisons.

Prod-Trip Production in IZ

9593

86

13

259

56

Vkm-Distance per IZ

47688

430

26

1967

392

Table 2. Univariate summary statistics.

Negative Binomial (NB) generalised linear regression models
(GLM) and Geographically Weighted Poisson Regression
(GWPR) models were fitted. GWPR refer to a family of
regression models where the coefficients may vary spatially
[37] through coordinates of sample points or spatial zone
centroids [39].
Geographically weighted regression (GWPR) is an
exploratory technique mainly intended to indicate where nonstationarity is taking place on the map [3]. Spatial statistics is a
growing discipline providing analytical techniques which suit
situations where data are not described well by some global
model, but where there are spatial regions where a suitably
localised calibration provides a better description. Outputs are
mapped to provide a useful exploratory tool into the nature of
the data spatial heterogeneity or non-stationarity [19]. The NB
models provide global estimates of cyclist risk. The GWPR
provided local estimates of cyclist risk which varied spatially
such that risk is assumed to be heterogeneous rather than
continuous as for the global models. In general spatial
correlation is one area with a considerable gap between practice
and research [26] where models such as the GWPR provide
improved model performance [21].
The models were developed in R (R Development Core
Team, 2017) using statistical software package msme [13] and
GWmodel. GWmodels suit situations when spatial data are not
described well by some global model [19]. The GWPR models
were developed using methodology similar to Rhee et al. [26].
The best model fit has the lowest Akaike Information Criterion
(AIC) based on the log-likelihood function [12]. AIC values
between two models that are less than or equal to 2 indicated
no substantial difference in the performance [22], whereas AIC
differences of over 10 suggest that the lower AIC is significant
[12].
4

that the total vkm cycled annually is 57.9 mvkm [30] which is
comparable to the population-based estimate in Table 3.

RESULTS

The Fast, Balanced and Quiet flow models are summarised in
Table 3 which shows the total network lengths, vkm, annual
million vehicle kilometers (mvkm), average trip lengths and
finally a population-based estimate derived from equation (1).
The vkm totals are smaller for the Fast model and higher for the
Quiet model, which reflects the slightly longer and less direct
‘quiet’ routes. The Fast model covers the largest proportion of
the network, which includes some quiet routes but less off-road
routes compared to the Quiet model. A recent study suggests
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Estimation

Network
(km)

vkm

Fast

693

Balanced

675

Quiet
DProd*

Annual
mvkm

Trip Length (Km)
(mean, median, SD)

47,688

57.2

5.4

4.5

5.7

48,958

58.7

5.6

4.5

6.3

645

49,348

59.2

5.7

4.6

6.6

-

-

53

4.4**

2.1**

-

*Estimated using equation (1) using Census 2011 Table QS701SC [36] data.**
[32] Table TD5a, straight line distances.

The GEH statistic indicates that the Fast and Balanced
models have the best fit between the O and the M data. The
AADF in combination with the Fast model has the highest GEH
score. The Quiet model comparison to the 12hr and 12hr
adjusted do not meet the GEH thresholds (Table 4 below).
Table 4. Validation results.
Validation Statistic

‘Fast’

‘Balanced’

‘Quiet’

GEH(AADF)

97.9%

91.7%

91.7%

GEH(12hr)

90.6%

84.4%

81.3%

GEH(12hr) Adjusted

91.7%

87.5%

85.4%

Pearson’s (AADF)

0.745

0.616

0.577

Pearson’s (12hr)

0.815

0.5

0.437

Pearson’s (12hr) Adjusted

0.694

0.699

0.685

R2(AADF)

0.551

0.373

0.326

R2 (12hr)

0.661

0.242

0.183

0.476

0.484

0.464

2

R (12hr) Adjusted

The GEH was not conclusive, this may be due to use of the
long term average 𝑂𝑗 instead of a peak hour flow. The Pearson’s
and R2 however reveal a clear distinction, the Fast option in
combination with the 12hr count data has the highest
correlation coefficient of 0.815. The levels of correlation are
high, while the use of a long-term hourly average may have
hindered the GEH, the correlation result is conclusive. While
the Fast model showed best correlation with O data, the current
understanding of cyclist route preferences suggests that cyclists
prefer routes with less traffic [17] such as the Balanced or Quiet
models. Alternatively, it can be argued that the ‘fast’ model
reflects the gender and age bias in Edinburgh (towards
young/middle aged affluent men) where fewer women and
children or retired people cycle to work [30].
This results indicated that cyclists favour more direct routes.
Measures such as ‘quiet streets or quiet routes’ may not attract
these cyclists in Edinburgh, furthermore the main reason cited
for not cycling to work is “too far to cycle” [34]. Policies aimed
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to improve cycling safety should focus on links or areas with
higher volumes rather than efforts aiming to offset routes
elsewhere. Loo and Anderson [15] make the salient point that
asking vulnerable road users to avoid travelling on certain
routes can be contradictory to promoting their mobility and
maintaining equity.

However, in all cases the vkm models provided better fit
indicated by lower AIC values. This suggests that the choice of
exposure variable in cyclist safety analysis may impact the
relative safety rate estimated from the model and hence the SiN
effect may be overestimated by using population based
exposure metrics.

Spatial Variation
An initial spatial inspection of the Fast model flows, aggregated
at IZ level, and the cyclist modal share at IZ level indicated that
the two measures of exposure vary in magnitude. The spatial
distributions of the two measures also differ considerably. The
spatial dependence of the dependent variable was investigated
using the Moran I statistic. The test was positive (I = 0.235)
which suggests some clustering however the value is not close
to 1 possibly due to spatial outliers having higher values
associated with the central IZs which have significant p-values
(p=0.05), see Figure 2.
a

b

Table 5. Global and local model results.
Mobility-

Intercept 𝛽0

Ln(vkm) 𝛽1

NB -ALL

-4.15

0.82

NB - KSI

-7.57

1.055

GWPR - ALL

-5.15 to -3.15

0.62 to 0.95

0.39

226

GWPR - KSI

-8.44 to -7.06

0.97 to 1.2

0.3

82

Population-

Intercept 𝛽0

Ln(Prod) 𝛽1

R2

AIC

NB -ALL

-1.75

0.58

435

NB - KSI

-4.21

0.69

161

GWPR - ALL

-1.38 to 1.21

0.45 to 0.49

0.07

346

GWPR - KSI

-4.79 to -3.3

0.5 to 0.8

0.07

101

R2

AIC
396
143

Both the mobility-based and population-based NB-ALL
models displayed a stronger SiN effect then the NB-KSI
models. Cycling exposure alone, for either population-based or
mobility-based, does not appear to explain a KSI SiN effect. It
does however indicated the SiN effect has a stronger positive
influence on slight cyclist injuries. While research tends to
focus on KSI, slight injuries may deter existing cyclists or
potential cyclists.
This trend holds true for the GWPR local models where the
SiN effect is stronger when slight injuries are included,
discussed below.
If we consider origin trip data as our exposure variable,
summarised in Table 1, only 3.5% (N=335 trips) occur within
their origin IZ. This illustrates the importance of firstly using
vkm and secondly the need to account for spatial heterogeneity
when we wish to explore data beyond global models. The
models discussed in the next section deal with spatial
heterogeneity and autocorrelation.
Meso Level Local Risk Models

Figure 2. Cyclist collisions, a) Moran’s I statistic; b) local Pvalues.
It is apparent, from Figure 2, that there is some spatial
pattern, which global models don’t capture, where local risk
variation or autocorrelation may be present such that risk in one
zone may influence its neighbour.
Meso Level Global Risk Models
NB (Global) models for All (Slight, serious and killed
collisions) and KSI (Killed and serious injury collisions) cyclist
injury were developed with independent vkm and Prod
variables respectively, Table 5 below.
The NB-ALL and NB-KSI show vkm coefficients ranging
from 𝛽1 = 0.82 to 1.055. The NB-KSI suggests that there is no
SiN effect (𝛽1 >1) while there is some associated with the NBALL (𝛽1 <1). Interestingly, the NB-ALL and NB-KSI, with
Prod coefficients ranging 𝛽1 = 0.58 to 0.69, suggests that there
is a SiN effect similar to previous research [1][14][28].

Previous research has described a SiN effect using global
models, discussed above, this study now examines the effect at
a local level using spatial statistics given the presence of spatial
autocorrelation. The GWPR provides coefficient estimates for
each IZ, see Table 5, such that there is a minimum, median and
maximum range.
The GWPR-ALL and GWPR-KSI produce vkm coefficients
(mobility) ranging from 𝛽1 = 0.62-0.95 and 𝛽1 = 0.97-1.2
respectively. The results suggests that there is little or no SiN
effect (𝛽1 ≅ 1) among KSI cyclist injury but there is some
(𝛽1 <1) if slight injuries are included.
The GWPR-ALL and GWPR-KSI, modeled using Prod
(population), results suggest that there was a SiN effect with
coefficients ranging from 𝛽1 = 0.45-049 and 𝛽1 = 0.5-0.8
respectively. The population based exposure metric
systematically suggests a larger SiN effect than is supported by
the mobility based exposure metric. This trend is apparent at
both global and meso levels.
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Both the AIC and R2 indicated significantly poorer fit for
Prod compared to vkm suggesting that the Prod independent
variable does not adequately represent cycle volumes. Both the
global (NB) and local (GWPR) results are in agreement with
previous findings which suggest that vkm is the appropriate
exposure variable for use when predicting collisions
[5][21][26]. Hence, use of population based exposure metrics
may over-estimate the SiN effect globally and also spatially.
Similar to global models the results illustrate that the choice,
or indeed availability, of an exposure variable influences the
magnitude of the predicted SiN effect. Further, the GWPR
models illustrate that the global models mask spatial
differences.
The local models reveal that the SiN effect varies, some IZ
will have more or little to no SiN effect; this would seem to
agree with previous research that suggests that SiN can co-exist
with areas of higher risk [31].
Finally, the KSI models indicate that the SiN effect is much
less pronounced for higher severities.

casualty increases for both the KSI and ALL are considerably
lower suggesting a strong and somewhat spatially homogenous
SiN effect across the study area.
Considering the results in Table 5, vkm and Prod both
represent exposure and they are both linked to increased
frequency of cyclist crashes as expected, however the
difference between the vkm and Prod was not expected to be so
pronounced. In both the global and local models Prod was
found to underestimate the effect of cyclist volumes. There is
some spatial pattern or spatial dependence present in the data
which illustrates that the SiN effect varies and can be quantified
locally.
The GWPR model highlights the non-stationary influence of
exposure across IZs. Previous research, using global models,
does not capture this.

Mapping Meso Level Local Models
The GWPR models facilitate mapping the coefficient results,
as illustrated in Figure 3. Panel A and C illustrate GWPR-ALL
and GWPR-KSI results using vkm (Mobility-based exposure)
and panels B and D depict the corresponding Prod (Populationbased exposure) models. Cyclist collision locations are mapped
in Figure 4.
To demonstrate the difference between the mobility-based
and population-based model estimates, the coefficients were
converted to expected percentage increase given a doubling of
cycling volumes in each IZ. Examining the results in Figure 3
A and C, the predicted increases for both the KSI and ALL

Figure 3. Percentage of expected collisions if cycling doubles
with the modelled SiN effect.
models range from 60% to over 100% in some locations, i.e.
from substantial SiN effect to no or negative SiN effect.
Examining the results in Figure 3 B and D, the predicted
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Figure 4. Cyclist risk, collisions per mvkm.
5

CONCLUSIONS

Bespoke micro-simulation type network models are typically
required to provide a mobility-based measure of exposure. This
study modelled census O-D data using open source software
stplanr and CycleStreet.net., and to facilitate combination of
several existing observed cycling data sources the models were
validated using a long-term hourly average. This combined
approach offers policy makers and planners empirical
information, simply “how much cycling happened and where”,
to monitor cycling safety more effectively using normalised
risk based on exposure rather than frequency of cyclist
collisions. The model produced here used a UK based cyclist
routing engine, however other AIP options are possible and
Cyclestreet.net has expanded to include capital cities outside
the UK including Dublin.
The choice and availability of an exposure variable
influences the magnitude of the SiN effect, in this study both
the local and global models overestimated the SiN effect when
using population based exposure metrics. Given the current
prevalence of SiN in cycling policy and advocacy, a less than
expected or desired effect may be counterproductive, where
absolute relative risk remains high in most places or where
cycling exposure levels are low. Therefore, models that use
population-based exposure, where data availability may have
restricted analytical choices, should be cognisant of spatial
heterogeneity when interpreting results.
The GWPR model highlights the non-stationary influence of
exposure across IZs. Further, the GWPR models illustrates that
the global models mask spatial differences.
This research has demonstrated that spatial statistics, and in
particular mapping model outputs, provides a useful
exploratory and monitoring tool for transport research. The
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meso level analysis provides transport planners and policy
makers with a visual tool to help explain ‘where’ the SiN
effects manifest to better understand road safety and risk
associated with cyclists at a local level.
GWPR results show promise for use in future transport and
road safety research and provide a better statistical fit by
capturing spatial heterogeneity. Extending the univariate,
models presented here to multivariate models, to investigate
socioeconomic and environmental aspects may provide further
insight. A limitation of the GWPR, is that it has a Poisson
distribution which may not fully captured over dispersion.
However, recent research [26][29] proposes Geographically
Weighted Negative Binomial Regression which should be
investigated further.
A further benefit of meso analysis is the ability to merge
socioeconomic information with spatial variation. Evaluating
urban areas at a meso level using local models spatially
disaggregate the effects of independent variables, whereas
global models report an average. Mesoscopic models also strike
a balance between the level of output information and cost,
where global models do not provide enough detail at a local
level and microscopic models are time and cost prohibitive.
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ABSTRACT: The warming of the climate system is unequivocal. Changes are already being felt in Ireland and are expected to
intensify into the future. It is thus essential to understand the vulnerability of Irish critical infrastructure to climate change, in order
to develop appropriate climate adaptation strategies and improve infrastructure resilience during extreme weather events.
Transport and energy are among the most critical sectors and their assets are in direct exposure to several climate hazards (e.g.
floods, extreme storms). This paper presents a high-level climate change risk assessment of these two critical infrastructure sectors
based on mid-century climate change projections. This high-level approach is based on i) a review of national and international
reports on climate change risk assessment, ii) knowledge and expertise sharing with national stakeholders of the transport and
energy infrastructure sectors (Electricity Supply Board, Irish Rail, Transport Infrastructure Ireland), and national climate change
specialised institutions (ICHEC, Met Éireann), and iii) analysis of GIS (Geographic Information System) data for Irish critical
infrastructure, which together with geo-spatial information of climate projections for Ireland, are used to gain insight into key
vulnerabilities. Other available geo-spatial data sets such as the existing national flood risk maps are also utilised. This study
assesses the key relationships between the critical assets and climate hazards and provides preliminary insight into the impact of
climate change and the location of the most vulnerable assets. It can be stated that flooding is the major climate risk to the transport
infrastructure and it is expected to increase in the future due to more heavy rainfall events and sea-level rise. On the other hand,
the overhead energy assets are most vulnerable to extreme wind events, which are expected to be more intense in the future.

KEY WORDS: Risk Assessment, Climate Change, Critical Infrastructure, Transport, Energy.
1

INTRODUCTION

The effects of climate change are already being felt in Ireland
[1]. For instance, the mean annual temperature has increased of
0.8°C between 1900 and 2011 and the sea-level around Ireland
has risen by approximately 4-6 cm since the early 1990’s. Over
the 20th century, the national rainfall amount over land has
increased by about 1% per decade. These changes are expected
to further increase and intensify in the future due to the slow
progress being made in reducing global emissions of
greenhouse gases.
Irish infrastructure is not immune to climate change. The
assets are generally designed for long service lives (i.e. 100
years). They naturally interact with the surrounding
environment and are consistently exposed to various climate
variables (e.g. temperature, humidity, wind, precipitation). The
integrity of the infrastructure system should be maintained
under extreme values of these climate stressors for
functionality, but above all, safety reasons. Therefore, it is
essential to understand the vulnerability of Critical
Infrastructure (CI) to climate change, in order to develop
appropriate climate adaptation strategies and improve
infrastructure resilience during extreme weather events.
Climate change is a global concern and many works have
been carried out on European [2-4] and international levels [57] in order to explore the phenomenon and its repercussions on
CI. For instance, the European research project RAIN (Risk
Analysis of Infrastructure Networks in response to extreme
weather) [8] provides a multidisciplinary approach for risk

analysis of the land transport networks and the energy and
telecommunication systems in response to extreme weather
events. Under the European INTACT project [9], a platform
was developed that offers stakeholders and policy makers
decision support methods and tools that enable them to plan for
infrastructure resilience in the context of changing climate.
While such European projects use quantitative and semiquantitative risk assessment methods, a high-level qualitative
approach [2,3] is still of interest for Ireland. This is the first
requisite step for establishing the more general vulnerability of
national CI to climate change.
In an Irish context, a number of valuable Climate Change
Risk Assessment (CCRA) studies have been conducted in
recent years. These works in general focus on a single CI sector,
such as transport [10], energy [11] or water [12]. However, it is
likely that certain adaptation challenges and opportunities for
these sectors will intersect due to interdependencies. A broad
CCRA that considers all main national CI sectors is then
important to ensure a coherent approach to resilience.
Furthermore, the abovementioned studies do not consider the
regional spatial distribution of the infrastructure system or the
climate hazards. A need remains then for a national regionallyspecific high-level analysis of the climate risks posed to
Ireland’s CI.
The national project CIViC (Critical Infrastructure
Vulnerability to Climate change), which is funded by the Irish
Environmental Protection Agency, represents a contribution in
this direction. One objective of this project is to perform a high-
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level CCRA considering the Irish main CI sectors, namely vi.
Identify infrastructure interdependencies: This consists
transport, energy, water/wastewater and telecommunication.
in taking a wider view at the impacts of climate change
The analysis is based on a qualitative approach that uses the
to include cascading effects. This will be investigated in
Geographic Information System (GIS) data of the infrastructure
climate hotspots with high density of critical assets.
assets and the spatial variability of the climate hazards and the vii.
Propose strategies for mitigation and adaptation:
climate change projections. This provides insights into Irish
Development of effective climate adaptation strategies
infrastructure vulnerability to climate change and the cross
requires detailed climate impact modelling and cost
sectoral impacts.
benefit analysis, a substantial research undertaking. The
This paper presents the CIViC high-level CCRA approach
CIViC project aims then to develop a detailed
and its application to two infrastructure sectors: transport and
probabilistic approach for one key element of Ireland’s
energy. These are perhaps the two most critical sectors in
CI, namely the timber power pole network.
modern societies; their loss of functionality may induce
In this study, the ArcGIS Pro software is used to process the
cascading failures in other CI networks (e.g. health, water, infrastructure, climate hazards and climate change data and to
communication). In Section 2, the general approach for the perform the high-level risk assessment.
high-level CCRA is presented. Section 3 summarizes the main
CLIMATE CHANGE PROJECTIONS FOR IRELAND
climate change projections for Ireland. The vulnerability 3
assessments of the transport and energy sectors to climate In this work, the recent national study carried-out by Nolan [13]
change are presented in Section 4 and Section 5, respectively. into climate change predictions for the mid-century is used. The
The primarily findings are summarized in Section 6.
projections are based on the output of an ensemble of highresolution Regional Climate Models (RCMs). The various
2
HIGH-LEVEL CLIMATE CHANGE RISK ASSESMENT
model simulations were grouped into two categories to create
The high-level CCRA is the first step toward a complete the “medium-to-low-emission” and the “high-emission”
qualitative and probabilistic risk assessment of CI. It provides scenarios.
a broad view of the national CI vulnerability to climate change.
This study uses a high spatial resolution (7km) for the climate
This contributes to increase industry, government and public parameters. It provides for each grid, the percentage increase or
awareness, helps to ensure readiness to cope with the adverse decrease in the local value of the climate parameter between a
climate change impacts and highlights potential opportunities. reference past period (1981-2000) and future period (2041The high-level regional-scale CCRA framework used herein 2060). The main projections for temperature, precipitation and
comprises a number of stages:
wind energy are listed in Error! Reference source not found..
i.
Identify the critical assets of the national infrastructure
Table 1. Mid-century climate change projections for Ireland.
sectors: The criticality level of a transport asset is related
to the severity of the consequences of its disruption due
Temperature
to an extreme event (e.g. for bridges, it can be associated
 Increase of 1-1.6°C in mean annual temperatures with the
with the increase in travel time for travellers who need
largest increases seen in the east of the country.
to use longer routes to reach their destinations).
 Hotter summers: increase by 0.7-2.6°C for the warmest
Analogously, for the energy infrastructure the criticality
5% of daily maximum summer temperatures.
is evaluated with respect to the size of the population and
 Warmer winters: increase by 1.1-3.1°C for the coldest
the criticality of the other services (e.g. hospital, water
5% of night-time minimum winter temperatures.
pumping stations) that might be affected by the loss of
 Decrease in the average number of frost days (T min<0°C)
energy supply.
over the whole country by over 50%.
ii.
Create a GIS inventory of the critical assets: The GIS
 Increase in the average length of the growing season of
data of the transport and energy assets are obtained from
over 35 days by mid-century.
online sources when possible or directly from the
Precipitation
national stakeholders managing these two sectors
 Significant decreases in average precipitation amounts
through collaboration (Transport Infrastructure Ireland
for the spring and summer months.
(TII), Irish Rail and Energy Supply Board (ESB)).
 Drier summers: increases of 12-40% in dry periods.
iii.
Assess the key climate hazards for each infrastructure
type (e.g. a road section is vulnerable to flooding due to
 Wetter winters and autumns: increase in the frequencies
heavy rainfall).
of heavy precipitation events.
iv.
Assess the impact of climate change on the frequency
Wind energy
and intensity of the climate hazards (e.g. the increase in
 Increase in extreme storm activity and number of extreme
the number of very wet days is likely to increase the
storm events in winter.
number of pluvial/fluvial flood events).
 Decreases in the wind energy content for spring, summer
v.
Assess the impacts of climate change on the CI
and autumn seasons with no significant increase for
vulnerability (e.g. the projected increase in very wet
winter.
days will further increase the vulnerability of some road
sections to pluvial/fluvial flooding). This step consists of
These projections embed an uncertainty that is reflected in
identifying new risks, an increase or decrease in the risk
the spread in the projected changes between the individual
level or even a potential opportunity from climate
RCM ensemble members. Idealistically, a detailed probabilistic
change.
analysis should be performed on a local level in order to
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provide highly accurate information that can be used by
decision makers. This detailed analysis is developed under the
CIViC project but is beyond the scope of this paper. As the
present work represents a high-level analysis on the country
level, the mean value of the projection rang is used for
discussion.
4

This assessment is performed in ArcGIS Pro and uses the
Preliminary Flood Risk Assessment (PFRA) maps provided by
the Office of Public Work (OPW). These results show that
fluvial flooding has the major impact on the road network.
Figure 1 shows the locations of the road sections exposed to 1in-100-year fluvial flooding events.

TRANSPORT SECTOR VULNERABILIY TO CLIMATE CHANGE

Irish transport infrastructure includes the land (road and rail
networks), aviation (airports) and maritime (ports) sectors. A
complete CCRA of this infrastructure needs to consider all
sector assets with the potential interdependencies between
subsectors. However, in view of the data that could be collected
and shared by stakeholders, the critical assets considered for
assessment in the present work are: road network, rail network
and stations, road/rail bridges and Shannon airport.
4.1

Road network

In order to assess the criticality of a road section, various
criteria may be considered, such as the average daily traffic
density, the average repair cost and losses following the road
disruption, the strategic role (e.g. ensuring accessibility to
health care and emergency services, such as hospitals). The
criticality of a road section can also be related to its location
and linking role in the network (i.e. the direct exposure of a
small road section to climate threat may disrupt or block the
traffic flow over a larger zone of the network). In view of the
data provided for the road network, the criterion used to assess
the criticality is the type of the road: national, regional or local.
The Irish road network totals 5,306km of national roads,
13,120km of regional roads and 80,472km of local roads [10].
The major climate threat for the Irish road network is
flooding (fluvial, pluvial or coastal) [10]. For instance, the
direct impact of flooding would be the disruption of the land
transport service due to the inundation of road sections. This
usually happens when the drainage systems cannot cope with
the high flow of rain water or river overflow. The indirect risks
from flooding would be the degradation of road surface and
loss in road structural integrity that, in medium to long term,
will induce higher maintenance and repair costs. Tables 2 and
3 give the length, respectively, of national and regional road
sections currently located in areas at risk from flooding.
Table 2. Lengths of national road sections located in areas at
risk from flooding.
Flooding event
1/1000 year
1/100 year
(*1/200 year)
1/10 year

Coastal
61 km

Fluvial
352 km

Pluvial
167 km

57 km*

315 km

103 km

39 km

283 km

55 km

Figure 1. Vulnerability of the road network to indicative
(1/100 year) fluvial flooding events.
A fluvial (or pluvial) flooding event can be triggered by
heavy rainfall or a long period of precipitation. The assessment
of the climate change impact on the risk of road flooding should
therefore consider the projected change in precipitation. In
[13], it is stated that by mid-century and for both emission
scenarios, the annual average number of very wet days is
expected to basically decrease in coastal areas and increase in
inland areas. Figure 2 shows seasonal projected changes in the
average number of very wet days (>30mm/day) in winter. This
figure shows that the most worrying case regarding extreme
rainfall events is in winter for the medium-to-low-emission
scenario. The highest value of the percentage increase in the
number of very wet days reaches 150% in the centre of Ireland.
The projected increase in the frequency of heavy rainfall events
in winter (and autumn) will induce more pluvial and fluvial
flooding events, which in turn will increase the vulnerability of
the road network.
Medium-to-low Emission

High Emission

Table 3. Lengths of regional road sections located in areas at
risk from flooding.
Flooding event
1/1000 year
1/100 year
(*1/200 year)
1/10 year

Coastal
161 km

Fluvial
889 km

Pluvial
214 km

1496 km*

769 km

114 km

91 km

678 km

45 km

Figure 2. Winter percentage changes (%) in the average
number of very wet days for the medium-to-low-emission and
high-emission scenarios.
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The coastal sections of the road network are at risk from
coastal flooding and erosion. These risks are expected to
increase in the future as the sea-level around Ireland is
projected to rise by over 0.3m near the north and east coast and
over 0.4m near the south and west coasts, by the end of the
century [14]. Typically, a 10cm rise in sea level causes an
increase by about a factor of three in the frequency of flooding
at a given height [14]. Consequently, Ireland is expected to
record at least 9 times more coastal flooding events. Future
floods are expected to affect larger areas and progress further
inland i.e. some coastal assets which are not subject to flood
under existing conditions, are likely to be affected in the future.
The road network is in general, resilient to extreme
temperature and wind energy. Moreover, as the number of frost
and ice days is expected to decrease, this would represent an
opportunity for the transport infrastructure.
4.2

Heavy rail network

Irish Rail network currently extends to approximately 2,400km
of track, 5,100 bridges, 1,240 level crossings, 147 stations,
4,900 cuttings and embankments, 330 coastal/estuarial
defences, 372 platforms and 14 tunnels [10]. The criticality of
a railway line can be evaluated based on the number of services
per weekday or the average cost per delay incident. The rail
stations can be classified as large or small with respect to the
average daily number of journeys (boarding and alighting).
Based on the heavy rail census for 2016, 10 stations can be
classified as large (average number of daily journeys ≥ 6,000).
Flooding is also a major climate hazard for the rail network.
A flooding event may cause inundation of rail sections or cause
damage to rail stations located in low-lying areas. Table 4 gives
the length of railways and the number of rail stations currently
located in areas at risk from flooding.
Table 4. Length of railways and number of stations located in
areas at risk from flooding.
Flooding event
1/1000 year
1/100 year
(*1/200 year)
1/10 year

Coastal
59 km
12 stations
55 km*
9 stations*
43 km
5 stations

Fluvial
163 km
9 stations
145 km
7 stations
121 km
7 stations

Pluvial
87 km
10 stations
49 km
7 stations
21 km
0

As discussed earlier, the projected change in precipitation
indicates that more flooding events are likely to occur,
increasing the vulnerability of the rail network. Figure 3 shows
the map of the projected increase (+) in very wet days under the
worst scenario (in winter, for the medium-to-low-emission
scenario) and the exposure of the rail network. This allows to
locate (see red frames) the rail sections and stations that will be
the most vulnerable to climate change induced increases in
pluvial/fluvial flooding risk in the future i.e. located in areas
where heavy rainfall events are expected to increase by more
than 100% (worst scenario).
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Figure 3. Exposure of the rail network to the increase in
number of very wet days in winter, for the medium-to-lowemission scenario.
The projected sea-level rise is also expected to increase the
vulnerability of the Dundalk-Dublin-Rosslare rail line to
coastal flooding and erosion. The projected increase in the
summer and spring mean temperatures is likely to result in
more heatwaves. However, and in view of the relatively cold
climate of Ireland, risks from extreme high temperature are not
very significant i.e. lateral buckling of railway lines, as seen in
other countries [15] is highly unlikely to occur in Ireland.
Furthermore, with the projected warmer winters for Ireland,
risks from cold spells such as the failure of overhead rail
electrification systems during freezing events and disruption of
journeys due to thick layers of snow and ice are expected to
decrease in the future.
The available climate change projections for mid-century do
not show a significant increase in the mean wind energy in
winter. However, Ireland is expected to experience more severe
storms. Falling trees due to high winds may cause blockage of
railways and damage to signalling and power equipment for the
rail network.
4.3

Road/Rail bridges

Bridges are critical components of the Irish transport
infrastructure. They vary widely in type, size and age with
many over 150 years old. Over 1000 of the national bridges
cross a river or water course. Scour is the main climate risk for
river bridges. It is induced by swiftly moving water that causes
the removal of sediments from around bridge piers and
abutments. During heavy rainfall events, extreme precipitation
increases the speed of the river flow and consequently the risk
of bridge scour.
Rail bridges over watercourses are actively monitored.
Inspections are conducted by Irish Rail every one year, two
years or so depending on the bridge risk condition rate. Some
bridges are currently at risk of scour but no exhaustive list of
these assets is available. However, Figure 4 shows that there is
a considerable amount of river bridges located in areas where
the number of very wet days will increase and thus heavy
rainfall events will be more frequent and severe.
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Figure 4. Relative location of the road/rail river bridges in
areas subjected to an increase in number of very wet days in
winter, for the medium-to-low-emission scenario.
Some bridges that are at risk of scour under current climatic
conditions will be very likely at a higher level of risk by midcentury. Other bridges that are not currently classified as “at
risk” will possibly be exposed to scour in the future, and will
thus need more monitoring and inspections in the future. Figure
4 indicates that the road and rail bridges in the centre of Ireland
will be the most vulnerable to changes in scour risk, whereas
most of those located in the south will experience a reduction
in very wet days, and thus there will possibly be a reduction in
bridge scour risk in the future. It is also noted that bridges in
coastal areas can be at risk of scour when their piers or
abutments are exposed to tidal currents. This is an issue for the
transport sector as an important part of bridges are near the
coast. This risk level is expected to be higher in the future as
the sea-level rises.
4.4

Shannon Airport

Within the air transport sector, only the Shannon international
airport is considered herein. Selection of this airport is related
to its location at 14m above sea level at the Shannon estuary.
Shannon airport is at a particular risk from flooding of the
Shannon river, as occurred in January/February 2014.
Considering the climate projections indicate that national sea
level rise will be greatest around the west coast (>0.4m), it is
likely that Shannon airport will be more vulnerable to coastal
flooding and storm surge in the future. An indirect risk may
also be present due to failure of the existing flood defence
embankments along the estuary. While these defences are
expected to be subject to more pressure due to sea-level rise,
they are likely to witness less risk from landslide as the mean
annual precipitation at the airport location is expected to
decrease by 2.2% and 5%, for the medium-to-low-emission and
high-emission scenario, respectively.
5

ENERGY SECTOR VULNERABILIY TO CLIMATE CHANGE

In Ireland, the primary energy infrastructures are the electricity
network and the natural gas network. This sector is managed by
three state companies: ESB and EirGrid for electricity, and GNI

(Gas Network Ireland) for the natural gas. The critical assets of
the energy infrastructure are power plants, wind turbines,
electricity substations, overhead electricity transmission and
distribution lines, underground cables, gas substations and
underground gas pipelines.
Electricity generation is one of the major sectors contributing
to the greenhouse gas emissions. The criticality of an electricity
generation plant or substation can be linked with their voltage
(kV) and the approximate number of customers they serve. It is
likely that there will be fundamental changes in power
generation technologies in the future that will prioritise
sustainable and clean energy. Therefore, many of today’s
thermal power plants (gas, coal, peat) may not exist by midcentury [11].
The generation sector is relatively resilient and is unlikely to
be directly affected by extreme weather events. However, as
power plants require a considerable amount of water for
cooling, they become vulnerable to water shortage and the
increase in water temperature in summer. As they need
freshwater, the power plants are normally located near rivers or
coasts. While they have shown good resilience to flooding
events, the projected sea-level rise is likely to present a future
threat to coastal plants due to intermittent flooding and coastal
erosion. The onshore wind farms are relatively resilient to
flooding. Yet, the succession of drought and heavy rain periods
might cause damage to the turbine foundations due to changes
in the soil moisture level. Settlement issues may also impact the
loadability of underground transmission cables. The main
threat to the wind energy generation is from storms and extreme
winds. Not as well that the large variability in the wind speed
(extremely low or high) over the year may increase the need for
generation backup and storage. Turbine blades icing during
extreme cold periods is a less major risk that may cause wind
power alteration. However, this risk is expected to decrease in
future as the number of ice days is projected to decrease buy
over 70%.
The transmission and distribution networks are more
vulnerable to climate change than the electricity generation
sector as they embody a considerable quantity of overhead
assets (i.e. cables, towers and poles) that cover all the Irish
territory. It is noted that the transmission system is more critical
as it is characterized by high-value assets. Any failure in the
transmission network will normally affect more customers than
the distribution system. However, the distribution networks are
normally very extensive geographically and thus are more
vulnerable to extreme weather events and climate change.
The major threat for the overhead power line network is high
winds. Falling trees and branches due to storms is a major
concern for electricity cables in vegetated areas. This risk is
expect to increase with the projected increase in the length of
growing season [13]. Ice and snow loadings during extreme
cold periods also represent an issue for electricity poles at high
altitude. It is noted that this risk coincides with an increase in
the demand for energy supply (e.g. for heating) The increase in
high temperature extremes and heatwaves also impact on the
electricity infrastructure and may effect on asset life and
equipment rating, and cause a reduction in the generation
efficiency and electricity capacity of transmission grids.
The natural gas infrastructure is mostly underground and thus
is less vulnerable to climate than the electricity infrastructure.
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During the past few years, the natural gas network has
demonstrated a high resilience to extreme weather events.
However, as summers are expected to be drier, the gas pipelines
may be at risk from soil compaction [11]. Future flooding, seallevel rise and coastal and riverbank erosions may also cause
damage to coastal gas platforms and buried pipelines in coastal
areas or near river banks.
6

PRELIMINARY FINDINGS
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Figure 5. Key relationships between climate hazards and
infrastructure assets and impact of climate change on the
vulnerability level.
7

CONCLUSION

This paper investigates the impact of climate change on the
transport and energy infrastructure in the republic of Ireland. A
framework for the regionally-specific high-level climate
change vulnerability assessment is presented. Examination of
existing vulnerability indicates that fluvial and coastal flooding
are the major climate threats for the road and rail networks and
the Shannon airport. This risk is expected to increase in the
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ABSTRACT: Floods remain to be one of the natural catastrophic disasters with serious adverse social and economic
implications on individuals and communities all around the world. In Ireland, frequency of flood events have increased
dramatically during the last forty years and is expected to continue to rise primarily due to changes in rainfall and temperature
patterns as a result of the global climate change. Small river catchments are usually vulnerable to different types of flooding
particularly those associated with “monster” rainfall events, which are characterised by short durations and high intensities.
Therefore accurate prediction of flood hydrographs resulting from these rainfall events are vital for issuing timely and detailed
warning to authorities in order to allow for efficient preparedness in the affected catchment and other downstream areas. The
current study assess the performance of Unit Hydrograph model in predicting flood hydrographs due to extreme rainfall storms
at three small Irish river catchments with different physical and hydrological characteristics. Modelling results suggest that the
UH model exhibited an outstanding performance in simulating flood hydrographs at natural rural catchments compared to its
performance in urban catchments. The artificial drainage settings of the urban catchments could be the main reason for
hindering the UH from simulating the characteristic behaviour of such type of catchments.
KEY WORDS: Flood prediction; Small catchments; Unit Hydrograph; Hydrology.
1

INTRODUCTION

Floods are one of the most significant water-related natural
disasters, causing serious property damage and loss of lives
[1]. The distinctive topography of Ireland and its relatively
high precipitation are the major causes of flooding. Moreover
human activities, particularly those associated with changes in
land uses e.g. rapid urbanisation and the destruction of natural
resources, are also contributing to the severity of most of the
unprecedented extreme flood events [2]. Such extreme
flooding is often triggered by localised extreme rainfall events
in small sub-catchments and subsequently propagates
downstream to inundate lowland areas in the catchment. A
"small catchment" in the context of this paper is a drainage
basin with surface area usually less than 25 km2 and with
defined natural and topographic boundaries.
In response to increasing flooding incidents, a call has been
issued for the development and implementation of mitigation
measures to reduce the impact of flooding. One of such
measures encompasses the use of operational flood
forecasting systems, the use of such systems have been
highlighted as a best practice in flood risk management [3].
The growing necessity of these operational systems gives
impetus to the development of rainfall-runoff models which
may be used to estimate the magnitude and frequency of peak
discharges resulting from extreme rainfall events over a
catchment. Estimation of these variables in a catchment
provides crucial information used in managing flood disasters
by designing and constructing essential flood defence and
relief structures. For this purpose, a large numbers of models
have been developed ranging from simple lumped empirical
data-based models to more complex and sophisticated
physically-based numerical systems. Application of these
models in large-scale Irish catchments is well-documented in
the literature; however, few studies are available for

modelling hydrological behaviour of small catchments. The
current study contributes to bridging this gap in knowledge
through evaluating the performance of the Unit Hydrograph
rainfall-runoff modelling approach in predicting flood
hydrographs in small river catchments.
2

STUDY CATCHMENTS

Three small catchments were selected for the purpose of the
current study. The catchments are the River Slang (Co.
Dublin), the Lough Ennell Tributary River (Co. Westmeath)
and the River Big (Co. Louth). The catchments differ in their
main physical characteristics and this in turn enables testing
the model under a diverse range of hydrological behaviours.
The River Slang catchment is a 5.5 km2 sub-catchment
(Figure 1) of the River Dodder catchment (Co. Dublin). This
sub-catchment is heavily developed with residential and
industrial land uses and it is anticipated that urban land cover
in this sub-catchment will continue to grow in the future years
[4]. In terms of topography, the Slang catchment rises at the
Three Rock Mountain at an elevation of approximately 430 m
OD. The Slang stream is approximately 8 km in length and
falls at an average gradient of 1 in 20. In terms of bedrock
geology, the lower reaches of the Dodder catchment,
including the Slang sub-catchment, predominately consist of
carboniferous limestone.
The Lough Ennell Tributary River catchment is a 10.77 km2
small catchment (Figure 1) in county Westmeath and it is a
part of the Brosna sub-catchment in the Shannon River Basin.
Agriculture is the principal activity in this River Basin (73%
of total area) with pasture being the dominant land use [5].
There are also some significant areas of wetland (12%) consist
mainly of peatland. The soils of Lough Ennell Tributary River
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catchment are dominated by a mixture of well-drained soil
and peat, together with some poorly drained soil.
River Big is a small sub-catchment of the Neagh Bann
River Basin in Co. Louth (Figure 1) and covers an area of
10.4 km2. The dominant land use in the Neagh Bann River
Basin, including the River Big sub-catchment, is agricultural
with some small areas of forestry and peatland. The River Big
sub-catchment is predominantly covered by peat bogs and
pastures. The soil types that characterise this catchment is
predominantly deep well drained mineral podzols with
interspersed deep well drained lithosols. Peaty podzols and
scree are also located on Carlingford Mountain, which is a
part of the River Big sub-catchment. Poor aquifer is generally
dominating the sub-catchment.

Figure 1. Study Catchments.
3

METHODS

The Unit Hydrograph (UH) model was developed originally
by Sherman (1932) and it is deﬁned as the hydrograph of
direct surface runoff resulting from a unit depth of effective
rainfall (usually 1 cm) falling over the catchment area at a
uniform rate during a speciﬁed period of time. Hence it can be
categorised as a lumped model for transforming effective
rainfall obtained after subtracting rainfall losses due to various
processes (e.g. interception, infiltration) into direct surface
runoff. This single transformation model normally uses a
spatially averaged effective rainfall event as an input and
converts it into an output surface runoff hydrograph. Despite
of the simplistic assumption of the unit hydrograph theory,
this model generally gives modelling results that are widely
acceptable for practical purposes [6].
Calibration and validation of the UH model requires two
sets of data; namely rainfall and river flow data. For the
current study, the rainfall data was obtained from the Irish
Meteorological
Services,
Met
Éireann,
website,
(https://www.met.ie/climate/available-data/historical-data)
while river flow data was obtained from Hydronet, the
Environmental Protection Agency hydrometric database
website
(http://www.epa.ie/hydronet/).
Six
historical
significant rainfall events in terms of duration and intensity
have been identified and used in calibrating and validating the
UH model. These storm events were selected based on the
availability and quality of rainfall and flow data. The six
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events are Event 1 - August 1986 (Hurricane Charley), Event
2 - August 2008, Event 3 - November 2009, Event 4 - October
2011; Event 5 – February 2014 (Storm Darwin); and Event 6 August 2017.
The six selected rainfall events were split into two groups
for the purpose of calibration and validation of the model.
Events 3 and 4 were used to calibrate or derive the UH model
while the rest of events were used in validating the derived
UH model in all three study catchments.
Before using storms Events 3 and 4 for calibration of the UH
model, it was necessary to pre-process both the rainfall and
flow data. Rainfall data was analysed in order to produce the
Effective Rainfall Hyetograph (ERH). In this analysis the total
rainfall was partitioned into infiltration losses and ERH. A
number of rainfall separation models are available in the
literature e.g. the Horton infiltration model [7], the Soil
Conservation Service Curve Number method [8], and the
percentage-based method of rainfall separation [9]. In this
study, the Φ-index method [10] was chosen due to its
simplicity and effectiveness.
Similarly, the existing flow data was analysed in order to
extract the Direct Runoff Hydrograph (DRH) from the
observed stream flow hydrograph. This was performed using a
baseflow separation routine (SWATBFLOW) of the SWAT
model [11].
The direct runoff hydrographs and effective rainfall
hyetographs resulting from the pre-processing stage were then
used in the derivation of the unit hydrographs. The derivation
of the unit hydrographs for Storms 3 and 4 for each catchment
was conducted using the Ordinary Least-Squares Regression
Method [12]. The derived Unit Hydrographs of Storm 3
(UH3) and Storm 4 (UH4) were then averaged to obtain a
third Averaged Unit Hydrograph (Average UH).
Following the calibration stage, the three resulting unit
hydrographs were then used for predicting the direct runoff
hydrographs of the remaining selected storm events (Storm 1,
Storm 2, Storm 5, and Storm 6). The predicted direct runoff
hydrographs were finally compared with the actual flow
hydrographs in order to validate the performance of the UH
model. In addition, the goodness if fit between the predicted
and observed hydrographs was evaluated using two statistical
criteria; Coefficient of Determination (R2) and the Nash
Sutcliffe Efficiency (NSE). Finally an inter-comparison of the
results of the three study catchments was undertaken in order
to elicit the relationship between the hydrological responses of
the catchments and their physical characteristics.
4
4.1

RESULTS
Derivation of the UH model

The derived Unit Hydrographs for the River Slang Catchment,
Lough Ennell Tributary River Catchment, and the River Big
Catchment are shown in Figures 2, 3, and 4 respectively. It is
obvious from Figure 2 that at the River Slang Catchment, the
UH3 produced a higher peak (by almost 30%) and a quicker
falling limb than UH4, indicating a “more flashy” response
than UH4. At the Lough Ennell Tributary River Catchment
(Figure 3), the derived unit hydrographs yielded
approximately similar peak flow magnitudes but with the
UH3 showing a quicker recession hydrograph than UH4. At
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the River Big Catchment, the UH3 and UH4 have displayed
an identical behaviour (Figure 4).

Figure 2. Comparison of three UHs at the River Slang
Catchment.

Figure 5 demonstrates the performance of the three UHs
(UH3, UH4, and the average UH) in predicting flood
hydrographs for Storm Events 2 and 5 at the River Slang subcatchment. The figure clearly shows that the timing of the
peak of Storm 5 has been reasonably captured by the three
UHs whereas the opposite has occurred for Storm 2. In terms
of the magnitude of the peaks, the three UHs have
overestimated the observed peak of Storm 5. For Storm 2,
UH3 has overestimated the actual peak while UH4
underestimated it and this has resulted in producing good
predictions by the average UH. Generally for the two storms
the rising limb and recession limb of the simulated
hydrographs are steeper than the actual hydrographs. Also the
three UHs have responded well to the second rainfall event in
Storm 2 and the first rainfall event in Storm 5 while the actual
hydrograph shows no response.
This behaviour may be attributed to the fact that the River
Slang catchment is an urban catchment and therefore will
likely undergo quick artificial drainage following storm
events. This manifests itself as a lack of response to smaller
rainfall events or smaller peaks of resulting flood
hydrographs.

Figure 3. Comparison of three UHs at the Lough Ennell
Tributary River Catchment.

Figure 4. Comparison of three UHs at the River Big
Catchment.
4.2

Validation of the UH models

The resulting unit hydrographs (in Section 4.1 above) were
then used for predicting the direct runoff hydrographs of the
remaining selected storm events (Storm 1, Storm 2, Storm 5,
and Storm 6). For the purpose of this paper, the results of two
storm events Storm 2 and Storm 5 are presented and discussed
below.

Figure 5. Predicated and actual flow hydrographs for the
River Slang Catchment.
In Lough Ennell Tributary River Catchment, the three UHs
have generally produced good prediction to the actual
hydrographs of Storm 2 and 5 (Figure 6). The predicated
shape and peak magnitude of Storm 2 flow hydrograph are
comparable to the actual ones. For Storm 5, the predicted
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shape of its flow hydrograph is matching the actual one;
however, there is an underestimation to the actual peak
magnitude by all UHs.

performs better in catchments that exhibit natural damped
drainage system than urban catchments with artificial drainage
system such as the River Slang Catchment.
Topography of the catchments is another important factor
influencing the catchment response to rainfall. Both River
Slang and River Big catchments are steep, implying a flashy
response and quicker drainage than the Lough Ennell
Tributary River Catchment which lies in a low-land area.

Figure 6. Predicated and actual flow hydrographs for the
Lough Ennell Tributary River Catchment.
Figure 7 shows that the predicted hydrographs of Storm 2
gave a very good fit to the observed hydrograph in terms of
both shape and peak magnitude in the River Big Catchment.
Results of Storm 5 demonstrated a good fit between the actual
and predicted magnitude of the first peak, but showed
inconsistency with the second peak. This response may be due
to two reasons. Firstly the River Big is a steep catchment and
therefore may drain quickly particularly following small
rainfall events. Secondly, the event-based nature of the Unit
Hydrograph model implies that the model handles rainfall
events on an isolated discrete basis; i.e. the system has a short
memory to account for the antecedent moisture condition
which resulted from one storm event and affecting a
subsequent event following immediately the first one. When
comparing the hydrographs of Storm events 2 and 5 it is
noteworthy that there is a dry spell of approximately 5 hours
between the two rainfall events of Storm 2 as opposed to 1.5
hours on Storm 5. Also the amount of rainfall during Storm 5
is significantly less than that of Storm 2.
The model predictions of the three catchments demonstrated
that the Lough Ennell Tributary River and the River Big
Catchments which are both agricultural catchments,
performed better than the River Slang Catchment. Such an
outcome may indicate that the Unit Hydrograph model
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Figure 7. Predicated and actual flow hydrographs for the
River Big Catchment.
The results of statistical efficiency are presented in Tables 1
to 4 below. In this study both the Coefficient of Determination
(R2) and Nash-Sutfcliffe Efficiency (NSE) were calculated to
assess the fit between the predicted and actual flow values for
the two validation storms (Storm 2 and 5).
The range of NSE lies between 1.0 (perfect fit) and −∞. An
efficiency of lower than zero indicates that the mean value of
the observed time series is a better predictor than the model.
The range of R2 lies between 0 and 1, which describes how
much of the observed dispersion is explained by the
prediction. A value of zero means no correlation at all
whereas a value of 1 means that the dispersion of the
prediction is equal to that of the observation.
The NSE values for Storm 2 and 5 at the River Slang
catchment (see Tables 1 and 2) were all negative suggesting
that the mean value of the observed time series is a better
predictor than the UH model. This finding is also confirmed
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by the low values of R2 which range between 0.061 and 0.70
(Tables 3 and 4).
The UH model gave a remarkably better fit between the
actual and the predicated flow values at the Lough Ennell
Tributary River as demonstrated by both the NSE (0.795 –
0.957) and R2 (0.842 – 0.967) values.
Results at the River Big catchment also showed a good fit
between the observed and predicted flow values. The NSE
values for this catchment ranged between 0.612 and 0.923
while the R2 ranged between 0.657 and 0.924.
Table 1. Comparison of the predicted and actual hydrographs
of Storm Event 2: Nash-Sutfcliffe Efficiency (NSE).
Catchment
River Slang
Lough Ennell Tributary
River
River Big

UH3
-0.45
0.96

UH4
-0.01
0.88

AUH
-0.22
0.94

0.92

0.91

0.92

Table 2. Comparison of the predicted and actual hydrographs
of Storm Event 5: Nash-Sutfcliffe Efficiency (NSE).
Catchment
River Slang
Lough Ennell Tributary
River
River Big

UH3
-0.78
0.91

UH4
-0.07
0.80

AUH
-0.36
0.87

0.61

0.61

0.61

hydrological models which reasonably predicts the
hydrological behaviour of small catchments. The current
study evaluated the performance of the Unit Hydrograph
rainfall-runoff modelling approach in predicting flood
hydrographs at three small Irish catchments with different
physical and hydrological characteristics; namely the River
Slang (Co. Dublin), the Lough Ennell Tributary River (Co.
Westmeath) and the River Big (Co. Louth).
Hydrographs due to six historical significant rainfall events in
terms of duration and intensity have been selected and used in
calibrating and validating three variants of a UH model at the
three catchments. Two of the six storms were used in
calibrating the UH model while the remaining four storms
used in validating the same model. Performance of the UH
model in predicting the actual flood hydrographs was assessed
based on visual inspection and on the computation of
goodness of fit statistical criteria.
Comparison between the actual and the predicted flow
hydrographs demonstrated that the UH model was successful
in simulating the principal hydrograph parameters such as
shape, base time, and magnitude and timing of the peak in the
two rural catchments (River Big catchment and Lough Ennell
Tributary River catchment). Simulation of the same
parameters in the urban catchment (River Slang catchment)
was not as good as those of the rural catchments.
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ABSTRACT: In the face of Climate Change, European National Road Authorities (NRA’s) have recognized that many
challenges exist in addressing rainfall events of increasing intensity to ensure that proper design and maintenance of water
management systems occurs. These challenges exist both in the field of climate science as well as in the translation of climate
predictions into the proper design and maintenance of water management systems. Addressing these issues and providing the
most appropriate cost effective adaption measures is critical to the design and maintenance of road networks as it is estimated
that damage caused by floods and rain to these assets amounts to €600 million annually. To address the issues, the CEDR 2016
funded WATCH project (WATer management for road authorities in the face of climate CHange) has developed best practice
guidelines for the design and maintenance of drainage facilities on European road networks. Several road drainage systems are
available to road owners ('traditional' or Sustainable Drainage Systems i.e. SuDS), however, notwithstanding the drainage
system utilised an equally important consideration is the assessment of the relative strengths and weaknesses of the available
drainage systems and measures. To this end a Socio-Economic Analysis (SEA) is of paramount importance to enable the
optimum solution to be chosen for a given adaption measure/scenario. This paper presents an overview on the utilisation of
SuDS in the water management of European road networks and the SEA developed within the WATCH project.
1

KEY WORDS: Socio-Economic Analysis; SuDS; Water Management; Climate Change, Decision Making.
1

INTRODUCTION

Traditional surface water drainage design is relatively
simple, using the Rational method to size pipes to ensure that
surface water is removed as quickly as possible to ensure
flooding does not take place on the road itself. Unfortunately,
this philosophy is flawed as, in more rapidly transferring the
surface water downstream, it provides the potential for
flooding of other areas. This accelerated run-off gives rise to
higher flood levels and the corresponding loss of groundwater
recharge results in reduced low flows in rivers thus increasing
environmental vulnerability (Dublin Drainage Consultancy,
2005). In addition, the pollution in the run-off is conveyed
into the natural environment.
Nowadays, the “natural disasters” that are flooding and
water pollution, arising from Climate Change, (through more
frequent extreme rainfall events and reduced dilution in rivers
during periods of drought), are key drivers of Sustainable
Drainage Systems (SuDS) policy. These effects are so
detrimental to life in its many forms and to the integrity of our
infrastructure, their mitigation is underpinned by legislation
(both national and international), principally the Water
Framework Directive (WFD). This directive indirectly
encourages the retrofitting of SuDS to improve waterbody
status
(derived
from
freshwater
macroinvertebrate
communities, chemical composition and hydromorphology)
and to reduce combined sewer overflow (CSO) discharges in
urban areas. A large body of literature exists on SuDS and
research has been carried out in many countries around the
globe.
Much of the material focuses on ‘what SuDS is’ and ‘how it
can be designed’. In the UK for example, detailed guidance
documents have been available for many years outlining
which SuDS features are suitable for various situations –
climates, soil conditions, hard and trafficked surfaces, soft
landscaping and sites where water features are desirable – and
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how to design them (for example, Woods-Ballard et al. 2007).
This goes to show the extent to which SuDS, as an aspect of
drainage design, has become mainstream. SuDS, after all, has
been touted as a significant part of the solution to all our
drainage problems including the challenges posed by recent
legislation coming from Europe.
The philosophy of Suds is to mimic the natural hydrological
cycle. Suds offers a return to nature by promoting the
temporary storage of surface water (ponding), infiltration, the
harvesting
of
rainwater
at
source,
evaporation,
evapotranspiration, groundwater recharge and the reuse of
stormwater (Kirby, 2005; Macdonald and Jefferies, 2003;
McKissock et al., 2003; Roy et al., 2008). In Ireland, SuDS
tends to be considered primarily as a flood management tool
and a mechanism to attenuate surface water pollution. In
countries where it is more firmly established, it is also seen as
a means of making cities and towns more attractive and
thereby attracting greater investment. Fundamentally, the
purpose of Suds is to:
• enhance social amenity
• help drive economic growth
• protect from flooding
• protect and enhance the quality of rivers and streams.
1.1

Benefits of SuDS

SuDS offer multiple benefits over traditional drainage
practices through the management of; discharge rates, water
volumes, diffuse pollution as well as providing the flexibility
for future adaptation through the development of ‘modular’
SuDS systems. Climate change predictions suggest that some
types of extreme events will become more frequent, such as
heat waves, flooding caused by extreme rainfall and drought.
The SuDS approach is more robust and adaptable than the
traditional approach of underground piped drainage systems.
In shallow surface based systems, such as swales, water levels
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rise gradually and visibly. When the capacity of the SuDS
feature is exceeded, the excess water can be directed to safe
storage zones. This allows the general public, and road owners
and operators to prepare for flood events more effectively.
Conversely, flooding from underground piped drainage
systems can occur suddenly and rapidly when the design
capacity is exceeded. Furthermore, shallow, visible surface
based systems can be designed to offer greater flexibility to
adapt to Climate Change.
SuDS systems can be enhanced more readily and cheaply,
compared to underground drainage systems. Lower River
flows; caused by drought, result in reduced dilution of
pollutants following rainfall events. The treatment of surface
water runoff, through SuDS, helps to protect and enhance the
quality of receiving watercourses. There is no unique solution
and each situation has to be evaluated on its own merits and
suitable SuDS solutions applied, although the means to
achieving these objectives are many and varied. Factors such
as site suitability, available space, cost, maintenance regimes
and community acceptance must be considered to ensure
successful implementation (Dublin Drainage Consultancy,
2005).
1.2

Type of SuDS

The various SuDS features can generally be categorised as
‘hard’ SuDS and ‘soft’ SuDS. Soft SuDS resemble natural
features and include techniques such as swales, ponds and
wetlands. Hard SuDS are more similar to traditional drainage
methods but incorporate SUDS principles. Examples of these
are attenuation crates/tanks, permeable pavements and
proprietary SUDS features such as filtration systems and
vortex separators (Kirby 2005). The individual SuDS
components described above do not constitute SuDS, if
applied in isolation. The SuDS philosophy, and effective
stormwater management in general, requires a series of SuDS
features, linked together, to form a stormwater management
system to treat and attenuate surface water runoff as close to
the source of runoff as possible, before being conveyed
downstream for further treatment and storage. O’Sullivan et al
(2011) found that understanding of this concept was not
widespread amongst drainage practitioners, suggesting that
experience is generally limited to SuDS installations for single
infrastructure developments. This suggests that there is a
fundamental lack of understanding of the philosophy
underpinning SuDS. This could be because the current
institutional structures do not support such a holistic approach
to stormwater management and may also suggest a failing in
the policies underpinning SuDS.
1.3

Drivers and Barriers of SuDS Policy across Europe

The political consequences of flooding have led to policies
that focus on flood mitigation – pushing the wider
environmental and social benefits of SuDS into the
background. This is reinforced in planning policies where
restrictions are placed on the rate of surface water discharge
only. Regional drainage management is complex and requires
not only flexibility but also consistency. There is international
recognition that for SuDS to be effectively implemented (i.e.
throughout a catchment) there is a need for consistent
institutional, legislative, economic and social arrangements to
apply throughout the catchment (Roy et al. 2008).

The policy of providing controls to the rate of stormwater
runoff has been established for some time. Historically,
restrictions to the rate of discharge from new roads were
usually achieved through the construction of underground
concrete tanks fitted with flow control devices. This approach
has led to concerns in relation to cost, health and safety
(particularly with maintenance) and land take. SuDS is
perceived to be the alternative and overcomes these issues
whilst addressing the wider environmental effects.
The US, Australia, The Netherlands, Germany and parts of
the UK, among others, have been implementing SuDS for the
past twenty years, supported by legislation across all levels of
Government; Federal, State and local (Roy et al. 2008). In
these countries, the benefits of SuDS have been recognised
and are more visibly supported by legislative, social and
political factors. Brown and Farrelly (2007) found that the
main drivers of SuDS were: environmental outcomes, public
health outcomes, social amenity and community perceptions
with multi-disciplinary collaboration seen as fundamental to
successful delivery of SuDS. Much of the published literature
in recent years in relation to enhancing SuDS adoption has
focused on social and institutional barriers and the role of
SuDS Champions or Change Agents to overcome these
barriers. SuDS retrofitting is expensive. Funding from Central
Government would be more readily available if the wider
societal benefits of SuDS (economic, ecological, health and
wellbeing, amenity etc) were known and understood by the
general public, as envisaged by the WFD.
2

CHALLENGES AND OPPORTUNITIES FOR SUDS
SYSTEMS IN A CHANGING CLIMATE

The principal treatment processes in a SuDS system are
Sedimentation and Biodegradation. Sedimentation is one of
the primary removal mechanisms in SuDS. Most pollution in
stormwater runoff is attached to sediment particles and
therefore the removal of sediment will achieve a significant
reduction in pollution loading to receiving water bodies.
Sedimentation is achieved through the reduction in flow
velocities to a level at which the sediment particles fall out of
suspension. However, care must be taken through design and
appropriate maintenance regimes to ensure the risk of resuspension is minimised during extreme rainfall events.
Biodegradation is a natural biological treatment process that
is a feature of several SuDS systems - systems that are subject
to both wet and dry conditions. In addition to the physical and
chemical processes of SuDS systems, biological treatment
may also occur. Microbial communities may be established in
the ground using the oxygen within the free-draining materials
and the nutrients supplied with the inflows, to degrade
pollutants such as hydrocarbons and grease.
The level of bioremediation activity will be affected by
environmental conditions such as temperature and the supply
of oxygen and nutrients. It also depends on the physical
conditions within the ground such as the suitability of the
materials for colonisation. Therefore, if a change in climatic
conditions brings about significantly wetter weather, it would
make sense to suppose that the oxygen dependent microbes
could be reduced. This in turn could diminish the removal of
hydrocarbons before the runoff is released into the
groundwater or a watercourse. Biodegradation is also
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understood to be temperature dependent. It is generally
accepted that an optimal temperature for these biological
processes exists, and that outside of that the biological
treatment of the runoff will suffer. However, to date little
research has been conducted in this area and it requires further
investigation.
3

WET AND DRY SYSTEMS PERFORM BEST

The presence of vegetation adds a physical filtration aspect
to SuDS systems. In the case of filter strips leading to
swale/basins, the majority of hydrocarbons are removed by
the first stage. If vegetation has been affected by drought, this
element of the treatment train will be absent (in a worst-case
scenario or significantly diminished at best). Maintenance of
filter strips, swales and detention basins typically involve
grass cutting. It is worth noting that hydrocarbons are also
broken down by UV light in a process called photolysis, but
where increasing levels of contaminants are building up in the
soil (in the swale, basin, pond or wetland) the affected soil is
likely to require removal and will more than likely be
classified as contaminated waste.
The most recent published literature suggests that ponds and
wetlands do not seem to benefit from the enhanced biological
treatment of hydrocarbons found in the oxygen-rich
conditions of the swales and basins (which are not designed to
hold a permanent volume of water). Nonetheless, ponds and
wetlands have been utilised extensively as the default
treatment system serving roads and motorways in Ireland and
UK, with little supporting literature to justify such initiatives.
In the selection of the most resilient and enduring SuDS
systems, this fact is important: only the SuDS features that
experience both wet and dry conditions benefit from this
added biological treatment. (Ponds and wetlands are proposed
as polishing stage options as part of a treatment train
(SNIFFER, 2008).
The temperature dependence of these aerobic microbes
(responsible for this additional layer of treatment) needs to be
further investigated, but it is generally accepted that the
chemical and biological treatment mechanisms found in SuDS
systems are enhanced with increasing temperature. Germida et
al (2002) contends that the successful implementation of
bioremediation systems requires the establishment of
appropriate plants and /or microorganisms at the containment
site. Factors to be considered include: (i) selection of
appropriate plant species, (ii) the influence of contaminants on
seed germination, (iii) the use of native versus non-native
plants and (iv) the effectiveness of inoculating contaminated
soils with microorganisms. Furthermore, the plant species
must be well adapted to the soil and climate of the region,
making soil characteristics, length of growing season, average
temperature and annual rainfall important considerations in
plant-assisted
bioremediation/biodegradation
planning.
Finally, the rate of microbial degradation generally doubles
for every 10 degree centigrade increase in temperature.
Indirect benefits include enhanced soil quality through
improvements in soil structure, increased porosity and
therefore water infiltration, providing nutrients, accelerating
nutrient cycling and increasing soil organic carbon. The use of
plants also stabilises the soil thus preventing erosion and
direct human exposure.
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Note: A database of suitable ‘candidate’ plants have been
created by the US EPA for selection across a range of Climate
zones in the US and will provide a useful source for the
selection of appropriate vegetative systems in Europe.
In summary, the working theory adopted to develop the
SuDS protocol, substantiated by the published literature and
findings from our own research is that a carefully selected
treatment train of SuDS features will provide the most
comprehensive treatment of Road runoff. Each appears to
have strengths and weaknesses depending on the drought or
flood scenario.
4

SUDS PROTOCOL

In summary, the working theory adopted to develop the
SuDS protocol, substantiated by the published literature and
findings from our own research is that a carefully selected
treatment train of SuDS features will provide the most
comprehensive treatment of road runoff. Each appears to have
strengths and weaknesses depending on the drought or flood
scenario.
The working assumption of this protocol is that the ‘road’
being considered here is a single standalone scheme, but at
conceptual design stage, some thought should be given to the
development of a ‘Modular SuDS System’, to allow for future
modifications to be undertaken to respond to clanging climatic
conditions, when “trigger points” are reached.
Figure 1 below describes the overall analysis which should be
undertaken to develop an appropriate surface water
management system in new and existing roads and describes
the steps which should be followed to select the most
appropriate SuDS components (based on allowable discharge
rates and water quality discharge limits) through to the
development of the SuDS Management Train, based on
legislative requirements and local needs.
Management trains for new and existing roads should
facilitate the construction of future SuDS components and/or
provide for future enhancements to existing SuDS
components - to mitigate the risk of flooding caused by more
extreme rainfall events and the risk of pollution due to lower
baseflow in receiving watercourses. These ‘modular
components’ can include: additional physical SuDS features
e.g. swales and ponds; enhancements to existing SuDS
features by upsizing; the introduction of vegetation and;
management actions e.g. subject to the findings of a
monitoring regime, it may be found that more frequent
maintenance of the SuDS components (grass cutting, disposal
of contaminated soil and planting) may negate the
requirement for additional SuDS components.
5

SOCIO-ECONOMIC ANALYSIS EVALUATION

Effective decision making is of paramount importance in
the management of the European road networks. There are
numerous tools available to assist in the decision making
process, one of which is a Socio-Economic Analysis. A SocioEconomic Analysis (SEA) is a study that analyses the
advantages and disadvantages of the relationships between
various strategies and the stakeholders, including society, who
would be impacted by those strategies. In the context of
WATCH, these strategies consider the most appropriate
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design, maintenance and upgrading/adaptation options,
whether traditional or SuDS, for water management on roads
with due consideration of climate change

Step 1: Identify Avialable Outfalls
e.g. watercource, sewer, groundwater

5.1

SEA Framework

Any analysis must have a starting point and an overall
objective. In this regard, an analysis framework, Figure 3, is
required to illustrate the process in a step by step manner, with
the output of each step informing subsequent steps. Each step
in the process provides guidance on the key questions that
stakeholders should address before embarking on an analysis
to identify the potential costs and benefits, economic and
otherwise, incurred for a proposed solution. It is intended that
the framework can be applied by any primary stakeholder for
different scenarios when considering the design, maintenance
and upgrading/adaptation of drainage systems with due
consideration of climate change. A complete description of
the framework can be found in Tucker et. al. (2018)

Step 2: Establish allowable discharge rates and
water quality discharge limits based on
legislative requirements and local needs.
e.g. assimilative capcilty , river basin
management plans, control of accidental
spillage, groundwater vulnerability,
groundwater quality, identification of sources
of potable water, subsoil permeability,
existing environmental pressures arising from
existing roads and/or local environmental
needs.
Note: In existing roads, fewer 'options' may
be available due to restricted availability of
land, however, there is a greater opportunity
for the designer to gather relevent data.
Figure 3. WATCH Socio-Economic Analysis Framework

Step 3: Consideration of Local Environmental
Factors to determine appropriate SuDS
Components

Step 4: Identify Management Train
e.g. ‘Ideal Scenario’ – Subject to Wet & Dry
conditions with sufficient subsoil permeability
and acceptable risk to groundwater

Figure 1. WATCH SuDS Protocol for New & Existing Roads

The framework is split into two phases, a Preliminary
Assessment phase and Evaluation phase respectively. The
preliminary assessment phase of the analysis is concerned
with setting the objectives, deciding on the most suitable
evaluation approach and collating and assessing the
information required to carry out the analysis. The steps in
this phase are intrinsically linked and several iterations
through the process may be required to reach a consensus on
whether it is worthwhile proceeding to the Evaluation Phase.
In the following paragraphs a brief description of each step is
provided;
Establishing the Context: The objective of this step is to
identify and consider those aspects that are relevant to the
stakeholder implementing the analysis. The context developed
should align with the stakeholders overall mission statement,
considering the external context (e.g. external stakeholders, its
local, national, and international environment) and internal
context of the organisation (e.g. internal stakeholders,
approach to governance, contractual relationships etc.), and
the context of the risk management principles and process.
The output should consist of a description of the external and
the internal context and the context of the risk management
process for the proposed solutions and provide answers to the
following (typical) questions; what is the purpose of the
evaluation? What is the context and priorities of the
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individual/organisation conducting the analysis? What is the
planning stage of the project? Is the assessment for a new
scheme or an existing road? What are the key parameters?
What return period is being considered? What are the outputs
of the socio-economic evaluation to be used for and how will
they be interpreted?
Determine Evaluation Approach: The evaluation approach
refers to the method adopted to measure the costs/benefits
associated with each solution. There are several
methodologies which can be adopted, which could be fully
quantitative, fully qualitative or a mix of quantitative and
qualitative evaluation depending on a number of factors
including the output requirements of the analysis, the
parameters considered in the analysis and the data available.
Typical methodologies include; Multi-Criteria Analysis
(MCA), Cost Benefit Analysis (CBA), Cost Effective
Analysis (CEA) and Life Cycle Costing (LCC). It is important
to note however, that the level/quality of data available will
often determine whether it is feasible to adopt a
quantitative/qualitative approach for any given parameter to
be assessed, but it is also important to consider the approach
in terms of the context/objectives of the evaluation. For
example, MCA is typically used for creating consensus
building among stakeholders to create a common
understanding between various disciplines if little or no
quantitative information is available. On the other hand, a
CBA requires that sufficient quantifiable data is available as
all benefits and costs are converted into monetary terms.
Choose Key Parameters: This step involves selecting the
parameters which should be considered as part of the
evaluation. The parameters chosen should be relevant to the
context and should be chosen based on the objectives of the
socio-economic evaluation as described when establishing the
context. The number and type of parameters chosen will likely
have an influence on the complexity of the evaluation and the
preferred methodology. In the context of SuDS, key
parameters which could be considered, among others include;
• Cost
• Technical Effectiveness (i.e. Performance) of the
system
• Flooding
• Water quality
• Amenity/Biodiversity
• Space available
• Adaptability to Climate Change
• Maintenance regime
• Technical & Organisational capacity of the NRA
• Societal Impacts & Requirements (effect, costs)
• Safety Constraints & Impacts (on road network).
If, for example an MCA approach is adopted, then
qualitative parameters would suffice.
Examine Available Data: In this step all relevant/available
data should be collated, and the quality and suitability of the
data should be assessed, considering a number of factors (e.g.
the origin of the data, the quality and accuracy of the data
etc.). The output should consist of a description of the extent
of data available for each parameter. This step is intrinsically
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linked with identifying the key parameters and the evaluation
approach adopted as lack of suitable data could enforce the
selection of parameters or the evaluation approach adopted.
Is sufficient data available to assess the chosen parameters?
This intermediate step involves considering if the available
data allows a meaningful socio-economic evaluation to be
carried out. The output of this step will consist of an itemised
list of all the available data and an assessment of whether it is
suitable or not for the evaluation. For example, if the purpose
of the evaluation is to compare the costs of different drainage
solutions with the goal of identifying the cheapest to install, if
there is insufficient information on construction costs then the
previous step may have determined that only a qualitative
approach is feasible. Based on the objectives of the
evaluation, it may be considered that a qualitative output
would not be useful, and hence progressing to the evaluation
stage may not be considered worthwhile.
Consider Climate Change: In this step, the effects of
Climate Change are introduced in advance of performing the
analysis and evaluating the output. Given the large number of
uncertainties associated with Climate change, in addition to
the ‘as-is’ scenario, consideration should be given to multiple
future scenarios which will need to be incorporated into the
evaluation. The output of this step is a description of the
hazard intensity, such as flood level, for the multiple climate
change scenarios that are deemed important to include in the
evaluation. These can then be used to assess the implications
for different options, including the ‘as is’ scenario.
Perform Evaluation: The objective of this step is to perform
the evaluation analysis, using an appropriate methodology, to
determine the advantages and disadvantages (e.g. cost,
benefits) associated with each parameter within a particular
solution. The outputs of the evaluation, depending on the
methodology selected, are the relative or actual costs and
benefits associated with each design, maintenance or
adaptation option under consideration. All costs/benefits
should be evaluated for each drainage (e.g. traditional vs.
SuDS) solution being considered, but also in the case of an
existing road for the “As-Is” reference scenario, whereby no
modification or upgrade is made to the drainage system
currently in place. The format of the outputs should be
presented in an appropriate manner to allow a comparison to
be made, in the next step, between each option considered.
So, for example, for an MCA, scores can be assigned in a
positive to negative range (e.g. -3 to +3) for each parameter
depending on the impact so of a particular measure. So, for
example compared to a traditional drainage design, the
following impacts of a SuDS system could be qualified, where
a higher positive score indicates an increased benefit (reduced
negative impact) to the NRA;
• Flooding – can be neutral
• Water quality – SuDS positive e.g. +3
• Amenity/Biodiversity – SuDS positive e.g. +2
• Space available – SuDS negative e.g. -3
• Adaptability to Climate Change – SuDS positive
e.g. +3
• Maintenance regime – should be neutral
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• Technical & Organisational capacity of the NRA –
SuDS may be negative e.g. -1
Examine and Interpret Outputs: The objective of this stage
is to interpret the outputs of the socio-economic evaluation
and ultimately choose the most suitable option. The outputs
should be examined in relation to the overall
context/objectives as identified at the outset. This step is
particularly important in the case of a semi-quantitative
evaluation, such as an MCA, whereby a decision is required
on the best solution given differing outputs for the parameters
assessed. For example, one outcome could result in costs of
€1 million to provide a ‘Medium’ risk of flooding, and a
‘Low’ risk of driver fatality, while an alternative outcome
could result in costs of €10 million to provide a ‘Low’ risk of
flooding, and a ‘Low’ risk of driver fatality. In this case, it
would then be to necessary to review the objectives and assess
whether cost or flood levels should be the key parameter used
in the decision making process. For CBA, LCC, CEA this step
will be more straightforward, requiring only each option to be
ranked based on the numerical evaluation of each option.
6

CONCLUSIONS & RECOMMENDATIONS

The performance of the SuDS treatment train should be
monitored over time, and NRA’s should consider this as a
means of confirming the performance of the SuDS system and
to justify modifications to the Management Train.
Demonstration projects are a key component in garnering
community acceptance. Water quality and monitoring results
should be made available to the public immediately and the
local community should be consulted throughout the process.
The following key recommendations should be included for
review when drafting future updates to NRA’s ‘Standards’:
• In new roads, maintenance plans and schedules should
be developed during the design phase.
• In existing roads, specific maintenance needs should be
monitored, and maintenance plans adjusted to suit local
requirements
• SuDS systems which are periodically wet and dry should
be the ‘default’ position.
• Space should be made available for additional SuDS
components to be constructed in the future, in response
to predicted climatic change and future development
needs.
• Drainage designs for new and existing roads should
include a maintenance regime to allow road operators to
plan for and cost future maintenance requirements and
upgrade works over the lifetime of the road. The
‘cheapest’ short-term solution may not be the most
‘viable’ solution, the SEA approach is fundamental here.
• Water quality discharge limits should be stipulated in the
Standards as it is in other national jurisdictions such as in
the United States of America and Australia. This will
help to ensure that the SuDS Management Train
philosophy will be fundamental to the design for roads
(thus providing greater flood resilience and to help
ensure compliance with the Water Framework
Directive).

• SEA evaluation can prove a useful tool in assessing the
optimal drainage system for management of water on
European Roads.
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ABSTRACT: The effects of increased urbanisation and climate change are placing significant stress on an aging sewer system.
It is therefore imperative that surface water runoff from any new construction project is managed effectively in order to reduce
the risk of flooding. Vortex Flow Control (VFC) devices manage the discharge of stormwater by inducing a vortex in the flow,
producing significant energy loss and restricting the flow to the desired discharge rate. VFCs operate without any mechanical
components or power sources, providing a sustainable solution to stormwater management. This study discusses the use of
Computational Fluid Dynamics (CFD) to characterise VFC performance across a range of operating modes and compares the
results to those from full-scale physical testing. The CFD simulations compared well with experimental results and predicted the
characteristics of the pseudo stable phases and their boundaries with reasonable accuracy. Deviations were observed in the flow
calculation within the transition zone due to the chaotic flow regime consisting of collapsing free surfaces. With the limitations
of the simulations known, the results can be used to characterise the performance of large VFCs and inform future developments
for improving performance. This can lead to significant cost savings and improved efficiency in drainage designs.
KEY WORDS: Sustainable drainage; Vortex flow control; Computational fluid dynamics; Flood alleviation.
1

INTRODUCTION

Climate change and increasing populations are just two
factors that present huge challenges to the water industry. In
general, studies have shown increased flood predictions in the
UK and Ireland, with the worst affected cities, Cork,
Waterford and Derry/Londonderry showing river flooding
increases of up to 80% for the period 2051-2100 [1]. This is
compounded by the predicted population growths in the UK
and Ireland which are expected to grow by 7% and 9%
respectively by 2031 [2][3]. With more people living in cities
and the increased urbanization that follows, effective
stormwater management is essential to reduce the risk of
flooding [4].
Stormwater is managed by controlling the amount of water
entering the watercourse from a developed site. The amount
of water is typically restricted to greenfield or brownfield
runoff – effectively equal to the pre-development discharge.
This discharge is known as the design flow. A flow control
system is required to limit the discharge. When water leaving
the site is restricted to the design flow, the water must be
temporarily stored on the site in an attenuation facility.
Appropriate sizing and positioning of attenuation and other
components in the drainage network is crucial to meet the
goals of effective and efficient stormwater management.
There are many ways to achieve these goals, but above all,
Sustainable Drainage Systems (SuDS) are the preferred
method for most water authorities.
Sustainable drainage systems (SuDS) provide a means to
achieve stormwater management by mimicking natural
drainage processes. Typical SuDS include swales,
bioretention systems, ponds and infiltration basins for
example [5]. These systems require an available footprint on
site, which may not be feasible in an urban environment.
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Where opportunities for flow control by infiltration are
limited, the use of vortex flow control (VFC) devices provides
a sustainable way to manage stormwater runoff as they
operate without any mechanical components or power sources
(Figure 1). The main benefit of VFCs over traditional orifice
plate flow controls is that attenuation requirements can be
significantly reduced, which provides greater opportunity to
use ponds, detention basins and other SuDS, or provides cost
savings to manufactured below ground storage systems if
required. These below ground storage systems are designed
with a factor of safety to account for climate change. VFCs
also provide similar flow restrictions to orifice plates but with

Figure 1. 3D render of a VFC in a drainage system. The
chamber inlet is on the left and the VFC is attached to the
outlet on the right.
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larger inlet and outlet clearances, allowing debris to pass
through more easily and decreasing the likelihood of
blockages occurring.
The reduced attenuation is achieved through the 3 phase
hydraulic characteristics of VFCs (Figure 2):
 Pre-vortex phase – hydrodynamics governed by orifice
flow. The flow generated by the upstream head is not
large enough to induce a vortex in the VFC. This phase
occurs until the flush-flow point is reached;
 Transition phase – flow throttling initiated. Vortex
continually forms and collapses, resulting in significant
energy loss and lower flow rates despite increasing head.
This phase is bounded by the flush-flow and kickback
points;
 Vortex phase – vortex fully formed with central air core.
The air core imposes a quasi-physical flow restriction,
reducing the available area in the pipe for outflow.
The characterisation of VFC performance relates the head
upstream of the device (𝐻) to the outflow leaving the device
(𝑄). This performance curve has a unique ‘S’ shape which
reflects the 3 distinct flow phases discussed above (Figure 2).
The flow control that permits the smallest attenuation
requirements would be considered the best performing. The
theoretical best performing flow control would allow constant
discharge at the design flow, minimising the amount of water
that needs to be temporarily stored on site. To the author’s
knowledge, there is no system currently available that will
achieve the theoretical best performance without the use of
mechanical components, which increases maintenance and
reduces reliability. A comparison between orifice plate, VFC
and the theoretical best performance is shown in Figure 3. The
VFC provides significant performance improvement over the
traditional orifice plate, resulting in significant cost savings
from reduced attenuation requirements. There is scope for
improving VFC performance further, but this requires a
deeper understanding of the hydrodynamics within each
individual flow phase.
Design point

hD

Head (m)

(iii)
Kickback
(ii)

Flush-flow
(i)
Outflow (l/s)

QD

Figure 2. Typical VFC performance curve (top left) and
diagram indicating typical flow path (top right), with
schematic diagrams of water profiles (bottom) for: (i) prevortex phase, (ii) transition phase and (iii) vortex phase.

STORM
WATER

ATTENUATION

+Orifice
(m3)

+VFC
(m3)

FLOW
CONTROL

Theoretical storage
(m3)

Figure 3. Flow control performance comparison (top) and plan
view of their respective storage requirements (bottom). The
‘Theoretical’ curve represents the performance providing the
smallest possible attenuation for the design point.
Previous studies to characterise VFC performance with
computational fluid dynamics (CFD) have focused on the
pseudo stable pre-vortex and fully formed vortex phases
[6][7]. Arguably, the most significant area for improving VFC
performance to reduce attenuation requirements lies within the
transition zone. The transition zone flow regime is highly
chaotic, involving collapsing free surfaces similar to those of
breaking waves, presenting significant challenges to the
numerical modeller. This study aims to investigate the full
performance characteristics across all hydraulic phases,
including the transition zone, using CFD. The results will be
compared to a full-scale parametric experimental programme
to give confidence in the numerical model to predict VFC
performance characteristics outside the range of physical
testing. The results can be used to inform design decisions on
future product development. The CFD model will also allow
significantly faster and more economical prototyping of new
design concepts to improve VFC performance.
2

METHODOLOGY

A purpose built full-scale test rig was developed at FP
McCann’s precast factory in Knockloughrim to conduct the
testing (Figure 4). A parametric experimental programme was
undertaken to investigate the effect of changing VFC
geometry on the performance characteristics of the device.
Simulations of VFC performance were conducted using the
CFD solvers provided in the OpenFOAM framework [8]. The
open source nature of OpenFOAM allowed for easy
integration of automated model pre-processing and postprocessing systems, providing efficient performance
characterization of a wide range of VFC geometries and
operating modes. This allowed the numerical investigations to
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mirror the parametric experimental work and provide greater
insight into the performance of VFCs at different sizes.
Simulation geometry was generated in Salome [9] and meshed
using SnappyHexMesh from the OpenFOAM Toolbox.
Characteristic performance curves were visualised using
Matlab [10] and post-processing of simulation fields was
conducted using Paraview [11].

Figure 4. Full-scale test rig at Knockloughrim factory, NI.
2.1

Full-Scale Physical Testing

The test rig comprised a series of precast concrete chambers
connected in a closed loop. Several interconnected storage
chambers provided the volume of water required for the
experiment. Water was pumped from the storage chambers
into the main test chamber where a VFC was attached to the
outlet. The flow of water entering the test chamber was
measured using an electromagnetic flowmeter and controlled
using a variable frequency drive to alter the pump speed. As
water was pumped from the storage chambers into the test
chamber, the water level in the test chamber increased,
causing water to exit the chamber through the VFC. The head
of water in the test chamber was recorded using a pressure
transducer tapped into the side of the chamber wall. Readings
of head and flow were recorded every second on a data
logger. The flow through the VFC was determined by
calculating the volume change from the head readings with
respect to the flow entering the test chamber. This transient
method, where VFC performance was determined as the test
chamber was filling, allowed for very efficient testing.
Furthermore, VFC performance could also be determined
from the recorded data of the test chamber emptying after the
test was complete. Testing times varied between 20-40
minutes and provided two characteristic performance curves
for comparison. The experimental methodology was validated
using one of the simplest forms of flow control device: an
orifice plate. The equations governing flow through an orifice
are well established in the industry and give a good indication
of the validity of the experimental results. Figure 5 shows the
results for an Ø83 mm orifice. The results for both the filling
and emptying of the test chamber show good correlation with
the theoretical orifice performance, giving confidence to the
accuracy of the experimental methodology. The test rig was
designed to test VFCs ranging from 1.0 – 40 l/s flow and up to
2 m head. The use of CFD to simulate VFC performance
allows devices to be specified beyond the limitations of the
physical test rig.
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Figure 5. Experimental filling (black) and emptying (red)
orifice plate performance. Numerical results (blue) calculated
using 2 equations: starting with flow over a circular sharpcrested weir [12], then flow through submerged orifice.
2.2

Computational Fluid Dynamics

The simulation domain was modelled as a simplified
representation of the experimental test chamber. The fluid
dynamics were modelled using the multiphase solver
interFOAM to simulate the interaction between air and water
before, during and after vortex formation within the device.
The boundary conditions and values used were adapted from
the Dam Break problem – a widely used tutorial case for
multiphase flows. The domain was gradually filled with
water, increasing the upstream head within the system and
causing water to flow out through the device. A transient
simulation was chosen with adaptive time stepping to satisfy a
Courant number of 0.5. In abstract terms, the time step was
reduced so that the fluid particles would not move across
multiple cells in the grid, which can lead to problems with
convergence.
Three turbulence models were assessed in this study: laminar
(or no turbulence), 𝑘-𝜖 and 𝑘-𝜔 SST. The laminar model was
used as a reference case to assess the effects of introducing
turbulence. The 𝑘-𝜖 model is commonly used as a starting
point for modelling turbulence due to its relative simplicity
(turbulent viscosity assumed isotropic) and extensive
validation in the field [13]. The 𝑘-𝜔 SST model is a hybrid of
the 𝑘-𝜖 and 𝑘-𝜔 models, combining the improved modelling
in the near-wall region from the 𝑘-𝜔 model with the strengths
of the 𝑘-𝜖 model in the far-field, fully turbulent region [14].
The respective wall functions in OpenFOAM were applied for
each turbulent model assessed. Figure 6 shows the results for
the 3 different models. The 𝑘-𝜔 SST model provided the best
comparison with experimental results and was selected for the
parametric study. A mesh discretisation study was conducted
to assess the effect of grid element size on VFC performance
characteristics (Figure 7). The study revealed that a resolution
of 500-800k cells provided a suitable compromise between
computational efficiency and maintaining a reasonable mesh
resolution in the near wall region.
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Figure 8. Comparison of experimental and numerical results
for low flow (Left: Q = 10 l/s, H = 1.5 m) and high flow
(Right: Q = 35 l/s, H = 1.85 m) VFCs.

Figure 6. Turbulence model comparison.

During the transition phase, the simulation results over predict
the outflow observed in the physical tests. The flow regime is
significantly chaotic during the transition phase, where the
vortex is continually forming and collapsing as the water rises
up the vortex chamber wall and falls down upon itself. Figure
9 shows a snapshot of the simulated water profile in the VFC
during the transition phase. Only the cells containing water
are shown (phase fraction, α = 0.5 – 1.5), with the blank
spaces indicating the presence of air pockets (α = 0 – 0.5). The
velocity colourmap indicates the magnitude of velocity in
each cell. The sloshing motion of the water and subsequent
entrapment of air is very difficult to mathematically model,
especially using averaging turbulence schemes.

Figure 7. Mesh discretisation comparison.
Each simulation was run for 60 seconds, with written time
steps every 0.1s. Time steps were typically in the region of 5
X 10-5s. Total simulation time varied between 2-3 days per
simulation depending on the domain size and VFC geometry.
Simulations were run on a dual CPU desktop workstation (16
physical cores @ 2.6GHz, 64GB RAM) using OpenFOAM
3.0.0 installed on Ubuntu 14.04.
3

RESULTS

A total of 28 simulations were undertaken across a wide range
of VFC geometries for the comparison of CFD and
experimental performance. A sample set of results is
presented in Figure 8 for low and high flow VFCs. The
pseudo stable pre-vortex phase shows good agreement
between experimental and numerical results and matches well
with the analytical equation for flow over a circular sharpcrested weir [12]. The results in the fully formed vortex phase
also show good correlation, with observed discrepancies <
10%.

Figure 9. Water velocity colourmap of a z-axis plane section
through a VFC operating in the transition zone.
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To quantify the differences between the transition zone
results, the ratio between experimental and numerical flush
flow and kickback points (points that bound the transition
zone) was calculated:

∆𝑄 = 𝑄𝐸𝑥𝑝 / 𝑄𝑁𝑢𝑚

(1)

∆𝐻 = 𝐻𝐸𝑥𝑝 / 𝐻𝑁𝑢𝑚

(2)

where 𝑄 is the flow (l/s), 𝐻 is the head (m) and subscripts
𝐸𝑥𝑝 and 𝑁𝑢𝑚 indicate the experimental and numerical
models respectively. The results are summarised in Table 1.
Significant difference was observed for the flow at the flushflow point, where in the worst case the simulation results over
predicted the experimental by a factor of 2. The coefficient of
variation for the flow at the flush-flow point was also the
largest out of all the performance points analysed (14%).
However, the flush-flow head is predicted relatively well with
a mean ∆𝐻 = 1.04. Similarly, little difference was observed
between the numerical and experimental kickback head,
indicating that CFD can be used to predict, with reasonable
accuracy, the ending and beginning of the pseudo stable prevortex and vortex phases respectively. This is an important
feature when trying to design VFCs outside the range of what
is feasible to test physically. The average ratio of the kickback
flow also shows good correlation between experimental and
numerical results, meaning that a significant portion of the
VFC performance characteristics can be reasonably
determined through CFD. Design considerations can be
established to take account of the known discrepancy in the
CFD prediction of the flow at the flush-flow point.
Table 1. Mean (µ) and Coefficient of Variation (CV) of
experimental to numerical ratios for flush-flow and kickback
points averaged across 28 tests.
Performance Point
Flush-flow
∆𝑄
∆𝐻
Kickback
∆𝑄
∆𝐻

µ
0.68
1.04
0.93
1.02

CV (%)
14
12
7
8

twice as large as the corresponding experimental results. With
the limitations of the simulations known, the results can be
used to characterize the hydraulics of large VFCs and inform
design decisions for improving performance. Future work will
involve investigating new ways to model the transition zone to
more accurately capture the hydrodynamics observed in
physical testing.
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ABSTRACT: A comprehensive understanding of the mechanisms of flooding and inundation extent is vital for effective
implementation of flood management. Cork City has been subjected to numerous flood events in the recent past; the most
extreme of which occurred due to a combination of high river flows and high coastal water levels. A state-of-the-art multi-scale
nested two-dimensional hydrodynamic flood model (MSN_Flood) has been developed, which is proficient at resolving multiple
flood drivers within the complex bathymetry of Cork City and capable of accurately hindcasting historic flood events.
However, it is essential that any changes in inundation extent as a result of climate change are identified in order to develop
appropriate flood defence measures and prevent future damage to infrastructure and reduce risk to life. Although there is a
consensus that sea levels are rising and extreme rainfall events increasing, with expected increases in flooding, there is a wide
range of possible future climate scenarios. A review has been carried out within this paper in order to develop a comprehensive
understanding of possible changes to flood mechanisms for the River Lee catchment, Cork Harbour, Celtic Sea and wider
North-East Atlantic. With the identification of changes to these mechanisms, the MSN_Flood model has been utilised to
quantify the potential impact on future flood extent. This research demonstrates that a near 20% increase in the areal extent of
flooding is possible as a result of the impacts of a medium-range future climate scenario on sea level and fluvial discharges. The
high resolution outputs identify areas projected to be subject to increased flooding for different scenarios, and can be utilised to
determine appropriate flood management measures for future climate scenarios.
KEY WORDS: Climate Change; Flooding; Hydrodynamic Modelling; Cork City.
1

INTRODUCTION

Cork City, Ireland has a history of frequent flooding, with
significant flood events occurring in the recent past, most
notably in November 2009. Flood events generally occur due
to high river flows; however, the most extreme flooding
occurs due to a combination of high river flows and high
coastal water levels. Coastal flooding is complex, as it results
from a precise combination of different drivers, including
mean sea level, tides and storm surges, and accurate
modelling of the dynamics of these systems is critical for
realistic simulation of flood extent. A hydrodynamic flood
model has been developed and validated for Cork City
through accurate hindcasting of the 2009 flood event and
found capable of resolving these systems [1].
Identified flood mechanisms in Cork City are controlled
primarily by meteorological conditions as well as local sea
levels, both of which are expected to be impacted by global
warming [2]. Extensive research exists on the potential
impacts on these flood mechanisms, on both global and local
scales. However, there is a wide range of possible future
climate scenarios based on different emission scenarios and
different climate model simulations. Consideration has been
made of a number of studies, herein, in order to develop a
comprehensive understanding of expected or potential
changes to flood mechanisms affecting Cork City during the
21st Century. This review allows for the identification of a
range of new model boundary conditions, which can be
utilised in the existing validated flood modelling system to
quantify the impacts of climate change on flood extent.

2

STUDY AREA

Cork City is located on the South-West coast of Ireland, on
the mouth of the River Lee where it discharges into Lough
Mahon and Cork Harbour, and subsequently the Celtic Sea
and North-East (NE) Atlantic Ocean. The Lee catchment
covers an area of 2,181 square kilometres (km2), drained
primarily by the River Lee and tributaries, as well as the
Owenboy River, River Bride, Glashaboy River, Owennacurra
River and a number of smaller watercourses discharging to
Cork Harbour and the adjacent coast. Cork Harbour is a large
natural tidal estuary covering approximately 350 km2, with
freshwater inflows from the River Lee and adjacent
catchments.
The Innishcarra and Carrigadrohid hydro-electric dams are
located on the River Lee approximately 13 km and 27 km
west of Cork City, respectively. These dams are owned by the
Electricity Supply Board (ESB) and provide storage, and
controlled discharge, of floodwaters. During heavy rainfall
events water levels are managed in such a way that ensures
dam safety, mitigates potential flooding downstream, prevents
peak outflow exceeding peak inflow and prevents fluvial
peaks coinciding with high tide in Cork Harbour [3]. Where
heavy rainfall is forecast, water levels are lowered to increase
storage capacity and to allow for improved flood attenuation
capability.
River flows in the lower River Lee and, subsequently,
fluvial flooding in the Cork City area are largely controlled by
discharges from the Inniscarra Dam following heavy
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precipitation; as well as additional flows from the Shournagh,
Bride and Curragheen sub-catchments downstream. River
water levels are also impacted by seawater intrusion from
Cork Harbour, which is constrained by a weir 8 km upstream
of the river mouth [4].
3

climate change, assuming accurate identification of the
impacts of climate change on boundary conditions.

HYDRODYNAMIC MODEL

A state-of-the-art flood modelling system has been developed
for Cork City, comprising a multi-scale nested twodimensional hydrodynamic flood model (MSN_Flood) [5] [1] - [4]. MSN_Flood is a depth-averaged, finite-difference
model, which dynamically downscales coastal processes and
simulates the propagation of floodwater into high-resolution
urban and rural environments. The continuity and NavierStokes equations are integrated over the water column to
define the governing differential equations required to
determine water elevation and velocity.
The model
bathymetry was developed using admiralty chart data for Cork
Harbour, high-resolution Light Detection and Ranging
(LiDAR) data to define urban bathymetry and cross-sectional
survey data for the River Lee [4].
The accuracy of flood mapping has been shown to be
largely dependent on the level of detail incorporated in the
digital terrain model representing the river channel,
floodplains and areas of coastal inundation, e.g. [6] - [7]. This
is of particular importance in urban areas where land surfaces
are extremely complex. However, flood modelling requires a
large computational domain, particularly if resulting from
both coastal and fluvial flooding, and incorporating
resolutions required for urban topography across the entire
domain incurs significant computational cost. As lower
resolutions are capable of resolving large scale offshore surge
and shallow-water processes, modelling is generally carried
out at coarser scales, e.g. [7]. However, lower resolution
model bathymetry has been shown to result in perceptible
decreases in model performance, e.g. [8] - [9] - [10].
The MSN_Flood model overcomes these limitations by
embedding higher resolution grids in a larger scale lower
resolution model, in order to dynamically downscale largescale processes to the resolution of urban environments [4].
The model comprises a four-level cascade of dynamically
linked nested grids at 90, 30, 6 and 2 metres, with each
coarser grid providing the boundary conditions to the next
finer grid. The full domain of Cork Harbour is resolved at
90 m and represented by the parent grid (PG90). The full
extent of the embedded child grids and nesting structure are
shown in Figure 1. Boundary conditions to the parent grid are
provided as total water levels based on mean sea level, tides
and surges. The 30 m child grid (CG30) is embedded entirely
in PG90 and provides water elevations to the eastern boundary
of the 6 m child grid (CG06). River Lee discharges provide
water conditions along the western boundary of CG06, and
CG06 provides boundary conditions to a fully embedded 2 m
child grid (CG02); which resolves the complex hydraulics of
Cork city centre.
This system has been calibrated and tested through
hindcasting of the November 2009 flood event in Cork City
and found to accurately model flood wave heights, speeds,
propagation patterns and inundation extent [1]. This has the
potential to accurately predict detailed flood response to
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Figure 1. Four-level nesting structure of Cork Harbour and
Cork City nested models [4]
4

FLOOD MECHANISMS AND CLIMATE CHANGE

The Intergovernmental Panel on Climate Change (IPCC) Fifth
Assessment Report describes patterns of increasing global
mean temperatures and rising global sea level [2]. Higher
temperatures cause an increase in atmospheric water vapour,
leading to an increase in mean precipitation and in the
frequency of heavy precipitation events. A temperature
increase of between 1.4 and 2.9˚C is projected in Ireland [11],
with winters anticipated to become wetter and summers drier
[12]. It is expected that patterns of climate change will
ultimately increase flood risk in North-Western Europe [13] [14]. However, it is difficult to quantify the exact impact of
climate change on flood mechanisms, particularly on a local
scale.
Fluvial Flood Mechanisms
Fluvial flooding is ultimately the result of precipitation, with
water level response to precipitation dependent on the
intensity of the rainfall, antecedent weather conditions and
catchment characteristics, as well as on any anthropogenic
controls within the catchment. Climate change is expected to
alter evaporation and precipitation patterns and so
significantly affect the hydrological cycle [15]. A number of
studies have been carried out to assess the impacts of climate
change on Irish catchments based on different emissions
scenarios and the outputs from different climate models.
Steele-Dunne, et al [16] predict seasonal cycles of mean
monthly precipitation and inter-annual variability on a
catchment scale, based on climate projections as per the
Special Report on Emissions Scenario (SRES) A1B [17].
Simulated changes in temperature and precipitation were
applied to a conceptual rainfall-runoff model to quantify the
impacts on discharge in nine Irish catchments, and expected
percentage change in monthly stream flows for 2021-2060
were determined. Due to expected increases in winter
precipitation, stream flow was projected to increase by up to
20% from October to April, with the greatest increase in the
Blackwater and Bandon Catchments, immediately north and
south (respectively) of the River Lee Catchment. Similarly
Bastola, et al [18] evaluate the impact of climate change on
seasonal river flows using probabilistic climate change
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scenarios from a wide range of global climate model (GCM)
outputs based on the IPCC’s Fourth Assessment Report.
Probability density functions were produced representing
percentage changes in seasonal mean flows for 2070-2099,
with increased flows in winter and spring, and decreased
flows in autumn and summer projected. Increased winter
flows and expected increases in extreme precipitation events
were shown to intensify the risk of flooding, particularly in
those catchments with fast response times and in catchments
located in the southwest of the country [16]. The annual
maximum daily mean flow was projected to increase for all
return period in both the Blackwater and Bandon Catchments.
Bastola, et al [19] demonstrate that there is a large degree of
uncertainty in estimates of climate change impacts on
hydrology, largely due to inherent uncertainties associated
with impact models and with estimates of natural climate
variability, future greenhouse gas (GHG) emissions, and
climate system response at global and local scales. An
assessment of the percentage change to peak flows was made
using a range of GCMs, emission scenarios and hydrological
models for four Irish catchments in an attempt to provide
some quantification of the scale of uncertainty in projections
[20]. An increase in the peak flow associated with 5, 25, 50
and 100-year return periods was observed in all catchments,
although the magnitude of change varied between catchments
and between simulations. A larger degree of uncertainty in
the magnitude of change was determined for lower frequency
(larger flood) events. Examining the simulations of peak
flows in the Blackwater catchment reveals that the median
estimated increase was approximately 16% for all return
periods for the period 2071-2100. However, the upper 95
percentile of simulations indicated an increase of up to 42.1%
for a 100-year return period event.
Coastal Flood Mechanisms
Coastal flooding occurs due to extreme sea levels, which are a
function of mean sea level, tides, waves and storm surges.
Mean sea level is controlled by temperature and water
balance. Increased temperatures cause an increase in global
average sea surface temperature (SST) which drives salinity
variations and thermal expansion, leading to steric sea level
rise (SLR) [21]. Increased global temperatures also drive the
influx of water from melting glaciers [22] and ice sheets [23]
[24], leading to eustatic SLR.
Projections of future global mean sea level have been made
for different possible future climate scenarios, based on a set
of Representative Concentration Pathways (RCPs) describing
potential future emissions of greenhouse gases [2]. The RCPs
were used to simulate future climate under the Coordinated
Modelling Intercomparison Project Phase 5 (CMIP5), which
predicts a global mean SLR of between 0.26 m and 0.82 m for
the period 2081 – 2100, relative to the period 1986 – 2005
(Table 1) [2]. However, it is considered possible that a rise of
up to 1.8 m could occur by 2100 [25].
Projected SLR will not occur uniformly across the globe.
Olbert, et al. [21] carried out a detailed regional analysis of
climate change in the Irish Sea (immediately north and east of
the study area), and highlighted the complex interrelationships
controlling impacts on a local scale. Data from a global ocean
model applied to a regional model allowed projections of

specific spatial and temporal changes in SST and resultant
changes in steric sea level, stratification strength, mixed layer
geometry and ultimately in local circulation patterns. This
study yielded a projected sea level rise of approximately
0.47 m. This is in line with the RCP4.5 (moderate emission
mitigation policy scenario) projection of global mean sea level
[2] suggesting that global projections are reasonably
representative of local changes in the study area.
Relative sea level rise (RSLR), also depends on land
movement driven primarily by isostatic adjustment in Ireland,
due to the retreat of the British-Irish Ice Sheet following the
Last Glacial Maximum [26]. Deglaciation has led to uplift
(rebound) where the ice was thickest and subsidence of the
peripheral bulge beyond the ice margins, which includes the
southern regions of Ireland [27]. Relative rates of land-level
change within the region of Cork over the previous 1000 years
are reported as -0.4 mm/year [28].
In addition to regional variations, sea level can be enhanced
locally by tides, waves and storm surges. Tides are the
dominant control on coastal water levels.
These are
astronomically driven and occur semi-diurnally on the
European shelf, forced primarily by the M2 tidal constituent.
Intervals of higher amplitude (spring) and lower amplitude
(neap) tides are associated with the relative positions of the
Sun and Moon. Tidal amplitude is also controlled by ocean
bathymetry [29]. Consequently, tides have the potential to be
impacted by changing sea levels [30]. An increase in water
depth in ocean basins can affect tidal resonance, whilst
flooding of low-lying land can add new shallow water effects,
such as friction, thereby increasing tidal dissipation [31].
Some studies, e.g. [32], suggest that projected 21st century
RSLR will have a negligible effect on tides, with only
excessive SLR (>2.0 m) having a significant impact [33].
However, studies modelling the tidal regime on the European
Continental Shelf, e.g. [31] - [34] - [35], suggest that tidal
amplitudes can be altered by relatively small changes in sea
level, equivalent to some projections of SLR for the 21st
Century. In the Celtic Sea, tides are projected to display a
non-proportional response to SLR due to the complex
interrelationships between changes in bed friction, wave
characteristics, resonance properties and coastal reflection
[35].
Storm surges are temporary increases in sea level associated
with extreme meteorological conditions in the form of lowpressure systems and/or strong winds, e.g. [36]. In the Celtic
Sea, adjacent to Cork Harbour, pressure is considered the
main contributor to surge generation [37], with wind forcing
playing a secondary role. Surges are of relatively low
magnitude in this region, due to a negative correlation
between wind and pressure-driven surges [37]. Storm surges
are often projected to increase in frequency and/or height in
response to climate change, e.g. [38] - [39] - [40]. This is a
global concern predicted due to a combination of SLR, which
enhances surge peaks, and potential increases in the frequency
of low pressure events [2]. However, this relationship is nonlinear as SLR influences tide propagation as well as water
elevation and so effects tide-surge interactions [34] - [41].
Additionally, there is uncertainty in projected changes in lowpressure weather systems, particularly in the North Atlantic
basin [2]. Numerous studies predict an increase in the
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intensity and frequency of cyclones in this region, e.g. [12] [42], whilst others suggest a decrease in storminess, e.g. [43].
Despite predicting increases in surge intensity around the
majority of the Irish coast, Wang, et al. [39] estimate a
17.76% decrease in maximum surge height for Cork Harbour.
However, a 10.6% increase is projected in the frequency of
significant surges, i.e. those typically associated with coastal
flooding. The most extreme coastal sea levels occur as a
result of a combination of high tides and storm surges [41].
As such, although there is an estimated decrease in maximum
surge height, the increase in frequency of large surge events
has the potential to increase the likelihood of a significant
surge occurring on a high tide.
RESULTS

The MSN_Flood model simulates water levels and velocities
across the domain over a 50 hour period. A range of model
input files were generated, representing both average and
flood flows in the River Lee at the western model boundary,
and average and maximum water elevations and associated
fluctuations in Cork Harbour in response to tides and surges –
for both present and future climatic conditions (Table 1).

Discharge (m3/s)

5

stronger and weaker tide-generating forces [47]. Olbert, et al.
[41] determined a maximum high water spring tidal range of
4.53 m above chart datum (CD) associated with a 1,000 year
return period, from which a maximum HWT of 2.23 m above
MSL was estimated.
The most pertinent projections for changes in these flood
mechanisms for a Mid-Range Future Scenario (MRFS),
representing the general average of future climate projections,
and a High-End Future Scenario (HEFS), representing an
extreme future based on the upper end range of future climatic
conditions, are summarised in Table 1 and illustrated in
Figure 2, Figure 3 and Figure 4 for peak current, MRFS and
HEFS flood inputs - based on the review detailed in Section 3.
800
700
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Table 1. Model Boundary Conditions
Mechanism

Current

MRFS

HEFS

Mean flow
Peak flow

75.0 m3/s
512.3 m3/s

-

-

+15.8% a

+42.1% a

10
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Time (hours)
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50

Figure 2. Fluvial inputs for 100-year flood event
4

Coastal
Mean HWT
Max. HWT
MSL + Subsidence
Peak Surge Residual

1.40 m above MSL
2.23 m above MSL
0.00 m
+0.50 m b +0.63 m b
0.97 m
-17.76% c
+15% d

Water level (m)

Fluvial
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0
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0

HEFS MSL Rise
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Figure 3. MSL inputs for maximum HWT
5

Water level (m)

In order to simulate the contribution of average or peak
river flows in the model, it was necessary to obtain inflow
hydrographs representing these conditions at the western
boundary of the model. Sources suggest that the normal
operational discharge levels from the Inniscarra Dam are
75 m3/s [44]. Flood frequency analysis, using the Flood
Studies Update (FSU) Portal, provided a peak flow of
512.3 m3/s associated with a 100-year return flood event at the
model boundary. This is comparable to the peak recorded
during the 2009 flood event (560.42 m3/s) and to other
projections for a 100-year event [45]. In reality, flows are
strongly dependent on operational procedures at Inniscarra
Dam and cannot necessarily be accurately projected using
flood frequency methods.
However, dam operational
procedures suggest a maximum discharge of around 550 m3/s,
which is comparable to the projected 100-year flow [3].
Mean spring and neap tide ranges in Cork Harbour are
typically 3.6 m and 2.0 m respectively [46], suggesting an
average tidal range of 2.8 m and mean high water tide (HWT)
of 1.4 m above mean sea level (MSL). Tides are also affected
by the elliptical orbit of the Moon and by the changing
declination of the Moon and Sun, which produces a cycle of

MRFS MSL Rise

-4

a: Bastola, et al., 2011b [20]
b: IPCC, 2013 [2] & Olbert, et al., 2012 [21] & Shennan, et al., 2012 [28]
c: Wang, et al., 2008 [39]
d: Arbitrary
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Figure 4. MSL inputs with surge for maximum HWT
The MSN_Flood model can be run for a variety of scenarios
under present climatic conditions; modelling impacts in
response to each flood mechanism individually, and in
response to the combined impact of multiple mechanisms.
This provides a basis for quantification of the impacts of
climate change. The current 100-year fluvial discharge was
found to cause a total of 197 hectares (ha) of inundation in the
6 m model domain (illustrated in Figure 1) under current sealevels (Figure 5a), similar to the 2009 flood event.
Comparable simulations can be carried out for a MRFS and
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HEFS to determine the impacts resulting from individual and
combined changes in each mechanism.
MRFS MSL
projections have the highest confidence, with estimates of
fluvial responses and alterations to surge dynamics being of
lower certainty, and the potential for coincidence of peak
contributions of each mechanism being of significantly lower
confidence. When modelled under mean fluvial conditions,
no coastal inundation was found to occur under a MRFS
MSL. However, when combined with the 100-year fluvial
discharge this was found to cause an increase in affected area
to 208 ha, with inundation increasing notably in the city centre
(Figure 5b).

(a)

(b)

(c)

scenario, reaching up to 1 m/s as far east as Grand Parade
under the combined MRFS for fluvial flows and MSL rise.
6

CONCLUSIONS

In Cork City, extreme flooding occurs due to a combination
of high river flows, driven primarily by precipitation, and high
coastal water levels, driven by high tidal amplitudes and storm
surges. The MSN_Flood modelling system has the capability
of accurately simulating flood inundation in response to these
drivers and so has the potential to determine future flood
extent in response to climate change. Research has been
carried out with the purpose of determining new model
boundary conditions, in order to provide a high-resolution
forecast of flooding in Cork City. Existing studies have gone
a long way into determining the potential impacts of climate
change on the drivers of this system. However, there is a
wide range of possible future climate scenarios based on
different emission scenarios and different climate model
simulations. As such, it is difficult to quantify the exact
impact of climate change on flood mechanisms, particularly
on a local scale. Attempts have been made here to collate a
range of projections relevant to changes in Cork City flood
mechanisms based on a range of future scenarios, with the
most readily available being for medium-range and worst-case
(high-end) future climate scenarios. Altering inputs to the
MSN_Flood model to account for projected changes to flood
mechanisms can provide a projection of the potential extent of
future inundation, as well as an indication of associated water
depths and velocities. As flooding in Cork City is a result of
multiple mechanisms, it is essential to determine the potential
inundation resulting from coincidental peak fluvial, tidal and
surge controlled water levels, where each is exacerbated by
climate change.
High resolution model outputs can
subsequently be used to identify areas predicted to be subject
to increased flooding, and to determine and test potential
defence measures through successive model runs. Results
presented here indicate a near 20% increase in inundation
extent for a MRFS fluvial discharge combined with a MRFS
MSL, when compared with the current 100-year fluvial flow.
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ABSTRACT: The 72km long River Bandon is located in the South Western River Basin District, discharges to Kinsale estuary
and drains a catchment of 608km2. The river is characterised by a dynamic sediment transport regime; a range of river works
including dredging are currently on-going. This research paper presents the results of an analysis of a field data gathering
programme undertaken over recent years to investigate both suspended sediment and bed sediment behaviour and transport on
the River Bandon.
Data gathered from an automatic water sampler and a turbidity sensor at the Curranure Gauging Station has been used to
investigate the Suspended Sediment Concentration (SSC) signal during high flow events and during recent dredging works.
Peak SSC values in excess of 250 mg/l have been recorded during high flow events; elevated SSC values have been recorded
during dredging events with a relatively quick return to ambient SSC levels.
Bedload transport was successfully recorded at bed sediment traps positioned at three locations in the river system; upstream of
the Bandon Footbridge, immediately downstream of Bandon Bridge and upstream of the Curranure Gauging Station. Sediment
was collected from the traps for different river flow conditions with movable sediment sizes (D50) ranging from 8 to 25mm. The
analysis indicates that incipient bed movement is triggered within the 10 to 14 m3/sec flow rate range.
KEY WORDS: Sediment Transport; Suspended Sediment; Bed Load.
1. INTRODUCTION
The River Bandon and its dynamic sediment behaviour is the
subject of this paper. The town of Bandon has a history of
flooding. Stretches of the river in Bandon town and
downstream are currently undergoing significant river works.
Sediment samples were taken at a number of locations along
the river from near the weir in Bandon town to 3.6 km
downstream at the Curranure hydrometric gauging station.
Suspended and bed sediment samples were taken manually.
Suspended sediment data was also gathered using an
automatic water sampler and turbidity sensor data at
Curranure was also gathered. Bed traps were installed in the
river bed to capture sediment load. All sediment samples were
tested and analysed using standard laboratory methods.
Suspended and bed sediment behaviour and transport are
presented and discussed.

downstream of the town of Innishannon [6], the catchment is
primarily agricultural with three relatively large urban
settlements along the river; Dunmanway, Bandon and Kinsale
(see Figure 1).
Dynamic sediment movement is a significant feature of the
river system within the catchment, with both bank and bed
erosion and deposition visually apparent along the river from
upstream of Dunmanway to Innishannon Bridge [1]. Shallow
and exposed bedrock is also a feature of the river system.

The research work presented in this paper has formed part of
the overall River Bandon improvement works and has
contributed to an increase in the knowledge base of sediments
for this river system. Previous research work for the river
completed by Cork Institute of Technology (CIT) has been
presented, for example, in [1], [2], [3], [4] and [5].
2. BANDON CATCHMENT
The River Bandon is located in the South Western River
District (SWRBD), rises in the Shehy Mountains and
discharges to Kinsale Estuary. The river is tidal up to
approximately 15km upstream of the Kinsale Estuary which is

Figure 1: River Bandon Catchment
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3. RIVER BANDON WORKS – CURRENT STATUS
The Office of Public Works (OPW) funded river works in
Bandon Town and downstream has commenced with the inwater dredging works being undertaken in the Summer
periods (from the 1st May to the 30th September) of 2017 and
2018. The extent of the river works is presented in Figure 2.
The dredging works spans a 3.6km distance from the weir in
Bandon town downstream to O’Driscoll’s Bridge at a slope of
1/1000. The bed level will drop at the weir by 1.9.m, at
Bandon Bridge by 1.7m, at the wastewater treatment plant
(downstream of Bandon town) by 1m and going to bed level
at O’Driscoll’s Bridge. Once dredging is complete, pools,
riffles and a thalweg will become a feature of the post-works
river system [6].

4.2
Suspended Sediment – Manual Sampling Analysis
Suspended sediment samples were taken primarily using the
surface grab approach, some depth integrating samples were
also taken. Water levels were recorded using the local staff
gauge at each sampling location (if available) or downloaded
from the OPW water level record website as necessary [7].
Table 1, for example, shows a summary of manually sampled
suspended sediment concentration (SSC) data over the
recording period. These show suspended sediment
concentration values generally less than 10 mg/l (with mean
sampling values significantly lower) reflecting the clear nature
of the water flows observed along the river reach during the
sampling work as a snap shot in time. Some higher SSCs were
found, typically elevated during high flow events.
Table 1: Summary of Suspended Sediment Concentrations
Location
Suspended Sediment Concentration (mg/l)
Minimum
Maximum
Mean
Footbridge
0.1
11.84
2.44
Bandon Bridge
0.1
6.37
2.66
Bridewell*
0.22
9.57
3.37
Millstream*
0.13
9.99
2.87
O’Driscoll’s Bridge
0.12
14.76
3.85
* Tributaries of the River Bandon

Figure 2: River Bandon Works 2017 & 2018
Sediment behaviour during the dredging works has been
monitored in this research project with information presented
in this paper.
4.

4.3
Suspended Sediment – Turbidity Sensor Results
Cork Institute of Technology installed a turbidity sensor at the
Curranure Gauging Station in February, 2010 with the sensor
recording turbidity on a continuous 15-minute basis (see
Figure 4). Previous analyses have shown that turbidity is a
suitable surrogate for SSC at this location [3] and thus the
continuous turbidity record allows conversion to a continuous
SSC record. An analysis based on applying the flow rate (Q)
and turbidity as a surrogate for suspended sediment
concentration (C) in the following equation (1) has been
presented by [4], [5].

SUSPENDED SEDIMENT SAMPLING, ANALYSIS
AND RESULTS

4.1
Introduction
A manual suspended sediment sampling programme has been
undertaken at five locations along the river from the town of
Bandon to O’ Driscoll’s Bridge spanning the extent of the
river works; the sampling locations are shown in Figure 3.

(1)
Automatic Sampler

Turbidity Instrumentation

Flood level December 2015

Figure 4: River Monitoring Installation at Curranure Gauging
Station

Figure 3: Sediment Sampling Locations
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Seasonal and annual suspended sediments loads have been
presented with annual suspended sediment loads varying
between approximately 2,000 and 3,000 tonnes with
significant variations for seasonal loads evident [4].
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Additional analysis of the data indicates that the 25 mg/l SSC
value (originally from the EU Freshwater Fish Directive) was
exceeded less than 2% of the time for the years 2010 and 2011
with exceedance of approximately 6% for 2014.
The turbidity sensor installation was severely damaged in the
winter floods of December 2015 and January 2016 and a
significant investment in the installation was subsequently
required.
4.4

Suspended Sediment – Automatic Sampler Results

Figure 7: December 2016 Event

4.4.1 High Flow Events
An automatic sampler (ISCO 6172 Sampler) was installed at
the Curranure gauging station site in August 2014 and has
been operated on over 40 separate occasions since to
investigate SSC behaviour during high flow events and also
during summer dredging operations in the river.
The automatic sampler has been in operation during some
significant flood events, including the extreme event of the
5th/6th December 2015 (see Figure 4) when the second highest
flow event recorded on the River Bandon occurred. The
sampler flooded during the flood event and the samples
collected were unfortunately corrupted.
Figures 5 to 8 present a number of examples of the SSC
results from the automatic sampler over the flow hydrograph
with peak flow rates ranging from 20 to 50 m3/sec. These
signals generally show peak SSC occurring on the rising limb
of the hydrograph. These results are in general agreement with
previous storm based field work presented for the River
Bandon [8].

Figure 8: January 2017 Event

4.4.2
Summer Dredging Events
The automatic sampler was in operation on a number of
occasions during trial dredging in September 2016 (trial
dredging upstream of Curranure) and also during the Summer
2017 dredging works when dredging was undertaken in
Bandon Town between the footbridge and the main bridge and
also further downstream but upstream of O’ Driscoll’s Bridge.
Figure 9 presents automatic sampler results for the SSC
during trial dredging events, the river flow rate is also
presented. Hourly sampling was used for this work. It shows,
on occasion, some temporary increase in SSC (to a maximum
of approximately 40 mg/l) after dredging work.

Figure 5: October 2016 Event

Figure 9: Trial Dredging Results from September 2016
Preliminary results from the automatic sampling undertaken
during the Summer 2017 dredging works (10 data sets
collected in total) indicate that, as expected, SSC values
became elevated after dredging commenced but returned to
ambient levels relatively quickly. Peak SSC values were
Figure 6: November 2016 Event
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found to generally exceed 100 mg/l and on a number of
occasions, 200 mg/l.
5.

BED LOAD – SAMPLING AND ANALYSIS

5.1 Introduction
Bed load transport is a feature of the River Bandon system,
however bed load movement on the river has not been
previously studied.
Some examples of visual bed load movement and impact are
presented in Figures 10 and 11 for two locations on the river
within the environs of the town of Bandon after the December
2015/January 2016 storm period. This level of sedimentation
clearly would have reduced the potential carrying capacity of
the river at these specific locations.

Table 2: Summary of Bed Sediment Sizes
D50 (mm)
Location
Minimum
Maximum
Footbridge
10.24
47.13
Bandon Bridge
3.09
35.44
Bridewell*
2.93
19.81
Millstream*
2.63
44.96
O’Driscoll’s Bridge
15.27
47.31
* Tributaries of the River Bandon
5.3 Bed Sediment Traps – An Introduction
This research work has attempted to gather movable bed
sediments and analyse the related sediment data. This has
involved gathering moving bed sediment using some type of
sediment trap. The overall process is challenging in the
context of working in a real river environment where Health
& Safety considerations are important.
A range of different types of sediment trap were installed at a
number of locations along the river reach over the period from
February 2014 to the June 2015 before sediment was
successfully trapped.

Figure 10: Sedimentation upstream of Bandon Footbridge

Figure 11: Sedimentation at the Main Bridge in Bandon
This type of sediment deposition has led to the Cork County
Council undertaking a sediment removal programme through
dredging in the immediate vicinity of the main bridge in
Bandon. This work commenced after the serious flood event
of November, 2009 and was undertaken in the period from
2010 to 2016 on six separate occasions in September of each
year. A total of approximately 10,000 tonnes was removed
over this time period.
5.2
Manual Bed Sampling and Testing
Bed load samples were also collected at the locations
presented in Figure 3 above and were taken when flow
conditions allowed safe entry to the river and sampling within
the context of general Health & Safety requirements.
Sampling was generally undertaken using an Ekman Grab
Sampler. Testing was undertaken using the standard sieve
method. Table 2, for example, presents summary results for
the D50 values over the sampling period in the main river
channel and in the Bridewell and Millstream tributaries.
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The first sediment trap (Trap No. 1) was installed in February
2014 downstream of Bandon Bridge; this commercially
purchased trap did not trap any sediment over the trial period
and was deemed unusable in the river environment under
study. The second trap (Trap No. 2 and manufactured in CIT)
was pinned to the river bed and installed at both the Bandon
Footbridge and at Bandon Bridge in October 2014. The
sediment moved around the trap rather than into it at both
locations and was again deemed unsuccessful. The third trap
type (Trap No. 3 and manufactured in CIT) was installed in
February 2015 and was again unsuccessful in trapping
sediment and scouring around the trap occurred. Finally
success was achieved with the fourth type of trap (Trap No. 4
and again manufactured in CIT) which was installed in June
2015 with rock armour placed around the trap to prevent
scouring. A larger version of this trap (Trap No. 5) but with
two internal compartments was subsequently manufactured
and placed at a number of locations including at the Bandon
Footbridge, at Bandon Bridge, at the Mill Stream, at O’
Driscoll’s Bridge and upstream of but near the Curranure
Gauging Station. Figure 12 presents some of the bed traps
installed and tested.
A significant challenge was involved in maintaining the traps
in the water. One trap was removed from the river at one
location (Bandon Footbridge) without explanation, at another
location a trap was removed and placed on the river bank by a
landowner and at another location (the Millstream) a trap
disappeared after a flood event. Other traps have been buried
under bed load deposits and lost during the more recent river
works of the Summer of 2017.
This work has also involved a significant time commitment
with considerable involvement from technical staff.

CERI-ITRN2018

Trap No. 1

Trap No. 2

Trap No. 5

Figure 12: A selection of the bed sediment traps installed
5.4 Bed Sediment Traps – Analysis and Results
The analysis presented in this paper focuses on sediment trap
results from the October 2016 to March 2017 time period
which were collected from traps placed immediately upstream
of the Bandon Footbridge, immediately downstream of the
River Bandon Main Bridge and immediately upstream of the
Curranure Gauging Station. Sediment was gathered for
individual events over the following time periods: 14th and
15th December, 2016, 15th to 17th December, 2016, 6th and 7th
January, 2017, 27th to the 30th January, 2017 and 30th January
to 22nd February 2017.
Sediment samples were tested using the standard sieve
approach for sediment from each filled trap and also from the
two compartments in each trap (an upstream and a
downstream compartment). The total mass accumulated for a
full trap was approximately 60kg.
The results showed D50 values varying from 8 to 25mm with
some of the movable sediment trapped having significantly
larger dimensions recorded. The sediment trapped generally
had a wide gradation with G values from 2.5 to 4.5. In each
case the D50 value recorded for the upstream compartment
was larger than for the downstream compartment. In general
there was no clear pattern on the movable sediment size at any
particular trap location.
This field gathering programme was also undertaken to
attempt to determine sediment loads over specific periods of
time. This involved recording flow events during sediment
trap deposition. In general predicted river flow events were
identified that might lead to sediment trap deposition and the

sediment traps were then monitored. Once sediment deposited
in the traps and the flow rate had reduced sufficiently the traps
were emptied and the sediment was tested and the data
analysed. The sediment data consisted of sediment size data
(as presented above) and sediment mass accumulation (in both
compartments in each trap). River flow data (based on water
level data) was also assessed for the time period of sediment
trap accumulation.
This process was a particularly challenging one due to the
safety aspect of entering the river during higher flow events
when bed sediment was transported and also in emptying the
traps manually in a flowing water environment. River flows
during the bed trap accumulation events varied from
approximately 10 m3/sec to over 80 m3/sec (the average flow
rate on the River Bandon is approximately 15 m3/sec). On
occasions where it was not possible to remove the trap
immediately visual observations were undertaken to estimate
the mass deposited in the traps. In the case of the peak flow
rate of over 80 m3/sec event, for example, all the traps filled
during this single event. For other events the traps did not
necessarily completely fill.
Visual observation and field experience has shown that bed
load became active at flow rates in the range of 12 to 15
m3/sec, even at flow rates as low as 10 m3/sec. An incipient
bed movement analysis has been applied to the River Bandon
system using the slope break analysis approach developed by
Park [9]. This slope break analysis applied to the River
Bandon indicates incipient movement within the flow rate
range from 10 to 14 m3/sec. This provides similar results to
visual field observation and indicates the potential for bed
movement in the river system even at flow rates lower than
the average flow rate.
The sediment trap results for two consecutive bed movement
events (14th to 15th and 15th to 17th December 2016 and 27th to
30th January and 30th January to 22nd February, 2017) at the
Bandon Footbridge indicate a supply limited aspect to the bed
load transport behavior as traps gathered less sediment on the
second event each time even though the flow rates were
higher for the second event each time.
Bed load transport rates on the river are difficult to estimate
due to the intermittent and supply limited nature of the
sediment transport processes involved. It is clear that bed load
(and suspended sediment load) transport is event driven with
disproportionate transport on storm events if the sediment
supply is available.
The bed load fraction has often been considered to be in the
5% to 25% range of the suspended sediment fraction [10] for
river sediment transport while higher bed load fractions have
been suggested for coarser gravel bed rivers [11], [12].
In the case of the River Bandon the suspended sediment load
has been estimated from 2,000 to 3,000 tonnes per annum.
The quantities of bed sediment transported and deposited for
the River Bandon are substantial, as evidenced by the deposits
formed after flood events and the quantity of sediment
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dredged by Cork County Council during annual maintenance
dredging between 2010 and 2016. This data suggests that the
bed load transport on the River Bandon may form a larger
fraction of the suspended sediment load than the often quoted
5% to 25% range. Estimation of bed sediment transport rates
during bed sediment movement is on-going.
6. CONCLUSIONS
An extensive suspended and bed sediment sampling and
testing programme has been undertaken on the River Bandon.
This work has been complemented by analysis of the data
yielding information on sediment behaviour and transport in
the river system.
Suspended sediment data has been gathered using manual
sampling, automatic sampling and use of a continuous
turbidity sensor. The river is characterised by low SSC values
with peaks during high flow events; exceedance of the 25
mg/l SSC value is typically less than 5% of the time. The SSC
signal on high flow events typically occurs during the rising
limb of the flow hydrograph; SSC peaks in excess of 250 mg/l
have been recorded.
Elevated SSC values have been recorded downstream of
dredging activity during trial dredging (Summer 2016) and
mainstream dredging (Summer 2017). SSC values returned
relatively quickly to ambient values.
Dynamic bed load transport is a marked feature of the river
system and has impacted on occasion on the carrying capacity
of the river. Manual sampling and sampling using sediment
traps has been undertaken. D50 values ranging from 2 to 48
mm were found for bed samples; the movable sediment
gathered in the sediment traps shows D50 values from 8 to
25mm.
The application of the slope break analysis of Park [9]
indicates incipient bed movement at a flow rate range of 10 to
14 m3/sec; visual observation and field experience generally
agrees with these indicative flow rate values for incipient
motion.
Estimation of bed load transport rates is on-going, however
bed load transport is clearly a significant aspect of the overall
sediment transport regime in the river system.
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Multiphase Numerical Modelling of Tangential Inlet Vortex Drop Shaft Structures
Sean Mulligan1, Théo Bonfils3, Colin O’Neill1, Benjamin Gonzalez3, Alan Carty1, Eoghan Clifford2, Stephen Nash2
1

College of Engineering and Informatics, National University of Ireland Galway, University Road, Galway, Ireland
2
Ryan Institute, National University of Ireland Galway, University Road, Galway, Ireland
3
Département Hydraulique Urbaine, Ecole Nationale du Genie de l'Eau et de l'Environnement de Strasbourg (ENGEES) , 1
Quai Koch, 67070 Strasbourg, France
ABSTRACT: Vortex drop shaft structures are a popular means of dropping large amounts of water safely and efficiently through
considerable elevation differences. As a result, these types of hydraulic structures have seen application in deep tunnel conveyance
and storage systems. The structure operates by converting linear water flows into rotational flows through a vortex generator with
a tangential inlet causing the downstream flow to ‘cling’ to the walls of the shaft thus enhancing frictional energy dissipation. Due
to the complex flow patterns existing within the structure, many elements of the system are still not fully understood thus
instigating the need for costly physical modelling programs. In this study, three-dimensional multiphase numerical modelling was
applied to the classic tangential inlet vortex drop shaft with a supercritical approach flow. The validation study was performed
using ANSYS CFX and FLUENT which both use Eulerian-Eulerian approaches to resolving the multiphase transport equations.
The numerical model is compared with free-surface and velocity information gathered from a 1/10 scaled physical model of the
flow system for validation. The study found that the solution was largely dependent on the mesh density and inflation layers along
the walls of the dropshaft and was less dependent on the choice of turbulence model. Solution errors in the range of 5 to 10 %
were observed. The paper also outlines recommendations which may help fast track future numerical model investigations on
vortex drop shaft structures.
KEY WORDS: Vortex dropshafts; energy dissipation, combined sewer overflows, numerical modelling.
1

INTRODUCTION

Over the past 30 years, existing sewer infrastructure upgrade
programs has seen the construction of deep tunnel conveyance
and storage systems to help control storm water overflows from
combined sewers in urban areas worldwide [1]. A major
challenge of such systems is the safe and efficient conveyance
of flows from existing wastewater networks down to lower
tunnel levels through extensive elevation differences which can
be as great as 150 to 200 m [2, 3, 15].

to the bottom stilling basin. This longer helicoidal path that the
fluid takes along the walls induces energy dissipation through
friction and aeration [12].

Vortex
dropshaft
Energy
dissipation
Circular
shaft

Main tunnel

Stilling
basin

Deaeration
tunnel

Figure 1. Supercritical vortex dropshaft in the Main Pumping
Station Diversions Project, District of Columbia (Image
courtesy of District of Columbia Water and Sewer Authority)

Figure 2. Overview of the vortex dropshaft structure (Image
courtesy of Ward and Burke Construction Ltd).

Vortex dropshafts (Figure 1 and 2) are efficient, low footprint
devices with a proven record in wastewater engineering
applications [2, 4]. They operate by conveying flow
tangentially into a vortex chamber to generate a free-surface
vortex flow. As the flow discharges axially from the vortex
generator into the dropshaft, the residual centrifugal forces
cause the water to cling to the walls of the shaft on its transition

Apart from energy dissipation, vortex drop shafts provide a
number of other advantages including accurate monitoring of
flow by depth measurement, stable air core generation for
natural venting, self-limiting operation, minimal risk of
blockage and allow for non-uniform approach flow conditions.
In addition to these functional hydraulic requirements,
vortex drop shafts are also subject to a number of site specific
or construction constraints such as:
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•
•
•
•
•

available spatial footprint
the ability to be constructed within open circular
shafts
to allow for vertical access
to provide sufficient free-board conditions
and to function acceptably with site specific
upstream hydraulic features such as bends, culverts,
apertures, flap valves and gates [2].

As a result of such constraints, the majority of new
developments are heterogeneous in nature which, despite the
number of key design criteria introduced through past studies
[4], [5] and [6], often require costly physical modelling
programs to be carried out initially for validation purposes [2].
The field of computational fluid dynamics (CFD) has seen
mature commercial development over the past number of years
with extensive validation in the wastewater industry [2][7].
CFD offers a more rapid, and less expensive approach to the
assessment of hydraulic structure performance as compared to
physical modelling. However, due to the broad suite of
numerical schemes and modelling approaches available in such
CFD codes, it is often necessary to first verify the accuracy of
the code prior to use for design decision making. As will be
discussed in the subsequent sections, there is a distinct lack of
validation studies performed on vortex drop shaft structures in
the literature which forms the motivation for this sudy.
In this article, the results of a benchmarking study is
presented using the ANSYS CFD codes FLUENT and CFX
whereby the solution sensitivity to boundary conditions, mesh
type, density and turbulence model was investigated. The
numerical models were compared with the results obtained
from a 1/10 scaled physical model of the supercritical vortex
drop shaft structure.
2

THEORY AND OPERATION

The vortex drop shaft was first developed in 1947 by Drioli [8]
for the application of hydropower plant energy dissipation. This
original design, often termed the Drioli-type vortex drop, is a
supercritical vortex chamber characterized by a steeply sloping
or ramped inlet channel (similar to the type investigated in this
study) and is contrary to the flat based subcritical vortex
chamber structure [6]. The supercritical type vortex chamber is
generally more popular due to its lower footprint and its ability
to pass significant flows compared with the subcritical type.
An explanation for this exceptionally stable flow capacity is
explained in the following description with reference to Figure
3. The water is conveyed from the existing sewer or culvert via
a rectangular open channel of width B and an approach flow
depth h. As the water moves down the ramp of slope S, the
approach flow channel begins to narrow towards the throat with
a minimum inlet width of b. The gained acceleration as water
gravitates down the ramp, combined with the increase in
velocity due to a decrease of cross sectional area results in a
substantial amount of kinetic energy at the inlet which is
available to initiate a strong vortex flow. Due to the combined
effects of the ramp and the converging inlet, the fluid entrance
velocity has two major components described through the polar
coordinate system as outlined in Figure 3; the tangential
(angular) velocity 𝑣𝜃 and the downwards axial velocity 𝑣𝑧 . The
third, radial component can be assumed to be negligible. The
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resulting velocity vector 𝑉 can be determined by continuity
from 𝑄/𝑏ℎ [6] and from this, 𝑣𝜃 and 𝑣𝑧 can be resolved. The
tangential velocity 𝑣𝜃 plays a crucial role on generating
centrifugal forces through 𝑣𝜃 2 /𝑟 (where 𝑟 is the inlet radius)
for frictional energy dissipation in the chamber. Together with
the air core diameter, another limiting condition for
guaranteeing free-surface stability in the system is to ensure
that the so called free-drainage discharge is maintained [5].
After the vortex flow turns 360° in the drop shaft, the flow may
re-enter the inlet or disturb the parallel inflow jet thus leading
to local disturbances or even a transient hydraulic jump in the
converging inlet. It is therefore desirable to design a tangential
vortex inlet to avoid this condition. Yu and Lee [5] have
proposed an analytical solution to predict the limiting freedrainage discharge 𝑄𝑓 however its performance is said to be
questionable [2].
3

PAST STUDIES ON VORTEX DROPSHAFTS

A plethora of physical modelling studies have been carried out
on the supercritical approach flow type vortex chambers [2]
[5][10][11][12][13]. Other experimental studies on vortex drop
shafts mostly focused on site-specific geometries in the context
of the design of commercial projects [14][15].
In contrast, only a few studies have been undertaken on vortex
dropshafts using numerical methods. Regarding the subcritical
type vortex dropshaft, a number of hybrid studies have been
undertaken where a physical model was used to validate the
solutions obtained from a CFD code using single phase [16]
and multiphase simulations [9][17]. On the other hand, only a
handful of studies are available on the supercritical structure
where the focus is on site specific data as opposed to the
performance of the numerical model [2][18]. As was shown in
previous studies [9], multiphase numerical solutions are highly
dependent on the mesh structure, choice of turbulence model
and choice of time-step. Thus, there is a requirement for a
benchmarking study to be carried out on the system which will
serve in fast tracking future CFD studies on vortex drop shaft
structures to maintain accuracy.
4

EXPERIMENTAL ANALYSIS
Physical Model and Test Rig

A 1/10 physical model of the supercritical vortex structure was
used for validation purposes. The model had shaft diameter of
168 mm and was constructed from 6 mm transparent acrylic.
The physical model was installed on an existing sewer model
test rig which comprises of a 4 m3 water storage tank, 100 mm
uPVC pipe system with control valves. Flow was pumped
through the system with a range of between 0 to 30 l/s which
was controlled using a variable speed drive and monitored
using electromagnetic flow meters which had a max reading
error of ± 0.2 % and a reading standard deviation of ± 0.006
l/s. Water levels were extracted from the planar acrylic surface
of the approach flow.
Froude similitude was adopted for scaling. As a result of this
approach, there is a likelihood for scale effects to also be
entrained in the model from neglecting the effects of surface
tension and viscosity which are characterised by the Weber
number and Reynolds number respectively. Flow
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characteristics and energy dissipation are however said to be
properly simulated in a Froude model once the flow is
sufficiently turbulent. For vortex drop shafts it is necessary to
achieve Re > 105 (Zielinski and Villemonte,1968) and We >
120 (Jain et al., 1978). In the current study, the minimum model
Reynolds and Weber numbers in the vortex dropshaft were
found to be above these limits.

Figure 3. (a) Schematic of physical model test rig and (b) image of vortex drop shaft physical model.
5

equation for one of the phases. For free-surface flows, this is
based on the Volume of Fluid (VOF) method.

NUMERICAL ANALYSIS
Numerical Modeling Approach

Mesh

Numerical modelling was performed using the
commercial CFD software packages ANSYS FLUENT
(V19.0) and ANSYS CFX (V14.5). Both codes use different
approaches to discretising the Navier-Stokes equations Eq.
(1) to Eq. (3). ANSYS CFX uses a hybrid finiteelement/finite-volume (finite element based finite volume
method) whereas in contrast, the ANSYS FLUENT solver
uses finite volumes (cell centered numerics). Global
conservation was satisfied by enforcing local conservation
over the control volumes.
𝜕𝜌
𝜕
+
(𝜌𝑈𝑗 ) = 0
𝜕𝑡 𝜕𝑥𝑗
𝜕
𝜕
𝜕𝑃
𝜕
𝜕𝑈𝑖 𝜕𝑈𝑗
(𝜌𝑈𝑖 ) +
+
(𝜇 (
+
(𝜌𝑈𝑗 𝑈𝑖 ) = −
))
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑖 𝜕𝑥𝑗 𝑒 𝜕𝑥𝑗 𝜕𝑥𝑖

(1)

𝜕
𝜕
𝜕
𝜕𝜑
(𝜌𝜑) +
+ (𝛤𝑒𝑓𝑓 ( )) + 𝑆𝜑
(𝜌𝑈𝑗 𝜑) =
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑖
𝜕𝑥𝑗

(3)

Based on previous studies, it is recommended that for flows
with strong rotation that the mesh should be aligned with the
general flow pattern. As a result, a quasi-structured mesh
was adopted as shown in Figure 4. This was achieved using
an inflation layer with a first layer thickness of 0.5 mm
which was also required to resolve the turbulent boundary
layer. 6 mesh sizes were investigated as per Table 1 below.

(2)

The two-phase fluid domain was modelled using a
homogeneous Eulerian-Eulerian multiphase flow model.
This is a limiting case of the full Eulerian-Eulerian model
which assumes that interphase momentum transfer is
negligible. This was valid for the current test case where the
phases were completely stratified and the interface was well
defined. In the homogenous approach, both phases were
treated as interpenetrating continua parted by a well-defined
interface and share common velocity, pressure and
turbulence field. The tracking of the interface between the
phases was accomplished by solving the volume fraction

Figure 4. (a) Plan and (b) cross section of mesh
arrangement
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Boundary Conditions and Test Cases

Table 2: Phase 2 Test Cases

Turbulence models are generally a modification of the
unsteady Navier-Stokes equations by introduction of
averaged and fluctuating quantities to yield the Reynolds
Averaged Navier-Stokes (RANS) equations. This system of
equations have a number of unknowns which are to be closed
using turbulence models. A number of turbulence models are
available in CFX and FLUENT for closure. In this study, the
key eddy viscosity turbulence models including the k − ε,
shear stress transport (SST), SST with curvature correction
(CC), transition SST four equation model were evaluated to
assess the solution dependence on each accordingly.

Q (l/s)

No.
of
Elements

1
2
3
5
6
8
9
10
11

4.0
8.0
13.4
18.0
24.0
4.0
8.0
13.4
18.0

175,000
175,000
175,000
175,000
175,000
496,000
496,000
496,000
496,000

Inlet
Boundary
Type
Fixed Head
Fixed Head
Fixed Head
Fixed Head
Fixed Head

6

10,000
40,000
175,000
175,000
175,000

30
25

1.20

Inlet Velocity
Actual Velocity
Error

1.00

20

0.80

15

0.60

10
5

0.20
0.00
0

200000

0
600000

400000

No. of elements

Figure 5. Mesh convergence study
Turbulence
Model

CFD
Code
FLUENT
FLUENT
FLUENT
FLUENT
FLUENT

Table 3 presents the inlet velocity solutions (and error) for
the various turbulence models. For the solution independent
case it was found that the solution was not significantly
reliant on the choice of turbulence model with relative errors
falling below 9 %.
Table 3: Solution sensitivity to turbulence model
Code

FLUENT
FLUENT
CFX
CFX
CFX
CFX

FLUENT
FLUENT
FLUENT
FLUENT
FLUENT
FLUENT
FLUENT
FLUENT
CFX
CFX
CFX

MODEL SENSITIVTY AND VALIDITY

In this section, the sensitivity and observed accuracy is
discussed with reference to the models tested in Table 1.
Figure 5 presents the mesh independence study
(combination of FLUENT and CFX). From this it is possible
to show that the solution becomes more or less independent
of the mesh when the number of elements exceeds 200,000.
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FLUENT
FLUENT
FLUENT
FLUENT
FLUENT
CFX
CFX
CFX
CFX

0.40

k−ε
k−ε
k−ε
SST
SST-CC
Transition
7
0.005
175,000
Fixed Head
SST
8
0.010
130,000
Fixed Head
k−ε
9
0.010
396,036
False Floor
SST
10
0.005
496,000
False Floor
SST
11
0.005
496,000
False Floor
SST-CC
12
0.005
496,000
False Floor
k−ε
* Mesh size is relative to the mesh size in the vortex drop shaft
1
2
3
5
6

k−ε
k−ε
k−ε
k−ε
k−ε
k−ε
k−ε
k−ε
k−ε

1.40

Table 1: Phase 1 Sensitivity Study
No. of
Elements

CFD
Code

1.60

As discussed previously, the purpose of this study was to
determine the effect of mesh size, boundary conditions and
turbulence models on a multiphase CFD simulation using
two different CFD codes. For this program, two phases were
adopted in Table 1 and Table 2 accordingly.

Mesh
Size
(m) *
0.020
0.010
0.005
0.005
0.005

Turbulence
Model

This corresponded to a drop shaft cell size of 5 mm
(approximately 3 % of the drop shaft diameter). It was also
found that significant errors can be introduced to the freesurface when inflation layers are omitted from the mesh
structure.

Numerical Modelling Program

#

Inlet
Boundary
Type
Fixed Head
Fixed Head
Fixed Head
Fixed Head
Fixed Head
Fixed Head
False Floor
False Floor
False Floor

Error (%)

Turbulence Modelling

#

Velocity 𝑉 (m/s)

The boundary condition configuration that was chosen for
this work was that which assigned a mass flow or velocity at
the inlet and a static pressure condition at the outlet. This
arrangement maintains the highest fidelity in multiphase
numerical modelling. For the current case however, a mass
flow inlet required that an artificial condition be assigned in
order to best simulate the approach flow depth. Two artificial
inlets were tested (1) a false floor inlet [9] and (2) a
controlled depth inlet. An opening with a zero-pressure
boundary condition was imposed at the outlet and at the top
of the structure. The walls were treated as no-slip smooth
wall boundaries.

7

Turbulence
Model
k-epsilon
k-epsilon
k-epsilon
k-epsilon
k-epsilon
SST
SST-CC
Transition SST
SST
SST
k-epsilon

Velocity
(m/s)
1.162
1.130
1.335
1.140
1.380
1.315
1.310
1.308
1.580
1.540
1.500

Error
(%)
20.41
22.60
8.56
9.93
10.27
10.41
21.92
5.48
8.22
5.48
2.74

No.
of
Elements
10,000
40,000
175,000
55,000
130,000
175,000
175,000
175,000
396,036
490,000
490,000

TEST CASE SIMULATIONS

Figure 6 presents a comparison between the physical and
numerical (FLUENT) inlet velocity data for each approach
flow test case. The errors were found to be stronger for the
low approach flows and reduce to reasonable levels for flows
greater than 𝑄 =10 l/s. This was perhaps attributed to effects
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0.16

of surface tension (neglected in the numerical model) which
may become influential for these lower flow conditions.
1.80

0.14

25.0

1.20
Experimental

1.00

15.0

FLUENT (k-e)

0.80

Error

10.0

Height (m)

20.0

1.40

Error (%)

Velocity 𝑉 (m/s)

Experimental
FLUENT (k-e)
CFX (k-e)

0.12

1.60

0.10
0.08
0.06
0.04

0.60

0.02

0.40

5.0

0.00

0.20
0.00

-0.02

0.0
0

5

10

15

20

0.00

25

Figure 6. Accuracy of the model for each test case
Figure 7 presents a comparison between the approach flow
free-surface for the physical, FLUENT and CFX models. A
good agreement can be observed between all of the models
with discrepancy (or model divergence) beyond 400 mm
where the physical model water surface rises due to the
formation of a small hydraulic jump in the inlet throat.

0.10

0.20
0.30
Lenght (m)

0.40

0.50

Figure 7. Accuracy of the model for each test case
Table 3 provides a qualitative comparison of all model
results (physical, FLUENT and CFX) where excellent
agreements were observed in the free-surface position and
shape, including the jump observed just downstream of the
inlet.

Table 3: Comparison between physical and numerical free-surfaces (FLUENT and CFX) for 𝑄 = 4 l/s, 8 l/s, 13.4 l/s and 18 l/s
Flowrate 𝑄
(l/s)

Physical Model

FLUENT (𝑘 − 𝜀)

CFX (𝑘 − 𝜀)

4.0

8.0

13.4
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18.0

As was discussed previously, vortex air core and stability
is a chief aspect to be checked to ensure good performance
of vortex dropshaft structures is maintained. Figure 8
presents a comparison between the physical model air core
and the numerical simulation achieved with CFX where the
shape and eccentric position of the core was well replicated.
The transition between the free-drainage condition (Figure
9) and inlet disturbance conditions was also well captured
demonstrating that the numerical approach is a useful tool
for identifying problematic stability conditions in the flow.
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ABSTRACT: Addressing future water supply needs is of paramount importance in achieving the target of transforming Dublin
into a sustainable, dynamic and resourceful city regions in Europe. Therefore managing the existing water sources and exploring
the possibility of tapping into potential new water sources would represent a logical step towards increasing water supply in
Dublin. The current study aims at assessing four water management scenarios for the Dublin Region under likely future socioeconomic growth and urban development projections used in previous studies. The management scenarios are: (1) baseline or
“business-as-usual” scenario which represents status quo of the water resources system in Dublin; (2) increasing supply as
estimated by the proposed new water supply scheme for the Eastern and Midlands Region; (3) intensified leakage management
through improving infrastructure and recovering leakage to offset growing water demands; and (4) total water management which
focuses on reducing water demands and increasing the re-use of storm water. The impacts of the four scenarios on water supply
system in Dublin for the period 2018–2050 have been investigated using the Water Evaluation and Planning (WEAP21) model.
The model was initially calibrated and validated using climatic and hydrological data of the Liffey River catchment including the
Poulaphouca and Lexilip reservoirs which represent main water supplies of Dublin city. The calibrated model was then used to
evaluate the efficiency of each of the four scenarios based on hydrological performance of the water supply system and supply
reliability (or regional water balance). Modelling results indicate that under scenario 1 the existing freshwater supplies in Dublin
will be subject to severe stress and as a result a frequent water supply deficit is likely to occur. Moreover there will also be a
considerable increase in storm water discharges into receiving water bodies. Due to their water quantity conservative nature
scenario 2 and 3 were found to reduce pressure on the existing freshwater supplies, however there will still be a significant increase
in storm water discharges into receiving water bodies. Scenario 4 is the only one which results in both a reduced pressure on
existing freshwater supplies and reduced storm water discharges into receiving water bodies as it is assumed to be used to recharge
the groundwater. Hence, integrating total water management options such as rainwater harvesting, greywater reuse, artificial
groundwater recharge and sustainable urban drainage systems into the management plan of water resources in Dublin can produce
tangible benefits over traditional practices in terms of lowering supplies from freshwater resources and increasing recharge of
groundwater. The findings of the current study can be utilised in informing any future stringent water resources planning and
design strategy to ensure sustainability of water supply to the Dublin Region.
KEY WORDS: Water resources management, water supply, mathematical modelling, WEAP21, total water management
1

INTRODUCTION

Addressing future water supply and drainage needs is of
paramount importance in achieving the target of transforming
Dublin into a sustainable, dynamic and resourceful city region
in Europe. The region currently requires approximately 550
Ml/d of water to meet the demands of 1.60 million people and
hosted industries [1]. An additional 330 Ml/d of water will be
required by 2050 due to the predicted growth in population and
industries [2]. This growth also will require an additional
capacity of drainage infrastructure to cater for the needs of new
developments. To address these needs, a number of strategic
studies have been carried out in relation to water supply and
water demand management [3-6], and wastewater and storm
drainage [7]. The recommended plan for meeting the additional
water demand comprises a combination of ambitious
reductions in leakage rates and abstraction of water from a new
supply source – Shannon river at Parteen Basin [6]. On the
other hand, the recommended strategy for addressing future
drainage needs comprises upgrade of existing drainage
infrastructure, new regional treatment plant, and intense drive

towards using sustainable urban drainage systems (SuDS) [7].
Moreover, the national water resources plan, under preparation
by Irish Water, is seeking a more integrated approach to
provide safe, secure and reliable water supplies without
adversely affecting the environment [8].
The current state of the existing water resources system in
Dublin is that urbanised areas use large quantities of freshwater
supplies and discharge ever-increasing volumes of wastewater
and storm water to receiving water bodies [9]. In such
traditional approach of supply and disposal, interrelationships
between water components (i.e. drinking water, wastewater and
storm water) are sometimes overlooked resulting in inefficient
uses of water and detrimental environmental impacts [10].
An alternative approach for managing water resources is total
water management [10]. This approach is based on a more
holistic view of the water resources system and places greater
emphasis on the interrelationships between the different water
components. It focuses on reducing demands for freshwater,
reducing reliance on freshwater supplies, reducing discharges
into receiving water bodies and creating water supply assets
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METHOLDOLOGY
Modeling software WEAP21

The Water Evaluation and Planning (WEAP21) model,
developed by the Stockholm Environment Institute, is an
integrated water resources planning tool which seamlessly
integrates the two distinct sides of the water system: the supply
side and the demand management side [11]. This integration
allows the user to develop a customised model of the water
resources system in an interconnected manner with
representation of water supplies, storages, distributions,
sectoral water uses and disposal infrastructure [10]. The
modelled system then can be used to analyse the impacts of
socio-economic growth and climate change on the water
system; examine alternative water development plans in the
context of these changes; and assess resulting impacts which
are essential for setting adaptation strategies. WEAP21 has
been successfully applied in different river basins across the
world for a wide range of water resources planning [10], [1216].
Model development
The WEAP-Dublin model was developed by integrating supply
catchments, water distribution, water uses, and disposal
infrastructure of Dublin in WEAP21. Initial values for the
model parameters were first derived using several datasets
including hydrology, climate, land-use, census, water uses and
infrastructure (Table 1).
Table 1. Sources of datasets used in developing WEAP model
for Dublin
Data type
Hydrology maps
Groundwater maps
Climate data
Flow data
Infrastructure data
Water use data

Source
EPA
GSI
Met Éireann
ESB and OPW
Councils & Irish Water
Irish Water

Following parameterisation, a number of graphical and
quantitative statistical techniques recommended by [17] were
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used to calibrate and validate the model. The most sensitive
parameters were first determined and calibrated in order to
obtain adequate match between actual flow and water use data
and the corresponding simulated data during the period 2012–
2014. The calibrated model then was evaluated by assessing the
performance of the model in reproducing actual flow and water
use data at select locations within the catchment during the
period 2015–2017. The model reasonably captured main
features of the flow hydrographs at the tested locations; For
instance, Figure 1 shows simulated and observed flow
hydrographs at Lexilip gauging station for the period 2012–
2017. Moreover water uses and deliveries estimated by the
model were comparable to the corresponding data reported by
local water authorities [2] and [18].

Flow cms

from storm water and wastewater. Example of total water
management options include rainwater harvesting, artificial
groundwater recharge, storm best management practices
(BMPs), greywater reuse, and wastewater effluent reuse.
An essential step in water resources planning is testing
alternative water management scenarios against an existing one
whereby possible improvements to the management plan can
be identified. Hence, this study aims at assessing four water
management scenarios for the Dublin Region under likely
future socio-economic growth and urban development
projections. The management scenarios are: (1) baseline, (2)
increase supply, (3) intensified leakage management and (4)
total water management. The impacts of the four management
scenarios on water resources of Dublin for the period 20182050 have been assessed using the Water and Evaluation
planning software (WEAP21). The assessment of the four
scenarios has been based on main variables characterising the
water resources system including: hydrologic performance and
supply reliability, urban runoff and groundwater recharge.

Simulated

Observed

Figure 1. Simulated and observed flow hydrographs at
Lexilip Station flow gauging station.
Water management options
A ‘water management option’ refers to an individual project
within each of the traditionally separated components i.e.
drinking water, wastewater and storm water [10]. A number of
water management options have been proposed for Dublin by
Irish water and Dublin City Council pertaining to water demand
management, water supply and drainage [2], [4-7]:
 Water conservation measures
This option represents implementation of water conservation
campaigns and technologies that can reduce per capita water
consumption. Implementation of these measures is likely to
reduce per capita from 125 l/c/d to 120 l/c/d as predicted by
Irish Water [2].
 Leakage management
This option targets reductions in leakage rates from the water
supply network. A reduction in leakage rates from 40% to 20%
of total distribution input is targeted by Irish Water (Table 2)
[6].
Table 2. Targeted reductions in leakage rates in Dublin
expressed as percentages of total water distribution input.
Leakage
2011 2021 2031 2041 2046 2050
% DI
38.3
28.7
22.4 20.30
20
20
V (Ml/d) 204.7 165.9 153.1
145
140.8 140.8
 New supply source – Parteen basin
This option represents abstraction of water from Parteen basin
(lower Shannon lake) to meet growing water demands in the
Dublin Region. The proposed scheme will be designed to
deliver 240 Ml/d of water first, followed by a second phase to
deliver the full amount of 330 Ml/d [5-6].
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 Traditional storm water drainage
This option represents the traditional storm water network in
the region which collects and drains storm water to receiving
water bodies. It comprises a network of pipes, culverts, open
channels, and combined sewer overflows [7].

Sustainable urban drainage systems (SuDS)
This option represents the use of on-site facilities that aim at
reducing urban runoff resulting from developments to predevelopment levels. Such facilities are designed to mimic the
behaviour of natural environment, and include: infiltration
trenches, permeable pavements, swales, detention basins and
integrated constructed wetlands [7].
A review of a broader literature has identified total water
management options that create water supply assets from storm
water and wastewater and also reduce discharges to water
bodies. Such options include: rainwater harvesting, greywater
reuse and artificial groundwater recharge [10]. These options
have also been considered in this study in line with
recommendations given by local water authorities pertaining to
the need for incorporating best management practices in all
supply and drainage aspects for developing an integrated water
management plan.
 Rainwater harvesting
This option represents the collection, storage, treatment and
usage of rainwater from rooftops of buildings. Harvested rain
can be used to offset on-site outdoor water demands [10].
 Greywater reuse
This option represents treatment and re-use of greywater
produced from indoor uses (such as baths, shower, hand basins,
dishwashers and cloth washers). The treated water can be used
for outdoor uses such as gardening and cleaning [10].
 Artificial groundwater recharge
This option represents recharging portion of the collected storm
water into the groundwater using centralised large-scale
recharge facilities such as percolation basins and injection
wells. Storm water in excess of the capacity of recharge
facilities is discharged to water bodies through the traditional
drainage network [10].
Future water management scenarios
The water management options illustrated above have been
used to formulate four water management scenarios. The four
scenarios and their underlying water management options are
as follow:
 Scenario 1 – ‘baseline’: represents the status quo or donothing scenario, with absence of new water supply
source, per capita water consumption remains unchanged,
and supply infrastructure remains unchanged
 Scenario 2 – ‘increase supply’: represents increase in water
supplies to meet growing water demands. It includes
abstraction of 330 Ml/d of water from a new supply source
e.g. Parteen basin. It also includes implementation of water
conservation measures and leakage management
measures.
 Scenario 3 – ‘Intensified leakage management’: represents
accelerated and intensified efforts to recover more water to
offset growing water demands in the absence of a new
source. This scenario seeks to recover an additional 30
Ml/d of water by 2026 on top of 51 Ml/d already targeted
as presented in Table 2.



Scenario 4 – ‘Total water management’: represents largerscale implementation of total water management options.
It also includes implementation of water conservation
measures and leakage management measures.
All the management scenarios have included abstractions
from existing water supply sources, namely: Poulaphouca,
Lexilip, Vartry, Dodder, Srowland and Bog of the Ring
schemes. The scenarios have also assumed implementation of
sustainable urban drainage systems (SuDS) along with the
traditional storm water network for managing urban runoff.
This is because the new development policy, produced as part
of the Greater Dublin Strategic Drainage Study, requires all
new developments to implement SuDS facilities to reduce
urban runoff to pre-development rates.
Scenario 1 in this study represented a reference scenario,
where performances of other scenarios are assessed against it.
Scenarios 2 and 3 included water supply options that have been
already under consideration by Irish Water [6]. On the other
hand, Scenario 4 was proposed to examine the potential
benefits of integrating total water management options in the
management plan of water resources in Dublin (analogues to a
study implemented for Los Angeles city [10]).
Since no strategic study has considered total water
management options in full details, the current study has made
number of assumptions in relation to the implementation of
these options under scenario 4. Under this scenario, it has been
assumed that rainwater harvesting and greywater reuse policies
will be implemented, requiring all new developments to
incorporate corresponding technologies by 2021 and 2026,
respectively. The rainwater harvesting policy will also seek to
retrofit 25% of existing developments for rainwater harvesting.
It has been also assumed that centralised groundwater recharge
facilities will be implemented by 2026 with a total
infrastructure capacity of 0.60 Mm3/month. This capacity is
assumed in accordance with total capacity of recharge facilities
suggested by [10] for a comparable urban area.
Population and urban development projections
Future projections for population and urban development were
used in simulating the four water management scenarios during
the period 2018–2050. The ‘most likely growth’ scenario for
population has been used to project domestic and non-domestic
water demands during the simulation period [2]. Projected nondomestic water demands also included a strategic allowance of
50 – 100 Ml/d of water for major water using industries such as
integrated circuits manufacture, large scale bio-tech and nanometer technologies as recommended by Irish Water [2].
Moreover the projected number of developments under the ‘the
most likely growth scenario’ has been used for estimating
available rainwater harvesting supplies and greywater reuse
under scenario 4. On the other hand, the urban development
growth scenario under the ‘business-as-usual’ planning
scenario and the ‘recovery’ economic scenario predicted by
[19] was used as a reference scenario for estimating total urban
surface area which is used in the model for predicting urban
runoff.
3

RESULTS

The four water management scenarios have been simulated
using the developed model under the population and urban
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The four scenarios are found to have varying effects on
simulated supplies from existing sources. Figure 2 summarises
the average annual potential supplies from these sources for all
scenarios in 2020s (2018-2030) and 2040s (2031-2050), and
potential reductions in these supplies relative to the baseline.
Under scenarios 2, additional supplies from Shannon and the
implementation of conservation and leakage management
measures are likely to reduce average annual water supply from
existing sources by 7% in 2020s and by 12% in 2040s relative
to the baseline scenario. Under scenario 3, implementation of
accelerated and intensified leakage management is likely to
reduce the average annual water supply by 7% in 2020s and by
2% in 2040s relative to the baseline scenario. The reductions
under scenario 3 are less than that under scenario 2 due to the
absence of any new water sources under scenario 3. This
resulted in requiring more water supplies from existing sources
under scenario 3 to meet growing water demands. Under
scenario 4, on-site water sources along with implementation of
conservation and leakage management measures are likely to
reduce the average annual water supplies by 14% in 2020s and
by 20% in 2040s relative to the baseline. Hence, scenarios 2,3,
and 4 are likely to reduce the pressure on existing water supply
sources.

-100%
2020s

2040s

Baseline
Increase supply
Intensified leakage management
Total water management

Figure 2. Average annual water supply from existing sources
for all scenarios, and reductions in these supplies relative to
the baseline
The supply reliability of the water resources system also varied
under the four management scenarios. Figure 3 displays the
predicted water supply deficits in meeting domestic and nondomestic water demands in the region for the period 2018–2050
under the four management scenarios. The graphs in this figure
indicate that the baseline scenario has the highest water supply
deficit episodes both in terms of frequency and magnitude. On
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the other hand, the least number of water supply deficit
episodes was predicted under scenario 2 while scenarios 4 and
3 are predicted to have the second and third least number of
water supply deficit episodes, respectively.

Water supply deficit
(% of supply requirment)

development growth scenarios during the period 2018–2050.
Climate conditions corresponding to the historic period 1980–
2012 have been used in simulating the four management
scenarios. The performance of the four scenarios was evaluated
based on results of main variables characterising the water
resources system including: hydrological performance and
supply reliability, urban runoff generation, and groundwater
recharge.

Baseline
Increase supply
Intensified leakage management
Total water management

Figure 3. Predicted monthly water supply deficits in the
Dublin Region WSA (% of water supply requirements) for all
scenarios during the period 2018-2050
Table 3 presents results of statistical analysis of predicted data
of water supply deficits under the four management scenarios.
The statistical results indicate that under the baseline scenario
344 water supply deficit episodes (ranging from 0.70% to
41.3% of the water supply requirment) were predicted while 4
episodes (ranging from 0.4% to 9.6% of the water supply
requirment) were only predicted under scenario 2. The assumed
constant abstraction from a new water source under scenario 2
was the main reason for predicting the lowest water supply
deficit epsidoes. Scenario 3 was predicted to have less water
supply deficit episodes than the baseline scenario due to the
recovered leakage which offset some of the unmet demands
under the baseline scenario. Unsurprisingly, scenario 4 was
predicted to have less water supply deficit than scenario 3. This
is mainly due to the substaintial amount of additional water
supply contributed by rainwater harvesting and greywater reuse
compared to the amount of recovered leakage. However,
scenario 4 was predicted to have more water supply deficit
episodes than scenario 2. This is because the additional water
supply in scenario 4 will be contributed by rainwater harvesting
which represent a fluctuating water supply when compared to
a constant supply from a new water source under source 2.
Table 3. Statistical summary of predicted water supply deficits
2018-2050 showing number of deficit episodes, minimum,
maximum, and quartiles for each scenario (% of water supply
requirement).
Scenario
Sc 1
Sc 2
Sc 3
Sc 4

Episodes
344
4
165
16

Min
0.7
0.4
0.10
0.5

Max
41.3
9.6
28.9
26.7

25thQ
10.5
2.6
2.6
3.1

Med
17.9
4.8
4.5
4.6

75thQ
22.7
7.20
6.5
9.7
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The current study compared between the four water
management scenarios in terms of responses of their urban
drainage system to the predicted increase in urban runoff from
new developments. All the four scenarios included default
storm water management options comprising the traditional
storm water system and SuDS facilities, while scenario 4
included additional options such as artificial groundwater
recharge and rainwater harvesting systems. Hence, the
comparison referred to in this section is between scenarios 1,2
and 3 on one hand and scenario 4 on the other hand.
Figure 4 presents two graphs showing the simulated annual
urban runoff under scenarios 1–3 and under scenario 4. The
simulation results suggest that the annual urban runoff under
scenario 4 is predicted to be less than the one for other scenarios
by 18–40% throughout the simulation period. The mean annual
urban runoff under scenario 4 is likely to be less than the other
scenarios by 25%, 35%, and 40% during the periods (2018–
2030), (2031–2040), and (2041–2050) respectively. Therefore,
significant reductions in urban runoff may be achieved by
implementing alternative storm water management measures,
such as rainwater harvesting and artificial groundwater
recharge.

groundwater storages estimated under scenarios 1–3 when
using the additional centralised groundwater recharge facilities
under scenario 4. Also the graph shows a step increase in the
groundwater storage from 0.70 million m3 to 8 million m3 under
scenario 4 in 2026. This coincides with the commencement
year of centralised groundwater recharge facilities.
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Figure 5. Cumulative increase in groundwater storage during
the simulation period 2018–2050 under scenarios 1 – 3 and
scenario 4.
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Figure 4. Simulated urban runoff in the Dublin Region WSA
for the period 2020 – 2050 for all management scenarios.
Groundwater recharge
Groundwater modelling in the current study is limited to only
estimating recharge from de-centralised groundwater recharge
facilities and artificial groundwater recharge. Since no
abstraction activities or actual inflows/outflows to the basin
have been considered in modelling, the simulated groundwater
storages by the model are cumulative during the simulation
period. Hence, the trends in groundwater storage under the four
water management scenarios can be compared and the resulting
potential benefits due to implementation of additional
sustainable storm water management options can be identified.
Figure 5 displays the cumulative increase in groundwater
storage during the simulation period as a result of implementing
different storm water management options under scenarios 1–3
and under scenario 4. The graphs show that the total increases
in groundwater storage by 2050 under scenarios 1–3 and
scenario 4 are estimated to be 2.50 million m3 and 10 million
m3, respectively. This suggests four times increase in the

This study assessed four water management scenarios for the
Dublin Region under likely future socio-economic growth and
urban development projections. The management scenarios
are: (1) baseline, (2) increase supply, (3) intensified leakage
management and (4) total water management. The impacts of
the four management scenarios on water resources of Dublin
for the period 2018–2050 were investigated using the Water
Evaluation and Planning Software (WEAP21). The assessment
of the four scenarios was based on results of main variables
characterising the water resources system including:
hydrological performance and supply reliability, urban runoff
generation and groundwater recharge. Modelling results
indicate that under scenario 1 the existing freshwater supplies
in Dublin will be subject to severe stress and as a result a
frequent water supply deficit is likely to occur. Moreover there
will also be a considerable increase in storm water discharges
into receiving water bodies. Scenario 2 and 3 were found to
reduce pressure on the existing freshwater supplies, but there
will still be a significant increase in storm water discharges into
receiving water bodies. Scenario 4 is the only one which results
in both a reduced pressure on existing freshwater supplies and
reduced storm water discharges into receiving water bodies as
it is assumed to use portion of stormwater for recharging
groundwater. Hence, integrating total water management
options such as rainwater harvesting, greywater reuse, artificial
groundwater recharge and sustainable urban drainage systems
into the management plan of water resources in Dublin can
produce tangible benefits over traditional practices in terms of
lowering supplies from freshwater resources and increasing
recharge of groundwater
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ABSTRACT: An implementation of the WFD requires all surface waters in the EU to achieve at least good status; this
requirement has not been achieved in Ireland. Just over 30% of transitional waters and 79% of coastal waters were satisfactory at
good or high status. Irish transitional and coastal (TraC) waters are threatened by the synergistic effects of multiple environmental
pressures such as nutrient enrichment, oxygen depletion and acidification. The overarching aim of this research is to assess a
potential use of chlorophyll-a Remotely Sensed (RS) products to inform and improve Irish TraC water monitoring programme
under WFD. In this research, the accuracy of level-3 and -4 processed chlorophyll-a concentrations derived from satellite
observations of water colour has been analysed for Irish TraC waters. In total four datasets derived from four missions and for
four retrieval algorithms have been inter-compared and validated against in-situ data on various temporal and spatial scales. The
research shows that temporal and spatial coverage of RS data is very good in overall and VIIRS provides the most accurate set of
chlorophyll-a concentrations in Irish TraC waters. The chlorophyll-a data derived from remote sensing observations have a
potential to complement the TraC water monitoring and improve the current programme. The outcomes of this research are
immensely important for surface water monitoring programme and water quality, and as such to policy makers, waters
management bodies, scientists and local communities.
KEYWORDS: Chlorophyll-a; Eutrophication; Water Quality; Irish Transitional and Coastal Waters; Remote Sensing; Water
Framework Directive; CMEMS programme; Copernicus Services
1

INTRODUCTION

Surface waters are an essential renewable natural resource for
both humans and the environment. However, there has been
observed a continuous deterioration of their quality across
Europe in the last five decades [1] due to multiple
environmental pressures such as nutrient enrichment, climate
change and acidification that co-occur in a waterbody and pose
a serious threat to an aquatic ecosystem [2]. Whilst it is
recognised that various sectors exert pressures on water
resources, the agricultural activities through the excessive input
of nutrients, sediment, oxygen-using matter, chemicals and
pathogens are the most significant contributor to water
pollution and subsequently to a reduction in water quality
status. The nutrient enrichment is the direct and prominent
consequence of agricultural activities, and, as it causes
eutrophication, it remains the most significant issue currently
impacting water quality.
In the light of enormous environmental pressures on surface
water environments, monitoring as required by the Water ,
Directive (WFD) is immensely important. An implementation
of the WFD requires all surface waters in the EU to achieve at
least good status; this requirement has not been achieved in
Ireland. In the most recent assessment report on Irish water
bodies, 31% of transitional waters and 79% of coastal waters
were satisfactory at good or high status [8]; this compares to
45% and 93% in 2010-2012 report [3] and reflects the
intensification of activities and vulnerability as ultimate
receptors of natural and anthropogenic nutrient loading. In
total, 53 transitional water bodies and 17 coastal water bodies
have been identified as at risk [4].
Phytoplankton is used in numerous environmental
monitoring programs to assess the status of a waterbody

because of its capacity to integrate changes in the ecosystem in
a short period. Such a system of assessing the status of a
waterbody only by using chlorophyll-a concentration as a
measured variable was developed as it was quick and
reasonably accurate.
The monitoring programme of Irish transitional and coastal
(TraC) waters undertaken by EPA is based on in-situ data
collection and laboratory analysis. Such a conventional
approach is currently very expensive and time-consuming
while limited in terms of spatial coverage and temporal
frequency. Moreover, due to the highly heterogeneous complex
nature of surface waters, sparse monitoring data prohibit
understanding of how pressures interact with environmental
factors and impact on biological receptors under certain
hydrological regimes. An additional source of data such as the
remote sensing data, which allows frequent surveys over large
areas, can help to address problems associated with these
complex interactions. Thus, as the earth observation records
become more available, remote sensing techniques have now
the potential to provide an invaluable, cost-effective
complementary data for operational monitoring of surface
waters [5].
Giardino [6] found out that some of the components and
parameters included in the WFD guidelines can be determined
by remote sensing with reasonable accuracy. This is
particularly important in the Irish context, where the selection
of monitoring sites for operational monitoring is heavily
influenced by the accessibility of sites for sampling. In such
circumstances and considering that deterioration of water
quality is caused by optically active substances, the effect of
these changes can be observed with optical remote sensing
instruments. Remote sensing observations have been used
operationally (NASA, ESA) to measure ocean colour for many
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years providing improved geographical knowledge of pollution
sources and pathways. Unfortunately, the ocean colour sensors
have or had coarse spatial resolutions that make them
unsuitable for remote sensing applications over coastal and
transitional waters. Moreover, the optical complexity of
shallow, turbid waters, atmospheric correction issues,
adjacency effects and some other unresolved problems add
additional challenges to TraC water remote sensing (case 2
waters) which are not issues in the ocean colour remote sensing
(case 1 waters). The optical complexity of TraC waters is due
to the fact that these waters are typically characterised by high
concentrations of phytoplankton biomass, mineral particles,
detritus and CDOM that typically do not co-vary over space
and time. For these reasons algorithms for case 2 waters are
difficult to develop. Their applicability between different water
bodies is a limiting factor too as [7] demonstrated for Irish
waters. In this light, the overarching aim of this research is to
assess the accuracy of chlorophyll-a data for Irish coastal
waters derived from CMEMS remotely sensed products and to
determine whether this data can be employed to inform Irish
TraC water monitoring programme. The adequate monitoring
TraC waters are crucial to our ability to understand and
disentangle the effects of pressures and environmental change
on aquatic ecosystems.
2

METHODOLOGY
Data

2.1.1 In-situ Data
In Ireland, transitional and coastal waters cover an area of
approximately 14,200 square km out of which only 30.5% is
currently being monitored under the water quality monitoring
programs undertaken by the EPA and Marine Institute [8]. The
transitional waters network consists of 193 monitored water
bodies and the coastal waters network consists of 101
monitored water bodies. Under the National Environment
Monitoring Program (NEMP) undertaken by EPA as required

A

locations operated by EPA monitoring and 12 locations
operated by the Marine Institute under the Marine Framework
Directive were used to assess RS processes chlorophyll-a
products. These locations are shown in Figure 1.
2.1.2 Remotely Sensed Data
In this study, level-3 and level-4 processed chlorophyll-a
concentrations derived from satellite observations of water
colour are investigated. These data have been acquired from the
Copernicus Marine Environment Monitoring Service
(CMEMS) repository.
In total four datasets MODIS, VIIRS, OLCI and MULTI-CCI
summarized in Table 1 were used.
Table 1. Description of sensors and algorithms in four
datasets used in this study.
Algorithm
(chl_oc4)
algorithm
and the Hu
colour
index (CI)
algorithm
Case 2
algorithm
developed
by (Carder
et al.,
2003)
"OC4Me"
Maximum
Band Ratio
(MBR)
semianalytical
algorithm,
developed
by (Morel
et al.,
2007) (cf.
O’Reilly et
al. 1998)

Satellite Mission

Providing
Organization

MODISaqua

EOS-aqua

NASA

VIIRS

NOAA-20

NASA

OLCI

Sentinel 3A and
3B

ESA

MODIS
MERIS
SeaWiFS

MODIS on EOSaqua
MERIS on
ENVISAT (no
longer
operational)
SeaWiFS on
OrbView-2 (no
longer
operational)

All three
missions
were
undertaken
by NASA

B
MULTICCI

Figure 1. Map of in-situ measurements locations.
by WFD, the EPA monitoring programme monitors 40% of
these [8]. In this study, chlorophyll-a data collected from 43
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Three datasets MODIS, VIIRS, OLCI are generated by
processing ocean colour reflectance observations from three
sensors onboard three satellite missions. Each dataset was
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processed with different retrieval algorithm. In contrast, the
MULTI-CCI dataset is a single quality unified product that
combines data from 3 cross-mission satellite sensors MODIS,
MERIS and SeaWiFS.
The sensors measure reflectance in blue-to-green region of the
visible spectrum. Fluorescence is the emission of the higher
wavelength of electromagnetic waves (either invisible or
invisible part of the spectrum) after reflection from a surface
(chlorophyll-a pigments in this case) after a lower wavelength
of waves is incident on it. This reflected light is then measured
to determine the concentration of chlorophyll-a in water using
a retrieval algorithm which empirically relates the
concentration of chlorophyll-a with reflectance observation in
a sample of water. A phytoplankton concentration is estimated
from the chlorophyll-a concentration. This technique, however,
has its significant shortcomings due to weather and climatic
conditions (aerosols, sun glint, clouds), water quality (nonchlorophyll-a water colour, turbidity) and inability to
differentiate between various species of algae and
phytoplankton present in a waterbody.
The MULTI-CCI dataset is available for the period 2011-2016
and consists of 1-month median composite data, while
MODIS, VIIRS, OLCI datasets provide chlorophyll-a
concentrations for the year 2017 at 8-day temporal resolution.
The study area is delineated by following coordinates: 2°W to
14°W and 49°N to 58°N. Study domain covering Irish coastal
waters is shown in Figure 2.

Figure 3. Summary of major steps in processing RS data.





3

The in-situ and RS data were analysed jointly in order to:
Assess availability of RS chlorophyll-a data for Irish
TraC waters
Assess the accuracy of RS chlorophyll-a data in Irish
TraC waters
Determine suitability of RS chlorophyl-a data to inform
and improve water quality monitoring programme

RESULTS AND DISCUSSION
RS Data availability

One of the greatest difficulty with using remote sensing data is
to obtain a full clear coverage of the area of interest with a
single sensor observation [9]. This is particularly valid for Irish
continental shelf region where dense cloud cover occurs
frequently. Figure 4 presents the spatial distribution of data
availability for the year 2017 at 8-day temporal resolution.

Figure 2. Study domain delineated by green box.

Procedure
Summary of major steps involved in post-processing RS
data is presented in Figure 3. The chlorophyll-a data restricted
to the study domain were downloaded from Copernicus
CMEMS repository in NetCDF format and subsequently
converted to ASCII format using a range of plugins and
FORTRAN scripts to be analysed in Matlab and ultimately
visualized in Tecplot and Matlab. A total of 356 datasets were
processed in this study.

data availability, %

100%
80%
60%
40%
20%
0%
1

2

3

4
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8

9

10 11 12

Time, months
Figure5. Availibility of MULTI-CCI data for 2015.
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Temporal distribution of data available for Irish coastal
waters in the year 2015 for MULTI-CCI dataset is shown in
Figure 5. Between April and October, chlorophyll-a data cover
over 92% of the domain, while this number reduces
significantly during winter months to less than 40% in
December. Similar annual patterns are observed for all
MULTI-CCI data analysed in the period 2000-2016.

chlorophyll-a concentration, mg/m^3

In overall, VIIRS, MODIS and MULTI-CCI have a satisfactory
level of temporal coverage with data available for over 90% of
the time. As expected temporal coverage decreases in
transitional inshore waters with less than 50% data available in
this region in the year 2017. Also, temporal resolution
decreases to approximately 60% in offshore waters west of the
continental shelf.

3
2.5
2

VIIRS

1.5

MULTI

1

OLCI
IS

0.5

MODIS

0
0

5

10

15

20

In situ samples
Figure 6. Comparison between in-situ measurements and
RS data for 2017.
RS products validation

In situ- chlorophyll-a
concentration mg,m^3

In the year 2017, in-situ chlorophyll-a data were collected at
18 locations shown on the map in Figure 1. Comparison
between in-situ measurements and RS data for 18 locations is
shown in Figure 6. While OLCI and MULTI-CCI
underestimate chlorophyll-a concentrations, MODIS tends to
overestimate concentrations. As shown in Figure 7, the best
agreement is obtained between in-situ and VIIRS data with the
determination coefficient of 0.52.
2.00
1.50
1.00
y = 0.7145x + 0.1905
R² = 0.5215

0.50
0.00
0

0.5

1

1.5

2

VIIRS- chlorophyll-a concentration mg/m^3
Figure 7. Correlation between in-situ and VIIRS
chlorophyll-a data overlaid by a linear trend line.
Although the RS chlorophyll-a data are correlated with field
measurements, some discrepancies between two sets of data
exist. This could be attributed to multiple causes resulting from
instrumental (bandwidths, sensor design), algorithmic
Figure 4. Percentage of chlorophyll-a data available for 2017.
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(atmospheric correction, calibration) and spatial-resolution
(proximity to land) problems.
Although more data and comparisons would be required to
strengthen current validation and draw robust conclusions, it
seems that RS data has a potential to complement the TraC
water monitoring programme. And as such, it can inform the
programme in relation to the best location for in-situ
measurements and temporal resolution of data collection within
the monitoring programme. And therefore, it can provide
recommendations for future improvements. Also, the spatial
and temporal distribution of RS data can be used to investigate
the chlorophyll-a dynamics on both inter-annual and short
timescales and the effects of geographical location on
chlorophyll-a abundance.

Chlorophyll-a distribution
Figure 8 shows the temporal resolution of chlorophyll-a
concentrations on the west of Ireland (point A) and in the Irish
Sea (point B). In 2017, chlorophyll-a concentration peaks in
May and reduces significantly in the following month.

(a)

(b)

Figure 8. Temporal variation in chlorophyll-a concertation
for 2017 at (a) point A and (b) point B (see Figure 1 for points
location).
Figure 9. Spatial distribution of maximum, mean and
minimum chlorophyll-a concentrations (mg/m3) derived from
MULTI-CCI data for 2000-2016.
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As point A is located at the edge of the European Continental
Shelf, this temporal pattern is consistent with long-term
observations in the North East Atlantic. In the Irish Sea, the
temporal variations are more uniform throughout the year with
concentrations reaching 1 mg/m3 between March and
September.
Spatial distributions of maximum, mean and minimum
concentrations of chlorophyll-a are shown in Figure 9. The
peak values reaching 3mg/m3 occur along the coastline and in
the Irish Sea where warm, nutrient-rich waters prevail and
conduce to an increase in the primary production. A similar
pattern is observed during winter months with minimum values
exceeding 0.8 mg/m3 in the Irish Sea.

4

DISCUSSION AND CONCLUSIONS

In this research, the accuracy of chlorophyll-a data derived
from CMEMS remotely sensed products for Irish coastal
waters is assessed and its applicability to complement existing
TraC water monitoring programme is determined. Major
conclusions from this research are as follows:
 in overall temporal coverage of RS data is very good with
over 90% data available annually. Data availability reduces
in transitional inshore waters and in offshore waters west of
the continental shelf. Also, data coverage for summer
months exceeds 92% and reduces below 40% during winter
months
 temporal pattern of May peaks in concentrations and rapid
decay in following months is consistent with long-term
observations in the North East Atlantic. Higher and in
general less temporarily variable concentrations are
observed in the Irish Sea.
 RS data has a potential to complement the TraC water
monitoring programme and help to improve the design of
the current programme in terms of location and timing of
in-situ sampling
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Development of a test tank to investigate the pressure field extension for specified
granular fill materials for radon mitigation by soil depressurisation systems
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ABSTRACT: Design of bearing layers (granular fill materials) is essential for a house with a soil depressurisation (SD) system
for indoor radon mitigation. These layers should not only satisfy the bearing capacity and serviceability criteria but should also
provide a sufficient degree of the air permeability for the system. Previous studies have shown that critical factors which effect
soil depressurisation are the air permeability, porosity and compaction degree. This issue has not been systematically
investigated in Ireland for the compacted granular fill materials (hardcore) that meet Irish building regulations; namely T1 Struc
and T2 Perm. Large-scale experimental tests were conducted in this study to examine the different parameters and to investigate
how they affect a soil depressurisation system. Computational fluid dynamics was used to validate and simulate the flow
behaviour of T1 Struc and T2 Perm granular fill. Test results show that the thickness of the layer is important and directly
influences the permeability of the material.
KEY WORDS: Radon; Soil depressurisation systems; Granular fill materials; CFD
1

INTRODUCTION

Radon is a gas which is colourless, odourless and tasteless and
has been proven to be carcinogenic and is the second leading
cause of lung cancer [1, 2, 3]. Radon in buildings is
problematic as indoor concentrations can be above a safe
concentration in a living environment, i.e. 200 Bq/m3. To
prevent Radon from causing harm, mitigation methods have
been implemented and include soil depressurisation which is
primarily investigated in this paper. The key area of interest
around soil depressurisation is the granular fill materials T1
Struc and T2 Perm which are used as the bearing layers in
Ireland [4]. The purpose of the project is to investigate the
performance of T1 Struc and T2 Perm granular fill materials
in conjunction with the soil depressurisation system.
Aims
The aim of the study is to identify the optimum specification
for a soil depressurisation system. To find the optimum
specification, experimental tests and numerical simulations
were conducted as part of the project. The experimental tests
were set up in Phase I and Phase II of the project with
numerical simulations to confirm the findings. It was
confirmed from initial numerical simulations that the key
parameters to design a soil depressurisation (SD) system are
the air permeability kah, the porosity nh and the effective
particle diameter def of granular fill materials.
In Phase I, compaction tests were first performed to
determine the compaction degree of the T1 Struc and T2 Perm
materials. After that, a test apparatus was developed to
measure the kah and the nh at varying compaction degrees and
moisture contents. In addition, a sieve analysis was conducted
to determine the def. Details can be found in Hung et al. [5,
6].
Phase II of the project goals were to verify the degree of
compaction for the T2 Perm using a large-scale test tank with
a field compactor, as well as to validate the kah and the nh

parameters obtained from Phase I.
Soil depressurisation systems
The SD system decreases the sub−slab pressure under the
foundations (i.e., the suction pressure developed in the
granular fill layer beneath the concrete slab), thus reversing
the entry path of radon from soil and bedrock into the
building, as well as extracting gas trapped in the granular fill
layer [6, 7, 8]. There are two types of soil depressurisation
system, active and passive. An active system generally is done
by implementing an exhaust fan which can develop a constant
depressurisation beneath the base of a building. Soil
depressurisation, however, can happen using natural buoyancy
and wind effect and is known as a passive system. This
system works by allowing the air trapped in the granular fill
layer beneath the concrete slab to seep up through a pipe that
is below the foundations of a dwelling, in the soil bed
connecting through the house and out to the roof of a
dwelling.
Radon mitigation measures have been tested, and studies
were carried out similar to the experimental set-up by Cavallo
et al. [9]. The studies show that when comparing a passive soil
depressurisation system to an active one, the active system
proven in an experimental pilot house is the most effective
and viable indoor Radon mitigation method [2, 6, 8, 9, 10].
2

MATERIALS AND METHODS

This section of the paper describes the materials and methods
set out to conduct the study for Phase II of the project.
Design of the test tank
Phase II consisted of designing a cylindrical test tank. The
dimensions used for the cylindrical test tank are 2 m diameter,
1.5 m in height and incorporates a 6 mm skirt thickness. The
apparatus is shown in Figure 1.
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.

degrees of holes in the hardboard. The thickness was then
varied as 5 mm, 10 mm, 15 mm, 20 mm and 30 mm. The
results are presented in Section 4.3.
Compaction
Fan

Figure 1. Experimental test tank
High
accuracy
sensors
(Honeywell,
HSCDRRN002NDAA5) which can range from ± 500 Pa with
an accuracy of ± 0.25% are used to measure the suction
pressure inside the tank [11]. Suction was created using an
electric fan which is controlled by a fan regulator and is
limited to a maximum static pressure of 500 Pa. The
measurements of the test were recorded with National
Instruments (NI USB-6009) data logger and a LabView
program 2016 (National Instruments, Austin, Texas, USA).
Airtightness check and calibration of the test tank
To ensure the test tank was completely airtight before running
experimental tests, it is essential to ensure that there is no air
leakage in the tank to generate accurate results. To check
airtightness, the tank was completely sealed, and a suction
pressure of 300 Pa was created inside the tank. Once the air
had depressurised in the system, all valves were closed, and
the pressure was monitored for 3 days. No pressure drop was
observed during testing, suggesting that the test tank was
completely sealed.
To calibrate the test tank, a 5 mm thick hardboard was
placed at the centre of the tank, dividing the test tank into two
parts (upper part and lower part). The hardboard had a
diameter of 2 m. Four 3 mm holes were drilled into the
hardboard, and the suction pressure was created at the upper
part of the tank using the electric fan. The air flows through
the medium inducing pressures P1 and P2 at the upper and
lower parts, respectively. The pressure difference between the
two components can be calculated as ΔP=P1-P2. The
resultant ΔP relates to the permeability of the medium. The
lower the value of ΔP, the higher the degree of permeability
and vice versa. This process was repeated using the same
hardboard of 5 mm, and diameter hole of 3 mm for 4, 8, 16
and 24 drilled holes. These experimental results were then
compared to CFD models of the tank. The findings are
presented in Section 4.
Modelling various thicknesses of hardboard
The purpose of varying the hardboard thickness in the test
tank is to simulate the varying air permeability with a constant
porosity and the effect that has on the pressure difference
experienced. The model was set-up identically to the first
method in Section 2.2 with a 5 mm hardboard and varying
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Before foundations are constructed in buildings, it is
important to ensure that there is adequate bearing capacity of
the material below the foundations and that the material is not
susceptible to too much settlement during its service life. This
is done by compaction of the material before any structure is
built. Compaction is the process that increases density or unit
weight and can be defined by the relationship between initial
compaction moisture content (wnc) and the dry unit weight
(γdry). The degree of compaction for a given material can be
determined by referring to the optimum compaction degree in
the laboratory. T1 Struc and T2 Perm compaction standards in
Ireland can be found in the Irish Standard I.S.888 [12]. The
process is as follows.
The granular fill material for T2 Perm was weighed using a
wheelbarrow and crane. After that, the material was filled into
the tank, shown in Figure 1. The granular fill material for T2
Perm was compacted into layers using a vibrating plate which
had a mass per metre of over 2100 kg/m2. The layer thickness
was chosen to be 150 mm which entailed a number of 6
passes for compaction. The T2 Perm granular fill material will
be tested up to 900 mm, as this is the maximum permissible
by the I.S 888 standard [12]. The same process will occur
when T1 Struct is tested in the tank. Before compaction could
begin, it is crucial to ensure the depth of the layer is evenly
spread. This was carried out by loading the tank with the
hardcore and raking it until it looked even. Measurements
were then taken from the top of the tank down to the depth of
the hardcore. A total of 33 measurements at varying angles
were taken. The hardcore was then re-spread if necessary, so
there was only a maximum of 1 cm difference in depth over
the entire area. Compaction of the layer then took place until 6
complete passes were done. The layer depth was then
measured in the same manner 33 times after compaction. The
compaction results will be presented later in the paper.
Calculation of air permeability
To measure the flow rate (Q) through the test samples, an
anemometer was used to find the average air flow rate for a
period of 9 minutes. An equation, which is given in the
Honeywell specification, was used to find the applied
pressure, Pap, as shown in Equation (1).
.
𝑉
𝑃
𝑃
0.1 𝑉
(1)
where Vout is the output voltage of the sensor, Pmax and Pmin
correspond to ±2 inches of H20 respectively, and Vsup is the
external power supply to the sensor which was supplied at 5
V. The output voltage was monitored during experimentation.
This equation was then used to find the applied pressure Pap.
As reviewed by Hung et al. [5], there are four applicable
well-known equations to calculate the kah of the granular fill
material. The Darcy-Forchheimer (D-F) has been proven to be
the best correlation with the experimental data for Phase I.
∆

𝑣

𝑐

𝑣

(1)

CERI-ITRN2018

where ΔP is the pressure drop (ΔP=P1-P2); P1 and P2 are the
inlet and outlet pressures, respectively; L is the flow length, μ
is the dynamic viscosity of the air (Pa.s); kah is the air
permeability of the granular fill material (m2); v is the velocity
(m/s) and c is the D-F constant which depends on the material.
To find the values for kah and the D-F value c, the least
squares method was used to find kah.

2 m diameter tank was built simulating a quarter of the test
tank. Symmetrical boundary conditions were used to improve
CFD processing time and the geometry was set up as shown in
Figure 2.

Sample preparation and measurement procedure
The following procedure was conducted to prepare the test
samples and to take measurements, as follows. The granular
fill materials for T1 Struct and T2 Perm were first weighed
and then loaded into the test tank using the wheelbarrow and
crane. A small amount of sample was taken to measure the
compaction moisture content of the material. Next, the
granular fill is evenly spread throughout the test tank to form a
150 mm layer as mentioned previously and measurements of
the compacted hardcore were taken. The tank was then sealed
by placing the lid back on the tank and securing it using nuts
and bolts. Sensors were then connected into the tank with two
additional sensors introduced per increase in layer thickness.
The fan was activated, and air flow rate was measured for 9
minutes using an anemometer. An average reading from the
anemometer was taken after 9 minutes and the fan was turned
off. Measurements were interpreted and recorded with the
National Instruments (NI USB - 6009) data logger and the
LabVIEW program version 2016.
3

NUMERICAL SIMULATIONS

Computational Fluid Dynamics (CFD) are a powerful tool for
the design of a SD system. The CFD simulations were
conducted in this study to verify the results from the
experimental test tank. Numerical models to simulate flow
behaviour have been successfully completed within studies for
SD systems [7, 8, 10]. These models, however, are not freely
available to the public as they were created internally and not
for distribution. An academic CFD software package, Ansys
fluent version 18.2, was used in this study [13]. To simulate a
model accurately, it was discovered early in the CFD
simulations that three parameters that have to be correctly
defined are the kah, nh and def. Each of these parameters was
found in Phase I of the experimental study and applied to
Phase II to verify the experimental test tank data. The
numerical models were designed for three different scenarios.
The first was to model the airtightness check of the tank. The
second was to model the hardboard with varying thicknesses,
which is used to relate air permeability to the difference in
pressure between the top and bottom of the tank. Lastly, CFD
simulations were used to find the expected pressure difference
between the upper and lower part of the tank containing
hardcore fill material. This was also done to confirm the
permeability of the granular fill material. The methodology
used in each stage will be presented in the following
subsections.

Figure 2. Model set-up
A 5 mm thick hardboard was modelled in the centre of the
tank with four 3 mm drilled holes in the medium. A fine mesh
was implemented within the program and defined inlet and
outlet parameters were input. The model was run to determine
the pressure difference between the upper and lower part of
the test tank by applying a 300 Pa at the outlet. Five different
models were built to ensure airtightness of the tank and to
relate porosity and air permeability to pressure differential
between the upper part and lower part of the tank. Similarly,
five experimental tests were conducted. The number of 3 mm
holes that are drilled in the medium are 0, 4, 8, 16 and 24 to
represent different porosities. The results from the
experimental tests and CFD simulations can be found in
Section 4.
Also, it was proposed to investigate the effect of varying the
hardboard thickness through the medium. In total there are 25
models, with varying thickness 5 mm, 10 mm, 15 mm, 20
mm, 30 mm and different porosity’s with 3 mm drilled holes
of 0, 4, 8, 16 and 24. The reason for varying the thickness is to
show the relationship between the pressure differences against
permeability experienced due to varying the thickness of the
hardboard. The model set up is described in the previous
Section 2.3, and the results are given in Section 4.
Simulations for compacted T1 Struct and T2 Perm
hardcore in the test tank
To clarify the air permeability of T2 Perm hardcore CFD
models were created to simulate the experimental tests in the
laboratory. The geometry was constructed modelling only a
quarter of the tank similar to the model set up for airtightness.
The hardboard used in the first simulation is no longer
required and a 150 mm raised floor is input into the geometry
from the base of the tank identical to the laboratory set-up.
Next the T2 Perm layer was built with a thickness of 150 mm
and 300 mm.

CFD Simulations for air flow through the perforated
hardboard
The following procedure for the model set-up is based on the
experimental tests as described in Section 2.2. The model
geometry was set up replicating the test tank. A quadrant of a
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Figure 3. Typical numerical geometry for test tank with
hardcore
The air permeability set for the models was used from
initial findings of Hung et al. [5] which showed the air
permeability for T2 Perm hardcore as 22.5 × 10-9 m2, also
from the least square data analysis which presented a kah of
28.7 × 10-9 m2. The velocities varied for the outlet boundary
condition for the different tests. The c value needed for
simulation and was calculated using Ergun equation below.
𝑐

.

(2)

where nh is the porosity, def is the effective diameter, c is the
inertial loss coefficient and is a parameter required for the
CFD simulations. The nh as reviewed by Hung et al. [5] for T2
Perm was found to be 0.37 and input into the CFD simulations
accordingly.
4

RESULTS

In this section of the paper, the experimental test results are
presented, which include airtightness, compaction, and air
permeability.
CFD Validation
To validate the results of the experimental test data, they are
compared with the CFD models. To ensure that these results
are correct the reliability of the CFD simulations should be
proven. The accuracy of the CFD simulations in this study
was confirmed by comparing to the experimental test results
from published works [6, 7, 8, 14].
Case 1: Gadgil et al. [8]
In a study conducted by Gadgil et al. [8], the air permeability
of rounded granular fill was investigated. The granular fill
material was ¾” which equates to approximately to 19 mm. A
wooden test apparatus was built, and the dimensions were
0.222 m high × 0.254 m wide × 2.43 m long. The kah, def and
nh were set at 1.3 x 10-7 m2, 11 mm2 and 0.4, respectively. The
flow velocity against the air pressure drop across the material
was numerically simulated and the test results were compared.
The comparison found that the CFD simulations simulate the
test results accurately with an error of ± 2.5% (Figure 4).
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Figure 4. Comparison between experimental CFD results and
published work by Gadgil et al. [8].
Case 2: BRE [7] laboratory test
BRE [7] completed several laboratory tests on well-graded
and poorly-graded granular fill material to determine the kah of
the materials which are used for SD systems in the UK. The
poorly graded materials were 10 mm single sized, 20 mm
single sized, 20 mm graded, 40 mm graded, and a well-graded
material was MOT type 1 sub-base. The test apparatus used
was the same as Gadgil et al. [8] as described previously. The
measurements acquired from the experiment were only for the
uncompacted material, and the kah values were found to be
between 2.1×10-8 m2 and 2.7×10-7 m2. The nh values, however,
varied depending on the material type used and had a range
from 0.32−0.46 while the def was taken as the d50 value from
the grading curve. To ensure validation of the CFD models,
three different models were built for the 10 mm single sized,
20 mm single sized and 40 mm graded. The values of the kah,
nh and def for the 40 mm graded material are presented in
Figure 5. The test results for 10 mm single sized, 20 mm
single sized and 40 mm graded confirm the accuracy of the
CFD, as the results presented are accurate with an error of
between 2% − 4%.
Airtightness results
The first check to see if the test tank was completely airtight
was done by introducing a 5 mm hardboard into the centre of
the tank with varying numbers of 3 mm drilled holes as
defined in the materials and methods section.
By inspection, Figure 6 shows a close relationship between
the experimental results and the CFD simulations. Although
the air tightness results were matched well to ensure the tank
was fully airtight, another airtightness test was conducted. The
second method to check airtightness of the test tank was
conducted by pressurising air at 300 Pa into the test tank with
the 5 mm hardboard and a total number of four 3 mm drilled
holes. When the air had been pressurised into the system, all
valves were closed, and the pressure was monitored for three
days to ensure no air leakage. After three days there was no
pressure drop experienced which means the tank is completely
sealed even at high pressure. This test re-confirmed the initial
findings with the CFD and experimental test results analysis.
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Air Permeability
The air permeability of the compacted T2 Perm hardcore was
determined using the least square method. To calculate the air
permeability, first the pressure difference was calculated
between the upper and lower part of the test tank and then
plotted against the velocity. The D-F equation (Eq. 2) was
then used, c and kah were temporarily assigned values. The
least squares analysis was conducted to determine the best c
and kah values to fit the measured values with the calculated
results. From the analysis, the air permeability of the
compacted T2 Perm hardcore at a thickness of 300 mm was
found to be 28.7 × 10-9 m2. This kah value was used in CFD
simulations.
Figure 5. 40 mm graded compared with CFD results

To validate the CFD simulations with the experimental test
results of Phase II, two types of analysis were conducted –
one was using the kah found in Phase I (i.e. kah =22.5× 10-9 m2)
and denoted as CFD (1) in Figure 8. Another used the
calculated kah from the experimental tests in Phase II (i.e. kah
=28.7× 10-9 m2), denoted as CFD (2) in Figure 8. After
graphing the CFD simulations against the experimental data
(Figure 8), there was a maximum difference of 3 Pa. The
calculated kah and the experimental test data from Phase I
showed a very close match with approximately 0.3 Pa
between them. However, when compared to the experimental
data from Phase II, there was a maximum of 3 Pa difference
and an average difference of approximately 1 Pa. This showed
that the kah input for CFD simulation is reasonable with a
maximum pressure difference of 3 Pa, as the flow rate varies
from 4.6 m3/h to 31.7 m3/h. However, to investigate the kah
parameter furthermore, CFD simulations were conducted to
find a better solution to represent the true air permeability.
The kah were adjusted, with a fixed def value of 16.2 mm and
flow rate of 18.2 m3/h.

Figure 6. CFD results compared to experimental test results

Varying thickness through the hardboard
The CFD simulations used to carry out this check had
thicknesses varied at 5 mm, 10 mm, 15 mm, 20 mm and 30
mm. The number of drilled holes was also changed with
values of 4, 8, 16 and 24. The results from the CFD analysis
are as expected and can be seen in Figure 7. As the thickness
of the medium increases the pressure difference becomes
higher. The reason for this is the material is becoming thicker
giving the air flow path a longer distance to travel, inducing a
lower air permeability of the material while the porosity
remains constant. The porosity doesn’t change as the
relationship between the volume total, the volume of voids
and solids is linear and constant as the thickness increases.
This is similar to the hardcore which is tested in the project.
The porosity of the material remains constant, while the
thickness varies creating different air permeability of the
material at different depths. Despite varying the hardboard by
a maximum of 25 mm for low and high flow rates, an increase
of 1.8 % to 18.5 % was noted which equates to a 5 Pa and 16
Pa pressure difference, respectively.

Figure 7 . CFD results for varying hardboard
A range of kah were investigated, the best result for the kah
was found to be 4.5 x 10-9 m2 which is smaller than that
reported from Hung et al. [5]. The reason the air permeability
is less than in Phase I, is due to using a small compactor in
Phase 1 whereas in Phase II a large-scale compactor was used.
This adjusted kah was then input for different values of flow
rate, i.e. CFD (3) in Figure 8. As can be seen, the maximum
pressure difference between CFD (3) and experimental tests
was found to be 2.1%. This kah is the closest to the true
permeability of the T2 Perm layer at 300 mm. However, the
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kah value might change with the change of thickness of the
compacted T2 Perm, and this assumption is being investigated
at the National University of Ireland Galway
5

CONCLUSIONS

As part of the development of the tank for testing the
permeability of granular fill material and the effectiveness of
soil depressurisation system, the tank was proven to be
airtight. This was done by using two methods – one which
included CFD analysis and the other by monitoring the test
tank pressure constantly for three days. Both studies showed
the test tank performing with no air leakage. CFD simulations
were conducted initially to investigate the effects of varying
the thickness of the hardboard in the test tank. The results
proved to be as expected with the pressure difference
decreasing as the thickness of the medium is increased,
indicating a change in air permeability with the same porosity.
A similar observation is expected for the granular fill
material. The compaction degree of the T2 Perm granular fill
was to be confirmed in Phase II. The T2 Perm granular fill
layer proved relatively difficult to compact with little
compaction occurring once the layer thickness increased to
300 mm with more heaving close to the walls of the tank than
compaction. This is due to the material being poorly graded
with aggregate sizes of 4 mm and 40 mm [12]. The kah
parameter was initially found and this calculated value was
input into the CFD simulations which showed a good
correlation, but for higher flows there was a maximum
pressure difference of 3 Pa. To adjust this and find the best fit
for the data the kah parameter was varied. By varying kah, with
a fixed def value of 16.2 mm, there were significant
differences in the results and the data was relatively easy to
match by adjusting this parameter. CFD simulations and
experimental test results showed good convergence of results
with kah of 4.5 x 10-9 which confirms Hung et al [5] finding
that T2 Perm has a kah value of approximately 22.5 x 10-9. The
nh used for the simulations was the value of 0.37 found in
Phase I. Given the matching results this porosity seems to be
valid for all simulations.

Pressure difference (Pa)
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40 60 80 100 120 140
Air flow rate (m3/h)

Figure 8. CFD pressure difference results compared with
measured pressure difference. The kah values were used in
CFD simulations as 22.5 × 10-9 m2 [for CFD (1)], 28.7 x 10-9
m2 [for CFD (2)] and 4.5 × 10-9 m2 [for CFD (3)].
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ABSTRACT: Reduction of the indoor radon concentration is an important issue for buildings, as radon is a known carcinogen
that can cause lung cancer associated with exposure in homes and workplaces. A pilot house was built in Spain in an area with
high radon exhalation to test different radon mitigation techniques back in 2006. After an initial study of the radon concentration
inside the house, different radon solutions were implemented such as active and passive soil depressurisation systems,
pressurisation, under floor ventilation and radon barriers. An overview of the results from the initial investigation is presented
along with on-going research. Pressure field extension under the slab, radon concentration and some atmospheric parameters are
being monitored while the soil depressurisation system is in operation under different conditions, in order to assess effectiveness
of the soil depressurisation system in relation to building materials impact on the sub slab area.
KEY WORDS: Radon; Mitigation; Soil Depressurisation System.
1

INTRODUCTION

Radon-222 is a radioactive noble gas generated as a decay
product of Radium-226 which belongs to the Uranium-238
decay series, the most common natural isotope of uranium,
present in all rocks and soils of the Earth’s crust in varying
amounts. Radon is colourless, odourless and tasteless and has a
half-life of approximately 3.8 days. Due to its noble gas
character, its behaviour is determined by physical processes
instead of chemical interactions. This property, along with its
half-life and its gaseous nature, make radon highly mobile and
thus it can be released from rocks or soils and move short
distances from its origin, therefore being exhaled into the
atmosphere [1].
In the outdoor environment radon gas is diluted in the
atmospheric air and dispersed. However, if radon gas enters the
air space of a building it can be accumulated causing elevated
indoor radon concentration, which can result in high
radioactive dose when inhaled. As inhaling radon has been
shown to cause lung cancer through the decay of its short lived
alpha decay products, which induce pulmonary cell DNA
damage, reduction of the indoor radon concentration is an
important issue for buildings [2].
Pressure driven airflow is considered the dominant
mechanism of radon transport from the ground into the indoor
air, but also it is generally accepted that a very small percentage
of the indoor radon concentration is due to building materials.
Pressure gradients created either by thermal differences, wind
or mechanical systems cause the soil air to flow into buildings
through cracks, holes and other leakage routes existing in the
foundation structures [3][4][5].
Ingress of radon from the soil is affected by different factors
such us the ground potential, influenced by air permeability,
porosity and moisture content of the soil, the characteristics of
the building (e.g. the infiltration features in the foundation and
wall below the ground level) and the ventilation, related to
meteorological conditions and behaviour of occupants [6].

Also, as radon comes from the ground and is a heavier gas than
air, it is not normally a problem in the upper stories or high rise
buildings.
There are different radon prevention and mitigation
techniques, aimed at either preventing radon entry or removing
it after. Radon protection strategies include reduction of radon
entry by sealing of surfaces, installation of barriers or
membranes, soil depressurisation systems (active and passive),
pressurisation and ventilation of spaces to dilute indoor radon
concentration with external air [2][7].
Sealing soil gas routes is the first approach in order to avoid
radon infiltration, but it may be very demanding as radon can
enter through cracks and openings that are too small to locate
and effectively close off. Radon barrier systems involve placing
a membrane of a special radon proof material over the ground
that is in contact with the soil under the occupied space of the
building, taking special care at joints and leakage points during
the installation [8]. Soil depressurisation systems (SDS) reverse
the normal flow of soil gas by means of a fan (active) or a cowl
(passive) and piping which draw air out from a suction point
under the slab. The withdrawal of air causes the sub slab area
to be at lower pressure than the air in the building and this
prevents the soil gas entry. An alternative approach to a soil
depressurisation system is to use a fan system to provide
positive pressure throughout the building and in that way
reverse the normal inflow of soil gas from under the floor.
Thus, radon is forced through other paths to reach the surface
far from the building [2][7]. Ventilation gradually replaces the
internal air with air from outside and it is the simplest method
to reduce relatively low levels of radon concentration.
Among the existing radon prevention and mitigation
techniques, some studies have proven that soil depressurisation
is the most effective measure to reduce air radon levels and
prevent radon entry into houses [3][4][9]. The effectiveness of
SDS is influenced by several different variables such as the air
permeability of the granular fill material in the sub slab area
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and the native soil surrounding the foundation, the suction point
size, which is normally a sump, moisture content, fan speed
(active SDS) and atmospheric conditions [10][11][12][13][14].
To study different radon mitigation techniques back in 2006,
a prototype house was built in Spain in an area with high radon
exhalation [15]. Currently, new investigations are conducted at
this pilot house, focused on SDS performance to mitigate
radon. The present paper presents an overview of the results
from the initial investigation carried out at the pilot house by B.
Frutos and collaborators from University of Cantabria, and the
on-going research.
2

PILOT HOUSE
Location, design and construction

An area with high radon concentration in the soil, so as to
perform accurate tests on mitigation solutions, was selected to
build the experimental dwelling. The site chosen is located
within the land of the Saelices el Chico former uranium mine,
in the province of Salamanca (Spain), nowadays under
reclamation activities to monitor and control the dismantled
radioactive facilities, managed by ENUSA Industrias
Avanzadas S.A. [16].
A radiological characterisation of the on-site soil was carried
out prior to the construction works, resulting in 1012 Bq/kg
average 226Ra concentration activity of the soil, which
significantly exceeds the normal range (around 50 Bq/kg), and
an average radon gas concentration of 250 kBq/m3 at 1 m depth
[17]. Air permeability of the native soil surrounding the house
was also measured on-site recently, estimated in the order of
magnitude of 10-11 m2.
The prototype home was designed to reproduce a typical
Spanish single family house. It consists of two storeys: a
ground storey at grade level and a basement below grade with
an area of 5 x 5 m2. There is a single access door and two
windows placed on opposite walls at the ground level storey.
The floor area (25 m2) is not representative of a real home, but
it is sufficient to study radon behaviour in a large room (see
Figure 1) [18].
The house was built using materials and methods that follow
Spanish standard construction practices. The basement walls
were built with 25 cm clay brick and the floor consisted of a 10
cm thick concrete slab over a 15 cm granular fill material layer.
Initially, foundation was not properly sealed in order to get the
worst radon conditions inside [17].

Figure 1. Picture of the Spanish pilot house.
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Mitigation solutions
After construction, the house remained closed for a period of
three months to allow radon gas concentration increase inside
in absence of mitigation solutions, in order to establish initial
indoor radon reference levels.
Following the initial study of the radon concentration inside
the pilot house, soil gas routes were sealed and different
mitigation solutions were implemented: active and passive
SDS, positive pressurisation, under floor ventilation and a
radon barrier.
SDS were put into practice by installing two underground
sumps, one underneath the basement floor slab and another
outside the foundation wall, each one fitted with an evacuation
pipe running to above roof level, see Figure 2. Both sumps are
1 m2 and their walls were built with conventional perforated
brick, for the piping work standard 110 mm PVC pipes were
used [18].

Figure 2. Cross-section along centreline of the pilot house.
Modified from [18].
Central and side sumps for the SDS were tested
independently from each other, to study the effectiveness in
relation to the area of influence. Tests were performed under
active and passive operation. A mechanical fan was employed
for the active SDS operation and for the passive natural
extraction, a wind force based rotating cowl was set on top of
the exhaust pipe.
Mitigation by positive pressurisation was studied using the
facility of the SDS system through the central sump and
pipework, by setting the mechanical fan on reverse flow mode.
Under floor ventilation solution was tested using the
basement as a crawl space, therefore the extractor fan was
installed in one of the basement walls to force air ventilation
inside the basement through an opening placed in the opposite
wall.
Finally, to test a radon barrier system, a membrane was
installed using an elastomer liquid system. It was placed in the
basement’s floor and walls in contact with soil [15]. Sometime
after testing, it was completely removed from the house.
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3

RESULTS’ OVERVIEW OF THE INITIAL INVESTIGATION

As mentioned above, for the first three months after the pilot
house was built, it remained closed building up the radon
concentration. As a result, reference radon levels for the
basement and the ground floor under no mitigation were
stablished as 39385 Bq/m3 and 6855 Bq/m3 respectively [15].
Mitigation by soil depressurisation was the first radon
solution tested. Central and side underground sumps were
tested individually, while the central sump SDS was in
operation, the side sump and pipe stayed closed and sealed, and
vice versa. Active soil depressurisation was tested with an 80
Watt electric fan, able to develop a maximum suction pressure
of -280 Pa [15]. For the operation of the passive SDS, a rotating
cowl was used, developing suction pressures derived from the
wind speed.
Results for the SDS tests are summarised in
Table 1. SDS effectiveness summary, #1 refers to the central
sump and #2 to the side sump, modified from [19].
. Reduction percentage is obtained from the radon
concentration, CRn, compared to the initial reference values.
Table 1. SDS effectiveness summary, #1 refers to the central
sump and #2 to the side sump, modified from [19].

Active
Passive

#1

CRn (Bq/m3)
Ground
Basement
floor
349
479

Reduction (%)
Ground
Basement
floor
99
93

#2

327

480

99

93

#1

1742

603

96

91

#2

16607

3213

58

53

The same 80 Watt extractor fan was used in the central sump
to test positive pressurisation mitigation solution by reversing
the flow. Meanwhile, the side sump and pipe stayed closed and
sealed.
Under floor ventilation solution was implemented by placing
the mechanical fan in one of the basement’s walls while another
opening was installed in the opposite wall to allow circulation
of air from outside. Both pipes connected to the sumps were
closed and sealed during under floor ventilation testing.
Finally, all pipes and openings were closed and sealed to
install and test a radon barrier. A liquid elastomer membrane
was applied in three layers in the basements’ floor and walls in
contact with the soil. Results from these mitigation solutions’
are summarised in Table 2.
Table 2. Positive pressurisation, under floor ventilation and
radon barrier effectiveness summary, modified from [19].

Pressurisation
Under floor
ventilation
Radon barrier

CRn (Bq/m3)
Ground
Basement
floor
271
388

Reduction (%)
Ground
Basement
floor
99
94

10072

307

74

96

1446

434

96

94

Overall, by looking at the results from Table 1 and Table 2,
most of the mitigation solutions tested were effective,
exceeding 90% radon reduction in 5 out of 7 of the solutions
tested. The active depressurisation and the positive
pressurisation were the most effective radon mitigation
solutions and the least effective solution was the passive
depressurisation through the side sump.
From Table 1, a significant difference in the reduction
percentage was found in the basement compared to the ground
floor, reaching highest radon reductions in the basement. Also,
from central (#1) to side (#2) sump tests, there is a remarkable
difference for the passive operation of the system.
From Table 2, similar to the results from Table 1, reduction
percentages found are higher in the basement, except for
underfloor ventilation with the highest reduction in the ground
floor.
4

ON-GOING RESEARCH

Within the scope of the on-going research on the optimum
specification for soil depressurisation systems related to Irish
building practices (OPTI-SDS project), the accessibility to the
pilot house is a great opportunity to study SDS effectiveness
through collaboration with European partners.
In order to design a measurement plan, preliminary tests were
performed at the house in 2017. Radon monitors were set up in
the house, one in the basement and another one in the ground
floor. Radon levels have been monitored continuously over
different periods since then, an example of the radon
concentration recorded during months February to April 2018
is shown in Figure 3.

Figure 3. Radon concentration in the pilot house over time
from February to April 2018. Dark blue line is for the
basement and light green line for the ground floor.
The house remained closed with both pipes sealed building
up radon levels for the period shown in Figure 3. Average radon
concentration in the basement was found to be 89968 Bq/m3
and 45073 Bq/m3 in the ground floor, which are higher values
than the reference levels established in the initial investigation.
In November 2017, first initial pressure field extension
measurements were carried out under the concrete slab of the
pilot house. Different holes drilled through the slab at various
distances from the centre were tested in terms of pressure while
SDS was in operation. Central and side sumps were studied
under active soil depressurisation using a 30 Watt extractor fan
[20].
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Results from the pressure field extension study under the slab
showed a good performance of the central sump SDS. Suction
pressure developed under the slab was found to be relatively
constant and uniform, causing a homogenous suction pressure
in the room when SDS was operated through the central sump
and pipe. However, the side sump performance didn’t show
such a good pressure field extension, since no pressure
development was observed under the slab. This phenomenon
could be due to the obstruction of the foundation beside the
sump, but additional measurements may be required to confirm
this result.
The findings of the pressure field extension led to focus the
investigation on the central sump for soil depressurisation. The
plan proposed consists of continuously monitoring radon
concentration and pressure field extension at several different
points in the house, while operating SDS under different
conditions. Also, it is planned to measure locally different
atmospheric parameters that influence both radon entry in the
building and the performance of the SDS. A study timeline for
the tests proposed is shown in Figure 4.

Figure 5. Pressure sensor unit (up). Zoom in Honeywell
pressure sensor within PSI (down).

Figure 4. Study timeline for the monitoring plan.
The measurement plan includes long term testing, alternating
periods of building up radon concentration in the house and
then testing the active and passive performance of the soil
depressurisation, controlling the power of the mechanical fan
in the active SDS operation.
To monitor the pressure field extension in the pilot house, a
pressure sensor system was developed by a group from ITEFICSIC (Spain). It is an acquisition system designed with
segmented architecture and capacity up to 15 pressure sensors.
It consists of an adapter board for pressure sensor units and it
contains Honeywell pressure sensors with SPI communication
(see Figure 5). The adapter board for units is connected to a PC
with an input/output USB card type Lab Jack U3, and all
connections between pressure sensor units use Ethernet cables
connected in parallel.
The actual system, set up in the house in April 2018, consists
of 9 pressure sensor units, distributed along the slab in the
basement of the house and in other key points (see Figure 6).
There are 5 sensors placed at gravel layer depth under the slab,
one in the sump (S06) and another one inside the exhaust pipe
(S03). A sensor placed in the soil outside the house at 0.6 m
depth (S01) and the last one is placed in the ground floor (S02),
connecting both storeys of the house.
Distribution of the sensors across the slab will give an idea
of the suction pressure extension in the room area. Sensor S01
placed in the soil is also important to see if the suction pressure
is extended beyond the foundation of the house.
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Figure 6. Ground floor and basement plan drawing (cm-unit)
with pressure sensor units locations indicated.
To measure atmospheric parameters, a local weather station
was installed in the roof of the pilot house (see Figure 7).
Among the data recorded by this local weather station, are wind
speed and direction, temperature, atmospheric pressure,
humidity and precipitation values. Wind variables are the most
important to record locally while assessing passive SDS
performance.
Apart from the local weather station, there is a professional
weather station in the mine site, about 2 km far from the house,
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from which data of variables such as temperature, atmospheric
pressure or precipitation can be compared.
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ABSTRACT: One of the challenges that the dairy industry currently faces is the treatment of wastewater produced during the
processing of dairy products to an acceptable standard for discharge to the environment. With the abolishment of milk quotas in
2015, the production of dairy products increased, with this the processing wastewater required to produce these products rose
similarly. Meeting already stringent discharge standards is becoming problematic for processing factories with this increase in the
volume of wastewater. This Research is an investigation into the viability of Intermittently Aerated Sequencing Batch Reactors
(IASBRs) for the treatment of dairy processing wastewater at laboratory-scale. Several operational parameters have been varied
and the effect has been monitored to determine optimal conditions for maximising removal efficiencies. These operational
parameters include Hydraulic Retention Time (HRT), Solids Retention Time (SRT), aeration rate and cycle length. These
laboratory-scale systems will be used to demonstrate over time that the IASBR system is a consistent, viable option for treatment
of dairy processing wastewater in this sector. In this study, the capacity of a biological system to remove both nitrogen and
phosphorus within one reactor will be demonstrated.
KEY WORDS: BIOLOGICAL; ENVIRONMENTAL; NITROGEN; PHOSPHORUS; WASTEWATER TREATMENT.
1

INTRODUCTION

Currently, the Irish dairy processing industry generates large
volumes of dairy wastewater that is treated at on-site
wastewater treatment plants (WwTPs). The current treatment
technologies require large volumes of chemicals and are energy
intensive. The Intermittently Aerated Sequencing Batch
Reactor (IASBR) technology, which is a biological wastewater
treatment system. This technology offers a more sustainable
solution to this growing problem than what is currently
employed in many cases. The IASBR is a biological
wastewater treatment system. It has been adapted from
conventional Sequencing Batch Reactor (cSBR) operation in
order to achieve higher removal efficiencies of Chemical
Oxygen Demand (COD) and nutrients such as nitrogen and
phosphorus (Tarpey, 2016). This can be achieved whilst
reducing the operational cost of the system. An IASBR
operation can be imposed on a cSBR by changing the way in
which the react phase occurs in the system. In an SBR the
operation follows the order of fill, react, settle and draw/decant.
In a cSBR the react phase is made up of one non-aeration period
followed by an aeration period, in comparison to an IASBR,
periods of non-aeration and aeration are cycled to maximise the
performance of the system (Henry, 2014) simultaneously
removing nitrogen and phosphorus. During aeration periods
Dissolved Oxygen (DO) levels are increased allowing the
oxidation of ammonium-nitrogen (NH4-N) to nitrite (NO2-N)
and nitrate (NO3-N) by aerobic nitrifying bacteria. During the
following non-aerobic periods the DO is once again decreased
allowing anaerobic denitrifying bacteria to reduce the oxidized
nitrogen to nitrogen gas (N2) (Li et al. 2008).
IASBR technology has been applied in the treatment of high
strength wastewaters in other industries (Pan et al. 2014) and
for use at laboratory-scale for treating dairy wastewaters
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(Tarpey, 2016). The technology has shown, if managed
correctly to be superior in certain industries in the removal of
nitrogen and phosphorus than the more traditionally used
Sequencing Batch Reactor (SBR) technology for the treatment
of the wastewater (Pan et al. 2014; Henry, 2014).
Phosphorus and nitrogen are two of the main contributing
factors to eutrophication in a receiving water body, two
nutrients which are in high concentrations in dairy wastewater
(Kushwaha et al. 2011). Biological treatment of dairy
wastewater is also favoured due to the high organic content of
dairy wastewater due to the capacity of such a system to break
down organic compounds which if left untreated could
potentially overload a system at a municipal sewage treatment
plant (Demirel et al. 2005). cSBRs are listed as a suitable
treatment for dairy wastewater by the Environmental protection
agency as a Best Available Technique (BAT) in the treatment
in these wastewaters (EPA, 2008).
In this paper, the potential for the IASBR technology as a viable
option within the Irish dairy industry is investigated. Nutrient
removal efficiencies (nitrogen and phosphorus) have been
monitored, to determine whether it is a more efficient and
effective solution when compared to current technologies used
in the industry (Pan et al. 2013). Three laboratory-scale
experiments are presented in this paper and the results with
respect to the removal of ammonium and ortho-phosphate
(PO4-P). Operational parameters were varied in each of the
experiments to gain a greater understanding into the operation
of the technology and to generate initial parameters for
designing a pilot-scale IASBR system.
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2

MATERIALS & METHODS

The laboratory-scale IASBR system is composed of three
reactors each with a working volume of 8 litres, as shown in
Figure 1. Three peristaltic pumps were then used to mediate the
flow of influent, effluent and sludge. A circulation pump was
attached low on the wall of each reactor to ensure adequate
mixing of the biomass with the wastewater was maintained
during react phases. Aeration was supplied to the reactors using
three air pumps with air regulators to control the flow. The
system operation was controlled by a PLC (Siemens S7-200),
which can control the system components. The laboratory scale
system is operated in a temperature regulated cold room at
11℃.

Figure 1: Laboratory-scale IASBR system in operation in a
temperature-controlled room (11°C)
Over the course of this investigation, several different system
operations have been in effect during a total of 11 phases. There
have been two cycle lengths investigated in this experiment:
1. 8-hour cycles investigated were made up of 4 hours
aeration alternated with 4 hours non-aeration
2. In the 12-hour cycles investigated pumps functioned
intermittently with 100-minute non-aeration periods
followed by 60-minute aeration periods for a total of
8 periods (4 non-aeration, 4 aeration)
In order to monitor the performance of the system and evaluate
the operation parameters, a detailed nutrient and contaminant
analysis of the wastewater was performed. Additionally,
dissolved oxygen and pH will be monitored through full cycles
periodically to monitor the cycle oxygen consumption and pH
within the system.
Wastewater analysis
The untreated (influent) and treated (effluent) wastewater
samples are analysed periodically and the results compared in
order to assess the amount of removal occurring in each of the
individual reactors. Removal being assessed is total nitrogen
(TN), NH4-N, NO2-N, NO3-N, total phosphorus (TP), PO4-P,
total organic carbon (TOC), COD and suspended solids. TOC,
TN and TP were monitored using a Biotector analyser. NH4-N,
NO2-N, NO3-N and PO4-P were all measured using a Konelab
20 Nutrient analyser (Thermo Scientific). COD and suspended
solids testing was done following the corresponding sections of
Standard Methods (APHA 2005).

Experiment 1
The laboratory-scale reactors were initially seeded with sludge
from a municipal WwTP and the influent for all 3 reactors was
synthetic wastewater. The operation for this experiment, for
cycle length, Hydraulic Retention Time (HRT) and aeration
rate (in LPM), is as follows:
• Phase 1 (Days 0-7): 8-hour cycle, 2.7-day HRT, 2
LPM
• Phase 2 – Was made up of 2 parts
➢ Part 1 (Days 8-38): Aeration rate change
✓ 8-hour cycle, 2.7-day HRT, 1 LPM
✓ Reduced aeration rate
➢ Part 2 (Days 39-59): Cycle length change
✓ 12-hour cycle, 4-day HRT, 1 LPM
✓ Increased cycle length to 12 hours
✓ Lowered organic loading rate
(OLR)
• Phase 3 (60-75 days): 12-hour cycle, 4-day HRT, 0.8
LPM
✓ Reduced aeration rate
• Phase 4 (Days 76-162): 12-hour cycle, 4-day HRT, 0.6
LPM
✓ Reduced aeration rate
• Phase 5 (Days 163-201): 12-hour cycle, 4-day HRT,
0.4 LPM
✓ Reduced aeration rate
Experiment 2
After a thorough analysis was done on the aeration rate with a
constant SRT, the effect of varied Solids Retention Time (SRT)
with constant aeration rate was explored. However, in the last
phase of the experiment (Phase 10) when the optimum SRT
was determined, the aeration rate was increased to measure the
effect of an increased aeration rate with this SRT. The seed
sludge for this experiment was obtained from a full-scale cSBR
at an Irish dairy processing factory. The influent for Reactor 2
(R2) was real wastewater from day 92 onwards, with Reactor 1
(R1) and Reactor 3 (R3) remaining on synthetic wastewater for
the duration of the experiment. The operational conditions for
this experiment were as follows:
• Phase 6 (Days 1-28): 20-day SRT, 0.6 LPM
• Phase 7 (Days 29-91): 15-day SRT, 0.6 LPM
➢ Reduced SRT (high volatile suspended solids
(VSS) was observed at the beginning of this
phase)
• Phase 8 (Days 92-138): 20-day SRT, 0.6 LPM
➢ Increased SRT to increase VSS content
➢ When stable NH4-N removal occurred, next
phase
commenced
•
•

Phase 9 (Days 139-168): 16-day SRT, 0.6 LPM
➢ Reduced SRT
Phase 10 (Days 169-230): 16-day SRT, 0.8 LPM
➢ Increased aeration rate
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Experiment 3
The third experiment is on-going, the system is currently
following a 12-hour cycle. All 3 reactors were seeded using
activated sludge from a WwTP at a dairy processing factory.
The results from the first two experiments allowed the
operational parameters to be decided for the third experiment,
which are given as:
• Fill volume: 1.25 L
• HRT: 4 days
• Wastewater type: real dairy wastewater
• Aeration rate: 0.8 LPM
• React phase: 10hrs 40mins (4 non-aeration periods
(100 mins), 4 aeration periods (60mins))
• SRT: 16 days (0.25 L removed per cycle)
R1 and 2 have been treating real dairy wastewater (taken as a
grab sample) for the entire experiment. R3 was initially running
on synthetic wastewater (days 1-38), but after extended periods
of poor performance and an unstable state with often reduced
removal efficiency in this reactor, it was decided to re-seed it.
After restart R3 was also put on real dairy wastewater like R1
and R2. Since this restart R3 has been performing much better
as can be seen in Figure 1C and Figure 2C.
3

RESULTS & DISCUSSION

Experiment 1 found an optimal aeration rate of 0.6 LPM as
stable NH4-N removal, along with Enhanced Biological
Phosphorus Removal (EBPR), occurred in 2 out of the 3
reactors. The average removal efficiencies can be seen in
Figure 1A and Figure 2A. In phase 4 (0.6 LPM aeration rate),
in R1, R2 and R3 for NH4-N were 79%, 77% and 91%,
respectively. While, PO4-P removal efficiencies in R1, R2 and
R3 were seen to be 73%, 59% and 92%, respectively.
Therefore, EBPR may be occurring in R1 and R3. In phase 3
(0.8 LPM aeration rate) the reactors exhibited stable NH4-N
removal but no EBPR, this was thought to be due to the high
levels of DO in the reactors, conversely in phase 5 (0.4 LPM
aeration rate) when there were low levels of DO the reactors
performed poorly with low removal efficiencies in all nutrients.
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Figure 2: Results containing the removal efficiencies for
ammonium (NH4-N) in each of the three experiments, where:
A: NH4-N in experiment 1; B: NH4-N in experiment 2; C:
NH4-N in experiment 3
In Experiment 1 phases 1 and 2 exhibited unstable states and
removal rates during the adjustment period to the new operation
of the reactors, these first 2 phases are considered in this paper.
The Experiment 2 was an investigation into the effect of
varying SRT and aeration rate simultaneously. The optimum
SRT tested was found to be 16 days. This SRT combined with
an aeration rate of 0.8 LPM, along with a reduction in the
aeration/non-aeration rates was found to yield the best removal
rates as can be seen on Figure 2B and 3B. With this regime
NH4-N removal in R1, R2 and R3 was found to be very efficient
yielding removal rates of 96.6%, 93% and 87.3% respectively.
The average removal rates of PO4-P observed in R1, R2 and R3
were seen to be 88%, 48% and 70%. R1 and R3 were seen to
be carrying out EBPR.
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4

Figure 3: Results containing the removal efficiencies for
phosphate (PO4-P) in each of the three experiments, where: A:
PO4-P in experiment 1; B: PO4-P in experiment 2; C: PO4-P in
experiment 3
There were some conflicting conclusions drawn throughout
these two experiments, the conclusion reached that SRT and
aeration rate must be considered together as they are
unequivocally linked and must be varied individually to access
the effect that the change will have on the system. However,
the optimum operation parameters, which were established in
Experiment 1 and 2 of a 16-day SRT combined with an aeration
rate of 0.8 LPM.
Experiment 3 was performed using these optimum operation
parameters. From Figure 2C and 3C, it can be observed that
there have been periods of operation where the removal
efficiency has declined. This decrease in reactor performance
was caused by inadequate aeration during these times, which
was subsequently resolved. Overall, the removal rates are high
and initial testing has shown good potential for this
combination of parameters. This investigation has proven that
IASBR technology can, if managed correctly, treat dairy
wastewater to simultaneously remove nitrogen and
phosphorus.

FULL SCALE SYSTEM

One of the main points of interest of this technology is the ease
of implementation and scalability of the technology. Any plant
which currently utilises cSBRs for wastewater treatment can
adopt IASBR operation without having to install any additional
components. Changes to the PLC program will allow a plant to
change from SBR to IASBR operation. Once such a change has
been made the plant could incur savings of 25% on aeration, or
potentially more if the operation was optimised to suit the exact
needs of the plant in question to treat the wastewater at that
location. Factors such as aeration flow/period length need to be
compared to the influent NH4-N concentrations, if very high,
more DO is required to allow the oxidation of this nutrient. If a
lower NH4-N is detected then aeration can be reduced, thus
reducing the cost of treatment.
Since this investigation has taken place, a pilot scale IASBR
system has been designed, installed and operated for over a year
at a dairy plant in Ireland. This system began its operation on
the same 12-hour cycle that was utilized in this investigation.
During the pilot-scale investigation cycle length was shortened
to 8-hours, with modifications to period length made to
increase system efficiency.
For the year of operation, a very high degree of success was
achieved in removing pollutants. This was carried out without
the use of any additional chemical treatment and treating the
wastewater to below what the EPA licence permits the plant for
discharge. With the success of this investigation and the fact
that SBR technology has been proven to be efficient at full
industrial scale, there is no reason that IASBR technology
wouldn’t be capable of achieving the same success at full scale
with a reduction in the cost associated with the treatment
required.
With the operational conditions established in both this
laboratory scale study and the pilot scale study this technology
could be scaled up and implemented at an Irish dairy plant to
treat the wastewater generated during milk processing to a
degree acceptable by the EPA for discharge into the
environment. This has been proven to be viable over the course
of a year in a pilot scale study.
5

CONCLUSION

This research exhibits that the IASBR is a viable option for
treatment of dairy processing wastewater. The optimum
operational parameters that have been established in this work
are a 16-day SRT, which is combined with an aeration rate of
0.8 LPM and should be used as initial operational and design
parameters for a pilot-scale IASBR system. The research has
demonstrated that the IASBR may offer the industry a
biological treatment solution to remove both nitrogen and
phosphorus, without the need for expensive/polluting
chemicals. Experimental work at pilot-scale to ensure that the
system will work as efficiently at industry scale is necessary for
this research.
Removal efficiencies >90% have been observed for the
majority of the reactors operation. Given the strength of the
influent measured in this investigation this is more than
sufficient for the needs of the dairy industry. When this reactor
is operating correctly it treats the wastewater to far below what
the licence limits at the plant allow. This technology is easily
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implemented as it is a modification in the operational
parameters of a conventional SBR, which may be performed
using changes to the PLC program. As a biological system, it
potentially offers the industry a more sustainable, cheaper and
environmentally friendly alternative to currently-used chemical
treatment solutions. This system offers a 25% reduction in the
aeration requirements due to the method of nitrogen removal
performed by the system. Given that aeration costs are one of
the highest on a WwTP, coupled with the fact that an IASBR
system can negate the necessity for chemical treatment in many
cases, large savings in cost and reduction in the environmental
impact of the treatment could be achieved in the dairy industry
by utilizing this technology.
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ABSTRACT: All water sources contain a mixture of organic/inorganic particulate or dissolved contaminants, in addition to
microbes (i.e. bacteria, viruses and protozoa), which can be pathogenic (i.e. disease causing) to humans. Irish Water introduced
'The National Disinfection of Drinking Water' strategy in 2016 to ensure compliance with the European Communities (Drinking
Water) Regulations, S.I. No. 122. One method of purification of raw water is the introduction of a chemical coagulant for the
removal of particulate or dissolved contaminants through coagulation and flocculation.
Coagulant is dosed along with pH correction chemical to ensure the correct metal hydroxide floc formation for optimum organics
removal. A coagulant is dosed at a rate/volume based on achieving and maintaining suitable chemical dosing conditions in
responses to changing raw water conditions. The plant operator may face challenges during a rainfall event because the turbidity
of the raw water can change, causing difficulties in maintaining the optimum coagulant dose.
A Streaming Current Monitor (SCM) can be used to automate the coagulant control process. A SCM is a continuous sampling,
online instrument that enables the treatment plant operator to know precisely, and at all times, the optimum coagulant dosage. The
SCM responds to changes in raw water characteristics (turbidity, pH, colour, etc.), flow rate, and allows the operator to make the
necessary adjustments if required. This paper describes the introduction of a SCM to a Water Treatment Plant (WTP) in Galway
County Council, Western Division and the calibration of this instrument to the WTP. The effectiveness of the SCM to optimise
coagulant dosage automatically on a real-time basis in the WTP is also investigated.
KEY WORDS: Water Treatment; Coagulation;
1

INTRODUCTION

In Ireland, there is now a national water utility company called
Irish Water (IW). The Irish Government through the Water
Services Act established IW with a mission statement to
provide “safe, clean and affordable water and waste water
services”. IW introduced ‘The National Disinfection of
Drinking Water’ strategy to ensure compliance with the
European Communities (Drinking Water) Regulations, S.I. No.
122. This brought with it primary objectives of Water
Treatment Plants (WTP) such as;
 to maximise the reduction of particles and
microorganisms/pathogens.
 to maximise Total Organic Carbon (TOC) removal.
 to minimise the residual coagulant concentrations
 to minimise operating costs.
All water sources contain a mixture of organic/inorganic
particulate or dissolved contaminants, in addition to microbes
(i.e. bacteria, viruses and protozoa), which can be pathogenic
(i.e. disease causing) to humans. TOC is a combination of the
dissolved small organics (DOC) and the larger visible
particulates. One such method of purification of raw water is
the introduction of a chemical coagulant for the removal of
TOC through coagulation and flocculation. The presence of
TOC is measured by analysing the turbidity of the water.
Turbidity is a measure of the degree to which water loses its
transparency due to the presence of suspended particulates. In
order to maintain a turbidity below 1.0 Nephelometric
Turbidity Units (NTU) in water leaving the Water Treatment
Plant (WTP), optimum coagulant dose must be maintained at
all times. Potentially, the plant operator may face challenges

during a rainfall event, as the turbidity can rapidly change
causing difficulties in maintaining the optimum coagulant dose.
A Streaming Current Monitor (SCM) can be used to automate
the coagulant control process. This paper analyses if a SCM
effectively increases and decreases the dose of coagulant
automatically in response to changing water quality. It will also
review the SCM ability to optimise the coagulant dose in a
WTP over time.
2

WATER TREATMENT PROCESS

Raw ground and surface water that enter a WTP, contain a
number of different compounds present that must be removed
if the water is to be used for drinking water purposes. These
compounds can be broken down into three categories;
suspended solids, colloidal solids and dissolved solids.
Suspended solids have a diameter larger than 10-6m, colloidal
solids between 10-9m and 10-6m and dissolved solids smaller
than 10-9m. Particles with a diameter larger than 10-5m, and a
specific density larger than 2,000kg/m3, will settle in water.
Smaller particles will also settle, but more slowly [1].
To remove the smaller particles from the water, the particles
must be made larger. This is achieved by the introduction of a
coagulant into the water so the particles flocculate together.
Water treatment generally follows the same process through
most WTPs; however, the scale and flow will vary greatly from
plant to plant. As outlined in the flow diagram in Figure 1, the
raw water flows into a raw water storage tank & the level is
controlled via an actuated valve. Raw water is then pumped to
the coagulation tank. Prior to entering the tank, the water is
dosed with pH correction chemical, such as sodium hydroxide,
followed by dosing of a coagulant such as aluminium sulphate.

528

CERI-ITRN2018

The coagulated raw water flows in the first stage flocculation
tank where it is mixed and flocs begin to form. A pH sensor is
in the flocculation tank is used to maintain the coagulation pH
by automatically adjusting the sodium hydroxide dose.
The water then exits the flocculation tank at low level and
discharges to the Clarifier tank. Immediately on entering the
Clarifier/Sedimentation tank, the flocculated particles begin to
get heavier and fall to the bottom of the tank where the sludge
is removed. The water then moves onto the sand filtration
tanks, which filters the water to remove any remaining
aluminium sulphate that may be present in the water. The
treated water is discharged from the sand filter unit where it is
dosed with hypochlorite for final disinfection. The water enters
the treated water reservoir for storage. Water is pumped from
the reservoir to the distribution network that services the
various dwellings and industries on the network.

with different doses of coagulant are run side-by-side, and the
results compared to an untreated jar, or one treated with the
current program.
The dose is an estimate and frequently raw water conditions
might not at times be suitable, so the optimum dose can vary
which causes difficulty for the plant operator.
3.1

Importance of correct Coagulant dosing

The results of insufficient coagulation include poor finishedwater quality, high chemical costs, short filter runs, high
backwash costs, excessive sludge, increased pumping costs
(raw and finished) and post precipitation. Every water-plant
operator's goal is to maintain good finished-water quality,
which in large measure depends on the operator's maintaining
proper coagulant dosage. Jar testing has inherent drawbacks,
such as not offering real-time results.
Many WTPs still use manual control for coagulant dosing. If
the raw water source quality is steady, this can still be
considered an effective method of coagulant dosing. However,
when the raw water changes then manual control of the
coagulant dose becomes problematic. This can be challenging
when WTP's are unmanned. When the raw water is likely to be
of poorer quality in the future; (e.g. a weather forecast predicts
a rain event) operators often increase the coagulant dose in
anticipation of a rainfall event. This can lead to poor
coagulation prior to, during, and after the rainfall event (if it
comes at all) and can introduce longer-term issues such as filter
blinding, shorter filter run times and increased aluminium
residuals. Coagulant can enter the finished process water
because of poor coagulation, alum overfeed, or poor pH
control.
Figure 2 below shows the effect of adding a coagulant for the
removal of impurities in water. Over dosing of coagulant is
where there is too much coagulant chemical for the volume of
impurities and can result in coagulant carry over to the sand
filters and ultimately into the treated water.

Figure 1. Water treatment process
3

COAGULANT DOSING

In a colloidal suspension, prior to the introduction of a
coagulant, particles will settle very slowly or not at all because
the colloidal particles carry surface electrical charges that
mutually repel each other. Coagulants neutralise the negative
electrical charge on particles, which destabilises the forces
keeping colloids apart. Water treatment coagulants are
comprised of positively charged molecules that, when added to
the water and mixed, accomplish charge neutralisation [2].
Coagulant is also dosed with pH correction chemical such as
sodium hydroxide to ensure the correct floc formation for
optimum organics removal. A coagulant is dosed at a
rate/volume based on achieving and maintaining suitable
chemical dosing conditions in response to changing raw water
conditions. The dosage is determined by carrying out of jar
testing on a raw water sample. Jar Testing, in accordance with
Irish Water guidelines, is used to select and quantify a treatment
program for removal of suspended solids or oil from raw water.
Jar tests are conducted on a six-place stirrer, which simulates
the mixing and settling conditions experienced in the WTP. Jars
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Figure 2. Removal of impurities by coagulation [3]
4

STREAMING CURRENT MONITORS

The most critical time in the water-treatment process usually
occurs within the first two minutes of the raw water entering
the plant. This is where an automated dosing system in the form
of a Streaming Current Monitor (SCM) can prove to be very
beneficial.
A SCM is a continuous sampling, online instrument that
enables the treatment-plant operator to know precisely, and at
all times, the optimum coagulant dosage. The SCM responds to
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changes in raw-water characteristics (turbidity, pH, color, etc.)
and flow rates, and allows the operator to make the necessary
adjustments if required. The SCM is a charge-measuring
device. The charge measured is the net ionic and colloidal
surface charge (positive and negative) in the sample being
tested. The SCM samples continuously, which in turn
eliminates the errors in the operators sampling. The SCM
allows the user to accurately control the addition of the
coagulant to maintain a set point charge reading that correlates
to optimum treatment results. The ability to measure charge
responses associated with both organic and particulate
contaminants is what allows SCMs to reliably optimise
coagulant dosage.

4.2

The general layout of the SCM sampler is shown in Figure 5.
The sampler device itself is relatively simple and requires little
maintenance, which is advantageous from an operator’s
perspective.

Figure 5. SCM sampler

Figure 3. Wall mounted SCM
4.1

Positioning of the Streaming Current Monitor

Positioning of the SCM can be critical in the overall operation
and success of the device. The Streaming Current Analyser
should be installed as close to coagulant injection as possible.
Ideally, the sensor will sample directly out of the static flash
mix where the coagulant is added, or directly after a static
mixer. Figure 4 shows a typical layout of a WTP with the
location for the SCM. The process shown would be considered
a conventional water treatment process. The sample for the
SCM must be taken at a point where uniform distribution and
mixing of coagulant is obtained for all flow rates. A poor
sample location or poor mixing can render the SCM ineffective
for control of coagulant dose.

Figure 4. Positioning of SCM

How a Streaming Current Monitor Works

The treated water sample flows into the sample cell as shown
above where it is drawn into the bore during the upstroke of the
piston cycle and is expelled from the bore on the piston down
stroke. Particles contained in the water are temporarily
immobilised on the piston and cylinder surfaces. As the water
is moved back and forth by the piston, charges surrounding
these particles (+ and -) are moved downstream to the
electrodes. This movement of like charges causes an alternating
current to be generated, defined as “streaming current.” A
coagulation analyser uses streaming current measurement to
maintain proper electro kinetic charge (ionic & colloidal) in the
treated water [4].
5

CASE STUDY: LEENANE WTP, CONNEMARA, CO. GALWAY

The village of Leenane, Co. Galway has a water treatment plant
operated by Galway County Council, which serves a population
base of approximately 600 with a large tourist influx in the
summer months. The plant operates using the conventional
treatment method consisting of chemical pre-treatment,
flocculation/diffused air flotation, filtration and disinfection.
The plant has a flashy mountain source, complete with raw
water balancing tank, which means the turbidity of raw water
can vary according to weather conditions and difficult to
achieve optimum coagulant dose. A trial to achieve coagulant
optimisation and improved TOC removal while maintaining
finished water turbidity’s below 0.30 NTU was undertaken in
2017. A Process Instrumentation (Pi) Streaming Current
Monitor was installed to monitor the effectiveness and control
of it coagulant dose on a real-time basis.
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5.1

Leenane WTP treatment process

Leenane WTP process consists of the following stages; raw
water tank, coagulation, flocculation, diffused air flotation
(DAF) and rapid gravity filtration (RGF). To ensure
compliance at all times, online monitoring of the raw water
ultraviolet transmittance (UVT), turbidity and colour takes
place. In addition, the treated water UVT, colour, pH and
turbidity is also monitored. A fully automatic coagulant control
system in the form of an SCM is in operation.
The treatment process commences with the addition of
sodium hydroxide to the raw water. The addition of sodium
hydroxide is intended to increase the raw water pH so that when
aluminium sulphate is subsequently added, the resulting pH
will be about 6.2. The addition of aluminium sulphate without
any sodium hydroxide would result in a pH of less than 5. At
such a low pH, little or no coagulation would result (no floc)
and soluble aluminium in the treated water.
The flocs formed following addition of the chemicals are
mixed with a saturated air recycle that disperses micro bubbles.
The flocs will float to the top and form a mousse. A mechanical
scraper is used to remove this as sludge from the surface.
Clarified water then passes under a baffle and over a weir to the
filters. Filtration removes floc particles left over which further
reduces the turbidity and organics content of the water. The
water is further disinfected when it is passes through an
ultraviolet light reactor. Finally, the water is chlorinated. To be
effective, chlorination needs adequate time and concentration.
Finally, the treated water leaves the plant at a pH that allows
the water to be chemically stable. It also has a residual of free
(unreacted) chlorine in it that will remain in the treated water
throughout its journey time to the extremities of the water
distribution network.
5.2

Calibration of Streaming Current Monitor

When the SCM was put into service at the Leenane WTP, it
took approximately 2 hours for the reading to stabilise. This
was because the probe and piston needed time to fully condition
their surfaces with the soluble and colloidal species in the
water, and to reach an equilibrium with the sample. Once the
sensor has reached stabilisation, the response to normal
changes in water quality and coagulant dosing is much faster
than the initial conditioning time.
The dosing was set as per the Jar Testing results for optimum
coagulation and the SCM was set to fully automatic control.
Typically, a period of 1 hour passed after setting the optimum
dosage for the Streaming Current value to stabilise. Once
stable, the reading seen on the display was used as the set point
value by which future dosage adjustments were made. This set
point was adjusted slightly over several months and aluminum
residuals tests in the treated water were carried out to ensure
that optimum coagulant dose was being maintained and no
carry over of aluminum was occurring.
Figure 6 below is a graph indicating the consequences of
setting the dose set point above or below the correct value
determined by jar testing. If the operator sets the dose far away
from set-point then the SCM control will take longer to reach
set-point as it may over-dose/under-dose until it recovers.
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Figure 6. SCM set-point stabilisation graph
6

ANALYSIS OF RESULTS OF SCM TRIAL AT LEENANE WTP

During the calibration phase of the SCM it was found that the
dose rate, as found in the Jar Testing, was above what was
required to achieve charge neutralisation of the water through
the SCM. The dose was slowly decreased and water quality was
monitored to ensure optimum water quality results were being
maintained. The SCM operates on a pump percentage dose of
pump to within 0.1% which allows for a more accurate dose
rate as opposed to the conventional method of dose control
through the Human Machine Interface (HMI). The dose
adjustment through the HMI is also based on the results of
ongoing jar testing and must be adjusted manually, which will
not take into account varying raw water quality on a real-time
basis, this is a major advantage of the SCM having a real time
dedicated sampler that adjusts the dose accordingly.
To illustrate the effectiveness of the SCM, the aluminium
sulphate residual in mg/l for a 5-day period in automatic dose
through SCM and a 5-day period of manual dose also through
SCM is shown in Figure 7. The raw water quality for the each
of the 5 day periods both in manual control and automatic
control averaged at approximately 84% UVT. The residual was
taken at the same time each day by the Caretaker on site.

Figure 7. Treated water aluminium sulphate residual
The graph illustrates the fluctuation in alum residual due to
the varying dose and raw water quality while in manual dose
control. The residual for automatic dosing is maintained
relatively consistent over the 5-day period which indicates
more accurate dose and thus saving on the aluminum sulphate
being used at the plant. When the dose rate of both the manual
and automatic controls are developed, it can be seen that for the
5-day study period the manual dose was 37% higher (by
volume) than the automatic dose through the SCM.
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As the water quality changes, so must the dose rate to
maintain optimum dose. The dose rate for the same 5-day
period is shown in Figure 8. In manual control, the caretaker
adjusts the dose during the day to maintain optimum dose.
However, this is just a snap shot in time and is not reflective of
the required dose. Based on the comparison with the automatic
dosing, it appears that the manual control resulted in overdosing. The automatic dose however increases and decreases
gradually which reduces the spikes in dosing which saves on
chemical and is best practice for plant operation to avoid spikes
in chemical dosing which can have adverse effects on sand
filters.

Figure 8. Aluminium sulphate dose rate
7

OUTCOMES OF SCM AT LEENANE WTP

Several initial problems were identified at the calibration stage
of the SCM such as inadequate mixing and defective pH
probes. However following correction of these issues, it was
found that if the correct coagulant dosage is set on the SCM
then it will track changes in the raw water to maintain a zero
reading on the display indicating the negatively charged
particles have been neutralised in the raw water and thus
optimum dosage.
7.1

Advantages of a Streaming Current Monitor

There are a number of advantages for the plant operator by
having a fully calibrated, functioning SCM:
 Maintain high quality finished water through
automated coagulant dose.
 Reduce coagulant chemical cost due to reducing
overdosing.
 Ensure coagulation reliability and reduces risk of
incorrect dosing.
 Improve filter performance due to reducing
overloading from incorrect coagulant dose.
 The SCM has high and low alarms that can be set to
alert the operator to treatment upset.
 Performs accurately and reliably at all turbidity levels
normally encountered in WTP.
It should also be noted that the SCM requires ongoing
calibration and maintenance and may respond poorly if the
changes in water quality are severe.

8

CONCLUSIONS

The streaming current monitor can be a useful tool in coagulant
optimisation. It is not a typical plug and play on-line
instrument, as it requires operator input and adjustment to
develop the optimum dose. The SCM requires an understanding
of the treatment process including the mixing dynamics and
chemistry of coagulation. It is also important that ongoing tests
are conducted on the treated water to ensure the SCM is
reacting to the changeable raw water conditions.
During the calibration stage at Leenane WTP, the SCM failed
to adjust accordingly to large changes in raw water quality.
However, following the introduction of maximum and
minimum dosage limits this problem was overcome. During the
calibration process, many important details were noted with
respect to using the SCM:
 Proper location of the instrument – the sample point
for the instrument must be located in a position that
will not be affected by sediment in the pipe and will
also obtain a representative mixed sample.
 Routine maintenance and cleaning of sensor – the
sensor and piston must be cleaned and maintained to
ensure data is being based on a clean sample.
 Proper sample delivery to sample cell – when the plant
turns off the sample cell can become starved of a
sample which will result is a poor sample on restarting of the WTP, a motorised valve was installed
on the feed pipe to close and maintain water in the cell
on plant shut down.
 Standard calibration procedure – When an issue is
encountered it is essential to have a calibration
procedure to troubleshoot any problems that may have
developed.
 Protocol to establish baseline value for optimised
coagulant dosage – A standard dose rate for various
raw water UVT is recorded over time by the Caretaker
to ensure he/she has a baseline for dosing when
switching to manual control or when switching from
manual to automatic control.
 On-line data display to see the data trends – trends can
be accessed and analysed on a real-time basis which
allows the operators to develop an understanding of
the SCM reaction to varying water qualities.
If the above points had been implemented earlier, it would
have led to a more streamlined calibration process.
While the SCM is considered an automated instrument, it still
requires user input. This is generally a misconception of the
SCM as initially the operative felt the SCM would mean less
time attending the WTP. Galway County Council routinely
perform jar tests to compare the optimal coagulant dosage as a
method to confirm the baseline SCM reading. The ability to
periodically confirm the baseline SCM reading helps to
validate the reliability of the instrument.
Galway County Council have successfully used the SCM for
coagulant optimisation, storm events and feed equipment
failures. The streaming current monitor responds well to
changing raw water conditions and enables the process control
caretaker to trim coagulant dosages. In the 5-day study period
a 37% difference (by volume) was experienced in the dosing
rate. This could lead to potentially significant savings in large
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WTP's. However, the low dose rate at Leenane WTP means that
chemical cost reduction due to the SCM’s efficient dosing is
negligible. Nevertheless, its main benefit is the adjustment of a
dose in a rainfall event.
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ABSTRACT: Thhis paper provides an overview of Europeean provisions dealing with
h the structuraal robustness of
o buildings under
u
extrreme loading conditions. The
T consequen
nces classes aadopted in thee Eurocodes for
f structures of different ty
ypes and usess are
outllined, and thee recommendeed strategies for
f achieving robustness arre summarised
d. Examples ffrom recent European
E
reseearch
actiivities are useed to offer ann insight into
o key responsse characteristtics associated with the ulltimate behav
viour of steel and
com
mposite components and sttructures. Parrticular focus is given to design-oriente
d
ed approachess developed in
i recent yearrs to
prov
vide a realisticc assessment of the progresssive collapse potential and
d the level of structural
s
robuustness under extreme loadss. To
thiss end, specificc approaches dealing with
h sudden coluumn removal,, floor-on-floo
or impact, annd localised fire
f situations,, are
brieefly describedd. Within thee discussions, practical coonsiderations for enhancing
g the perform
mance of steeel and compoosite
builldings under eextreme loadinng conditions are highlighteed.
KEY
Y WORDS: S
Structural robuustness; extrem
me loads; com
mposite structu
ures; column removal;
r
locallised fires.
1

INTRODUCTTION

Con
nsiderable advvances in undderstanding sttructural behaaviour
und
der extreme looading conditiions have takeen place in thhe last
few
w decades as a result of theooretical, experimental and ddesign
relaated research investigationns coupled with
w
lessons llearnt
from
m past failuures and associated fieldwork. Thiss has
supp
ported a graduual shift towaards implemen
nting more rattional
asseessment and design approoaches which are based onn the
actu
ual structuraal performannce instead of the laargely
presscriptive proccedures that are often ad
dopted in coddified
guid
dance.
The
T inherent uuncertainty asssociated with
h extreme loaading
con
nditions suchh as severe earthquakes, fires and blast
exp
plosions, ultim
mately entails the considerration of strucctural
desiign within a rrisk assessmennt framework. The considerration
of risk
r may be siimplified at various
v
levels and representted in
diffferent forms, bbut can in genneral be recog
gnised qualitattively
as the
t product off the hazard im
mposed, the vulnerability
v
oof the
stru
ucture, and thhe consequencces associated
d with damagge or
losss of function.. Whilst the hazard
h
scenarrios and strucctural
resp
ponse can difffer distinctly under variou
us extreme loaading
con
nditions, therre are areas of commonality and interrelaationship in teerms of designning and detaiiling for enhanncing
the overall robusttness and resillience of strucctures.
In
n most cases, economical and
a practical design
d
necesssitates
the utilisation of plasticity and laarge deform
mation
characteristics off structures whhen designing for extreme lloads.
Eveen when special protectioon measures or supplemeentary
dev
vices are usedd, the intrinssic uncertaintty and intoleerable
con
nsequences rellated to severee hazards dictate the presennce of
adequate deformation propertiies. It is not surprising therrefore
thatt research devvelopments onn the perform
mance of strucctures
und
der extreme loads has focused in-part on the
t assessmennt and
dep
ployment and of ductility.. This has been
b
coupled with
of whole struucture
inveestigations intto improved understanding
u
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behaaviour and th
he actual intteractions thaat occur betw
ween
vario
ous memberss within a sttructure, aideed by signifiicant
The
prog
gress in com
mputational modelling capabilities.
c
imprrovement in understanding
u
g of overall sttructural response
undeer extreme lo
oads has alsoo facilitated the treatmennt of
vario
ous damage sttates and assoociated conseq
quences as weell as
wholle life assessm
ments instead of the traditiional emphasiis on
collaapse and initiaal constructionn cost.
Th
his paper focu
uses on the peerformance an
nd design of steel
fram
med structuress under acciddental and extreme
e
loadss. It
prov
vides an overv
view of the main behavio
oural aspects and
desig
gn concepts adopted
a
for ssteel and com
mposite structuures,
with
h emphasis on
n European pr
practice. Exam
mples from reecent
Euro
opean research
h activities arre used to offfer an insight into
key response ch
haracteristics associated with
w
the ultim
mate
behaaviour of steell and compossite componen
nts and structuures.
Euro
opean researcch and practitical guidancee on progresssive
collaapse assessmeent frameworkks involving event-indepen
e
ndent
colum
mn removal scenarios, floor-on-floo
or collapse, and
locallised fire situations are also discusssed. Within the
discu
ussions, pracctical considderations forr enhancing the
robu
ustness of steel and compoosite building
gs under extrreme
loadiing conditionss are examinedd.
2
2.1

ROBUSTNESS
S REQUIREMEENTS
European provisions
p

The basic requirem
ments given iin the Eurocodes [1] in deaaling
with
h hazard mitigation is thaat potential structural
s
dam
mage
shou
uld be avoided
d or limited byy one or moree of the follow
wing:
(i) avoiding,
a
elim
minating or redducing hazard
ds applied onn the
struccture; (ii) seleecting a structtural form wiith low sensitivity
to th
he hazard, (iiii) selecting a form and design
d
which can
surviive removal of
o individual oor limited partts of the structure,
(iv) avoiding systeems that collaapse without warning;
w
(v) tying
t
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mem
mbers togetheer. The code also
a
separatess accidental ddesign
situ
uations (e.g. fire, impact, blast, localiised failure) from
seissmic conditionns. Clearly, the
t strategy adopted
a
for hhazard
mitiigation wouldd depend on whether
w
the acccidental actionns are
iden
ntified or uniddentified.
On
O the other hhand, ‘Robusttness’ is defin
ned in Eurocoode 1
[2] as ‘the abilityy of a structuure to withstan
nd events likee fire,
exp
plosion, impaact or the consequences of human error,
with
hout being daamaged to ann extent disprroportionate tto the
orig
ginal cause’. T
The definitionn links robusttness to acciddental
desiign situationss which are perceived ass those ‘invoolving
exceptional connditions of the
t
structure or its exp osure
inclluding fire, exxplosion, impaact or local faailure’. The aiim of
achieving robusttness is to prrevent disprop
portionate colllapse
ways follow from
notiing that it ddoes not necessarily alw
prog
gressive collaapse (which is the spread off structural colllapse
from
m the initial failure of onne or a few localised
l
strucctural
elem
ments).
European
E
apprroaches on roobustness havee to a large eextent
followed the U
UK provisionns, most reecently Apprroved
Other
Doccument A [3],, in this area with some modifications. O
regu
ulations havee also been provided
p
in th
he US [4, 5] . UK
inteerest in introducing disprooportionate collapse
c
regullation
wass mainly motiivated by the Ronan Point collapse [6],, with
reneewed interestt internationallly following the World T
Trade
Cen
ntre collapse in 2001. Although
A
delliberate maliicious
actiions are not strictly withiin the definition of acciddental
scen
narios in Eurrocodes, and typically hav
ve a relativelyy low
risk
k of occurrencce, engineers have
h
a respon
nsibility to connsider
the robustness off structures unnder all extrem
me loads. A siimilar
situ
uation also reelates to the residual stab
bility of builldings
following seismicc or fire actionns, which is not
n directly covvered
by the
t robustnesss requirementss in Eurocode 1.
For most building structuress, potential acccidental actionns are
unid
dentified hennce designing structures for
fo such situaations
wou
uld involve roobustness straategies largely
y based on lim
miting
the extent of failuure using onee of the follow
wing approachhes in
Eurrocode 1: (i) ddesigning key elements, on which the staability
of the structuree depends, to sustain the
t
effects of a
reprresentation oof accidental action; (ii) in the evennt of
locaalised failure,, such as faiilure of a sin
ngle memberr, the
stab
bility of the strructure or largge parts of it are
a not endanggered;
(iii)) applying prrescriptive deesign and deetailing ruless that
prov
vide acceptable robustness..
2.2

Consequeences classes

Thee proposed claassification in Annex A of Eurocode
E
1 P art 17 [2] categoriises buildinggs as eitherr Class 1 (low
con
nsequences off failure), 2aa (medium co
onsequences-llower
risk
k group), 2b (m
medium conseequences-upper risk group)), and
3 (h
high consequeences). This classification is
i similar to thhat in
the UK regulatioons [3], and is a simplificaation of a com
mplex
risk
k based system
m related to buuilding type, height,
h
occuppancy,
sociietal percepttion, amongsst others. The
T
recommeended
m to
straategies depennd on the coonsequence class,
c
and aim
prov
vide an accepptable level off robustness to
t sustain locaalised
failu
ure without a disproporttionate level of collapse. The
reco
ommended sttrategies for achieving strructural robusstness
featture a number of conceptss, namely: tyiing considerat
ations,

minal member removal (ofteen referred to
o as alternate load
nom
path)), and ‘key eleement’ approaach.
Reequiring that building
b
fram
mes be adequately tied together,
inclu
uding the specific requirem
ment for steell frame structtures
that beam to colu
umn connectiions possess a certain lim
mited
tying
g capacity should
s
ensurre some lev
vel of improoved
robu
ustness. Its purpose is to provide a nominal
n
leveel of
caten
nary action fo
ollowing suppport removal, as well as to hold
colum
mns in positiion against bllowing out in
n the event of
o an
interrnal explosion
n. Tying has thhe advantage of
o being simpple to
apprreciate, relativ
vely easy to implement and
a
being reaadily
achieevable in pracctice providinng the required tying forcess are
not too
t large. Its main
m disadvanntage is that itt is prescriptivve in
naturre; accordinglly, there is no basis for com
mparing alternaative
arran
ngements or for assessingg the actual margin of saafety
again
nst progressiv
ve collapse.
In the alternate load path appproach, a mem
mber is notionnally
oved and the ability of thhe damaged structure
s
to resist
r
remo
somee reduced lev
vel of appliedd load is theen assessed. Most
M
usuaal is column reemoval with thhe damaged flloor bridging over
the increased span
n. In principle , the level of structural analysis
used
d to examine the
t behaviourr of the damaaged structuree can
vary
y from staticc applicationns using elaastic theory and
indiv
vidual members to sophissticated numeerical approaaches
inclu
uding dynamiic effects, larrge deformatiions and inelastic
mateerial behaviou
ur. In practicee, most practiical design guuides
for steel
s
framed buildings havee adopted an idealised approoach
in which
w
a notionaal column rem
moval is simplly associated with
the loss
l
of all floo
or members fr
framing into th
his column [77]. In
certaain cases, such
h as transfer ggirders, damaage to a particcular
elem
ment would leaave the structuure with no allternate load path.
p
Such
h members may
m be designeed as key eleements, with their
t
basicc design being
g conducted tto a larger load factor so as
a to
prov
vide a greater margin of saafety to the structure.Europpean
apprroaches on rob
bustness havee to a large ex
xtent followedd the
UK provisions, most
m recently A
Approved Do
ocument A [3], in
this area
a with som
me modificatioons.
3
3.1

COMPONENT PERFORMA NCE
n behaviour
Connection

The nonlinear response
r
andd ductility of beam-collumn
conn
nections has been
b
examinedd extensively under earthquuake
loads, but this haas primarily ffocused on th
he monotonic and
cycliic moment-ro
otation responnse which is most relevannt to
seism
mic condition
ns. Howeverr, research interest
i
into the
inelaastic behaviour of beam--to-column co
onnections under
u
multti-directional loads
l
particullarly axial efffects has grow
wn in
recen
nt years, parttly due to a fundamental understandinng of
wholle building reesponse in firee, and also du
ue to the needd for
imprroved robustneess considerattions.
Whilst
W
current robustness reequirements on
o tying forcees in
conn
nections are based
b
on a pprescribed forrce (typicallyy the
greatter of 75 kN or a proporttion of the flloor load), thhis is
clearrly a simp
plified presccriptive app
proach. Reallistic
appliication of any
y of the robusttness strategiees discussed abbove
(i.e. tying, key eleement, alternaate path), wou
uld require a more
m
detaiiled assessmeent of connecction responsse including their
t
stiffn
ness, capacity
y and ductilitty properties. Clearly, wheen a
colum
mn is remov
ved or signiificantly dam
maged, signifiicant
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mullti-axial dem
mands are im
mposed on th
he connectionns of
adjaacent columnss, as illustratedd in Figure 1.
Even
E
if a sim
mplified tensioon force app
proach is adoopted,
pracctical informaation needs to be validated and providedd for a
wid
de range of coonnections. Reesearch carried
d out in relatiion to
the full-scale firre tests on thhe Cardington
n Building, leed to
seveeral insights iinto the actuall structural intteractions thatt take
placce under a compartmennt fire [8]. One of the key
con
nsiderations is the loading appplied on con
nnections whicch are
typiically initiallyy subjected to compressive axial action ddue to
the restraint too thermal exxpansion by the surrounnding
ucture, follow
wed by considderable tensio
on due to cateenary
stru
actiion of the beaam at large deformation,
d
which
w
is also often
cou
upled by coolinng effects [9]..

attacched to the element
e
in thhe event of an
a incident. This
impllies that cases of loading w
would need to be consideredd for
a waall or slab atttached to the member, witth due accounnt of
uppeer and lower liimits of the attttachment capacity.
Nu
umerous reseaarch investigat
ations have beeen carried onn the
blastt and impact resistance of structural meembers. Howeever,
the increased
i
atteention given tto robustness requirementss has
focu
used recent acctivities, incluuding a num
mber of Europpean
initiaatives, to the assessm
ment of reaalistic structtural
assem
mblages and loading scennarios. This included workk on
multti-storey build
dings of diffeerent construcction materialls as
well as various forms of inddustrial strucctures [15]. Such
S
investigations enaable verifiably
ly accurate models
m
for im
mpact
and blast response of memberrs and their in
nteractions within
wholle structuress to be ddeveloped, hence
h
facilitaating
impllementation with
w advanced assessment prrocedures.
4
4.1

Figure
F
1. Dem
mand on conneection due to column
c
damagge.
A number of reesearch investtigations have also been reccently
laun
nched to asssess the behhaviour of various conneection
con
nfigurations inn order to suppport the appliccation of imprroved
robu
ustness proccedures [10--14]. The understandingg of
beh
haviour is typpically coupleed with researrch outputs inn the
form
m of analyticaal models, suuch as the com
mponent-apprroach,
exp
pressions for predicting sttiffness, capaacity and ducctility
und
der various loading conditions, and interaaction
reprresentations. S
Since in realitty progressive collapse scennarios
can involve suddden dynamiic loads on connections , the
resp
ponse also neeeds to be exam
mined at high
her rates of loaading
und
der which a sslight increasse in capacity
y, coupled w
with a
possible change in mode of failure,
f
could be expected. Such
mation
inveestigations onn connectionss provide esssential inform
for developing reliable methoods for the prrogressive colllapse
asseessment of buuilding structurres.
3.2

ASSESSMENT
T PROCEDUREES
Sudden collumn removall

Ass noted beforee, tying forcess and key elem
ments can onlly be
regarrded as presccriptive approoaches yieldin
ng no informaation
on th
he actual beh
haviour of thee damaged strructure. Alterrnate
load path analysis does how
wever offer more
m
possibiliities,
partiicularly if it can
c be develooped in a way
y that modelss the
key features off progressivee collapse whilst
w
remaiining
relattively practiccal. It is, th
therefore nott surprising that
conssiderable effo
ort has been focussed on
n developing and
apply
ying this apprroach, both byy the research
h communitiess and
by th
hose responsib
ble for derivinng design rules.
Baased on the sudden colum
mn removal scenario andd the
alterrnative load paath concept, a realistic desiign frameworkk for
prog
gressive collap
pse assessmennt of steel fram
med structuress has
been
n developed at
a Imperial Coollege [16, 17
7]. The methood is
able to model thee basic featurees of the prob
blem and it offers
the simplicity
s
needed for routinne use in practtice. The approoach
allow
ws application
n at various llevels of strucctural idealizaation
thoro
ough a siimplified m
multi-level approach
a
w
where
impllementation may
m be at meember, affecteed floor, affeected
substructure or fulll structure as illustrated in Figure 2 [18].

Member rresponse

Thee key elementt design apprroach may be applied wheen the
notiional column removal woulld result in an unacceptablyy high
leveel of damage oor, for example, in cases off transfer beam
ms. In
Eurrocode 1 [2], tthe accidentall design action
n for key elem
ments
is specified
s
as 334 kN/m2, whhich is intend
ded to repressent a
possible range off impact and blast
b
events, an
nd is used as a tool
for designing keyy elements to be more robu
ust than is reqquired
for normal desiggn cases. Thee value of 34
4 kN/m2 seem
ms to
orig
ginate from poost-collapse assessments
a
off the blast preessure
in th
he Ronan Poinnt collapse [6]].
Th
he European provisions clearly
c
state that
t
the acciddental
desiign action shoould be appliied to the key
y element andd any
attaached componnents having regard
r
for thee ultimate streength
of attached
a
compponents and thheir connectio
ons. Thereforee, the
desiign action shoould be appliied to the key
y element andd any
com
mponents attacched to it, unlless the attach
hed componennts or
theiir connectionss cannot sustain the 34 kN/m
m2. Hence, foor the
desiign of a keyy element, it is necessary to consider what
com
mponents, or proportion of componeents, will reemain
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Figure 2. Simplified m
multi-level assessment.
or removal off a peripheraal column off the multi-sttorey
Fo
build
ding for exam
mple (Figure 22a), the analysis can be lim
mited
to the
t
affected bay provideed the interraction with the
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surrrounding struucture is repreesented with suitable bounndary
con
nditions. Provided the remaining colum
mns of the afffected
bay
y can resist thee redistributedd loading, the model can fuurther
be reduced
r
to thee number of flloors above th
he removed coolumn
(Fig
gure 2b). If thhese floors are identical in terms of struucture
and
d loading, theeir loading redistributions and responsees are
also
o identical andd the model can
c be reduceed to a single floor
(Fig
gure 2c). Finally, indivvidual beam models cann be
con
nsidered if the slab membranne effect is ign
nored (Figuree 2d).
The
T response at higher levels can be asssembled from
m the
resp
ponses at low
wer levels; therefore,
t
thee nonlinear static
resp
ponse at anyy level of structural ideealization can
an be
deteermined relatiively easily. The
T nonlinearr static responnse at
the lower levels of structural idealization
i
may
m be obtaineed by
her detailed orr simplified models. Howev
ver, since the aactual
eith
resp
ponse after suddden column removal is dy
ynamic, the meethod
prop
poses a simplified dynamicc approach wh
hich transform
ms the
static response uunder gravity loading to a dynamic respponse
baseed on an energy equivaalence conceept. The resuulting
resp
ponse is refeerred to as pseudo-static and this siimple
app
proach eliminaates the need for a detailed dynamic anaalysis.
Finaally, the dynnamic capaciity is obtain
ned based onn the
available connecttion ductility.
The
T resulting ppseudo-static capacity
c
can be
b used for a ssingle
meaasure of robuustness, whicch accounts for the combbined
influ
uence of ennergy absorpttion capacity,, redundancyy and
ducctility on the ooverall system
m level. It offfers an approppriate
fram
mework for moving prractical stru
uctural robusstness
asseessment forw
ward to be more
m
quantiffiable. Appliccation
stud
dies on typicaal composite buildings [17
7, 18] showedd that
robu
ustness can bee enhanced wiith the additio
on of reinforceement
in the
t compositee joint regionns, provided due allowannce is
takeen of compresssive arching action that deevelops under axial
resttraint. These studies also quantify the level of ducctility
requ
uired by steel and composiite connection
ns for the provvision
of robustness
r
undder column rem
moval scenariios.
4.2

Floor‐on‐ffloor impact

Another
A
limit sstate that is coonsidered in association witth the
sudden column reemoval is faillure of one or more floors aabove
the removed coluumn either as debris or intacct (see Figure 3). It
is possible,
p
despiite the significant kinetic energy
e
acquireed by
onee or more falliing floors following failuree, for the struucture
to arrest
a
impact aand prevent progressive
p
co
ollapse. The faactors
thatt mainly influuence this posssibility include: (i) the nuumber
of failed
f
floors, (ii) the reducction in kinettic energy thrrough
energy absorptioon within the failed floor as well as ennergy
losss upon impactt, and (iii) the ability of th
he lower strucctural
floo
or system to sustain the additional load
l
from ddebris,
acco
ounting for thhe associated dynamic
d
effects.
When
W
a floorr fails and faalls onto the floor below
w, the
imp
pulse transmiitted to the lower system results inn the
dev
velopment of considerable ductility dem
mands that, foor the
very
y common strructural classs of steel-fram
med buildingss with
parttial-strength jooints, mainly affect the sup
pport joint reegions
with
hin the impaccted floor. Thhe magnitude of these dem
mands,
whiich are generaally significanntly higher thaan those assocciated
with
h a sudden column loss scenario, is attributed too the
sign
nificant amouunt of kinetic energy acqu
uired by the uupper
floo
or immediatelyy prior to imppact. Dependin
ng on the partiicular

t impact eveent, it has beeen shown [19] that
characteristics of the
o the impaarted energy can vary from
f
the percentage of
apprroximately 40% to nearly 100% of the initial energyy for
fully
y plastic and fully
f
rigid imppact scenarioss, respectivelyy. As
a con
nsequence, the vertical imppact of the up
pper floor ontoo the
loweer floor appliies massive vvertical dynam
mic loads onn the
undeerlying floor system, greatlyy challenging its dynamic loadl
carry
ying and deeformation caapacities. Th
he situation can
beco
ome even morre untenable iif multiple flo
oors rather thhan a
singlle floor fail and
a crash on the structuree below, or iff the
fallin
ng floor disinttegrates comppletely prior to
o impact retaiining
no reesidual strengtth and/or spannning capabiliity.

a) debris fallling floor

b) intact falliing floor

Figure 3.
3 Limiting staates of a fallin
ng floor.
Ussing a similar equivalent noonlinear staticc approach to that
adop
pted for the column rem
moval scenarrio, a simplified
assesssment appro
oach was deeveloped at Imperial Colllege
Lond
don for the failed floor impact situaation [19]. Three
T
princcipal independ
dent stages weere employed: (i) determinaation
of th
he nonlinear static responsee of the impaccted floor sysstem,
(ii) dynamic asseessment usingg a simplified
d energy balance
apprroach, and (iii) ductility asssessment at th
he maximum level
l
of dynamic
d
deforrmation attainned upon imp
pact. A seriees of
num
merical studies was carried out to examine the effectts of
detaiiled joint modelling
m
annd redundan
ncy. Applicaation
exam
mples on steeel framed buuildings with composite flloors
demo
onstrated the extremely onnerous condittions imposedd on
the impacted
i
floo
or resulting inn an increased vulnerabilitty to
prog
gressive collap
pse for structuures of this typ
pe. The likelihhood
of shear failure modes in adddition to inaadequate ducttility
ply under com
mbined bendinng/axial action
ns was identified,
supp
thus highlighting the importan
ance of research work onn the
dynaamic shear cap
pacity of varioous connectio
on types subject to
extreeme events.

538

CERI-ITRN2018

4.3

Localised ffire scenarioss

Despite
D
the rrecent develoopments in robustness
r
deesign,
emp
phasis has beeen placed on extreme
e
dynam
mic events leaading
to the
t sudden looss of load carrying comp
ponents, whilee fire
scen
narios have typically beeen excluded from robusstness
con
nsiderations; this is partlly expected given the rrecent
adv
vances perforrmance basedd structural fire engineeering.
How
wever, since conventional fire resistancce design reqquires
the fire loading aand associatedd temperature distributions to be
kno
own, there is a clear case foor incorporatin
ng fire scenariios as
partt of robustnesss design wheen the fire lo
oad is subjectted to
sign
nificant uncerrtainty or whhen a temperature-indepenndent
desiign proceduree is feasible, relatively simp
ple and realisttic. In
thiss case, emphassis would shifft towards ideentifying the eextent
of local
l
damage caused by fire, and the dessign for robusstness
wou
uld be concerrned with lim
miting the pro
ogression of local
dam
mage to globall collapse.
project [20], twoWithin
W
a recennt European collaborative
c
desiign oriented pprocedures were proposed for the robusstness
asseessment of steeel-compositee structures un
nder localisedd fire,
nam
mely, the tempperature-depeendent approaach (TDA) annd the
tem
mperature-indeependent appproach (TIA
A). The fa
failure
asseessment for bboth approachhes is ‘ductiliity-centred’, w
where
focu
us is placed onn establishingg the maximum
m ductility dem
mand
and
d its comparisson against the
t ductility supply. The TDA
requ
uires the definnition of elevvated temperaature scenario s and
can thus predicct the fire response off structures more
accu
urately. On tthe other hannd, the TIA corresponds more
clossely to typicall robustness provisions, wh
hich are intendded to
limiit the progresssion of local damage
d
underr unforeseen eevents
and
d, whilst moree conservativee, can be more easily appliied in
desiign practice.
Detailed
D
studiees on multi-sstorey car-parrk structures have
also
o been carriedd out to assesss the robustn
ness under veehicle
fires [21]. Apart from assessinng the levels of ductility reqquired
from
m connectionns in terms of rotational, axial and shear
dem
mands, anotheer key consideeration is relatted to the dynnamic
effeects due to column buckkling during exposure to fire.
Typ
pical fire apprroaches assum
me a static response, whichh can
und
derestimate thhe ductility deemand. Figuree 4 illustratess two
extrreme cases whhich were connsidered in th
he analysis, naamely
‘fulll static colum
mn loss’, and ‘sudden colum
mn loss’, as w
well as
the actual response.

Figure 4. Illustrattion of differeent column losss scenarios inn fire.
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ure 5. Floor deflection folloowing column
n buckling in fire.
f
Figu
Fig
gure 5 depictss the floor deeflections of an
a eight-storeyy car
park
k subject to vehicle fire at thhe ground floo
or or the top floor
f
[21].. Clearly, dyn
namic amplifiication associated with collumn
buck
kling is observ
ved, and a moore considerab
ble dynamic effect
is ob
bserved when
n fire occurs aat the top flo
oor. The response
undeer actual colum
mn buckling iis found to falll between thee two
extreeme column
n loss condditions. Thiss indicates that
conv
ventional statiic analysis acccounting for column buckkling
undeer localised firre can be unssafe, while dynamic assessm
ment
based on a simpllified sudden column losss scenario cann be
overrly conservativ
ve.
5

CONCLUDING
G REMARKS

An overview off European provisions dealing
d
with the
strucctural robustneess of building
ngs under accidental actionss has
been
n provided in
n this paper. The consequ
uences classess for
diffeerent types and uses of buiildings were described
d
togeether
with
h a summary of the recom
mmended robu
ustness strateggies.
The relative meritts of the ‘tyingg’, ‘key elemeent’ and ‘alterrnate
path’ approaches were discusseed in terms of
o practicality and
reliaability. The multi-axial
m
dem
mands imposeed on connecttions
weree highlighted
d in relationn to robusttness assessm
ment
scen
narios as welll as under fir
ire and other extreme loaading
cond
ditions, and ex
xamples of reccent research assessments were
w
brieffly described
d. The respoonse of steell and compoosite
mem
mbers under realistic dynaamic loading
g cases was also
conssidered in ligh
ht of its imporrtance for robustness scenaarios,
partiicularly when adopting the ‘key element approach’.
Sim
mplified multi-level
m
aassessment approaches for
prog
gressive collap
pse assessmennt were summ
marised and shhown
to offer
o
a ration
nal approachh whilst retaining practiccality
comp
pared to detaiiled dynamic aanalysis. The resulting pseuudostaticc capacity can
n be used for a single measure of robustnness,
whicch accounts for the com
mbined influ
uence of ennergy
abso
orption capacity, redundanccy and ductiliity on the ovverall
systeem level. These approachhes also quan
ntify the leveel of
ductiility required by steel and composite co
onnections forr the
prov
vision of robustness undeer column reemoval scenaarios.
Anotther procedurre for assessi
sing floor-on--floor progresssive
collaapse scenarioss has also beeen outlined. Fiinally, two-deesign
orien
nted procedurres for the roobustness assessment of steels
comp
posite structtures under localised fire, namely: the
temp
perature-depen
ndent and the temperature-indepenndent
apprroach were pointed out. Itt was shown
n that despitee the
poten
ntial conservatism of the temperature-indepenndent
apprroach, it provides a practiccal assessmen
nt concept. It was
also noted, based on comparisoon between th
he actual response
and idealised limits, that conventional static anallysis
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accounting for column buckling under localised fire can be
unsafe, while dynamic assessment based on a simplified
sudden column loss scenario can be overly conservative.
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Lateral torsional buckling resistance to non-shear centre loading
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ABSTRACT: The issue of lateral torsional buckling arose when a project with steel beams needed verification for a change in
use. In depth analysis of the structure determined that the capacity of the beams would be insufficient in accordance with current
standards. In order to understand the design requirements for buckling a review of the regulations and computer software
programs was undertaken. The investigation of the computer software in use showed that its analysis procedure was only
applicable to design for loading to the shear centre of a beam section. However, this would not be the most onerous design
procedure and may result in failure. Analysis was conducted to assess the influence of loading at different heights in relation to
the shear centre of a beam section. For the practical experiment, it was necessary to construct a frame which could support the
experimental beams and a loading rig which could transfer loading to the beam without providing restraint to the beam. It was
found that a section’s capacity is greatly reduced when loading is applied to the top flange when compared with loading to both
the bottom flange and shear centre. This may not be an issue when adopting the correct design procedure relating to the type of
loading. However, the computer program only considers load application at the shear centre location whilst many projects
require the loading to be applied to the top flange. Tests with top flange loading have shown that the lateral torsional buckling
failure mode may be reached if there is such a conflict in the design and construction methods. It is therefore important to
incorporate the correct values within the calculation of the elastic critical moment to ensure such a failure does not occur. It
would be recommended that the computer software should allow an option to select the correct height of load application.
KEY WORDS: Lateral torsional buckling; Shear centre; Steel beam; Elastic Critical Moment.
1

INTRODUCTION

The issue of lateral torsional buckling became prevalent when
appraisal of an existing structure was required on a project.
When the relevant calculations were carried out, it became
clear that there may be an issue with the steel beams in
relation to lateral torsional buckling. Design checks in
accordance with I.S. EN 1993-1-1 highlighted that failure may
be possible for the intended imposed loading [1]. Further
investigation showed that alternative design procedures
provide varying results.
Lateral torsional buckling is a complex mode of failure as it
consists of the combination of vertical deflection, lateral
deflection and a twisting action. In conjunction with the need
for understanding the interaction of these elements, the
buckling is also affected by the location and type of loading
along with the support conditions. An in-depth analysis of the
modern computer program, Tekla Tedds, which was used for
the initial design procedure outlined above took place. This
revealed that this software only considered loading at a single
vertical height of the cross-section, namely the shear centre,
which would be located at mid-height of a doubly
symmetrical cross-section. However, for both the project in
question and many other projects undertaken, loading would
typically be applied at the top side of the structural element.
Research was carried out to understand each component of
the buckling failure mode. The central equation to an accurate
calculation of the capacity of a section in relation to lateral
torsional buckling is that of the elastic critical moment.
The structural properties of any construction material may
vary vastly and it was therefore important to conduct testing
on the relevant materials prior to the main test procedure. This
would allow a more accurate calculation of the expected
failure loading rather than depending on the published data for
the steel sections. Further investigation of the design process
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in relation to lateral torsional buckling established that there
were a number of design methods which were permissible and
provide varying results. The most accurate method is provided
within the Eurocode document through the specific method
while a general method is also detailed which, as would be
expected, provided a reduced capacity. Non-Contradictory
Complimentary Information provided by the Steel
Construction Institute allows a further simplified method
which can be used. However, this method would be extremely
conservative and would therefore not allow an accurate
calculation [5].
Each beam was tested in an identical manner with the
exception of the height of loading. While the load was applied
to the steel sections, the values of strain distribution and
deflections were recorded in association with each load
increment. Loading was completed when displacement
continued to occur without the addition of further loading.
2
2.1

DESIGN PROCEDURE
Theoretical design

The design of any structural element will always involve the
verification of many individual, along with a possible
combination of, various failure modes. The steel section, 254
x 102 UB 25 was verified for all failure modes where it
became apparent that the critical failure mode would be lateral
torsional buckling.
This failure mode comprises of vertical deflection, lateral
displacement and twist of the section. Derivation of each
component from first principles was undertaken and combined
into Equation 1 to calculate the elastic critical moment
relevant to the section size [2] [3]. This equation also takes
account of the support conditions, type of loading and the
position of the loading in relation to the shear centre.
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(1)
The coefficient in this equation, C1, allows for the type of
loading in conjunction with the support conditions. The
remainder of the equation expressed outside the brackets is the
historical calculation method derived for Euler buckling.
Within the brackets there are four terms. The first term relates
to the warping effect during buckling and the second term
allows for the effect of torsion. Finally, the third and fourth
terms take account of the height of loading in conjunction
with the type of loading. While the computer software, Tekla
Tedds, and the safe load tables both include this equation,
they both incorporate a zero value for the height of loading,
Zg, relative to the shear centre of the section [4]. The use of
safe load tables would suggest that the most onerous case of
calculation had been undertaken. However, this would not be
the case if the assumption was taken that the loading was to be
applied at the centre of the section while in reality the load
was to be applied to the upper flange.

Table 1 Buckling Capacity
Buckling resistance moment
(kNm)

Height of
loading
(mm)
128.6
0
-128.6

2.2

Eurocode
Specific General
method
method
25.3
32.5
41.0

21.3
27.9
36.0

Computer

33.1
-

beam. For both health and safety and structural purposes the
support frame was braced in each direction to ensure there
were no stability issues during the test procedure.
Each of the three steel beams were set up in an identical
manner to allow a consistent testing procedure. The critical
difference in the testing procedure was the height of load
application. This varied from loading at the upper flange,
loading at the shear centre and finally loading applied to the
lower flange. Again the design of the loading apparatus was
undertaken to eliminate any restraint of the steel beam during
loading. Figure 1 below shows how the ballast was located on
twenty five millimetre thick steel plates which in turn were
supported on one hundred millimetre diameter steel spheres.
With approximately four thousand kilograms of ballast free to
move on spherical supports the experiment could be
conducted with the weight aligned vertically below the steel
beam section at all times during the testing procedure. This
load was then connected to the beam above with a chain and
turn-buckle which could then apply the load in the required
increments to each steel beam.
In each test, there were two strain gauges attached to the top
flange of the steel beams. One gauge was fixed to the front
edge of the top flange at the mid-span location of the beam
while the second was placed at the rear edge of the same
flange. These strain gauges were placed on each edge of the
top flange as the greatest stresses would occur at the extreme
fibres of the section and therefore highlight the variations in
strain. Displacement transducers were located in pairs at each
end of the beam and at mid-span where the greatest bending
stress would occur. At each of these locations a transducer
was placed at both the top and bottom flange. This allowed
both the lateral deflection and the angle of twist to be recorded
for subsequent analysis. Further displacement transducers
were placed below the beams to measure vertical deflection.
Each of the apparatus was connected to the computer
system along with a load cell to record all instances of
movement associated with each load increment.

Material testing

When ordering the steel sections it was deemed necessary to
purchase longer sections which would allow a short section of
each beam to be removed which could then be used for
material properties verification. These sample sections were
used for both destructive and non-destructive testing. These
tests provided values for the modulus of elasticity, the yield
strength and the ultimate strength relevant to the steel in use
for the experiment. As expected these values were greater
than those specified on the mill certificates which
accompanied the steel sections.
2.3

Practical design

To ensure that an accurate experiment could be conducted it
was important to fabricate an overall testing rig which could
support the large beams whilst also applying loading which
did not restrict the potential movement of the steel sections.
The end support frames were constructed to incorporate a
dowelled fork support to suit the width of the beams. This
fork provided both vertical and lateral support to the beam but
could also rotate if necessary when curvature relative to the
minor axis occurred during loading at the mid-span of the

Figure 1 Loading Ballast
3
3.1

RESULTS
Upper flange loading

The typical load application rig to allow top flange and shear
centre loading from the ballast located below the beam is
shown in Figure 4. A steel plate was welded to the top flange
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of the beam to provide a suitable point of loading. The contact
area between this load rig and the vertical plate was only ten
millimetres wide in order to reduce the possibility of lateral
restraint being provided by the load system. The initial
experiment was conducted with loading applied at the top
flange of the beam. Figure 2 shows how the stresses were
distributed within the steel section throughout the test process.
In the initial phase of loading the strains measured on each
side of the top flange were equal. These strains were negative
indicating that the entire width of the top flange was in
compression. Pure compressive strains, and therefore
compressive stresses, across the entire width at the top of the
section would indicate only vertical displacement had
occurred at that stage. As loading increased the values of
strain varied in each strain gauge. This was caused by the
development of lateral displacement and twisting of the steel
section. As bending occurred about the minor axis, in
conjunction with the vertical deflection, the strain gauge on
the front of the flange measured increasing values of negative
strain. Conversely, the initial negative values recorded in the
rear strain gauge tended toward zero with eventual
progression to positive values where the overall effect of
lateral torsional buckling was evident.

twenty kilonewtons there was a large increase in lateral
displacement without substantial increase in applied loading.
As a bending or buckling moment would not be directly
measured during a practical experiment, an equivalent load
was calculated corresponding to the moment capacity in
accordance with the relevant standards. Examples of the
calculated buckling capacities of the beams for each load type
were shown in Table 1 while the equivalent loading required
to produce such a bending moment has been provided in
Table 2. When comparing the permissible loadings, calculated
in accordance with the Eurocode document, with the results
obtained from the practical experiment it was evident that the
permissible values were within a safe region of loading. It
could therefore be concluded that there are no issues when the
design calculations are conducted correctly with regard to top
flange loading as the failure mode only occurs at a greater
loading than the permissible loading provided by the relevant
standards.

Top flange loading
30.0

25.0

Top flange loading
30.0

Load (kN)

20.0
25.0

Load (kN)

20.0

15.0

10.0
15.0
5.0
10.0
0.0
-60

-40

-20

0

5.0

Deflection (mm)
Top lateral deflection

0.0
-1000

-500

0

Bottom lateral deflection

500

Strain (µε)
Front strain

Rear strain

Figure 2 Strain measurement

The recorded strains provided an indication of the stresses
induced upon the steel section during the load application.
Similarly, the recorded lateral displacement shown in Figure 3
proved that little deflection occurred laterally until sufficient
loading had been applied. As loading progressed beyond
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Figure 3 Lateral deflection

3.2

Shear centre loading

The second experiment was designed to apply load to the
shear centre of the beam section. Again the loading ballast
was situated directly below the beam with strain gauges and
displacement transducers placed in the same locations as the
initial test procedures. To apply loading at the shear centre a
hole was drilled precisely at the centre line of the beam. The
provision of a specially fabricated loading rig would then
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Shear centre loading
35
30
25

Load (kN)

allow the required point load to be transferred from the load
ballast to the shear centre of the beam.
In the initial phase of loading the beam appeared to only
deflect vertically. However, with increased loading it was
apparent that bending had occurred about both the major and
minor axis. Figures 5 & 6 show the recorded strains and
measured lateral displacement respectively. The graph for
induced strains showed that there were equal negative strains
measured across the top flange until approximately ten
kilonewtons had been applied. Beyond this loading point the
negative strain increased in the front strain gauge while the
measured strain in the rear strain gauge returned to zero.
Eventually, the rear gauge recorded strain with positive
values. A comparison of the tests showed that greater loading
was required under shear loading to cause the buckling effect.

20
15
10
5

Table 2 Equivalent Load Capacity

Height of
loading
(mm)
128.6
0
-128.6

Buckling force required
(kN)
Eurocode
Computer
Specific
General
method
method
17.9
23.0
29.0

15.1
19.8
25.5

0
-2000

-1000

0

1000

Strain (με)
Front strain
Rear strain

23.4
-

Figure 5 Shear centre strain

Shear centre loading

In the initial test, the beam had a very large increase in
lateral deflection in relation to a small increase in loading
before twenty five kilonewtons was applied. There was an
application of over thirty kilonewtons to the subsequent test
beam with shear centre loading prior to the same buckling
effect becoming evident.

40
35
30

Load (kN)

25
20
15
10
5
0

-80

-60

-40

-20

0

20

Deflection (mm)
Top lateral deflection
Bottom lateral deflection

Figure 4 Shear centre load application

Figure 6 Shear centre lateral deflection
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Bottom flange loading
40.0
35.0
30.0

Load (kN)

The results obtained for the test in relation to shear centre
loading were analysed and compared with the calculated
theoretical values. Furthermore, these values were to be
compared with the results found in the initial test for loading
applied to the top flange of the steel beam. A comparison of
the allowable loading, shown in Table 2, with the results from
the shear centre loading test revealed that the calculated
capacity was acceptable for the section type under
consideration. Therefore once the correct design procedure
had been adopted there should be no issue with failure in
relation to lateral torsional buckling.
For the experiments with loading applied at the top flange
and at the shear centre there was a major twisting action
recorded at extreme loading. Figure 7 below shows a
photograph taken from the end of the beam. The view from
the end of the beam shows the vertical timber sections which
had been fixed to the side of the beams at mid-span and each
end. At the near end of the beam it can be seen that the
vertical timber remained plumb while the mid-span timber
had rotated many degrees under shear centre loading.

25.0
20.0
15.0
10.0
5.0
0.0

-800

-500

-200

100

Strain (με)
Front strain

Rear strain

Figure 8 Strain measurement
For loading to the bottom flange, Table 2 shows that a
permissible value of twenty nine kilo-newtons may be applied
to the mid-span of the beam. Comparison of this value with
the results recorded in Figure 8 above show that the calculated
capacity would indeed be acceptable. As both the computer
program and the safe load tables are highly popular methods
of determining the capacity of a steel beam in relation to
bending moment and lateral torsional buckling failure modes
it was necessary to undertake a comparison of the relevant
results.

Angle of twist
comparison 40.0
35.0

Figure 7 Lateral torsional buckling

3.3

Lower flange loading

The final experiment involved loading to the bottom flange
of the beam. The supporting frame and measurement
instruments were aligned with the final beam in the same
manner as the previous experiments. The ballast was
connected to the fixing point located on the bottom flange and
loading progressed as before.
This test further confirmed the overall theory in relation to
the most onerous loading condition. During the loading
process vertical deflection occurred in a similar manner to the
previous tests. However, there was little evidence of lateral
deflection recorded by the strain gauges, as shown in Figure 8,
or the displacement transducers. While the available ballast,
approximately four thousand kilograms, was sufficient to
cause the lateral torsional buckling failure mode during the
previous load applications at both the top flange and the shear
centre, this was inadequate for the bottom flange loading.
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Load (kN)

30.0
25.0
20.0
15.0
10.0
5.0
-10.000

-5.000

0.0
0.000

Angle of twist (degree)
Experiment top flange loading
Experiment shear centre loading
Top flange loading
Shear centre loading

Figure 9 Load location comparison
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The testing documented previously showed that when the
correct loading assumption is used, the applied stresses and
deflections fall within acceptable limits. However, if the
loading is applied at the top flange location whilst the design
calculations are undertaken in regard to loading at the shear
centre there is a possibility of surpassing the capacity of the
beam and therefore causing failure of the structure depending
on the slenderness of the steel section. This situation could be
possible if the computer program is used in design which can
only calculate the capacity of the section with regard to shear
centre loading whilst in reality the loading may be applied on
the top flange of the beam. On Figure 9, the yellow line plots
the allowable loading calculated in relation to shear centre
loading. However, if the loading is applied to the top flange as
shown by the blue line, the calculated capacity coincides with
the point where failure of the beam occurs.
4

CONCLUSION

Lateral torsional buckling is a complex mode of failure as it
consists of the combination of vertical deflection, lateral
deflection and a twisting action. In conjunction with the need
for understanding the interaction of these motions, the
buckling is also affected by the location and type of loading.
An in-depth analysis of the modern computer program which
was used for the design procedure outlined above took place.
This revealed that this software only considered loading at a
single vertical height of the cross-section, namely the shear
centre, which would be mid-height of a doubly symmetrical
cross-section. However, for both the project in question and
many construction projects, loading would typically be
applied at the top side of the structural element.
The focus of the project was lateral torsional buckling and
how this may be affected by the vertical location of applied
loading. In this regard, three alternative tests were carried out
with loading applied to the following locations
•
•
•

problems may arise. Table 2 contains results from the
computer program which generated a design capacity of
23.4kN for shear centre loading. However, when this is
compared with the lateral displacement for top flange loading,
this value coincides with the development of very large
deflections.
Also of great concern would be the magnitude of rotation
associated with the above observations. The yellow line on
Figure 9 presents the permissible value for loading at the
shear centre. Again, if the actual construction method involves
loading aver the top flange of the beam, as shown by the blue
line, then a failure mode may be reached. The rotation found
within the experiment may appear low when assessed at the
point of equivalence to the buckling capacity of the section.
However, when the rotation is considered in relation to the
overall height of a supported element, these values become
very large. Typically, such a section would be used to support
cladding elements which extend to at least a single storey
height. As stated for the lateral deflection alone, the
calculation of the capacity in relation to shear centre loading
while providing loading to the top flange could result in
failure of the section.
Because of these issues, it is important to calculate the
elastic critical moment correctly which does take account of
the height of the point of loading. It is suggested by the writer
that, in the case of the computer program, that the parameter
relating to the difference in height should be incorporated into
the calculation process. While the program does calculate a
form of the elastic critical moment, it fails to allow for the
alternative vertical location. This would be a simple addition
to the program, where the designer would select the relevant
location and the program differentiates between the following
expressions

Top flange
Shear centre
Bottom flange

To enable a comparison of the experimental results, all other
components of the testing were kept consistent. This allowed
an assessment of the effect of changing the location of
loading. It was apparent through testing that the capacity of
the steel section was reduced when the loading point was
raised on the beam. This agreed with all theory investigated
within the project.
The use of the computer program and the safe load tables
only provide a capacity which is relevant to loading at the
shear centre of a section which may give cause for concern in
some instances. Analysis of the experimental results showed
that the measured lateral displacement was acceptable when
correctly comparing deflections against the shear centre
capacity. In reality, the load may typically be applied to the
upper region of the beam section and it is in this instance that
problems may occur. If the designer conducted the analysis
with the application of loading unwittingly incorporated in the
computer design at the shear centre location, but actual
loading was to be applied at the top of the beam, some

-

!

top flange

-

0

shear centre

-

!

bottom flange

REFERENCES
[1]
[2]
[3]
[4]
[5]

I.S. EN 1993-1-1, Eurocode 3: Design of steel structures – Part 1-1:
General rules and rules for buildings, second edition, 2005.
S. P. Timoshenko and J.M. Gere, Theory of elastic stability, McGrawHill, London, second edition, 2009.
J.M Gere and B.J. Goodno, Mechanics of materials, Global
Engineering, Stamford, eighth edition, 2013.
Steel Construction Institute, Steel Building Design: Design Data,
Ascot, second edition, 2013.
A Bureau, NCCI: Elastic Critical Moment for lateral torsional buckling,
Access Steel, second edition, 2010.

546

CERI-ITRN2018

The effect of frictional contact properties on intermeshed steel connections
Matis, P.1, Martin, T.1, McGetrick, P.J.1, Robinson, D.1
School of Natural and Built Environment, David Keir Building, Queen's University Belfast,
BT9 5AG, Northern Ireland
email: pmatis01@qub.ac.uk, t.martin@qub.ac.uk, p.mcgetrick@qub.ac.uk, des.robinson@qub.ac.uk
1

ABSTRACT: Modern built environment and infrastructure rely heavily on the use of steel structures. New manufacturing
capabilities offer the potential to develop faster and more cost-effective connection methods for these structures, such as multistorey steel buildings, potentially providing savings in weight, time and cost. To achieve these savings, improved construction
efficiency and heightened material reuse, computer-controlled advanced manufacturing techniques in laser cutting enables the
development of connections whose behaviour relies on the interlocking and friction between steel components. This paper presents
the numerical modelling and experimental testing of a steel plate in direct tension; incorporating an intermeshed connection. A
series of experimental tests were performed to capture the behaviour and failure modes of the steel plate connection under tension.
The full load-displacement responses of the connection specimens were recorded and are presented and discussed here. A 2D
finite element (FE) modelling programme was performed in parallel with the experimental study using the ABAQUS structural
analysis software. The 2D FE model accounts for material and geometric non-linearity, large deformation and contact behaviour.
Once the model was calibrated and validated against the experimental results, a parametric study was carried out to further
investigate the influence of individual key parameters, focusing on the friction coefficient between the surfaces of the connections
in contact and including variation of the plate thickness. This parametric study was performed to develop a comprehensive
understanding of the behaviour of the intermeshed steel plate connections in tension.
KEY WORDS: ABAQUS; Advanced manufacturing techniques; Contact; Experimental testing; Finite element modelling;
Friction coefficient; Intermeshed steel connection.
INTRODUCTION
For structural steel, the two main connection methods (i.e.
bolting and welding) are based on century-old technologies.
Both are expensive and time consuming while easy
disassembly cannot always be facilitated for material reuse,
particularly in the case of welding. Current steel fabrication
practice favours the welding process, carried out in fabrication
shops (as opposed to onsite) due to the high-quality control that
can be achieved. This process is undertaken by highly
experienced and certified welders. However, the subsequent
transportation of the elements to the site limits the size of the
assemblage that can be constructed in the shop. Moreover,
further assembly on-site is then necessary which is challenging
due to access and weather conditions [1]. Thus, the difficulty in
guaranteeing a high-quality control for a successful weld is the
requirement for extensive on-site testing. This adds time and
direct costs to a construction project. The preferred connection
method for on-site assembly is bolting since it is highly
standardized [2]. Bolts are manufactured to specific standards
and have a guaranteed performance. However, bolting on site
is a slow manual process, as each bolt must be inserted and
accurately tightened individually. In addition, deconstruction
becomes difficult, particularly with welded connections, as
welded steel must be cut at the structure’s end of life, with such
steel being recycled.
Alternative steel connections have been developed during the
last few decades. These connections provide functional
solutions but have had limited application in practice. Among
the most successful alternatives were the Kaiser connection, the
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Pin Fuse connection and the ConXtech connection [3].
However, these connections are complicated and expensive.
Their design and their working mechanism is more complex
and costly than equivalent bolted or welded connections. Many
other patented connections were less successful since all of
them continue to rely on conventional bolted or welded
methods or need more expensive alternatives such as castings.
To address these drawbacks and to promote steel reuse and
recycling, a new class of intermeshed steel connections using
computer-controlled, advanced manufacturing techniques in
laser cutting has been developed that rely on neither bolting nor
welding [4,5]. This new method connects steel members that
have precisely shaped ends in an interlocking approach. The
connection is achieved by gravity-based placement of one end
of a member relative to the end of another to create a robust
intermeshed connection able to transfer force through common
bearing surfaces. The connection can then be secured by
manually inserting a small locking element. With that, three
main advantages are achieved. First, members can be
assembled faster than what is currently possible and at
considerably reduced cost. Second, manual operations are
reduced thus the final quality is significantly improved. Third,
separating the connected parts at a future time for recycling or
reuse is substantially easier, faster and cheaper. These
advantages address priority actions outlined by the UK
Roadmap for Energy Efficient Buildings [6] and are in addition
to improved safety procedures and significantly less reliance on
skilled workers. Due to its nature the new intermeshed steel
connection does not require the addition of new components or
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materials such as bolts, welds or end plates. Due to precise
nature of this connection method, work is ongoing on the
accommodation of site erection tolerances according to BS EN
1090-2 [7], which is outside the scope of this paper.
This paper presents the numerical modelling and
experimental testing of an intermeshed steel plate connection
in direct tension; incorporating a parametric study on the
frictional contact properties. A 2D finite element analysis
(FEA) was performed in parallel with the experimental study
using the ABAQUS structural analysis software. Once the 2D
finite element (FE) model was calibrated and validated against
the experimental results, a parametric study was carried out to
further investigate the influence of individual key parameters
such as the friction coefficient between the surfaces of the
connections in contact and the variation of the plate thickness.
The result of this parametric study was the development of a
comprehensive understanding in the behaviour of the
intermeshed steel plate connections under tension.

manufactured by Zwick/Roell, with a tensile capacity of
100 kN; the system was controlled via a computer running
Zwick/Roell ‘TestXpert II’ software. The average material
yield and ultimate strengths obtained from testing were 281
N/mm2 and 371 N/mm2 respectively.
The intermeshed steel plate connection was tested in direct
tension to assess load carrying capacity and deformation. Full
load displacement curves were recorded, including into the
post-ultimate range. The geometry of the tested connection
plate is shown in Figure 2. A total of 24 connections were tested
from the 6 mm thick plate, which was cut using both waterjet
and laser cutting methods. The tests were carried with the same
RetroLine tC II universal testing machine (UTM) and the same
DIC camera system used for material tensile testing.

EXPERIMENTAL STUDY: SUMMARY
A series of tensile material tests and steel plate connection tests
were carried out to investigate the structural behaviour of the
new steel connection in tension. All tests were performed in the
Heavy Structures laboratory at Queen’s University Belfast. A
series of material test samples were prepared from 6 mm thick
S275JR steel plate. The results of these tests were used in
Nonlinear Finite Element Analyses (NLFEA) of the novel steel
plate connection. In parallel with material testing, the new
connection geometry, composed of 6 mm S275JR steel plate,
and cut using two alternative methods, was tested in tension up
to ultimate failure.
Tensile ‘dogbone’ tests were performed to establish the basic
material stress-strain response. This was subsequently utilised
in the development of the numerical model. The tests were
carried out in accordance with BS EN ISO 6892-1 [8]. The
dimensions of the tensile samples are illustrated in Figure 1.
These samples were tested by applying tensile loads under
displacement control to samples taken from the 6 mm thick
plate. Connection samples were also later fabricated from these
plates. For each plate used in the testing programme, at least six
representative samples were tested. These test samples were
spray painted with a matt black and white speckle pattern. The
speckle pattern was then identified and tracked by a digital
image correlation (DIC) high resolution camera system
(StrainMaster, LaVision, [9]).

Figure 1. Dimensions of material tensile samples in mm.

Figure 2. Plan view of steel plate connection geometry
investigated (units in mm).
As mentioned earlier, connection test samples were spray
painted with a black and white speckle pattern required for
identification and tracking of displacements by the digital
image correlation (DIC) camera system. Once this paint pattern
had dried, test samples were placed within the wedge action
grips of the tensile testing machine calibrated in accordance
with ISO 7500-1 [10] and extension was applied at a vertical
displacement rate of 1 mm/min.
The average load capacity of the connection samples tested
was 43.7 kN, with yield occurring at 30.1 kN. For most
samples, ultimate failure occurred due to fracture at the base of
the lower ‘male’ section, as illustrated in Figure 5(a), although
some outward splaying of the upper ‘female’ section also
occurred. Although the geometry promotes interlocking
between the male and female parts, the friction coefficient is
also an important factor here due to both parts remaining in
direct contact throughout testing until failure. All flange
connection samples exhibited a similar failure mode except for
three samples, where upper and lower sections slipped apart
due to excessive in-plane and out-of-plane deformation
resulting from localised material yielding before fracture
occurred.

All tensile tests (material and connections) were carried out
using a RetroLine tC II universal testing machine (UTM)
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FINITE ELEMENT MODELLING
500

Introduction

450
400

True Stress (MPa)

A numerical modelling programme was implemented in
parallel with experimental testing, using the non-linear finite
element analysis software ABAQUS, Version 6.14 [11]. 2D
plane stress nonlinear FE analyses were carried out which
incorporated material and geometric nonlinearities, large
deformations and contact conditions. Fracture of the material
was not considered in the FE analyses. Both implicit static and
explicit dynamic solvers were used to conduct numerical
simulations. The finite element employed in the present study
was CPS4R, a 4-node bilinear plane stress, quadrilateral shell
element with reduced integration and hourglass control which
has performed well in similar applications. A mesh
convergence study was then carried out to establish a mesh size
which would produce accurate results whilst remaining
computationally efficient; the adopted mesh is shown in Figure
4.
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Figure 3. Multi-linear Plastic true stress-strain curve
implemented in ABAQUS.

FE modelling of flange connections
Geometric data and experimentally derived material properties
were used in FE models to replicate the connection test
behaviour. For the linear elastic response of the steel material
of the connection the Young’s modulus, E was taken as 210
GPa and the Poisson’s ratio, ν as equal to 0.3. To predict
yielding in steel material, the von Mises yield criterion was
employed. The material test data took the form of engineering
stress and strain. ABAQUS requires that the material properties
are specified in terms of true stress σtrue and logarithmic plastic

strain  ln , which can be derived from the engineering stressstrain curves through Equations (1) and (2).
pl



true


ln 1

eng

(1   eng )

(1)
(2)

where
and
are engineering stress and strain
respectively and E is the modulus of elasticity. The continuous
engineering stress-strain curve was initially approximated with
a multilinear curve which was subsequently converted into the
required
format, as shown in Figure 3.

3.2.1

Contact and frictional properties

A surface-to-surface contact interaction was adopted for the
numerical model. In this contact interaction, master-and-slave
surfaces were defined and the surface with the coarser mesh
was chosen as the master surface. The tangential behaviour was
defined as a ‘Penalty’ friction formulation and the ‘Coulomb’
friction model was used with a friction coefficient of μ = 0.3
for the two contact surfaces. Early parametric studies
performed by the authors showed that changing the Coulomb
friction coefficient, μ, for tangential contact between the two
surfaces of the intermeshed steel connection did not
significantly affect its tensile behaviour. The normal contact
behaviour was defined as a ‘Hard’ contact pressure overclosure
relationship.
With respect to the boundary conditions, the lower edge of
the flange connection was fixed, and the upper end was pulled
vertically upwards during the analysis using displacement
control until failure occurred. A series of FE meshes were
simulated to assess the sensitivity of results to different FE
mesh sizes. The result of this sensitivity study suggested that
the appropriate mesh size should be 3.5 mm for the flange
connection elements of the outside edges, as shown in Figure
4.
3.2.2

Numerical simulation solver

Both implicit static and explicit dynamic solvers were
employed for the numerical simulations. An implicit static
solver is commonly used in structural analyses. However,
significant efforts are required to make the procedure
convergent when contact conditions are simulated in the model.
The explicit dynamic solver can overcome this problem.
Although the explicit dynamic solver cannot provide the static
response, the dynamic effect could be ignored if the kinetic
energy of the deformed structure is only a fraction (typically
5% to 10%) of its internal energy throughout most of the
structural response. Thus, a quasi-static simulation was also
used in these analyses. In the present case, since large
computational resources were required by the explicit dynamic
solver, implicit static analyses were chosen.
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(a) Experiment

Figure 4. Typical FE model of the flange connection and its
boundary conditions adopted for numerical simulations in
ABAQUS.
In ductile crystalline materials such as steel, fracture
initiation can be triggered by plasticity. Ductile fracture will
occur after the material undergoes extensive necking and
plastic deformation in the necked region (Yang et al., [12]). The
ductile criterion in ABAQUS is a phenomenological model for
predicting the onset of damage due to nucleation, growth and
coalescence of voids. This model can simulate the fracture of
the connection material which was observed during
experimental investigations and will be used by the authors in
future studies. However, in the current study, material fracture
was not included in the FE model.
Comparison between FE models and test results
As discussed earlier for the experimental tests, in most cases,
ultimate failure occurred due to fracture at the base of the lower
(male) section of the flange connection, as illustrated in Figure
5. In this connection simulation, both the implicit static and
explicit dynamic solvers have been used to simulate the test
procedure. In order to obtain the full load-displacement curve
of the flange plate connection, a displacement control method
is employed for the numerical simulations in ABAQUS. This
method is usually applied when the post-peak behaviour needs
to be captured, especially from necking until ultimate failure.
Predicted connection behaviour obtained from FEA which
relates to failure modes are also shown in Figure 5, alongside
an experimental test specimen. Each solver predicts both the
failure mode and load-displacement curve well.

(b) Implicit
Static solver

(c) Explicit
dynamic
solver

Figure 5. Failure modes of the FE simulation and experiment
of the flange connection in direct tension. (Von Mises Stress
Contours in MPa).
Overall, the 2D FE model has been found to be capable of
replicating the experimentally observed tensile response of the
flange connection. As shown in Figure 6, the predicted loaddisplacement curves closely agree with the experimental curve
in both the elastic and plastic regions until the ultimate strength
is reached i.e. as the behaviour transitions from strain hardening
to softening. The explicit dynamic solver gives almost the same
curve as the implicit static solver, although the latter is more
numerically stable than the former. The initial stiffness and
peak load of the modelled flange connection are generally well
predicted. However, the post-ultimate response of the tested
flange connection is not captured well by the 2D FE model.
This discrepancy in the post-ultimate behaviour, i.e. during
strain softening, was due to the two-dimensional plane stress
nature of the FE analysis performed and its inherent limitations.
This 2D FE analysis can model strain softening behaviour, but
cannot model any stress variation through the thickness of the
plate – this variation is influenced by necking and contributed
to the observed failure at a higher displacement in the
experimental test (Figure 6). A 3D FE model can address this
variation at a higher computational cost. However, the 2D
plane stress FE model developed has a very good level of
accuracy in general and offers advantages in terms of
computational time and memory usage versus a detailed 3D FE
model.
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A PC with 64-bit System and Intel Core i7-6700 CPU at 3.4
GHz, 4 core with 8 logical processors was used for the
numerical simulations. The average simulation time with the
explicit dynamic solver was 2.5 hrs approximately while the
implicit static solver took much less time, at approximately 15
minutes only.
PARAMETRIC STUDY
In this section, the 2D FE model described previously was used
to investigate the influence of friction coefficient between the
surfaces of the connection in contact, on the load-displacement
behaviour of this connection under tension. In addition, another
parameter governing the intermeshed connection, namely, plate
thickness, is also varied.
The implicit static solver was used to conduct the parametric
study for the intermeshed steel plate connection, since it is more
efficient computationally and is commonly used for this type of
analyses. As shown in Figure 7, the effect of plate thickness, t
was studied by using three values of t, i.e. t = 3 mm, t = 6 mm
and t = 9 mm. From this figure it can be observed that
increasing the plate thickness from 3 mm to 9 mm increases the
load-carrying capacity of the intermeshed steel plate
connection in a proportional way. For this parameter, in each
case, two distinct values of friction coefficient were considered,
i.e. µ = 0 (slip condition) and µ = 0.7 (practically a ‘stick’
condition). These two extreme values of friction coefficient
were used in order determine what is the largest possible range
of effects that frictional contact can have on the behaviour of
the intermeshed steel plate connection.

10

12

14

16

18

Figure 7. Effect of plate thickness, t, for two distinct values of
friction coefficient on the intermeshed connection.
The variation in the intermeshed steel connection response
due to the change in the friction coefficient can be observed.
From Figure 7, comparisons between the two distinct values of
friction coefficient can be made for each differing plate
thickness of the intermeshed steel plate connection. It is evident
that friction effects influence the connection behaviour in the
elastic and post-peak range. However, this influence on the
connection response is rather limited according to the twodimensional plane stress FE model results. Therefore, to study
these differences in more detail, Figure 8 presents the load
difference (between the slip and stick condition) against
displacement for each plate thickness.
4000

t= 3mm
t= 6 mm
t= 9 mm

3000
2000

Load difference (N)

Figure 6. Comparison of the 2D FE simulations to the
experimental data of the flange connection.
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Figure 8. Load difference between µ = 0 and 0.7 against
displacement for varying plate thickness.
Considering the post-peak range of the connection response in
Figures 7 and 8, i.e. at displacements greater than
approximately 7 mm, it can be ascertained that a friction
coefficient equal to 0.7 resulted in connection behaviour with
lower capacity and less ductility, compared to corresponding
results for the friction coefficient equal to zero. Other friction
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coefficients (results not shown here) were found to produce
behaviour fitting between these two extremes. Therefore, a
constant friction coefficient of 0.3 was considered as ideal for
the simulation of contact between the surfaces of the steel
connection in the experiment. This is also in agreement with
the corresponding slip factor (friction coefficient) for Class C
of friction surfaces for slip-resistant bolted connections
described in EN 1993-1-8 [13] and as allowed by the American
Institute of Steel Construction (AISC) [14] and the Research
Council on Structural Connections (RCSC) [15].
The effect of friction coefficient, although limited, is
proportional to the plate thickness, as illustrated in Figure 8.
Finally, Figure 9 also highlights this, showing that the load
changes as percentages (between the two extreme values of
friction coefficient, with respect to µ = 0.7) against
displacement for each plate thickness follow the same relative
trends, which is as expected.
It can be observed that in the linear range, for varying plate
thickness the maximum load change is approximately 6%
(between the two extreme values of friction coefficient)
whereas, in the post-peak region is slightly higher to 7.5%.
Further parametric investigation using a more detailed 3D FE
is expected to confirm the observations for the 2D model;
preliminary investigations show that the influence of the
friction coefficient is higher in a 3D FE model due to the
consideration of stress distribution through the thickness of the
plate and is therefore more appropriate for modelling post-peak
i.e. strain softening behaviour where required.

numerical simulations. It has been shown that the 2D finite
element models correlated well with test results, excluding the
post-ultimate behaviour. Once the 2D FE models were
calibrated and validated against the experimental results, a
parametric study was carried out to further investigate the
influence of individual key parameters with the use of implicit
static solver. The parameters were the friction coefficient
between the surfaces of the connections in contact and the
variation of the plate thickness. The result of this parametric
study was the development of a more comprehensive
understanding in the behaviour of the intermeshed steel plate
connections under tension.
In all cases, contact interaction was crucial for modelling the
intermeshed flange connection performance. Several
conclusions can be drawn based on the results of FE analyses
and the parametric study:
i.

A simple 2D plane stress FE model incorporating
contact and non-linear geometric and material
properties can be used to accurately model the
intermeshed flange plate connection behaviour in
direct tension using ABAQUS/Standard and
ABAQUS/Explicit software.

ii.

The flange connection model has been successfully
created and validated against experimental test data
and was used for a parametric study.

iii.

The proposed finite element models may be used as
benchmarks to verify the accuracy of similar flange
connection geometries in tension incorporating
contact, geometric and material non-linearity.

iv.

Almost the same predictions have been observed for
both implicit static and explicit dynamic solvers.
However, the implicit static solver is recommended
for these analyses due to higher efficiency in terms of
computational time.

v.

Contact interaction between the two parts has been
shown to have a significant influence on the tensile
behaviour of the intermeshed flange connection.

vi.

Overall, the influence of friction coefficient on the
connection response is relatively insignificant. Its
limited effect however is dependent on the plate
thickness.

vii.

Following this analysis, a friction coefficient of value
of µ = 0.3 is adopted which is also in agreement with
the Eurocode 3 [10] design recommendations for slipresistant bolted connections of class C friction
surfaces, and Class A for AISC [11].

viii.

The proposed 2D FE model, however, could not
accurately predict the post-ultimate behaviour of the
intermeshed flange plate connection. Detailed 3D FE
analyses are required in these cases, but with the
disadvantage of using comparatively significant
computational resources.
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Figure 9. Load change (%) between µ = 0 and 0.7 against
displacement for varying plate thickness.

CONCLUSIONS
This paper presents the numerical modelling and experimental
testing of a steel plate in direct tension; incorporating an
intermeshed connection. 2D finite element analysis was
performed in parallel with the experimental study using
ABAQUS structural software. In this research the authors used
both implicit static and explicit dynamic solvers to conduct 2D

552

CERI-ITRN2018

ACKNOWLEDGMENTS
The research presented in this paper is part of a collaboration
and partnership between Queen’s University Belfast (QUB),
University College Dublin (UCD) and the University of
Minnesota (UMN). The authors wish to express their gratitude
for the funding received from the US-Ireland Research and
Development Partnership Programme, supported by DfE and
Invest NI.
REFERENCES
[1]
[2]

[3]
[4]
[5]
[6]
[7]

[8]
[9]

[10]

[11]
[12]

[13]
[14]
[15]

Bansal, R. K. A textbook of Strength of Materials, 3rd Edition, Laxmi
Publications, 902-912, 1996.
Mao, C., Ricles, J., Lu, L.W. and Fisher, J. Effect of local details on ductility of welded moment connections, Journal of Structural Engineering.
127:1036-1044, 2001
Cordova P.P. and Hamburger, R.O. Steel connections: Proprietary or
public domain, Modern Steel Construction 51(10):24-31, 2011.
Al Sabah, A., Laefer, D. (2017a). Structural Member. GB Patent
Application No 1718744.4. Filed November 13 2017.
Al Sabah, A., Laefer, D. (2017b). Structural Member. GB Patent
Application No 1718746.9. Filed November 13 2017.
UK Roadmap for Energy Efficient Buildings. National Platform for the
Built Environment, UK, 2012.
BS EN 1090-2:2008+A1. Execution of steel structures and aluminium
structures - Part 2: Technical requirements for steel structures, London:
BSI Group, 2011.
BS EN ISO 6892-1. Metallic materials — Tensile testing Part 1: Method
of test at room temperature, London: BSI Group, 2016
LaVision. StrainMaster Systems. 2017. [ONLINE] Available at:
http://www.lavision.de/en/products/strainmaster/systems/index.php.
[Accessed 14 May 2018].
ISO 7500-1. Metallic materials. Verification of static uniaxial testing
machines. Tension/compression testing machines. Verification and
calibration of the force-measuring system, London: BSI Group, 2004.
Dassault Systems Simulia. ABAQUS Analysis User’s Manual, Version
6.14, 2014.
Yang, B., Tan, K. H. Numerical analyses of steel beam-column joints
subjected to catenary action, Journal of Constructional Steel Research
70:1-11, 2012.
EN 1993-1-8. Eurocode 3-design of steel structures-Part 1-8: design of
joints. Brussels: CEN, European Committee for standardization, 2005.
AISC, Specifications for Structural Steel Buildings, AISC, Chicago, IL,
2010.
AISC, Specifications for Structural Joints Using High Strength Bolts,
60601 Research Council of Structural Connections (RCSC), Chicago,
Illinois, 2014.

553

CERI-ITRN2018

Experimental Study of Vertical Deflection on Bracket-Angle Stainless Steel Masonry
Support Systems
Emanuele Scarabino1, Daniel McPolin2, Patrick J. McGetrick2
IG Masonry Support, Ballyreagh Industrial Estate, Cookstown, Co. Tyrone BT80 9DG, United Kingdom
2
School of Natural and Built Environment, Queen’s University Belfast, BT9 5AG, United Kingdom
email: emanuele.scarabino@igmss.co.uk, d.mcpolin@qub.ac.uk, p.mcgetrick@qub.ac.uk

1

ABSTRACT: Stainless steel masonry support systems have been tested in order to determine actual deflection under loading. The
type of system tested is a Bracket – Angle system produced by IG Masonry Support Systems Ltd. Despite this being one of the
most common and most used systems in the masonry support sector, very limited research on this behaviour has been conducted.
Displacement transducers are placed in specific locations in order to record actual deflection of the system at every increment of
loading. Multiple transducers have been used in order to determine the contribution of each part of the system to deflection. A
mathematical approach has also been developed and tested to determine if accurate estimation of deflection is possible. All tests
results are consistent, and the mathematical approach proved to be accurate and able to adapt to all the different situations tested.
KEY WORDS: Load-deflection behaviour; Load testing; LVDTs, Masonry support systems; Stainless steel; Veale’s theory.
1

INTRODUCTION

Masonry cavity walls are a widely used construction solution,
especially in the UK. A cavity wall is usually composed by a
load bearing wall and a masonry wall, separated by a
continuous air space which provides insulation to the building.
Generally, the performance of a masonry support system is
defined by many factors: ease to install, low stress, low
deflection, low transfer of heat, possibility to cover bigger
cavities etc.
The most critical features though are stress and deflection,
which directly depend on the geometry of the system and
thickness of steel. Unfortunately, investigation on these kinds
of products is limited, mainly because of the absence of design
regulations and the practical difficulty of determining those
values.
Aims and Objectives
The current study focused on welded Bracket-Angle systems.
The general objective was to increase the knowledge on these
kinds of systems by investigating IG Masonry Support
products. The final scope was to write theoretical rules capable
to make accurate deductions for stress and deflection of the
whole system.
Theoretical results were obtained through structural design
calculations and Finite Element Modelling (Solid-Works).
Over one hundred vertical loading tests of IG Masonry Support
Systems products have been conducted.
Background and Previous Research
Previous theoretical studies were conducted by J. R. Veale [1],
[2]. In the first publication in 1988 [1], the author described a
“structural design procedure” for masonry support angles. The
author suggested a method of analysis which put emphasis on
the “effect of the fixing spacing on the size of angle”; aspect
that he considered very important and too much neglected. Up
until Veale’s theory, it was usually assumed that the horizontal
leg of the angle acted as a cantilever subjected to a “uniform

line load”. This takes no account of the fixing spacing and the
fact that conditions on the angle are not uniform since the stress
is higher at the fixing/welded positions than elsewhere.
In 2003, Veale published a review of his first document
implementing his theory and considering the “Design Method”
for Stainless Steel Angles for Masonry Support suggested by
The Steel Construction Institute [3]. In the author’s last
publication, Veale states conclusively that “The assumption of
uniformly distributed loading is clearly unsafe” (referring to
simple masonry support angles). In both of the documents by
this author, it is highlighted how “Particular consideration must
be given to the fixings span, continuity of the angle, arching
action in the masonry and the stiffness of the fixing details”. In
February 2017, IG had the pleasure to meet with J. R. Veale
and discuss not only his theory but also the improvement of the
masonry support industry over the years.
The most significant difference between this study and the
one conducted by J. R. Veale concerns the interaction between
the brackets and the angles. Brackets were indeed not very
common before 1994 and that’s why Veale mainly focused on
simple angle systems. The author agreed with the importance
of the bracket-angle interaction (which reflects the “stiffness”
of the fixing for the angle).
Veale also confirmed he is not aware of any company or
laboratory that has ever tested his theory and he himself never
had the opportunity to do it. In the conclusions of his paper
indeed he highly suggested a comparison with other ways of
analysis and, more important, with experimental data and
structural testing.
2

TEST FRAME, MACHINERY AND MATERIALS
Test Frame

IG Masonry Support Ltd (IGMSS) is part of “The Keystone
Group”, the UK’s largest Steel Lintel manufacturer. During the
years, IG performed different tests on bracket-angle systems
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using a “proprietary” Test Rig (Figure 1) designed with the help
of Queen’s University Belfast.

Machinery
The loading machine is an Electro Hydraulic testing machine
with a capability of compression testing up to 600 kN. It
operates a closed loop system, controlled electronically. When
the controller registers a command, signals are sent to move the
ram and feedback signals from load and displacement sensors
then tell the controller where the ram is at any point in time.
The controller then can decide how to move next. The
displacement transducers are linear variable displacement
transducers (LVDTs) and two different sizes were used; 50 mm
and 100 mm.
Materials

Figure 1. IGMSS Test Rig.
The previous design consisted of a two-point loading on the
shelf angle where the brackets are bolted to a steel beam. This
way of testing is based on the historical assumption of
funnelling of masonry, making these two points the most
loaded points on the shelf. Even if this statement can be
considered correct and matches with scientific tests conducted
on masonry, it does not take into account the Bracket-Angle
system response to loading.
According to Veale’s theory indeed, the angle stiffness under
the vertical load is greater at each support than at mid span,
leading to the idea that the “uniformly distributed load
assumption is not accurate” and instead, the load distribution
is better “represented by a Fourier series”. The idea to consider
the horizontal part of the angle as a cantilever indeed is based
on the assumption that the vertical part of the angle remains
perfectly vertical even after loading. Tests have proved this is
not what really happens. This model is in fact more complicated
but more accurate because it takes into account the twisting of
the angle along the longitudinal axis.
In order to best recreate the real situation, IG designed a new
test frame, again with the aid of Queen’s University Belfast.
This new test frame is designed to load the shelf uniformly by
exploiting a “load spreading device” in order to spread the load
on the entire shelf angle. In this way the whole shelf is loaded
allowing for it to twist. Another difference from the previous
design concerns the way of fixing of the rig to the ground. As
it’s possible to notice in Figure 1, the steel beam is not fixed to
the ground, but it’s fixed to a steel structure which is connected
to the ground. Even if the dial gauge used to measure the
deflection is attached to the beam, reducing any possible
aberration, part of the load and the stress which should be
sustained only by the fixings and by the bracket, might be
“absorbed” by the torqueing of the steel beam. In order to avoid
this situation in the new test frame, the steel rig base is fixed to
the ground (bolted). The steel beam is fixed to the base using
mechanical fixings. The entire main frame is made of 10/12
mm thickness of steel. The main beam is a rectangular hollow
section. No channel sections were used in order to reduce
torqueing and movements of the rig.

Fixing materials: Standard Stainless Steel fixing bolts were
used. A calibrated Torque Wrench has been used and the fixing
manufacturer’s specifications have been followed.
Load spreading device: The use of this device is to equally
spread the load on the shelf.
Damp sand: During the initial test phase the use of damp sand
has been tried in order to recreate mortar. Further studies
proved the effect of damp sand is negligible.
Brackets and Shelf: All the masonry support products are
proprietary systems of IG Masonry Support Systems. Steel
thickness and geometry change based on design load of each
specimen.
3

TEST PROCEDURE

This masonry support system study is aimed to determine the
deflection at design load and the capacity of each system.
The Welded Masonry support units are fixed to the backing
steel frame. The standard 2 mm shimming is normally used. In
a real masonry wall construction, every 300 mm wall ties are
used to prevent the wall from bending after the normal initial
deflection of the shelf. In order to guarantee perfect horizontal
position of both shelf and load spreading devices, constant
checks are performed with a level both before and during the
tests till failure is reached. Once the masonry support system is
properly fixed to the backing structure, all the LVDTs are
placed in position.
4 No. LVDTs are placed under the shelf and 1 No. under the
bracket. LVDT number 2 (G.2) is placed at mid-span of the
angle. The shelf is indeed supposed to be weaker at this point
and the biggest deflection is expected here. In line with G.2,
two other LVDTs are placed: G.3 and G.4. G.4 is also aligned
with the bracket external wall; at this point the shelf is expected
to be stiffer. G.3 is placed halfway in between G.2 and G.4. The
LVDT under the bracket, G.5, is placed at the very end of the
bracket external wall and hence in line with G.4.

Figure 2. Deflection measurement: LVDT positions.
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According to EN 846-10:2000 [7], a preload of 1 kN is applied
and held for 1 min. This allows for the fixings and the system
to settle before the continuous loading starts. The load is
applied vertically through a hydraulic ram and increased
continuously by 0.5 kN steps up to the maximum expected test
load or design load. Once the maximum expected load is
reached, the loading is gradually reduced, while data recording
doesn’t stop. By gradually reducing the load, the recovery of
the material can be evaluated and additional information on the
elastic limit of the steel can be gained.
Failure mechanisms
In masonry support systems there are different ways a system
can fail, as follows;
Fixing failure: this is not very a common fail, especially in
steel, but the fixing capacity is a limiting factor most of the
time. Fixing failure has never been experienced during testing.
Welding failure: This is not a very common failure
mechanism either but it must be kept in mind that the load is
transmitted from the shelf to the brackets through the welds.
The failure of the whole system would be immediate. During
testing this kind of failure has never been encountered. BS EN
1993-1-8:2005 [9] rules on welds specifications have been
carefully followed.
Deflection failure: This situation happens when the system
reaches the limit set as maximum allowable deflection. This is
the most common type of failure in masonry support systems.
Lock Washer failure: The Lock Washer (LW) is one of the
most important parts of the whole system. It allows for vertical
adjustability and transfers the load from the bracket-angle
system to the fixing. When the load on the shelf is too high,
well over the design load, the LW wings can fail and thereby
bend too much, pulling through the bracket with a consequent
failure of the overall system.
4

DISCUSSION OF RESULTS

In this paper the original results are presented in the clearest
way possible considering that some of the figures are covered
by a non-disclosure agreement between IG Masonry Support
Systems and Queen’s University Belfast. It is also important to
underline that the objective of this research was to generate
reliable theoretical calculations which are able to predict stress
and deflection of each type of system.
Table 1 lists the deflections detected at mid-span for each
type of system tested. Mid-span is assumed to be the point with
the highest deflection. Tests proved this assumption to be
correct. Only the first figure of the numbers is displayed due to
a non-disclosure agreement.
All the tests showed that thickness of material is one of the most
important properties, but the geometry of the system proved to
be crucial as well.
It is important to stress that the thickness of steel can vary
from one system to another. Testing proved that two systems
that are designed to carry the same load, with same shelf and
bracket thickness but different geometry can have very
different results.

Table 1. Deflection for systems tested.
Load
[kN/m]
12
12
12
12
12
12
12
12
12

Shelf
length
[mm]
990
990
990
590
590
990
990
990
990

Cavity
[mm]

Deflection
[mm]

150
100
150
200
200
50
150
150
150

2.- 2.- 2.- 3.- 2.- 1.- 2.- 3.- 3.- -

Deflection contributions
The deflections shown in Table 1 are assumed to represent the
sum of all the different deflection contributions that occur in
the system at midspan i.e. from bracket, LW and shelf. Each
one of these components contributes in part to the total
deflection.
Figure 2 shows how the LVDTs were placed in position for
testing. Two main axes were considered here as indicated in
this figure; X-X and Y-Y.
G.2 – G.3 – G.4 are along the Y-Y axis while G.5 and G.4
are on the X-X axis. G.4 falls on the intersection of the two
lines. This type of layout allows splitting of the two main shelf
behaviours: cantilever behaviour and simply supported beam
behaviour. Analysing the measurement points on the Y-Y axis,
it was observed that the highest deflection was detected by G.2,
followed by G.3 and G.4 respectively, proving that the parts of
the shelf closer to the brackets are stiffer. On the other hand,
G.4 detects a deflection even if it corresponds to a fixing. This
shouldn’t happen in correspondence of one of the two supports
of a normal beam. The logical consequence is that the
deflection of the points on Y-Y line depends on two factors:
simply supported beam behaviour and cantilever behaviour.
Tests also proved that the closer the two brackets are, the less
deflection there is. This happens because when the brackets are
far from each other, the beam behaviour is predominant and the
cantilever deflection component is negligible. The closer the
brackets are, the more predominant the cantilever behaviour is.
Ideally if the two brackets were at zero distance there would
only be a simple cantilever deflection.
J. R. Veale’s theory was then correct [1,2]; a simply
cantilever behaviour assumption is wrong as it doesn’t take into
account the two supports of the shelf. His theory to predict the
shelf deflection based on Fourier series proved to be quite
accurate.
As outlined earlier, Veale’s theory only concerns the shelf
deflection without considering any other contribution (i.e.
brackets). The deflection theory utilised here has been
expanded in order to cover for bracket-angle systems too.
Table 2 presents a comparison between results estimated using
this mathematical model, and results obtained from actual tests.
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Absolute
Difference on
Shelf [mm]
0.04
0.13
0.13
0.21
0.11
0.07
0.07
0.04
0.03

The “cantilever” behaviour is better highlighted on the X-X
axis only for what concerns the shelf. Tests indeed proved that
the bracket behaviour is far from simple cantilever behaviour.
Simple cantilever beam calculations and Finite Element
Modelling would suggest a deflection on the bracket that is
very different from the actual deflection detected during the
tests.
After careful studies it’s been proven that the brackets suffer
from a buckling effect, which increases the deflection
tremendously. Simple cantilever theories cannot translate this
behaviour and for this reason an experimentally derived
calibration factor has been introduced, which allows prediction
of the bracket deflection in a more accurate way.
Mathematical model
The mathematical model on which is based this theory can be
explained with the following formula:
𝛿 ∝ ∑ 𝛼 𝑥1 + 𝛽𝑥2 + 𝛾𝑥3 + 𝜀𝑥4

Figure 3. Comparison between theoretical model and actual
results – 12 kN/m Design Load.
The following two figures display the predicted deflection
compared to measured deflection at different stages of testing.
Figure 4 shows data at 4 kN/m i.e. one third of the design load,
and Figure 5 shows data at 8 kN/m i.e. two thirds of the design
load.

R² = 0.9227

(1)

This formula describes the overall deflection of the complete
system as proportional to the sum of each contribution of the
system multiplied by an opportune factor. In this case 𝛼, 𝛽, 𝛾, 𝜀
are the factors corresponding to the Angle, Bracket, LW, and
the contribution given by the buckling of the brackets
respectively. All these factors are based on IG products and
need to be adapted in order to work with systems based on
different geometry.
Comparison between mathematical model and test
results
This mathematical model has been applied to all the tests
conducted and it proved very accurate. In the following figures
it is possible to see the comparison between the predicted
deflection using the model and the actual deflection occurred
during testing.
Figure 3 represents the prediction at the design load, which
is 12 kN/m for all systems tested. However, it is important to
underline that the cavity width is not the same for all these
systems; it ranges from 49 mm to 290 mm. As can be observed,
the range is very comprehensive proving the ability of the
model to adapt and cater for every single system specification.
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R² = 0.977

Measured Deflection [mm]

Predicted Deflection [mm]

(12) 990/150
(12) 990/100
(12) 990/150
(12) 590/200
(12) 590/200
(12) 990/50
(12) 990/49
(12) 990/150
(12) 990/150

Absolute
Difference on
Bracket [mm]
0.08
0.07
0.10
0.12
0.29
0.07
/
0.04
0.16

Measured Deflection [mm]
Figure 4. Comparison between theoretical model and actual
results – 4 kN/m loading.

Predicted Deflection [mm]

Type of System

Predicted Deflection
[mm]

Table 2. Difference between predicted results and test results.

R² = 0.9507

Measured Deflection [mm]
Figure 5. Comparison between theoretical model and actual
results – 8 kN/m loading.
Table 3 summarises the R2 values for Figures 3-5. It can be
observed that the smaller the load is, the less accurate the model
is. The bigger the load gets, the more accurate the model
becomes.
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Table 3. R2 Values.
Applied Load (kN/m)
4
8
12

R2 Value
0.9227 – 92.27 %
0.9507 – 95.07 %
0.977 – 97.70 %

[6]
[7]

[8]
[9]

This happens because small loads correspond to low stresses
and low deflections. It is indeed more difficult to accurately
estimate those very small numbers. For the purpose of this
model, this is not particularly concerning.
As already stated, small loads correspond to low deflections
and low stresses, hence, even if the error is big in proportion, it
is still small in absolute terms. As a consequence, this error
doesn’t pose any risk to a design, especially given the fact that
it is possible to address the eventual underestimation using
partial safety factors.
In order to make the design even more accurate, variable
safety factors have been introduced so that to low loads will
correspond to higher safety factors.
5

‘Specification for ancillary components for Masonry’, Part 1: Wall ties,
tension straps, hangers and brackets, BS EN 845-1:2013+A1:2016.
‘Methods of test for ancillary components for masonry’, Part 10:
Determination of load capacity and load deflection characteristics of
brackets, BS EN 846-10:2000.
‘Published Document-Recommendations for design of masonry
structures to BS EN 1996-1-1 AND BS EN 1996-2’, PD 6697:2010.
‘Eurocode 3: Design of Steel Structures’, Part 1-8: Design of joints, BS
EN 1993-1-8:2005.

CONCLUSIONS

The performance of a masonry support system depends on
many factors, directly or indirectly. Bracket thickness, angle
thickness, shimming, lock washer thickness, fixing point, and
bracket centres are all parameters which define a particular
system. The geometry itself is fundamental.
Two systems with different material thickness and different
geometry can indeed carry the same load because all the
structural parameters act as a whole in defining the system
performance.
Exploiting the design model and the testing procedure
described in this paper, it’s been possible to increase system
efficiency whilst reducing the amount of steel. The IG
predictive model has a proven accuracy of more than 97% at
design load.
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ABSTRACT: Offsite volumetric modular construction is getting considerable attention within the construction industry, especially
in relation to the housing market. The study reported in this paper focuses on the design and testing of a lifting system for an
offsite modular prototype made with light gauge steel members and manufactured by McAvoy.
A desk study was carried out to outline the most practical solutions; then the module lifting locations were assessed to minimise
deflection of the frame during lifting. The stability of the units and the local failure of the member were both considered. The
lifting bracket was then designed following the European Standard EN 1993-1-2:2005. Moreover, as the design of the lifting
bracket is unique, a set of experimental tests were carried out in the Heavy Structures Lab of Queen’s University Belfast. The
specimens, made by connecting steel studs to connection brackets, were tested in tension in a Zwick Roell universal machine to
replicate the modular house lifting conditions. The specimens were tested up to failure. The testing showed the flaws of some of
the designs and allowed to evaluate the tensile capacity of the lifting system.
The modular housing modules were manufactured in December 2017. The units were successfully lifted and connected to each
other to form a three-bedroom offsite volumetric house.
KEY WORDS: CERI 2018; modular; housing; lifting system; offsite modular systems.
1.

INTRODUCTION

Modular construction has been established in the UK as an
alternative form of construction for several decades. It
developed from portable buildings, such as cabin and antivandal units, to large scale projects for schools, hospitals,
offices and high-rise buildings. This development is driven by
quantifiable economic benefits and sustainability as shown by
the Value and Benefits Assessment of Modular Construction
report by SCI, 2000, see Table 1.
Table 1. Savings due to modular construction [1].
Basic construction cost
£800
Room rate per week
£5 /m2
(based on 70% occupancy)
Time saving in construction
20 weeks
Financial benefit
£100 /m2
Loss of room booking due to disruption
£1.5 /m2
(based on 20% loss)
Conventional construction period
45 weeks
Equivalent saving
£70 /m2
Total saving
£170 /m2
Percentage of construction cost
22%

The sustainability of modular construction comes from
material savings, factory manufacturing and low operational
energy for the lifting of the building. Published analyses [2]
show that the average weight of the material used for a modular
building in Sweden is 148 kg/m2 (main structural components),
that is about 15% of a traditionally constructed building (982
kg/m2). The actual operating energy usage for the Open House
system in Malmö is 120 kWh/m2, including space heating, hot
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water and lighting, equal to 6 MWh/m2 for 50 years – 25% less
than the reference building. In addition, the study estimates that
the number of journeys required for project delivery can be
30% less compared to site-based construction, leading to less
CO2 due to transportation and city pollution.
The aesthetics of modular buildings have changed
dramatically over the past twenty years, with a greater
emphasis on architectural design. Murray Grove in Hackney,
constructed in 1999, is a successful example. This 5-storey
building comprises 80 modules in an L-shaped plan form, see
Figure 1. Murray Grove is a residential building designed by
Peabody Trust, a social housing provider [2]. It is the only
affordable housing scheme awarded the Millennium Product
status by the Design Council [3].
The market demand for modular construction is said to be on
the rise [5] especially in the housing market where modular
construction is seen as a solution to the housing shortage [6].
Pinsent Masons published an overview of the housing market
in February 2017, showing that in 2015 142,890 homes were
built, a figure significantly below the target of 250,000; 67% of
230 house-builders [5] at the Build Show agreed that offsite
construction will be the key solution to maximise short
construction times.
There are several companies currently investing in large
modular housing factories. Laing O’Rourke are investing
£104m in an offsite manufacturing facility in Worksop and
Legal & General recently announced plans for a £55m, 550,000
ft2 offsite factory in Leeds, with plans to invest a further £500m.
However, despite the growth in manufacturing capability, the
market demand for modular housing will still not be met. Laing
O’Rourke’s capacity is 10,000 new homes per year, while
Legal & General predicted to have 3,000 per year, which is a
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small segment of the target to fill the housing crisis gap. In
addition, the industry of modular housing is facing an economic
and technical challenge, for example, Laing O'Rourke suffered
a £53.1m net loss in European operations in 2016, largely
because of technical difficulties in offsite construction,
associated with scaling up production volumes [7].
The government is encouraging modular housing, both the
Central Government (via the DCLG) and the Greater London
Authority (GLA) have been visiting various modular sites and
the housing minister Gavin Barwell revealed that a £3bn Home
Building Fund has been approved to support innovation in the
industry [7].

The prototype design is a 3-bedroom, 5-person house. The
structural frame of the house, made of light gauge steel
members, is constructed using four modular units, two for
ground floor and two for first floor, with a timber roof, see
Figure 3. Units size are 3x2.5x9 m for units 1 and 3 and
3.6x2.5x9 m for units 2 and 4, see Figure 4.
The lifting system for the modules was one of the technical
challenges of this project. This paper reports on the design of
the lifting connections, along with the experimental tests
carried out to assess their reliability failure modes.

Figure 3. Light gauge steel frame – McAvoy.
This Photo by Unknown Author is licensed under CC BY-SA

Figure 1. Murray Grove building [4].
2.

MCAVOY LIGHT GAUGE STEEL HOUSE PROTOTYPE

In response to the housing crisis in the UK [6], in 2017 The
McAvoy Group started a housing prototype project to develop
an economic, high quality and fast construction method for
single-family houses.

Figure 4. Elevation of modular house prototype.
3.

Figure 2. McAvoy prototype house 3D model
(certified BIM LV2).

LIFTING SOLUTIONS

As the modules need to be transported to the
construction/assembly site, different lifting solutions were
considered and divided into two main groups: lifting from the
bottom and lifting from the top of the units. Units can be lifted
from the bottom using straps connected to a rectangular lifting
frame which is connected to the crane. The straps can either run
underneath the module or be connected to lifting points on the
ground beams as shown in Figure 5. However, it is difficult to
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remove the lifting equipment once the units are placed on site.
Lifting points can also be placed directly on roof beams as in
Figure 6. In this case the roof beams need to be overdesigned
making the solution less cost effective.

had a ø40mm hole and a pre-welded nut underneath for the
M16 lifting eye to be screwed on, see Figure 8. The bracket was
connected to the stud through twelve 4.8 mm self-tapping
screws, four per side. The roof beam was inserted between the
bracket and lifting eye.
Bracket D2 consisted of a folded steel plate and triangular
stiffeners, see Figure 8(b). The steel section was bolted to the
stud with 7 screws at 35 mm spacing (for the 64 mm studs) and
12 screws at 35 mm spacing (for the 150 mm studs). As for the
previous design the lifting eye nut was pre-welded underneath
the top plate.
Channel section

.
(+)

(+)

Top plate

Figure 5. Lifting points on ground beams [8].
(D1b)

(D1s)

Top plate
(+)
(+)

(D2b)

(D2s)

Figure 7. Bracket-stud section for design D1 and D2 and
two stud-bracket connections “b” and “s”.
Figure 6. Light gauge unit with lifting point on roof beams
[9].
3.1 Prototype lifting designs
For the McAvoy prototype project, an in-house solution was
designed and tested. A vertical load of 17.5 kN was considered
per each lifting point.
The solution consisted of studs running vertically along the
height of the modular unit and connected to both roof and
ground beams on six lifting points (three per side) through
brackets and M16 lifting eyes. The studs selected were channel
sections, 150x65x1.2 mm for external walls (thicker for
insulating purposes) and 64x42x1.2 mm for internal walls.
Two designs of brackets were considered: in design 1 (D1) a
bracket was fitted inside the stud, in design 2 (D2) the bracket
was connected to the external stud surface, see Figure 7.
D1 brackets were made with a folded 4 mm steel plate and a
plate welded at one end (“top plate” in Figure 7). The end plate
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Two different lifting eye types were used for testing. In test
series S1, the lifting eye had the handle beside the connecting
bolt, see Figure 9(a). The eccentricity of the handle, with
respect to the central bolt, was ± 25 mm. As the handle could
rotate about the bolt axis the axial force position during lifting
could assume different values of eccentricity with respect to the
stud centroid. In test series S2, the lifting eye had the handle
above the bolt in a symmetric position, see Figure 9(b).
Table reports the specimen main geometrical characteristics.
The specimen name consists of the design type (D1 or D2), stud
size (“s” for 64 mm section and “b” for 150 mm section), test
series (S1 or S2) and specimen number.
D2b_S13_6 had fewer screws (six only) than the other
specimens of the same type. The table also reports the lifting
eye hole eccentricity with respect to the channel centroid for
each bracket design (D1, D2), test series (S1, S2) and studbracket size. During the tests the position of the lifting eye
handle was always set up to minimise the total eccentricity of
the lifting force with respect to the channel.
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Table 2. Specimen geometry
Stud

Top plate

(mm)

(mm)
61x39

64x42x1.2
(D1)

40x45

(D2)
Figure 8. Bracket designs D1 and D2.
141x57

150x65x1.2

100x100

Lift
eye
ecc
(mm)

handle
ecc
(mm)

D1s_S11

-7.3

18.8

D2s_S11

34.7

-18.8

D2s_S12

34.7

-18.8

D2s_S13

34.7

-18.8

D2s_S21

34.7

0.0

D2s_S22

34.7

0.0

D1b_S11

-13.1

18.8

D2b_S11

37.9

-18.8

D2b_S12

37.9

-18.8

D2b_S13_6

37.9

-18.8

D2b_S21

37.9

0.0

D2b_S22

37.9

0.0

Specimen

.
(a)

(b)

Figure 9. Lifting eye; a) test series S1; b) test series S2.

4.

EXPERIMENTAL TESTS

To assess the structural capacity of the lifting systems,
specimens of the different stud/bracket connections were
manufactured at The McAvoy Group’s production facilities
and tested in the Heavy Structures Lab of Queen’s University
Belfast. Two sets of tests were carried out, one with asymmetric
lifting eyes (S1) and one with symmetric lifting eyes (S2). Only
one specimen per size was tested for design D1, while three S1
and two S2 specimens were tested for design D2 per each stud
size.
The tests were carried out using a Zwick Roell 100 kN
universal machine in displacement control mode. A loading
rate of 5 mm/min was applied. The test setup is shown in Figure
10.
To simulate the crane hook connection, the lifting eye was
supported by a horizontal bolt, as shown in Figure 9. The
designed brackets were fixed at both ends of the studs and the
bottom bracket was fixed to the base plate of the machine with
an M16 bolt.

Figure 10. Test set-up.
5.

RESULTS

5.1 Force displacement curves
The force-displacement curves for the 64 mm stud/bracket
specimens are plotted in Figure 11. Peak load and
corresponding displacement values are reported in Table 3
together with the ultimate displacement and initial slope
(calculated between 5 kN and 10 kN).
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The average peak load of the six-small stud-bracket specimens
(64 mm) was 37.8 kN with a small coefficient of variation
(10%). On the contrary the peak displacement spread from 7.4
mm to 23.4 mm with an average of 14.2 mm and coefficient of
variation equal to 0.45 for the different bracket and lifting eye
types. Specimen D1s_S1 showed a bilinear trend with a change
of slope at about 12 kN. Several load drops took place after the
peak load was reached. A similar bilinear trend was shown by
one of the three D2s_S1 specimens while the other two
experienced a less marked change of stiffness. For the D2s_S1
specimens the failure was also less ductile compared to the
D1s_S1 specimens.
Specimens with type 2 lifting eye maintained an almost linear
behavior up to the load peak with a sudden loss of bearing
capacity afterwards. These specimens also showed the highest
initial stiffness (between 5.42 and 5.47 kN/m).
50
D1s_S11
D2s_S11
D2s_S12
D2s_S13
D2s_S21
D2s_S22

Force (kN)

40
30
20
10
0
0

20
40
Displacement (mm)

60

Figure 11. Tensile tests of 64 mm bracket-stud specimens.

Peak load values fell in the interval 51.4 and 61.2 kN for five
specimens out of six. Specimen D2b_S13_6 had a much lower
peak load but a stiffness closer to D2b_S2 specimens.
Except for this specimen, the two sets of curves had close
peak displacement values, about 57.1 mm for S1 series and
about 10.6 mm for series S2. Series S1 showed an early change
of stiffness at about 8 kN while S2 had an almost linear trend
up to failure. All the 150 mm specimens had a less ductile
failure compared to the small size stud/brackets.
Table 3. Results
Specimen
Name

Peak
force
(kN)

Peak
displ
(mm)

Init
stiffness
(kN/m)

Ult dislp
(mm)

D1s_S11
D2s_S11
D2s_S12
D2s_S13
D2s_S21
D2s_S22
Average

40.5
38.8
42.2
35.9
38.2
31.3
37.8

23.4
19.8
14.3
12.6
7.6
7.4
14.2

3.00
3.01
3.84
4.04
5.47
5.42
4.13

41.3
20.6
45.6
31.9
21.7
8.9
28.3

CoV
D1b_S11
D2b_S11
D2b_S12
D2b_S13_
6
D2b_S21
D2b_S22

0.10
51.4
57.6
61.2

0.45
59.3
54.5
57.6

0.27
1.20
2.91
2.46

0.49
68.3
67.8
59.0

42.8

25.8

4.14

28.0

60.3
52.1

11.6
9.5

5.76
4.93

17.3
16.4

Average
CoV

54.2
0.13

36.4
0.64

3.57
0.47

42.8
0.58

5.2 Failure modes
70

D1b_S11

60
D2b_S11

Force (kN)

50
D2b_S12

The D1 specimens failed due to the failure of the welding
connection in bracket plate as shown in Figure 13a. Moreover,
the beam section interposed between the top plate and lifting
eye was distorted and bent due to the eccentricity of the lifting
eye handle.

40
D2b_S13_
6b
D2b_S21

30
20

D2b_S22

10
0
0

20

40
60
80
Displacement (mm)

100

120

Figure 12. Tensile tests of 150 mm bracket-stud specimens.
The force-displacement curves for the 150 mm stud/bracket
specimens are plotted in Figure 12. Also, in this case there was
a marked difference between S1 specimens and S2 specimens.
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D1s_S
11
(a)

D1b_S11
(b)

Figure 13. D1 specimens at failure.
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D2 specimens for both series 1 and 2 experienced a sudden
failure due to the insufficient connection of the bracket section
to the stud. At peak load all the fixing screws started to come
off at nearly the same time. D2 specimens with the symmetric
lifting eye retained experienced less bending and distortion of
brackets, stud and connected beams. Photos of the different
failure types are shown in Figure 13 - Figure 15.

All the specimens had a capacity of at least double than the
design load (17 kN). While the two designs showed very
different deformation patterns, they had similar strength values
for both the small and the large stud-bracket connections
(average values 37.8 kN and 54.2 kN for the 64 mm and 150
mm studs respectively).
The choice of the commercial lifting eye used significantly
affected the deformed shape of both the stud-bracket
connections and interposed beam. The asymmetric lifting eye
used for test series 1 caused the distortion of the light steel
elements connected for values of the load lower than the design
load.
Design D2 specimens with lifting eye type 2 showed the
highest stiffness. This bracket-stud connection was selected
and implemented for the McAvoy modular housing prototype
project, see Figure 16.

D2s_S11
Figure 14. D2 specimen (64 mm stud) at failure.

Figure 16. D2s connection on the light steel gauge module.
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ABSTRACT: Directives from the European Union are ensuring that buildings in Ireland are progressing toward nearly zero energy
buildings (NZEBs). The energy efficiency and carbon emissions associated with new buildings have improved over the past
decade. This is due to the implementation of energy efficiency focused building regulations and energy conscious emissions
targets. However, as the total new housing stock in Ireland has increased by only 0.4% between 2011 and 2016, a greater
importance is to be placed on retrofitting existing housing stock to NZEB standard.
There are countless strategies available to design and construct a retrofitted building to NZEB standard in a temperate oceanic
climate such as Ireland. However, most of these strategies only focus on the energy demand and carbon emissions of one life
stage, the buildings operational phase. As NZEB buildings aim to decrease the life cycle energy demand and carbon emissions of
the operational phase of a building’s life cycle to a diminutive amount, the focus of energy demand and carbon emissions
mitigation needs to shift from the its operational phase to other life cycle phases.
This paper presents the life cycle analysis of several design strategies for retrofitting semi-detached buildings in Ireland to NZEB
standard. Moving away from only energy demand and carbon emissions indicators during the operational phase, this paper
analyses the energy, global warming potential (kgCO2eq) and cost impacts of both the construction and operational phases of a
building’s life cycle. The implementation of the sustainable retrofit solutions has the potential to decrease the annual energy usage
of 196,306 semi-detached Irish homes by up to 72, 600 GJ, decrease global warming potential by 4200 tonnes CO2eq and result in
€63.7 million in annual operational energy savings for the residential sector.
KEY WORDS: Nearly Zero Energy Buildings; Retrofit; Life Cycle Energy; Life Cycle GWP; Life Cycle Cost.
1

INTRODUCTION

Buildings account for 32% of the world’s total energy
consumption and 19% of energy related greenhouse gas
emissions [1]. In Ireland, the residential sector is responsible
for 23% of the total energy consumption and 25% of the total
carbon emissions [2]. These figures highlight the importance of
improving the energy efficiency of buildings in Ireland.
Ireland’s building environment is seen as one sector where
significant energy savings can be made [3]. Two of the
mitigation measures due to be implanted in Ireland to reduce
the environmental impact of the built environment include
retrofitting the existing building stock and ensuring new
buildings are constructed to NZEB standards [3].
The Energy Performance of Buildings Directive (EPBD)
introduced the obligation to all EU member states that all new
buildings should be NZEBs from the end of 2020 and from the
end of 2018 for publicly owned buildings. This includes
buildings that undergo significant alteration and renovations
[4]. A NZEB means a building that has a very high energy
performance. The nearly zero or very low amount of energy
required should be covered to a very significant extent by
energy from renewable sources, including energy from
renewable sources produced on-site or nearby [5]. A NZEB
building’s aim is to decrease the life cycle energy demand and
carbon (referred to as global warming potential (GWP) in this
paper) emissions of the operational phase of a buildings life
cycle to a miniscule amount. Thus, the focus of energy demand
and GWP emission mitigation then needs to shift from the its

operational phase to other life cycle phases. Life Cycle
Assessment (LCA) is a tool for systematically analysing the
environmental impact of building materials and processes over
their entire life cycle, including the extraction of raw materials,
manufacturing and use of a building [6]. Whereas, an economic
Lifecycle Costing (LCC) quantifies the effect of different levels
of investments indicating the optimum scenario in terms of
lifecycle monetary costs for each building type [7].
The primary objective of the paper is to examine the
retrofitting of typical Irish residential semi-detached buildings
to the NZEB standard. An environmental and economically
sustainable driven design approach is to be established for
buildings built between 1994 and 2008 to the relevant building
regulations [8]–[11]. This includes analysing the lifecycle
environmental and economic impacts of the case study
buildings using Embodied Energy (EE), Embodied GWP
(EGWP)
and
economic
costs
of
the
retrofit
materials/technologies. The aim is to establish the level of
which the retrofitting of buildings to the NZEB standard
counteracts environmental and cost savings by accounting for
the retrofit material/technologies EE, EGWP and cost
investments. Key aspects of energy efficiency retrofitting are
analysed, focusing particularly the building envelopes, air
permeability, heating systems, ventilation systems and
renewable energy supply systems.
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2

CURRENT LITERATURE
Progress towards NZEB’s

The newly proposed building regulations in Ireland that set the
standards for NZEB are currently under public review [12]. The
changes in regulations are to apply to any relevant works from
31st March 2019 onwards. New build residential buildings must
achieve a maximum energy performance coefficient (EPC) of
0.3, maximum carbon performance coefficient (CPC) of 0.35
and minimum renewable energy ratio (RER) of 0.20. Retrofit
residential buildings must achieve cost optimal performance
when more than 25% of the surface area of the building
undergoes major renovation. The cost optimal performance
level to be achieved is 125 kWh/m2/yr when calculated in the
Dwelling Energy Assessment Procedure (DEAP) software [5].
As of the end of February 2018, a total of 752,770 residential
BER ratings have been carried out in Ireland. 25% received an
E, F or G, while only 2% received an A rating [13]. Observing
Figure 1, it is evident that there is much room for improvement
of the Irish housing stock.

energy [19]. Low energy buildings can range from to 9-46% of
the lifecycle energy [19]. This highlights the need for carrying
out an LCA in the design process of retrofitting a building to
the NZEB standard.

Figure 2. LCA of building products, adapted from [20].
Retrofit LCA’s

Figure 1. Building Energy Rating (BER) of housing in Ireland
(values indicate number of homes with that rating)
Life cycle assessment
Sustainability is a significant challenge facing society today
and requires an all-inclusive approach to bring together the
social, economic and environmental aspects regarding the built
environment [14]. As previously identified, the construction
sector consumes a vast amount of energy and resources, which
contributes significantly to the world’s greenhouse gas
emissions. The introduction of standardised sustainable
assessment tools such as LCA have the potential to reduce CO2
emissions by up to 30% in the construction phase, through the
educated selection of low environmental impact materials [15].
Buildings require energy directly and indirectly in their life
cycle. A LCA is conducted by looking at the four stages of a
product’s life, as illustrated in Figure 2. To meet the retrofitting
obligations posed by EU legislation and the NZEB standard,
investments in retrofit technologies are needed to reduce the
OE of buildings in Ireland. This involves improving the air
permeability, fabric insulation properties and the introduction
of new energy efficient heating technologies. These steps have
a knock-on effect, as the investment in energy efficient
materials often results in a possible increase in the EE in the
life cycle energy of the building [16], [17]. In some cases, the
embodied energy of technical installations are nearly as high as
the initial construction of the buildings core elements [18].
It is found that conventional retrofitting of buildings can have
an embodied energy investment of 2-38% of the lifecycle
567

There are numerous design approaches available for retrofitting
buildings to the NZEB standard across Europe. However, the
design solutions are dependent on several variables including
the type of building, size of building, location, climate, building
fabric, heating and renewable technologies [21]. As the
different variables have a major effect on both the
environmental and economic life cycle of buildings, it is
important to assess the level of effectiveness of each [22]. A
literature review of 18 NZEB or low energy retrofit case studies
was carried out [19], [23]–[33]. Of the 18, only one study
focused on the LCA of a semi-detached building in Ireland, in
which the case study is of the Victorian period [19]. Only two
studies compared low embodied energy and embodied carbon
retrofit material designs in their LCA [34], [35]. Many studies
used the most common retrofitting materials and did not fully
take into consideration the limitations of achieving certain
building characteristics (i.e. air tightness) within their retrofit
design proposals [29], [31], [32]. This study will examine
different variations of retrofitting materials as part of five
NZEB retrofitting packages.
3

METHOD
Use stage: refurbishment stage (Module B5)

The life cycle stages evaluated are identified according to the
modularity principle of a building life cycle [36]. As the case
study buildings are assumed to already exist, the environmental
impact from the production (Module A1-A3) of the
materials/technology used for the retrofit/refurbishment of the
building (Module B5) is assessed. Environmental impacts are
sourced from Environmental Product Declarations (EPDs)
obtained from product manufacturers.
If an EPD is
unavailable, the Inventory for Carbon and Energy (ICE) V.2.0
[37] is used as the source for material impacts. The ICE
database includes the EE and EGWP of materials for modules
A1-A3. A1 includes the raw material extraction process, A2
refers to the transportation of the raw materials to the processor
and A3 involves the manufacture process from raw material to
the finished product [20]. If EE and GWP values cannot be
obtained from EPD’s or the ICE database, the decision process
in Figure 3 is followed.
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Product
EPD

ICE
Database

Published
Papers

Figure 1. The decision sequence of product data used in the
life cycle inventory.
Use stage: building operation (Module B6)
The primary operational energy and GWP of the case study
buildings are determined using the DEAP software. The
delivered energy to the buildings combined with relevant Irish
energy prices are used to determine the operational cost of the
case study buildings. The construction retrofit EE and EGWP
are compared to the Operational Energy (OE) and Operational
GWP (OGWP). The building lifecycle following retrofit is
taken as 30 years.

Figure 4. The floor plans of the case study buildings.
Table 1. Retrofit measures
Measure

Lifecycle cost
The method of economic assessment follows that of a previous
study [38]. However, this study will also include a verifying
procedure to ensure the cost of each construction component in
the case study buildings is accurate. This will ensure the net
construction cost (NCC), which includes labour, plant and
materials is representative of the Irish construction market.
Spon’s Construction Price Book [39] will be used to develop
costings for the retrofit. As the prices stated in the book are
based on the construction market in 2008, a consumer price
index multiplying operator is used to adjust prices to current
market levels. The consumer price index of February 2018 is
2% below 2008 levels [40]. Due to current increase in
economic activity in the Irish building sector, a skills shortage
is increasing the price of construction works is above the level
of inflation [41]. To ensure accuracy, the costs are verified by
getting quotations for the retrofit cost from building contractors
in February 2018. If there is greater than 10% in the difference,
current quotations from contractors are used.
Case study buildings
The case study buildings are two story 3-bedroom semidetached houses of the same configuration with a heated floor
area of 106m2 and orientated south. Semi-detached houses are
Ireland’s second most common house type accounting for
471,928 dwellings [42], but are regarded as the most popular
government owned social housing house type [43]. The
standard floor plan layout is illustrated in Error! Reference
source not found..
In total, twenty different NZEB retrofit solutions for four
original buildings constructed in 1994, 2000, 2005 and 2008
are analysed in this study. All retrofit solutions achieve the
newly proposed NZEB building regulations for new builds,
which require a maximum EPC of 0.3, maximum CPC of 0.35
and minimum RER of 0.20 [12]. Six retrofit measures are
implemented to achieve NZEB (Table 1). The measures follow
retrofit measures proposed by the Tabula project for Irish
residential buildings [44]. Five retrofit upgrade packages were
established
that
consider
different
variations
of
materials/technologies for the retrofit measures. These are
illustrated in Table 2.

Action

1

Roof Insulation

2

Pumped Cavity Wall Insulation

3

Triple Glazed Window Replacement

4
5

Internal/External wall Insulation
Mechanical Ventilation Heat Recovery &
Electric Fire Secondary Heating System

6

Primary Heating System & Renewables

Table 2. Retrofit upgrade packages
Reference

Details

O

Initial Case Study Building

A*

EPS EXT INS, MIN RF INS, HP & PV.

B*

PHEN INT INS, CEL RF INS, HP & PV.

C*

WF Ext INS, CEL RF INS, HP & PV.

D*

EPS EXT INS, MIN RF INS, GB & PV

E*

WF Ext INS, CEL RF INS, GB & PV.

CEL=Cellulose, EPS=Expanded Polystyrene, EXT=External,
GB=Gas Boiler Upgrade, INS=insulation, INT=Internal,
PHEN=Phenolic, RF=Roof, WF=Wood Fibre, *Cavity of each case
study filled with expanded polystyrene cavity bead insulation

4

RESULTS

The cost, GWP and energy payback following initial retrofit
investment for each of the design scenarios for all case studies
are given in Figures 5-8. None of the retrofit packages for any
of the case studies financially payback within the 30-year
lifecycle. The design packages for the 1994, 2000 and 2005
case studies all payback with 50 years. However, all but one of
design packages payback the initial EE and EGWP investment
within 10 years. This occurs for design package D for the 2008
case study building
Retrofit package B which includes internal insulation was
found to have the shortest payback for energy and GWP.
Retrofit package B also had similar payback periods as retrofit
package A despite being the more environmentally friendly.
Retrofit package E was had the shortest financial payback for
each of the case studies. Retrofit package E included external
wood fibre insulation, cellulose attic insulation, gas boiler
upgrade and photo voltaic (PV) panels. Despite the heat pump
of retrofit packages A, B, and C being more than three times
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more efficient than the gas boiler upgrade, the initial
investment costs of the heat pump and difference in Irish fuel
price between electricity and gas results in the gas boiler
packages being more cost effective. However, retrofit package
B and C have shorter environmental pay backs
GWP

Energy

50
40

Energy

100
50
0
B

C

D

E

Retrofit Upgrade Package

20
10
0
B

C

D

E

Retrofit Upgrade Package
Figure 2. Payback periods in terms of cost, GWP and energy
for 1994 building type.
Cost

Payback (Years)

GWP

150

A

30

A

GWP

Energy

50
40
30
20
10

Figure 5. Payback periods in terms of cost, GWP and energy
for 2008 building type.
It is established that retrofit solutions are building specific, as
different combinations of thermal fabric and heating and
renewable systems are required to meet the NZEB standard.
This paper used a weighted approach in the decision-making
process across all case study buildings. The GWP and energy
paybacks were given twice the importance when compared to
cost. When this is considered, the favoured retrofit solution is
retrofit package E, which uses a combination of sustainable
materials, mechanical ventilation and heat recovery, gas boiler
upgrade and PV across the 1994-2008 buildings. If the
weighting system gave cost twice the importance of each of the
environmental indicators, retrofit package E would remain the
optimum solution.

0
A

B

C

D

E

Retrofit Upgrade Package
Figure 3. Payback periods in terms of cost, GWP and energy
for 2000 building type.
Cost

Payback (Years)

Payback (Years)

Payback (Years)

Cost

Cost

GWP

Energy

50
40
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20
10
0
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B

C

D

E

Retrofit Upgrade Package
Figure 4. Payback periods in terms of cost, GWP and energy
for 2005 building type.
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5

CONCLUSIONS

Retrofitting is recognised as an immediate and cost-effective
mechanism to reduce the energy consumption and GWP
emissions of the Irish built environment to reach its long energy
performance targets. Retrofit solutions are building specific.
There is no one specific retrofit package than performs equally
across the cost, energy and GWP indicators for all case study
buildings built in years 1994, 2000, 2005, and 2008. Instead, a
tailored approach is required to satisfy the financial, energy and
GWP paybacks associated with each building.
The sustainable retrofit of semi-detached buildings in Ireland
should focus on minimising heating requirements by improving
the thermal insulation properties and decreasing the air
permeability of the building fabric with low EE and GWP
insulation materials and installing a high efficiency heating
system that provide a cost-effective solution.
The implementation of the 1994 and 2000 case studies
sustainable retrofit solutions outlined in this paper have the
potential to decrease the annual energy usage of the 80,437
semi-detached dwellings constructed in Ireland between 1991
to 2000 by up to 40,600 GJ, decrease GWP by 2,370 tonnes
CO2eq and result in €27.2 million in annual operational energy
savings for the residential sector.
The implementation of the 2005 and 2008 case studies
sustainable retrofit solutions outlined in this paper has the
potential to decrease the annual energy usage of the 115,869
semi-detached dwellings constructed in Ireland between 2000
to 2010 by up to 32,000 GJ, decrease GWP by 1,830 tonnes
CO2eq and result in €36.5 million in annual operational energy
savings for the residential sector.
It should be noted that the estimation of payback periods in
this paper did not take account of government grant aids or
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other subsidies. Of course, the introduction of government
grant aid to promote the uptake in NZEB retrofits can make the
proposals more feasible for the homeowner. Upgrades will
directly reduce the overall energy consumption of a building
and increase its overall net worth. Furthermore, it can provide
a greater living environment and a better quality of life for
occupants.
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Senator House – A Novel, Cost-Effective Method of Structural Assessment and
Monitoring.
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ABSTRACT: Senator House is an office building, located between St Paul’s Cathedral and the River Thames in central London.
It was scheduled to undergo 11,000 sq ft of refurbishment works which required a site compound, with associated HGV deliveries,
construction plant use and scaffolding, to be located on a landscaped area in front of the building. However, site surveys revealed
underground chambers beneath, owned by London Underground, with uncertainty regarding their structural capacity to support
the proposed construction loading during works. Traditional assessments indicated that these structures did not have the required
structural capacity to support the proposed loading. The conventional solution would have been to erect temporary works to
support the underground chambers; but this was considered impractical and unfeasible in the confined spaces above the railway
tunnels and would have halted the project. The solution involved Structural Health Monitoring (SHM), via the installation of Fibre
Bragg Grating (FBG) strain monitoring equipment, and undertaking load tests to simulate predicted loading conditions. The SHM
data gathered using FBG sensors were used to compare with strains determined from a Finite Element Analysis (FEA) model for
experimental validation of numerical modelling. The results revealed that, contrary to traditional assessments, the landscaped area
could receive the intended loading and thus, the installation of FBGs eliminated the need for temporary works, reducing cost,
project time and enabling the project to continue.
KEY WORDS: SHM, FBG, FEA, St-Id, temporary works, traditional assessment, load testing.
1

INTRODUCTION

Senator House is an office building located in central London
and was expected to undergo extensive refurbishment,
requiring scaffolding and plant equipment to be situated on a
landscaped area in front of the building. However, underground
chambers owned by London Underground were identified
during a GPR Survey and Slit Trench Investigation. These
chambers, named MH2 and MH3, comprise of reinforced
concrete beam and slab construction supported on perimeter
masonry and concrete walls. The location of these chambers in
relation to Senator House is illustrated in Figure 1. In order for
the refurbishment works to proceed, it was essential to establish
the structural capacity of these chambers to assess if they were
able to support the construction loads. If this was not the case
then, traditionally, temporary works would be required.
Temporary works are defined by BS 5975 as ‘parts of the works
that allow or enable construction of, protect, support or provide
access to, the permanent works and which might or might not
remain in place at the completion of the works’. It also
considers temporary works design to include consideration of
the temporary stages through which the permanent works may
pass. BS 5975 defines the subset, falsework, as ‘temporary
structure used to support a permanent structure while it is not
self-supporting’ [1].
The problem with this solution was the confined space above
the London Underground (LU) Mansion House Station on the
Circle & District Line within which the temporary works would
have been required to be erected. The small size of the
chambers meant all temporary works would have needed to be
installed by hand, and with further H&S restrictions on working
above the LU infrastructure, the construction of temporary

works was unfeasible and as such, would have halted the
project. The solution was SHM. FBG sensors were installed
and the strain response monitored during a Load Testing of
each chamber, thereby establishing the respective load carrying
capacities.

Chamber
MH2

Chamber
MH3

Senator
House

Figure 1. Schematic drawing detailing locations of Senator
House and the underground chambers MH2 and MH3.
There has been an ever-increasing volume of research on
structural health monitoring with ~17,000 papers published in
the last decade alone. Despite this immense research effort,
there have been few routine industrial applications. SHM and
non-destructive testing (NDT) are both non-destructive
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methods of assessing the integrity of structures. Numerical
models of large structures, such as bridges, struggle to
accurately predict safe operating windows due to uniqueness
and uncertainty issues (e.g. boundaries – soil foundations
shifting and constraints at expansion joints) which make
reliable models very difficult to construct. Structural
Identification (St-Id) aims to bridge the gap between the model
and the real system by developing reliable estimates of the
performance and vulnerability of structural systems through
improved simulations using experimental data [2]. St-Id is the
process of creating a physics-based model of a structure (e.g.
finite element (FE) model) based on its measured static and/or
dynamic response that will be used for the assessment of the
structure’s health and performance as well as decision-making.
St-Id has the potential to reduce the need for excessive
conservatism in the face of uncertainty: better understanding of
the structural performance provides improved vulnerability
estimates. Once a model has been developed, load monitoring
can be used to assess whether the structure is operating within
its safe envelope. FBG SHM provides this practical means of
load monitoring. Although St-Id has attracted the attention of
numerous researchers worldwide over several decades, it has
not been widely adopted in civil engineering practice, simple
models and prescriptive codes generally being used instead.
However, these approaches cannot accurately simulate the
actual performance of constructed systems, which in turn
necessitates considerable conservatism in the design process.
Despite this obvious motivation, potential end users in the
public and private sectors remain sceptical about St-Id as they
have yet to see compelling evidence that these systems can
deliver as promised and improve their ability to design,
maintain or manage civil infrastructure [2]. This paper details a
case study whereby St-Id through SHM using FBGs was
essential for permanent works to proceed. It reveals how SHM
is critical to inform and develop accurate FEA models, whilst
providing essential information for critical decisions.
2

METHODS

An assessment of each chamber, whilst predicting failure to the
design codes based on Worst Credible Strength parameters,
gave a reasonable degree of confidence that a 32T and 40T
Vehicle could be supported. However, given the number of
assumptions required to assess the structures it was
recommended that additional investigations were conducted.
These were: 1) additional testing to gain a better understanding
of the reinforcement arrangement within worst case structural
elements of the chambers; 2) structural monitoring to analyse
behaviour and establish load carrying capacity. The aim was to
conduct a detailed structural analysis of each chamber, using
Finite Element Analysis software and the additional structural
information obtained from investigative works. The analysis
would then be compared with the results obtained from Load
Testing. The comparison would be used to conclude on the load
carrying capacity of each chamber.
FEA
Using the known dimensional information and reinforcing
arrangement, design calculations were carried out for worst
case structural elements.
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To determine if typical construction vehicles can be supported
on the structures identified, there is a requirement to assess each
structure against the requirements of the Design Manual for
Roads and Bridges. Volume 3 Section 4 Part 3 B21/01 covers
the Assessment of Highway Bridges and Structures. Load
assessment is limited to the application of dead, superimposed
dead and the worst case AW Vehicle and Axle Weights in
accordance with Annex A of BD 21/01, which are the
maximum vehicles allowed under the Road Vehicles
(Authorised Weight) Regulations 1998. To replicate loading
equivalent to these vehicles, concrete kentledge blocks
measuring 1.170 x 0.75 x 0.5m and weighing 1.0T each were
stacked over an area of 3x2m at existing ground level. This
provided the maximum axle load of 12T. Special Types
General Order Vehicles as regulated by Statutory Instrument
1979 No 1198 as amended, Special Order Vehicles, and Type
HB loading were not considered for assessment purposes.
Subsequently, McFarland Associates conducted survey and
additional concrete investigative works, which identified the
reinforcement of key structural elements. Using the
information obtained from the surveys, a Finite Element Model
(FEM) was produced by Design ID for each chamber structure.
The purpose of this model was to better replicate the behaviour
of the beam and slab system within each chamber. The concrete
slab in each case has been idealised as a 2D Shell Element, with
beams forming stiffening ribs on each slab. The effects of SelfWeight, the Super-imposed Dead Load (Top Soil) and AW
Vehicles were applied to the chambers within each FEM,
according to DMRB BD 21/01. The results of the FEM advised
the location of the sensors to be installed during the Load Test
i.e. the areas predicted to have the greatest strain response;
these are presented in Figure 5.
SHM
The control and monitoring of the aging process of civil
engineering structures is of extreme importance for their
quality and safety. Furthermore, there are different external
events that can damage a structure. Damage can be defined as
alterations that when introduced into a system will
have an adverse effect in its current or future performance. The
process of employing a damage identification strategy for
engineering and aerospace infrastructures is referred to as
structural health monitoring (SHM) [3].
In the last two decades, a significant number of innovative
sensing systems, based on optical fibre sensors, have been
exploited in the engineering community due to their inherent
distinctive advantages such as small size, light weight,
immunity to corrosion and electromagnetic interference (EMI),
and embedding capability. The majority of optical fibre sensorbased monitoring systems have been developed for continuous
measurement and real-time assessment of diversified
engineering structures such as bridges, buildings, tunnels,
pipelines, wind turbines, railway infrastructure, and
geotechnical structures [4].
One of the most commonly used and broadly deployed
optical sensors is the fibre Bragg grating (FBG), which reflects
a wavelength of light that shifts in response to variations in
temperature and/or strain. FBGs are constructed by using
holographic interference or a phase mask to expose a short
length of photosensitive fibre to a periodic distribution of light
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intensity. The refractive index of the fibre is permanently
altered according to the intensity of light it is exposed to. The
resulting periodic variation in the refractive index is called a
fibre Bragg grating [5].

The strain sensors are temperature compensated using the strain
values acquired from the temperature sensor. As a result, the
strain values obtained from the surface mounted sensors show
only mechanical strain caused by the application of the load
imparted by the applied kentledge loading. Figure 4 presents
the FS62 surface mounted strain sensor used.
Load Testing
The purpose of Load Testing was to determine how each
chamber would respond under loading which is equivalent to
that of the worst-case AW Vehicle. The FBG sensors were
installed at the locations presented in Figure 5, determined via
the FEA.

Figure 2. Illustration of the fibre Bragg grating concept and its
optical function [6].
According to Bragg’s law, a beam of white light is written in
the FBG sensor, and when the light from the broadband source
passes through the grating at a particular wavelength, the Bragg
wavelength is reﬂected which is related to the grating period
using equation 1 and as illustrated in Figure 2 [4]. In equation
(1), λb is the Bragg wavelength, neff is the effective refractive
index of the fibre core, and Λ is the spacing between the
gratings, known as the grating period [5]. Figure 3 presents the
measurement principal using FBG sensors.
𝜆𝑏 = 2𝑛𝑒𝑓𝑓 Λ

(1)

Figure 5. Sensor locations for chambers MH2 (above) and
MH3 (below).

Figure 3. Measurement principal of FBG sensor [4].
The fibre optic sensors were FS62 surface mounted strain
sensors and a temperature sensor. The strain sensors are of a
Fibre Bragg Grating (FBG) variety designed to be bolted
directly to concrete, steel, masonry or other materials. Each end
of the sensor is attached to the element to be monitored using
the integrated stainless-steel ‘L’ brackets and bolted to the
substrate using M6 x 50mm concrete anchors.

A workstation was erected consisting of the interrogator and
laptop, where field engineers monitored the strain data during
testing. The sensors were calibrated, and a base line
established, with no load on the structure, before the
commencement of the Load Test. To simulate loading
equivalent to the worst-case AW Vehicle, 12 concrete
kentledge blocks weighing 1.0T each were stacked over an area
of 3x2m at existing ground level, to replicate the 12T maximum
axle, as presented in Figure 6. Kentledge blocks were placed
sequentially over the area in 1T increments up to a total of 12T.
Time was allowed between each loading increment, to allow
the effects of the structure to be observed and to asses if
structural capacity existed to receive the following increment.
When the total load of 12T was reached in each load test, the
kentledge blocks were removed in the same manner, allowing
the unloading response to be recorded.

Figure 4. FS62 – Strain Sensors.
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The results indicate that the majority of the elements within the
chambers satisfy ultimate limit state checks in accordance with
BS EN 1992-1-1 with the exception of Slab 1 in MH3, which
was overstressed in analysis. The columns/internal walls had
sufficient compression capacity to carry a 32T and 40T Vehicle
(not concurrently). Initially it was intended to progress the
monitoring and load testing should the structural capacity be
proven insufficient. However, due to time pressures on site,
load testing and monitoring was carried out regardless.
Furthermore, since the structural utilisation of the structural
elements was high, load testing and monitoring provided added
confidence of the results. Using the FEA results, the monitoring
and load testing progressed to assess the actual structural
capacity in reality, with a particular focus on Slab 1. To
complement the additional intrusive investigation completed
within the chambers, a number of Load Tests were also
completed, with particular attention paid to the worst case beam
and slab sections. The locations of the Load Tests are presented
in Figure 8.

Figure 6. Schematic of blocks used for FEA analysis
(above); photograph of blocks used in load test (below).
3

RESULTS
FEA

The effects of Self-Weight, the Super-imposed Dead Load
(Soil) and AW Vehicle Axles were applied to each chamber
within the FEM, at worst case positions for each structural
element. The utilisation summary of each element for both
chambers is outlined in Table 1 with the FEM response for
MH3 presented in Figure 7.
Table 1. Utilisation summary of each element for both
chambers.
Strain
Structural
element Value
Effect

Structural
element

MH2

Strain
Value

Effect

MH3

Beam 1

94%

(Shear)

Beam 1

76%

(Shear)

Beam 2

70%

(Bending)

Beam 2

74%

(Bending)

Beam 3

92%

(Bending)

Slab 1

225%

(Bending)

Slab 1

82%

(Bending)

Slab 2

56%

(Bending)

Slab 2

100%

(Bending)

Figure 8. Locations of the Load Tests 1 and 2 for MH2
(above) and Load Tests 3 and 4 for MH3 (below).
Comparison of Load Test to FEA
Figure 7. FEA model of MH3.
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To compare the monitoring results, the load imposed by the
kentledge was applied to the structure within each FEM. The
stress generated at each of the sensor locations was extracted
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from the model and the theoretical strains at each location were
then calculated. This allowed comparison between the
theoretical strain in the structure against the strains experienced
during the Load Testing in reality. The comparison between
theoretical and experimental strain values for each chamber,
and the respective Load Tests, are presented in Tables 2 and 3.
The maximum/minimum strains experienced by the
structure in MH2 during the Load Tests are less than predicted
by the Finite Element Analysis, across all sensor locations.
Furthermore, when the load was removed at each Load Test
location, the strains on the structure recovered to levels
comparable to before the structure was loaded. This indicates
that the response of each structure was elastic and that no
plasticity or damage to either structure has occurred during load
testing.
Table 2. Percentage difference of Load Test Strains to FEA
strains on structural elements within chamber MH2, for Load
Tests 1 and 2.
Sensor Location
Slab 1 - Long span
Slab 1 - Short span
Slab 2 - Long span
Slab 2 - Short span
Beam 1 - Mid span
Beam 1 - Shear
Beam 3 - Mid span
Beam 3 - Shear

ξx
39.50%
N/A
14.56%
29.78%
-

Test 1
ξy
37.37%
N/A
-

ξz
31.12%
33.58%

ξx
N/A
78.85%
94.05%
15.77%
-

Test 2
ξy
53.36%
12.65%
-

ξz
N/A
21.34%

Table 3. Percentage difference of Load Test Strains to FEA
strains on structural elements within chamber MH3, for Load
Tests 3 and 4.
Sensor Location
Slab 1 - Long span
Slab 1 - Short span
Slab 2 - Long span
Slab 2 - Short span
Beam 1 - Mid span
Beam 1 - Shear
Beam 2 - Mid span
Beam 2 - Shear
Beam 3 - Mid span
Beam 3 - Shear

ξx
N/A
52.66%
N/A
40.85%
36.51%
-

Test 3
ξy
N/A
22.58%
-

ξz
N/A
374.80%
126.85%

ξx
31.07%
N/A
17.45%
N/A
N/A
-

Test 4
ξy
10.30%
N/A
-

ξz
169.98%
N/A
N/A

The maximum/minimum strains experienced by the
structure in MH3 during the Load Tests are less than predicted
by the Finite Element Analysis, across all sensor locations.
However, the shear strain generated in the beams tested in MH3
were found to exceed that predicted by the Finite Element
Analysis. Since the majority of shear strains generated were
very small, it is likely that these results are not statistically
significant. These are due to a combination of worst case
temperature effects during testing and tracking of a Telehandler
across the structures.
4

DISCUSSION

Structural Capacity Calculations in accordance with BS EN
1992-1-1 would suggest the structure has sufficient capacity
across all structural elements, except for one slab. However,

Load Testing and monitoring using FBG SHM, demonstrated
that there is reserve capacity within the structure, greater than
that proven by just analysis. As stated within the Design
Manual for Roads and Bridges, Volume 3, Section 4, Part 8
BA54/94 Load Testing for Bridge Assessment, the key sources
of reserve capacity are in end fixity, transverse distribution of
load and/or composite action.
End Fixity
Within the FEA, all beams and slabs were assumed to be simply
supported. In reality, however, it is likely that a degree of fixity
is being provided at beam-to-column and slab-to-wall
interfaces. Fixity would allow moment transfer into columns
and walls, resulting in lower moments generated in the beams
and slabs; reducing the bending utilisation.
Transverse Distribution
Within the FEA, the slabs were modelled as shell elements and,
as such, load spread was considered in two directions. It is
therefore unlikely that additional transverse stress distribution
could be considered. However, in reality load will likely spread
and distribute further than predicted in standard assessment.
Composite Action
It is unlikely that composite action is providing reserve capacity
in either chamber. However, during investigative works a
shallow overslab was identified over the top of MH3. Whilst
this is adding additional self-weight to the structure, it will also
add bending stiffness and in turn reduce the strains generated
in the chamber structure below. Additional load spread will
also be provided.
It was proposed that the structure should be monitored for the
duration of the refurbishment works, to provide an early
warning system should strains start to show plastic
deformation, highlighting the potential for collapse. This would
give a warning to site operatives, to maintain safety, but also
prevent damage to the infrastructure with potential risk of
further collapse onto the LU station and railway lines below.
During this period, construction plant and delivery vehicles
would
be
brought
on
and
off the site. Each chamber will therefore be subjected to the
dynamic loads imposed by 32T/40T Vehicles. Continuous
monitoring will allow the medium-term behaviour of each
structure to be observed. This would also allow for adjustment
to be made to the working platform material and thickness.
Maximum Strain limits will be imposed on the monitoring
according to the theoretical analysis.
5

CONCLUSION

The application of SHM systems to Civil Engineering
structures is a growing field which has facilitated a better
understanding of the condition of structures and often led to
more cost-effective asset management. When dealing with
long-term SHM, the goal of the system is to deliver updated
information regarding the ability of the structure to continue to
serve its intended purpose and function despite the unavoidable
effects of the aging process and the accumulation of damage
that results from the operational environment. The early
detection of structural malfunctions allows the increase of the
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service life-time of the structure at the same time that decreases
the maintenance costs [3].
This paper details the various aspects of the structural
monitoring, testing and analysis undertaken as well as revealing
how theoretical FEA modelling compares with real-life
analysis using SHM. Moreover, the paper highlights the
advantages of SHM using FBG sensors for long-term asset
management. The technique is likely to be suitable for a range
of structures, especially where conventional assessments
indicate the need for demolition or significant temporary
works. In this case the implementation of FBG sensors
eliminated the need for proposed temporary works, thereby
facilitating the continuation of planned refurbishment works,
reducing delays and total project costs.
The conclusions from this project were:
• Traditional assessment indicated that underground
chambers MH2 and MH3 would not have the structural
capacity to receive the intended load during refurbishment
works. Of particular concern was slab 1 of MH3. It was
recommended that SHM take place using FBGs during a
prescribed Load Test to determine the real capacity of
these structures.
• The chambers within MH2 and MH3 were tested for the
maximum possible axle load generated by a 32T Rigid
Body Vehicle or 44T Articulated Vehicle, as stated in
Annex A of BD 21/01 for AW Vehicles.
• Load Testing demonstrated there is reserve capacity within
the structures, which cannot be considered during capacity
assessment in accordance with BS EN 1992-1-1.
• Loading and Unloading behaviour during Testing
demonstrated that the loading response was elastic.
• There is sufficient evidence to state that the structures can
safely support the maximum axle loads of Authorised
Weight Vehicles, which are the maximum weight vehicles
normally allowed on the road network. Therefore, the
chambers will be able to support all AW Vehicles used in
the delivery of plant and materials.
• FBGs should remain in place throughout the refurbishment
works to monitor the structure and ensure structural
integrity for full term.
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ABSTRACT:
This project focuses on the development of human-model interaction using virtual reality head mounted display and input
devices interfaced through specifically designed software for the built environment. Critical evaluation of design whilst within
a virtual environment will be conducted to gather data on the design process to identify time and cost savings relative to
conventional design process. To test how virtual reality can assist a design team during the design process and evaluate the
benefit of VR technology on live projects it will be necessary to evaluate the project at various stages. This will include
comparisons of time measurement (to key milestones), drawing revisions, costs and client satisfaction against the traditional
design methods. It is also necessary to evaluate how the design team work with the hardware. This will be achieved by allowing
the team to continuously use VR throughout the project and evaluating their design and their decisions through questionnaires.
Preliminary assessment has been carried out using student designed digital models in a VR model with data capture using
questionnaires. The responses have been analysed to establish how their spatial awareness was heightened and how their
situational awareness was enhanced using the technologies. The results showed that all students were able to distinguish load
paths through different structures and gained a new perspective on 3D digital design. Initial work on real-time 3D scanning to
VR is described with results to date presented. Results for how this technology can be used in industry are still being correlated.
KEY WORDS: CERI 2018; Virtual Reality; BIM; Structural Engineering; Digital; 3D Models; Photogrammetry
1

INTRODUCTION

Virtual reality (VR) has been around as a concept since the
1950s [1] but commercial uptake of this immersive technology
only initially began in the 1990s [2, 3] with the release of
gaming headsets and it wasn’t until 2012 [4] that the
technology matured and mass audience adoption began. The
commercial release of VR headsets has brought this
technology mainstream, however application in a useful
manner to designers has not been fully explored. As a result of
Building Information Modelling (BIM), most construction
projects now have an accurate 3D model. These are suitable
for use within a digital environment and can used as a tool for
improving efficiency and whole life asset management. There
has been some uptake of immersive technology within the
built environment, however, currently there is no quantifiable
evidence to suggest that new technologies such as VR have
any benefit on construction projects.
This paper is organised as follows: This section provides
background information on VR and the current uses in today’s
industry. Chapter 2 presents previous research into VR and 3D
scanning systems including photogrammetry. Chapter 3
details the hardware and software that are currently available
for use with VR and 3D modelling systems. The research
method is outlined in Chapter 4 with the results being
discussed in Chapter 5. Further work is presented in Chapter
6.

Virtual Reality
Virtual reality technology is a concept in which a headset is
placed over the user’s head. This headset contains two lenses
which provide a stereoscopic view of a computer-generated
world. The images on the lenses update in real time to mirror
the orientation and position of the user’s head.
The first virtual reality headset was built in 1968 when Ivan
Sutherland and Bob Sproll created the ‘Sword of Damocles’;
the first head mounted display (HMD) to be connected to a
computer [1]. It got this name due to the fact that the headset
was so heavy, it had to be suspended from the ceiling.
Commercial uptake of this immersive technology started to
take off in the 1990s when SEGA [2] and Nintendo [3] released
consumer headsets, but it wasn’t until 2012 that it really found
its feet with Oculus VR.
Oculus VR was founded in 2012 with the aim of developing a
virtual reality headset for computer gaming and was
crowdfunded to a value of $2.5M [4]. In March 2013,
Facebook acquired Oculus VR for $2.1BN [5]. Oculus led the
way for other developers who then began bringing their own
headsets to the market. Currently, there are more than 20
different headsets available from various manufacturers with
the front runners being Facebook’s ‘The Rift’ and HTC’s ‘Vive’
which was initially released in 2015. [6] The HTC Vive headset
can be seen in Figure 1.
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The technology has been used in manufacturing sectors, such
as naval, automobile and aerospace, and also in product
design. In November 2015, BAE Systems announced that it
was introducing virtual reality to help design and build new
ships for the Royal Navy [7]. The company claims that the
technology helps engineers to spot design flaws and safety
issues before the steel is cut, thereby preventing costly design
changes at later stages in the project. Company size in these
sectors tend to be large; therefore, investment is more easily
justifiable than for most small or medium-sized enterprises.
However, recent developments in virtual reality technology
have created an opportunity for low-cost hardware to be
utilized in the conceptual design process for civil and structural
engineers.

how using virtual and augmented reality in engineering
education can encourage students to develop an increased
spatial awareness and can provide them with life like
experiences. It has the potential for practical training without
the risk of having a group of students in a laboratory setting
[10] [11].
Research in this area has been limited to how this technology
can enhance the users experience and how it can aid
visualisation and all previous research is subjective and
qualitative. In order to establish how useful virtual reality can
be to a company it is necessary to investigate how this
technology can improve business. This can be through cost
saving and/or time saving, either in the design stage or on site.
3D Scanning

Figure 1: HTC Vive Headset with base stations and
controllers
2

DIGITAL TECHNOLOGIES IN THE BUILT ENVIRONMENT
Virtual Reality

The availability of 3D models makes VR easily deployed within
the built environment. A significant factor for the existence of
3D models is the implementation of Building Information
Modelling (BIM). BIM has enhanced the construction industry
through tightly managed design, construction and whole life
management. Current governments regulations state that if a
project budget is greater than £4.35m and where there is
potential for significant savings then BIM must be employed
[8]. Most construction projects are currently meeting this
target and BIM is being used in the creation of accurate 3D
digital design and construction models. These models are
suitable for use within a digital environment and can be used
as a tool for improving efficiency and whole life asset
management.
Research into how digital technologies can be utilised by the
construction sector has shown that those who use virtual
reality within their project design team often have a better
understanding of the project and can visualise the
environment much clearer than using traditional 2D drawings
or 3D models on screen [9]. There has also been research into
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As the creation of 3D models is becoming the standard within
the industry, it is important to look at how these models can
be improved with more accurate, detailed data. Using
scanning systems such as laser scanning can provide the
designer with a high-fidelity point cloud model from which a
BIM model can then be created. Conversion of point cloud
data to a 3D model for use by designers is currently limited;
automatic meshing of point clouds produces inaccurate
models. Many engineering objects are composed of simplistic
shapes and surfaces, which should result in them being easily
identified and modelled but these are currently having to be
modelled manually. The ability to create an automatic 3D
model from scan data would be particularly useful for
adaption and maintenance of existing structures. 3D scanning
has been used by other industries for many years and there
has been a large volume of research carried out on the use of
3D scanning techniques. Although there are is a vast sum of
research, there is a limited number that focus on the use of 3D
scanning in the civil or structural engineering industry. Much
of the research available focuses on how 3D scanning can
provide accurate and detailed point cloud models which
enables fast, digital documentation of existing buildings which
may be subject to restoration or refurbishment [12].
The use of Lidar (light detection and ranging) equipment has
increased as it becomes more common in the industry. This
surveying technology measures the distance to a target using
pulsed laser light. A laser is fired at a target and by calculating
the time taken for the laser to return, it allows for a distance
measurement to be taken. By taking multiple points along a
surface a 3D model can be built up. Creating a point cloud
model can reduce time on site and along with being much
safer than traditional surveying methods, it also captures
much more data which can then be utilised in the design
process [13].
Advances in technology mean than 3D scanners are becoming
smaller and more readily available and there has been
research conducted into the use of Microsoft’s ‘Kinect’
scanner which is a red, green blue, depth scanner (RGB-D)
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which is capable of creating 3D scans of large scale objects
[14]. Further research has been carried out to enable this
technology to be mounted to small remote-controlled robots
and drones which can be placed into various environments
and transmit back a 3D scan to a designated computer in real
time [15]. The “Kintinuous” package as developed by Thomas
Whelan et al provides a way for these scans to create a closed
loop across large areas including a 2-story apartment with
multiple rooms [16]. These developments in technology are
limited to other industries, such as robotics, and the
technology has not been considered for use in the built
environment thus far. Developments in lightweight scanning
offer the potential for these technologies to be mounted on
aerial drones. This will allow rapid inexpensive scanning of the
built environment, particularly in inaccessible areas
(structures at heights, underside of bridges), and the data then
imported and converted into a 3D model. Material properties
and boundary conditions can then be applied to enable rapid
and accurate structural behaviour to be determined.
A further method for creating 3D models of existing buildings
is using photogrammetry, which can be defined as the use of
photography to obtain measurements between objects. More
specifically, photogrammetry is used to create 3D models of
physical objects. The accuracy of models was evaluated by
scaling objects of known dimensions to produce a model,
which can then theoretically can then be used to provide
accurate measurements within the scene. Results conclude
that accuracy within models depends on many factors
including image quality, distance form object, number of
photographs, angle of photographs, textures involved in the
scene, and lighting effects. This technique was tested on a
medium sized office building (Northern Ireland Technology
Centre), with the resultant model shown in Figure 2.

shows accuracy of between 0.12-0.01%. The primary factors
controlling accuracy are the lighting conditions and the ability
to obtain images at the optimum angle. The process of
creating a photogrammetry model is in the hours of 6 hours
for a building of this size. The methods for creating
photogrammetry models and comparing physical with
scanned measurements are outlined in Section 4.3 with the
results discussed in Section 5.1.
Automatic scanned environments have the potential to save
on costs and time, both on site and in a design office. There is
less time spent on site capturing data using traditional
methods and also on post processing the data and creating a
model.
Table 1: Accuracy of photogrammetry model
Physical
Measurement
(mm)

3

Model
Measurement
Average (mm)

Percentage
Difference

Actual
Difference

33750

33753.3

0.01

-3.33333

21950

21947.7

0.01

2.33333

33750

33768.7

0.05

18.6666

21950

21923.7

0.12

26.3333

HARDWARE & SOFTWARE FOR VIRTUAL REALITY
EXPERIENCE

As the popularity of new digital technologies has grown, so
has the number of pieces of hardware and software available
for consumer use. These include headsets, glasses, gloves,
mobile screens, 3D scanners, 3D printers and software
packages to go with them. In order to evaluate the usefulness
of digital technology in an engineering design environment it
is necessary to establish the varieties of hardware and
software that is needed.
Design Software
Throughout this work, the main design software that has been
used is Autodesk’s Revit [17]and Trimble SketchUp [18] with
Autodesk ReCap Photo [19] being used for photogrammetry.
Revit allows designers to create a smart model with data
embedded into the various elements. It can be used by
various members of the design team at once, from the
architect, to the mechanical engineer to the structural and civil
engineers. All of these separate models can be collated into
one multifunctional, multipurpose model which can be used
for asset management long after the project has finished on
site.
Head Mounted Displays

Figure 2: Photogrammetry model of NITC
The accuracy of the model was assessed on the four primary
faces of the building, with the results shown in Table 1, which

There are a number of HMDs on the market including those
that are powered by a computer and those powered by a
mobile phone. Mobile phone powered headsets are not
powerful enough to run large scale, fully rendered, detailed
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design models, nor could they display the information in a way
which would allow a designer to interact with their design so
for this research, computer powered headsets were most
viable option. Oculus’s ‘Rift’ [19] and HTC’s ‘Vive’ [6] are the
two most well developed and popular headsets and both have
been used throughout this project.
Virtual Reality Environments
Due to the processing power required to run full design
models it was necessary to use software which was able to
process the information and display it in VR without requiring
any additional support. Iris VR’s Prospect [20] and Kallotech’s
Fuzor [21] are two such pieces of software which allow an addin to be installed into the design software. This ensured that
anyone was able to install the software and use it without any
prior knowledge of VR systems and without using a games
engine such as Unity [22] or Enscape [23].
For this work, Iris VR’s Prospect has been used. Prospect can
open models from a range of 3D modelling packages e.g. Revit,
Rhino, SketchUp and these models can quickly be viewed in VR
without any other set up. Once Prospect is installed on the
computer it automatically creates an add on button in the 3D
modelling software which can then be used to open a VR
version of the model. These VR files can then be exported and
saved so that they can be transferred between computers or
just to keep and re-open again without opening the modelling
software. It is user-friendly with easy to use controls in the VR
environment. It allows the user to see the sun path, turn
on/off layers and mark up any parts of the model which they
want to draw attention to. Prospect also has an in-built team
VR tool where it allows different users, in separate locations,
to meet inside a virtual model of their choice and hold a VR
meeting They can communicate through the headsets using
the in-built microphone and headphones and they can also use
the mark up tool to highlights areas within the model which
need worked on post meeting.
4

METHOD

In order to evaluate the effect that VR can have on the
industry, questionnaires were created that examined the
users view of the hardware and software as well as comparing
projects to each other. Two different questionnaires were
created for each response group; a set of undergraduate
structural engineering students and a design team working
within an engineering consultancy.
Evaluation in education
Throughout this investigation it was clear that 3D modelling
and virtual reality would be of great benefit to undergraduate
students who are studying for a degree in civil or structural
engineering. The use of computer modelling is extensive in the
engineering industry and it is important that undergraduates
have the ability to work with these types of programs before
moving forward in their professional career. Typically,
students at an early stage of their careers are comfortable
working in a two-dimensional (2D) manner; in plan, section
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and elevation. Problems can arise as they attempt to
differentiate structural supports and load paths through
floors, from non-loadbearing spatial dividers. Physical models
are of benefit but can be time-consuming to construct and
difficult to alter should they illustrate flaws in the design.
Virtual reality can offer an alternative method of developing
these skills. As a learning experience they would gain an
appreciation of overall building heights, floor to-ceiling
heights, span of beams and vertical continuity of load paths –
all at an effective 1:1 scale.
Students were tasked with creating a physical model and a
digital counterpart of a specific design. These designs were
based on popular architectural structures including Le
Corbusier’s Villa Cooke [25] and Ludwig Mies van de Rohe’s
Farnsworth House [26]. They then experienced their digital
model using virtual reality and completed the tasks associated
with the questionnaire. The tasks were then repeated with the
physical model and the same questionnaire given to the
students so as to compare and contrast the responses. These
tasks focused on:
• Estimating the floor to ceiling height
• Estimating the total building height
• Evaluating the usefulness of the technology
• Determining the load path through the structure
Evaluation in industry
Using VR in engineering consultancy is still currently a novel
idea with very few engineering companies using it solely for
design purposes. Rather, they are using it for the visualisation
of finished designs and for marketing purposes. To establish
if using VR has an effect on the design process, it is necessary
to look at the things that can be monitored and compared to
other design projects. For example, items that can be
compared are how the use of VR had saved time taken to
certain design stages, reduced costs due to making earlier
design changes and reduced the amount of times the design
team needed to fly to meetings.
Working design teams are made up of various individuals, who
all work in separate fields therefore one questionnaire is not
enough to provide the information needed to come to a
conclusion. Instead, it is necessary to create numerous
questionnaires that address both the main priorities and also
those appropriate to the relevant industry sector. The key data
which this project is focused on capturing covers the key areas
of:
• Interaction/Movement
• Environmental fidelity
• Design process interrogation
• Individual user experience
Photogrammetry
As detailed in Chapter 2, Photogrammetry involves taking a
series of images of a subject and using image stitching
software to create a 3D model. For this work, Autodesk ReCap
Photo was utilised. For the model created in Figure 2, a drone
was employed to circle the building and take images every 5°

CERI-ITRN2018

RESULTS TO DATE

The usefulness of creating a computer-generated model in
Sketch Up or Revit and experiencing it at a 1:1 scale with
virtual reality is extraordinary. The usefulness rating was
mostly 5 across the whole test pool of 12 students, the highest
rating there is. Only twice was it rated below this, at a level of
4. The cardboard models however had a varied set of results
ranging from 2 through to 5, with an average of 4. This shows
that although some students found it useful to create physical
models, the virtual models proved to be of more benefit to
them and their learning. On one particular model, only 16%
of the students were able to correctly estimate the total
building height using a physical cardboard model. This
percentage more than tripled to 66% when they were able to
experience the virtual model using VR.
For the results that follow, the building on which the physical
and virtual models were based was the Horiuchi House
designed by Tadao Ando [27]. This structure is a regular
rectangular block made up of a basement level and two living
levels above. It is constructed almost entirely of concrete
expect one wall which is constructed of glass blocks. The load
path is relatively simple with the external walls and two large
concrete columns taking the load from roof to foundations.
Figure 3 and Figure 4 below are bar charts showing the
comparison of the estimated total floor to ceiling height and
the estimated total building height while using the cardboard
model and while viewing the virtual model in the Oculus Rift.
The percentage of error when estimating the floor to ceiling

The students enjoyed using new programs and tools and by
bringing new technology into the studio the students began to
come up with their own ideas of how they could use virtual
reality within other aspects of their learning. They could see
the huge potential that virtual reality has both within
education and industry alike.
Comparison of Estimated Floor to Ceiling Height

Estimated height in metres (m)

5

height reduced from 26% while using a physical model to 9%
when the same task was completed using the virtual model on
the Oculus Rift showing that the students were more capable
of judging the scale of elements within virtual reality.
When identifying the load path through the structure, 100% of
students were able to identify it when using the cardboard and
when using the Oculus Rift. This was the expected outcome
for this building as the structure itself is a design focal point
and was on full display in both models.
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Figure 3: Bar chart showing the comparison of estimated
floor to ceiling height
Comparison of Estimated Total Building Height

Estimated height in metres (m)

at a 45° angle where possible. Once the images have been
transferred into the software, it will process and provide the
user with a 3D model that can be saved. For the model
produced in Figure 2, around 70 images where taken and the
software took approximately 6 hours to complete.
In order to be able to evaluate the photogrammetry
procedure it was necessary to look at the accuracy of the
model. To do this, a comparison must be drawn from the
virtual measurement and the actual measured distances taken
on site. To do this with the 3D model the same software,
ReCap, was used. The model produced is to scale and accurate
measurements can be taken using an inbuilt tool that allows
the user to pick two points and link them, giving a distance
between the two. For this particular example, the subject was
a large square red brick building with two faces of length
33750mm and two of 251950mm as measured on site. For
this research the building height was not measured due to the
practicalities of working in and around a public office
environment but this could also be done as an extra
measurement if required.
Three measurements were then taken from the 3D model
and averaged. Three measurements are taken as the cursor
can pick up different points each time and an average of these
defines a better representative measurement. The averaged
measurements are displayed in Table 1 with the results
discussed in Section 5.1.

20
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Model

15
10

Estimated Height
using Oculus Rift
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(9m)
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3

4
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Student Group Number

Figure 4: Bar chart showing the comparison of estimated
total building height
Photogrammetry
As can be seen in Table 1 the results show that the first two
average measurements taken using the 3D model give a
percentage different of 0.01% leading to an actual difference
of approximately 3mm. These measurements were taken at
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the front and one side of the building where there was the
most light and the most access so it was much easier for the
drone to capture images at the right angle.
The third and fourth measurements were taken at the back
and the second side of the building. As can be seen in the
results table the onsite measurements were 33750mm and
21950mm respectively with the model measurements
averaging 33769mm and 21924mm. This lead to an actual
difference of 18mm along the back and 26mm at the side. The
large discrepancy along the side is due to the building being
close to another office block and the drone being unable to fly
along the narrow alleyway to capture images. Along the back
the building is overlooked by another office block which is two
stories higher meaning the drone had to fly above this height
to capture images which can distort the model slightly and
lead to less data being captured.
Overall the results show that when images are taken at a set
height and the images capture the subject in full, the 3D model
produced is very accurate.
6

FURTHER WORK

This research is part of an ongoing project and so there will be
multiple iterations of the questionnaires shown above to
ensure a varied and expansive test pool of users. The data will
be gathered using live construction projects which will allow
for more well defined and precise results that will benefit
those within the engineering and construction industries who
are looking to further their business through the use of digital
technologies.
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ABSTRACT: The final output of the structural analysis and
design process is the production of construction drawings and
details. To develop such details for reinforced concrete (RC)
structures, the designer is faced with many reinforcement
detailing decisions. These are critical decisions, as they have
major implications on the structural safety and performance of
the structure. Calculations alone are not sufficient for
reinforcement detailing purposes. Typically, Codes and
experience are used to arrive to the final details. However,
Codes can be unclear in many cases or their requirements can
have different interpretations. For example, Eurocode does not
provide the background information to explain many of its
requirements and it tends to be phenomenon and element based
(e.g. bending, shear in beams, columns etc.) rather than
providing practical detailing guidance (e.g. how to specifically
design and detail a beam connected to a column). Experience
can be helpful in realising sensible details in many cases.
However, without the proper understanding and background
knowledge, experience alone does not always guarantee safe
and functional results.
Among many other uses, the strut-and-tie modelling (STM) is
used to provide an insight into the behaviour of reinforced
concrete structures, which can be used for reinforcement
detailing purposes. The STM is applicable in cases where nonlinear strain distribution is encountered. Such strains can
develop near concentrated loads, corners, bends, openings and
other discontinuities. Pile caps, deep beams, and beams with
openings are examples of RC elements with such strain
distribution. Many of these examples were covered in
literature. However, designers are always faced with new and
unique and non-standard design detailing challenges, many of
which are not previously identified or covered in literature. In
this paper, many such cases resulting from the authors’ design
work are presented. Each case is described and the
reinforcement details are shown along with the STM models.
The process of developing the appropriate STM model from the
stress distribution pattern is described. The use of such models
to develop the reinforcement details is then presented. At the
end, conclusions and recommendations on how to extend the
use of STM to other cases are made.
KEY WORDS: reinforced
reinforcement detailing, failure
1

concrete,

strut-and-tie

,

INTRODUCTION

The design process of a reinforced concrete (RC) structure
involves many steps. These can be broadly summarised into the
following steps: structural analysis, structural design,
reinforcement detailing, and production of the design drawings.
The process is not necessarily linear and one way as the
interaction between these steps is such that any change in one

step can affect the other steps. In most cases, the structural
analysis is performed using software. Typically, the software is
linear stiffness-based finite element analysis software. The
structure is idealised by a numerical model made from elements
connected at their ends. Different element types can be used to
idealise different parts of the structure. In most cases, the RC
beams and columns are idealised by one-dimensional frame
elements while slabs and walls are idealised by twodimensional flat shell elements. This idealisation is convenient,
particularly for the beams and columns as the analysis results
are forces and moments that can be directly used in design.
However, this advantage comes at a cost. The frame elements
are one-dimensional by their nature. As a result, the threedimensional beams and columns are idealised by the one
dimensional “line” element passing through their centroid. This
idealisation will produce reasonable results in most parts of the
beams and columns where the strain distribution is linear or
nearly linear. Such locations are called the beam (or Bernoulli)regions or simply the B-regions, where the assumption of linear
strain distribution is correct or nearly correct. The exception is
in locations where the strain distribution is not linear. Such
cases arise in locations subjected to geometric discontinuity
such as near openings, corners, changes in cross section, steps,
etc. or near stress concentration locations such as concentrated
column loads and reactions. Unlike the B-region, where the
stress trajectories have uniform spacing and direction, the Dregion exhibits a large amount on non-uniformity, Fig. 1.
D-region

B-region

D-region

B-region

D-region

Figure 1: Principal stress trajectories in a beam
Due to the non-linear strain distribution across a section, these
locations are called the discontinuity-regions or simply the Dregions. The analysis results are used as the basis of the
structural design. The design process uses the analysis results
in addition to the design parameters such as material properties,
safety factors, etc. to complete the design. Once the design
process is completed, the appropriate reinforcement can be
detailed. The detailing process forms the vital link between the
design process and the production of the design drawings.
Simplistically, the detailing process can be satisfied by
complying with the Code requirements. Unfortunately,
satisfying the Code requirements is not necessarily adequate to
produce safe designs. Although some reinforcement detailing
requirements are specified in some Codes, in many cases they
are unclear or their requirements can have different
interpretations. For example, Eurocode does not provide the
background information to explain many of its requirements
and it tends to be phenomenon based (e.g. bending, shear)
rather than providing practical detailing guidance (e.g. how to
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specifically design and detail a beam connected to a column).
Although the reasoning behind some of the Code details are
published in CEB/FIP reports and other specialised
publications, the recognised solution of this issue is to
supplement the code requirements with further detailing
recommendations. These are usually based on experience and
presented in the form of detailing manuals or sketches.
The application of standard detailing solution is only
applicable for standard problems. Non-standard problems
require a sophisticated interpretation of results obtained during
FE calculations. The STM provides a practical method for the
visualisation of realistic load paths in a structure which is the
basis for correct detailing.
There have been many failures resulting from improper
reinforcement detailing. One such example was the failure of
the Sleipner gravity based platform in 1991 [1], Fig. 2a and b
which resulted in a claimed total loss of around $1250 M.

a)

General layout

b) Failure pattern

c)

Reinforcement
d) STM of
layout showing Tconnection
headed bar
Figure 2: Sleipner failure

Limitations of Euler-Bernoulli bending theory
The Euler-Bernoulli bending theory regularly used in
engineering designs assumes that plane sections before bending
remain plain afterwards. This assumption is correct only if
there is no shear stress accompanying the flexural stress,
otherwise the results are only approximate and their use can
lead to unsafe designs. Some of the typical cases are deep
beams, pile caps, and beams with openings. The design of such
members require the use of a different method.
Strut-and-tie model
The strut-and-tie model (STM) was developed by Schlaich
and Schäfer [2] as an extension of the truss analogy proposed
by Ritter1and Mörsch [3] more than a century ago. The method
was developed to address the inadequacies and inconsistencies
of the available methods for the design of the D-regions which
was previously based on rules of thumb or experience. The
method is general and can equally be applied to B-regions
without any contradiction [2].
The STM idealises the structural element with a loadresisting truss. The truss is made from three components: the
compression carrying struts, the tension carrying ties, and the
nodes where the struts and/or ties meet, Fig. 3. The struts
represent the concrete in compression along the main
compression load path inside the element. Correspondingly, the
ties represent the reinforcement and need to be aligned with the
reinforcement directions inside the RC element.

Figure 3: STM: pile cap and bridge T-type pier
the

Countless load cases were considered during the numeric
calculation of the structure by means of the FE method. Only
for the investigation of the reason for the failure the strut-andtie method was applied in order to gain a deeper insight into the
load path inside the structural elements. In this case it was
found that the T headed bar, Fig. 2c was of insufficient length
to provide support for the compression strut shown in the
simple truss model, Fig. 2d, the most simple and well known
example for a strut and tie model.
Of course, it is possible to use non-linear finite element
analysis to assess the structural performance of a certain
reinforcement detail. However, the effort and time required to
carry out such assessment can be prohibitively high which
limits the application of this approach to special cases only.
As an alternative, the strut-and-tie method is an attractive
option that can be used by engineers to gain a deeper insight
into the load path inside the structural elements. This can form
a potential basis of the reinforcement detailing of such
elements.
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The geometry of the truss made from the struts, ties, and
nodes is usually assumed by the designer. This implies that the
STM is based on lower-bound theorem of plasticity and that the
method is applicable only if the structure can sustain the
required ductility to achieve the design truss arrangement. This
requirement can be easily satisfied for the ductile
reinforcement, but is more difficult to satisfy for the concrete
which is much more brittle. The simplest approach to satisfy
the ductility requirement is to construct the model to follow the
main stress trajectories resulting from a linear analysis, such as
finite element analysis [2].
Following this approach, the construction of the STM can be
made based on these steps:
iA finite element model of the design element is
built; the appropriate boundary conditions and loads
are then applied.
iiA linear analysis is made.
iiiThe principal stresses are presented.
ivThe struts are oriented to follow the main
compressive stress directions.
vThe ties are oriented to follow the main tensile stress
directions. There is a need to be realistic in
modelling the ties as these need to be translated into
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reinforcement. Reinforcement constructability
should always be in mind when building the STM.
The principal stress directions are orthogonal to
each other at all locations. However, it is not
possible to build the STM if the struts are made
perpendicular to the ties. Different range of angles
between the two was proposed by different
researchers and codes. The range is between around
25-65 degrees [4], [5].

vi-

The result from applying the above steps can still be nonsingular. The best STM is the one that is closest to the elastic
stress trajectories. It is also important to keep in mind the
principle of minimum strain energy. A good STM, is the one
that produces small member loads and deformations, hence
small strain energy. Following Schlaich [2], as most of the
deformations result from the ties, a simple criterion for
optimising a model may be formulated as following:
∑ 𝐹𝑖 𝑙𝑖 𝜖𝑚𝑖 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚
where
𝐹𝑖 is the force in member i
𝑙𝑖 is the length of member i
𝜖𝑚𝑖 is the mean strain of member i
In this case, the members can be ties only while the struts are
ignored.
In this research, no attempt will be made to quantitatively
compare the different STMs as this exercise is beyond its scope.
There are many publications that deal with this subject and can
be referred to by the interested reader.
In the following sections, the STM is used in detailing the
reinforcement of some challenging situations. The process of
arriving to the STM is described first, and then it is used to
develop the corresponding reinforcement details.
2

principal stresses are shown in Fig. 5. The principal stresses are
shown in each element, where the red lines denote the tension
and the green lines denote the compression. The direction and
length of each line corresponds to the direction and value of the
principal stress, respectively. The slab shows uniform stresses
in the B-regions. However, a clear disturbance is shown in the
D-region close to the step.

Figure 5: Principal stresses of the slab
The STM of the slab step can have different arrangements. One
simple arrangements is shown in Fig. 6. The ties are shown in
red while the struts are shown in green. The STM looks
complex, however, the resulting reinforcement is
straightforward.

Figure 6: Slab STM
The reinforcement arrangement and the load path is shown in
Fig. 7. Reinforcement bars (a) and (b) balance the compression
from the struts at their corners where a tension-tensioncompression node is established. Attention is necessary to
satisfy the required concrete bearing stress at the corners and to
the anchorage of the main tension bars.
a

APPLICATION OF STM IN REINFORCEMENT DETAILING

In the following section, the STM is applied to find possible
reinforcement details at unique and non-standard design
detailing cases.

b

Example-1: Step in a slab
A slab step is a recurring feature that requires special attention
to the reinforcement details, Fig. 4.

Figure 4: Slab step reinforcement detail
The case where tension is at the slab top surface will be
presented. In this case, a 2D finite element model was made for
the slab step. A bending moment was applied to the two slab
ends and a linear analysis was carried out. The resulting

Figure 7: Reinforcement arrangement of the slab step
One objection to the previous STM and the resulting
reinforcement arrangement is the deviation of the ties from the
principal tension directions. This is not an isolated case and
careful thinking are required to balance the need to achieve a
structurally sound reinforcement arrangement with the
practical requirements for a clean reinforcement detail that can
be achieved on site with no major difficulties.
An alternative STM and reinforcement arrangement are shown
in Fig. 8. In this model, the ties are shown to follow the
principal stresses more faithfully than those shown in Fig. 7. As
a result, it is expected that the reinforcement shown in Fig. 8
can provide better serviceability, and possibly ultimate limit
state performance than the reinforcement shown in Fig. 7.
The reinforcement details shown in Fig. 8 require the
introduction of the sausage bars (b) and (c), and the diagonal
bar (d). The intersecting sausage bars provide the required
concrete confinement necessary to resist its splitting tendency
due to the inclined principal tension at the corner.
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Figure 11: Principal stresses of the slab

a

As expected, the stresses are uniform away from the geometric
discontinuity in the form of the step which is the D-zone in this
case. However, in and around the step, the principal stresses
show sharp changes both in direction and value. A possible
reinforcement arrangement and load path are shown in Fig. 12.

c
e

d
b

a
e

b
c

b

Figure 12: Possible reinforcement arrangement
Figure 8: Slab step alternative STM and reinforcement
The diagonal bar (d) provides the resistance against tension
along the most effective direction, hence controls the surface
tension cracks. As suggested by Eurocode, use of diagonal bars
(d) and links (e) improves the concrete resistance to splitting,
Fig. 9, and should be considered for large moment values.

Figure 9: Corner splitting failure [6]
Example-2: Trench in a slab
A trench in a slab is commonly encountered in basement slabs
where a drainage channel is embedded in the slab. A typical
detail as suggested by the Institution of Structural Engineers
(IStructE) manual for best practice [7] is shown in Fig. 10. The
tension anchorage length (TA) and tension lap (TL) are usually
of similar value for small percentage of lapped reinforcement.

The reinforcement is shown in red which corresponds to the
principal tension directions while the concrete struts are shown
in green. The reinforcement shown in Fig. 12 corresponds well
with that proposed by IStructE detailing manual, Fig. 10, with
one exception. The bar marked (a) in Fig. 12 is shown shorter
in Fig. 10, where it is shown to require a tension anchorage
beyond the vertical bar. However, the struts (b) shown in Fig.
12 correspond to compressive principal stresses oriented at
nearly 45 degrees. This means that bar (a) needs to have an
anchorage length beyond point (c) and not beyond the vertical
bar as suggested in Fig. 10. There is a certain parallel between
the detail shown in Fig. 10 and the one resulted in the Sleipner
failure, Fig. 2. Without the increase of the bar (a) length, the
moment capacity of the slab will reduce due to a potential bond
failure of this bar. This example clearly demonstrates the
danger of relying on previous experience only in developing a
reinforcement detail of a new problem. It also shows the power
of the STM in visualising the structural behaviour at complex
locations.
Example 3: Bord Gáis Energy Theatre BoH wall 1A
Wall 1A at Bord Gáis Energy Theatre back-of-house (BoH)
was used to carry part of the steel roof structure in addition to
supporting four RC slab levels at the BoH. The wall is
perforated near its left side support by access openings, Fig. 13.

Figure 10: Slab trench reinforcement detail [7]
To arrive to the required detail, a 2D finite element linear
analysis of the slab was first made, Fig. 11. As shown, the slab
was subjected to a moment that produced tension at the top. The
principal stresses are shown in each element, where the red
lines denote the tension and the green lines denote the
compression. The direction and length of each line corresponds
to the direction and value of the principal stress, respectively.
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Figure 13:Wall 1A at BoH of Bord Gáis Energy Theatre
The full general arrangement of the wall is shown in Fig. 14.
There were high shear forces passing through the remaining
wall parts, or link beams, above the openings. This made the
shear design of the link beams a challenging task. However,
looking to the wall geometry and loading arrangement, the
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stress results can be presented along the principal directions
rather than stresses in the x, y, and xy directions, Fig. 15.

Figure 17:Main reinforcement arrangement of Wall 1A

Figure 14:Wall 1A General arrangement

It is useful to note that the addition of the inclined
reinforcement required additional wall thickness in order to
accommodate the third reinforcement layer at each wall face in
addition to the horizontal and vertical reinforcement layers.
This reinforcement needs to be anchored long enough in the
supporting wall such that its force can be transferred to the wall.
Example 4: Bord Gáis Energy Theatre beak truss sawtooth connection
The Theatre front roof (called the beak) is supported by steel
trusses cantilevering from RC walls and slab behind, Fig. 18.
The light trusses need to be made and installed such that their
tip levels can be adjusted after installation. This condition was
imposed so that the front edge of the Theatre roof looks
perfectly straight after all the roof load is applied. The
challenge of devising an adjustable steel-to-concrete
connection carrying more than a 1000 kN of tension was
resolved by adapting the STM to this particular case.

Figure 15:Principal stresses in Wall 1A
The results shown in red (tension) and green (compression)
indicate that rather than designing the link beams for shear (and
bending), a more efficient solution is to try to position the
reinforcement along the principal tension direction. A simple
STM can be constructed to idealise the load path and assist in
quantifying and detailing the reinforcement, Fig. 16.

Figure 18:The four beak trusses

Figure 16:STM and reinforcement arrangement of Wall 1A
The actual main reinforcement arrangement resulting from the
above analysis is shown in Fig. 17.

A close up view at the connection of one of the trusses to the
RC slab is shown in Fig. 19. The truss top chord is detailed to
end in a specially arranged saw-tooth configuration (a). A
threaded tie rod (b) was added to connect the top chord to an
anchor block in the slab (c). The tie rod length can be adjusted
by a nut at the back of the anchor block. The whole assembly
is inserted into a recessed channel cut in the slab.
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c
b
a

Figure 19:Beak truss saw-tooth connection to the slab
Figure 22:bridge cable anchorage by Schlaich [2]
Once all the permanent loads are applied to the trusses, their
tips are levelled by adjusting the length of the tie rods. The nuts
are then locked. The channel reinforcement is finalised and the
concrete is then cast to fill the channel, Fig. 20.

Figure 20:Construction stages of the beak truss connection
The load transfer at the final construction stage from steel to
concrete through the saw-tooth connection is illustrated in Fig.
21. The truss top chord tension force (F) is transferred from the
steel teeth to the surrounding concrete. Each steel tooth face is
made with a 60 degree inclination angle from the tension load
line. As a result the compression struts, shown in green in Fig.
21, are inclined at an ideal 30 degrees relative to the tension
load line. The node (shown as blue circle) equilibrium is
achieved by adding the required ties (shown in red) in the form
of reinforcement.

3

DISCUSSION AND CONCLUSIONS

The STM is a powerful tool that can be used in the design of
RC structures. It is a lower bound plasticity solution that is
based on an assumed equilibrium system representing the load
path in the structure at its ultimate load. Despite the apparent
complexity of the STM, its application is straightforward.
One such application is using the method in the reinforcement
detailing of complex and unusual locations. Calculations alone
are not sufficient for reinforcement detailing purposes. The
main emphasis of the paper was on providing an alternative
single method for reinforcement detailing rather than the
reliance on best practice or rules of thumb. The process of
finding appropriate reinforcement details was illustrated
through four examples. The process of constructing the STM,
then using it to develop the reinforcement details is described
with added emphases on the possible variations when
applicable.
The main conclusions of the paper are the following:
1- The STM can be used for the reinforcement detailing of
complex and unusual situations.
2- Using the STM in this regard can safeguard against the
pitfalls of relying on detailing practices that are not fit
for such situations.
3- The STM can provide a single clear method that can be
used in all cases.
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ABSTRACT: Over the last decade, the implementation of offsite construction methods have become increasingly popular in the
construction industry. Offsite construction offers many advantages in terms of efficiencies, quality control, time saving and health
and safety. One such method is the use of precast concrete lattice girder slabs, or filigree slabs, as an alternative to insitu flat slab
construction. The lattice girder slab consists of a thin precast concrete plank, a steel lattice girder and bottom reinforcement.
During the construction stage, the precast plank must support its own self-weight, imposed construction loads and the self-weight
of insitu concrete topping. This paper focuses on the structural capacities of the slab at construction stage prior to the pouring of
insitu concrete with particular emphasis on deflection and stress capacities.
This paper describes a series of analyses used to investigate the structural behaviour of a number of precast planks. The analyses
include an analytical analysis (using Microsoft Excel software), a numerical analysis (using AutoDesk Robot software) and a
physical testing analysis. Two separate techniques were implemented for the analytical study, one based on the beam bending
method and the other based on the axial deformation method. All three analyses were compared against one another with the aim
of obtaining consistent results across all studies.
Results of the investigation indicate that any one analytical method cannot readily describe the structural behaviours of the system
across the range of slabs investigated, with overall girder height predominantly dictating which method is more accurate. Results
also show how the slab system is considerably more likely to fail by buckling in the top or diagonal bars.
KEY WORDS: filigree slab; lattice girder; construction stage; deflection; stress; strain; buckling
1

INTRODUCTION

Understanding the structural behaviour of concrete has always
been of significant importance to the engineering design
industry. In recent times, the incorporation of in-built sensory
equipment is becoming increasingly popular as a means of
obtaining real-time data from structures, with initiatives such
as the EU Built2Spec guidelines encouraging the use of
embedded sensory equipment within structural elements [1].
Concrete research and testing has always been a primary
area of study for civil engineering at NUI Galway. Construction
of the new engineering building at NUI Galway was completed
in 2010 and was recently renamed as the ‘Alice Perry
Engineering Building’. An interesting point to note is the
ongoing use of the building as a ‘living laboratory’. The term
‘living laboratory’ is used as the building creates an ongoing
interactive learning environment for students through the use
of sensory equipment [2]. The purpose of this study is to further
develop the findings of these previous projects and to develop
models which can more accurately predict the true physical
behaviour of the slabs in question.
The slab, in the case of this study, is known as a filigree slab
and comprises a precast concrete base with bottom
reinforcement and a number of steel lattice girders protruding
from the top face. When in position, in-situ concrete is poured
directly on the slab covering the protruding girders. This
investigation examines the structural use of a number of filigree
slabs at construction stage prior to the pouring of in-situ
concrete by incorporating a series of in-built interactive sensors
located at specific regions on the various slab components.

2

LITERATURE REVIEW

The study of lattice girder systems within concrete structures is
a relatively new concept. Historically, lattice girders or truss
systems were confined to the steel and timber industry and
could be commonly seen in roof and bridge design. However,
as concrete designers continue to develop methods of reducing
material quantity and costs, the use of lattice girder techniques
in concrete design has become a key subject area for further
research.
Two particular studies, carried out by Löfgren (2003) [3]
and Furche and Bauermeister (2011) [4], examined the
structural behaviours and limits of composite lattice girder
elements during the construction phases of projects. In both
cases, the element consisted of a concrete base with lattice
girders protruding from the top surface of the concrete.
The investigation conducted by Löfgren (2003) [3] was
carried out in Sweden and studied the use of lattice girder
elements as a means of obtaining performance enhancements
in concrete construction methods. As discussed in the study, the
investigation focused on the use of composite precast lattice
girder elements during the construction phase of a project. In
other words, the study examined the structural properties of the
lattice girder element prior to the pouring of in-situ concrete
onto the system.
Löfgren concluded that, although the simulations appear to
predict a slightly stiffer behaviour than what was recorded in
reality, the models succesfully predict, in general terms, the
structural behaviour of the system. It was also concluded that a
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larger top bar diameter and an increase in modulus of elasticity
for a given layout can result in greater stiffness and peak load
capacity for the system.
The study carried out by Furche and Bauermeister [4] was
conducted in Germany and examined the use of lattice girder
reinforced precast concrete slabs during the construction
process. Strength tests were performed on a total of 78 full scale
concrete floor slabs reinforced with lattice girders. Two
different loading scenarios were implemented, one examining
bending resistance and the other examining shear resistance.
Furche and Bauermeister concluded that failure in bending
generally occurred between nodal points as a result of upper
chord buckling in the girder system. Girders of larger truss
height also experienced buckling across longer lengths of the
upper chord, causing the entire girder cross-section to tilt. It
was further concluded that the correct instalment of lattice
girder elements in conjunction with a concrete slab could
greatly increase the span of the section. This was also
concluded as part of a separate study conducted by Betram et
al. [5].
3

MATERIAL AND METHODS

Three separate analyses were carried out as part of this study.
These included an analytical analysis (carried out with
Microsoft Excel), a numerical analysis (carried out by
AutoDesk Robot), and a physical testing analysis which
involved the laboratory testing of the full-scale slabs at the
Structures Laboratory in NUI Galway. The primary aim of the
study is to obtain consistent results across all three techniques.
Slab details
As part of the study, five different filigree slabs were analysed.
The concrete portion of the slab was consistent across all
samples, with a thickness of 65 mm, width of 550 mm and
length of 3600 mm being implemented. The reinforcement in
all cases was also identical, whereby 6 H12 steel bars were used
longitudinally at 100 mm spacings within the slab. Each slab
also incorporated two identical steel lattice girders, with the
dimensional properties of these girders differing from slab to
slab. The lower portion of the girders were encased in concrete
with the upper portion protruding out of the top face of the
concrete base. A typical cross-section of the set-up is shown in
Figure 2 and the corresponding geometric details of the steel
girder elements are presented in Table 1.

Figure 2 Typical slab cross-section.

Table 1 Lattice girder details in each slab.
Slab
reference

Truss
height
(mm)

Top bar
diameter
(mm)

S290-14/7/6
S220-14/7/6
W225-8/5/5
S100-14/7/6
W100-6/6/10

290
220
225
100
100

14
14
8
14
6

Bottom
bar
diameter
(mm)
6
6
5
6
10

The experimental layout used in all analyses is shown in
Figure 1. A symmetrical loading system incorporating the 4point bending testing method was implemented, as
recommended in Annex J of the Irish Standard EN 14747 [6].
In general terms, two identical point loads are applied to the test
specimen at distances of one third from either end of the span.
However, applying the loads at these locations in the case of
this slab would result in the loads being applied halfway
between two nodes of the truss. This would induce a bending
moment within the members of the truss. To overcome this
problem, the loadings in this project are located at 1300 mm
from the support at each end, ensuring the forces being applied
through the truss are purely axial before being transferred into
the concrete portion of the slab. For the purpose of the models,
the loading was taken as two 5 kN point loads acting at these
locations.

Figure 1 Experimental layout implemented in all analyses.
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The assumed material properties for both the steel and
concrete components, taken from Eurocode 2 [7] and Eurocode
3 [8], are shown in Table 2. The concrete used in the slab is
C40/50 concrete, where a characteristic compressive cube
strength of 50 MPa was implemented.
Table 2 Material properties of section
Material property
Modulus of elasticity, steel (MPa)
Modulus of elasticity, concrete (MPa)
Grade of steel (MPa)
Strength of concrete (MPa)
Unit weight of steel (kN/m3)
Unit weight of concrete (kN/m3)

Material value
210,000
25,600
500
50
77
25

this case, the positioning of the girders and the pouring of the
slab was carried out at Oran Precast’s manufacturing facility in
Galway. Bonding of the gauges onto the reinforcement bars and
bottom truss steel members was also carried out at this venue
prior to concrete pouring, as it would otherwise not be possible
to measure the strain of these components individually once
surrounded in concrete. Once fully constructed, the slabs were
transported to NUI Galway where the remainder of the gauge
attachment and testing took place. A series of linear variable
differential transducers (LVDTs) were also employed to
continuously measure the deflected shape of the slab while
loading occurred. The applied load was measured directly with
a local cell attached to the hydraulic actuator that applied the
load. A photograph of the laboratory set-up prior to loading is
shown in Figure 4.

Analytical and numerical studies
As mentioned earlier, the Microsoft Excel computer software
was utilised to perform the analytical study of the filigree slab.
As the slab in this study is a composite section consisting of
both reinforced concrete design and truss design, two separate
analytical methods were performed and compared against one
another. The first method involved performing calculations
derived from the beam bending theory of structures, commonly
used in reinforced concrete slab design, while the second
method involved the use of virtual work methods to obtain the
range of axial deformations experienced by the system, as
frequently seen in truss design.
Initially, simplified versions of the slab were investigated in
both cases, and subsequently compared to the corresponding
setup in a Robot generated model, in order to validate the
methods. Following this, the methods were applied to the full
slab system, where results were once more compared to the
equivalent Robot model and conclusions drawn on the
effectiveness of both methods. Not only does this validate the
analytical methods, but is also acts as a means to verify if the
Robot analysis is modelling the system correctly. An isometric
view of the model generated with Robot is shown in Figure 3.
In all cases, the Robot models were defined as shell structures
under an elastic analysis.

Figure 4 Slab prior to physical testing.
The first phase of the loading process was to impose a total
load of 1 kN onto the slab. This was to ensure the equipment
and restraints within the testing system were all operating
correctly. Following this, the planks were loaded to destruction,
with load, strain and deflection readings being continuously
recorded throughout the loading process. Results of the
physical testing were subsequently compared against the
corresponding analytical and numerical models discussed in
Section 3.2.
4

Figure 3 Robot generated model for slab S290-14/7/6.
Physical testing analysis
Once the computer generated models were completed, the
physical testing of the slabs was carried out (Fig 4). Electrical
resistance (ER) stain gauges were installed at numerous
locations throughout the slab in order for strains to be recorded
as the slab begins to deform under the applied load. As the slab
is intended to be utilised in the construction industry as a
precast unit, it was important to ensure that the slab was
constructed in a quality controlled precast factory setting. In

RESULTS

This section is divided into two main parts. The first part
compares the analytical and numerical based analyses. Results
for deflection and top bar stress are discussed in detail.
Following this, the physical testing results are discussed, where
only laboratory results for slab S290-14/7/6 are included.
Comparisons are also made against a similar test from 2015,
where a slab identical to S290-14/7/6 was tested.
Analytical and numerical results
Deflection results of the analytical and numerical analyses
across all slabs are shown in Table 3. By inspection, the
deflection in the two tallest systems, namely the S290-14/7/6
and S220-14/7/6 slabs, are considerably better represented by
the axial deformations method, when compared against the
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Robot generated value. In contrast to this, the two shallowest
trusses, namely the S100-14/7/6 and W100-6/6/10 trusses, are
more accurately represented by the beam bending method. The
remaining W225-8/5/5 slab is less distinct with both methods
failing to reflect the deflection with respect to the Robot
generated figure. Based on this evidence, it appears that axial
effects dominate the deflection behaviour within taller slab
systems and, as a result, are accurately depicted by the axial
deformations method. In shallower slabs, on the other hand,
bending action predominates, so these are best modelled by the
beam bending method.
Table 3 Deflection results for all slabs (units in mm).
Bending
method*
1.56 (-42.8 %)
2.73 (-29.1 %)
5.88 (-32.8 %)
10.62 (-9.1 %)
20.84 (-15.5 %)

Axial
method*
3.02 (10.6 %)
4.47 (16.1 %)
11.86 (35.4 %)
18.66 (59.6 %)
93.65 (279.8 %)

Robot

S290-14/7/6
2.73
S220-14/7/6
3.85
W225-8/5/5
8.76
S100-14/7/6
11.69
W100-6/6/10
24.66
* Figures in brackets represent percentage difference with corresponding
Robot generated value.

Similar trends in relation to the accuracy of the method were
encountered in terms of stress. The maximum stress results
modelled in the top bar are shown in Table 4. Again, the results
imply that the axial deformations method generate more
accurate figures for tall trusses, indicating the behaviours
within the system are dominated by axial characteristics.
Similar to the deflection results, the stress results from the
shallower trusses are better represented by the beam bending
method, implying that the stress characteristics within the
system are predominantly governed by bending behaviours.
The trend in deflection as a function of truss height for both
analytical methods, as well as the corresponding Robot trend,
are shown in Figure 5, where top, diagonal and bottom bar
diameters remain constant at 14 mm, 7 mm and 6 mm,
respectively.
Table 4 Maximum top bar stress results (units in MPa).
Bending
method*
64.3 (-24.4 %)
85.9 (-20.3 %)
199.4 (-25.7 %)
153.6 (-11.7 %)
317.7 (-16.9 %)

Axial
method*
91.2 (7.3 %)
120.1 (11.4 %)
357.2 (33.2 %)
263.6 (51.5 %)
1432.6 (274.4 %)

Robot

S290-14/7/6
85.0
S220-14/7/6
107.8
W225-8/5/5
268.2
S100-14/7/6
174.0
W100-6/6/10
382.6
* Figures in brackets represent percentage difference with corresponding
Robot generated value.

The suggested ranges for when each method may be
implemented are also shown in Figure 5. The beam bending
method accurately depicts the deflection below 100 mm, while
the axial deformations method accurately models deflections
above 250 mm (within 10 % of the corresponding Robot
generated value in each case). Truss heights between 100 and
250 mm are influenced by a combination of bending and axial
behaviours.
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Figure 5 Deflection against truss height results for slab with
14 mm top bars, 7 mm diagonal bars and 6 mm bottom bars.
Other than the exceedance of the 10 mm deflection limit,
results of both the analytical and numerical analyses indicate
that failure of the slab systems occur in the outermost diagonal
bars or the centre member of the top chord. In both cases, the
members fail by buckling. A break-down of the initial failure
mode in each slab is shown in Table 5.
It must be noted, however, that these results are based on
the stresses experienced at the centroidal axis of each
component. Cracking of the concrete on the bottom face of the
slab may occur prior to these buckling failures.
Table 5 Initial component failure in each slab.
Slab
S290-14/7/6
S220-14/7/6
W225-8/5/5
S100-14/7/6
W100-6/6/10

Failure mode
Diagonal bar buckling
Diagonal bar buckling
Diagonal bar buckling
Top bar buckling
Top bar buckling

Physical testing results
As stated earlier, laboratory testing results for slab S290-14/7/6
only are included in this paper. The deflection of the slab at
mid-span and strain measured in the top bar of the truss are
plotted against the applied load for slab S290-14/7/6 in Figure
6 and Figure 7, respectively, where TC represents top chord, A
and B represent the two different trusses within the slab and I
and E represent the internal and external sides of the bar.
The jump experienced in deflection at approximately 12 kN
occurred as a result of the concrete cracking on the bottom
surface of the slab (Fig 6). Following this, the top bars in the
slab system are the first to fail, where buckling occurs at
approximately 15 kN. This was in contrast to the results of the
analytical and numerical models, where diagonal bars were the
first components to fail in the slab system. It also contradicts
the results obtained from the identical laboratory testing in
2015, where, as expected, the diagonal bars failed first.
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Figure 6 Applied load-deflection plot from physical testing of
slab S290-14/7/6.

0
Bending
method

Axial
method

Robot
model

Physical
testing
2018

Physical
testing
2015

Figure 8 Deflection of slab S290-14/7/6 at 10 kN total applied
load obtained for all analyses.
100

91.23

Comparisons between computer models and physical
laboratory results
Deflection results for all modes of analysis for slab S290-14/7/6
at two 5 kN loads are shown in Figure 8. Considering the slab
in this instance contains a tall girder, it is not surprising that the
deflection is more accurately represented by the axial
deformations method than the beam bending method. However,
the physical testing results on both occasions deflected more
than the predicted deflection using the axial deformations
method. It was expected that the actual deflection of the system
would be closer to the Robot model value of 2.73 mm.
The maximum stresses in the top and diagonal bars are
shown in Figure 9. By inspection the results are not consistent
across all methods. The main area of concern lies with the
discrepancies between the two sets of physical testing results,
as all aspects of the slab geometry and loading conditions were
identical in both cases. Similarly to the deflection results, it was
anticipated that the stress results from the physical testing
would tend to correlate with those predicted by the Robot
model.

Compressive Stress (MPa)

Figure 7 Total applied load to the slab versus strain measured
in the top bar during testing of slab S290-14/7/6.
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Figure 9 Maximum stresses in the top and diagonal bars of
slab S290-14/7/6 obtained for all analyses at 10 kN total
applied load.
The maximum stresses in the bottom and reinforcement
bars are presented in Figure 10. As shown, the results of the
physical testing in both cases do not coincide with the modelled
results. As both bottom and reinforcement bars are below the
centroidal axis of the entire slab system, it was anticipated that
the bars would be in tension. In actual fact, results of both
physical tests indicate the opposite is occurring with the strain
gauges picking up compressive stress behaviours within the
bars. The reason for this stress response is unclear, although it
is likely related to the diagonal bar arrangement in the truss
system. The forces within the truss portion of the slab are being
transmitted axially through the top and diagonal bars. As the
diagonal bars intersect the top surface of the concrete, the axial
forces begin to interact with the concrete resulting in bending
behaviours which generated moments within the slab.
Modelling this interaction is difficult to accomplish and may
explain the reason for compressive stresses being exerted on
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the bottom and reinforcement bars. It was also expected, as
shown in the analytical and numerical results, that the strain
would be the same in both bottom and reinforcement bars, since
the centroids of these elements all lie in the same plane with
respect to the neutral axis of the entire slab. This was not the
case in the physical results, where the stress in the bottom bar
is almost twice that of the reinforcement bar for both tests.
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ABSTRACT: Fibre reinforced cementitious matrix (FRCM) composite materials are currently receiving great attention for
strengthening reinforced concrete and masonry structures, especially when specific preservation criteria need to be fulfilled.
FRCM composites can be a convenient alternative to fibre-reinforced polymers (FRP) for their better resistance to high
temperature and compatibility with stone and masonry structures. In this work an experimental study for the tensile
characterization of basalt reinforced cementitious matrix (BRCM) strips is presented. Strips with one, two or three layers of grid
were tested in tension to study the effect of reinforcement ratio on the tensile stress-strain response of the composite strips. The
basalt grid and matrix (cementitious mortar) were also tested in order to compare the mechanical properties of the constituent
materials to the response of the composite. Strength, stiffness, failure modes and response stages of the composite strips are
discussed in the paper

KEY WORDS: Basalt grid; FRCM; Tensile tests; Reinforcement ratio.
1

INTRODUCTION

Composite materials are widely used today as strengthening
systems for existing concrete and masonry structures. Fibre
reinforced polymers (FRP) materials externally bonded by
means of epoxy adhesive represented in the last two decades a
considerable technological innovation compared to the use of
traditional materials and technique such as concrete and steel
jacketing. More recently, in the effort to alleviate some
drawbacks due to the organic nature of polymer-based
composites, growing attention has been paid to fibre reinforced
cementitious matrix (FRCM) composites as the inorganic
cementitious matrix makes the composite more compatible to
concrete and masonry, less sensitive to debonding phenomena
at the interface and highly resistant to high temperatures.
FRCM materials show a complex mechanical behaviour in
tension, which is affected not only by the fabric and matrix
properties but also by the bond strength at the interface between
the two components. For cement-reinforced composites, the
bond behaviour between the fibres and the matrix is critical due
to sliding phenomena and cohesive failures in the mortar. In the
last decades many researchers have carried out tensile tests [14] and bond tests [1, 3, 5, 6, 7, 8] on FRCM composites.
Composite materials made with natural [9], glass [4, 5, 9, 10],
PBO [5, 6], carbon [1] and basalt [1, 2] fibres have been
investigated. In most of the cases tests have also been carried
out on the composite components: mortar [5, 10, 11] and
textiles, [1, 2, 5, 6, 7, 11, 12], in order to investigate the
contribution provided by the two components.
These studies have shown that the stress-strain behaviour
response of FRCM under uniaxial loading can be divided into
three stages [1, 2, 5, 9, 10, 12]: a first elastic uncracked branch,

a second branch characterised by several jumps associated to
cracking of the cementitious matrix and a linear branch up to
failure with the whole tensile force been transmitted by the
textile reinforcement.
The effect of reinforcing ratio has been analysed in many
studies. For example Larringana et al. [2] presented an
experimental work on basalt FRCM samples reinforced using
four different reinforcement ratios. They showed that while
samples reinforced with a single textile fabric showed a certain
amount of stress redistribution after the crack development
stage, the additional layers made the failure mode more brittle.
The development of the crack pattern was also affected by the
increase of the reinforcement ratio: the number of cracks was
larger for strips with more multiple layers and the crack
development stage was concentrated in a shorter interval of
strain.
De Santis et al. [10, 12] studies composites with five different
mortars (from strong pozzolan mortar to relatively weak
hydraulic lime mortar) and two types of reinforcement (glassaramyd and ultra high tensile strength steel). They showed that
strong mortars affect both the uncracked and crack
development stages and lead to closely spaced cracks. This
effect is less marked for composites with very stiff
reinforcements. They also demonstrated that the crack pattern
is affected by the layout of the textile, which influences the
bond and interlocking between the textile and the matrix, while
the failure mode is mainly governed by the reinforcement
fabric.
The effect of different clamping systems on tensile
characterization of FRCM composites has been studied in [1,
12]; the authors developed different options with the aim of
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achieving a uniform load distribution and avoid stress
concentration in the gripping area. Carozzi et al. [5] compared
the clamping method proposed in Annex A of AC434 [12] with
an alternative clamping system. They concluded that the
alternative solution was preferable as it limited the slip of
fibres, giving the chance to explore the third stage of the FRCM
stress-strain behaviour and to reach the ultimate stress of the
textile reinforcement. On the contrary, the US Standard [12]
limited the analysis to the first two phases.
In the present work an experimental study on the tensile
characterization of basalt FRCM strips is presented. The tests
were carried out at the Heavy Structure Lab of Queen’s
University of Belfast and are part of a larger study which aims
at evaluating the confinement provided by both basalt
reinforced cementitious mortar composites (BRCM) and basalt
reinforced polymer composites (BFRP) on masonry
rectangular columns. The constituent materials, namely fabric
and matrix, were tested in order to compare the mechanical
properties of constituent materials to the behaviour of the
composite. The effect of different reinforcement ratio on the
stress-strain response of the composite specimens was
investigated, by testing samples reinforced with one, two or
three grid layers.
2

80 mm aluminium tabs at the ends, in order to guarantee a
uniform loading distribution. The strips were gripped over a
length of 50 mm. The test were carried out using a Zwick Roell
100 kN universal machine in displacement control mode at a
loading rate of 1 mm/min. Displacements were recorded using
a videoextensometer and linear targets attached to the strip over
a gauge length of 80 mm.
Three-point bending tests were carried out on six
40x40x160 mm mortar prisms according to EN 1015-11 [14].
3.2

FRCM strip preparation and test setup

A total of 10 basalt FRCM composite specimens were
manufactured and tested, using different reinforcement ratios:
one series of 5 specimens was prepared using one grid layer,
one series of 4 specimens using two layers and one single
specimen was prepared employing three layers.
Each specimen name is composed by “SP” followed by the
specimen ordinal number and by the number of grid layers “L”.
The test set up as well as the specimens dimensions were
selected based on published research and existing regulations
[15, 16, 17]. All strips had 40x8 mm cross-sectional area and
length of 400 mm. Samples were cut from large 500x500 mm
slabs prepared in wood formworks (Figure 1) in agreement with
AC 434 American Standard [15].

MATERIALS: BASALT GRID AND MORTAR

The textile used as composite internal reinforcement consisted
of a primed alkali-resistant basalt bidirectional grid with a
nominal cell size of 6x6 mm. The mechanical properties of the
grid provided by the supplier are presented on Table 1.
A two component cement-based mortar, reinforced with
glass fibres, was used as FRCM matrix. Both components, grid
(Mapegrid B250) and mortar (Planitop HDM Maxi) are
produced by MAPEI.
Table 1. Manufacturing specifications of the basalt grid.

3
3.1

Material

BFRP grid

Unit weight

250 g/m3

Density

2.75 g/cm3

Mesh size

6x6 mm

Tensile strength

60 kN/m

Elastic modulus

89 GPa

Equivalent thickness

0.039 mm

Elongation at failure

1.8 %

EXPERIMENTAL PROGRAM
Grid and mortar characterization

Monotonic tensile tests of basalt grid strips were carried out in
accordance with ISO 13934-1 [13]. Five strips with dimension
260x13.5 mm were cut in the warp direction and provided of
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Figure 1. Composite slab.
After casting, slabs were cured for 28 days before been cut in
strips with a circular saw. Aluminium tabs were glued to the
ends of each specimen in order to avoid failure of specimens
inside the gripping area. The strips were then sprayed with
black and white paint to create a speckle in order to allow for
contactless measurement reading during testing.
The tensile monotonic tests were carried out using a Zwick
Roell 100 kN universal machine, in displacement control mode
with a loading rate of 0.2 mm/min. A videoextensometer was
used to measure the strain over a gauge length of 200 mm.
Figure 2 provides a view of the test setup.
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Table 2. Mechanical characteristics of Basalt grid and mortar

Basalt grid
Mortar
3.4

Tensile
strength
2240 MPa
7.27 MPa

Young’s
modulus
83 GPa
-

Ultimate
tensile strain
2.7 %
-

Composite strip load-strain curves

The load-strain curves of the BRCM strips are plotted in Figure
4. The curves show a trilinear trend characterised by a first
linear branch which ends when the first crack appears in the
mortar. The second branch, characterised by several jumps and
reduced stiffness, is due to the formation of several cracks in
the matrix. Strips with two and three grid layers appear to give
raise to a larger number of progressively closely spaced cracks
compared to the one layer series. The slope of this linear branch
also increases with the number of grid layers. Moreover
specimens reinforced with one layer show a greater extension
of this branch, compared to two and three layers samples.
In the third stage the strips regain a more regular, smooth
trend, but with a lower slope than that showed in the first stage.
This phase ends when the maximum load is reached.

Figure 2. Test setup of composite strips

EXPERIMETAL RESULTS
Basalt grid and mortar

3.3

In Figure 3 the experimental stress-strain curves of the five
basalt grid specimens are shown. The stress values were
obtained considering the equivalent fibre thickness and the
number of yarns in the strips. The curves showed a linear trend
characterised by the brittle failure of some or all rovings in the
strip width. Slipping phenomena inside the gripping area were
not observed.
The average peak stress and strain obtained were 2240 MPa
and 2. 7% respectively. The elastic modulus was 82. 8 GPa
(Table 2).
The average mortar tensile strength from the three point
bending tests is also given in Table 2. An average tensile
strength of 7.27 MPa was calculated based on the crosssectional area
3000

Basalt fibre:
Warp direction

Tensile stress (MPa)

2500

Figure 4. Load-strain curves of composite series.
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Table 4 reports the average peak load (F) and strain (ε) values
at the end of each stage, and the Young's modulus for the first
and the third stage, for all the series.
Regarding the peak load values of the three stages, strips with
higher reinforcement ratio showed higher strength as expected.
However, the load increase was not proportional to the
reinforcement ratio: +4% and +5% increment for stage 1 for
SP_2 and SP_3 respectively compared to SP_1; +31% and 28%
for stage 2; and +76% and +123% for stage 3.

Figure 3. Basalt grid tensile test: stress-strain curves.
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Table 4. Average results for BRCM strips in Stage I, II and III
Series

SP_1L
SP_2L
SP_3L
SP_1L
SP_2L
SP_3L
SP_1L
SP_2L
SP_3L
3.5

Peak load
[kN]

Peak stress
[MPa]

FI
1.363
1.419
1.437
FII
1.419
1.862
1.822
FIII
2.077
3.655
4.633

σI
875.7
455.8
307.8
σtII
911.8
598.2
390.1
σtIII
1334.3
1174.3
992.3

Strain
Young’s
[%] modulus [GPa]
εI
0.035
0.033
0.040
εII
0.90
0.43
0.22
εII
2.15
1.95
1.48

EI
3053
1565
776
EII
/
/
/
Et,III
34.22
37.74
47.91

Composite strip stress-strain curves

The stress-strain curves of the BRCM strips are plotted in
Figure 5. The tensile stress of the specimens was calculated
dividing the measured load by the area of the internal
reinforcement AF calculated, for consistency with the
procedure used for the textile, considering the number of yarns
in the strips and the number of textile layers used as
reinforcement. Stress values are reported in Table 4.

compared to one layer series presents a strength decrease of
64%, 57% and 25% respectively for stage I, II and III.
In regard to strain values, the average of the three series are
quite close for stage I (0.035%, 0.033%, 0.040%). For stage II
there is a marked reduction of maximum strain between the one
layer specimens and the two and three layer specimens with a
drop of 53% and 76% respectively. Finally, curves show a
reduction in stage III strain equal to 9% and 31% respectively.
The Young’s modulus value in stage III increases with the
number of grid reinforcement layers, but all the series present
a large reduction of stiffness if compared with the value
obtained from basalt grid strips (59%, 54%, 42% for one, two
and three layers respectively).
Also the values of tensile strength in stage 3 (σt,III) are widely
lower compared to the tensile strength of the basalt grid. The
average tensile strength shows a reduction of 40%, 47% and
55% for one, two and three layers reinforced specimens
respectively. These results indicate that the FRCM strips did
not fully exploited the nominal capacity of the fibres. Both
stiffness and strength reductions, although not so marked, were
observed by other researches [1, 2] and could be related to
stress concentration due to geometric defects of the grid,
especially misalignment of the rovings, possible eccentricity in
the application of the load to the fibres, wear of the fibres ate
the vicinity of cracks edges. As the effective width of the grid
strip was also more than twice smaller than the composite strip
width size effect due to the geometric defects are also to be
expected.
Considering the geometrical cross sectional area of the strip
the average cracking stress for strips with one layer of
reinforcement is 4.16 MPa, that is lower than the mortar
strength obtained through three point bending tests (7.3 MPa).
This has already been shown by other authors [12].
3.6

Crack pattern

In Figure 5 photos of three samples of SP_1L, SP_2L and
SP_3L series at the end of testing are shown.

Figure 5. Stress-strain curves of composite strips.
Regarding the reinforcement ratio the stress-strain curves
show that the strip strength decreases when the reinforcement
ratio increases. This occurred for the first and second branch
and in a less marked way for the third branch (load at failure).
The two layers reinforced series compared to the one layer
series show a decrease of -47%, -34%, -11% respectively for
stage I, II and III. The three layer reinforced specimen
Figure 6. Crack pattern of composite specimens at failure.
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The crack development observed during tensile tests on BRCM
composites was characterized by cracks transversal to the
direction of the applied load, clearly identifiable in the response
curves and visible during testing. The photos show how the
number of cracks increased with the increase of the
reinforcement layers. The crack development stage extended
up 0.9% strain for SP_1L and ended at 0.43% and 0.22% for
SP_2L and SP_3L specimens. A similar strain reduction was
observed in [2].
4

CONLUSIONS

The tensile tests carried out on composite BRCM strips with
one, two or three layers of grid showed that:
- BRCM strips are characterised by a trilinear curve:
uncracked response (stage I), crack development
(stage II) and cracked response until rupture (stage
III).
- The tensile strength values of basalt FRCM strips are
widely lower compared to the tensile strength of the
dry grid (-40% for 1 layer).
- The Young’s modulus of the curves decreased with
the number of layers in stage I (-49% and -75%
respectively for 2 and 3 layers) and increased in stage
III (+10%, +40%).
- The number of cracks increased with the increase of
reinforcement ratio.
- The maximum strain in stage II reduced considerably
(-53%) from strips with one layer to strips with two
layers.
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ABSTRACT: Following the collapse of the Rana Plaza Factory in Dhaka in 2013, which caused the death of 1,134 people,
extensive programmes of factory assessment and strengthening have been established to improve the safety of the Ready Made
Garment (RMG) factories in Bangladesh. The main focus of these programmes was on gravity load risks which are associated
with overloading, uncontrolled extensions, inadequate design and poor construction control, as these were considered to be the
key factors in the Rana Plaza collapse. Improvement programmes have been driven by international consortia of RMG companies,
the Bangladesh government, global workers’ unions and the International Labour Organisation. However, recent research studies
indicate that earthquake risk in Bangladesh is high, due to a highly vulnerable building stock and moderate to high level of seismic
hazard and a very high exposure level. Recent earthquake scenarios created for Dhaka and Chittagong estimates that approximately
50% of the buildings might collapse and there would be high numbers of casualties. Implications for the economy and business
continuity would also be very significant. Whilst the existing assessment programmes and methodologies make reference to
seismic actions in load combinations, they do not define a comprehensive method for seismic assessment nor propose seismic
retrofit solutions to be designed and implemented for existing buildings. This study discusses why a seismic risk reduction strategy
is essential for RMG factories, the proposed methodology for seismic assessment and retrofit design of RMG factories and the
challenges in implementing such methodology.
KEY WORDS: seismic risk mitigation, ASCE Tier 1, seismic assessment methodology
1

INTRODUCTION

Bangladesh is located in South-East Asia where the seismic
hazard level ranges from moderate to high.[6] The country has
highly vulnerable building stock and dense population which
results in a considerably high seismic risk. In this regard a
special attention and care for the building stock is required,
especially for RMG factory buildings due to the high
development rate of the sector and the high contribution of the
sector to the overall GDP of the country.
Following the collapse of the Rana Plaza Factory in Dhaka in
2013, which caused the death of 1,134 people [9], extensive
programmes of factory assessment and strengthening were
established to improve the life safety of the Ready Made
Garment (RMG) factories in Bangladesh. The Rana Plaza
collapse has been attributed primarily to excessive gravity
loading (dead and live), poor workmanship and poor material
quality. Thus most of these programmes either ignore the
seismic effects and focus purely on gravity loading effects or
use improper or incomplete methods for seismic evaluation
which are mostly methods for designing new buildings rather
than evaluating existing ones. Therefore, a comprehensive
method which includes seismic evaluation of the existing
buildings would increase the value of the ongoing assessment
studies.
As an initial effort, a preliminary seismic evaluation
methodology was developed by the authors by modifying an
internationally known and accepted method, ASCE41-13 Tier
1 evaluation method [2],to take account of the local conditions
and construction capabilities.
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This paper gives a brief description on the seismicity of
Bangladesh and discusses the seismic risk of the RMG
factories, which includes a discussion on the main
characteristics and deficiencies of such buildings. It
summarizes several risk assessment studies for buildings
located in Dhaka and Chittagong cities. With the consideration
of international practices and local capabilities and/or
familiarities, a recommended seismic evaluation and
strengthening approach is described. Several case studies for
seismic evaluation and strengthening with the proposed
approach were conducted. Results and comparison between
gravity and seismic strengthening schemes are discussed.
2

SEISMIC RISK FOR RMG FACTORIES IN BANGLADESH
Seismic Hazard in Bangladesh

Bangladesh is located in the active seismic zone at the foot of
the Himalayas and the Arakan Yoma. In the last 150 years
earthquakes with magnitudes greater than 7.0 on the Richter
scale occurred in areas close to or within Bangladesh; 1885
Bengal 7.0Ms, 1897 Great Indian 8.7Ms, 1918 Srimongal
7/6Ms and 1997 Bandarban 6.1Ms. The Great 1897 Indian
earthquake with a Richter magnitude of 8.7Ms is occurred in
1897 and caused the deaths of 1542 people [7]. In the recent
past, a number of moderate to severe seismic activity is
observed in and around Bangladesh. The Sylhet Earthquake
(Mb = 5.6) of May 8, 1997, the Bandarban Earthquake (Mb =
6.0) of November 21, 1997, the Moheshkhali Earthquake (Mb
= 5.1) of July 22, 1999, and the Barkal (Rangamati) Earthquake
(Mb=5.5) of July 27, 2003 may be cited as examples of these
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events [8]. During Bandarban Earthquake in 1997 a five storey
building was collapsed in Chittagong and 23 people were killed
[11].
A seismic hazard map have been published for Bangladesh by
the Global Seismic Hazard Assessment Programme [6] The
map gives Peak Ground Acceleration (PGA) values for an
earthquake that has a 10% probability of exceedance in 50
years (475-year return period event).

It is known that local authorities, with the exception of the
Public Works Department (PWD), are checking only the layout
plans of buildings as part of the permitting process. As a
consequence, almost no structural design and construction
reviews are done for many buildings. The only certification is
that if the building is being designed by the enlisted engineers,
they issue a certificate with their names.

Figure 2. Seismic Hazard Map of Bangladesh for 475-year
return period event [3]
Figure 1. Seismic hazard map of Bangladesh for 475-year
return period event [6]
The draft Bangladesh National Building Code [3], dated 2015,
has an updated seismic zonation map for Bangladesh which
follows a similar trace as the map of GSHAP.
Most of the RMG factories are located in Dhaka and
Chittagong. As can be seen from the seismic zonation map
given in BNBC 2015.
Dhaka has two different seismic zones. The south part of the
city where Narayanganj, one of the areas with many RMG
factories, is in moderate seismic zone. Whereas the north part
of the city, again where many other RMG factories are located
at regions like Gazipur, is in high seismic zone. Chittagong is
also in high seismic zone. This shows that most of the RMG
factories are located either in moderate or high seismic zones.
Seismic Vulnerability of Ready-Made-Garment (RMG)
Industry Buildings
More than 90% of the RMG factory buildings are multi-storey
reinforced concrete moment-resisting frame buildings with
unreinforced masonry infill panels. A minority of them are
reinforced concrete flat slabs, steel frame, unreinforced
masonry, etc.
The building material properties vary depending on the year
they were built but the majority of the buildings have poor
quality of materials and poor workmanship.
Additionally, most of them are not designed and built as code
compliant which creates a potential lack in their seismic
performance.

The PWD does carry out detailed reviews for both the design
and construction of government buildings and for buildings
lying outside the responsibility boundary of other local
authorities. The PWD carries out reviews to ensure that the
design is done as per the local code (BNBC) and that the
construction is done as per the design. However, RMG factories
are private buildings and the percentage of those located
outside the local authorities’ responsibility is estimated to be
very low (maybe less than 5%).
Even where the original building was constructed in line with a
structural design, there may have been later additions,
extensions and modifications without a revision to the
structural design.
As a result, it can be concluded that most of the buildings may
not have proper structural design and even if they do, they may
not have been constructed as designed.
From our experience during inspections, which were done in
the context of the evaluation studies for Inditex S.A. and
ACCORD, it was seen that many buildings had serious issues
even only under gravity loads. When available design drawings
were reviewed, the following major deficiencies on seismic
performance of the buildings were commonly found. It should
be noted that the information on soil and foundations were very
limited and the deficiencies listed below excludes the issues
related to the soil and foundations.
High level of axial, shear and flexural stress on
columns. This is mainly due to slender members.
Lack of ductile detailing for frame members. Beams
which are flexurally stronger than columns and elements
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inadequately designed such that shear is often first predicted
failure mode rather than flexure.
Poor detailing. Inadequate laps and anchorages and
shear links generally bent 900.
Little or no consideration of interaction between RC
frame and masonry infill.
Masonry infill not properly tied back to frame.
Poor material quality. Mostly hand-mix concrete with
weak brick aggregates and little control of water.
Soft storey irregularity due to higher storey heights at
ground levels which are being used as loading areas.
As a conclusion it can be said that the vulnerability of the
building stock to seismic events is very high.
Seismic Risk
Considering moderate to high seismicity and the high level of
vulnerability of the building stock, seismic risk should be rated
as high.
The high level of exposure is also increasing the risk
significantly. The density of population is very high in
Bangladesh. The number of RMG factories has been rapidly
increasing for several decades and most of the factories are
multi-storey buildings with densely placed sewing or knitting
machines, manually operated by employees.
The literature review of publications related to seismic risk
assessment of Bangladesh, indicate a high seismic risk for
Dhaka and Chittagong, where most of the RMG factories are
located. Key points and outcomes of the studies are
summarized below:
Several potential earthquakes have been taken into
account for Dhaka. The highest magnitude has been estimated
as 7.5 Mw which would be generated along Madhupur fault
line, the closest fault to Dhaka [5]
50% of the buildings in Dhaka City are estimated to
be collapse in the worst case scenario [1]
Losses related to the buildings and their contents
during potential earthquakes could be between 4 to 7 billion
USD [5]
10 to 30% of the population may be killed during the
potential event [10]
3

RECOMMENDED APPROACH FOR SEISMIC EVALUATION
OF THE BUILDINGS
Current approach for structural remediation

After the Rana Plaza event several actions have been taken to
assess the factory buildings under “everyday” loads. For this
purpose, the National Tripartite Plan of Action on Fire Safety
and Structural Integrity guidance document was developed and
published by the Government of Bangladesh and
representatives of Bangladesh employer’ and workers’
organisations. This document is seen as a source for all parties
dealing with the factories. Although from a structural
perspective, the primary aim was to quickly assess capacity of
the structural members under gravity loads, the guidance also
contains seismic load combinations in order to help develop a
basic understanding of the seismic performance of the building.
The main stakeholders of the RMG export sector in Bangladesh
are both following NTPA guidance during preliminary
inspections and detailed engineering assessment (DEA)
studies. In most cases seismic load combinations are not taken
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into account in a DEA study. If the building is found not to have
sufficient capacity to resist gravity and wind loads, then an
additional DEA is carried out as per BNBC 2006 which does
include seismic loads. From this study the retrofit needs of the
building are derived and retrofit design is done again as per
BNBC 2006 with consideration of seismic loads. With this
approach, the buildings which have sufficient capacity under
gravity and wind loads are not assessed for seismic effects.
Two other main approaches in the seismic assessment of
buildings have been developed and practised by the Public
Works Department (PWD) and Bangladesh University of
Engineering and Technology (BUET) respectively. The PWD
has created an independent methodology which is based on
Japanese practice and is applying this on existing public
buildings. The methodology is described in the documents
called CNCRP Manuals [4]. This method cannot be applied to
flat slab structures, buildings with more than 6 stories and
buildings with concrete compressive strength less than 9 MPa.
Although there are limitations in the application of this method,
it is consistent within itself and is supported by many
investigations, including experimental studies. A serious
impediment to widespread acceptance of the method is that the
construction industry and engineering society of Bangladesh
are not familiar with the Japanese codes and approach.
BUET has used ASCE41-13 Tier 1preliminary evaluation
method on several buildings. For the detailed assessment they
then followed BNBC 2006.
As a conclusion it can be said that various methods or
approaches are being followed by different parties in
Bangladesh and currently there is no overall consistency. The
majority of RMG buildings do not pass through any kind of
seismic evaluation
Recommended approach
evaluation of the buildings

for

detailed

seismic

As noted above, there are two different approaches for detailed
seismic evaluation of buildings adopted within current practice
in Bangladesh. The first approach is based on using draft
Bangladeshi code BNBC 2006. This is a code for designing
new buildings and do not contain any chapters related to
seismic evaluation and retrofit of existing buildings. The
second approach involves the use of the CNCRP Manuals,
which are developed by PWD. These are specifically aimed at
the evaluation and retrofit of the existing buildings, however,
they are primarily based on Japanese Codes which are not well
known or understood within the Bangladeshi construction
community.
As a general philosophy, new building design codes define
specific detailing rules to be complied with and involve the use
of several coefficients, such as response modification factor,
safety factors, load combinations, and so on. The appropriate
use of such factors are largely dependent on the proper
implementation of the details defined in the code. Therefore, to
be able to apply the criteria of new building design codes, all
properties of the existing structure should be very well known
and comply with the requirements of the code followed.
However most of the existing buildings in Bangladesh have not
gone through a design check or a construction audit. This raises
a serious doubt about the proper application of BNBC and thus
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the appropriateness of using it for seismic evaluation and
retrofitting the existing buildings.
On the other hand, the codes or documents which have been
prepared with a focus on evaluating and retrofitting the existing
buildings follow a different approach than the new building
design codes. One of those is an internationally recognised
code from the USA, ASCE41-13 – Seismic Evaluation and
Retrofit of Existing Buildings. The local industry and codewriters are familiar with US codes of practice such as UBC,
ACI and ASCE and thus it is recommended to follow ASCE4113 as a base document. ASCE41-13’s phased approach also
facilitates the inclusion of seismic evaluation to the current
approach being used for RMG factories.
The preliminary evaluation phase is recommended to be carried
out by modifying the ASCE41-13 Tier 1 assessment to be in
line with the performance objectives and local conditions. This
methodology is already being used in Bangladesh, mostly by
BUET and is based on filling in checklists during a site visit
and some desktop study following that.
For the seismic detailed assessment study ASCE 41-13 Tier 3
phase of the document, which is related to the detailed
evaluation and retrofit of existing buildings can again be
followed.
While ASCE 41-13 provides a very robust approach for the
seismic assessment of existing buildings, it generally leaves the
final judgment to practicing engineer’s discretion. In order to
provide further guidance and to clarify critical issues which are
left to engineering judgment in ASCE41-13 several analytical
case studies have been performed. Based on these studies
several modifications are suggested for the local practitioners
as a guideline.
Defining Minimum Target Performance Objective
Seismic hazard definition is generally based on the certain
percentage of probability of exceedance in 50 years since the
average life time of the buildings is considered to be 50 years.
ASCE 41-13 considers the existing buildings have already
spent some portion of their lifetime and allows the engineer to
reduce the hazard level to some extent, approximately to 3/4 of
the Design Basis Earthquake (10% probability of exceedance
in 50 years).
Considering the high level of vulnerability of the building stock
and potential resistance of the RMG factory owners to conduct
seismic evaluation and retrofit due to economic considerations,
to be able to facilitate a realistic strengthening scheme, a
minimum objective can be recommended to be Collapse
Prevention under the seismic hazard defined in BNBC 2015,
which is the Design Basis Earthquake. However, the building
owners will also have the choice to aim for higher performance
levels which will bring life safety, business continuity and
prevent economic losses due to repairing or re-building of
damaged structure.
Proposed modifications to Tier-1 Procedure
ASCE 41-13 defines a “screening phase” to conduct
preliminary seismic evaluation of buildings using checklists
and simple calculations. This screening phase is named as Tier
1. Tier 1 checklists were originally created for two performance
levels; Life Safety and Immediate Occupancy. However as
explained above, the recommended minimum performance
objective for existing RMG factories is Collapse Prevention.

ASCE 41-13 Appendix B states that, in the case of such a
decision, the Tier 1 method can be modified to suit the need.
On the other hand, ASCE 41-13 Tier 1 Method does not
provide clearly identified criteria that must be met in order for
compliance with the performance level to be achieved. Instead,
it leaves the final decision to the engineer.
In order to achieve a widely applicable and consistent method
for all RMG factories and to consider Collapse Prevention as
desired performance level, acceptance criteria which can also
be used for classification of the buildings is being proposed.
The recommendations, proposed modifications and
identified criteria for acceptance are not based on any published
document or guidelines. These are derived from experience on
the field of earthquake engineering and observations on the
local construction practice and building stock.
The study is done considering reinforced concrete moment
resisting frame buildings as this is the structural system for the
majority of the current building stock.
One of the main items to be checked in Tier 1 method is the
shear stress in columns. When calculating the demand, a
modification factor, ms, is used to reduce the elastic seismic
forces. This is given as 1.5 for Immediate Occupancy and 2.0
for Life Safety performance levels. It is recommended to use
this factor with a value of 2.5 for Collapse Prevention
performance level.
The proposed classification criteria are summarized below,
based on the existing ASCE41-13 Tier 1 checklist.
The building is classified as RED and a seismic detailed
engineering assessment shall be required if any of the following
criteria are valid: Column Shear Check Utilization Ratio is
more than 1.5, soft storey exists or vertical irregularity check is
not satisfied for more than 10% of the ground floor columns.
1If the soft storey and vertical irregularity conditions
are satisfied and the column shear check utilization ratio is
between 1.0 and 1.5 any of the following critical deficiencies
would also make the building classified as RED to require a
detailed seismic assessment: Torsional Irregularity, Inadequate
Load Path, No Shear Failure, Column Tie Spacing, Captive
Columns, Flat Slab Frames.
2If the column shear check utilization is less than 1.0
and the building is compliant for soft storey- vertical
irregularity and none of the critical deficiencies listed above are
non compliant the building can be classified as Green.
3Any other Conditions which does not satisfy criteria
for RED or GREEN would be classified as YELLOW.
The buildings satisfying the criteria given for Green colour
code would be accepted as satisfying Collapse Prevention
Performance Level.
The buildings rated as Red should proceed to Seismic DEA.
For the buildings rated as yellow, the engineer should reevaluate the identified deficiencies and depending on the
severity of the deficiencies final decision should be made.
This table only includes deficiencies described within the
Tier 1 checklist of ASCE41-13, which was written primarily
for the United States building stock in mind. These are
generally engineered frames and so are all likely to have
reasonable detailing and a reasonable capacity to begin with.
The RMG factory building stock is very different, much of it
being non-engineered. Therefore, it is suggested that additional
checklist criteria that could be considered including further are:
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1.
Global flexural capacity. None of the other checks on
the checklist provide a good indication of the overall flexural
demands on the system in a seismic event, hence the building
might conform to all aspects of the checklist but still fail
globally in a small earthquake. Simple checks of the building
stock suggested that this would often be the governing failure
mode.
2.
Masonry infill stability. Failure of infills not tied
properly into the structural frame is a common occurrence in
earthquakes and a significant cause of fatalities. Infills fail due
to a combination of lack of lateral restraint at the edges, flexural
failure out-of-plane, buckling of the panel in-plane and
crushing under in-plane loads.
4

has also ordinary moment resisting frames and has 5 stories.
Brief information on the study is given in Table 2.
Table 1. Summary Table of Case study for “Gravity Safe”
Buildings with different characteristics

ANALYTICAL CASE STUDIES

Several analytical case studies have been performed to provide
a better criteria based on the existing building stock in
Bangladesh. These studies focus primarily on two categories of
the buildings. The first set are the buildings which are deemed
to comply with the working gravity loads. For these buildings
likelihood of a seismic deficiency and possible retrofit
solutions have been analysed. The second group are the
buildings that are found to be critical even under gravity loads
and require retrofitting. For the latter category we have selected
building schemes that are currently under ongoing a
strengthening design process based only for gravity loads. A
seismic assessment and retrofit design is performed to compare
with the proposed gravity-only retrofit scheme. Based on these
studies, a better and clear performance objective and
acceptance criteria is being proposed.
Performance evaluation for Buildings that are
adequate under Gravity Loading
This case study is performed based on an existing reinforced
concrete 3 storey building with a considerable large factor of
safety under gravity loads. Both ASCE 41-13 Tier 3 linear
analysis method and proposed modified Tier 1 method are
applied.
The height of the ground floor is larger than the above floors
which leads to a soft storey irregularity. Checks have been done
on several versions of the building by varying some of the key
characteristics in order to evaluate the sensitivity of our results
to these characteristics. Analysed building has 24 MPa of
concrete compressive strength except A5 which has 14 MPa.
These are set out in Table 1 below.
It can be concluded that the only seismic compliant building is
the one with 3 stories, 24 MPa concrete compressive strength,
high grade steel and without a soft storey irregularity. When the
concrete failure strength is lowered to 14 MPa or when soft
storey irregularity exists, although it is still rated as safe under
gravity loads, the structural system does not satisfy seismic
performance level and strengthening is required.
Performance evaluation for buildings that require
strengthening under Gravity Loads
A comparative study has been performed for two buildings that
have been classified as critical after a preliminary gravity
structural survey. Their columns have very high axial stress
levels under gravity loads. Building B1 is a 5 storey RC
building with ordinary concrete moment resisting frames. B2
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Table 2. Summary Table of Case study for “Gravity Unsafe”
Buildings

For the five storey building (B1), it is indicated that
strengthening (by column jacketing) is required for the first
three floors to sustain gravity loads. For the Building B_B2 it
is found that column jacketing is required for the internal
ground and first storey columns of the 7 storey structure under
gravity loads. 10 cm thick column jacketing is found to be
adequate for gravity design loading.
The buildings with applied retrofit schemes based on gravity
only assessment evaluated based on ASCE 41-13 Tier 3 Linear
Procedure. It is found that, for both buildings, partial retrofit
and one layered column jacketing is not adequate for seismic
loads and full height double layer 15 cm thick column jacketing
is required.
5

CONCLUSIONS

In this paper a recommended methodology is presented for the
inclusion of a seismic evaluation procedure to the structural
safety mitigation efforts for highly vulnerable Ready Made
Garment Factories in Bangladesh. There exists a need for an
established approach for an effective seismic evaluation and
retrofit method for these factories. Without any law
enforcement for the existing buildings to comply with the
seismic code, the process would be completely voluntary.
Therefore, it is very important and also difficult to provide an
effective seismic risk mitigation approach that could be
voluntarily adopted by stakeholders. The developed
methodology is aimed to serve as a baseline for the
international consortia of RMG companies, the Bangladesh
government, global workers unions and the International
Labour Organisation who are seeking to provide a
comprehensive approach to the inclusion of a seismic
evaluation methodology to the structural upgrading of the
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current building portfolio. As a result, a simplified ASCE 4113 Tier 1 methodology is presented with recommended criteria.
This approach is examined with several analytical studies. It is
concluded that even though a building is categorized to be safe
under rapid gravity and wind inspections, the possibility of
failing under seismic effects is high. Therefore, it can be said
that the results of the preliminary seismic evaluation studies for
most of the RMG factories may pose a need for detailed seismic
evaluation which will most likely conclude that seismic retrofit
will be required. However regular buildings with fewer storeys,
high material quality and better designs may give satisfactory
results. For the buildings retrofitted for gravity loads only, there
is likely to be a considerable further cost increase to achieve a
reasonable seismic performance.
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ABSTRACT: This aim of this work is to examine the impact of the behaviour factor on the lifetime seismic performance of steel
Concentrically Braced Frames (CBFs). Under dissipative seismic design principles, bracing members are allowed to behave
inelastically under infrequent, high-intensity earthquakes. In Eurocode 8-based design the extent of this inelasticity is effectively
controlled by the value of the behaviour factor, q, selected by the structural engineer. Increasing the behaviour factor results in a
greater degree of nonlinear behaviour during earthquakes, however doing so reduces the design seismic action, leading to
smaller member sizes and lower initial costs. Recent earthquakes have shown that CBFs designed in accordance with modern
codes are unlikely to collapse, but may still experience significant losses at various hazard levels. This study employs the FEMA
P-58 seismic performance assessment methodology to comprehensively compare the losses incurred by case study CBFs
designed using different behaviour factors, allowing the impact of the behaviour factor on lifetime losses to be evaluated. It is
shown that reducing the behaviour factor limits losses to drift sensitive, mostly structural, components. However, losses suffered
by non-structural acceleration sensitive components, which are often the primary contributor to overall losses for low-rise CBFs,
are insensitive to q.

KEY WORDS: Concentrically Braced Frame; Seismic Design; Behaviour Factor; Lifetime Performance Assessment.
1

INTRODUCTION

During an earthquake, buildings designed in accordance with
modern seismic design codes are unlikely to suffer collapse
[1-3], however significant structural and non-structural
damage, and consequent losses, may still be experienced. As a
result, increased attention is being placed on earthquakeresistant design strategies to create buildings and other
facilities that are both safe and damage resistant.
Seismic performance assessment methodologies have been
developed to examine a building’s design and determine the
probability of experiencing different types of losses,
considering the entire range of potential earthquakes that may
affect the structure. The process of performance assessment
typically contains four successive elements; quantifying the
seismic hazard at the site, performing structural analysis
representative of this hazard, using the results of structural
analysis to calculate damage to various components of the
facility and using the results of damage analysis to estimate
performance metrics, such as economic losses or downtime.
The FEMA P-58 methodology [4] is a storey-based buildingspecific performance estimation methodology that combines
these four analysis stages using the total probability theorem
[5] in order to estimate performance measures of interest.
Nonlinear time history analysis (NLTHA) is performed at
various ground motion intensity levels allowing Engineering
Demand Parameters, or EDPs, at each storey to be calculated.
These EDPs are then used to calculate probable damage and
subsequent consequences. Peak inter-storey drift and peak
floor acceleration are the EDPs normally used to calculate
damage in the various components of a building; generally
damage to structural elements is calculated based on inter-
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storey drift while damage to non-structural components is
dependent on floor acceleration. The Performance Assessment
Calculation Tool, known as PACT [6], has been developed to
allow practical application of the methodology.
In conventional earthquake engineering practice, designing
structures to behave elastically under large seismic loads is
generally impractical. For building frames, elastic behaviour
requires significant forces to be resisted, necessitating the use
of large, and expensive, structural members and connections.
More efficient dissipative design can be achieved by allowing
elements of the structure to yield under large, infrequent
ground motions.
In Eurocode 8 [7] dissipative design is achieved through the
use of a behaviour factor, q, which can be expressed as:

𝑞=

𝐹𝑒𝑙
𝐹𝑦

(1)

where Fel is the peak seismic force that would develop in a
Single Degree of Freedom (SDOF) system behaving linear
elastically and Fy is the yield strength of this SDOF system.
In design, the simplest method to incorporate nonlinear
behaviour is to perform conventional elastic analysis, with the
design actions reduced by a single global behaviour factor, q.
This has the effect of limiting the peak force the structure is
required to sustain. Selecting higher q values increases the
degree of inelasticity likely to be experienced by the structure,
however the seismic forces to be resisted are reduced; hence
as long as dissipative zones possess sufficient ductility to
accommodate the increased plastic deformation, using higher
q values allows the designer to select smaller, and
consequently less expensive, structural members.
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In CBFs, dissipative design is achieved by allowing bracing
members to yield in tension and buckle in compression,
thereby utilising the ductility capacity of the braces to reduce
the force demand to acceptable levels. EC8 specifies a
maximum behaviour factor of 4 for CBFs with high ductility
braces.
Mitropoulou, et al. [8] examined the impact of the behaviour
factor on the total life cost of reinforced concrete frames
designed to Eurocode 8 using behaviour factors of 1 to 4. It
was shown that, as expected, the initial construction costs
were lowest for the frames designed with q=4 and highest for
q=1. However, the overall life cost of frames designed with
q=4 was the highest, due the increased losses from seismic
damage over the life of the building, with the overall cost of
the q=1 building being the lowest. This shows that while it is
fair to assume increasing q reduces initial costs and hence
gives more economical construction, doing so may not
necessarily result in the most economical or best solution over
the building’s lifetime.
Similarly, this paper examines how the choice of behaviour
factor affects the seismic performance of CBF structures. This
is done by examining the expected lifetime losses, calculated
using PACT, suffered by a series of case study CBFs. The
results are then analysed to assess the contribution of different
building components to overall losses.
2
2.1

PROCEDURE
Case Study Buildings

For this study, two sites, one in Oakland, California (37.803o,
-122.287o) and one in Seattle, Washington (47.609, -122.334o)
were selected as case study sites. The site in Oakland, which
has previously been used in a number of previous studies [9],
[10], has a severe seismic hazard, whereas the design hazard
at the Seattle is in line with more moderate values found in
Europe. Sites in the US, as opposed to Europe, were selected
because more comprehensive seismic information is available
from the US Geological Survey [11], [12] than any European
equivalent.
A series of two, five and ten storey CBFs, as illustrated in
Figure 1 and detailed in Table 1, were designed in accordance
with Eurocode 3 [13] and Eurocode 8 using behaviour factors
between 1 and 5. Buildings were designed to be square in plan
with seismic resistance provided by perimeter braced frames.
For each frame, bay widths and storey heights were kept
constant at 3.6m and 6m respectively, except in the 10 storey
frames where braced bay widths were halved, as can be seen
in Figure 1. The frames were initially designed for gravity
loading according to Eurocode 3 [13], with unfactored dead
and live loads of 3kN/m2 and 3.3kN/m2 applied at each floor
level and 2.6kN/m2 and 0.6kN/m2 at the roof level.
Subsequently, seismic design was carried out in accordance
with Eurocode 8. The USGS hazard application [12] was used
to obtain the 10% in 50 year peak ground acceleration for
Type A ground at the sites, 0.5g in Oakland and 0.3g in
Seattle, and these values were used as the reference peak
ground acceleration, ag, values to compute the Eurocode 8
design spectrum. The Type 1 design spectrum was used for
both sites given the magnitudes of the earthquakes that
contribute most to the seismic hazard.

The design actions to be resisted by the structural members
were calculated through elastic analyses using the Eurocode 8
lateral force method for regular structures. The lateral
resistance of the structure was assumed to be provided by the
tension diagonals only. Based on the results of this analysis,
columns and beams were capacity designed, using UK steel
profiles, to resist the combination of gravity and seismic
actions stipulated by EC8, with member sizes kept constant at
each level.
The bracing members, which were either rectangular or square
hollow sections, were designed to resist axial forces due to the
seismic design actions. The EC8 non-dimensional slenderness
limitations and overstrength differential criteria were obeyed
in the brace design procedure.
The majority of structural members were designed with
assumed yield strength of 355 N/mm2, however in a number
of cases with lower behaviour factors it was necessary to
employ a yield strength of 460 N/mm2 in non-dissipative
members to fulfil capacity design criteria whilst maintaining a
constant structural configuration. The EC8 deformation
checks for second order effects and damage limitation
requirements were also performed as part of the design
process, but as is the case for many CBF structures due to
their high stiffness, these did not impact any of the designs.
Table 1. Details of case study frames; showing the influence
of the behaviour factor, q, on the mass of steel required and
fundamental structural period, T1

No. of
Stories

q

2
2
2
2
2
5
5
5
5
5
10
10
10

1
2
3
4
5
1
2
3
4
5
2
3
4

Oakland site;
ag = 0.5g
Mass of
T1
Steel
(s)
(Mg)
91.4
0.12
70.6
0.16
58.8
0.20
44.8
0.23
41.2
0.24
223.7
0.22
170.5
0.26
138.5
0.31
114.3
0.35
98.4
0.36
376.4
0.51
308.0
0.60
241.2
0.70

Seattle site;
ag = 0.3g
Mass of
T1
Steel
(s)
(Mg)
70.2
0.15
41.2
0.22
38.0
0.25
35.8
0.28
35.5
0.29
131.9
0.27
113.5
0.32
87.0
0.38
64.9
0.44
64.7
0.45
295.1
0.59
222.2
0.71
178.5
0.82

Figure 1. Elevations of case study frames
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2.2

Structural Modelling

To carry out NLTHA, the frames were modelled in OpenSees
[14]. Individual planar models were created for both primary
response directions, with one component of the ground motion
pair applied to the model representing one direction and the
orthogonal component applied to the other model, in
accordance with the PACT recommendations [6].
Following the recommendations of Uriz, et al. [15], the
bracing elements were modelled using two force-based
nonlinearBeamColumn elements with three integration points
per element. An initial camber displacement of 0.1% of the
brace length was employed at the midpoint in order to
simulate buckling behaviour. The brace elements were
discretised as illustrated in Figure 3a. The beams and columns
were also modelled using force-based nonlinearBeamColumn
elements with 3 integration points and discretized fiber
sections. Nonlinear rotational spring elements, with initial
rotational stiffness and yield moment calculated according to
the expressions proposed by Hsiao, et al. [16], were
employed at the brace end point to simulate the end restraint
imposed on the braces by the gusset plates. Rigid elements
were used to model the remainder of the gusset plates and the
sections of the beams and columns in the region of the
connection, as illustrated in Figure 3b. The Steel02 material,
which represents the Giuffre-Menegotto-Pinto model, was
used for all nonlinear components. As illustrated in Figure 2, a
fictitious leaning column element [17] was included in order
to account for second order effects due to the gravity loads
from parts of the building not included in the OpenSees
models. For all analysis 5% Raleigh damping proportional to
the mass and tangent stiffness matrix at the first and third
modes was applied.

Figure 2. OpenSees model of 5 storey CBF

2.3

NLTHA was performed at 8 intensity levels (2%, 5% 10%,
15%, 30%, 50%, 70% and 95% probability of exceedance in
50 years, meaning a wide range of potential earthquakes are
considered) using 10 two-component ground motion records.
In order to select ground motion records for NLTHA a
Multiple Stripe Analysis (MSA) approach was adopted. MSA
involves selecting different sets of ground motion records at
each ground motion intensity level considered [18]. This is in
contrast to more frequently employed Incremental Dynamic
Analysis (IDA) procedures, where the same set of
progressively scaled records is used for all intensities. The
IDA approach does not capture the variations in expected
characteristics of ground motions at different intensities, and
therefore the records selected, and consequently the calculated
structural response, will not be hazard consistent.
Ground motion selection and modification for MSA involves
the development of a target response spectrum representative
of the seismic hazard at each intensity level of interest and
then selecting and scaling ground motion records to match this
target. The conditional spectrum (CS) [19] was used as the
target spectrum in this study based on the recommendations of
Lin, et al. [20]. In that study, the impact on calculated EDP
values of selecting ground motion records to match the
various potential target spectra was assessed and the CS was
recommended for performance assessment type procedures.
The CS is calculated based on a conditioning period, T*,
which is typically the fundamental period of the structure
being examined. Ideally, each frame would be analysed with
ground motion records selected to match a spectrum
conditioned on its fundamental period, however this would
mean employing different sets of records for each frame.
However, it has been shown [20] that when using the CS,
probabilistically weighted structural analysis results are
relatively insensitive to the choice of conditioning period. It
was therefore considered acceptable to use the mean
fundamental period for each frame height at each site as the
conditioning period for developing the target spectrum. This
ensured that frames designed with different behaviour factors
were subjected to the same set of ground motion records,
allowing the impact of the behaviour factor to be fairly
assessed.
The procedure for selecting ground motion records firstly
involved seismic hazard deaggregation, which was performed
for the case study sites using the USGS tool [11]. Then, using
the results from this, MATLAB code, available online
(https://web.stanford.edu/~bakerjw/gm_selection.html) [21]
was used to calculate the appropriate CS and scale and select
appropriate two-component ground motion records from the
PEER NGA database [22].
3
3.1

Figure 3. Discretized fiber section distributed plasticity
bracing element and gusset plate model
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Selecting Ground Motion Records

RESULTS
Structural Analysis - EDPs

Figure 4 shows the seismic response analysis results obtained
for the 5 storey CBFs in Oakland by applying the selected
ground motions to the OpenSees structural models. The
median values of the maximum inter-storey drift and floor
acceleration results recorded in the 10 time history analyses at
each intensity level are presented. As expected, as the
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earthquake intensity (represented by the spectral acceleration
at the conditioning period, Sa(T*)), value to which the ground
motion records are scaled increases, the EDPs of interest
increase accordingly.
The peak inter-storey drift increases consistently with the
design behaviour factor, which is as expected given that
increasing q results in a more flexible structure. In contrast,
peak floor accelerations display less sensitivity to the
behaviour factor, particularly at lower ground motion
intensities when the frames behave elastically. This is
attributable to the fact that the periods of the frames analysed
here tend to lie within the constant acceleration region of the
spectrum and therefore changing the behaviour factor, and
consequently the structural period, doesn’t greatly affect the
acceleration response. The variations in peak inter-storey drift
and peak floor acceleration with q shown here for CBFs at the
Oakland site were also observed for the Seattle site.

Figure 4. Median peak inter-storey drift and median peak
floor acceleration over frame height for 2, 5 and 10 storey
CBFs at the Oakland Site
3.2

Expected Losses

Repair costs and business downtime were the two
performance metrics used to assess the performance of the
structures examined. These were estimated using PACT. The
EDPs recorded in structural analysis, namely maximum interstorey drift and floor acceleration at each level, were used as
the inputs for this process. The buildings were assumed to be
office buildings and the type and quantities of non-structural
components used in the loss analysis were obtained using the
normative quantities recommended by FEMA P-58. Total
financial losses were defined as the cost of implementing
repairs plus the estimated revenue losses resulting from

business downtime. It was assumed that the owner is leasing
the building; hence downtime revenue losses are calculated as
the loss in income for leasing the space. A rental value of
$25/ft2/year is assumed [10].
Figures 5 to 10 presents the present value of the estimated 50
year financial losses as a percentage of initial cost for each
building type. Initial costs are estimates as $250/ft2, plus an
additional cost of $4000 per tonne of extra steel used as the
behaviour factor is reduced [10].
It can be seen that the seismic financial loss incurred is lowest
for the q=1 frames (or q=2 for the 10 storey frames where a
q=1 frame was not analysed) and increases as the behaviour
factor is increased. The expected losses increase with the
number of stories due to the increased inter-storey drift in the
taller, more flexible frames.
Figures 5 to 10 also show the breakdown of financial losses
between drift and acceleration sensitive components. Drift
sensitive components includes the structural system as well as
some non-structural elements such as curtain walls, while
acceleration sensitive components are non-structural elements
such as service ducts, raised access floors and suspended
ceilings. Losses to acceleration sensitive components are
generally the major contributor to overall losses. However,
drift resultant losses become more significant as the number
of stories is increased, contributing to a greater extent than
acceleration dependant losses to the overall estimated losses
for 10 storey CBFs.
Drift sensitive losses grow with the behaviour factor to a
much greater extent than acceleration dependant losses. This
trend can be explained by considering the results of structural
analysis discussed previously. Peak inter-storey drift was
shown to increase with the behaviour factor, in contrast to
peak floor acceleration, which was relatively insensitive to q,
particularly at the lower intensity levels. Consequently, the
behaviour factor impacts on drift sensitive losses to a much
greater extent. Given that drifts dependant losses become
more significant with frame height, the benefit of reducing
behaviour factor, and limiting drift dependant losses, becomes
more pronounced as the number of stories is increased.
Losses are greater for the Oakland site compared to the Seattle
site, which makes sense given the respective seismic hazards.
This is particularly evident for the 10 storey CBFs, as the
hazard reduction between the two sites is greatest at higher
structural periods. For the lower rise frames, drift sensitive
losses for the two sites are quite similar, ranging from about
1% to 5% of initial cost for the 5 storey CBFs for example.
However losses to acceleration sensitive components are
greater for the Oakland site than the Seattle site; generally
about 10% of initial cost in Oakland compared to about 5% in
Seattle. This is due to the extent of the damage suffered at
frequently occurring intensity levels (50% in 50 years and
below). At these intensity levels the mostly structural, drift
sensitive damage is minimal at both sites. However, the
greater intensity of these ground motions at the Oakland site
results in greater damage to non-structural, acceleration
sensitive components. As these losses are associated with
more frequent earthquakes, their contribution to the lifetime
losses calculation is heavily weighted and therefore influential
on the final result.
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Figure 5 Oakland site – 2 Storey CBF present value of
expected lifetime losses as a percentage of initial costs.

Figure 8. Seattle site – 2 Storey CBF present value of
expected lifetime losses as a percentage of initial costs.

Figure 6 Oakland site – 5 Storey CBF present value of
expected lifetime losses as a percentage of initial costs.

Figure 9 Seattle site – 5 Storey CBF present value of expected
lifetime losses as a percentage of initial costs.

Figure 7 Oakland site – 10 Storey CBF present value of
expected lifetime losses as a percentage of initial costs (Note
designs for q = 1 or q=5 not carried out for 10 storey CBFs)

Figure 10 Seattle site – 10 Storey CBF present value of
expected lifetime losses as a percentage of initial costs (Note
designs for q = 1 or q=5 not carried out for 10 storey CBFs)
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4

CONCLUSIONS

Lifetime performance assessment was performed for a set of
CBFs designed using behaviour factors ranging from 1 to 5.
Performance was measured using estimated repair costs and
business downtime, which were calculated using the FEMA
P-58 performance assessment methodology. It was
demonstrated that, as expected, expected losses were
minimised for the lowest behaviour factor used in design. For
the 2 and 5 storey frames, losses are generally dominated by
damage to acceleration-sensitive non-structural components,
with drift-induced damage being more significant for the 10
storey frames. The results demonstrate that reducing the
behaviour factor limits drift sensitive losses, and as this
becomes more significant with frame flexibility, the impact of
the behaviour factor on performance becomes more
pronounced. Comparing severe and medium level seismic
hazard sites, it was shown that lifetime losses are greater for
the severe seismic hazard site, primarily due to the increased
non-structural damage suffered under frequently occurring
seismic events.
On a more general level, the study demonstrates how
performance assessment methodologies can be employed to
improve and optimise design. The results indicate the extent
to which inter-storey drift, and consequently damage and
losses suffered by drift sensitive components, can be limited
by increasing the stiffness of the structure, either through
lowering the behaviour factor or some other design alteration.
In contrast, the designer appears to have little control over
lifetime losses suffered by acceleration sensitive elements, at
least for typical low and mid-rise CBFs that lie in the constant
acceleration region of the spectrum.
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ABSTRACT: Resilience is typically defined as the capacity of a system, community or society potentially exposed to hazards to
adapt, by resisting or changing in order to reach and maintain an acceptable level of function and structure. This could be in
response to a climate hazard (e.g. flooding, hurricane), natural hazard (e.g. earthquake), or a man-made hazard such as a cyberattack or terrorism. Once ‘rare’ extreme weather events are now becoming increasingly frequent due to climate change, bringing
with them the potential to cause significant disruption to infrastructure networks. This has resulted in a need for quantitative
methods to assess the resilience of our infrastructure and to compare and contrast proposals for its enhancements. That is, a
requirement for physical structures to withstand higher loading more frequently, for emergency response organisations to react
quickly, and for systems to resume normal operations quickly following a hazard or extreme event.
In this paper, a quantitative methodology to determine resilience of infrastructure components, elements and structures to extreme
hazards is developed. Traditional methods of quantitative resilience measurement consider system functionality, losses and
recovery deterministically following an event. A relationship between loss and fragility is presented allowing resilience to be
determined probabilistically through the employment of fragility functions in cases where detailed structural data on system
elements or components is available. Fragility functions allow the user to determine the probability that system response will
exceed the performance limit state for a given intensity measure.
An example demonstrating the practical application of the methodology is also presented.
KEY WORDS: Resilience; Fragility functions; Probabilistic assessment.
1

INTRODUCTION
Infrastructure Resilience

Once ‘rare’ extreme weather events are now becoming
increasingly frequent due to climate change, bringing with
them potential to cause significant disruption to infrastructure
networks. This has resulted in a need for physical structures to
become more resilient [1,2]. That is, to withstand higher
loading more frequently, for emergency response organisations
to react rapidly, and for systems to resume normal operations
quickly following a hazard or extreme event.
Resilience has become a means of assessing how a system,
community or society responds to and recovers from a hazard.
The importance of resilience has been covered extensively but
Godschalk [3] summarised it neatly as being twofold; firstly as
a means of better preparing for the uncertainty of hazards, and
secondly, that infrastructure and communities should cope
better in resilient cities where fewer buildings should collapse,
fewer power outages should occur, fewer households and
businesses should be put at risk, fewer deaths and injuries
should occur and fewer communications and coordination
breakdowns should take place.
Definitions of Resilience
There are many ways of defining resilience but it is typically
considered as the capacity of a system, community or society
potentially exposed to hazards to adapt, by resisting or
changing, in order to reach and maintain an acceptable level of
function and structure [4–8]. The concept of resilience
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originated in the fields of psychology and psychiatry in the
1940’s [5,9], and has been used widely in the areas of
environmental research, physics and sociology [4,10].
Resilience is frequently used to describe the ability of a
community to respond and adapt following a hazard. It is only
recently that this term has been applied to infrastructure and
more specifically, transport infrastructure.
In relation to transport infrastructure systems, resilience was
described as “the system’s ability to provide and maintain an
acceptable level of service when normal operations are
challenged” [7]. Vugrin et al [11] described resilience with
respect to infrastructure as follows: “given the occurrence of a
particular disruptive event (or set of events), the resilience of a
system to that event (or events) is the ability to efficiently
reduce both the magnitude and duration of the deviation from
targeted system performance levels”. A thorough review was
performed in the RESILENS project (resilens.eu, [8]) which
used the definition from the US Department of Homeland
Security (DHS) as the basis for their work. This states that “The
ability of a system or systems to survive and thrive in the face
of a complex, uncertain and ever-changing future. It is a way
of thinking about both short-term cycles and long-term trends:
minimizing disruptions in the face of shocks and stresses,
recovering rapidly when they do occur, and adapting steadily
to become better able to thrive as conditions continue to
change. Within the context of critical infrastructure (CI), the
RESILENS process offers a cyclical, proactive and holistic
extension of risk management practices”.

CERI-ITRN2018

Bruneau [6,12] further developed the concept of resilience,
particularly in relation to community resilience, and introduced
the “four Rs” in a quantitative methodology which has been
applied to both physical and social systems. The “four Rs” are
Robustness, Redundancy, Resourcefulness and Rapidity of
Response, whilst the dimensions which should be considered
with respect to resilience were also introduced as Technical,
Organisational, Social and Economic (TOSE).
These definitions and descriptors were considered in this
paper to develop of a quantitative methodology to determine
the resilience of an infrastructural element as presented in the
next section. The developed methodology incorporates fragility
curves which are used to determine the probabilistic resilience
of individual structural components. Note that this
methodology focuses on the structural integrity and robustness
aspects of resilience whilst considering losses but does not
consider all aspects of resilience.
2

METHODOLOGY

Bruneau [6,12,13] introduced the idea of resilience as a timedependent quality measurement (Q(t)) which was subsequently
used by several authors. More specifically, the quality
measurement was defined as system performance ranging from
0% for no service to 100% at full service. For example, a
system may be operating at 100% when a hazard affects the
system at time t0E (time of event occurrence), and performance
drops to say 50%. Over time, following a recovery period of
TRE, at time t0E+TRE, full service may be restored. If the system
is completely repaired, 100% performance may again be
achieved (Figure 1). Loss of resilience, R, or expected
degradation in quality, is defined according to Equation 1
[6,12,14]:
𝑡

0𝐸

+𝑇𝑅𝐸

[100 − 𝑄(𝑡)]/𝑇𝑅𝐸 𝑑𝑡

(1)

The quality measurement, Q(t), represents capacity or
functionality of a system and may be expressed as follows [12]:
𝑄(𝑡) = 100 − [𝐿 ∙ 𝐹 ∙ 𝛼𝑅 ]

(2)

𝑄(𝑡) = 1 − [𝐿(𝑡0𝐸 ) ∙ 𝑓𝑟𝑒𝑐 (𝑡, 𝑡0𝐸 , 𝑇𝑅𝐸 ) ∙ 𝛼𝑅 ]

(3)

Where: L=L(t0E) is the magnitude of the loss function,
F=frec(t,t0E,TRE) represents the recovery function after the time
of event occurrence t0E, where TRE is the recovery period, and
αR is the functionality recovery factor (αR = 1 for full capacity
replacement, αR > 1 if increased capacity is required or αR <1 if
less than full capacity replacement is required).
All of the above variables vary between 0 and 1 except where
specified for αR.
The Loss Function L(t0E)
The loss function L(t0E) is measured as the ratio of the actual
loss (monetary, physical, technological and informational) at an
expected performance limit state (LS) with respect to the cost
of maintaining the full performance measure (FP) expressed in
the same units as the loss, as:
𝐿(𝑡0𝐸 ) = [𝐿𝐿𝑆 (𝑡0𝐸 )/𝐹𝑃] ∙ 𝑃𝐿𝑆 (𝑅𝑟𝑒𝑠 ≥ 𝐿𝑆)

Figure 1. Effects of an event with intensity I1 on the (a)
functionality, (b) fragility curves [15]
The Recovery Function ,frec(t)

Quantitative Resilience Assessment

𝑅 = ∫𝑡 0𝐸

probability function is known as the fragility function. Losses
may be direct or indirect, and divided into economic losses or
casualties. Direct losses are those that occur instantaneously
during the event, whilst indirect ones also have a temporal
dependence. Cimellaro et al. [14] and Solomos et al. [15]
provide further detail on how to define the losses.

(4)

Where PLS(Rres≥LS) is the probability that the system
response Rres will exceed the performance limit state, LS. This

The recovery F may also be described by a function frec which
is dependent on recovery time TRE. There are a number of
options for the recovery function which can be chosen
dependent on the system and societal preparedness response
[15,16]. These are linear, exponential and trigonometric and
defined as follows:
Linear:

𝑓𝑟𝑒𝑐 (𝑡) = 𝑎 (

Exponential:

𝑓𝑟𝑒𝑐 (𝑡) = 𝑎𝑒

𝑡−𝑡0𝐸

[

𝑇𝑅𝐸

)+𝑏

(5)

−𝑏(𝑡−𝑡0𝐸 )
]
𝑇𝑅𝐸

(6)

𝑎

Trigonometric: 𝑓𝑟𝑒𝑐 (𝑡) = {1 + 𝑐𝑜𝑠[𝜋𝑏(𝑡 − 𝑡0𝐸 )/𝑇𝑅𝐸 ]} (7)
2
Where a and b are constants that are calculated using best
curve fitting to available data sources, and t0E and TRE are the
time of event occurrence and recovery time respectively as
described previously.
The type of function selected depends on the level of
information available about the system. If there is no
information available regarding the preparedness, resources
available and societal response, then the linear recovery
function may be used (Figure 2 (a)). The trigonometric function
may be used when there are limited resources or there is a lack
of organisational preparedness (Figure 2 (b)). The exponential
recovery function can be used when the societal response is
driven by an initial flow of resources but then the rapidity of
recovery decreases as the process nears its end (Figure 2 (c))
[14,15].
Following this, fragility curves for the system may be
constructed and system functionality over time may be assessed
[15]. Functionality curves describe system performance or
quality, Q(t) (as described in Eq. 2), before, during and after a
hazardous event. In Figure 1 (a), the functionality over time is
presented. The structure remains undamaged up to time t0 when
an event of intensity I1 occurs. Until that time, the fragility of
the structure is represented by the blue (further right) curve in
Figure 1 (b). Due to the event, the system’s fragility degrades
as represented by the red line (further left) in Figure 1 (b).
Therefore, if another event of intensity I1 occurs, the fragility,
or probability of damage to the structure is higher than for the
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undamaged structure. Fragility functions can also demonstrate
the influence of retrofitting and resourcefulness as can be seen
in Solomos and Caverzan [15].

Figure 3. Aerial view of the Boyne Viaduct superstructure
[18]

Figure 4. Boyne Viaduct truss – critical connection shown in
red
Fragility Curve Development

Figure 2. Recovery Curves for (a) average prepared
community, (b) not well prepared community, (c) well
prepared community [14]
3

EXAMPLE
Introduction

An example demonstrating implementation of the methodology
outlined in Section 2 is described in this section. Corrosion of
a steel connection in the Boyne Viaduct, a railway bridge
located in Drogheda, Ireland, (and shown in Figure 3) is
selected as an example to demonstrate how resilience may be
calculated for an infrastructural element.
The Boyne viaduct, as it exists today, was constructed in the
early 1930s and consists of fifteen semi-circular masonry arch
spans and three simply supported steel-girder spans. This
assessment only considered the central steel-girder span. A
view of the steel superstructure of the Boyne viaduct is shown
in Figure 3.
The Boyne Viaduct has been assessed extensively by both
deterministic and probabilistic methods as part of the H2020
EU-funded projects Destination Rail and GoSafeRail ([17,18])
resulting in good availability of structural drawings and
monitoring data for this structure.
Observation of pitting corrosion of a steel plate connection
during a routine inspection is selected as the “event”, and the
most critical element as determined by previous analysis,
connection A1, was chosen to be assessed. This is shown in
Figure 4 [18].
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Firstly, a finite element model of the bridge was developed in
Midas Civil. The bridge was modelled using linear-elastic
beam elements, with full fixity at node points. The construction
drawings of the bridge were used to calculate cross section
properties and a steel grade of S235 was assumed throughout.
Further detail on the model may be found in [17,18].
Next, the critical level of corrosion, ccrit is defined as the level
of corrosion which corresponds to a reliability index, β = 4.2.
Any level of corrosion greater than ccrit is deemed to violate the
limit state (LS). The target reliability index of 4.2 is chosen
based on JCSS values [19] shown in Table 1, and is considered
to be the most appropriate for the current scenario considering
moderate consequences of failure and normal costs of safety
measures.
Table 1. Tentative target reliability indices (β) and
corresponding probabilities of failure (pf) related to one year
reference period and ultimate limit state [19]
Relative costs of
safety measures
Large
Normal
Small

Consequences of Failure
Minor
Moderate
Large
3.1
3.3
3.7
(pf≈10-3)
(pf≈5*10-4)
(pf≈10-4)
3.7
4.2
4.4
(pf≈10-4)
(pf≈10-5)
(pf≈5*10-6)
4.2
4.4
4.7
(pf≈10-5)
(pf≈5*10-6)
(pf≈10-6)

Corrosion propagation over time is generally modelled using
[20]:
𝐶(𝑡) = 𝐴𝑡 𝐵
(8)
Where C(t) is the average corrosion penetration in
micrometers (10-3 mm) at time t in years, and A and B are
determined by regression analysis of experimental data
calculated in [21,22], and shown in Table 2.
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The current level of corrosion of the connection under
consideration is determined by applying a “Rural” corrosion
environment to the model and calculating the probabilistic
distribution of corrosion for each degree of pitting (DOP) for
the bridge element following 86 years of service life.
ccrit in this case is determined analytically to be 23% of
section loss. This was calculated by incrementally increasing
the level of (uniform) corrosion by 1% and performing a
subsequent probabilistic analysis until a reliability index of 4.2
was achieved.
Table 2. Statistical parameters for A and B for carbon steel in
a rural environment [21,22]
Parameters
Mean Value, μ
Coefficient of Variation, σ/μ
Coefficient of correlation, ρAB

Carbon Steel – Rural
Environment
A
B
34.0
0.65
0.09
0.10
Not Available

The fragility curve may then be developed. The degree of
pitting (DOP) is the percentage ratio of the corroded surface
area to the original plate surface area. Monte Carlo simulation
using 1E8 samples is used to generate a probabilistic
distribution of corrosion depth, c, for each DOP value from 1
to 100. This number was validated by confirming that the same
results were obtained when the assessment was run a number
of times. From this, values exceeding the critical corrosion
depth, ccrit, can be determined and the probability of limit state
exceedance P(c>ccrit) may be calculated for each DOP value.
In order to present the data in the form of a continuous
cumulative distribution function, a lognormal curve is fitted to
the data as shown in Figure 5. The lognormal cumulative
distribution function has a median value θ and logarithmic
standard deviation βc which are determined to be [1358.7,
0.76]. This distribution is bounded by a maximum DOP of
100%.

For this example, a DOP of 75% is chosen as the hazard
event. This gives a probability of limit state exceedance of
0.713e-04. That is, the probability of the depth of corrosion
exceeding the critical depth (c>ccrit).
Loss Function
The loss function L(t0E), as described in Eq. 4, is related to the
actual losses, due to limit state (LS) exceedance, relative to the
cost of maintaining full performance of the system, FP, times
the probability of failure at that time, PLS, calculated from the
fragility function.
In this example, only economic losses are assessed. The cost
of maintaining the full performance of the system is assumed
to be €100m. The losses at any limit state, LLS, are dependent
on the hazard intensity and the probability of limit state
exceedance which is determined by the fragility function.
Losses may be incurred directly at the time of event occurrence
or may have a temporal dependence. In this case, direct
economic losses of €10m are expected to occur at the time of
event occurrence. This accounts for replacement of structural
components, repairs to corroded elements etc. Additional losses
of €20m are expected to be incurred during the recovery period.
These losses may be due to business interruptions and losses,
rental income losses etc., provision of alternative transport to
passengers due to closure of the bridge etc.
Recovery Function
In this example, it is assumed that limited knowledge on the
system and society preparedness is available, therefore a timedependent linear recovery function, defined in Eq. 5 and similar
to that shown in Figure 2, is chosen.
𝑓𝑟𝑒𝑐 (𝑡) = 𝑎 (

𝑡−𝑡0𝐸
𝑇𝑅𝐸

)+𝑏

(9)

Where a and b are constant values that are calculated using
best curve fitting by regression analysis to available data
sources and t0E and TRE are the time of event occurrence and
recovery time respectively as described previously. In this case,
the system functionality falls to 80% at t0E which is 50 days and
recovers full performance of 100% at 300 days (t0E +TRE) which
is shown in Figure 6. The recovery function at any time t then
becomes:
𝑡−50
𝑓𝑟𝑒𝑐 (𝑡) = 20 (
) + 80
(10)
250

Figure 5. Fragility curve showing probability of limit state
exceedance, PLS(Rres≥LS), i.e. c>ccrit, vs degree of pitting
(DOP) for connection A1 of the Boyne Viaduct
Figure 6. Linear recovery function used in this example
showing time of event occurrence (t0E) and recovery time (TRE)
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Functionality Recovery Factor (αR)
The functionality recovery factor, αR, describes the proportion
of capacity requiring replacement in the recovery of the system
[12]. If increased capacity is required, then αR >1, if full
capacity replacement is required, αR =1, or αR <1 if less than
full capacity replacement is required). In this example,
replacement of lost capacity is required so αR = 1.
Resilience Calculation
Now that all inputs have been quantified, the resilience of the
element may be quantified. Functionality is first calculated
based on losses experienced and time taken for recovery as
shown in Eq. 3. Resilience may then be calculated based on Eq.
2.
The resilience of the Boyne Viaduct to a 23% corrosion loss,
considering economic losses of €30m, and a recovery time of
250 days, based upon the detailed assumptions is found to be
99.9% which may be considered a high level of resilience. This
is to be expected, considering that the occurrence of sufficient
corrosion to cause failure at ULS is a low probability event, and
given that this assessment considers only one element of the
structure, rather than the entire structural system.

The example presented in this paper is simply a
demonstration of how resilience may be quantified for a single
element of a structure. This methodology may also be extended
to a system or network level, combining component fragilities
to determine and optimise enhancement of network resilience
as a whole.
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ABSTRACT: The current housing stock is not only constituted of recent buildings designed under building directives concerning
seismic activity (Eurocodes, Japan standards, among others), but also by many older structures which are not prepared to resist
seismic activities. In order to prevent damages to those structures, reflection and research should be conducted on how those
structures can be retrofitted and adapted to their seismic surroundings.
This field of study raises a question concerning the identification of the most suitable design tools. This is the reason why a
preliminary assessment is necessary on the utility of the already existing tools for this type of studies. This paper engages in this
preliminary assessment. It uses the simulation software ANSYS to evaluate its utility in the seismic upgrade of existing buildings.
The paper focuses on steel buildings retrofitted with braced frames.
The study simulates a real situation using the software and investigates the convenience of using ANSYS in the presented context.
The study covers two relevant aspects of this type of modelling. The first one is the creation of a parsimonious model, that is, the
simplest model capturing the significant information. The second one is the different types of analysis required to model the
seismic response of steel building frames. The paper assesses the ability of ANSYS to enable the selection of suitable brace
members resisting specific interstorey drifts and floor accelerations. Thereafter, the reliability of the results and the usability of
ANSYS are discussed.
KEY WORDS: Retrofitted structures; ANSYS modelling; ANSYS utility; steel buildings; earthquake engineering

1

INTRODUCTION

In addition to the housing stock unprepared to resist seismic
activity, new man-induced changes in the geological
configuration, such as the long-term gas extraction, have been
seen to grow the earthquake activities, exposing the existing
structures to unexpected seismic actions. This phenomenon is
depicted in an article written by Charles Vlek, in 2018: Induced
Earthquakes from Long-Term Gas Extraction in Groningen,
the Netherlands: Statistical Analysis and Prognosis for
Acceptable-Risk Regulation[1] .As these man-induced changes
will continue in time, it seems necessary to start a long-term
program of retrofitting the unprepared buildings. Regarding the
short-term actions, the identification of the best tools to analyse
the existing structures and assess the structural needs are a
matter of interest. Many modelling tools exist and choosing the
wrong one can lead to unusable results, thus a loss of time and
energy. The assessment of the different tools needs to be
conducted upstream to avoid a lack of knowledge when
selecting a tool.
As earthquakes are already a matter of interest due to their
natural presence is many countries and their damaging impacts
on buildings, many academic researches already focused on
this field. L. Di Sarno and A. S. Elnashai, in their article

published in 2009: Bracing systems for seismic retrofitting of
steel frames[2] evaluated the performance of different bracing
systems for retrofitting steel moment resisting frames. In their
article, they used the software DRAIN-2DX and provided the
results from their analysis. Such an academic paper is very
useful to know that DRAIN-2DX can be used for this type of
analysis, however it does not focus on the software itself and
its utility. It is thus difficult to use it in a comparison of several
softwares. Also, Magudeaswaran P, A. Dinesh and P.
Eswaramoorthi in their article published in 2016: Pushover
analysis of steel frame analyse and evaluate the seismic
performance of bare steel frame and braced steel frame[3], ran
a similar analysis and compared their results with experimental
data. They use ANSYS and AutoCAD, two softwares. Once
again, the paper focuses on the results but not the software
itself. Consequently, it appears that proceeding to a choice is
difficult as no analyse on the tools themselves are directly
accessible.
This paper engages in the short-time goal which is the
assessment of the tools. It assesses one software, ANSYS
Parametric Design Language (APDL), and its utility in a
specific situation. This situation is the seismic retrofit of steel
building frames.

618

CERI-ITRN2018

The paper is organised as follows: the first part will cover the
methodology of the analysis and the different applications that
can be conducted on the steel building frames. The second part
will broach the limitations of the software, including both, the
technical limitations and the limitations regarding the use of the
software.
2

METHODOLOGY AND APPLICATION
Methodology

Different software packages are used nowadays in structural
analysis and some of them are specifically adapted to seismic
resistant structures. Among those structural software packages,
Robot from AUTODESK, RAM Structural System or
OpenSees can be mentioned. Nevertheless, some software
packages not specifically designed for structural analysis might
be used to do so as they can be more general. It is the case of
APDL on which this paper focuses. APDL (ANSYS Parametric
Design Language) is a scripting language used to parameterize
the model, reducing effort in modelling common tasks.
Analyses of seismic resistant buildings are based on some
recurring features. Each feature has associated a specific
structural behaviour. The proper selection of the features is key
to obtain meaningful results and they should be compatible
with the type of required approach. Three approaches can be
distinguished: a static analysis, a dynamic analysis (with
ground acceleration loading), or an analysis that includes both,
static and dynamic analyses. Both, static and dynamic analysis
can be performed with either a linear elastic model or a nonlinear inelastic model.
In this paper, only the static analysis with elastic and inelastic
models is under study. The numerical data generated will
include pushover curves from nonlinear static analysis.
Application
The analysis will be conducted through some concrete cases.
The system introduced in Figure 1 will be presented in this
paper. The system is 9m high and 10m wide with nodes equally
spread in height and width.
4

8

12

3

7

11

2

6

10

1

5

9

Figure 1. Application case, geometry of the system, with the
nodes number indicated.
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It is a 2D representation of a steel building frame. Several
features have to be defined to obtain this system.
- creation of 12 nodes, introduced by their coordinates.
- creation of 21 elements that will link the different nodes: the
element used in this analysis is the BEAM 188. This element is
defined by SHARCNet [4]. It has six degrees of freedom at its
nodes that enables the rotation of the element around the
connections.
- definition of the cross-section of the elements: the element
is a truss with an internal diameter of 0.0465m and an external
diameter of 0.0508m. Those dimensions come from “Metric
Dimensions and Section Properties of Round HSS” [5].
- definition of the material: the material is considered nonlinear and inelastic. To define its properties, the multilinear
analysis is used. This method consists in obtaining
experimental data of a traction test on the material studied. The
material used is the one shown in Table 1, from NonLinear
Materials. University of Alberta ANSYS Tutorials. 2003 [6]. The
experimental data of a traction test are introduced into the
software.
The material is defined by its Young’s modulus of 75Gpa and
its Poisson ratio of 0.3.
Table 1. Experimental data of a steel sample
Curve points
1
2
3
4
5
6
7
8
9
10
11
12
13

Strain
0
0.001
0.002
0.003
0.004
0.005
0.025
0.060
0.100
0.150
0.200
0.250
0.275

Stress [Pa]
0
75e6
150e6
225e6
240e6
250e6
300e6
355e6
390e6
420e6
435e6
449e6
450e6

Each point of this table enables the definition of the material
and the creation of a stress-strain curve of the material, as
shown in Figure 2. The x-axis labelled EPS corresponds to the
strain and the y-axis labelled SIG corresponds to the stress in
Pascal.
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Figure 3. Load steps, Substeps, and Equilibrium Iterations.
From this analysis, the data obtained can be plotted.

Figure 2. Stress-strain curve of the studied material. Stress in
[Pa].
- creation and definition of boundary conditions: the
boundary conditions are applied by avoiding some degrees of
freedom at the end of some elements. The system is fixed at its
ends at node 1, 5 and 9, thus those nodes do not have any degree
of freedom. For the other nodes, the degree of freedom is 3
(translations in the x-y plan and rotation around the z-axis).
More information on this topic will be given in Section 3.1
Definition of elements and external conditions.
- lay the foundation for the pushover analysis: “The
‘Pushover’ analysis is a non-linear static analysis carried out
under constant gravity loads and monotonically increasing
horizontal load.” This definition of a push-over analysis is
taken from Earthquake Resistant Steel Structures, Arcelor
Mittal [7]. In this analysis, the horizontal load will be a
horizontal displacement at the top of the building and the floor
reaction, at nodes 1, 5 and 9, will be measured. The horizontal
displacement will vary from 0 to a displacement of 0.5m in the
x-direction towards the right side. This displacement will be
applied at the top-left corner of the system, at node 4.
To conduct the analysis, the substep method will be used in
APDL. The method consists in applying a maximum load, or
load step (in this case the maximum displacement studied) and
then dividing the analysis into several substeps (as many as
needed) to reach the maximum. This method enables the
addition of substeps and calculates for each of them the
required values, here the reactions.
The method is shown in Figure 3.

Figure 4. Pushover curve. The highest curve refers to the
middle support (node 5). The middle curve refers to the left
support (node 1). The bottom curve refers to the right support
(node 9).
The graph on Figure 4 shows a pushover analysis given by the
load applied (here it is the displacement of the node at the topleft corner of the structure, in meters) versus the reaction at the
support along the x-direction, in Newton. It is possible to see
that the graph has negative values. The sign of the value
(positive or negative) corresponds to the direction of the vector.
According to the coordinate system in Figure 1, positive values
indicate vectors with a direction towards the right and negative
values indicate vectors with a direction towards the left.
Other graphs can be obtained with the reaction forces at each
node.
Also, it is possible to obtain a representation of the deformed
shape after the deformation as shown in Figure 5. This output
can be useful to make sure the system reacts as expected.
Otherwise, it could mean an issue regarding the definition of
some boundary conditions or other characteristics of the model.
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As occurs with other software packages, APDL does not allow
the introduction of forces or displacements at a location of a
member other than the ends. To do it, the definition of
intermediate nodes is required.
Difficulty in becoming acquainted with APDL
APDL is not as user-friendly as other software packages. This
might be because the graphical user interface has not been
recently updated. This is not dramatic per se, however, it can
represent a drawback of the program as it takes more time to
become familiar with it than with other software packages. This
aspect may be relevant for professionals and researchers who
do not know yet how to use it and try to figure out if APDL is
the most suitable tool to use. It is highlighted that the graphical
user interface of APDL is far from the ANSYS Workbench
platform, a much friendlier environment that merges
visualization tools, simulation processes, physics analyses.
Figure 5. Deformed shape of the structure
Moreover, it is possible to obtain the internal moment and
internal forces of the elements. Therefore, the required results
for a pushover analysis are available with APDL.
3

LIMITATIONS
Definition of elements and external conditions

4

When creating a system on APDL, it is possible to choose
different types of elements, including LINK180 and BEAM188
as they are labelled in the software. These are the two most
relevant types of elements for a braced frame system. LINK180
is defined by SHARCNet [4] as a spar with three degrees of
freedom at each node where bending of the element is not
allowed. BEAM188 is defined as a beam with six degrees of
freedom at each node where the element can bend. In the
example presented, both elements should be used. LINK180
element is closer to a truss which is what is used in a braced
system. But also, the analysis of the structure needs to consider
the buckling of some members, thus the use of BEAM188
element is necessary as well.
This definition of elements raises a question on how to define
the connections between the elements. The connection
conditions are pre-established when the type of element is
selected. For instance, the connection of two BEAM188
elements through a hinge is not directly allowed.
When defining external conditions (forces, moments or
displacements), similar to other commercial software packages
of structural analysis, such as SAP2000, it can be done by
defining the external conditions directly at nodes. No issue has
been identified in that regard.
Thus, there is a limitation in the differentiation between the
external conditions that would be applied at the support of the
system and the roof displacement, and the actual connection
between the elements themselves (for instance embedded or
pinned).
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APDL is not only made for structural analyses thus some
features are not easily reached or clearly defined, as for instance
the element’s topic described above.
This assessment only focuses on APDL. Other potential uses
could be examined, for example, it could be interesting to
couple the use of Autocad or ANSYS Workbench, making
some features easier to define and use.
Also, some characteristics are unclear. The most obvious case
is related to the “loads”. Indeed, when it comes to define
conditions (displacement, forces, pressures, moments among
other things), the user has to go through the “Loads” function.
This criterion of the software design does not seem very
natural, especially in the case of a displacement.

4

CONCLUSION

ANSYS Mechanical APDL might be a very powerful tool to
run complex analyses as a result of the variety of options in the
analysis, models, and results available. As a matter of fact, all
the parameters required by the project have either been
obtained or shown good signs of their feasibility. For the ones
that have been obtained, the pushover analysis, the interstorey
drift, and the linear and non-linear models can be mentioned.
And for the ones that show good signs of feasibility, the
dynamic analysis can be mentioned. But ANSYS Mechanical
APDL lacks various features, whose existence might be very
convenient for this type of not so complex systems, as for
instance, quick familiarisation of the tools available or
accessibility of important features of the system (definition of
materials and element types).
Although this assessment of APDL has been conducted to serve
as a basis for comparison with other software packages, the
presented analysis gives the first insight of its utility even
without comparison. Not necessarily on the accuracy of the
analyses themselves but also on the familiarisation of the
software and its ease of use. Therefore, APDL does not appear
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as a good tool for modelling the seismic retrofit of steel
building frames if the user lacks proficiency in ANSYS design
language, given that the already implemented features only
allows the consideration of few cases of low complexity.
This assessment of APDL should be compared to assessments
of other programmes to provide a rigorous comparison. The
good aspects of APDL could be combined with other
programmes to make the best of it, which would require another
assessment on the optimal combinations to use.
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ABSTRACT:
Use of concentrically braced frames (CBFs) in seismically active areas has increased following performance issues with other
steel frame configurations during recent earthquakes. CBFs can be designed to dissipate the energy imparted to buildings during
earthquakes through the cyclic yielding and buckling of their diagonal braces. Current international codes of practice including
Eurocode 8 (EC 8) use a capacity design approach where system over-strength factors and limits on brace slenderness are imposed
to ensure the ductile and dissipative behaviour is confined to the intended region of the frame i.e. the braces.
It has been suggested that the specific EC8 requirements for CBF design relating to diagonal slenderness and in particular the
distribution of diagonal overstrength can lead to overly large system overstrength factors during design and a corresponding
premium in overall structural weight. Brandonisio et al. (2012) proposed a modified approach to CBF design (the Ω* method)
intended to reduce the total weight of structural frame required while retaining satisfactory performance levels under seismic load.
In this paper EC8 and the Ω* method are each applied to design case study buildings of 4- and 8-storeys where the number of
CBFs resisting earthquake loading is varied from 3 to 9. It is found that the Ω* method allows diagonal cross-section sizes to be
more closely aligned the design axial load demand, achieving lower system overstrength factors during design and lower total
weights of structural steel frames than EC8. Non-linear pushover analysis is then used to show the frames designed to EC8 tend
to exhibit notably higher system overstrengths than those designed using the Ω* method. It is observed that this difference becomes
more pronounced as greater numbers of CBFs are introduced to resist earthquake loading.

KEY WORDS: Earthquake Engineering, Capacity Design, Concentrically Braced Frames, Non-Linear Pushover Analysis
1

INTRODUCTION

Concentrically braced frames (CBFs) are an efficient and cost
effective means of resisting the horizontal loading induced in
buildings during earthquake events. They offer a number of
advantages over other commonly used framing systems such as
moment resisting frames (MRFs). The inherent stiffness of the
CBF configuration makes it an efficient means of controlling
the lateral drift in buildings during earthquakes, minimising
non-structural damage and resulting residual deformations.
During high intensity earthquake events the alternate cyclic
yielding and post-buckling deformation of the braces in CBFs
dissipates the energy imparted to the structural frame. As a
system of predominantly axially loaded members with pinned
connections CBFs are relatively easily designed and the simple
nature of the pinned connections reduces construction costs and
simplifies construction. The introduction of appropriate
bracing to form a CBF arrangement can be adopted to retro-fit
buildings where appropriate earthquake resistance is required.
The popularity of CBFs has increased in recent years
following the premature fracture of many beam-column
connections in the 1995 Northridge earthquake which resulted
in the development of new and more onerous MRF connection
requirements and an associated further increase in construction
and inspection costs of such frames. CBFs are therefore
considered generally less expensive than MRFs, particularly
where drift requirements govern the design. The premature
fracture of a number of eccentrically braced frames (EBFs) in
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the 2011 earthquake in Christchurch has also added to the
popularity of CBFs [1].

(a)

(b)

(c)

(d)

Figure 1. CBFs with diagonal bracings (a),(b) and v-bracing
(c),(d) (from Eurocode 8 [2])
CBFs can be configured in a variety of ways including
diagonally braced, V-braced, split V bracing, X-bracing etc.
(Figure 1). In all CBF configurations the diagonal braces are
designated the dissipative elements and the columns, beams
and connections are designed with sufficient over-strength to
ensure their capacity is not reached before yielding of the
braces has occurred.
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Capacity Design
The principle of capacity design underpins the provisions of
both the European and U.S. codes of practice, although it is
more explicit in the case of EC8 [2]. Capacity design ensures
that yield is first reached in pre-selected ductile regions of the
structure before the capacity of the other regions is reached.
These other (non-ductile) regions are designed to withstand,
with a reasonable safety margin, the forces corresponding the
highest possible capacity i.e. the ultimate capacity of the critical
ductile region. The ductile region may therefore be consider as
a ‘fuse’ limiting the forces generated in the non-ductile parts of
the structure.
Capacity design is particularly suited to earthquake resistant
structural design, where structures are designed to yield in
extreme earthquake events and where forces within the
structure during such events are subject to large uncertainty.
Using this approach ensures with a reasonably high degree of
certainty that during such events yielding will occur in a ductile
manner before brittle failure occurs.
To ensure the non-ductile parts of the structure have
sufficient capacity EC8 assigns overstrength factors to the
design forces of members in these areas. The overstrength
considers the range of variation in material strength (𝛾𝑂𝑉 ) and
the residual (system) overstrength of the structural elements in
the ductile region (Ω).
The alternative approach investigated in this paper proposes
amending the method by which this overstrength factor is
determined. This paper examines the impact of this amendment
on the design of CBF buildings to resist earthquake loading.
2

EUROCODE 8 DESIGN APPROCH TO CBF DESIGN
General Approach – Force Based Design

In common with other international seismic design codes of
practice such as the U.S.[3], Eurocode 8 [2] prescribes a force
based design approach. An elastic response spectrum for the
site is generated from the seismic hazard level and the ground
conditions. The elastic spectrum is then reduced to create the
design spectrum by applying an appropriate behavioural factor
(q) to account the energy dissipated by the structure during a
seismic event. The value of q is influenced by the configuration
of the lateral load resisting system, the material(s) used, the
desired ductility class and the degree of irregularity in the
structural layout. From the design spectrum and an initial
estimate of the structural period, a value for the design base
shear force is determined and used to estimate the design
seismic forces on the structure. This simplified approach allows
the designer to then use linear analysis to determine member
sizes.
Specific Requirements for CBFs
E.C.8 contains guidance for two separate categories of CBF,
diagonal bracing (including X-bracing) and V-bracing. Much
of this guidance is provided to ensure the diagonals yield before
excessive damage to or premature failure of the connections,
beams and columns in keeping with the capacity design
philosophy. The specific guidance for X-braced CBF’s is
summarised here.

2.2.1

Determination of Diagonal Design Axial Forces

A maximum behaviour factor (q) of 4 is used for frames
designed as ductility class high (DCH). Only tension diagonals
are considered in the analysis of the frame to determine
member design axial forces.
2.2.2

Diagonal Slenderness and Width-to-Thickness Limits
The non-dimensional slenderness of a member (𝜆̅) is
determined as follows
𝑁𝑃𝑙,𝑅𝑑
𝑁𝐶𝑟

𝜆̅ = √

(1)

where Npl,Rd is the design plastic resistance of the cross-section
and Ncr is the elastic critical force for the relevant buckling
mode. An upper limit of 2.0 is placed on the non-dimensional
slenderness of all diagonals to ensure satisfactory behaviour
under cyclic loading. In CBFs with X-bracing a further lower
bound of 1.3 is placed on the diagonal non-dimensional
slenderness to prevent overloading of the columns in the
diagonals’ pre-buckling stage
1.3 ≤ 𝜆̅ ≤ 2.0

(2)

To prevent premature fracture of the diagonal members due
to local buckling, EC8 also stipulates a minimum member class
dependent on the intended degree of ductility in this zone.
2.2.3

System Overstrength

The overstrength of a diagonal at the ith level of a CBF (Ω𝑖 ) is
defined as
Ω𝑖 =

𝑁𝑃𝑙,𝑅𝑑,𝑖

(3)

𝑁𝐸𝑑,𝑖

where 𝑁𝐸𝑑,𝑖 is the design axial tension in the diagonal due to
seismic action. The system overstrength factor (Ω) is defined
as the minimum of the overstrengths of the individual diagonals
in the relevant braced frame i.e. for a CBF with n storeys
Ω = 𝑚𝑖𝑛{Ω1 , Ω2 … Ω𝑖 … Ω𝑛 }

(4)

To ensure homogeneity of the vertical distribution of plasticity
and prevent “soft storeys” during high intensity earthquake
loading the maximum difference in diagonal overstrength in
each individual braced frame is limited to 25% i.e.
Ω𝑚𝑎𝑥
Ω𝑚𝑖𝑛

≤ 1.25

(5)

To prevent damage or premature failure of connections, beams
and columns the design axial forces from seismic action (NEd,E)
are amplified using the system (Ω) and material (𝛾𝑂𝑉 )
overstrength factors as follows
𝑁𝑃𝑙,𝑅𝑑 ≥ 𝑁𝐸𝑑,𝐺 + 1.1𝛾𝑂𝑉 Ω𝑁𝐸𝑑,𝐸

(6)

where 𝑁𝐸𝑑,𝐺 is the design axial load in the relevant nondissipative element due to the non-seismic actions (typically
gravity loading) and 𝑁𝐸𝑑,𝐸 is the design axial load in the
element due to seismic action. EC8 does not currently offer
specific guidance on other CBF configurations such as split-X
or zipper columns which are covered in other codes of practice
including those in the U.S.
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Discussion of Eurocode 8 Approach
In a comprehensive review of EC8 provisions for steel frame
buildings Elghazouli [4] notes the influence of slenderness
limits on CBF design and in particular the difficulty satisfying
the lower bound limit of 1.3 in certain cases. He also suggests
the 25% limit on the maximum difference in overstrength may
be significantly relaxed or removed if measures related to
column continuity and stiffness are incorporated into design.
To address these issues Giugliano et al [5] propose a Reduced
Section Solution (RSS) for brace design similar in principle to
the “dog-bone” method used in beams in moment resisting
frames. Brace axial resistance is matched to the design axial
force under seismic loading by reducing the cross-sectional
area at each end, thus eliminating overstrength while leaving
brace slenderness substantially unchanged.
Costanzo et al. [6] discuss shortcomings of the EC8 approach
to CBF design in the context of chevron configurations, noting
that the 25% overstrength distribution requirement can result in
uneconomical and impractical solutions while not always
ensuring the intended uniform distribution of ductility along the
building height. Relaxing this requirement at roof level only is
not sufficient to prevent soft storey mechanisms forming or to
guarantee plastic behavior of the braces in tension. Considering
brace buckling in compression as the first non-linear event
when calculating overstrengths improves the distribution of
plasticity without greatly improving overall energy dissipation.
Marino [7] proposes a single unified approach to the design
of CBFs with diagonal and chevron bracing configurations.
Based on the EC8 procedures, the approach uses a single
common behaviour factor of q = 3.5 and considers both the
yielding strength of the tension braces and the post-buckling
strength of the compression braces to determine lateral
resistance.
Wijesundara [8] notes that consideration of the tension braces
only in the design of CBFs as per EC8 provisions may lead to
over-estimation of the structural period in the case of frames
with stocky or intermediate braces that in turn leads to
underestimation of the elastic force demand on the structure.
A review of experimental studies of brace behaviour by
Kazemzadeh Azad and Topkaya [9] reveals that significant
dynamic overshoot is likely in brace forces during strong
earthquakes. Brace slenderness is the most dominant parameter
in the level of overshoot with observed resulting increases as
high as 20 - 150 % and 25 - 50 % in column and beam axial
forces respectively. The effects of dynamic overshoot in the
capacity design of other members of CBFs such as columns,
beams and gusset plates is not explicitly considered in current
EC8 procedures.
Performance based design methodologies such as Direct
Displacement Based Design as proposed by Priestley et al [10],
Sullivan and Calvi [11]etc. have also been put forward as a full
alternative to the force-based approach of EC8. Goggins and
Salawdeh [12] apply this approach to design a set of case study
CBF buildings and verify the results using NLTHA, finding
that DDBD can result in lower values for the design base shear
therefore requiring smaller brace cross section sizes.
Brandonisio et al. [13] examine the EC8 provisions for CBF
design in detail noting that slenderness and homogeneity of
overstrength requirements can lead to oversized diagonals or
rule out feasible structural solutions entirely. To address these
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shortcomings they propose a series of modifications to the EC8
approach referred to as the Ω*method which is now examined
in greater detail in this paper.
3

MODIFIED DESIGN APPROACH - Ω* METHOD

The modifications to the EC8 approach proposed by
Brandonisio et al [13] and Bosco et al [14] relate primarily to
the determination of an alternative system overstrength factor
(Ω*). The aim is to control the system overstrength requirement
thereby reducing the structural weight of the non-dissipative
elements of the CBF (the beam and columns) without
compromising the required inelastic behavior of the dissipative
elements (the diagonals) under seismic load. It closely follows
EC8 provisions but with the following modifications:
 Only the upper bound requirement for non-dimensional
slenderness (𝜆̅ ) set out in EC8 must be fulfilled i.e.
𝜆̅ ≤ 2.0

(7)

 The overstrength of each individual diagonal is calculated
as before (Equation 3) but not all diagonals need to satisfy
the overstrength homogeneity requirement. Instead, a
̅ i) is
subset of the diagonals that do meet this requirement (Ω
created.
̅ 𝑖 = {Ω𝑖 } ∶ Ω𝑖⁄
Ω
Ω

𝑚𝑖𝑛

≤ 1.25

(8)

Diagonals not in this subset are not considered part of the
dissipative mechanism of the CBF. Bosco et al [14] note
that to ensure sufficient braces are included in the
dissipative zone a designer may consider oversizing the
diagonals with the lowest Ωi values.
 A new system overstrength factor Ω* is defined as
̅ 𝑖 ; 𝜉𝑖̅ = 2 𝜒𝑖 Ω
̅𝑖 )
Ω∗ = Ω∗𝑚𝑎𝑥 = 𝑚𝑎𝑥(Ω

(9)

Where 𝜒𝑖 is the ith brace buckling reduction factor for the
relevant mode of buckling calculated in accordance with the
provisions of Eurocode 3 [15]. Use of the 𝜉𝑖̅ factor means
that Ω∗ takes into account the potential that the axial forces
induced in the columns at buckling of the stockier diagonals
(𝜆̅ ≤ 1.3) may be larger than the value predicted by the
tension only model used in EC8 to determine design axial
forces.
The design of beams, columns and connections is then verified
as before but with the modified system overstrength Ω∗ in place
of Ω i.e.
𝑁𝑃𝑙,𝑅𝑑 ≥ 𝑁𝐸𝑑,𝐺 + 1.1𝛾𝑂𝑉 Ω∗ 𝑁𝐸𝑑,𝐸 (10)
4

CASE STUDY

4- and 8-storey buildings which are identical on plan are
considered. The number of CBFs used to resist earthquake
loading (NCBF) is varied and EC8 and the Ω∗ method are applied
to obtain appropriate member sizes for each configuration. The
solutions obtained are compared in terms of system
overstrength values and total weight of CBFs required. Nonlinear analysis is then used to assess the actual peak lateral load
resisted by the designed frames.
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The case study buildings are 45 m x 15 m on plan with a regular
structural grid of 5.0 m in both directions and a storey height of
3.5 m at all levels. The floor plate is a one-way spanning
composite concrete slab supported by non-composite primary
and secondary steel beams as shown in Figure 2.

reference peak ground acceleration (agr) of 0.3 g is assumed,
with building importance class II (ordinary building) and 5 %
viscous damping. All cases are designed as ductility class high
(DCH) therefore a behaviour factor of q = 4 is applied.
Diaphragm action is assumed to evenly distribute the horizontal
loading at each floor between the braced bays. The initial
structural periods (T1) from the provisions of EC8 used to
determine the design base shears are T1 = 0.362 s and T1 = 0.61
s for the 4- and 8-storey buildings respectively.
4.1.3

Lateral loading is resisted by CBFs consisting of X-braced
bays running the full height of the building. Braced bays are
assumed to be symmetrically distributed on plan and located on
or near the perimeter of the building to minimise torsional
effects. Identical bracing arrangements are assumed in both
directions. Columns are assumed continuous over their full
height and are pinned at the bases. Beam to column connections
are assumed to be pinned, and for static analysis the brace ends
are also assumed to be pinned. For consistency, HE sections are
used throughout for beam and column members, with hotrolled square hollow cross-sections for the diagonal bracing
members. Grade S355 steel with initial yield strength (fyk) of
355 N/mm2 is assumed for all members.

As noted previously ([4],[5],[13] etc.) EC8 constraints can lead
to large system overstrength factors in CBFs. The upper limit
on brace slenderness limits the minimum section size that can
be used at upper floors where the seismic loading demand is
least. These over-sized members then dictate that the remaining
diagonals are similarly oversized to meet the requirement that
individual diagonal overstrengths do not vary by greater than
25%. Defined as the minimum of the individual diagonal
overstrengths, the system overstrength applied to the design of
non-dissipative elements is therefore high.
4

Design Overstrength (Ω,Ω*)

Figure 2. Plan of Case Study Buildings (dimensions in mm)
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Figure 4. Design system overstrengths for (a) 4-Storey and (b)
8-Storey Case Study buildings
This phenomenon is observed here in the design of both the
4- and 8-storey case study buildings to EC8. These constraints
dictate that diagonal member cross-section sizes do not change
significantly as NCBF is increased from 3 to 9, resulting in large
system overstrength values. The sample set of design member
sizes in Table 1 shows a typical case where reduced crosssection sizes were attained by applying the Ω* method.
Table 1. Member sizes, 4-Storey building, NCBF = 8
Figure 3. Case study CBF configurations (dimensions in mm)
4.1.1

Gravity Design

Initial design of the structural frame subject to gravity loading
only is carried out applying the principles of simple
construction [16]. Total characteristic permanent and variable
loads of 5.0 kN/m2 and 3.5 kN/m2 respectively are applied at all
floors including roof level.
4.1.2

Seismic Design

The design seismic load is the characteristic permanent load
plus 30% of the characteristic variable load. Any potential
contribution from the external cladding or internal partitions to
the overall stiffness and strength of the building is ignored.
Elastic response spectrum type 1 is used to determine the
reference elastic response spectrum. Ground type B and a

Diagonals
EC8
120 x 5.0 SHS
150 x 5.6 SHS
150 x 8.0 SHS
150 x 8.8 SHS

Ω*
120 x 5.0 SHS*
120 x 5.0 SHS*
120 x 5.0 SHS
120 x 5.0 SHS

Columns
EC8
HE 180 A
HE 240 A
HE 300 A
HE 400 A

Ω*
HE 140 A
HE 200 A
HE 240 A
HE 300 A

*Excluded from dissipative zone of CBF

Figure 4 shows that lower values of overstrength factor are
consistently obtained for the case study buildings using the Ω*
method, with the significant differences in configurations
where a greater number of CBFs is used. It is notable that in
these cases the diagonals on the upper floors are intentionally
oversized so as they are excluded from the dissipative zone of
the structure and hence the determining of the system
overstrength factor. The maximum number of diagonals
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excluded from the dissipative zone in the CBFs in this study
varies from 1 to 3.
The corresponding reduction in CBF column and beam cross
sections sizes result in more economical structural solutions
using the Ω* method as can be seen from Figure 5 where the
total weights of the required CBFs is determined as follows:

EC8

(11)

4000

Ω*

EC8

Ω*

3500
3000
2500

Pushover Analysis

2000
1500
1000
500

3

4

6

8

9

NCBF

(a)

0
3

4

6

NCBF

8

9

(b)

Figure 5. Total weight of CBFs for (a) 8-Storey and (b) 4Storey Case Study buildings
5

NON-LINEAR ANALYSIS

A reference numerical model is used to perform non-linear
pushover analysis of the case study CBFs.
Numerical Model

F v [kN]

A 2-D reference model is created using OpenSees [17]. For
each case study building it consists of the designed X-braced
CBF and a dummy column of very large stiffness. Braces are
modelled using non-linear beam-column elements with
distributed plasticity divided into fibres along the perimeter and
across the thickness of the member. Each brace consists of two
elements with ten integration points per element.

Pushover analysis is a non-linear static analysis carried out
under constant gravity loading and monotonically increasing
horizontal displacements. In the analyses presented here,
horizontal displacements are applied to the reference model in
a modal pattern consistent with the distribution of the lateral
forces obtained from initial elastic analysis of the CBF. The
control displacement at roof level is applied in 1.0 mm
increments and the corresponding response of the CBF is
recorded.
Selected pushover curves showing base shear (F v) v roof
level horizontal displacement are shown in Figure 7. For
buildings designed to EC8 there is little variation between the
curves obtained for the CBF arrangements considered as the
diagonals required did not vary with the number of CBFs used.
This is due to the constraints on diagonal slenderness and overstrength range. For CBFs designed using the Ω* method these
constraints are relaxed and a reduction in diagonal section size
is achieved as the number of CBFs used to brace the building
is increased. Corresponding reductions can therefore be seen in
the peak base shear values (Fv) in the pushover curves obtained.
4000
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𝑊𝐶𝐵𝐹 = 𝑁𝐶𝐵𝐹 𝑥 𝑊𝑆𝑖𝑛𝑔𝑙𝑒 𝐶𝐵𝐹

single-storey CBFs carried out as part of the BRACED project
[18]. Brace end connections are modelled as pin joints using a
combination of rigid elements and rotational hinges modelled
using zerolength elements. Steel material properties are
modelled using a uniaxial Giuffe-Menegotto-Pinto model with
isotropic strain hardening equal to 0.008.
The dummy column is used to consider global p-delta effects
- gravity loads (F) from the CBF tributary area less the gravity
loads on the CBF itself (FCBF) are applied as shown in Figure 6.
Horizontal rigid truss elements between the columns are used
to represent the diaphragm action of the floor slabs.
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Figure 7. Pushover curves for 8-storey CBFs designed using
(a) EC8 and (b) Ω* method

Figure 6. Reference CBF Model with allowance for P-delta
The contribution of the compression brace to the lateral
stiffness of the frame is represented by applying an initial inplane camber of 0.8 % of the brace length to the middle of each
brace to induce overall brace buckling. As SHS sections are
used for the diagonals it is sufficient to consider buckling in
one plane only. This approach has been previously verified
using the results of real-time full-scale shake table testing of
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Non-dimensional pushover curves are produced by plotting
recorded base shear (Fv) normalized against design base shear
(Fb) v roof level displacement normalized against overall
building height (h) to show the actual system overstrengths
achieved. Due to space constraints only the 8-storey case study
buildings are shown here in Figures 8 and 9.
There is significant system over-strength in the buildings
designed to EC8. As expected, the observed system
overstrengths increase with increasing numbers of CBF as the
previously outlined design constraints concerning diagonal
slenderness and distribution of diagonal overstrength resulted

CERI-ITRN2018

in little variation in diagonal sizes of individual CBFs when the
total number of CBFs considered is increased. System
overstrength values observed for CBFs designed to EC8 range
from 1.59 to 5.13.
6
5
4

differences between the stiffness and the strength of the frames
resulting from the two procedures. The different stiffnesses will
lead to different natural periods and response amplification
effects. The different strengths will lead to different
requirements for connections and frame members. As these
effects are earthquake-dependent, they can only be fully
assessed through NLTHA.

Fv / Fb
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ABSTRACT: “Multi-layer bending active timber gridshells, are composed of layers of laths which are usually
locked together after forming by using shear blocks and node connectors. The shear blocks generate composite action
between layers. This research examines the degree of composite action generated by shear blocks in a double layer
bending active gridshell made from Irish OSB. Gridshell behaviour is typically geometrically non-linear as members
are curved and usually subject to both axial and bending stresses. Furthermore the construction process adopted for a
given bending active gridshell will depend on the desired final form. Non-linear computer based analysis can help
designers determine a suitable shaping sequence and forces, possible final forms and the resulting stress pattern for a
given gridshell and loading. It is convenient in such computer models to treat a multi-layer grid as a single layer grid
of equivalent bending stiffness. This equivalent bending stiffness depends on the effect of the shear blocks. Previous
research carried out at UL has established a value for the degree of composite action based on a best fit of experimental deflection data to model predictions for a prototype double curved Irish OSB gridshell. However the composite action parameter Cs, was not directly measured experimentally. This paper describes exploratory research that
examines the degree of composite action of individual double layer strips of Irish OSB and compares results with the
apparent best-fit value previously noted. Preliminary results raise a number of interesting questions for further research.”
degree of compatibility of translation and rotation
between layers thereby generating composite action
between the two layers in respect of any subsequent
loading.

Keywords:
Gridshells, Orientated Strand Board, Material Testing,
Mechanical Testing

1. Introduction
Gridshells are three dimensional curved structures that
have sufficient strength and stiffness to cross large
spans using very little materials. Like shells, gridshells
are efficient in their material use, they support applied
loads mostly through ‘‘arching action’’ of their curved
form [1].There are practical and physical limitations on
the tightness of curvature to which gridshell members
of a particular cross-section can be bent. The depth of
member required in a single layer gridshell to achieve
relatively large spans may be too deep to permit easy
bending without fracture of the initially flat lattices to a
final shape with tight radii of curvature. The solution to
this problem is to use multiple layers to form the
gridshell. A double layer gridshell is, in simple terms
two single layer gridshells one placed on top of the
other but locked together after forming into a curved
surface to create the composite action required to
develop greater out-of-plane bending strength and
stiffness, even though individually each layer uses
smaller section sizes [1]. The layers are initially uncoupled. Therefore they deform independently of each
other and because of their small section size they can be
individually formed with tight curvatures. A single
layer gridshell (Fig 1-a) is one that has a single lath in
each direction whereas a double layer gridshell (Fig 1b) has two laths in each direction. When the double
layered gridshell is sufficiently close to the target shape,
the nodes and the shear blocks are locked, enforcing a

Fig 1: Single layer gridshell using timber member

2. Research Context and Rationale
This research focuses on determining the bending or
flexural stiffness of Irish OSB laths in both single and
double layer arrangements. The key issue being
investigated is the degree of composite action between
layers in a double layer assembly. Before describing the
details of the current study, some relevant results from a
prior study carried out at the University of Limerick
will be described [2]. Collins’ study aimed to build a
computational model that would predict the geometry,
deflections and stresses of single and double layer
bending active gridshells using Irish OSB [2]. While the
details of the computational model do not concern us
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no statistically significant variation in bending stiffness
between the face up and face down test results. The
overall mean Modulus of Elasticity measured by
Collins using 190 short test specimens cut from 8mm
thick Irish OSB sheets was 5625 N/mm2.

here, two aspects of Collins’ study are relevant for this
study:
1. The experimental tests carried out to establish the
material properties of Irish OSB, principally the Elastic
Modulus of the material.
2. The comparison made between the computational
predictions of deflection and the experimentally measured deflections for the double layer gridshell under
external loading.

Having determined the material properties and built a
computational model using a dynamic relaxation
algorithm, Collins built some single and double layer
OSB gridshells [2]. See figs 2 and 3. They were loaded
and deflections measured. Collins compared his
experimental gridshell deflection with the predictions of
his computational model. Collins reported good
agreement between predicted and measured deflections
for the single layer gridshells using the mean material
elastic modulus.

All Irish OSB is produced by one manufacturer: Medite
Smartply at their plant adjacent to Belview Port in Co.
Waterford, Ireland. It should be noted that Collins’
study was carried out between 2012 and 2014. The
material tested in Collins’ study was supplied in the
spring of 2014. This current study was made using
material supplied around September/October of 2016.
New presses were introduced to the manufacturing
plant and were commissioned during July and August
of 2016. Therefore the material used in this current
study is produced using more modern presses which
allow better control of the thickness dimension of OSB
sheets. In the light of the altered production process it
was decided that for the current study the elastic
modulus, E, would have to be rechecked. The stiffness
of some of the old OSB was also tested in the form of
long strips to check the variation in E along the length
of a single strip.

Fig 2: Single Layer Gridshells (Collins 2016)

There are two current standards for the sampling of
OSB for testing, EN326-1 (1994) and EN789 (2004).
The former is used for quality control during
manufacture and the latter for measuring properties
used in design. OSB is mostly used in wide panel form
rather than in narrow strips. As Collins has noted,
EN326-1 specifies the use of narrow test specimens
(b=50mm) while the sampling requirements set out in
EN789 are designed for the determination of
characteristic mechanical properties using medium
width test specimens (b=300mm). The material
properties measured from any specimen will be the
average across the test specimen width. These values
may not be representative of the narrow sections used in
some gridshells including the gridshell that was the
subject of Collins’ study. Therefore, narrower test
specimens were appropriate to determine the properties
of OSB for Collins’ study. The narrower specimen
width may result in a higher variation in measured data
between specimens but the data will be more
representative of the reality for bending active
gridshells [2].

Fig 3: Double Layer Gridshell (Collins 2016)
Collins modelling of
double layer follows the
approach outlined by D’Amico et al [4]. This involves
using a single value for the overall Moment of Inertia of
the two layers modified by a factor, (Cs) that accounts
for the degree of composite action of the double layer
structure. Cs may vary depending on the degree of slip,
if any, at shear block interface with the grid members.
This could depend on many factors including shear
block geometry spacing and fixing details, Collins did
not have any prior experimental measurements to
determine Cs for his prototype double layer gridshell.
Therefore he simulated the response of the experimental
gridshell computationally for the upper bound and
lower bound feasible values of Cs. These values are 1
and 0 and correspond respectively to full composite
action and zero composite action. Furthermore, having
gathered load-deflection data for the prototype
experimentally, he then tested various values of Cs in
his computational model to find the value that would
produce the best agreement between the model

Only short term properties were measured. Collins’ also
carried out shear and torsion tests but only the bending
stiffness results are relevant to this study. The OSB
product tested by Collins showed a smoother top face
than bottom. Therefore Collins carried out tests in both
the face up and face down positions in case the
manufacturing process might have resulted in product
with a through-thickness variation in stiffness. He found
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predictions and the measured deflections. That value
was 0.42. Collins had no directly measured data for Cs
so his value of 0.42 is a global “best fit” for a whole
gridshell. Collins notes that this value “would need to
be validated experimentally”. This study aims to fill
that gap in knowledge. No studies have been located
that measure Cs. It is certainly the case that no such
tests have been carried out using Irish OSB. This
research is the first such test using Irish OSB [2].

Fig 5: Typical test arrangement for OSB single layer
Therefore, in accordance with IS EN789 the maximum
load that was applied in the non-destructive test to
establish the material elastic modulus was 50 N, in
order to avoid any damage to the materials. Eleven
specimens, each 2.4m long were tested using the four
point bending test. Each specimen or strip of “old” OSB
was tested at 8 locations as described in fig 3. In order
to calculate the elastic modulus, the following equation
from EN408 would normally be used (1):

3 Methodology
3.1 Stiffness Measurements

E =

This study is an initial investigation and therefore
begins by testing similar layer arrangements to Collins
but in a flat (unbent) configuration. Collins had
established a value for elastic modulus E for 8mm thick
OSB using short test specimens in accordance with
relevant standards. However the possibility that the
material stiffness of an individual OSB lath might vary
significantly along its length was considered in this
research. The four point bending test measures the
elastic modulus by applying two loads on the beam as
shown in Fig 4. Note that while the standard prescribes
a test set up as shown in Fig 4, for this study the tested
specimen was a lath that extended past the two
supports in general on both sides since a full strip 2.4 m
long was being tested, as shown in Fig 5. At the time of
the destructive test that was done by Collins, the
characteristic strength (5th percentile) value from the
bending test was 14.7 N/mm2. Following EN789, the
applied load corresponding to this stress was calculated
using the equations below, as 122.5 N and 40% of this
is (almost) 50 N.

Where

I=

( F2 − F1 ) L12 L 2
16 (U 2 − U 1 ) I

bd 3
, (EN789, 2004)
12

(1)

(2)

In eq. (1) from (EN408, 2012) the deflections U1 and U2
are measured at the specimen mid-point and are relative
to the deflection at the point of application of the load.
F2 − F1 is the increment of the load between 0.1Fmax
and 0.4Fmax (Fmax = 50N max. load applied).
U 2 − U 1 (Deflection) is the increment of deformation
corresponding to the load increment F2-F1 using the
linear regression line, See Fig 6. Therefore the elastic
modulus E refers to the local area of constant moment
and curvature between the loads.
The bending strength is given by:

F max* L 2
2Z
The section modulus Z = bd2/6

fm =

(3)

Thus the values of Elastic modulus computed is the
secant modulus between the 10% and 40% load levels
where 100% is the maximum load Fmax applied in the
test (See Fig 6).

Fig 4: Four point bending test

Fig 6: The applied load in the single layer
However the test specimens were overhanging the
loaded portions, in contrast to the simply supported
conditions illustrated in EN408 and assumed in eq. 1.
Therefore an alternative means of establishing the
elastic modulus from the deflection data was devised. A
computer model reflecting the actual test arrangement
was made using the standard stiffness matrix method.

Fig 5: Typical test arrangement for OSB single layer
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The software (LinPro) is based on standard liner elastic
small deflection beam bending theory. The test
specimen is modelled as a beam continuous over three
spans with pin and roller supports along with the
dimensions of the actual test including the strip selfweight. After using the LinPro model, the mean elastic
modulus for the “new” OSB was calculated as 5513
N/mm2 which was only 2% different from Collins’ E
value of 5625N/mm2 (See Table 1).

3.2 Composite Action Factor Cs
If it is assumed that the connection between the grid
members and the shear blocks has infinite rigidity i.e.
no slip at the interface (Fig 8(d) below), the strain
profile is as for a solid beam (Fig 8) and the resulting
second moment of area or moment of inertia around the
local x-axis is:
b ( 2 h + h s ) 3 bh s3
[3]
(4)
Ix =
−
12
12
In contrast, if it is assumed that the connection between
the members and shear block has zero rigidity, the
strain profile is as for two independent single layers
with relative sliding allowed (Fig 8(b) below).

Table 1: E value form Old and New OSB
E Elastic modulus

Value

Unit

Old OSB (Collins)

5625

N/mm2

Old OSB long strips
(This study)

5189

N/mm2

New OSB long strips
(This study)

5513

N/mm2

So, the influence from the shear blocks may be
somewhere between infinite and zero rigidity (Fig8 (c)
below). A general equation (5) has been derived by
D’Amico [3].
Therefore, by considering that:
Ix =

The same type of 4 point bending test used to measure
the elastic modulus of the 2.4m long single OSB strips
was also used to establish the stiffness of the double
layer assemblies. However, the bending stiffness of a
double layer assembly can only be meaningfully
measured over a length that contains a number of nodes
and shear blocks. Otherwise purely local stiffness data
will be generated which is of little practical use in either
modelling or design. Furthermore a double layer
assembly of two OSB strips may be up to 26 times as
stiff as a single layer of OSB of the same strip section.
Because the assembly is so much stiffer than a single
strip a longer test span is appropriate to generate
deflections that can be easily measured. Because
moisture content has a significant effect on the stiffness
of timber products, it was necessary to condition all test
specimens. The ECO HTCL chamber used for
conditioning the specimens is of limited size. These
considerations, together with the Collins’ gridshell
arrangements led to the use of a double layer test
specimen 1700 mm long as illustrated in Fig 7.

4
6
1
=
6
=

=

b (2h + hs )3
bh 3s
b
−
=
( 4 h 3 + 6 h 2 h s + 3 hh
12
12
6
b
bh 3 + ( 6 h 2 h s + 3 hh s2 )
6
3
b
3
bh + bh 3 + ( 6 h 2 h s + 3 hh s2 )
6
6
h s2
bh 3
h2
[3]
+(
+
+ hh s ) bh
6
2
2

2
s

)

The above equation is a general expression for the
moment of inertia of a section composed of two layers
each of depth h separated by a gap of hs assuming a
linear strain profile from top to bottom. Saying “a
linear strain profile from top to bottom’’ is a definition
of what is meant by “fully composite action”. Note that
bh3/6 is the sum of the moment of inertia of the two
layers (twice bh3/12). Thus it is the moment of inertia of
two layers acting independently. The remaining terms
are gathered together and are then taken to represent the
contribution made to the stiffness due to composite
action over and above the independent stiffness of the
two layers. Thus, the general equation can be arranged
as follows:

Ix = Cs

( h + hs ) 2
bh 3
bh +
2
6

[3]

(5)

Where Cs ∈ [0,1]
Thus if Cs is set to 1 the original expression in equation
(5) is recovered. If Cs is set to zero I is bh3/6, the inertia
of two separate layers. The real behavior will be
somewhere between these extremes. Collins found that
a value of Cs = 0.42 gave a good fit between his model
predictions and measured behavior. This present
research aims to establish Cs experimentally by
measuring the bending stiffness of double layer
assemblies [4].

Fig 7: The double layer assembly beam

4
632

CERI-ITRN2018

Fig 10: Four point bending test (bolted Beam)

Fig 8: Cs Value in different shear blocks connection
The double layer elements are tested as straight
elements subject to a four point bending test (Fig 9)
loaded in increments to destruction to establish Cs for
the test specimen.

Fig 11: Four point bending test (fully glued beam)
11 double layer screwed assemblies of 8mm thickness
were also tested, in order to compare results with the
bolted assemblies. The screwed beams were designed
for the same shear load capacity as the bolted
specimens. These shear capacities were calculated in
accordance with Eurocode 5 (EN1995-1-1, 2014). It
was found that two steel bolts had the same design
shear capacity as six screws for the test specimens.
Therefore, instead of two steel bolts, six screws were
used, three in each face of the shear blocks
Fig 9: Four point bending test

3. Results

Measurements of the moisture content (EN322, 1993)
and density (EN323, 1993) were made for each
individual beam. The test method was adapted from the
standard EN798. The beams were constructed from two
single laths each of 8mm thickness, 50mm width and
1700mm length. The two laths were connected by shear
blocks and packers to represent crossover nodes and
locked horizontally using bolts or screws and steel
washers. The applied torque and geometry reflected as
far as possible the arrangements in Collins’ double layer
prototype (Fig 3). The double layer assemblies were
tested as straight elements subject to a four point
bending test (Fig 10) loaded in increments to
destruction to establish Cs for each test specimen. It
was thought that a glued assembly could have near zero
slip and maximise Cs. Therefore three fully glued
beams were also tested in order to compare the stiffness
results to the bolted beams (Fig 11).

The Cs coefficient of the double layer bolted beams and
the double layers screwed beams are similar (see Fig
12). When tested in a (four point bending test).

Fig 12: Cs value between Bolted & Screwed Beams
The Cs factor value measured for unbent (i.e not
curved) double layer elements is much higher than the
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effective Cs value for similar double layer elements
loaded as part of Collins’s prototype gridshell [4]( See
Table2).

5. Conclusions
The two central themes to this research were the OSB
material properties and the degree of composite action
(Cs) between coupled grid layers in gridshells made
from Oriented Strand Board. The stiffness properties of
individual bolted and screwed double layer gridshell
elements made from 8mm thick OSB were established.
Preliminary results have been established for glued
elements. The Cs value for bolted assemblies is greater
than for glued assemblies, the Cs value for screwed
assemblies is similar to that of bolted assemblies, and
the Cs value using 8mm new OSB is less than that
found using 8mm old OSB. On the new OSB the Cs
value of 18mm is greater than for 12mm and much
greater than for 8mm.

Table2: Cs Value between bent beams & unbent beams
Beams position
Bent Beams
Unbent Beams

Materials

OSB
OSB

Structure shape

DL Gridshell
DL Flat

Cs

0.4
0.8

In addition, Cs value of double layer bolted beams and
double layer full glued beams were compared. The
Double layer bolted beams have a higher Cs value
(higher bending stiffness) than the double layer fully
glued beams (See Fig 13). This result is contrary to
expectation, although caution is required in drawing any
conclusions since only 3 glued specimens were tested.

6. Recommendations for Further Research
Further studies using larger samples are needed and
a theoretical examination of the parameter Cs is also
required as it may not adequately capture all the relevant deformation phenomena
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ABSTRACT: European timber design standards set out basic serviceability limit design criteria for single span, simply supported
floors, but the rotational stiffness of the fixing system and two-way support possible with modern solid timber floors can
significantly influence deflection and vibration response. In addition, the added mass due to the use of non-structural floor screeds
has an impact on the dynamic behaviour. The objective of this research was to investigate the influence of modern timber fixing
systems and added mass on the serviceability behaviour of cross-laminated timber (CLT) floors. This paper outlines experimental
research on a laboratory-scale, CLT floor using alternative arrangements of self-tapping screws and brackets, simulating common
CLT platform construction details. Both one and two-way span conditions were considered. The influence of added mass was also
measured. Non-destructive tests were carried out in accordance with European Standard prEN 16929 guidelines, which included
measuring the static serviceability deflection due to a 1kN load applied at midspan and the floors natural frequencies and mode
shapes between 0-80Hz. The study found varying degrees of influence on the serviceability response of the floor depending on
orientation, imposed load, fixing type and spacing. In the case of single span platform construction using only self-tapping screws,
the screw spacing had negligible influence on the fundamental frequency. The addition of support brackets increased the
fundamental frequency up to 6%, with 11% reduction in the static point load deflection. Introducing added mass reduced the
fundamental frequency by over 25%.

KEY WORDS: Cross-laminated timber, timber floors, serviceability limit design
1

INTRODUCTION

Cross-laminated timber (CLT), first patented in France in 1985,
is a result of ongoing developments in timber technology
termed mass-timber, where offsite manufacturing expertise is
used to create large solid engineered timber products, which are
suitable for mid- to high-rise buildings. Mass-timber products
include cross-laminated timber (CLT or X-lam), nail laminated
timber (NLT), and glued laminated timber (glulam). Due to
advances in the mass-timber industry, wood is increasingly
seen by designers as a solution to improving the environmental
impact of the built environment while still meeting the demands
of modern design. The use of mass-timber is growing
worldwide, especially in central Europe, Scandinavia, and
Canada where there is a long tradition of building with wood.
Its popularity is increasing also in earthquake-prone regions
such as the West coast of the US, Italy, and New-Zealand, due
to the reduced seismic loads associated with this lightweight
building system. The heights of timber buildings are growing
ever taller. Brock Commons, a student accommodation
building for the University of British Columbia, is currently the
world’s tallest timber building. The 18 storey, 53 meter high
building is constructed predominately of glulam frame and
CLT panels, with concrete stair and lift cores. The timber
structure took 8 weeks to erect on site.
In the UK, CLT started as a niche product, but since its
introduction in 2000, it has come to be a viable alternative to
steel and concrete [1]. Reasons given by designers for choosing
mass-timber construction include, its relative speed of
construction, versatility where space is restricted, and a lower
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dead weight in comparison to concrete. In 2012, the London
borough of Hackney introduced a ‘Timber first’ policy, which
is a testament in itself to its suitability to high density
development.
CLT comprises timber boards aligned in laminae, which are
stacked at right angles and glued under high pressure into large
solid panels. The panels are manufactured offsite and
transported in sequence for assembly in-situ. The panels can be
up to 300 mm thick and 16 m in length. CLT projects comprise
all building uses including educational, residential,
commercial, and civic buildings. Figure 1 shows the erection of
a CLT school building in Bishop’s Stortford, UK by KLH UK.
Current timber European serviceability design codes (EC5) [2]
including regional design criteria outlined in the National
Annexes, which are presented by Zhang et al. [3], generally
pertain to the vibrational response of traditional timber floor
construction. They do not specifically refer to CLT floors. The
objective of this study was to investigate the serviceability
behaviour of CLT floors. The scope of the research included
experimental testing on a laboratory scale CLT floor using
alternative arrangements of screws and brackets, spanning oneand two ways in order to characterise the boundary conditions
due to the fixing configurations and determine their influence
on the vibration response of the floor. In addition, the influence
of a non-structural floor screed was also studied, by adding
mass. The study was principally concerned with residential and
office loading, and footfall induced vibrations within the
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frequency response range which is perceivable by the building
occupants.

significant correlation between frequency measurements and
perceived vibration annoyance [8]. However, Hu and Gagnon
[10] conducted subjective and dynamic tests of a laboratory
floor, and found human perception to correlate well with the
dynamic load results. The damping ratio of a bare CLT test
floor consistently measured 1%. A study assessing the
vibrations of a timber floor in the laboratory and during
construction by Jarnerö et al. [11], found that the dynamic
response of the floor, improved considerably when
incorporated into the building, the damping ratio improving the
most. Maldonado and Chui’s [12] study of one-way and twoway spanning floors, found that introducing screws at floor
supports, improved the frequency results. Maldonado and
Chui’s investigation on the rotational stiffness of floor supports
showed an improved fundamental frequency and static
deflection response, with increased rotational support stiffness
[13]. Weckendorf and Smiths’ [14] study of the dynamic
response of shallow floors with CLT structural spines, asserted
that it is the flexibility of the supporting structure, not the
movement within the structure of the floor itself that influenced
vibration serviceability of a CLT floor. They concluded that
floor vibration serviceability design criteria applied to
traditional timber floors was probably not appropriate for CLT
floor design.
3

Figure 1. CLT construction in Bishop’s Stortford, UK
2

FLOOR VIBRATION
Frequencies and human perception of floor vibration

Natural frequencies are inherent characteristics of a structure
that depend on its mass and stiffness. Identifying a structure’s
natural frequencies and their corresponding mode shapes will
give a better understanding of how it will respond to exciting
forces. The human body too has natural frequencies, distinct for
each body member and organ, the fundamental natural
frequencies are all typically within the 0-80 Hz range. Exposure
to vibrations in this range of frequencies impacts on a person’s
comfort, perception, and health [4] [5]. Tolerance to vibration
depends on proximity and awareness of the source, and the
person’s own activity level. Studies have shown that the longer
the duration the greater the discomfort [6]. Annoying floor
vibration induced by occupants’ everyday activity has been a
persistent design problem [7]. An extensive study was
undertaken by Hamm et al. [8] on in-situ floors to investigate
why annoying vibrations continue to be a problem, although
EC-5 and German NA: DIN 1052 [9] are generally adhered to.
Measurements were taken from in-situ timber floors, including
traditional and CLT floors, with and without screed topping. It
found that in-situ frequency measurements and calculated
values did not sufficiently correlate. The study attributed the
difference to the assumed boundary conditions, which did not
include the torsional spring influence of the walls above. Nonbearing partitions positively influenced vibration behaviour in
all cases, and the static deflection criterion was determined to
be equally as important as the frequency parameter. It found no

TEST ASSEMBLY

The dynamic response of a 162 x 2400 x 4000 mm 5-ply CLT
floor panel was supported on different arrangements of 94 x
1200 mm high 3-ply CLT wall panels. The walls were fixed to
the concrete laboratory floor using reinforced angle brackets at
500 mm spacing. The brackets were screwed to the wall panels
using Ø 5 x 50 mm round-head screws and fixed to the floor
using M12 threaded rods secured into Ø 14 mm pre-bored holes
with epoxy chemical anchor. Nine variations of the CLT
platform construction examined are presented in this paper.
Table 1 outlines the various assembly components, with an
example juncture illustrated in Figure 2.
Bracket and screw assembly
In the case of one-way span platform construction, eight
assembly variations were tested. They compared alternative
spacing of partially threaded washer-head screws and the
influence of alternative angle brackets at different spacing. An
assembly using inclined fully threaded cylindrical-head screws
was measured and the influence of added mass and the effect
of adding a resilient interlayer was measured also. Assembly P,
a two-way platform configuration was tested using partially
threaded washer-head screws, shown during erection in Figure
3.
4

DYNAMIC ANALYSIS

The floor was tested using guidelines outlined in prEN 16929
[15] and the more comprehensive guidance on modal testing
and analysis, described by Ewins [16] and Maia and Silva [17].
Static point load deflection
Studies have shown that the response parameter provided by a
static point load deflection test provide good correlation to the
vibrational serviceability of a timber floor [15]. The static point
load deflection is determined by applying a concentrated dead
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load to the position on a floor where the largest deformations
are expected and recording the deflection change.

to an accuracy of 0.1 %, with results normalized to a load of 1
kN.

Figure 2. Assembly F, partially threaded vertical screws at
300 mm c/c with 240 x 93 x 120 mm brackets at 800 mm c/c
4.1.1

Applied load

The load was applied at midspan for each floor assembly, using
an overhead crane. It consisted of ten 1 kg steel masses
mounted on a 100 x 100 mm2 load pad. The load was weighed

Figure 3. Assembly P, erection of two-way span platform
construction at NUI Galway

Table 1. One-way long span platform construction: Assemblies A–H and P
Assembly

Screw fixing

A

Ø 8 x 260 mm partially threaded washerhead vertical screws @ 150 mm c/c

B

Ø 8 x 260 mm partially threaded washerhead vertical screws @ 300 mm c/c

C

Ø 8 x 260 mm partially threaded washerhead vertical screws @ 300 mm c/c

D

Ø 8 x 260 mm partially threaded washerhead vertical screws @ 300 mm c/c

E

Ø 9 x 200 mm fully threaded
cylindrical-head inclined screws
@ 250 mm c/c

F

Ø 8 x 260 mm partially threaded washerhead vertical screws @ 300 mm c/c

G

Ø 8 x 260 mm partially threaded washerhead vertical screws @ 300 mm c/c

H

Ø 8 x 260 mm partially threaded washerhead vertical screws @ 300 mm c/c

P

Ø 8 x 260 mm partially threaded washerhead vertical screws @ 300 mm c/c
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Bracket fixing

Added
load

Resilient
interlayer

●
●

240 x 93 120 mm angle brackets @ 800
mm c/c
Ø 5 x 50 mm round-head screws 2 x 36
no. per bracket
100 x 100 90 mm reinforced angle
brackets @ 800 mm c/c
Ø 5 x 50 mm round-head screws 2 x 7
no. per bracket
100 x 100 90 mm reinforced angle
brackets @ 200 mm c/c
Ø 5 x 50 mm round-head screws 2 x 7
no. per bracket
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4.1.2

Deflection measurement

Deflections were measured below the floor at midspan with a
Mitutoyo MT2119S-10 dial gauge of range 5 mm, revolution
0.2 mm, and graduation 0.001 mm. The load was applied and
the deflection change was recorded. Without changing the
position of the load or the measurement device, the test was
repeated three times. The differences between successive
readings of each floor assembly was less than 5 %, and the time
between successive readings was greater than 1 min. Two
additional dial gauges of the same type were placed on each
supporting wall to record any spread or sway as a result of the
applied load. A deflection measurement test is shown in Figure
4.

relative transverse sensitivity less than 3 %, frequency
range 0.6-1 kHz, and nonlinearity of ± 1 dB
The signal was recorded and analysed using NI LabVIEW 2014
software.
4.2.2

Modal measurement and analysis

A single excitation was provided by an electrodynamic shaker
and roving response transducers measured the response of the
floor panel. To characterise the full shape of each of the modes,
the transducer locations were predetermined on a grid of 64
measurement points, illustrated in Figure 5.

Figure 5. Transducer locations: 500 x 300 mm grid of 64
measurement points. Two alternative shaker locations,
midspan and quarter-span
Figure 4. Static point load deflection measurement, one-way
long span platform construction at NUI Galway
Fundamental frequencies 0 - 80 Hz range
Before beginning the comparative dynamic modal
measurement, initial calculations were made to predict the
likely frequencies and the number of mode shapes in the range
of interest. An estimation of the first natural frequency of the
floor simply supported was calculated using the effective
bending stiffness from the gamma method, EC-5 [2] and finite
element models with pinned and fully fixed support boundary
conditions were developed. Additionally, diagnostic impulse
measurements were taken to confirm qualitatively the
fundamental frequency predictions.
4.2.1

Apparatus

The modal frequencies were measured using the following
apparatus:
 Tektronix AFG 1000 signal generator, Sine waveform
range: 1 μHz–60 MHz
 Electrodynamic shaker TIRA S 51125-IN, frequency
range: 2-2 kHz
 Amplifier TIRA BAA 500
 Cooling blower TIRA TB 0080
 DAQ NI USB-6009
 1 no. LIVM accelerometer, Dytran model 3055B2,
sensitivity 104.34 mV/g
 2 no. LIVM accelerometers, Dytran model 3100D24,
sensitivity’s 1002.27 mV/g and 1026.97 mV/g with

The force input measurement and roving response transducers
comprised of three accelerometers. To measure the input force,
a LIVM 100mV/g accelerometer was attached to the top of the
electrodynamic shaker. A signal generator supplied a burst
swept sine signal to the shaker and two single-input, singleoutput (SISO) measurements were taken simultaneously, with
two LIVM 1000 mV/g accelerometers measuring the vibration
response. The response transducers measured the response,
starting at transverse corners of the floor (points 1 and 64), then
moving systematically to the next adjacent points (2 and 63),
repeating the test to record two more modal measurements and
so on until each response accelerometer had recorded 32
locations on the grid, half the floor panel. An analog-to-digital
converter, with a sample rate of 512 Hz, converted the signals
to digital which were recorded and processed using NI
LabVIEW 2014 software. The discrete Fourier transforms gave
the FRF. The final measurements were the result of averaging
several samples. The coherence function was monitored as a
check on the reliability of the data measured. Measurements
were repeated and recorded three times. The maximum
deflection of the first and fourth modes were found at the floors
midspan, hence the shaker was fixed to the floor panel at this
point. However this location coincided with a node of the
second, third, and fifth mode, so when the 64 response points
were recorded, the shaker was moved and fixed to an
alternative location that did not coincide with a modal node and
the measurements were repeated. The mode shapes were
extracted from the data using the Quadrature Response method.
The shaker positions, marked S, are shown in Figure 5.
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5

RESULTS AND DISCUSSION

The results for the static point load measurements and dynamic
modal analysis are presented in Table 2.

had a slight positive influence on the fundamental frequency.
Angle support brackets at 200 mm spacing increased the
fundamental frequency by over 6%.

Static point load deflection
80
Frequency (Hz)

70
60

Assembly A
Assembly B
Assembly C
Assembly D
Assembly E
Assembly F
Assembly G
Assembly H
Assembly P

50
40
30
20
10
0
Mode 1

Mode 2

Mode 3

Mode 4

Mode 5

Figure 7. Assemblies A-H and P frequency modes 0-80 Hz
80
70
Frequency (Hz)

Deflection
(mm)

Comparing assembly B, which comprised vertical partiallythreaded screws at 300 mm spacing with the same
configuration adding alternate angle brackets at 800 mm
spacing, assemblies G and F, had no sizeable influence on the
deflection results, however increasing the number brackets to
200 mm spacing, assembly H, reduced the CLT floor panel
deflection by 11%. Increasing the vertical screw spacing twofold, assembly A, using an alternative configuration of inclined
fully threaded cylindrical-head screws, assembly E, or adding
mass, assembly D, did not significantly influence the deflection
results. Comparing a single spanning floor with a two-way
spanning floor, the deflection was reduced by 45%. Introducing
a resilient interlayer, assembly C, increased the deflection of
the floor panel from 0.178 mm to 0.185 mm. Measurements of
sway due to the applied load in either supporting wall were
negligible. Figure 6 presents the deflection test results.
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Figure 6. Deflection results Assemblies A-H and P
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Figure 8. Assemblies B, C, and D frequency modes 0-80 Hz

Fundamental frequencies 0 - 80 Hz range
Four natural modes were found for all single span floor
configurations within 0–80 Hz range, with an additional mode
for assembly D which had added mass. Modes 1–5 are
illustrated in Figure 9. The two-way spanning floor had only
one frequency in the range of interest, its corresponding mode
shape is shown in Figure 10. A comparison of all frequencies
are outlined in Figure 7. Figure 8 compares the influence of
adding mass, or a resilient interlayer, assembly C. Added mass
reduced the fundamental frequency by over 25%. Two-way
support of the floor resulted in an increase of fundamental
frequency by over 90%. The spacing of the self-tapping screws

6

CONCLUSIONS

The addition of support brackets, if closely spaced can have a
positive influence on the static point load deflection and
fundamental frequencies. Increasing screw fixings improved
fundamental frequency results marginally. Adding mass was
shown not to influence the deflection of the CLT floor, but
reduced the fundamental frequencies to a significant degree.
Future work will include alternative floor to wall orientations
of CLT construction, considering also the influence of the
fixings on damping and acceleration amplification.

Table 2. Fundamental frequencies 0-80 Hz range and static deflection results for floor to wall assemblies A-H and P
Assembly

Mode 1

Mode 2

Mode 3

Mode 4

Mode 5

A
B
C
D
E
F
G
H
P

22.35
21.90
21.50
16.35
22.05
22.30
22.00
23.40
41.65

28.75
28.20
27.30
21.45
28.55
28.35
28.25
29.70
-

73.10
72.65
70.35
54.05
73.10
72.95
72.75
74.10
-

78.35
78.05
78.25
69.25
78.35
78.20
78.15
78.90
-

65.35
-
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Deflection
(mm)
0.179
0.178
0.185
0.178
0.176
0.172
0.177
0.158
0.098

Added
load

Resilient
interlayer

●
●
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[3]

Mode 1

[4]

[5]
Mode 2
[6]

[7]
Mode 3
[8]

Mode 4

[9]

[10]

Mode 5

[11]

Figure 9. Typical mode shapes for assemblies A-H

[12]

Mode 1
Figure 10. Assembly P mode shape

[13]
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ABSTRACT: In response to the global drive towards sustainable construction, cross-laminated timber (CLT) has emerged as a
competitive alternative to other construction materials. Despite the construction of CLT buildings up to 10 storeys in areas of low
seismicity, few multi-storey CLT buildings have been constructed in areas of moderate to high seismicity due to lack of knowledge
regarding the seismic performance of these buildings. Consequently, further research is required to provide the experimental basis
necessary to develop such knowledge, so that CLT becomes a competitive construction material for use in mid-rise and high-rise
buildings in seismically active regions. Previous experimental studies of the behaviour of CLT wall systems under lateral loading
have been limited to replicating the conditions within multi-storey buildings with approximately three storeys. To develop
sufficient understanding of how CLT walls in taller buildings would behave when subjected to lateral loading, testing of CLT wall
systems replicating conditions within buildings taller than three storeys needs to be undertaken. This study aims to further the
understanding of the behaviour of wall systems within multi-storey CLT buildings under lateral loading by experimentally testing
wall systems representative of those found within a 10 storey CLT building. The results obtained from the tests undertaken to date
suggest that the behaviour of CLT wall systems within tall buildings is more complex than the behaviour assumed from previous
studies replicating conditions within three storey buildings, and assumptions previously made in the development of analytical
models may not be valid for taller buildings. Further testing is currently being undertaken to evaluate more accurately the
behaviour of the wall system under monotonic lateral loading so that more accurate models can be developed.
KEY WORDS: Cross-laminated timber; wall systems; tall building; lateral load.
1

INTRODUCTION

Over half the world’s population are currently living in cities
and this number is expected to increase to approximately 66%
by 2050 [1]. To facilitate the growing urban housing and
infrastructure demands, governments have been required to
assess the way in which cities are planned and constructed
leading to a global drive towards smart and sustainable future
cities. To address some of the sustainability challenges
associated with rapid urbanisation, engineers and architects are
being encouraged to consider the use of timber before other
construction materials; consequently, cross-laminated timber
(CLT) has emerged as a competitive alternative to other
construction materials due to its sustainable attributes.
CLT is an engineered wood product formed from layers of
timber boards bonded to each other orthogonally, to create
large two-way spanning structural panels which can be used to
form walls, floors and roofs of buildings. CLT panels are
typically connected using metal connectors including hold
downs which resist uplift of the walls, angle brackets which
resist sliding of the walls and screwed connections which resist
shear between adjacent and orthogonal panels. It is a
prefabricated material which results in reduced on-site
construction times, reduced material wastage and therefore
reduced costs. Due to its high strength-to-weight ratio, it is fast
becoming the solution to constructing high density housing on
inner-city sites where underground infrastructure limits
foundation loads.
While large scale production of CLT was established in
Europe in the early 2000s, Structurlam and Nordic Structures
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in Canada became the first North American manufacturers of
CLT more recently in 2010 [2]; as a result, the majority of tall
CLT buildings have been constructed in Europe. Hackney,
London, is one of several local authorities across the world
encouraging engineers and architects to consider timber before
other construction materials. This has led to the construction of
some of the world’s tallest CLT buildings, such as Stadthaus
and Bridport House, in Hackney. Dalston Lane, a 10 storey
residential building located in Hackney is currently the world’s
tallest, pure CLT, building having been completed in 2017 [3].
While CLT buildings up to 10 storeys are being constructed,
and taller buildings are being considered, few CLT buildings
have been constructed in areas of moderate to high seismicity
[4]. Timber is a commonly used material in seismically active
regions due to its high strength-to-weight ratio, and the ductility
and high energy dissipation capability of its connection
systems. However, CLT has not been adopted as a construction
material in areas of moderate to high seismicity due to lack of
knowledge regarding the seismic performance of CLT
buildings and lack of structural codes for the material.
Therefore, further research is required to provide the
experimental basis necessary to develop such knowledge and
so that CLT becomes a competitive construction material for
use in mid-rise and high-rise construction in seismically active
regions.
2

PREVIOUS RESEARCH

As CLT construction has been established in Europe for longer
than it has been in other regions most research into the seismic

CERI-ITRN2018

performance of CLT buildings has been undertaken in Europe,
with the first notable project beginning in the early 2000s in
Slovenia. Dujic et al. [5] began by testing CLT wall panels
under quasi-static monotonic and cyclic lateral loading. Further
experimental investigations were undertaken to determine the
influence of boundary conditions [6] and openings within the
panel [7][8] on the behaviour of the wall. The results of
experimental investigations were used to verify analytical
models developed to undertake a parametric study to evaluate
the effect of openings on the shear strength and stiffness of CLT
wall panels [7][8].
To date the most comprehensive project researching the
overall seismic performance of low-rise and mid-rise CLT
buildings is the SOFIE [10] project which was undertaken in
Italy in collaboration with research facilities in Japan. Initially
wall configurations with varying connection layouts, vertical
loads and openings were tested under in-plane quasi-static
monotonic and cyclic loading [9]. Wall configurations were
designed to replicate the conditions of walls within a three
storey building later constructed and dynamically tested as part
of the SOFIE project [10]. The 2D wall system tests found the
overall behaviour of the wall system to be dictated by the
behaviour of the metal connections; while the CLT panel
behaves rigidly, the metal connections provide ductility and
energy dissipation within the system.
Following these tests, a full-scale three storey CLT building,
approximately 7 x 7m in plan and 10m in height, was built and
tested on a shake table at the National Institute for Earth
Science and Disaster Prevention in Japan [10]. The building
was tested under various earthquake ground motions until nearcollapse was reached, and for these tests near-collapse was
defined as the tension failure of one or more hold downs. The
building experienced 15 earthquakes without significant
damage and near-collapse was reached under the Nocera
Umbra earthquake record with a peak ground acceleration of
1.2g. Despite reaching near-failure no residual deformations
were observed, thus highlighting the potential for CLT
construction in highly seismic regions.
Following the successful testing of a three storey CLT
building, shake table testing of a full-scale 7 storey building
was undertaken in Japan [11]. The building was 7.5 x 13.5m in
plan and 23.5m in height. Similar to the three storey building,
the seven storey building performed well with no significant
damage or residual deformation observed. The CLT panels
behaved rigidly and the damage observed was mainly
concentrated within the metal connections (hold downs, angle
brackets and vertical screwed connections between adjacent
CLT panels) which experienced ductile failure and could be
easily repaired after the test.
Despite the full-scale shake table testing of two buildings,
there was still limited information regarding the mechanical
properties of typical connections within CLT buildings under
cyclic loading and therefore the SOFIE project concluded with
a thorough investigation of these connections. Gavric et al.
[12][13] investigated angle brackets, hold downs, vertical
connections between adjacent panels and vertical connections
between orthogonal panels under quasi-static monotonic and
cyclic loading. A total of twenty configurations were tested and
these configurations reflected connections used within the three
storey CLT building constructed as part of the SOFIE project

[10]. This study found that despite the use of angle brackets to
resist shear forces, these connectors also have significant
strength and stiffness axially and therefore will contribute to
the overall uplift resistance of a wall system. However, hold
downs were found to have significant axial strength and
stiffness only and therefore do not contribute to the shear
resistance of a wall system.
In addition to the testing of connections, Gavric et al.
[14][15][16] undertook cyclic testing of 2D CLT wall systems
comprised of single or coupled CLT wall panels and typical
CLT connections (hold downs, angle brackets and screwed
vertical connections). The kinematic behaviour of multiple wall
system configurations was observed and important
characteristics of the wall systems, such as strength, stiffness,
ductility, energy dissipation capacity and ultimate
displacement, were found. The study found that the CLT panels
behave rigidly under lateral loading, and any shear or bending
deformation of the panel was found to be negligible with the
displacement due to sliding or rocking the main components of
the overall lateral displacement of the panel. Therefore, it is
suggested that there are three predominant types of deformation
of the wall system and the deformation type is determined by
the capacity of the anchoring connectors (hold downs and angle
brackets). The deformation types were noted as; rocking
behaviour, sliding behaviour and rocking-sliding behaviour.
The results of the investigation indicate that rocking behaviour
leads to greater ductility, energy dissipation and ultimate
displacement compared to walls with predominantly sliding
behaviour [14]. It was also noted that rocking behaviour
resulted in the self-centering of the wall system, unlike sliding
behaviour which resulted in a residual lateral displacement of
the wall [16]. Hence it is recommended that the metal
connectors remain elastic in shear and yield only in tension to
ensure predominantly rocking behaviour with minimal sliding.
In addition to the experimental investigation, Gavric et al.
developed analytical models to undertake pushover analysis of
CLT wall systems [16].
3

AIM OF RESEARCH

Despite the satisfactory seismic performance observed during
full-scale shake table testing of CLT buildings up to 7 storeys,
there is insufficient information regarding the performance of
building components, such as connections and wall systems,
available to inform seismic design guidance for tall CLT
buildings. The previous experimental studies of CLT wall
systems under lateral loading have been limited to replicating
the conditions within multi-storey buildings with
approximately three storeys [5][16][17]. Thus, to develop
sufficient understanding of how CLT wall systems in high-rise
buildings will behave when subjected to lateral loading, testing
of configurations reflecting the conditions of CLT wall systems
in taller buildings need to be undertaken.
There has been limited research on performance assessment
of CLT wall systems in above ground floor storeys. In most
wall configurations tested, the CLT wall panels are anchored to
steel or concrete foundations; very limited information has
been published about configurations tested in which the CLT
wall panels are fixed to CLT floor panels, as typically found in
above ground floor storeys. As tall buildings would have large
numbers of CLT wall panel to CLT floor panel connections, the
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behaviour of these connections must be further investigated in
order to evaluate the behaviour of wall systems in above ground
floor storeys, and therefore the overall performance of tall CLT
buildings.
The purpose of this research is to further the understanding
of the behaviour of wall systems in multi-storey CLT buildings
under lateral loading, focussing particularly on the behaviour
of above ground floor storeys. Experimental tests are being
undertaken to evaluate the global behaviour of above ground
floor CLT wall systems, representative of those found within a
10 storey CLT building, under monotonic loading. These tests
will allow the variation in global behaviour of wall systems at
each storey within a multi-storey CLT building to be evaluated
and design considerations to be identified.
The behaviour of CLT wall systems can be assessed by
observing the global deformation of the wall system when a
lateral load is applied. As suggested by Gavric el al. [15] the
deformation mechanisms which may be observed include
sliding and rocking of the wall, as well as shear and bending
deformations of the wall panel itself. Gavric et al. [15] have
suggested that wall panel deformations are negligible, with
sliding and rocking the predominant deformation mechanisms
which are controlled by the response of the connections.
Therefore, the behaviour of each connection within a wall
system must be fully understood in order to predict the global
behaviour of a CLT wall system. Consequently, the behaviour
of typical CLT wall panel to CLT floor panel connections under
monotonic loading in both shear and tension will be
experimentally investigated to assess each connection’s
individual performance and therefore influence on the global
behaviour of the entire wall system.
4

Table 1. Test loads
Test

Floor

T1
T2
T3
T4
T5
T6
T7
T8

2
3
4
5
6
7
8
9

Vertical Load
(kN/m)
84.0
73.5
63.0
52.5
42.0
31.5
21.0
10.5

Maximum
Lateral Load
(kN)
50
50
50
50
50
50
50
50

Due to the limited clear space under the frame of the vertical
actuator the height of the wall panels tested was 1.5m,
approximately half of the typical height of walls in CLT
buildings, and the width of the wall panels was 2.95m. The
CLT panels used were 100mm thick and comprised of five
20mm thick layers. The outer two layers and the centre layer of
the panel spanned vertically while the other two layers spanned
horizontally. Typical CLT connectors were used to fix the wall
panel to the floor panel; the wall panel was anchored to the floor
panel using two WHT340 hold downs partially nailed with
twelve 4x60mm anker annular ring nails and eight ABR105-R
angle brackets with sixteen 4x60mm anker annular ring nails.
The floor panel was 1.5x2.95m and the wall panel was placed
centrally on the floor panel. The floor panel was rigidly fixed
to the laboratory floor. The test set up is show in Figure 1.

TEST SET UP

A series of eight tests were undertaken on a CLT wall system.
During each test a vertical load was applied and maintained,
with each vertical load representative of the gravity load
experienced by the walls at various storeys within a 10 storey
CLT building. The vertical load was applied using a loadcontrolled hydraulic actuator to the top of the wall panel
through a 150x100x10mm steel SHS beam to aid the spreading
of the load to the ends of the panel. A steel plate and two rollers
were used beneath the vertical actuator to ensure that the
rotation of the wall was not restricted. As this study focuses on
CLT wall panel to CLT floor panel connections, the ground
storey wall system in which the wall panel is fixed to a concrete
foundation was not investigated, nor was the top storey in
which vertical load is relatively small; thus, the vertical loads
were representative of the gravity loads in floors 2-9 of a 10
storey CLT building. While the vertical load was maintained,
the wall was loaded laterally in increments of 5kN to a
maximum load of 50kN. The maximum lateral load of 50kN
was selected to ensure the connections behaved elastically. This
allowed one wall system to be used for the series of eight tests
and the relationship between vertical load and global behaviour
to be identified. Three additional tests were undertaken on three
identical wall systems under different vertical loads to identify
the effect of vertical load on the load and displacement
capacities of the wall system, however the results of these tests
are not reported in this paper. The vertical and lateral loads
applied in each of the eight tests are summarised in Table 1.
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Figure 1. Test set up
To evaluate the global deformation of the wall system,
displacements were measured at seventeen locations within the
wall system using displacement transducers. These
measurements allowed the deformation mechanisms
contributing to the overall displacements to be assessed. In
addition to measuring the lateral displacement of the floor panel
at location 11 in Figure 2, the vertical displacement of the floor
panel was measured at locations 1 and 2, however they have
been omitted from Figure 2 for clarity. These displacement
measurements allow the movement of the wall panel relative to
the floor panel, rather than the laboratory floor, to be deduced.
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Figure 2. Displacement measurement locations
Table 2. Displacement measurement locations
Location
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
5

Measurement
Uplift of left hand side of wall panel
Uplift of right hand side of wall panel
Uplift of AB1
Uplift of AB2
Uplift of AB3
Uplift of AB4
Uplift of AB5
Uplift of AB6
Uplift of AB7
Uplift of AB8
Lateral displacement of floor
Lateral displacement of wall
Lateral disp. of wall 300mm from floor
Lateral disp. of wall 600mm from floor
Lateral disp. of wall 900mm from floor
Lateral disp. of wall 1200mm from floor
Total lateral displacement at top of wall

Figure 3. Lateral load [kN] vs. total lateral displacement [mm]

RESULTS & DISCUSSION

The data from the eight tests was analysed to assess the effect
of vertical load on the global behaviour of the wall system,
allowing the global behaviour of the wall systems at each storey
within a 10 storey CLT building to be inferred. The global
behaviour can be summarised by the total vertical and lateral
displacement of the wall panel. The total lateral displacement
resulting from each loading increment for each of the eight tests
is shown in Figure 3 and the relationship between the vertical
load applied and the total lateral displacement is illustrated in
Figure 4. The vertical uplift resulting from each loading
increment for each of the eight tests is shown in Figure 5 and
the relationship between the vertical load applied and the
vertical uplift is illustrated in Figure 6.
As expected, Figure 3 and Figure 5 show that as lateral load
is increased from 0kN to 50kN, the total lateral displacement
and the uplift also increase, with the maximum lateral
displacement and uplift occurring at the maximum lateral load.

Figure 4. Vertical load [kN] vs. total lateral
displacement/lateral displacement due to sliding [mm] when
lateral load is 50kN
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result in reduced shear capacity of the connector due to the
bidirectional loading. To fully assess the extent to which
bidirectional loading impacts the performance of the shear
connector, and its subsequent impact on the global performance
of the wall system, testing of typical CLT wall panel to CLT
floor panel connections under monotonic loading in both the
shear and tension directions needs to be undertaken.
6

FUTURE WORK
Connection Testing

Figure 5. Lateral load [kN] vs. uplift [mm]

Figure 6. Vertical load [kN] vs. uplift [mm] when lateral load
is 50kN
Despite no yielding of the connections during the testing,
Figure 4 and Figure 6 show non-linear relationships between
both vertical load and total lateral displacement, and vertical
load and uplift. Therefore, it is expected that there would be
differing global behaviour of wall systems at each storey within
a multi-storey building, with the predominant deformation
mechanism varying at each storey, possibly requiring different
connection design at each storey.
Figure 4 shows that the relationship between the lateral
displacement due to sliding and the vertical load is also nonlinear despite using one wall system with a fixed number of
shear connectors for all tests. The large lateral displacement as
vertical load is decreased is likely due to a combination of
reduced frictional force and the reduced shear capacity of the
angle brackets. In this study, and in previous studies [12], angle
brackets have been found to contribute significantly to the
overturning resistance, and so as uplift of the panels increases,
tensile forces within the brackets increase which is likely to
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Three types of typical CLT connectors with three different
fixing arrangements will be tested under monotonic and cyclic
loading in shear and tension. The connectors to be tested
include the connectors used in the wall systems tested under
monotonic lateral loading, hold down WHT340 and angle
bracket ABR105-R, as well as a longer hold down that that
used, WHT620. The fixing arrangements will include fully
fixed with anker annular ring nails, partially fixed with anker
annular ring nails in two-thirds of the fixing holes and partially
fixed with anker annular ring nails in one-third of the fixing
holes, These tests will determine strength, stiffness, energy
dissipation capacity, ductility, strength degradation and
stiffness degradation of the connection. They will also allow
the influence of the following variables to be investigated;
length of hold down and fixing arrangement.
The tests will allow the influence of connection behaviour on
the global behaviour of a CLT wall system to be evaluated.
Using the shear strength of the connection found through this
experimental investigation, the theoretical lateral displacement
due to sliding of the wall system previously tested under
monotonic lateral loading will be calculated assuming a rigid
body system in equilibrium and no reduction in connection
strength due to bidirectional loading. This will then be
compared with the actual lateral displacement due to sliding,
which is likely to be greater than the theoretical displacement,
and the degree to which strength reduction occurs will be
determined.
Testing of CLT Wall Systems under Cyclic Lateral
Loading
Following the completion of the monotonic loading tests, wall
systems subjected to cyclic lateral loads will be experimentally
investigated. These tests will allow the influence of vertical
loading on the energy dissipation capacity, strength
degradation and stiffness degradation of the wall system to be
assessed. Three tests will be undertaken and a different wall
system will be used for each test as the strength and stiffness
degradation associated with cyclic loading renders the wall
system unusable for further tests. Similarly to the wall systems
tested under monotonic lateral loading, the wall systems to be
used in these tests will be representative of above ground floor
storeys in a 10 storey CLT building. Unlike the wall systems
tested under monotonic lateral loading, these wall systems will
be 2.95m high, the typical height of walls in CLT buildings,
and the width will be 2.95m.
Analytical Model
Initial comparisons between the results of the experimental
testing undertaken as part of this study and analytical models
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developed in previous studies suggest that some assumptions
made in the development of these models are not valid, and
therefore a refined analytical model will be developed to
predict the global deformation behaviour of CLT wall systems
in CLT buildings up to 10 storeys.
7

CONCLUSION

While CLT has great potential for use in mid-rise and high-rise
construction in seismically active regions, more research is
necessary to develop the knowledge to predict the behaviour of
wall systems within multi-storey CLT buildings and therefore
efficiently design them to behave in a controlled way which
ensures optimal seismic performance.
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ABSTRACT: A grave problem requires an equal boldness in its solution. In the present times, where globally, especially in
Europe, there are efforts towards pushing for sustainable development practices, housing construction is one of the key targets in
developing economies, having both social and ecological impacts. The materials used for construction in the housing sector and
their energy intensiveness create conflict for the policy makers between social obligations and complying with the UN Sustainable
Developments Goals and the Paris Agreement for Climate Change. This paper discusses a long term strategy for addressing the
housing crisis and complying with green development commitments using one of the fastest growing and wholly renewable
structural materials, namely bamboo. Here, the concept of developing bamboo penthouses over existing roofs, as a possible
lightweight structural intervention, is explored. Through research and policy measures, one can potentially enhance the scope of
housing in the urban landscape. For example, the strength and lightness of the material is demonstrated through multi-level bamboo
construction in India. A strategic policy intervention is proposed upon reviewing international case studies for systematically
cultivating, in Ireland, a viable non-native species of bamboo, its related life cycle costs along with possible impacts in addressing
the housing crisis and climate obligations. A sample design will be proposed which illustrates the feasibility of this technology
despite the adverse climatic conditions prevailing in Ireland.

KEY WORDS: Bamboo; sustainability; housing; construction; strategy
1. INTRODUCTION
Housing is one of the basic needs of human civilization and,
especially being a very conservative sector the world over,
needs a long term strategy for implementing novel
perspectives. The present trends of housing in Ireland is
primarily derived from the needs of its young population which
is looking for independent living. In the main there are social
and affordable housing needs, as this section of the population,
being beginners in their respective careers, are looking for
manageable rentals or outright purchase along with modern
work life balance. With the cost of living also rising globally,
it is a challenge to the government authorities to come up with
affordable housing, especially when the cost of land is rising
constantly. To add to these challenges of both dwellers and
government, there are natural challenges such as global
warming and climate change, for which United Nation agencies
have come up with sustainable development goals, a dutiful
directive, with which all countries must comply. It is here,
where all stakeholders are seeking for options and solutions,
that researchers are tasked with the challenge to explore,
develop, strategize and showcase workable solutions.
In Ireland, according to ESRI [1, 2], there is a need to
build houses at the rate of 25,000 per year and they predict that
the housing crisis is set to continue for the coming years. As
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per the latest update [3] from government (till March 2018),
planning permissions granted amount to nearly 20,800 units (up
27% year-on-year); commencement notices are recorded as
over 18,000 units (also up 27% year-on-year); and new
registrations are submitted for over 9,250 units (up 41% yearon-year). Thus, the shortage in the affordable housing market
has transferred its pressure onto other sectors, particularly the
private and social rental sectors, while in other regions housing
remains vacant for long periods. Also, based on the 2016
census, a minimum of over 81,000 homes are needed over the
five-year period 2016 – 2020 to meet demand in urban areas.
Vacant homes offer some potential to meet this demand,
however, the location of such houses, being far from the work
place, make them non-commutable on a daily basis. The
summary of the social housing assessment for 2017 has
identified 91,600 assessed as qualifying for social housing
support.
From a sustainability perspective, the materials being
used in the construction of housing play an important role. The
primary materials being used in Ireland for construction are
timber, stone, brick, masonry blocks, concrete and steel, with
concrete being the prime contributor in urban living; timber,
brick and masonry blocks are still major contributors across the
country. Of these, bricks and masonry blocks are used for
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external façade and timber is used in roofing and wall frames
and flooring. These materials, excluding timber, are energy
intensive with a high embodied energy content. Moreover, steel
needs to be imported, especially after closing of Irish Steel
plant on Haulbowline in Cork Harbour in 2002. Of the above
options, only timber is a naturally renewable resources,
whereas stone is available in plenty, however at the cost of biodiversity loss. Most structural timber takes 30-40 years to grow
to be used as a construction material.
In the present paper, the authors would like to submit
to the Irish research community to explore the possibility of a
non-native grass species, bamboo, which can be utilised for
construction applications. Bamboo, with around 1200 species
worldwide, grows as a bush or as a single culm within 3-5 years
to a structurally utilizable strength, depending upon the species.
It is one of the most renewable materials in the plant kingdom
which has a rapid re-generation rate and offers a continuous
green index: in respect of harvesting, only 10-20% of mature
culms are harvested per bush; it has a shallow root system
which goes only 1-1.5 m deep; and the high leaf litter improves
the soil humus, increasing ground water percolation and
preventing soil erosion. A sample photo of one such species
(Bambusa vulgaris) is shown in Fig. 1, which is mostly a
decorative plantations used in gardens and landscaping.
The structural strength of bamboo in its natural form
is found to have compressive strength of 20 – 110 MPa; tensile
strength of 150 - 390 MPa; bending strength of 150-180 MPa;
and an axial elasticity modulus in compression of 1 - 30 GPa
depending if samples are green or dry. These characteristics
give enough of a technical basis to think outside of the box and
develop techniques and solutions for effective utilization of
bamboo in structural applications.
2. BAMBOO AND CARBON SEQUESTRATION
A common method used to evaluate the environmental impacts
of a product’s life is a life-cycle assessment (LCA). When
evaluating the environmental impacts of bamboo construction

Fig. 1: Bamboo bush (Source: adamtropics.com)

it is important to consider the potential carbon sequestration of
bamboo cultivation and its impact on the overall global
warming potential as a product. Understanding carbon
sequestration due to land-use change is crucial in order to
properly quantify the environmental impacts of bamboo
products.
The use of timber products is often associated with
deforestation and its accompanying negative environmental
issues, but this is not a major concern in Ireland. However, as
bamboo is not currently grown in Ireland at a plantation level,
the cultivation of bamboo could contribute to afforestation and
reforestation efforts which are on-going. Over the past two
decades, the Kyoto Protocol has driven these efforts in Ireland
as new forests can act as credit towards reducing a country’s
carbon dioxide emissions, helping to reach the agreed upon
targets. Between 1990 and 2014, the total land area attributed
to forests in Ireland increased from 6.8% to 10.6%. Although
the increase is welcome, Ireland still ranks second last in the
EU in terms of forest cover, ahead of only Malta. The EU
average forest cover is 35% [4]. Most of the afforestation
efforts in Ireland have come from the private sector where
farmers convert agricultural land to planted forests.
Participation has been stimulated by incentives in the form of
government grants and annual premiums which cover
establishment costs and compensate farmers for income
foregone when the land is afforested [5]. In this context, one
should note that the carbon sequestration rate of bamboo is
estimated at 6 – 13 Mg ha-1 yr1 [6]. Sitka spruce is not native to
Ireland but is one of the country’s most commonly planted tree
species. Estimates of the rate of carbon sequestration for this
species range between 3.6 and 4.4 Mg ha-1 yr-1 depending on
the yield class [7]. Thus, assuming it is possible to cultivate
viable bamboo in the Irish climate, from the point of view of
carbon sequestration, bamboo is preferable to wood.
Van der Lugt et al. [8] conducted an LCA on bamboo
products grown and produced in China and transported by sea
to the Netherlands. The investigation estimated the global
warming potential of a carbonized three layer laminated
bamboo board considering the cradle-to-warehouse and end of
life phases of the product’s life cycle. The emissions associated
with the in-use phase were considered negligible and not
discussed. The functional unit (FU) for the investigation was a
single board with dimensions 2440 x 1220 x 20 mm. The
carbon footprint attributed to cradle to warehouse phase was
50.0 kg CO2 eq./FU. This was offset by the cultivation and end
of life phases which were -69.7 kg CO2 eq./FU leading to an
overall negative carbon footprint of -19.7 kg CO2 eq./FU. The
product scored well on cultivation and end-of-life based on two
assumptions. The first is it was assumed that bamboo
plantations were replacing grasslands and not forests, which is
an accurate description of what is currently happening in China.
The second is that the products would be burned to produce
electricity at the end of their life cycle. This is consistent with
the best practices for wood wastes in Europe. Finally, transport
between China and Europe accounted for over 17% of the
carbon footprint in the production phase of the bamboo
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product. Thus, if bamboo could be cultivated and processed
locally, the carbon footprint of the production phase could be
significantly reduced and it could become viable.
3. PREVIOUS IMPLEMENTATION SCHEMES
The Costa Rica’s National Housing Program surpassed the
original target of 80,000 housing units pa by 5800 homes and
in 1989 became the World Habitat Award winner. Under this
program, up to 1995, around 700 hectares of land throughout
the country was planted, which would produce enough material
for more than 10,000 houses per year, for which forest
hardwood timber would cause the destruction of 6000 hectares
of indigenous forest (Gutierrez et al., 1993).
In 1984 the country was 125,000 houses short of its
demand of 500,000 and, of the existing houses, one third were
estimated to be in a poor condition. In Costa Rica, timber had
traditionally played a prominent role as a construction material.
However, rapid deforestation had made timber scarce and
expensive and forced people to use new methods with concrete,
steel and masonry, many of whom couldn’t afford those
materials. Timber houses dropped from 86% of the total in
1963 down to 63% in 1984.
In order to overcome these negative effects it became
necessary to stimulate massive construction programs with
low-cost materials and technologies appropriate for selfconstruction. Since wood was scarce, it was substituted with a
similar material - inexpensive, resistant and accessible (Fig.2):
Bamboo satisfied all these requirements and, hence, was
introduced into the country since it was also a well proven
building technology. The five main benefits from this were:
reduction of building material costs; reduction of the need to
use wood; diversification of agricultural production and
stimulation of the local economy; establishment of small

Fig. 2: Bamboo houses under the National Housing
Project, Costa Rica [10]
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business enterprises to produce goods such as furniture, etc.;
and use of structurally resilient materials and technology, a
factor of significance in a country beset by frequent
earthquakes.
These accomplishments reflected several factors:
firstly, the national government combined clear and coherent
policy directives with serious political commitment and
tangible support; Secondly, grassroots participation
strengthened and facilitated the implementation of the program,
releasing human, technical and material resources that would
otherwise have remained untapped. Also women played a
proactive role in construction and leadership of housing
projects; Thirdly, an equitable subsidiary policy permitted
access to credit and housing markets for previously excluded
low-income families. Family need was turned into effective
demand by the increase in their real incomes brought about by
the subsidy.
However, a few problems were faced, central among
them was the low rate of cost recovery, estimated in 1992 at
50% of investment owing to non-repayment of loans. This
affected later subsidies, which were much reduced. Further, the
recipients of housing grants often sold their houses at a
considerable profit, returning then to their rural area of origin,
only to come back to the cities some time later, making them
once more eligible for subsidy. Furthermore, government
allocated funds to relocate spontaneous settlements found in
undesirable locations were subsequently recreated by other
squatters on the same sites. Thus, these problems serve to warn
of the likelihood of consequent financial and demographic
challenges that might be encountered in an attempt to replicate
the Costa Rican experience.
4. RESEARCH AND DEVELOPMENT OF BAMBOO STRUCTURES
IN INDIA
Realizing the potential of bamboo, a program for systematic
evaluation of the structural properties of bamboo began at the
Indian Institute of Technology Delhi (IITD). Under this
program, new technological developments were made in the
area of bamboo structures. During this program, a technology
of rigidly connecting two of more culms together, originally
developed at the Haritha Ecological Institute, A.P., was further
developed. The experimental validation, systematic analysis
and further creation of design procedures evolved, and thus the
technology was termed as the Haritha-IITD Bamcrete
technology. Under this program, local artisans were trained to
manufacture arches and columns built using HIB technology.
In Fig. 3a, the group of artisans trained in making the arches are
made to sit on their structures to build confidence in their skills
after the training which they acquired. Fig 3b shows the setup
for testing of life size (4.5m long) Bamcrete arches and Fig. 3c
shows the testing of life size (3m tall) Bamcrete columns. The
Bamcrete arches and column are built using Dendrocalamus
strictus, a species widely available in India with outer
diameters of around 40-50 mm. Even with these small
diameters, the arch and column are able to withstand ultimate
loads of 20 kN and 45kN respectively. This shows the potential
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of bamboo in developing structural elements which can have
the ability to adhere to modern building construction standards.

(a) 19 people on bamboo arch made with 40mm
diameter bamboo at IIT Delhi (Photo by: Dr. Korde
Chaaruchandra) [11]

4.1 Multi-level bamboo structure in India
After completion of this research, the group floated a start-up
company in India. Under this platform, an innovative
construction technology was developed and used in the
construction of a multi-level bamboo structure built in New
Delhi (Fig.4). This demonstrates the capability of building
three storey structures using solely bamboo structurally without
using nut and bolt components. A total of 1400 bamboo poles
were used in the course of construction of this structure. The
structure has four levels comprising over 70m2, including a
third floor as a bamboo-concrete composite terrace (and nonaccessible roof). The structure is built on a bamboo beam and
column network which is integrated with non-load bearing
bamboo wall panels. All the upper floors and walls are built
using bamboo and then finished with cement mortar internally
for walls and a concrete screed for flooring. It is then finished
externally with a weather-proof coating and internally with
paints. The fact that these bamboo components sequestrate an
estimated 12 tons of CO2 further demonstrates the necessity for
systematically researching bamboo as one of nature’s structural
gifts for all appropriate rural, urban and agricultural
infrastructure.

(b) Bamboo arch with HIB technology under
uniformly distributed load test (max load 20 kN) [12]
Fig. 4: Multi-Level Bamboo Structure in India
5. BAMBOO PENTHOUSE IN DUBLIN

(c) Bamboo column with HIB technology under pure
axial load (Max Load 45 kN) [13]
Fig. 3: Haritha- IITD Bamcrete technology research at
IIT Delhi

With the increase in the demand for housing and nonavailability of affordable housing for the dwellers, the pressure
on rental accommodation is very high, especially in the core
city areas in Ireland. In order to address this problem, the
authors have tried to develop a possible solution which employs
the use of pre-fabricated bamboo technology to achieve the
addition of an extra floor with least structural implication. In
order to make the point, a random sample house in Arbour Hill,
Stoney Batter is considered. Arbour Hill is a location with
many such two level houses which are built using masonry
blocks with bricks for exterior cladding. Fig. 5a shows a sample
building with a typical construction. As per the concept
proposed, the roofing of this structure can be dismantled, to be
reused upon installation of bamboo-mortar composite wall
panels all along its periphery. These panels can be further used
as partitions inside the new building for sectioning of various
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utility spaces. Major advantages of employing this system are
on three counts: a) Bamboo being a strong material, a
composite with mortar would be able to take the required load
of the roof and b) along with being strong, bamboo is also light
in weight, hence will cause limited imposition on the existing
load carrying capacity of the structure and c) bamboo being a
woody material, is inherently thermally non-conductive, giving
the necessary thermal insulation. However, though, this
currently is just a concept, it will require thorough examination
at various levels, both structurally as well for as thermal
insulation capabilities.
In order to do an initial check on the extent of the
implications which the addition of a new bamboo floor might

(a) 1.5 (Dead load + Live Load)

(a) Existing structure (Source: myhome.ie)

(b) 1.5 (Dead load + Live Load + Wind Load)
Fig. 8: FEM Analysis of B.P.H. as a 3rd storey

(b) Modified structure with bamboo penthouse (B.P.H.)
Fig. 5: Concept demonstration of bamboo pent house
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have, a finite element analysis has been undertaken on this
building. Here, stress analysis is conducted for two load
combinations of 1.5 (Dead load + Live load) and 1.5 (Dead
Load + Live Load + Wind Load) – see Fig. 8a and b. Since, the
masonry blocks are capable to carry a minimum load of 5 MPa,
the model shows that the addition of a lightweight bamboo
storey above the existing will result in stresses less than 3 MPa
on the blocks. This is primarily because the blocks are not
currently utilized to their complete potential and the roof is
light. Also, since the same roofing is being utilized again, it
results in a very cost-competitive solution for creating an
additional living space, notwithstanding fire considerations.
This concept showcases the possibility of potentially
retrofitting a massive stock of core urban housing with new
green technology interventions. In parallel with this
technology, new financial schemes will need to be integrated,
to create scope for a significant volume of houses within the
city area to be potentially utilized for rentals. This will help in
easing some pressure on the rental housing market.
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6. POLICY, STRATEGY AND POTENTIAL SPIN-OFFS

8) Van der Lugt, P., Vogtlander, J., Van der Vegte, J. and
Brezet, J., "Life Cycle Assessment and Carbon
Sequestration: the Environmental Impact of Industrial
Bamboo Products", in IXth World Bamboo Congress,
Belgium, 2012.
9) Gutierrez, J., Vliet, W.V., Arias, E. and Pujol, R., “In
Defense of housing: Housing policies and practices in Costa
Rica” , 17, 2, 63-72, 1993.
10) BASIN - News No. 11 March 1996: BASIN and the City
Summit
(BASIN-GTZ-SKAT,
1996,
34
p.)

The concept discussed above can create an immediate shortterm solution through importation of bamboo. However, for
long term planning, a more systematic and strategic approach
with multi-agency collaboration backed by policy initiatives
will be needed. In this the government, techno-social research
agencies, construction companies, financial institutions,
insurance companies, etc. will be need to come together to
aligning themselves toward a united goal of growing suitable
bamboo species which can survive in an Irish climate. Upon
http://www.nzdl.org/gsdlmod?e=d-00000-00---off-0cdl--00-0----0-10-0--0---0direct-10---4-------0-1l--11-en-50---20-about---00-0-1-00-0--4----0development of a proper value chain, the country will be able
0-11-10-0utfZz-8to ensure a specific quantum of houses will be delivered using
10&cl=CL1.25&d=HASH1bdeca14c4bc82535185b1.8&gt=
a wholly renewable and fast-growing building material
11) Korde, C. Agrawal, A. Gupta, S. and Sudhakar, P.,
produced indigenously. Subsequently, there will be spinoffs
“Experimental
Verification
of
Bamboo-Concrete
once a proper supply chain is established wherein bamboo
Composite Bow Beam with Ferro-Cement Band”, in the
poles can be utilized for furniture, scaffolding, agricultural and
proceedings of the First International Conference on
tourism infrastructure. Further, at the high end, bamboo slivers
Modern Bamboo Structures (ICBS-2007), CRC Press,
have been already demonstrated as being feasible for
London
fabrication of wind turbine blades [14], thus ushering in a new
12) Korde C., West R., Gupta A. and Sudhakar P., “Laterally
era of sustainable energy infrastructure.
restrained dual bamboo concrete composite arch under
uniformly distributed loading”, Journal of structural
7. CONCLUSIONS
engineering, ASCE, SPECIAL ISSUE: Sustainable Building
Ireland is known for its pristine greenery and is a major tourist
Structures, 141, B4014005, 2014.
destination. With the Irish economy booming again, there 13) Korde C., Gupta A. and Sudhakar P., “Haritha - IITD
continues to be a significant pressure on the housing sector.
Bamcrete Technology: A new perspective for ferroHowever, the rate of construction, with use of the current
bamboo-concrete composite structures”, Indian Journal of
energy intensive materials, will only lead to future challenges
Ferrocement, 1, pg. 257, Ferro-cement Structures, 2011.
in meeting Ireland’s carbon targets. This paper puts forward a 14) Platts, M.J., “Strength, Fatigue Strength and Stiffness of
vision for a long term strategy of using a truly green building
High-Tech Bamboo/Epoxy Composites” Journal of
material, creating local employment along with ensuring
Agricultural Sciences, 2014, 5, 1281-1290, 2014.
sustainable living through offsetting the carbon commitments
in the housing sector, rather than otherwise.
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ABSTRACT: Tidal turbine applications will place composite materials such as glass-fibre and carbon-fibre reinforced polymers
under surprisingly high pressure due to the significant water depths they operate in. While some tests have been conducted on the
effects of water ingress into these materials little is known about the durability of these materials in high pressure environments.
The technical reliability of tidal turbines must be guaranteed despite the high dynamic loads resulting from a combination of plant
operation, wind and waves with irregular swell, coupled with environmental factors such as water immersion (to depths of 50m)
and marine biological effects. These external effects could lead to operation downtime and accelerated degradation. Hence, it is
essential that detailed information is available on the behaviour of materials and components under different environmental
conditions before commissioning. Research has already established that (unpressurised) moisture saturation is detrimental to both
tensile and fatigue strength of GFRP material compared to its dry laminate performance. This degradation has been shown to be
stress dependent. It is possible that hydrophobic coatings could help protect the material while in service. Therefore, two
commercially available coatings were applied to 5 variations of composites materials. These materials are commonly used in tidal
and wave turbine blades as they have excellent corrosion resistance and mechanical properties. All 5 are subjected to the same
conditioning processes. Non-pressurised and pressurised immersion conditioning in water. Glass fibre epoxy (Ampreg), along
with a glass fibre powdered epoxy, a glass fibre PEEK composite and a carbon fibre powdered epoxy composites. Results show
pressurised immersed material reached saturation quicker and coatings used did not protect the material from water absorption.
KEY WORDS: Fatigue testing, glass-fibre composites, hydrophobic coating, pressurised conditioning, tidal energy
1

INTRODUCTION

With the world’s natural oil and gas supplies a finite resource
and governments setting renewable energy targets to be met in
the near future, public and private industries are investing more
than ever before in research on sustainable renewable energy
solutions. One such solution to the growing electricity demands
is tidal turbines. The ebb and flow of tides around the world, if
harnessed, could provide a more predictable source of
renewable energy than wind turbines. However, the technical
reliability of tidal turbines must be guaranteed despite the high
dynamic loads resulting from a combination of plant operation,
wind and waves with irregular swell, coupled with
environmental factors such as water immersion to depths of 40
m - 50m [1] and marine biological effects. These external
effects could lead to operation downtime and accelerated
degradation. A large variety of different shapes and sizes of
tidal blades are currently being developed with some optimised
blade shapes being proposed [2][3]. Studies have shown that
the cost of the material involved in constructing a tidal blade
shouldn’t be any higher than a wind blade with the same power
output [4].
While some tests have been done on the effects of water
ingress into these materials [5-8], little is known about the
durability of these materials in high pressure environments.
Hence, it is essential that detailed information is available on
the behaviour of materials and components under different
environmental conditions before commissioning. Typically, a
lifetime of 20 years is required for commercial viability.
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This paper attempts to fill a gap in the literature by
presenting a study that investigates the effects of pressurised
versus non-pressurised moisture uptake of composite materials
coated with a hydrophobic and a super hydrophobic potentially
protective layer.
2

MATERIAL
Overview of test material

This research focuses on four polymer composite materials
commonly used to construct ocean energy devices, as they have
excellent corrosion resistance and mechanical properties [3].
That is, glass fibre epoxy (Ampreg), glass fibre powdered
epoxy, a glass fibre PEEK composite and a carbon fibre
powdered epoxy were investigated. Two variations of glass
fibre epoxy (Ampreg) were tested, differing only by the number
of plies (that is, 8 and 16). All materials were subjected to the
same conditioning processes described in Section 4. Similar
materials were previously tested under non-pressurised
conditions to investigate water ingress [5].
GF Ampreg epoxy
This material was manufactured at ÉireComposites Teo. An Eglass bi-axial 45°/135° non-crimp material known as
AHLSTROM 62042 was prepared with a quasi-isotropic layup. It was infused using a Vacuum Assisted Resin Transfer
(VART) method with Gurit’s Ampreg 22 epoxy resin and with
its slow hardener [9]. A flat aluminium plate was first cleaned
with acetone and then allowed to dry for 15 minutes. A layer of
Teflon coated glass fibre was then laid on the plate. The glass
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was then carefully laid up in a quasi-isotropic lay-up of
(45°/135°/0°/90°)s and [(45°/135°, 0°/90°)2]s for 8 ply and 16
ply panels, respectively. A straight aluminium bar was used to
define the edge of the panel. Once in place, the plies were
carefully trimmed to remove stray fibres. A peel ply was then
placed over the stack of plies, along with a distribution mesh
and resin channels. A vacuum bag was then sealed around the
material using a synthetic rubber sealant. After mixing and
degassing the Ampreg 22/slow hardener mixture, it was infused
at 27°C. This was done to lower its viscosity and ensure it
soaked through the fibres before setting. Two panels of 16 ply
GF Ampreg epoxy were made in this way, while a third earlier
panel was infused at a lower temperature. This led to a higher
void content. It is also included in this study and yielded
interesting comparative results. It is important to note that the
cure produces an exothermic reaction. On a thin flat laminate,
this heat dissipates quickly; even so, for each 10°C temperature
rise the reaction rate doubles, producing more heat [10], so
infusion should be done in a well-ventilated area. This can
make the manufacture of large thick sections difficult using this
technique, so in general, several parts are manufactured
separately and glued to form the final piece [11]. The 8 ply GF
Ampreg epoxy panels had been manufactured previously for an
unpressurised water ingress study [5].
GF and CF powdered epoxy
Glass fibre and carbon fibre powdered epoxy material was also
manufactured at ÉireComposites during the previous study [5].
These materials are used in the manufacture of wind turbines,
as they are easy to manufacture and have good material
properties [12]. The heat activated powder epoxy cures at
180ºC. The manufacture of panels consists of laying up the
material on a flat metal plate whilst the uncured powder is
distributed throughout the panel. The setup is then sealed and
has a vacuum applied to it before heating to 180°C. The GF
powdered epoxy has a 6 ply lay-up of the form (45°/135°/0°)s,
whilst the CF powder epoxy has a 4 ply uni-directional lay-up
(0°4).
GF PEEK
A glass fibre thermoplastic composite was also tested. It was
sourced from Rochling [13]. This material uses a random fibre
make up rather than the uni-directional or quasi isotropic fibre
orientations seen in the other materials in this study. PEEK is
comparatively expensive, but due to its low moisture uptake it
may be used in the connection points of tidal turbine blades.
Material characteristics
The four previously discussed materials were subjected to
micro-structural analysis using 3-D X-ray CT [5][6]. The
machine used was a 100kV Scanco µCT100 using a voxel
resolution of 16µm. The results of the analysis on void content
are show in Table 1, which was determined according to ASTM
D3171 using a muffle furnace [14]. Figure 1 shows an example
of a CT scan of GF Ampreg epoxy specimen at a 45° ply, where
the voids, resin bands and fibre tow can be clearly identified
[5][6].
Table 1. Material properties for previously manufactured
materials during [5]

Material

GF Ampreg epoxy GF Ampreg epoxy GF powdered CF GF
(16 ply)
(8 ply)
epoxy
powd PEEK
-ered
epoxy
Lay-up [(45°/135°/0°/90°)2]s (45°/135°/0°/90°)s (45°/135°/0°)s (0°4) Random
% void 1-2.5%
0.25
0
0
0
content

Figure 1. Sample CT scan of GF Ampreg epoxy specimen at
a 45° ply. (Bottom) End view of the same scan along the
indicated section line [6].
3

HYDROPHOBIC COATINGS
Overview of hydrophobic coatings

Part of the focus of this research is to investigate the suitability
of hydrophobic and super hydrophobic coatings as protective
layers when applied onto composites used in marine
applications. The preparation of coated samples was carried out
at the University College Dublin. Two coatings based on
silicon / siloxane type chemistries were evaluated. The
commercial coatings were applied to the composites according
to the manufacturer instructions. The deposited coating
wettability, thickness, morphology, and surface chemistry
properties were characterised using a goniometer,
spectroscopic ellipsometry, optical profilometry, scanning
electron microscopy (SEM) and X-ray photoelectron
spectroscopy (XPS). The composite specimens were washed
with a standard detergent (flash clean and shine). Following
this, they were washed in tap water and then deionised water.
They were then air dried and left in an oven at 50°C for 24 hours
prior to coating.
NEVERWETTM
Plasma activation was used to increase the wettability of the
composite surface prior to coating. The plasma jet was passed
over the composite surface at 30 mm / min with a nozzle to
substrate distance of 15 mm, thereby increasing the surface
energy of the substrate. The PlasmaTreatTM is an OpenAir
system manufactured by PlasmaTreat GmbH (Steinhagen,
Germany). The coating NeverWet was applied as per
manufacturer’s instructions (repeated). The base layer,
comprising mainly of polypropylene, methyl isobutyl ketone,
butyl acetate and mineral spirits, was applied by spraying
uniformly with one pass (2 – 3 seconds per pass) at a fixed
height of 25 cm over the substrate. The coating was allowed 30
minutes to dry in ambient conditions before the top coat,
containing the siloxane derived nano-particles suspended in
liquefied petroleum distillates, was applied following the same
coating procedure.
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LiquidGlassTM
Before coating the material with LiquidGlass, a silicon oxide
interlayer of 230nm was deposited using the PlasmaTreatTM
and a system called the PlasmaPlus. The precursor
Tetraethylorthosilicate (TEOS) and nitrogen as the carrier gas.
The LiquidGlass coating was applied by the manufacturer,
using a buffing technique.
Coating and substrate characterization
The wettability and surface energies of the composites used in
this study are given in Table 2. The surface energy (SE) of the
composite substrate was calculated using the OWRK method
[15], which reports the surface free energy in terms of its polar
and non-polar (dispersive) components. In all cases, plasma
activation of the composite substrate lowered the Water
Contact Angle (WCA) and increased SE, in particular, the polar
component of the SE. The characterisation of the two coatings,
NeverWet and LiquidGlass, in terms of wettability, roughness,
thickness and chemical composition are given in Tables 3 and
4. The WCA shows that NeverWet exhibited superhydrophobic
properties (WCA > 150°), while LiquidGlass is classed a
hydrophobic coating (WCA > 90°) (Table 3). The coatings
range dramatically in thickness from 11 nm to 10 µm, with Ra
roughness values between 2 nm to 10 µm (Table 4). XPS
analysis demonstrated that the coatings are primarily composed
of silicon, oxygen and carbon, while in the case of LiquidGlass
some fluorine was also detected (Table 4). The two-part
NeverWet coating consists of randomised clusters of silicon
oxide (Figs 2 and 3). These clusters create a rough surface
which NeverWet owes its superhydrophobic properties to. At
11 nm, the conformal LiquidGlass coating is not
distinguishable under SEM and optical profilometry (Fig 4).
The coating exhibits hydrophobicity due to the presence of
fluorine (14.2% Atomic Concentration).

Figure 4. SEM Micrograph (left) and 3D (right) optical
profilometer plots of LiquidGlass.
4

ACCELERATED WATER AGEING
Test specimens

In keeping with previous work [5][6], the traveller specimens
were 25x25mm. They were machined using a diamond tipped
water cooled saw. The traveller specimens are so called
because they physically travel with the larger tensile test
specimens which are too large to be weighed on the enclosed
scales. The traveller specimens were subjected to two kinds of
accelerated aging. Immersion in water at 50°C and pressurised
water immersion at 6bar, 50°C. This was done to accelerate the
moisture uptake [16], whilst simulating the hydrostatic pressure
that an operating tidal turbine blade could be exposed to [3].
The traveller specimens were subdivided into non-coated,
LiquidGlass coated and NeverWet coated specimens in each
immersion condition, for each of the 5 material types. Traveller
specimens were extracted from 7 panels. 3 x GF Ampreg epoxy
(16 ply), 1 x GF Ampreg epoxy (8 ply), 1 x GF PEEK, 1x GF
powdered Epoxy and 1 x CF powdered epoxy panel. In total
there are 168 travellers. 3 per panel, per coating per aging
condition. Only the GF Ampreg epoxy (16 ply) material panels
have associated static and fatigue tensile specimens. See Table
5 and Table 6.
Methodology

Figure 2. SEM micrograph of NeverWet coating.

The ASTM standard for moisture absorption of polymer matrix
composites (ASTM D5229/5229M-14) was employed [16].
The specimens were removed from the tanks and weighed on a
weekly basis. They were weighed on an enclosed analytical
balance accurate to 0.0001g. Before weighing, the specimens
were carefully wiped with a lint free cloth and allowed to cool
to ambient temperature. The gravimetric analysis took place in
the CTL Composites testing lab. This is a controlled
environment at 23°C and 50% humidity.
Non-pressurized and pressurized immersion test setup

Figure 3. 2D (left) and 3D (right) optical profilometer plots of
Neverwet coating.
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The non-pressurised aging took place in an accelerated curing
tank (Fig. 5). The pressurised aging took place in a
reconditioned pressure pot originally used for spray painting
(Fig. 6). The pressure pot was place in the accelerated aging
tank and insulated to prevent heat and moisture loss. The
pressure pot was heated by water in the accelerated curing tank.
It does not have its own heat source.
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Table 2. Water Contact Angle and Surface Energy measurements before and after plasma activation
Composite
Lay-up
GF Ampreg Epoxy
GF Powder Epoxy
CF Powder Epoxy
GF PEEK

Prior to Activation
WCA (°) SE (mJ/M2) Disp. (mJ/M2) Polar (mJ/M2)
69 ± 3.0
41.9
34.1
7.8
90 ± 0.6
38.8
37.6
1.2
85 ± 0.2
35.6
33.1
2.5
96 ± 1.9
30.3
27.1
3.2

After Activation (1pass)
WCA (°) SE (mJ/M2) Disp. (mJ/M2) Polar (mJ/M2)
18±1.2
66.4
35.4
30.9
31±1.0
61.3
33.7
27.6
44±1.7
56.5
36.4
20.1
36±3.6
58.7
34.8
23.8

Table 3. Water Contact Angle and Surface Energy measurements of coatings
Coating
Plasma Interlayer (SiOx)
NeverWet
LiquidGlass

WCA (°)
31 ± 0.8
158 ± 2
110 ± 3

SE (mJ/M2)
57.6
42.3
12.9

Disp. (mJ/M2)
36.2
26.8
11

Polar (mJ/M2)
21.4
15.6
1.9

Table 4. Roughness, thickness and atomic concentrations of coatings
Coating
Plasma Interlayer (SiOx)
NeverWet
LiquidGlass

Ra
2.4nm
2.1 µm
2.1 nm

Roughness
Rq
Rt
3.8nm
169.6nm
3.8 µm
42.7 µm
2.7 nm
39.0 nm

Figure 5. Accelerated curing tank 12 kW 3 phase.
Pressurised and non-pressurised final test set up. The pressure
pot resting in the accelerated curing tank.

Figure 6. Pressure pot used for conditioning of specimens
(a) Old pressure pot in need of reconditioning, (b) Pressure
pot sandblasted clean and (c) Reconditioned pressure pot.
5

Thickness
229.9 ± 14.6 nm
10.1 ± 1.16µm
11.0 ± 0.2 nm

XPS, Atomic Concentration (%)
O
C
Si
F
48.3
12
28.1
41.9
14.5
48.6
21.5
17
47.3
14.2

312 hours less time to reach saturation (Fig. 8). For panel 2, the
pressurisation did not increase moisture uptake (-0.14%) but it
did reduce the time to saturation by 816 hours. Panel 3
performed similarly, reaching saturation 1,008 hours quicker
under pressurised conditions and also absorbing less moisture
(-0.24%). The LiquidGlass / SiOx coated material absorbed a
similar or slightly lower amount of moisture as compared with
the uncoated material under both non-pressurised and
pressurised conditions. The NeverWet coated composite in
general exhibited slightly higher levels of moisture uptake
particularly under non-pressurised conditions (+ 0.52% for
panel 1). It was concluded from this study that the LiquidGlass
/ SiOx combination coating exhibited slightly lower levels of
moisture uptake compared with that obtained with either the
uncoated or NeverWet coated composite. The enhanced
performance achieved with the combined LiquidGlass / SiOx
coating may be due to increased interfacial adhesion achieved
with the composite surface and thus yielding better barrier
performance. This combination coating was also found to
exhibit enhanced abrasion resistance compared with that
obtained with the NeverWet coating when treated using an
abrasive slurry (SiC in water) in an ultrasonic test apparatus as
described previously [17].

RESULTS
Accelerated ageing results

The results of the accelerated aging are broken down by
material type.
1) GF Ampreg Epoxy (16 ply): Panels 1-3 were
manufactured using this material. Panel 1, which was
manufactured at a lower temperature than other panels, has a
higher void content than panel 2 and 3. It absorbed more water
as a result (See Fig. 7). The non-coated material absorbed
+0.76% more moisture by weight under pressurised immersion
conditions than non-pressurised for panel one. This also took

Figure 7. % moisture uptake by weight of GF Ampreg
Epoxy (16 ply) specimens.
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and NeverWet coated composite. Time to saturation varied
little for these cases. The LiquidGlass coated composite,
however, absorbed 0.34% less under pressurised conditions.
Saturation was also reached 792 hours quicker.

Figure 8. Time to saturation of GF Ampreg Epoxy (16 ply)
specimens.
2) GF Ampreg Epoxy (8 ply): The moisture uptake and
time to saturation for panel 5 are shown in Figures 9 and 10.
For this material, the coated specimens absorbed more moisture
than the uncoated material, with the NeverWet material
absorbing more than the LiquidGlass coated composite. In all
cases, the pressurised conditioning specimen reached saturated
significantly quicker. 840 hours on average.

Figure 11. % moisture uptake by weight of GF powder
epoxy specimens.

Figure 12. Time to saturation of GF powder epoxy
specimens.
Figure 9. % moisture uptake by weight of GF Ampreg
Epoxy (8 ply) specimens.

Figure 10. Time to saturation of GF Ampreg Epoxy (8 ply)
specimens.

Figure 13. % moisture uptake by weight of CF powder
epoxy specimens.

3) GF Powder Epoxy: The moisture uptake and time to
saturation for panel 6 are shown in Figures 11 and 12. It can be
seen that the coated specimen took on more moisture under
non-pressurised conditions than the uncoated material. In the
pressurised conditions, the LiquidGlass coated and uncoated
material performed similarly. Whereas, the NeverWet coated
material absorbed more water than the other two. In all cases,
pressurisation material reached saturation quicker.
4) CF Powder Epoxy: The moisture uptake and time to
saturation for panel 4 are shown in Figures 13 and 14. For the
carbon fibre material, both coatings appeared to absorb more
moisture than the non-coated material (+0.5%). The
pressurised material absorbed more moisture in the uncoated
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Figure 14. Time to saturation of CF powder epoxy
specimens.
5) GF PEEK: The moisture uptake and time to saturation
for panel 7 are shown in Figures 15 and 16. This material

CERI-ITRN2018

absorbed little moisture in its non-coated non-pressurised form.
It roughly doubled its moisture uptake under pressure and took
longer to reach saturation in this condition. The coated
specimens performed similar to each other with the NeverWet
material absorbing a little more moisture. Both reached
saturation quicker under pressure.
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ABSTRACT: The ebb and flow of the world’s tides could provide a more predictable source of energy than the wind energy
sector. That being said, to harness this energy, device design needs to be substantially more robust than those in wind. Operating
at depth of up to 40-50m they are subjected to considerable hydrostatic pressures along with additional force due to the denser
medium. Whilst various models have been developed of this environment, no material testing has been carried out at these
operating pressures. This study investigates the effect that ageing at this pressure has on the tensile strength and modulus properties
of a glass fibre epoxy composite and its influence on the fatigue life of the material. The effect of two commercially available
hydrophobic coatings is also examined. The mechanical tests are carried out at ambient temperature and pressure and the results
are discussed.
KEY WORDS: Tensile testing, Fatigue, glass-fibre composites, hydrophobic coating, pressurised conditioning, tidal energy
1

INTRODUCTION

With tidal turbine blade design developing rapidly and
producing a wide variety of blade designs [1][2], a standard
load spectre has yet to be developed [3]. Even so, research has
shown that tidal blade construction should have similar
material cost to that of wind energy [4]. Tidal blades will have
to withstand high dynamic loads caused not only by ocean
currents but depth at which they operate in [5][6][7][8]. This
study is a continuation of [9] in which composite materials
were aged under non-pressurised and pressurised conditions
after being protected with commercially available hydrophobic
coatings. For one of the materials examined in [9]
corresponding tensile test coupon were prepared, coated and
aged. They were then tested statically and in fatigue. Static tests
were carried out in accordance with ASTM D3039 [10] and the
fatigue testing to ASTM D3479/3479M [11].
2

MATERIAL
Composite test material

This part of the study focuses on a 16 ply glass fibre epoxy
(Ampreg 22) quasi-isotropic material. Similar materials were
previously tested under non-pressurised conditions to
investigate water ingress [5]. The glass fibre epoxy material
was manufactured by the author at Eirecomposites using
Vacuum Assisted Resin Transfer (VART)[12][13]. The
methodology used is described in [9] with the resulting material
being a 16 ply E-glass and epoxy resin (Ampreg 22) composite
with a quasi-isotropic lay-up [(45°/135°, 0°/90°)2]s. Five
panels were made and three were then selected for use in this
study. Two of the panels (Panel 2 and 3) were infused at 27°C,
while a third earlier panel (Panel 1) was infused at a lower
temperature. This led to a higher void content. It is also
included in this study and yielded interesting comparative
results.
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The materials fibre volume content was determined
according to ASTM D3171 using a muffle furnace [14]. Three
fibre volume content specimens.
Table 1. Material properties for previously manufactured
materials during [5]
Material

GF Ampreg epoxy
(16 ply)
Lay-up
[(45°/135°/0°/90°)2]s
% void content 1-2.5%

Hydrophobic coatings
Of the three sets of tensile specimens that were used in this
study, two were prepared using commercially available
hydrophobic coatings. The specimens were coated at the
University College Dublin. The coating application methods
are described in detail in [9]. These coating are NeverwetTM
and a LiquidGLassTM/SiOx coating.
Conditioning of specimens
The composite material was subjected to two kinds of
accelerated aging. Immersion in water at 50°C and pressurised
water immersion at 6 bar, 50°C. This was done to accelerate the
moisture uptake [5], whilst simulating the hydrostatic pressure
that an operating tidal turbine blade could be exposed to [4][1].
The traveller specimens were subdivided into non-coated,
LiquidGlass coated and NeverWet coated specimens in each
immersion condition. Three traveller specimens were extracted
from each GF Ampreg epoxy panel. The ASTM standard for
moisture absorption of polymer matrix composites (ASTM
D5229/5229M-14) was employed [15].
The non-pressurised aging took place in an accelerated
curing tank (Fig. 1). The pressurised aging took place in a
reconditioned pressure pot originally used for spray painting
(Fig. 2). The pressure pot was place in the accelerated aging
tank and insulated to prevent heat and moisture loss. The
pressure pot was heated by water in the accelerated curing tank.
The ageing methodology is described in greater detail in [9].
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Figure 1. Accelerated curing tank 12 kW 3 phase (left) used
for pressurised and non-pressurised condition of specimens
with the pressure pot resting in the accelerated curing tank
(right).

0.14%), but it did reduce the time to saturation by 816 hours.
Panel 3 performed similarly, reaching saturation 1,008 hours
quicker under pressurised conditions and also absorbing
slightly less moisture (-0.24%). The LiquidGlass / SiOx coated
material absorbed a similar or slightly lower amount of
moisture as compared with the uncoated material under both
non-pressurised and pressurised conditions. The NeverWet
coated composite in general exhibited slightly higher levels of
moisture uptake particularly under non-pressurised conditions
(+ 0.52% for panel 1). It was concluded from this study that the
LiquidGlass / SiOx combination coating exhibited slightly
lower levels of moisture uptake compared with that obtained
with either the uncoated or NeverWet coated composite. The
enhanced performance achieved with the combined
LiquidGlass / SiOx coating may be due to increased interfacial
adhesion achieved with the composite surface and, thus,
yielding better barrier performance. This combination coating
was also found previously to exhibit enhanced abrasion
resistance compared with that obtained with the NeverWet
coating when treated using an abrasive slurry (SiC in water) in
an ultrasonic test apparatus [16][17].

Figure 2. Pressure pot used for conditioning of specimens
(a) Old pressure pot in need of reconditioning, (b) Pressure
pot sandblasted clean and (c) Reconditioned pressure pot.
Static and fatigue test setup
Static and fatigue tests were conducted in a controlled
environment with an ambient temperature and humidity of
23°C and 50% humidity. Testing was conducted in accordance
with provisions of ASTM D3039-14[10] and ASTM
D3479/D3479M-12 [11]. However, in order to help prevent
moisture loss and overheating during fatigue, all specimens
were tested in water pouches (Figure 3) with an industrial fan
blowing air over the specimen.

Figure 3. Tensile fatigue test set up in a 100kN servo
hydraulic Instron test machine.
3

RESULTS
Accelerated ageing results

Three panels were manufactured using the same material. Panel
1, which was manufactured at a lower temperature than other
panels, has a higher void content than panel 2 and 3. As a result,
it absorbed more water (See Fig. 4). The non-coated material
absorbed +0.76% more moisture by weight under pressurised
immersion conditions than non-pressurised for panel one. This
also took 312 hours less time to reach saturation (Fig. 5). For
Panel 2, the pressurisation did not increase moisture uptake (-

Figure 4. % moisture uptake by weight of GF Ampreg
Epoxy (16 ply) specimens.

Figure 5. Time to saturation of GF Ampreg Epoxy (16 ply)
specimens.
Static tensile results
A on GF Ampreg epoxy material from panels 1-3. The tensile
strength and modulus results for the three panels of GF Ampreg
epoxy material are shown in Figures 6 – 8. In all cases, very
little change was noticed in the tensile modulus due to coated
or conditioning type. This was not the case, however, for the
tensile strengths. Conditioning decreased the tensile strength
by, on average, 38% with the pressurised specimens losing
slightly less of their strength than the non-pressurised material
(6%). Panel 3 yielded the highest tensile strength, with panel 1
providing the lowest tensile strength, which was mainly due to
being manufactured at a lower temperature.
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(a)
(a)

(b)
(b)

Figure 6. Tensile (a) strength (b) modulus results for
Panel 1 – Ampreg epoxy (16 ply).
(a)

(b)

Figure 7. Tensile (a) strength (b) modulus results for Panel
2 – Ampreg epoxy (16 ply).
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Figure 8. Tensile (a) strength (b) modulus results for Panel
3 – Ampreg epoxy (16 ply).
Fatigue tensile results
In total, fatigue testing was carried out on 62 tensile test
specimens. This consisted of trial testing followed by 60
specimens split across uncoated, LiquidGlass/SiOx coated and
Neverwet coated specimens. Each coating type was also split
into three conditioning variations. No conditioning, immersion
in water at 50°C and pressurised immersion at 50°C. All
specimens were tested at a frequency of 2.5Hz with an r-ratio
of 0.1. Plots of stress against number of cycles to failure are
given in Figures 9 to 11 for non-coated, coated with
LiquidGlass/SiOx and coated with Neverwet, respectively. The
results show that, as expected the coating themselves did not
affect the fatigue properties of the non-conditioned material
(Figure 12). Panel 1, while having a higher void content to
panels 2 and 3 could withstand more fatigue cycles (Figures 1315). Across all panels, the pressurised aged specimens could
withstand 3-4 times the amount of cycles at 70% of the
maximum static tensile capacity. This was the case regardless
of coating type. The Liquidglass/SiOx coated material
performed marginally better than the uncoated material. The
Neverwet coated material performed similarly to the uncoated
material if not slightly worse. It should be noted that the
maximum static tensile capacity used is also panel and coating
specific.
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Figure 9. Fatigue results (Stress vs No. of cycles) for
composite specimens with no coating for unconditioned,
conditioned (Immersed at 50°C) and pressurised conditioning
(Immersed at 50°C and 6 bar) taken from Panels 1-3.

Figure 12. No. of cycles to failure under fatigue loading (at
55% of maximum static tensile capacity) of composite
material specimens (uncoated and coated) taken from Panels
1-3, which did not undergo any water conditioning prior to
fatigue testing.
(a)

Figure 10. Fatigue results (Stress vs No. of cycles) for
composite specimens with LiquidGlass/SiOx coating for
unconditioned, conditioned (Immersed at 50°C) and
pressurised conditioning (Immersed at 50°C and 6 bar) taken
from Panels 1-3.
(b)

Fig. 11. Fatigue results (Stress vs No. of cycles) for
composite specimens with Neverwet coating for
unconditioned, conditioned (Immersed at 50°C) and
pressurised conditioning (Immersed at 50°C and 6 bar) take
from Panels 1-3.

Figure 13. No. of cycles to failure under fatigue loading (at
70% of maximum static tensile capacity) of composite
material specimens (uncoated) taken from Panel 1, which
underwent non-pressurised and pressured water conditioning
prior to fatigue testing. Specimens (a) uncoated and (b) coated
with LiquidGlass/SiOx.
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(a)

(a)

(b)

(b)

(c)

(c)

Figure 14. No. of cycles to failure under fatigue loading (at
70% of maximum static tensile capacity) of composite
material specimens (uncoated) taken from Panel 2, which
underwent non-pressurised and pressured water conditioning
prior to fatigue testing. Specimens (a) uncoated, (b) coated
with LiquidGlass/SiOx and (c) coated with Neverwet.
.

Figure 15. No. of cycles to failure under fatigue loading (at
70% of maximum static tensile capacity) of composite
material specimens (uncoated) taken from Panel 3, which
underwent non-pressurised and pressured water conditioning
prior to fatigue testing. Specimens (a) uncoated, (b) coated
with LiquidGlass/SiOx and (c) coated with Neverwet.
.
4

CONCLUSIONS

In static testing, neither coating seemed to provide any
additional protection to the materials tensile strength and
modulus properties during conditioning. Pressurised
immersion at 6 bar does not appear to have further decreased
the tensile properties of the material relative to the standard
none pressurised immersion. This is an important finding in
that it suggests that samples could be aged under pressurised
conditions to reduce the time to reach saturation without
affecting the mechanical properties (i.e. tensile strength and
modulus) of the specimens. The reduction in strength of
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immersed specimens relative to dry samples is not unexpected,
nor is the lack of reduction in the tensile modulus, as previous
studies have yielded similar results [9].
In fatigue testing, the pressurised conditioned material seems
to outperform the both the standard immersion materials. While
the small quantity of specimens tested at each variation are not
statistically comprehensive, they do indicate that the
hydrostatic pressures do not further damage the material.
It is important to note that the fatigue was not carried out at
pressurised conditions which could affect the results. With that
in mind, the next part of this study will examine the effect
pressurised water has on the fatigue life of the material.

[13] Gurit
(2016).
Exothermic
Reactions.
Available:
http://www.gurit.com/exothermic_reactions.aspx Accessed 13/4/ 2016.
[14] ASTM D3171-15 Standard Test Methods for Constituent Content of
Composite Materials, ASTM International, West Conshohocken, PA,
2015, https://doi.org/10.1520/D3171-15.
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Moisture Absorption Properties of Polymer Matrix Composite
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[16] D. K. Owens, R. C. Wendt, ‘Estimation of The Surface Free Energy’, J.
Appl. Polym. Sci. 1969, 13, 1741.
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ABSTRACT: Offshore wind turbines (OWT) are gaining in size and capacity, thereby becoming more cost effective as power
plants. However, the larger size of turbines and their positioning in the areas of higher wind speed and/or in deeper water increase
the cost of supporting structures and foundations. Additionally, the freight costs associated with transportation and installation of
the tower components and foundations become a larger part of the overall project cost. The aim of this research was to develop
an understanding of the viability of using composite materials to replace traditional materials in wind turbine structural design and
to investigate possible cost benefits. The composite material properties were modelled using MatLab, while the preliminary static
structural analysis of the tower was simulated using Strand7 software. The wind loading was taken from the M1 buoy off the west
coast of Ireland. Two types of composite structures were studied. Tower type 1 has an inner and outer skin of E-glass/Epoxy; type
2 was similar but carbon fibre plies were used in the 90° direction. NREL 5MW wind turbine supported by a steel tower was
chosen as a benchmark. Based on the preliminary design for the ultimate limit state carried out in this research, composite towers
provide a saving of 475 tonnes in comparison with the equivalent steel tower. This translates to a weight saving of 27.3% in
comparison with the NREL tower. These weight savings are expected to have an impact on the substructure, transportation,
installation, and maintenance costs of the OWT.
KEY WORDS: Offshore wind towers; Composite materials; Structural analysis; E-glass/Epoxy; Carbon.
1 INTRODUCTION

Over the last three decades renewable energy has become an
ever increasing source of discussion, research, innovation and
development. Increasing government support around the world
has contributed to the growth of the sector. Ireland has a
significant offshore energy resource, wind, tidal, and wave, and
has a marine territory more than 10 times its land mass [1]. The
Irish government has set a target to achieve 2800 MW installed
generation capacity from ocean energy by 2020 [2]. This is in
line with the European offshore wind target of 460 GW and
ocean energy target of 188 GW by the year 2050 [3]. However,
the electricity generated from offshore devices remains at a
higher price in comparison to that from conventional fuel
sources. Hence, to become more cost-effective, the wind
industry is moving towards taller towers and into deeper waters
in order to exploit the potential of higher winds. As the offshore
wind farms gain in size and capacity, the cost of supporting
structures and foundations also increase [4]. Additionally, the
freight costs associated with transportation and installation of
tower components and foundations become a larger part of the
overall project cost. The significant cost reductions of
renewable energy devices can be achieved through its structure
design improvements and innovations [5-8].
The study shows that the cost of tower is 25% of onshore wind
turbine Capital expenditure (CAPEX) [9]. This multiplies in the
case of the offshore wind tower due to the installation and
maintenance costs [10]. The possible solution for this is
replacement of the traditionally used materials, such as steel
and concrete, with Glass Fibre Reinforced Plastic (GFRP)
materials in wind supporting structures [11]. It is believed that
the implementation of composite materials can be cost
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effective, directly and indirectly [12]. The concept of
employing composite materials for offshore applications has
existed for some time [13]. MEGAWIND Project aim was to
provide an alternative to the existing steel or standard concrete
designs particularly where the site and accessibility conditions
are difficult [14]. It was found that composite structures could
offer cheaper through-life solutions than standard concrete in
an isolated location or water depths greater than 10 m [15].
University of Maine's Advanced Structures and Composites
Center installed the 1:8 scale prototype offshore wind
composite tower on a concrete hull [16]. It is reported that
coupled aeroelastic / hydrodynamic modelling yields a
composite tower half weight of steel tower [17]. There are no
research publications related to the prototype behaviour, but it
is reported that the prototype survived harsh winter conditions
[16]. However, the details on design, loading, cost analysis and
data on the long term performance of these structures is not
available. In addition, prototype towers are produced in one
monolithic section, which poses difficulty for full scale
manufacture and transport, and is not deemed feasible from
material perspective [17].
This research studies the economic advantage of composites
tower, taking into the account some structural improvements,
such as replacing monolithic with sandwich type composites.
The preliminary composite design for an offshore wind turbine
support tower is proposed.
2

MATERIALS

Modern day wind turbine towers are predominantly constructed
using structural steel. GFRP has ability to meet diverse design
requirements with significant weight savings and exhibits high
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strength-to-weight ratio, stiffness, strength, and corrosion
resistance compared to conventional materials [18, 19]. The use
of composite materials in heavily loaded structures has been
limited due to the lack of general data and information on the
design and fabrication of composites [8]. Also, the unit weight
of composite materials is more expensive than traditional
construction materials, which has been the primary reason for
their underutilisation in civil engineering applications.
Preliminary calculations of the cost of a composite wind turbine
tower based on an National Renewable Energy Laboratory
(NREL) 5 MW design [20] using the same circular cross
section show that the steel structure has a much lower cost than
the composite equivalent. However, the available literature
points out that for structurally improved designs composite
structures become competitive [15]. Our study focuses on the
weight comparison between the composite and steel tower. The
steel tower specifications were taken from the NREL 5MW
tower (Table 1). The tower properties are dependent on the type
of turbine, which itself is dependent on the meteorological and
soil conditions of the installation site.

on state of the art development in supporting structures for
offshore wind energy [21]. The preliminary static structural
design and stability testing are performed using steel and
compared to an equivalent composite tower. The design of the
turbine depends on environmental and site conditions and
drives the blades and tower design (Figure 1).

Table 1. NREL 5MW wind turbine steel properties.

Properties
Values
Young’s modulus
210 GPa
Shear modulus
80.8 GPa
Effective density of steel*
8500 kg/m3
* account for bolts, welds, paint and flanges [21].

Composite material chosen for this study is E-Glass which
accounts for over 90% of all glass fibre reinforcement used in
the industry for its good mechanical characteristics and low
cost [22]. To increase flexural stiffness in structures a sandwich
layup can be employed [23]. The flexural stiffness of any panel
is relative to the cube of its thickness. The introduction of a core
material in a composite laminate allows the laminates stiffness
to increase by effectively ‘thickening’ it with a low density core
material. Hence, the moment of inertia of the composite panel
is increased by the separation of the composite skins by the core
material with a relatively small change in weight of the panel.
The increased moment of inertia helps the structure to resist
bending loads [24]. Also, the presence of a core aids in
preventing the thin composite skins from wrinkling and failing
under buckling mode. In order to keep the composite tower
structure within a competitive price range and at a realistic
thickness the application of the sandwich composites with
Balsa wood core was considered.
3

COMPOSITE LAMINATE THEORY

Fibre-reinforced materials are commonly made up of multiple
layer materials to form a laminate. Combining plies of varying
material, thickness and orientation can create a laminate with
any type of material properties required [8]. Composite
Laminate Theory (CLT) applies when calculating the stress and
strain in a laminate and in each individual ply when subjected
to a load [25].
4

PRELIMINARY WIND TURBINE TOWER DESIGN

Figure 1. Wind turbine design algorithm.

Though the focus of this design is the turbine support tower, the
design of the entire wind turbine is needed to understand the
structural tower performance and its interaction with the entire
system. This includes the mechanical dynamics of the rotor, the
blades, and the drivetrain.
Tower geometry

NREL 5 MW wind turbine serves as the benchmark for this
study as its design is reasonably well documented [20, 21].
Main dimensions and characteristics of the NREL 5MW wind
turbine mode are summarised in Table 2.
Table 2. NREL 5MW wind turbine characteristics.

Power

5MW

IEC Class

IB

Rotor
Orientation

Upwind

Number of
Blades
Control

Turbine
Diameter
Rated Rotor
Speed

3

Variable speed,
collective pitch
126 m

11.8 rpm
(0.20 Hz)

Blade
Passage
Frequency
Rated Tip
Speed
Blade
Weight
(each)
Hub
Weight
Rotor
Weight
Nacelle
Weight
Tower Top
Weight

0.59 Hz
78 m/s
18.8 ton
56.7 ton
110 ton
240 ton
350 ton

Due to the novelty of this research field, there are no established
guidelines, recommended practices, or standards to design
composite tower. The methodology used for the design is based
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Optimisation of tower cross section

For calculating stresses by hand a tower is designed to carry a
NREL 5 MW turbine with a circular section of the same outer
diameter and a wall thickness of 50mm. The full tower was
modelled in both steel and composite materials in Strand7 finite
element software to obtain full analysis of stress and strain in
the tower. Circular cross sections with tight radii are not ideal
when manufacturing composite structures as they are prone to
wrinkling. As a result the tower was given 3 flat sides joined by
arcs with a radius of 3 m (Figure 2). This allows the structure
to take advantage of the aerodynamic properties of soft edges
while avoiding the wrinkling issues common in circular cross
sections. The height of the tower is 90 m (to match NREL 5
MW). The tower diameter at the base is 6 m and at the hub
height is 3.87 m.

4.5.1

Manufacturing process

The manufacturing process drives the design; we have chosen
for the composite turbine tower vacuum-assisted transfer
moulding (VARTM) [26]. It is proposed to manufacture the
tower in interconnecting parts.
Design limit states

There are a number of limit state conditions (e.g. ultimate,
serviceability, fatigue, and accidental) beyond which the
structure is no longer considered to satisfy the design
requirements. For the purpose of this study only ultimate (ULS)
and serviceability (SLS) limits states are considered. The
design process is shown in Figure 3.
Determine extreme loads,
load combinations & safety
factors

Determine preliminary
geometry




Initial Structural Design
Strength
Stiffness check

Material specification and
support structure weight
Natural frequency check

Optimisation of the support
structure thickness

Check structure for Limit
state Design
Buckling check
Final weight
Finite Element Analysis

Figure 3. Tower design process.

667

Load Cases

The design load combinations are obtained by multiplying the
characteristic loads by appropriate partial factors of safety [27].
4.5.2

Dead loading

The dead load in this tower design is comprised of the tower
self-weight, turbine nacelle and blades. The tower self-weight
is determined by multiplying the tower volume by the density
of the tower materials. The loads on a NREL 5MW turbine are
given in Table 3.
Table 3. Approximate Total Dead Load (Tower and Turbine).
Material Density
Turbine Load
Total Dead Load

4.5.3

Figure 2. Typical Cross Section of Optimum Tower.

Tower Loading

Steel Tower
Composite Tower
7800 kg/m3
Material Dependent
3,433.5 kN
3,433.5 kN
Self-Weight + Turbine Load

Wind and thrust loading

In the marine environment wind speeds increase faster with
height than on land due to reduced surface roughness [28, 29],
allowing rotors to yield the same energy as their onshore
counterparts at reduced height. The tower location is assumed
to be off the west coast of Ireland. Thus, the wind loading on
the tower is obtained from data collected by M1 buoy located
in Galway Bay using relevant DNV standards [25]. The thrust
loading is generated by the wind action on the turbine. For
wind speeds above 25 m/s the rotor thrust acting on the tower
is 400 kN [21].
Finite element analysis & results verification

The initial design and analysis of the towers was done using
AutoDesk products and Microsoft Excel. The structural
analysis of the towers was performed using the computer
software Strand7 [30]. Strand7 is a fully-integrated visual
environment which allows the user to construct models, run
linear and nonlinear static and dynamic analysis, and
investigate results. The optimum tower was approximated
using 2 m x 2 m plate elements to give an accurate
representation of the tower without adding unnecessary
computational complexity to the model. Each composite
laminate was constructed from a number of plies (software
limited to a maximum of 300 plies per laminate). Each ply can
be individually created allowing the user to dictate the material
properties and the fibre directions of the plies. Engineering
properties of the laminate and the characteristic matrices were
calculated based on composite laminate theory. The
engineering properties generated by Strand7 were then
compared to hand calculations and MATLAB results (Table 4);
it was found that they were in good correlation. Strand7 allows
for the inclusion of core materials in the laminate definition.
The core material properties are entered as an additional ply in
the laminate and are treated similarly to the other plies.
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Table 4. Comparison of material property outputs from
Strand7 and Matlab.

5

Material properties
EX (MPa)
EY (MPa)
GXY (MPa)
VXY
Density (T/mm3)
Thickness (mm)

RESULTS AND DISCUSSION

Strand7
18951.4
18808.6
7378.93
0.291
2.1E-9
40

Matlab
18939.9
18939.9
7342.1
0.289
2.1E-9
40

Structural analysis

The structural behaviour of this type of structures with
proposed cross section has not been reported in the literature.
Hence, the results obtained from the Strand7 analysis for the
steel tower were verified using Excel calculations. The stresses
along the critical axis in the steel tower were calculated for each
load case and compared to the stresses obtained from Strand7.
This check shows that the material is behaving as expected in
the finite element model. However, strain is a more reliable
parameter to indicate if a composite structure is behaving
correctly. To ensure that the layers of plies and core material
were acting together the strains through the tower thickness
were ploted. Figure 4 shows the linear distribution of strain
through the tower thickness; the results confirm that the layers
of the structure are acting compositely.

outer skin of E-Glass/Epoxy and Tower type 2 (T2) is similar
with the exception that the 90° plies are Carbon fibre/Epoxy.
The core layer was kept at a constant 240 mm for both tower
types.
Strain analysis

The maximum strain was evaluated for eight monolithic towers
with varying thicknesses. Due to software constraints it was
impractical to reduce the tower thickness below 270 mm as
plies became impossibly thin. Figure 5 outlines the relationship
between tower thickness and strain for both tower types and
shows that the strain values are less then allowable.

Figure 5. Maximum and allowable strain vs. tower
thickness.
The maximum strain develops at the point of maximum stress,
which is at the bottom of the tower. Hence, the highest strain
occurs when the skin thickness is 270 mm, which means that
the thickness at the bottom of the tower should not be below
270 mm.
Wall thickness analysis

Figure 4. Plot of the strain through composite
thickness.

Regarding the material properties, the tower with 270 mm
constant wall thickness was found to be optimal. Hence, the
tower wall thickness should be tapered along the tower height
in order to achieve optimum design that satisfies the deflection
requirements. The results of this optimisation are shown in
Figure 6.

Tower optimisation

The design of the composite wind turbine tower depends on
four main variables – ply orientation and distribution, core
material, wall thickness, and skin material. In order to optimise
the tower efficiently, the effect of each variable on the tower
performance was observed. The maximum deflection of the top
of the wind turbine tower is limited to 1.25% of tower (greater
sway will interfere with the operation of the turbine blades)
[31]. This value was used as a control value when comparing
the tower iterations.
For the distributions of plies in the tower, three of the most
common ply distributions were tested – even ply distribution,
90168/±4556/056 and 90210/±4542/028. The latest one is found to
be the most efficient ply distribution as it produced the lowest
deflection for the same number of plies.
The tower geometry consists of three sections; an inner, an
outer, and a core (balsa wood 420mm) layer in between. Two
types of tower were tested: Tower type 1 (T1) has an inner and

Figure 6. Tower deflection vs. tower thickness in
thirds.
The results show that the thickness of the top third of the tower
does not have a substantial impact on the deflection of the
tower. However, the tower thickness drops in steps when the
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thickness of the middle third of the tower is increased. This
indicates that overall deflection is controlled by thickness of the
middle section of the tower. Also, the introduction of carbon
fibre drastically reduces deflection. T1 with a 270 mm
thickness in the middle third of the tower falls outside of the
allowable tower deflection. All other T1 and T2 designs satisfy
the deflection criteria.

Table 5. Comparison of results.

Weight analysis

The weight of the turbine support tower has a significant
impact on the transport and installation costs of an offshore
wind farm. The weight of the towers varies linearly with
thickness. A provision of 0.65 kg/m3 was included in this
analysis to account for metal fasteners in the tower, as per
NREL assumptions. Figure 7 shows the effect of varying
thickness on the weight of the towers.

Figure 7. E-glass and Carbon fibre weight vs. tower
thickness.
The lightest T1 and T2 towers which passed deflection criteria
were the 270 mm–280 mm–280 mm tower (75.82 tonnes) and
270 mm–270 mm–270 mm tower (58.52 tonnes), respectively.
Steel tower

For comparison purposes a steel tower was developed with the
same cross section as the composite tower outlined above. The
tower thickness was set at 50 mm. The weight of new designed
steel tower is 550.7 tonnes, while standard NREL tower weighs
224.8 tonnes. Hence, a circular cross section is the optimum
shape for a steel tower of this height.
Tower analysis results comparison

In order to analyse the results of this project fairly, the results
of the optimum T1 and T2 composite towers analysis are
compared to the equivalent steel tower and the NREL 5 MW
theoretical tower (which is a more accurate representation of
the commercial competition facing these composite towers).
The results are shown in Table 5.
The lightest tower is 270 mm–280 mm–28 mm T1 tower with
a weight saving of 66.3%. The lightest option for T2 towers
was the 270mm constant thickness with the weight saving of
74%.
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6

% of Strain
Limit
% of
Deflection
Limit
Weight
tonnes

270-280280mm
T1

270mm
T2

Steel
Tower

38.74

9.27

8.56

Unavailable

99.5

33.2

10.3

Unavailable

75.82

58.52

550.7

224.8

CONCLUSIONS

NREL
5 MW
Tower

The aim of this study was to investigate the possibility of
reducing the cost of offshore energy by employing composite
materials in place of traditional steel and concrete. The
optimisation of offshore wind turbine support structures and the
associated material savings have been evaluated. The
commercial viability of using composite materials in wind
turbine tower design is measured by the ability of the
application to decrease weight and increase strength.
The National Renewable Energy Laboratories (NREL) 5 MW
wind turbine, which is the most extensively studied tower in the
literature, was used as a benchmark in this study. The finite
element analysis (FEA) software Strand 7 was used for the
tower design and analysis.
The composite material towers developed were evaluated based
on several parameters. The tower with a ply orientation of
90210/±4542/028 had the lowest deflection. The thickness of the
cross-section wall (e.g. inner and outer skin) was optimised to
satisfy maximum deflection requirements. Increasing the
thickness of the middle third of the tower was found to reduce
deflection. Thus, the lightest T1 tower is the 270mm-280mm280mm tapering thickness tower. Also towers with carbon fibre
plies in the 90° direction (T2) are stiffer than towers with an Eglass outer skin (T1) and hence a tower with a constant
thickness of 270mm was possible. This was the thinnest and
lightest T2 tower.
Based on the preliminary design for the ultimate limit state, T1
towers provide a saving of 475 tonnes in comparison with the
equivalent steel tower. This translates to a weight saving of
27.3%, or 145 tonnes in comparison with the NREL tower. The
T2 tower analysis estimates a saving of 492 tonnes in
comparison with the equivalent steel tower. This translates to a
weight saving of 74%, or 166.3 tonnes, when the composite
material tower is compared to its closest competitor.
Both composite towers provide significant weight savings,
which will have an impact on the transportation, installation
and maintenance costs of the towers.
The weight savings of the structure will affect savings in regard
to the substructure costs (e.g. material and installation).
However, detailed considerations would require a detailed
analysis of the structure as a whole, which is not in the scope
of this paper.
It is recommended that a detailed design study be carried out to
wholly assess the real life viability of the composite wind
turbine tower design (e.g. serviceability, fatigue and accidental
limit state analysis). There is no generally accepted method for
dealing with the effect of fatigue in composites and as such it
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is recommended that a scale model of the design be built and
tested as this would provide the most accurate data.
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ABSTRACT: As the world moves away from energy generation from fossil fuels, marine renewable energy is becoming a suitable
alternative, in the form of wave, tidal and offshore wind energy. This paper demonstrates the use of CFD in modelling wave
energy (single and arrays of point absorber wave energy converters (WECs)) and tidal energy (horizontal-axis tidal turbines)
systems. The success of the marine renewable energy sector will depend largely on their long-term operation and resilience, with
minimal maintenance; highly reliable and robust numerical models will be essential in achieving this.
KEY WORDS: Computational fluid dynamics; Hydrodynamics; Marine energy; Structural loading; Tidal energy; Wave energy.
1

INTRODUCTION

In recent years, there has been a growing interest in establishing
renewable sources of energy to alleviate the global reliance on
fossil fuels. While the majority of commercial renewable
energy systems have been located onshore, attentions have very
much turned to exploiting the vast resource that exists in the
offshore marine environment. Over the past 10 years, offshore
wind energy has grown exponentially with a cumulative total
of 12,631MW installed in Europe by the end of 2016 [1].
However, recent developments in wave and tidal energy
suggest these sectors will reach commercial maturity in the
coming years.

Figure 1: Examples of full-scale marine energy devices (from
left and clockwise: Suzlon offshore wind turbine [2];
Scotrenewables SR2000 tidal stream turbine [3]; Seapower
Platform wave energy device [4])
Recently, a number of wave energy studies were performed
using computational fluid dynamics (CFD), based on the
Reynolds averaged Navier-Stokes equations. For example, Lal
and Elangovan [5] explored the CFD simulation of linear water
waves for a flap type wavemaker using the same finite volume
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package described in this study. Finnegan and Goggins [6]
presented a methodology for developing an optimum numerical
wave tank model which can accurately generate linear water
waves and perform wave-structure interaction. Yu and Li [7]
used a Reynolds averaged Navier-Stokes based CFD method to
explore the relative response of a two-body floating-point
absorber in linear regular waves, in terms of its power
generation capacity. Liang et al. [8] explored the use of a piston
type wavemaker to generate an irregular wave train using the
finite volume method, using FLUENT, and compared the
results to the results from that of an experimental wave tank.
Traditionally, the hydrodynamic modelling tool used for
estimating the loadings on tidal turbine blades is the blade
element momentum theory [9]. However, in recent years, CFD
is gaining ground due to increased computational capabilities
and higher accuracy under a range of operating conditions.
Frost et al. [10] used a CFD model to investigate the
performance of Cardiff University's concept tidal turbine with
the support structure located either upstream or downstream.
They present details of the thrust force and bending moment on
the tidal turbine blade as it rotates through 360 within their
results, showing significant fluctuations as the blade passes the
support stanchion. Additionally, Ahmed et al. [11] explored the
fluctuating loads on a 1MW tidal turbine at the European
Marine Energy Centre (EMEC) test site in Scotland due to
velocity shear and turbulence. Similarly, they presented results
for the fluctuation in thrust force, power coefficient and
bending moment on the tidal turbine blade as it rotates through
360 . In addition, significant fluctuations in thrust force and
torque have been observed by Jeffcoate et al. [12] during fullscale trials of a 50kW tidal turbine. Finnegan et al. [13]
explored the fatigue loading due to the tidal profile and the
support structure for a concept tidal turbine and observed
similar significant fluctuations in both thrust force and torque.
Fagan [14] used advanced hydrodynamic and finite element
method (FEM) models, along with a genetic algorithm, to
optimise the mass of a composite rotor blade and evaluate a
number of near-optimum tidal turbine blade designs.
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In this paper, CFD has been used to model marine renewable
energy systems. In particular, wave energy (single and arrays
of point absorber wave energy converters (WECs)) and tidal
energy (horizontal-axis tidal turbines) systems. A brief set of
results for each of the case studies are presented in order to
demonstrate the effectiveness and potential impact of using
CFD for marine renewable energy applications.
2

2
(4)

METHODOLOGY
Objective

The primary objective of this paper is to demonstrate
innovative applications of CFD in the investigation and
development of the ocean marine energy sector. Three case
studies are used in order to illustrate its performance:
 Performance prediction of a single WEC in real ocean
waves.
 A one-way coupled CFD-SWAN model for determining
the effect of WEC arrays on the waters in the nearshore
wave climate.
 The fatigue loading on a tidal turbine due to its support
structure.
CFD model governing equations
In this study, the CFD models are developed using the
commercial software, ANSYS CFX, where its solver is based
on the finite volume technique [15]. This technique divides the
region of interest into sub-regions and discretises the governing
equations in order to solve them iteratively over each subregions. Therefore, an approximation of the value of each
variable at points throughout the domain is achieved.
The governing equations that need to be solved by the ANSYS
CFX solver are the mass continuity equation, which is given as:
0

(1)

and the 3-dimensional Navier-Stokes equations, which are
given as:

where t is time, ρ is the fluid density, x, y, z are Cartesian
coordinates, u1 is the flow velocity in the x-direction, u2 is the
flow velocity in the y-direction, u3 is the flow velocity in the zdirection, F1 is the body force on the fluid in the x-direction,
is the body force on the fluid in the y-direction
(vertical), F3 is the body force on the fluid in the z-direction, p
is pressure and μ is viscosity.
CFD model set up
The set-up for the CFD model is divided into three stages: (i)
the geometry set-up, (ii) the computational domain mesh set-up
and (iii) the physics set-up, which defines the analysis type and
the boundary conditions. This is followed by a solution stage
and post-processing of the results. However, in many cases, this
model is coupled with other numerical software packages (for
example SWAN, FEM or optimisation analyses) in order to
achieve an advanced engineering solution, which induces
additional stages in the modelling.
Performance prediction of a single WEC
A vital part of the development of an efficient WEC is the
prediction and control of its performance during operation.
Offshore ocean waves are irregular and random in nature with
each different to the previous. However, for the most of the
time, offshore ocean waves may be described as linear irregular
waves, which is the type of wave being detailed in this study.
Therefore, a CFD model of a single WEC in the presence of
irregular waves is developed in this study. A measured wave
record recorded at the Atlantic marine energy test site
(AMETS) off Belmullet, Co. Mayo, Ireland is replicated in this
analysis in order to ensure real ocean conditions. The irregular
linear wave is represented using the fast Fourier transform
(FFT) of the recoded wave, thus can be represented as:

2

(5)
(2)

2
(3)

where, t is time, η(t) is the wave elevation,
and
are FFT
coefficients and ωn is the wave angular frequency.
The initial part of the study involves accurately replicating
the recorded ocean wave within the numerical weave tank
model. Subsequently, a structure is introduced into the model
in order to explore the interaction between the wave and the
structure, which will allow for the response and loading
prediction on a WEC in operation. Further details of the model
set-up, the processing of the recorded wave and the FFT can be
found in [16].
Coupled CFD‐SWAN model for WEC arrays
In order to efficiently deploy WECs, it will be necessary to
deploy them in arrays. Therefore, it is essential to know the
impact of this array on the surrounding environment and waters
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in the nearshore wave climate. In this study, a one-way coupled
CFD-SWAN model is used to simulate an array of 12 WECs
and examine the effect of the array on the surrounding waters.
The CFD model is developed in a similar way to that
described in Section 2.4 and is used to calculate the
transmission coefficient, Ct, which is calculated from:
,
,

(6)

where Hs,i is the incident significant wave height and Hs,i is the
transmitted significant wave height. This transmission
coefficient is then inputted into a SWAN model of the
Westwave wave energy site on the west coast of Ireland. The
methodology used to develop the SWAN model is described in
detail in Atan et al. [17]. The array of 12 WECs is placed at the
Westwave wave energy site, where the wave direction is
predominantly from the west and, therefore, the east side of the
array, where a sheltered effect is caused by the array, is of most
interest. Further details on the development of the coupled
model can be found in Atan et al. [18].
Tidal turbine model
In the design of tidal turbine blades, it is essential to know the
loadings, both static and fatigue, induced on the blades during
operation. When the system set-up includes additional
structural features such as a supporting structure, hub and the
velocity profile is accounted for, it is suitable to use an
advanced numerical scheme, such as CFD, in order to account
for any non-linear or unexpected effects.

and without a supporting structure) have been used within the
study, where two supporting structures of 2m and 3m diameter
have been specified. The methodology used to develop the
CFD model is similar to that used in Finnegan et al. [13, 19].
The velocity profile of the tidal current (Ux) reduces near the
seabed due to friction. Therefore, the velocity profile can be
described using the following power law [20]:
U

(7)

where z is the height above the seabed, α is the power law, β is
the bed-roughness coefficient, h is the water depth and U is the
depth averaged velocity, which is 3 m/s for the purpose of this
study. Based on the findings of Lewis et al. [21], on average,
the 1/7th power-law (α = 7) with a bed-roughness coefficient
(β) of 0.4 was found to accurately represent the velocity profile.
3

RESULTS AND DISCUSSION

The main results and findings of the study relate to (1) the
performance of a single WEC in real ocean waves, (2) the effect
on the surrounding waters of a WEC array off the West coast
of Ireland and (3) the hydrodynamic analysis, using the CFD
model, of a tidal current profile on a tidal turbine, which is
supported by a support structure at 45° to the water surface.
Performance prediction of a single WEC
In order to demonstrate the accuracy of the prediction model, a
wave recorded at AMETS at 17:00 on 02-09-2011 is used. The
wave has been replicated within the numerical model and a
comparison of the numerical wave with the filtered recorded
wave is presented in Figure 3. The two waves are in good
agreement, demonstrating that the numerical model is capable
of replicating the recorded ocean wave.

Figure 3: Comparison between the filtered recorded wave and
the output wave from the CFD numerical model

Figure 2: Concept tidal turbine blade geometry used in the
study
In this study, a 2-blade tidal turbine geometry for a concept
horizontal axis tidal turbine is used, which is shown in Figure
2. The diameter of the tidal turbine is approximately 21 m,
where the hub is 3 m in diameter and, in turn, is suitable for use
in tidal turbine with a capacity of approximately 1MW. The
blades are pitched so that the tip of the blade is near 0° so to
design for a worst-case scenario. The turbine is supported at the
hub by a 45° supporting structure from the water surface.
The CFD analysis is used to calculate the hydrodynamic
loading imposed on the tidal turbine blades, which is based on
an incoming tidal current profile. The tidal current profile (with
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The next phase of the development of the model is to
introduce a structure into the model and examine the dynamic
response and the loadings on the structure in the presence of
real ocean waves (modelled using a linear irregular wave). The
heave motion response of the structure is shown in Figure 4.
This information will allow a wave energy developer to
investigate the motions of the WEC in operation, along with
estimating the potential energy extraction of the WEC. The
wave profile and dynamic response of the structure, at 140.4 s,
is shown in Figure 5. Additionally, a comparison to a linear
boundary element method analysis of the structure is included
in Figure 4. The CFD model includes non-linear viscous forces,
which aren’t included in the linear boundary element method
analysis and this accounts for the differences observed in the
comparison.
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Figure 4: Comparison of the heave motion dynamic response
of the rectangular prism from the CFD NWT analysis and
analytical hydrodynamic analysis

(b)

Figure 5: Wave profile and dynamic response of the structure
at 140.4 s
This model can then be used while a WEC is in operation at
this site of a similar wave energy site. The predicted
performance from the CFD model can also be compared to the
actual performance of the device and used within structural
health monitoring procedures for the WEC.
Coupled CFD‐SWAN model for WEC arrays
Initially, a SWAN model of the Westwave wave energy test site
was developed in order to model the wave climate within the
region [17]. The graphical representation of the wave power
available at the site is given in Figure 6 (a). An array of 12
WECs is then introduced by using a constant transmission
coefficient of 0.86. The effect on the mean wave power of
deploying this array is then given in Figure 6 (b). From this
figure, it can be seen that the mean wave power decreased
towards the nearshore area with a minor reduction that should
not have a significant impact to the wave climate at the
nearshore area where the lowest percentage of wave power
reduction was closed to 0% at 10m depth and below
(approximately 100m from the shore).

Figure 6: Graphical representation of mean wave power (P)
distribution for (a) baseline (no wave farm) and ΔP (b) an
array of 12 devices equally split between three rows, with
contour depths of 10-70m overlaid (Ww indicates as
Westwave buoy)
The results of this analysis are particularly important to
policy developers for a given test site. This will allow for
efficient planning of arrays and ensure that resource can be
accurately modelled and estimated as the site is developed and
additional WECs are deployed.
Tidal turbine model
The numerical model of the tidal turbine is developed in order
to estimate the thrust force (kN) and torque (kNm) on the tidal
turbine blades. However, the most significant loading is
associated with the thrust force and, therefore, only this loading
is presented in this paper for analysis. A previous publication
[13] includes additional details on torque and thrust force on a
3-blade tidal turbine with a support structure. Figure 7
illustrates the thrust force on various components, including
each blade, the hub and the support structure, along with the
total thrust force on the tidal turbine.

Figure 7: Time-series displaying the thrust force (in kN) on
each blade, the hub, the support structure and the total thrust
force (in kN) on the turbine
(a)
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As the blades rotate, an oscillatory effect on the thrust force
is created due to the velocity profile of the tidal flow, which
was described in Eq. (7), and shadow effects from the support
structure. Consequently, a far more significant shadow effect is
observed on the support structure as the blades move past,
shadowing the flow. This induced fatigue loading on the
support structure should be taken into account in the design
stage in order to ensure the structure will survive through its
operational lifespan.
The variation of thrust force on an individual blade as it
rotates through 360° is shown in Figure 8, which is based on
the same data that is shown in the time-series in Figure 7. As
the blade moves past the support structure, which is at 45° on
the diagram, a reduction in loading is observed. Additionally,
there is a higher loading before and after the support structure,
compared to the case where there is no support structure
present. As the diameter of the support structure is increased
from 2m to 3m, there is a significant increase in its effect to the
fatigue loading on the blade. This increase in diameter causes a
fatigue loading on the blade to almost double (from
approximately 6% of the maximum thrust force on the blade to
approximately 11.5%) and needs to be included within the
design of the blades. This variation in thrust force is lower than
observed previously [13], which may be a result of the diameter
of the supporting structure being proportionally less than the
width of the turbine blade.

in assessing the loadings, response and performance of the tidal
energy devices.
The tidal turbine model described in this paper can also be
applied to offshore wind energy. However, additional
translational motions as a result of the wave impact on the
floating/fixed support of the turbine would need to be included
in the model.
The success of marine renewable energy sector will depend
largely on their long-term operation with minimal maintenance.
As the blades comprise a significant portion of the capital, their
robust design, which is aided through accurate initial modelling
and optimization, is a key factor. Concurrently, this will aid in
lowering the levelised cost of tidal energy, which will be vital
in defining the success of the sector.
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ABSTRACT: Drop structures are designed to safely transfer water to a lower elevation through hydraulic energy dissipation.
However, structural deterioration due to fluid-material interaction is a significant and recurring issue within hydraulic drop
structures. Despite this, there is a lack of information available on the response of the structure to debris laden fluids and such
structures are therefore not design with economy in mind. This study analyses the dynamics of flow and debris impact within a
tangential vortex drop shaft structure and its effect on different material drop shaft wall liners. A scaled physical model
(approximately 1/10) of the vortex drop shaft is investigated to observe flow streamline characteristics, pressures and monitor
debris impact behaviour at various flow conditions. The obtained data from this investigation will be used as boundary conditions
for a suitable erosion/hydro-abrasion model where three materials of interest (concrete, stainless steel and glass reinforced plastic
(GRP)) will be evaluated for their effectiveness against fluid structure interaction. Ultimately, the aims of this study will be to
determine a critical point, here referred to as the critical spiral height, wherein a material change over can be implemented which
will provide a more cost-effective approach to composite material choice in the future design of vortex drop shaft structures.
KEY WORDS: Vortex drop shaft, materials, debris impact, surface wear, drop shaft liners.
1

INTRODUCTION

The use of drop shaft structures for the purpose of hydraulic
energy dissipation have been adopted for over 3000 years [1].
The earliest use of drop structure for water flows was during
ancient Romans times were the integration of a plunge-flow
drop structure design was evident in roman aqueducts [1].
Present day designs have changed significantly since then with
the introduction of novel designs such as cascade drops,
helicoidal and vortex drops. Although each structure is
heterogeneous in nature and site dependent, the purpose of each
structure is the same; that is to safely lower water from one
elevation to another without introducing damage or erosion.
Thus, the hydraulic dissipation has seen significant application
in sewer systems [2][3] and hydropower energy dissipation [4].
Vortex drop structures are a more recent, efficient type of
drop structure. They operate by conveying water tangentially
into a circular or spiral chamber to generate a free-surface
vortex flow which exits at the bottom through the drop pipe. As
the flow enters the drop pipe, the centrifugal forces cause the
water to hug the drop shaft walls where the energy is dissipated
through aeration and friction [5]. There are essentially two
types of vortex chamber; (1) a subcritical type [6] and (2) the
supercritical type [7]. The tangential vortex inlet concept was
first developed in 1947 [4], have a small footprint and allows a
large amount of discharge per unit head rendering them
attractive for new developments. A summary of the different
types of vortex drop shafts are available in [3]. In general,
vortex drop structure designs were found to have significant
superiority to that over other design types i.e. plunge-flow drop
structures [8]. This is due to: (1) they retain a stable flow for
various discharges; and (2) the hydraulic energy dissipation is
superior in the vortex flow within the drop shaft.
However, structural deterioration due fluid/material
interaction still remains as one of the largest reoccurring issues
seen in drop shafts and is still not fully understood [9]. To
address this problem, current practices often incorporate the use
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of costly internal wall lining throughout the extent of the drop
to increase structural degradation resistance [10]. The purpose
of the overall project is to observe the effects of fluid/material
interaction and the associating factors that influence structural
deterioration in vortex drop shafts such as debris impact and
erosion. The motivation for the study is to determine the ‘hot
spots’ in the vortex generator and drop which are most prone to
impact and erosion where consideration for effective wall
liners, or armour, is necessary. Thereafter, a cheaper material
could be proposed for the remainder of the drop where the
forces are dissipated. The hypothesis is that there exists a
critical point where a material change over can induce
significant savings.
In this article, a brief overview of the methodology that
was proposed, along with preliminary results, analysis and
findings is presented. In particular the investigation presents:
a) Vortex chamber hydraulic analysis
b) Streamline behaviour
c) Debris impact analysis
d) Computational fluid dynamics data
e) Potential erosion models to be adopted
Axial and centrifugal relationships are determined through the
use of streamlines interpretations and transient debris
characteristic analysis in a 1/10 scaled physical model of the
drop shaft. Identifying these vectors can then be used to further
enhance understanding of degradation in drop structures
through the adaptation of a suitable erosion model Ishibashi
(1983).
2
VORTEX DROPSHAFT ANALYSIS
As discussed previously, the vortex drop shaft operates on the
basis of generating a strong vortex flow in a specialised vortex
chamber structure as presented schematically in Figure 1. Here
as the water enters the chamber its entrance velocity has two
major components described by a polar coordinate system as
outlined in Figure 1; the tangential (angular) velocity 𝑣𝜃 and
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the downwards axial velocity 𝑣𝑧 . The third, radial component
can be assumed to be negligible. The resulting velocity vector
𝑉 can be determined by continuity from 𝑄/𝑏ℎ where 𝑏 is the
entrance width and ℎ is the flow depth at the inlet [6]. From
this, 𝑣𝜃 and 𝑣𝑧 can be resolved using Pythagoras theorem once
the inlet angle is known. The tangential velocity 𝑣𝜃 plays a
crucial role on generating centrifugal forces in the chamber
through 𝑣𝜃 /𝑟, where 𝑟 is the inlet radius. The balance between
tangential and radial velocities is crucial to performance and
are useful metrics to rate the levels of erosion and impact to be
expected in the chamber.

determine acceleration on the approach to impact and
determine impact forces due to momentum principals.
 Material Erosion Modelling: Utilise the data
gathered in the previous methods as boundary
conditions for a suitable material erosion model such
as the Ishibashi model (1983).
Experimentation on debris will comprise of a scaled railway
sleeper and other additional scaled objects which have been
reportedly been found in sewer systems (NBC News (2014)).
Application of the above data is applied to three material types
using the chosen erosion model:




Concrete
Stainless steel
GRP

This in turn will denote the location of the critical height
parameter for each of the three materials. Ultimately, the goal
of this will be to identify the material and flow dependent
location where an expensive liner type (such as stainless steel)
can be switched over to a cheaper alternative (GRP) for the
remainder of the drop. Use of the Ishibashi model (1983) will
also indicate each materials capability to withstand erosion
factor in conjunction with sudden impact of debris.
4

Figure 1: Cross sectional schematic of the flow domain
outlining the interaction between the major hydraulic
parameters and the hydraulic structure
3

METHODOLOGY

The foregoing study is undertaken on a supercritical type of a
scaled tangential vortex drop shaft (scale 1/10) with a drop up
to 500 mm below the tangential inlet. Experiments are
conducted on six different flow rates. Each experiment and its
purpose is outlined briefly below:








Hydraulic Analysis: Determine the relationships for
the main hydraulic parameters such as the depth
discharge, inlet velocity, inlet velocity components,
free-surface angle, air core diameter which will be
useful for rating performance.
Streamline tracing: Trace the streamlines that ensue
from the inlet around the chamber in four quadrants
(see Figure 2). The purpose is to observe the variation
in the flow components as the water drops through the
chamber is order to determine a critical spiral height
to suggest a suitable location for material changeover.
Axial and tangential (centrifugal) relationships: To
reinforce the findings from streamline tracing and
suggest a suitable location for drop shaft liner
changeover.
Debris Impact Modelling: Different debris in the
system will be modelled to locate impact points and

PHYSICAL MODELLING

In Model 1 we consider a tangential vortex drop shaft with a
tapered and sloped inlet as shown in Figures 1, 2 and 3. The
model is installed on a sewer test rig in the NUI Galway
Hydraulics and Aerodynamics laboratory. The rig pumps water
from a holding tank with a storage of 4 m3 to an inlet reservoir
which smoothly conveys the water into the test rig. The
centrifugal pump has a flow in the range of 0 to 27 l/s and is
controlled using a variable speed drive. The determination of
internal surface wear on the wall lining is defined by the
generated streamline dictated by flow characteristics.
Segmentation of the drop shaft for analysis is indicated in
Figure 2 (a) and (b). The streamlines correlate the relationship
between axial and tangential velocities indicating where
maximum wear points reside and also where they dissipate
throughout the drop shaft.

Zone A

Zone B
L5

Zone D

Qin

L4
L3

Zone C

L2
0

Tapered
Inlet

L1

0

L-1

Sloped
inlet

L-2
L-3
L-4

Qin
(a)

L-5

(b)

Figure 2: (a) Plan view of drop shaft and (b) side view of drop
shaft showing vertical zones of investigation
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Existing Sewer
Intercept Model
Vortex
Drop Shaft

Tapered
Inlet
Storage
Tank

4kW Pump
Figure 3: Overview of physical model configuration
Streamline Observation
Through the use of streamline tracing it is possible to visualise
the trajectory of the vortex flow as its transitions into the drop
shaft as shown in Figure 4 (a). The streamlines manifest
through stable and lightly aerated flow lines which are easily
visualised when illuminated using an LED light. Using a
segmented chart made from and acetate sheet shrouding the
shaft, the streamlines could be isolated and tracked as shown in
Figure 4(b).
Zone D

Streamline direction

Figure 4: (a) Streamlines visible in drop shaft, (b) Shrouding
chart for extracting streamlines.
The extracted streamlines were subsequently used to decipher
the projection of the streamlines from the inlet throughout the
drop shaft within each quadrant as seen in Figure 5. It was
initially observed in early stages of the streamline
documentation that a definitive relationship was present
between the axial and tangential angles. As can be seen in
Figure 4 (b) and Figure 5 that axial forces gradually overcome
centrifugal forces, as the fluid transitions through the drop shaft
it gravitates towards full axial flow.
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Figure 5: Extracted streamlines spanning each quadrant
indicating the relationship between axial and centrifugal
forces in a drop shaft up to 500mm below the inlet.
Debris tracking analysis
Although erosion is of primary concern when designing a drop
shaft, an equally concerning factor must also be taken into
account, this comes in the form of free floating debris. As
debris accelerates in a system, it gains momentum. A change in
direction of this momentum as a result of contact with the
hydraulic structure could result in significant impact forces. In
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0.15
0.1
0.05
0

Height (m)

the vortex generator, this may be particularly concerning in the
region of the inlet where the debris must undergo a significant
change in direction at the shaft liner at the hot spot outlined in
Figure 1 previously. Through the use of the Kinovea tacking
software (www.kinovea.org), we can track the path of free
floating debris in transient motion. In this analysis, scaled
railway sleepers (270mm x 13mm x 26mm) with a density of
900 kg/m3 were observed in transit into the drop shaft as shown
in Figure 6. Equally spaced lines are placed on the tangential
inlet at 20 mm apart for scale referencing to permit acceleration
analysis. A marker is placed on the leading edge of the sleeper
to facilitate tracking and its trajectory could be extracted as
seen in Figure 6 below.
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Figure 7: Q = 6.6 l/s
0.4
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Figure 6: Debris trajectory tracking at the tangential inlet
leading into drop shaft using Kinovea movement software.
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RESULTS AND DISCUSSION

Zone A
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The following section outlines the preliminary results obtained
from the experimentation in the above sections.
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Streamline analysis

Figure 8: Q = 18 l/s

The extracted streamlines from three flow rates were taken for
comparative analysis. Data was gathered for six flow rate but
the following are presented in this article:

0.4
0.3

𝑄 = 6.6 l/s
𝑄 = 18 l/s
𝑄 = 24 l/s

As outlined in Figure 7, 8 and 9 accordingly. It is noted that
there are two relationships. The first is the change of streamline
angle with height in the drop. For example in Figure 8 that the
angle is initially positive indicating strong rotation and tends
towards 90 degrees at a height of -0.4 m where gravitation is
driving the axial motion within the fluid. On the other hand, it
is noted that the relationships are more or less constant for each
flowrate indicating that the streamlines may be independent of
the discharge in the drop shaft.
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Figure 9: Q = 24 l/s
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Debris acceleration analysis
Data extracted from the Kinovea software recorded both time
and distance in the 𝑥 (tangential) and 𝑦 (axial) axis for the
transient experimentation of the scaled railway sleeper. The
tangential and axial velocity change over time is then plotted in
Figures 10 and 11 respectively. It can be seen that a definite
acceleration point of the sleeper in both the 𝑥 and 𝑦 axis
develops after 0.4 seconds which coincides with the sleeper
travelling down the ramp. This can be identified through the
change in velocity over time. The slope of a best fit line for this
relationship was used to determine the acceleration of the
debris 𝑎.
2.5

Velocity (m/s)

2
Vx = 4.575t - 1.629
1.5

1

0.5

Point of
Acceleration

0
0

0.2

0.4

Time (seconds)

0.6

0.8

that wear would be present highest in zone A, this is a direct
result of the tangential velocity and thus the centrifugal force
being highest in Zone A. Further analysis at Zone A will be
undertaken in future works, in particular using pressure sensors
located in this region.
Observation of debris tracking through the use of the
Kinovea software indicated a top projectile speed of 2.11 m/s
when entering the drop shaft. This velocity was validated using
continuity at the inlet and was shown to be 94% accurate. Data
extracted from Kinovea indicated similar acceleration points in
both the 𝑥 and 𝑦 axis after 0.4 seconds. Acceleration presented
to rapidly increase at 0.4 second at the point where the leading
edge crests the tapered inlet. At this point the velocity was
found to be 0.201 m/s at Vx and 0.0638 m/s at Vy. The
acceleration on the approach to the inlet was found to be
𝑎𝑥 =4.575 m/s2 and 𝑎𝑦 = 3.448 m/s2 thus the resultant
acceleration was 𝑎= 5.728 m/s2 which is approximately 0.58g.
This indicates that if a railway sleeper of average mass 63 kg at
full scale entered the drop shaft it could generate an impact
force of approximately 360 N. Although it may seem
negligible, the force becomes considerable if the sleeper struck
the drop shaft with a pointed edge the significant piercing force
could pose a significant risk of structural damage. This finding
indicates that zone A would be at the highest risk of such an
event and that reinforcement or armor in this zone would be
essential.
6

FURTURE WORK

Future works of this study will further explore the effect of
debris impact on the wall lining and the concentrated impact
locations associated with each flow rate. The data gathered will
be used also to validate a numerical computational fluid
dynamics model of the drop as shown in Figure 12.

Figure 10: Velocity versus time along the 𝑥 axis
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Point of
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0.4
0.2
0
0
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0.4
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Figure 11: Velocity versus time along the 𝑦 axis
Discussion
Early investigations of the streamlines for each of the three
flow rates generated similar outcomes. The lower flow rate of
6.6 l/s appear to generate a slightly less steep angle particularly
in that of zone A, see Figure 7. As the angles across all three
flow rates are in such close alignment to each other, it could be
assumed that the behavior of the flows angular projection in the
drop shaft does not change between flow rates (i.e. the
streamlines are independent of the flow in the drop shaft. It
should also be noted that for all three flowrates it is identified
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Figure 12: (a) Streamlines visible in numerical simulation of
the drop shaft and (b) close up image of Zone A (Note already
the strong qualitative comparison between the numerical
streamlines and the actual streamlines in Figure 4(b)
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As can be seen in Figure 12 that there is a qualitative agreement
between the numerical and physical model. The numerical
model will be used to determine the streamline angle for the
full length of the drop shaft down to the lower sewer.
Ultimately, the goal of the previous experiments is to
determine the parameters necessary for input into the Ishibashi,
model [9]. This model utilises parameters such as velocity,
pressure, solids/particle concentration, impact forces coupled
with material properties to determine the wear volume removed
for a duration of time. The Ishibashi model has already been
applied successfully in previous studies on hydraulic structures
[11]. Impact testing for each flow rate will be conducted to
localise possible impact locations and identify areas of
reinforcement and ultimately the research is to provide a costeffective approach to material choice in vortex drop shaft
structures.
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ABSTRACT: The student of structural engineering is expected to develop their understanding of structural behaviour at an
intuitive level, to have the competence to describe that intuitive understanding mathematically and the skill to apply standard
analytical techniques through software packages in an appropriate and knowledgeable manner. It is certain that concern exists
within industry in respect of widespread and systematic competence deficits in graduate abilities in crucial aspects of structural
engineering. Tensions exist in academia as to the optimal approach to overcome these deficits in the current and next generation
of learners, including for example teaching and learning methods (i.e. positivism versus constructivism), and the ideal
curriculum balance (i.e. soft skills and technology versus fundamental theory). The reported study builds on research undertaken
by the Arup Foundation in 2008 which investigated the teaching of structural analysis in universities in the United Kingdom
(UK), which included an extensive survey of students, industry professionals and academics. This paper reports on current
research with particular focus on the student perspective within an Irish context. Student opinion was garnered via a
questionnaire that included a combination of closed and open questions. Analysis of the data reveals insights which inform
teaching and learning strategies in the study of structural engineering analysis and design.
KEY WORDS: Structural engineering; Structural analysis; Engineering education; Digital design.
1

INTRODUCTION

Structural Engineering plays a critical role in the delivery of
some the most basic human needs, including shelter,
protection and travel. The discipline has evolved from a
common sense approach in primitive times, to master masons
in medieval times, and finally to its modern day form which
includes sophisticated analysis and design founded on
advanced theory and material science. Intuitive understanding
of structural behaviour informed the evolution of each stage
from craft to use of advanced theory. Equally, learning styles
continue to evolve, harnessing today’s unrivalled ability to
visualise through digital tools. The aim of this research is to
gain insights into today’s learners that can inform teaching
and learning strategies in the further evolution of the study of
structural behaviour and thereby engineering analysis and
design.
2

LITERATURE REVIEW

Concern with the level understanding of structural behaviour
evident in students and graduate engineers is not new and was
notably raised by Brohn and Cowan [1] in the late 1970’s. In
1982, Felder argued against universities’ tendency toward
teaching mechanics, and not reasoning method, teaching and
assessment strategies which lead students to focus on rote
learning and routine application, and not on analysis,
synthesis and evaluation, while in the process discouraging
independent thinking and creativity [2], a sentiment which
was echoed by MacLeod [3]. At the same time, and based on
a 10 year study of groups of recently qualified graduates,
Brohn [4] proposed a change in philosophy for the teaching of
structural analysis and design which sought to redress the
imbalance between the ‘intuitive’/‘qualitative’ approach and

the ‘numerical methods’/ ‘quantitative’ approach, where the
latter was perceived to dominate. In 1989, Jennings and
Gilbert [5] recognised developments in the profession which
involved a move away from laborious hand calculations
involving redundant structures and suggested more integration
of structural analysis and design. In 2003 May et al. [6]
advanced that computer analysis of structures had reached
sufficient maturity to warrant a rethink of curriculum content
of structural analysis courses. In increasingly ‘full’ curricula
with less time devoted to structural analysis, May et al. [6]
sought to identify a minimum syllabus, recognised the need
for increased focus on modelling as proposed by MacLeod
[7], and considered the merits of a stiffness method based
syllabus as it encompassed equilibrium, compatibility and
material behaviour. In 2005 the increasing propensity of
computational analysis tools led MacLeod [3] to emphasise
the profound shift in structural engineering away from
analysis and contexts where outcomes are unique and towards
modelling where uncertainty plays a dominant role, while
lamenting the slow rate of change, particularly in education
[8].
Since then, various efforts to improve student
understanding of structural behaviour have included
increasing the focus on qualitative skills [9], unshackling
students from the constraints of formulaic mathematical
problem solving [10, 11], with such problems based in a real
world context [12], use of physical models [13, 14], and
development of e-activities [15]. The preceding narrative
requires careful consideration as the engineers of the future
will contend with ever shortening technological waves as
purported by Wise [16]. In light of the foregoing, it
imperative that we ascertain the current situation in order to
best nurture structural intuition in the uninitiated.
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3

RESEARCH SIGNIFICANCE

Research undertaken in 2008, and supported by The Ove Arup
Foundation, investigated the teaching of structural analysis in
universities within the United Kingdom. The authors of the
resulting report considered such a report to be a “snapshot”
and postulated that “there is no doubt that things will change
in the future bringing yet further challenges to the teaching of
Structural Analysis” [17]. Three separate categories of
participant were considered in the survey which informed the
research namely academics, industry professionals and
students. Ten years on, the current research seeks to examine
the situation as it exists in Ireland. The research is intended to
inform those charged with educating students and nurturing
graduates. A large amount of data was collected as part of the
study, with the data pertinent to the student group presented
herein for interrogation and discussion with a view providing
insight into students’ experiences in understanding structural
behaviour.
4
4.1

SURVEY METHODOLOGY
Data Collection

A questionnaire was prepared in line with that of the 2008
Arup study and included a combination of closed end
questions which required participants to rate their opinion/
agreement on particular topics within a six-point Likert scale
(i.e. 0-5), while a number of open ended questions were also
incorporated.
A hardcopy version of the survey was
distributed to student cohorts, completed and returned within a
single session at each institution.
4.2

5.1

Figure 1. Students perceived difficulty with understanding of
structural analysis topics.

Survey Participants

A total of 68 students completed the questionnaire with
students from Cork Institute of Technology (CIT), Dublin
Institute of Technology (DIT), Trinity College Dublin (TCD),
National University of Ireland Galway (NUIG) and University
of Limerick (UL). The students were predominately from
Bachelor of Engineering programmes, however, a small
proportion were from Master’s programmes. All students
were in the latter stages of the final year of their
undergraduate degree programme. The current study is
comparable with the Arup Foundation survey of 2008 where
70 students completed the survey [10]. The consistency in the
number of participants, as well as the variety of institutions
involved, allows for comparison of changes over the
intervening 10 year period.
5

• Torsion
• Theory of elasticity (plane stress/plane strain)
• Plates & Shells
• Finite element analysis
• Buckling
• Dynamics
The results in terms of degree of difficulty in understanding
from the current survey and that of the 2008 Arup study are
presented in Figure 1, arranged from left to right on the
abscissa axis in order of increasing difficulty rating. Similar
trends are evident, which would suggest little has changed in
the intervening period, while the current study could be
deemed to validate previous findings.

In terms of perceived importance of structural analysis
topics in professional practice, the results of the current study
are compared with that of the 2008 Arup study in Figure 2.
Again, opinions from respective studies are comparable. The
most significant difference (i.e. 14%) being the perceived
opinion that hand analysis of statically indeterminate
structures is less important now than in 2008. This is perhaps
unsurprising as the ever-increasing use of structural analysis
software has rendered such analysis techniques (e.g. moment
distribution) as less important, while such tools may have
fuelled the increased importance of FE analysis.

RESULTS & DISCUSSION
Structural Analysis Topics

Based on a Likert scale (0 – 5(high)), students were asked to
rate particular structural analysis topics in terms of difficulty
with understanding and relevance in professional practice.
The following were included in the questionnaire and
comprise ten of the most common within Bachelor’s and
Master’s degree programmes:
• Hand analysis of statically determinate structures
• Hand analysis of indeterminate structures
• Matrix structural analysis
• Plastic analysis
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Figure 2. Perceived student difficulty with understanding of
structural analysis topics.
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The relationship between perceived difficulty in
understanding and importance in professional practice is
illustrated in Figure 3, arranged from left to right on the
abscissa axis in descending order of perceived importance in
practice. While FE analysis and dynamics are perceived
among the most important in professional practice, they are
also considered among the most difficult in terms of
understanding.

The findings of the current study and those from the 2008
Arup study are presented in Figure 4, Figure 5 and Figure 6 in
terms of effectiveness in supporting understanding of
structural behaviour, achieving success in assessments, and
subject interest respectively. In all cases the learning
approaches are arranged from left to right on the abscissa axis
in decreasing order with respect to the 2018 survey results.
In comparing the perceived usefulness of learning approach
in promoting understanding (Figure 4), the five most useful
learning approaches are largely consistent, with the only
exception being the increased importance of interacting with
fellow students. The increasing prevalence of communication
and teamwork as key employability skills may well be
influencing such increased peer interaction of students. The
beneficial influence of peers on an individual’s learning is
synonymous with constructivist techniques such as projectbased learning approach. Such approaches are commonly
adopted in teaching design but rarely, if ever, for the teaching
of structural analysis. Further investigation may be warranted
to establish if such approaches are being leveraged to optimise
the benefits in term of student learning, in particular how they
might be applied to the study of structural behaviour. Study
of historical structures and structural failures are afforded
greater positive influence by the current study. In this age of
digital information, the increased influence of the internet
(47% increase in rating) and diminishing influence of
textbooks (16% decrease in rating) are not surprising.
Consequently, it may prove more beneficial to focus
development of teaching resources within the virtual learning
environment. With the exception of the use of the internet
and textbooks, the differences in the findings for the two
studies could be considered as minor, thereby, indicating a
consistency of student opinion.

Figure 3. Relationship between perceived difficulty in
understanding and importance in practice.
5.2

Learning Approaches

As part of the survey, students were required to rate various
learning approaches in terms of effectiveness in supporting
understanding of structural behaviour, achieving success in
assessments, and promoting interest. Students’ ratings were
based on a six-point Likert scale (0 – 5(high)), while the
learning approaches listed in the survey consisted of the
following:
• Lectures
• Problem solving classes
• Liaison with fellow students
• Liaison with others (non-students)
• Computer analyses
• Study of failures
• Use of internet
• Study of historical structures
• Use of models (e.g. design, make, break tests)
• Case studies from practice
• Laboratory tests and investigations
• Computer Aided Learning Packages
• Use of textbooks
• Qualitative work (e.g. BM diagram sketching)

Figure 4. Comparison of students’ perceived rating of learning
approach in promoting understanding.
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When considering the effectiveness of the various learning
approaches in achieving success in the exams, again there is
reasonable consistency between the two studies considered
(Figure 5). As with the previous comparison in terms of
promoting understanding, the use of the internet is considered
much more prominent in the current study with a 42%
increase in rating. Conversely, use of physical models (21%
decrease in rating), laboratory tests and investigations (19%
decrease in rating) are considered much less influential in the
current study. Again, the usefulness of textbooks appears to
be declining.

Figure 6. Comparison of students’ perceived rating of learning
approach in promoting interest in structural engineering.

Figure 5. Comparison of students’ perceived rating of learning
approach in achieving success in assessments.
The final comparison in terms of learning approaches
considers the influence of same on promoting interest in
structural engineering (Figure 6). Unlike the previous two
comparisons between studies of the usefulness of various
learning approaches, the ratings in this case are variable for
the respective studies. Unsurprisingly, and consistent with
previous comparisons, use of the internet is significantly more
influential with a 51% increase in rating. The study of
historical structures also displays more significance in the
current research, while the study of failures and computer
analyses does so to lesser extent. Textbooks return the most
significant decrease in rating (i.e. 26% decrease). The
effectiveness of lectures, laboratory tests and investigations,
qualitative work (e.g. BM diagram sketching), and problem
solving classes were all considered less influential with an
average 15% decrease in rating.

A comparison of the findings from the current research is
presented in Figure 7 for each of the criteria previously
considered. The learning approaches are arranged from left to
right on the abscissa axis in decreasing order based on an
average rating for the three criteria combined. Learning
approaches such as problem solving classes, qualitative work,
liaison with fellow students, and lectures were the top rated.
The contribution of such approaches in developing interest
was markedly lower than the other two criteria. The use of
physical models and study of failures were consistent in terms
of contributing to understanding and interest but was lower in
terms of achieving success in assessments.

Figure 7. Comparison of students’ perceived rating of
learning approach.

687

CERI-ITRN2018

The most notable deviation from the mean involves the
study of historical structures as it is ranked third in terms of
promoting interest, but occupied one of the two lowest
rankings for the other two criteria considered. The use of
textbooks was the lowest ranked learning approach in terms of
developing understanding and interest, however, it was ranked
ninth in terms of contributing to success in assessments.
5.3

Integration of Design & Analysis

In structural engineering, as in other disciplines, design
typically requires a combination of knowledge, skills and
attitudes which cover a variety of topics (e.g. structural
analysis, communication, and sustainability).
While
understanding of structural behaviour and application of
structural analysis are fundamental to effective design, they
cannot be isolated in practice as real problems are much more
complex.
Such a reality aligns with the theory that it is not
possible to study a system in isolation without considering the
inevitable interactions between the system and its
surroundings, a theory which gained significant ground in
debunking the ‘Cartesian paradigm’ in the early twentieth
century [2]. To achieve such an all-encompassing utopia in
structural engineering education, significant integration of
structural analysis and design seems inevitable. The current
study sought student opinion on the level of integration which
exists on their courses and whether more, or less, was
required. The results, presented in Figure 10, confirm
agreement that a reasonable degree of integration already
exists, more integration is desirable, while there was little
support for less integration.

Figure 10. Integrated approach to assessment of learning
topics.
5.4

Topic Comparison

Students were asked to rate structural analysis compared with
other topics on their course in terms degree of difficulty,
relevance to practice and. A six-point Likert scale was
adopted
with
0
representing
significantly
less
difficult/relevant/interesting while 5 represented significantly
more difficult/relevant/ interesting. In summary, structural
analysis is considered difficult (rating of 3.78) and very
relevant to professional practice (rating of 3.51), however, the
topic’s ability to encourage interest offers room for
improvement (rating of 2.88). In comparing the current
findings with that of the Arup 2008 study, the former had
noticeable lower ratings in all cases. Structural analysis is
considered slightly less difficult by the current students
compared with those of the 2008 Arup study. A concern in
terms of motivating students is the decrease in perceived
relevance to practice and influence on developing interest
evident in the current study when compared to the Arup study.

5.5

Digital Tools

The structural engineering drafting/modelling software used
by 91% of students is Autodesk AutoCAD, while 26% have
used Autodesk Revit and a mere 4% have used Tekla
Structures.
In terms of output from the software,
unsurprisingly 91% of students have used it for the
development of two-dimensional (2D) drawings, 21% have
used it for development of three-dimensional (3D) models and
associated 2D drawings, while 9% have used it for such
deliverables in conjunction with transferring the 3D model to
structural analysis and design software.
When considering the software used for structural
engineering analysis and design, 45% have used Autodesk
Robot Structural Analysis Professional while 21% have used
Linpro. Ansys, Matlab, PROKON and Risa 2D have been used
by 8% of students, while 2% have used Tekla Tedds, Bentley
STAAD.Pro, Fastrak Building Designer, Tekla Structural
Designer, Masterseries, and Oasys GSA. In terms of
structural analysis, the software has been used by 40% of
students for the analysis of an individual element, 53% used it
for 2D frame analysis, 26% for 3D frame analysis, while 6%
used it for the analysis of 3D frame and plate elements.
When considering the technical design of structural
elements and systems, 15% of students have used the
aforementioned software for design of individual elements,
32% and 8% used it for the design of 2D and 3D frames
respectively, while a mere 4% used it for the design of 3D
frame and plate elements.
5.6

Qualitative Feedback

The student questionnaire included four open ended questions
relating to structural analysis and design. Students were asked
to identify the main problems in learning analysis as well as
what they found to be most effective in overcoming such
problems. Finally, they were asked to identify what they
consider to be the best features of their structural analysis and
design courses respectively. A number of key themes were
readily identifiable in the responses and were often common
for all four questions.
In terms of student problems in learning structural analysis,
unsurprisingly the term ‘difficult’ was used or implied in 30%
of the responses. Issues relating to various aspects of teaching
were the most common and were present in 32% of responses.
Such issues ranged from methodology (e.g. “way it’s taught”,
“long winded”, “badly explained”, “not interesting”) to
insufficient tuition time. The other two prominent issues
included difficulties in visualising the concepts (20% of
responses) and identifying relevance (20% of responses) – e.g.
“Not being able to fully visualise the problem in a real-life
situation”.
In overcoming such issues, 40% of responses included
suggestions relative to teaching approach including “problem
solving classes”, “more tutorials”, “good, clear quality
notes”, while “having engaging lecturers helps also”.
Student responses also recognised their own responsibility in
the learning process with 24% suggesting “revising exam
questions”, “more practice with exam style questions”,
“repetition of examples” and “sitting down by self and using
textbooks and internet sources”.
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Peer learning is identified as beneficial in 16% of responses,
while 8% include the provision of online video material to
address issues in learning. Approaches which assist students
in visualising concepts were referred to in 16% of responses
with suggestions including “sketching”, “imagery”,
“diagrams” and “physical models”. The use of structural
analysis software was identified as beneficial in 12% of cases
while 10% cited the importance of a “real world” context.
When asked to identify the best features of their structural
analysis and design courses, again various aspects of teaching,
self-learning and peer-learning were evident but to lesser
extent than before. The most significant ‘best’ feature in both
the analysis and design courses was “real world relevance”,
with 31% and 32% of responses listing same in one way or
another (e.g. “we applied design to a real-life structure and it
had relevance”). One student best encapsulates such opinion
when stating “the practicality of the course in relation to real
life problems [and] also [the fact that] it is enjoyable and
promotes interest in engineering structures”. Another student
recognised relevance to professional practice when
mentioning the “usefulness of class notes in the future (postgraduation)”.
The use of analysis software was a positive feature of the
structural analysis course with 29% of respondents, but fared
less important in terms of design with only a 10% response
rate. The importance of integration between analysis and
design is also an important feature with 19% of respondents.
However, integration should be more wide ranging with one
student rightly recognising that design courses succeed in
“pulling the majority of the subjects into one module”.
Finally, in terms of opinion on the design courses, both
conceptual design and technical (i.e. code based verification)
are positive aspects. A number of students listed “working
through Eurocodes” as a ‘best’ feature with another stating
that the use of “codes is simple”. Others enjoyed the potential
for “innovation” through thinking with an “open mind” with
“freedom to brainstorm”.
6

CONCLUSIONS

This paper reveals an interesting convergence in student
opinion on many aspects of the learning experience regarding
structural behaviour when comparing snapshots taken in the
UK in 2008 and in Ireland in 2018. This period includes a
move from UK structural element-based design codes (e.g.
beams and columns) to European structural codes based on
universal structural reaction phenomena (e.g. bending, shear).
It also represents a period of profound change in the learner’s
resources and tools for accessing information that promotes
understanding (digital media, including animations).
Paradoxically, the ‘lone wolf’ learner’s experimentation with
unlimited web-based resources and diverse forms of
information presentation has resulted in convergence of
student opinions on the importance of learning through
teamwork, firmly rooted in ‘real world’ case studies. This is
reflected in feedback from both the closed-ended and openended questions.
In terms of software use, students would appear to be
following the traditional paradigm in industry and one which
fails to leverage information centric models to execute a
variety of tasks efficiently. Adopting a modern digital
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approach could offer efficiencies while associated 3D
graphical representations of the design intent could assist in
alleviating issues relating to visualisation of concepts, as
students identified same as a significant inhibiter to
understanding.
In summary, an integrated approach which requires students
to work in groups and leverage technology in solving ‘real’
problems may well deliver the much sought after intuitive
understanding of structural behaviour, or as one student
simply states, “the project work helps with understanding”.
7

FURTHER RESEARCH

In extending the study beyond the student perspective, further
research will be published which will synthesise the findings
garnered from all stakeholders including graduate engineers,
chartered industry professionals, and academics.
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ABSTRACT: Statistics play a critical role in the engineering problem-solving process and helps engineers make decisions and
draw conclusions in the presence of variability. Quite often, statistics, as taught by a mathematician or statistician to students, is
theoretical in nature and does not always engage civil engineering undergraduates who cannot identify the missing link between
statistics and its application to real-life civil engineering problems. Moreover, inappropriate use of statistical calculations,
particularly in experimental research work, can often lead to inadequate or improper conclusions. As a consequence, greater
attention is required to make a constructive use of statistical techniques in various scientific applications, and in concrete
technology specifically in this paper. Through creative learning on a Masters module in Advanced Concrete Technology, this
paper describes the development of a student-driven booklet containing a description of the basic concepts and applications of
these statistical concepts in the field of concrete technology. The students, as authors, were specifically asked to identify examples
of bad practice in the execution of the statistical method under their remit. Each student specialised in his/her own randomly
allocated topic and produced a chapter each for the booklet, following a tight editorial format. The booklet was then edited for
consistency and correctness by three academics who all have expertise in the use of statistics in analysing data in civil engineering.
By giving the students ownership of their own chapters, the standard of submission and student engagement were improved. The
booklet will be made available on-line to civil engineering students next year taking the same module to encourage them to
improve the entries in this introductory statistical toolbox so that their name may be attributed to the chapter to which they have
been assigned. It should also assist them when conducting research projects involving data, thereby hopefully helping them to
demystify and cope with the use of statistics in concrete technology.
KEY WORDS: Statistics; Concrete Technology; Technical Guidance.
1

INTRODUCTION

Statistics deals with the collection, analysis, interpretation,
presentation and organisation of data. It is a set to tools which
aids in furthering scientific knowledge and understanding of
research involving data. These tools are occasionally misused,
either inadvertently because of unfamiliarity or a lack of
knowledge of the concepts involved, or conspicuously to
achieve a specified result. A misuse of statistics occurs when a
statistical argument asserts or infers a falsehood. Data abuse
includes the incorrect application of statistical tests, lack of
transparency and disclosure about decisions that are made,
incomplete or incorrect multivariate model building, discarding
unfavourable data (outliers) without acceptable reason,
overgeneralization, biased samples, misreporting or
misunderstanding of estimated error, false causality, incorrect
proof of the null hypothesis, confusing statistical significance
with practical significance, data dredging, data manipulation
and others [1]. The consequences of misuse of statistics can be
quite damaging in the quest for knowledge. For example, in
civil engineering, any such falsehood may cost (or improperly
make) money, risk lives and waste resources and may take a
considerable time to discover and rectify.
Typically, some students fail to comprehend the essence of
statistics to solve real life engineering problems because quite
often statistics, as taught by a mathematician or statistician, is
theoretical in nature. Most books on statistics intended for
students are general so that they can be used by students of any

technical or non-technical field. How might engineering
students better understand statistics and learn its application to
solve engineering or research problems without falling into the
most common traps? Considering the criticality of the subject,
the idea of linking statistics to its applications in civil
engineering has become more the norm with lecturers.
Nonetheless, practical experience would suggest that many
students, both undergraduate and postgraduate, and indeed
academics and practitioners, continue to struggle with the
application of statistical concepts.
2

BRIEF

To approach this problem in an novel way, students studying
on a Masters course module, ‘S5 Advanced Concrete
Technology’, in Civil Engineering in Trinity College Dublin,
were asked to undertake an individual research study into just
one fundamental aspect of statistics applied to concrete
technology. The topics, provided in Table 1, were selected for
relevance based on experience of use and misuse and were
allocated to students at random. The students were asked to
submit a typed report of 3-4 pages in length to summarise their
findings of the research study by following strict formatting and
content guidelines provided to them beforehand. Specifically,
students were instructed to include in their “chapter” the
following: an introduction to set the context of the choosen
topic; a description of the topic, including equations, tables and
an explanation of terms; an explanation of how the statistical
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process works with a numerical example, if appropriate; two
explicit examples, one from any area and one in concrete
technology, of the use of the process, taken from literature or
personal experience; subsequent observations on the misuse of
the statistical topic - effectively a critique on the process;
concluding with a short list of selected references. This exercise
was examinable with a maximum of 10% of the total module
mark awarded to the students on the basis of their submissions,
with the balance of 90% being awarded for the examination
performance in the module.
Each submission has been regarded as a chapter and
they are then compiled to form a booklet on ‘The Use of
Statistics in Concrete Technology’, the front cover of which is
shown in Figure 1. The reports were scrutinised and checked
for any editorial or misleading information by the authors, by
three academics who have a background in the use of statistics
in civil engineering. After incorporating the necessary changes,
all reports were compiled to form a booklet, a copy of which
was given back to each student for study purposes, for
conducting research involving data and for future reference.
With the intention of making the best future use of the available
booklet, a copy of it will be provided to the next cohort of
students opting for the S5 module at the commencement of
classes in the next semester. They will be instructed to create
their own individual chapter on the use of statistics in concrete
using the same set of guidelines as given to their immediate
predecessors, with a view to inspiring them to become the
preferred author of their assigned chapter. Some new topics on
statistical testing of data may be introduced depending on the
class size. This way the contents and the subject matter of the
booklet will evolve over the years into a more useful and
complete toolbox available to all graduates with an interest in
concrete technology in their early years of working in industry.
Table 1. Primary statistical topics randomly allocated to
student in 2017.
S. No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

691

Topics
Sampling, precision and accuracy
Population, sample standard deviation and the
coefficient of variation
Standard error and variance
Repeatability
Reproducibility
Scatter and whisker plots
The Normal distribution
Confidence intervals and significance testing
The F-distribution
Chi squared distribution
The student’s t-test
Linear regression-correlation and causality
Non-linear regression and its use in Excel
Curve fitting
The statistical package SPSS

Figure 1. Screenshot of the front cover of the booklet.
3

STATISTICAL MISINTERPRETATIONS

Many misuses and misinterpretations of statistics exist in
practice. Misuse of statistics can produce subtle, but serious
errors in description and interpretation—subtle in the sense that
even experienced professionals make such errors, and serious
in the sense that they can lead to devastating decision errors [2].
An interesting aspect of the research conducted by the students
involved identifying such misuses and misinterpretations in
concrete technology applications. An instructive set of
observations were made when reviewing the reports submitted
by the students, some of which will be described here for
interest and information. Some additional examples are
incorporated under this section to explain some factors leading
to the common misuse of statistics.
Role of p value significance in correlations

In order to explain some of the more common issues, the
following standard terms used in regression and correlation
are introduced:
Null Hypothesis: The Null Hypothesis is of fundamental
importance in statistics. It phrases the statistical question being
asked. In regression, if there is a significant relationship
between the independent or predictor variable X and the
dependent variable Y, the slope will not equal zero. The Null
Hypothesis states that there is no relationship between these
variables by testing for a zero slope in the regression line. The
Alternative Hypothesis states the slope of this regression line is
not zero.
T-Statistic: The t-statistic is the regression coefficient divided
by its standard error. The standard error is an estimate of
the standard deviation of the slope coefficient, the amount it
varies across sample groups. This value is compared to the
critical value of the t-statistic for this sample size. If larger than
the critical value, the slope is significant and it is likely the Null
Hypothesis can be rejected, that is, differences are systematic.
P-Value: The p-value is closely interlinked with its
corresponding t-statistic. The p-value is the probability of
finding a more extreme value of the t-statistic, assuming the
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Null Hypothesis is true. Very low values, such as less than
0.0005, indicate the predictor variable in question may be a
significant contributor to the regression relationship. P-values
this low usually are associated with t-statistic values very much
larger than the absolute critical t value. The t-statistic and
corresponding p-values are valuable in showing the strength of
the contributions of predictor variables, particularly where
multiple regressor or predictor variables are involved.
Significance Testing: Significance tests are designed to offer an
objective measure to inform decisions about the validity of a
generalisation [3]. Misinterpretation, caused by a number of
factors, is a common problem when using statistical
information. Figure 2 presents two different sets of data
between the variables X and Y with the same p value evidently, both graphs in Figure 2 gave the same p value
statistic of 0.002. However, the graphical analysis shows that
the nature of the relationships between the variables are
different. Specifically, Figure 2(a) suggests a linear relationship
while Figure 2(b) suggests a non-linear relationship. Hence, by
only examining the p value, this conclusion can never be
discerned. Therefore, if one relies only on statistical
significance one might reject the null hypothesis in all cases,
arguing that the relationship found using sample data could be
generalised to the population. In short, conclusions made only
by examining the p-value will never be enough.
F Statistic: Likewise, the F statistics value in one-way
ANOVA
(analysis
of
variance)
tells
whether
the variance between the means of different groups is
significantly different. The higher F-value does not imply that
all the variables are significant; it is just comparing the joint
effect of all the variables together. This suggests that
conclusions drawn from the statistics results without having
proper understanding of its significance may give wrong
conclusions.
Correlation: In a further example, as seen in Figure 3, the
correlation between any two entities, say 1 and 2, is statistically
significant (p value < 0.0005). Yet by only examining the p
value, it would be difficult to recognise whether or not the
relationship between two variables could be best described by
a quadratic function (r2 = 0.673) rather than by a linear function
(r2 = 0.457). Hence, careful graphical representation of data is
essential to avoid misinterpretation, which otherwise, leads to
wrong conclusions. Indeed, just because software suggests that
the correlation coefficient is higher for a particular functional
form, should not always imply that this is the causal
relationship. Concrete, manufactured in a particular country or
by a particular operative, does not know what its functional
form is!
Small differences: Significant or Insignificant?
Sometimes, variations in data represent a chance (or random)
variation rather anything meaningful (or systematic). So,
deducing the wrong conclusions about the cause of such
variations can be avoided by adopting a ‘margin of error’
relating to the data. Error bars are graphical representations of
the variability of data and are used on graphs to indicate the
error, uncertainty or range in a reported measurement. Figure

Figure 2. Role of p value significance [3].

Figure 3. Correlation between X and Y [1].
4 illustrates the role of error bars in the graphical depiction of
data representing concrete flexural strength results. If the
difference between two values (sample 1 and sample 2) is
smaller than the margin of error, there is likely to be no
meaningful difference, and the variation is probably just down
to random variations (and a t-test may assist in being more
secure in this conclusion). When these margins of error overlap,
the difference is likely to be due to unexplained variability
within a data sample. Thus interpreting data with small
apparent differences by viewing graphically without
knowledge of the margin of error can be misleading.
The scaling and labelling of the vertical axis on graphs must
also be chosen carefully. For example, on a scale from 0 to 20,
two beams might reflect what appears to be the same flexural
strength value. But if a graph is drawn on a more refined scale,
rightly chosen to complement the result values, one beam might
be considered to be different. Carefully choosing the scale
limits and drawing error bars can avoid these errors.
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Sample 2

3
2.5
2
1.5
1
0.5
0

Figure 4. Role of error bars.
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Figure 5 shows the number of civil engineering doctorates and
mass of Mozzarella cheese consumption in America between
2000 and 2009 [4]. On observing the trend of these two plots
over the years, it appears that there may exist a strong
correlation between the two entities (reported as 95.9%), but
this is merely due to coincidence. Just because two things
happen to change at the same time, or in similar patterns, does
not mean they are related. This error can be avoided by
checking the reliability of the observed association between the
entities and, if any, whether future association can be predicted
reliably.

6/2/12

Flexural Strength (MPa)

Sample 1
3.5

Daily total solar activity

4

Similarity, physical characteristics which are both trending in
the same way can be inferred to be correlated, but in fact may
both be related to another parameter, where other parameters
which affect both differently are kept constant. For example, it
may appear that hardened concrete density is positively
correlated with 28-day concrete strength, but does this suggest
that one cannot have light strong concrete or that all strong
concretes are dense? Clearly not, but if all relevant factors
which affect both are kept constant except, say, the water
cement ratio in this case, then the change in capillary porosity
affects both and in that way they are correlated. In short, the
variables are related but they do not directly control each other
necessarily[5]. Multi-collinearity is an important test which can
determine which of a set of predictor variables is the most
influential, and particularly if the predictors are related to each
other. Consider two important variables for curing on-site
exposed concrete – external temperature and global radiation
(see Figure 6). They are intrinsically related but should be used
in conjunction with other predictors to correlate to concrete
strength.

Figure 6. External temperature and global radiation plot.
Scatter plots
9.3 lbs
480
2000

2002

2004

2006

2008

2010

Figure 5. Civil engineering doctorates and Mozzarella cheese
consumption over time. [4]
Getting causation right
Statistical tests can calculate correlations between variables
and, when two variables are found to be correlated, it is
tempting to assume that this shows that one variable causes the
other [5]. For example, when two things are correlated - say, X
and Y– it might be tempting to see an “obvious” causal path –
say X, the supposed “independent” variable is causing changes
in Y, the “dependent” variable. But sometimes the causal path
is in the other direction: Y causes a change in X. This error can
be avoided by remembering to consider reverse causality, that
is, whether the influence follows in the other direction.
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The scatter plot is an important tool for visually examining the
relationship between two variables. It has been misused by
directly superimposing a linear regression line to help visualize
the relationship between two variables being compared without
examining whether the relationship indeed portrays, for
example, a linear relation. The human eye can often infer a
relationship given the human’s ability to recognize patterns.
Manipulation of scatterplot axes so as to visually exaggerate
the effect includes stretching or truncating the X and Y axes.
When evaluating scatter plots with extreme outliers, it should
be noted that if the data are effectively confined to two regions,
the outlier and the cloud of other data points, then some scatter
plot users have connected these 2 ‘regions’ with a straight line
with a high correlation coefficient (Figure 7a). However, this
regression is strongly determined by the outlier rather than by
the true relationship between the variables.
The interpretation of scatterplots based on a small number of
measurements can also be misleading. For example, if only two
data points are plotted it is certain to be concluded that the
variables being assessed are linearly associated (and NOT
quadratically, as some have inferred!) and yet this would
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probably not be the conclusion if a larger sample of data sets
were used.
Considering the two examples in Figure 7, both indicate a
strong coefficient of determination (R-Sq) but the outlier is
clearly evident in the first plot.
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Figure 8. Effect of addition of superplasticizer types on
UCS of cemented paste backfills.
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The examples in Section 3 of this paper are a selection of
some types of misuse of statistics which students were aware
of in their research work, though doubtless there are counter
examples in many cases. The process of the students becoming
aware of these misuses might make it less likely they
themselves will make similar errors in their future work. As
such, this has been an interesting learning process which may
allow them to better “cope” with statistics in concrete
technology.

44

4

42

Statistics are the primary tools for assessing relationships and
evaluating data. Unfortunately, these tools are often misused,
either inadvertently or, occasionally, knowingly. It may also
result from mistakes in analysis that result in poor decisions and
failed strategies. Concerns include poor planning,
communication, or understanding of the conceptual framework
that the statistical tool is being used to evaluate [5]. The purpose
of compiling the booklet described in this paper is to attempt to
bridge the gap between the understanding of statistics, as
acquired by students, and its application to concrete
technology.
The individual research study topics investigated by the
students involved the application of an assigned statistical tool
to analyse the use and misuse of this concept in concrete
research. By giving the students ownership of their own
chapters, this helped them to be motivated to more fully
understand the fundamentals of statistical tools - their
limitations, context and types of misuse.
The observations/examples given in Section 3 are largely
drawn from the student’s booklet on ‘Use of Statistics in
Concrete Technology’ and all students have read this booklet
as part of the required reading for the module. The section gives
some examples of the improper use of statistical techniques in
concrete technology as discerned by the students, and thus
hopefully develops in them an appreciation of the occasional
misuse of statistics in real problems.
The booklet will serve as a reference for students as a
transferrable skill to help themselves in research and when
working in industry. The next cohort of S5 module students will
be asked to carry out their own research study on the same (or
other) topics, thus keeping this booklet as a fresh up-to-date

40
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(b)
Figure 7. Two data sets corresponding to strong R-Sq value.
Similarly, with large amounts of dispersed data, if only two
variables are plotted which suggest a random relationship, then
it may be that introducing a third correlated variable will split
the data into a series of strongly linear groups of, say, parallel
linear data in the 2D plot. A lack of awareness of the third
variable’s existance could mislead the interpreter into thinking
that there were no causal relationships in the data.
Drawing Histograms
If a histogram is drawn, say reflecting the effect of different
superplasticizers on the unified compressive strength (UCS) of
backfills, the peak value, which happens by chance (based on
the random order of reporting) to be near the middle of the
group, should not be termed the “optimum”, nor is it
appropriate to draw lines between the values at the top of each
bar (as incorrectly done in Figure 8). If the X axis on a
histogram represented a continuous function which has been
discretised, then such a conclusion would be justified, but in
this case the order of the individual vertical bars is effectively
random and the data points should not be joined with a curve.

CONCLUDING REMARKS
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reference guide. Positive feedback has been received from the
students on this novel approach to the use of statistics in a
practical discipline, prompting the authors to plan a similar
approach on other modules on the MSc course at Trinity
College.
Finally, readers may be inspired by the more
comprehensive work of Ang and Tang [6] and Benjamin and
Cornell [7] with innovative pedagogical examples on the misuse
of statistics in civil engineering and it is recommend to students
and practitioners to acquire further knowledge on the use of
statistics in solving civil engineering problems.
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ABSTRACT: Communication is a vital competence in the armoury of the modern day civil engineer. Its importance is
recognised in education as a vital attribute of graduates, while competence in same must be aptly demonstrated in order to
achieve the title of Chartered Engineer. Many have lamented the ongoing deterioration of engineers’ sketching abilities, with the
digital juggernaut of computational modelling sweeping all in its way. This presents the question of whether such digital
creations be dismissed as merely “pretty pictures” or should such technology be embraced for the good of the profession?
Engineers, after all, are problem solvers who are increasingly required to engage with multiple stakeholders in designing
solutions within complex environmental and societal contexts. Such engagement requires the engineer to communicate design
intent with individuals and communities not adept to reviewing and understanding traditional two-dimensional (2D) drawings
and technical specifications. At this point should the engineer resort to expending time and energy on the production of
unintelligent “pretty pictures” to communicate design intent? The unequivocal answer is 'no' if the design is developed in an
information centric way using Building Information Modelling (BIM) technologies. A by-product of adopting a BIM workflow
during the design process is the ability to produce, with relative ease, many engaging and informative three-dimensional (3D)
outputs, including immersive experiences, which can be used directly as material to communicate the design intent to all
stakeholders, both technical and non-technical. Research presented in this paper details how communication is changing in the
digital age. A small-scale experiment to investigate people’s perceptions of the effectiveness, in terms of communication, of 2D
traditional and 3D digital media is presented. A statistical analysis reveals that people consider the 3D media forms which are
created with a BIM workflow to be much more effective in communicating design intent than traditional forms such as 2D
drawings.
KEY WORDS: Communication; Digital design

1.

INTRODUCTION

Effective communication with the engineering community
and society at large is a required graduate attribute which
must be demonstrated within the engineer’s formal education
[1], and then developed to competence level during the initial
professional development phase of their career [2]. The need
to engage with multiple stakeholders in solving complex
problems within societal, environmental and global contexts
has gained increased prominence [3]. Disruptive technologies
such as those inherent to Building Information Modelling
(BIM) are causing a paradigm shift in the way the
Architectural, Engineering and Construction (AEC) sector
operates [4]. Fundamental to BIM is increased collaboration
of stakeholders combined with the management of
information to inform effective decision making [5].
Research presented in this paper details how the 3D digital
models that are often central to a BIM approach, offer
enhanced
communication
opportunities
within
the
collaborative process. A small-scale experiment to investigate
people’s perceptions of the effectiveness, in terms of
communication, of 2D traditional and 3D digital media is
presented.

2.

LITERATURE REVIEW

The importance of effectively engaging and communicating
design intent with all relevant stakeholders has gained
increased prominence recently with the public outcry over the
Office of Public Works’ (OPW) proposals for a flood defence
system in Cork. The proposed solution was considered by
some as a “brutal assault on the city”, with one heritage
expert reported as describing the defences as a “sea of
concrete”, with few options except “walls, walls, or walls”
[6]. Engineers must recognise the power of public opinion
combined with modern media and develop appropriate
strategies to communicate design intent to all stakeholders.
The release of a virtual ‘fly through’ of the planned work
which combines the Morrison’s Island Public Realm and
Flood Defence project as part of the public consultation
process [7] is an example of using modern technology to
better communicate with multiple stakeholders. Even in the
context of engineering education, the introduction of BIM to a
civil and structural engineering curriculum via a project-based
active learning approach, meant that one student used the
sectional visualisation abilities of BIM to effectively
communicate the logic of their proposed structure, while the
design intent of others was clear from the illustrations
presented [8].
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Immersive experiences can also be used to inspire the next
generation of engineers as evidenced by RPS at a major
careers event in Northern Ireland [9] and by Cork Institute of
Technology (CIT) at their 2018 career event for transition
year students (Figure 1).

Figure 1: CIT Transition Year career information day
introduces VR to communicate aspects of design
With increasing complexity of current and future projects,
traditional techniques and processes for communicating
design intent will reach their limits [10]. BIM is critical to
connecting the fragmented silos of respective building
delivery professionals [11], utilising a ‘single source of truth’
repository of information to deliver value to all stakeholders,
which is an increasingly important function as globalisation
now means that design teams are often located in different
offices, in different counties, and on different continents.
Methodologies and technologies continue to evolve as
information repositories (i.e. BIM models) can be transformed
effectively and efficiently into visual and immersive
experiences [12], thereby supporting design development for
technical professionals and communication with non-technical
stakeholders. Examples of such uses are increasingly evident
in recent literature.
RPS, as an international engineering consultancy firm, are
continuously challenged to leverage increasingly complex 3D
models and associated data produced through BIM as their
clients seek simple and meaningful ways to interact with such
information-centric models [9]. In using the latest virtual
reality technology, RPS have recognised that the use of
immersive experiences which mean than stakeholders are “no
longer limited to a passive representation of an image or
information on a screen, but instead can interact, touch, and
move objects in a ‘real world’” [9]. When adopting visual
and immersive technology techniques to demonstrate
spectator emotion and viewing experiences while designing
the Al Wakrah Stadium in Qatar, Leach and Fowler [10]
realised that such techniques should not be limited to
communicating design intent with clients but could also be a
powerful design tool.
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In working on the 2016 Serpentine Gallery Summer House
designed by Barkow Leibinger architects, the complex curved
steel frame confined within a thin plywood stressed skin
proved almost impossible to review on screen in a
conventional manner [10]. By adopting an immersive virtual
reality (VR) experience using the Microsoft HoloLens, the
project could be reviewed at model scale within meeting room
space and at full scale by walking around the structure,
thereby enabling splice positions and site connections to be
considered in terms of reach and access for assembly.
Similarly, such immersive approaches have been found to be
applicable, usable, accurate and efficient in safety inspection,
hazards identification and safety training [13]. Latency
between implementing changes in models and subsequent
realisation of same within immersive experiences can be
negligible with automatic updates [14].
The commoditisation of VR hardware and software will
increase their use for design and communication purposes.
When compared with viewing 3D visualisations on a standard
workstation, users using immersive VR environments are
found to perceive spatial features more accurately, thereby
implying a better understanding of the spatial arrangement of
the 3D model [15]. In summary, the exploitation of BIM
information will continue to support developments in design
execution and communication of design intent.
The preceding has described various benefits of leveraging
information-centric
models
developed
using
BIM
technologies and methodologies. However, a definitive study
which qualitatively or quantitatively assesses the benefits of
using digital technologies for communication of design intent
was not evident in the literature. Consequently, a small-scale
experiment to investigate people’s perceptions of the
effectiveness, in terms of communication, of 2D traditional
and 3D digital media was undertaken with the methodology
and key findings outlined in the following sections.
3.

PROJECT BACKGROUND

The project that was used as a vehicle for the experiment
presented here-in was the proposed development of the
Chetwynd viaduct as part of the Cork to Kinsale greenway
project. The current research focuses on the iconic Chetwynd
viaduct which was constructed in 1850 and decommissioned
in 1961. A view of the existing viaduct is shown in Figure 2.
Previous research concluded that the use of a BIM approach
would enable both financial and technical benefits at
particular stages in the lifecycle of the rehabilitation works
[16].

Figure 2. Chetwynd Viaduct.

CERI-ITRN2018

4.

PUBLIC CONSULTATION EXPERIMENT

4.1 Experiment Design
An experiment was conducted which consisted of setting up
two fictional (mock) public consultation events, whereby a
BIM influenced approach would be presented in tandem with
a traditional type, with the aim of gathering, appraising and
comparing the feedback from attendees / participants on both
approaches. A specifically allocated room at CIT was
selected as the venue for the experiment, as it would
conveniently allow for the provision of a varied spread of
volunteering participants.
The proposed rehabilitation works to Chetwynd Viaduct
would form a common subject for the two consultation events,
where material, typical to each approach, would be displayed.
Each participant reviewed the material for respective
approaches in sequence, providing responses to a prepared
questionnaire upon completion of each approach. The
ultimate aim of the experiment was to confirm the hypothesis,
by scientific process, that a BIM workflow is superior to a
traditional non-BIM approach in terms of the presentation and
communication of design intent.
4.2 Development of design intent media
A traditional non-BIM approach is mostly based on the
production of 2D drawings as the primary output / deliverable
of a project. Such drawings which comprise non-intelligent
lines and arcs are drafted with the aid of a computer software
package. However, the resulting drawings are identical in
every way to those created using a drawing board and ink
opens of varying line thickness, with the software merely
improving the speed and efficiency of the process. Schedules
are tables of information which are usually compiled in a
manual fashion, and similarly, require manual intervention if
any updates to the schedules are required. Clearly such an
approach is extremely inefficient and very vulnerable to
human error in its accuracy of execution.
Although 3D is central to BIM, 2D drawings and schedules
continue to be required at certain project stages as the legal
contract deliverable. 2D drawings comprising plans,
elevations and sections can be generated directly from the 3D
BIM model. As the 2D drawings are effectively projected
views of the 3D model, traditionally common issues such as
elevations not being consistent with floor plans do not occur.
The 2D drawings which were prepared and presented at the
mock public consultation event were generated directly from
the 3D BIM model. This simply involved defining the
required view directions and section locations, following
which the 2D drawings were automatically output. Schedules
can be automatically generated, which simply reproduce the
information stored within the background database.
Various visual media outputs can be created when adopting
a BIM workflow. 3D renderings, animated flybys, virtual
reality scenes, etc, can all be generated quite easily from the
central 3D BIM model. The ability to generate such visuals
and media forms, supplementary to standard 2D drawings, is
an extremely convenient by-product of deploying a BIM
workflow. They allow design intent to be clearly expressed
with minimum ambiguity by the designer, and likewise, fully
interpreted by its audience, irrespective of their background,

technical ability or intellect. Many of the common software
packages allow full interoperability, thus enabling models
from one package to be exported into another seamlessly
thereby eliminating the requirement of multiple models to be
developed.
In this project the physical Revit model was the core model,
which was output to a rendering software (3DS Max) which
converted the model into high quality photorealistic
renderings. As the Revit model already had material
properties assigned to the various elements, these images were
created easily and required little further processing. Animated
flyby sequences were also created in a similar fashion, and
were again all based on the core Revit model therefore
requiring little additional work. During the export process
from Revit, a link was created between the two software
programmes thus at any time enabling revised versions of the
Revit model to be easily transferred across to the rendering
software for subsequent processing. This interoperable
workflow between software packages allows the development
of visual and immersive experiences to be a fully integrated
sequence within a BIM strategy, at relatively little expense.
When adopting a non-BIM approach, the requirement for a
3D deliverable on a project, e.g. a 3D visualisation image or
an animated flyby, may require outsourcing to specialist
companies. This involves furnishing the external company
with sufficient information to convey to them the exact design
intent to enable them to then create the particular media type
required. This extra association requires time and resources to
manage and clearly it imposes an extra cost burden on the
project. Further complications arise if the original design,
upon which the specialist media are based on, is changed in
anyway. The specialist media is immediately out of date and
does not reflect the current design. Updating requires the reengagement of the external company, which again adds to the
overall cost of the project.
4.3 Process
The ‘fictional’ public consultation event was conducted in a
project room at CIT with one area of the room allocated to the
non-BIM (i.e. traditional) approach while another was
allocated to the non-BIM approach. A removable partition
screen was used to create a physical divide between the two
areas and to minimise any distraction for the participants from
the “opposing” events. Figure 3 and Figure 4 show
photographs of the traditional (i.e. non-BIM) and BIM public
consultation setups respectively.
The non-BIM presentation material consisted of two A1
drawing sheets which contained 2D plans, elevations and
sections (Figure 5 and Figure 6). The 2D drawings would
typically be prepared using AutoCAD.
In reality, these
drawings would have required development “from scratch”, if
following a traditional non-BIM approach, thus requiring
considerable effort, time and expense. One of the drawings
showed the existing structure, while the other displayed the
proposed works overlaid and colour coded to clearly
differentiating between the existing and proposed.
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Figure 3: Photograph showing Traditional Non-BIM Public
Consultation Event.

Figure 6. Non-BIM approach drawing, showing proposed
works in red
The BIM approach included several wall mounted A3 sized
3D visualisation renderings, which presented views from
various perspectives of the viaduct with its proposed new deck
structure and associated works (Figure 7 and Figure 8). A
laptop computer was present which displayed a looped
sequence of flyby animations from various angles around the
virtual viaduct. A desktop PC was available with the live
Revit model, and the participants were freely allowed to
navigate around the model for themselves and to focus in on
particular aspects of interest, as required. Virtual reality also
featured, with a set of Google cardboard VR glasses combined
with a smart phone, which presented the viaduct model in
virtual reality from several vantage points.

Figure 4. Photograph showing BIM Public Consultation
Event.
Figure 7. One of the 3D visualisation images which was
presented for the BIM approach.

Figure 5. Non-BIM approach drawing, showing existing
structure.

699

Figure 8. One of the 3D visualisation images which was
presented for the BIM approach
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It was decided that each participant should view the nonBIM material first, and to then move onto the BIM material.
Due to their obvious differences from a purely visual
perspective, it was felt that such a sequence would be the least
disadvantageous for the non-BIM side. If the participants were
asked to view 2D plans immediately following a VR
experience, it is likely that they would be immediately
negative towards the non-BIM side. Furthermore, if having
seen the 3D elements first, the participants would undoubtedly
understand the 2D drawings quicker and easier, thereby
inadvertently impacting on the experiment (i.e. to assess each
approach on its own individual merits).
Immediately upon completion of viewing each approach, the
participants were asked to complete a questionnaire (i.e.
firstly, following the non-BIM approach and then again
following the BIM approach). The questionnaires consisted of
a series of questions aimed at obtaining feedback from each
participant about their experience of each approach. The
questions were generally of closed type, where four potential
answers were available, with only one being required. A fourpoint Likert scale quantitative scoring system was used by
participants in rating their opinion of various aspects of their
experiences, with ‘0’ being assigned to the lowest/least
impressed answer and ’3’ being assigned to the highest /most
impressed.
Closed questions would allow a more direct comparison of
answers during subsequent analysis. An area for comments
was also included at the end of each questionnaire to enable
the participants to provide their own individual feedback. The
questions asked in the questionnaire were as follows:
a) What were your initial opinion of the presentation
material?
b) How successful was the presentation in conveying to
you, without ambiguity, the proposed design?
c) How would you rate the presentation, purely from a
visual interest perspective?
d) How suitable/appropriate would the presentation
technique be in terms of pitching a project to prospective
investors, with the aim of securing funding?
e) How suitable/appropriate would the presentation
technique be in terms of communicating a proposed
scheme / design to a local authority and members of the
public?
f) How effective could the presentation technique
potentially be in terms of marketing a development?
g) Overall, how would you rate the presentation?
4.4 Experiment results and analysis
The range of participants varied, being from various
backgrounds, ages, etc. A total of 77 individuals participated
in the experiment. In overall terms, the BIM approach yielded
average results which were slightly more than double those of
the non-BIM traditional approach. Figure 9 presents a radar
diagram which summarises the mean scores obtained from the
participant feedback to seven separate questions on the
traditional and BIM enabled approaches to public consultation
events, when considering their respective typical media output
types. The non-BIM approach resulted in a mean score of 1.21
whilst the BIM approach yielded 2.52, with 0 the minimum
score, while 3 was the maximum.

Figure 9. Comparison of mean values of survey participants’
opinion of the effectiveness of the non-BIM and BIM
approaches
The BIM approach outperformed the non-BIM approach for
each of the seven questions, achieving higher mean scores for
all seven questions. The question concerning ‘communication
of design intent’ yielded the lowest mean score difference
between the two approaches, with BIM achieving a 77.85%
higher score than non-BIM (i.e. 1.52 for non-BIM compared
with 2.62 for the BIM approach). The question concerning
‘effectiveness in terms of marketing’ yielded a mean score for
BIM which was 164.9% higher than non-BIM (i.e. 0.97 for
non-BIM compared with 2.56 for the BIM approach), with the
other five remaining questions resulting in differences within
this range of extremes.
The output from a ‘Paired T-test’ which was carried out
using the Minitab statistical analysis software was used to
compare the mean values of the results obtained from each of
the 77 participants on their respective feedback on the BIM
and non-BIM approaches. The BIM approach yielded a
population mean of 2.521 (potential range 0-3) whilst the nonBIM approaches yielded just 1.217 (potential range 0-3).
Based on a 99% confidence interval (CI), the BIM approach
resulted in a higher mean of between 1.089 and 1.519 than
that of the non-BIM approach, thus proving that there is a
statistical difference between the two means.
5

CONCLUSIONS

The primary focus in adopting a BIM approach is the efficient
and effective management of information in order to inform
decision making throughput the lifecycle of a facility or
infrastructural asset.
In the technologically advanced
environment, such information management is typically
achieved using object oriented and data enriched 3D digital
models. An associated but much less reported benefit is the
opportunity such 3D models offer in terms of communicating
design intent with all relevant stakeholders, including those
from non-technical backgrounds.
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Such benefits were explored in the current research by
presenting an experiment to elicit stakeholder feedback
comparing a traditional (i.e. non-BrIM) and BIM approach. A
statistical analysis of feedback confirmed the hypothesis, that
the use of various media which are central to a BIM workflow
is superior to that of a traditional non-BIM approach, in terms
of the communication of a design intent.
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ABSTRACT: This paper presents integrating critical thinking (CT) in a third-year Civil Engineering module in University College
Dublin. The module was taught twice in academic years 2016/17 and 2017/18 for this study. A traditional teaching method was
used the first time, while the instructor employed CT approaches the second time. In order to implement CT, the learning outcomes
of the module were revisited considering CT skills and a new lesson plan was designed using five settings. Think-pair-share
strategy was implemented within five settings as part of the lesson planning. This strategy fosters CT skills through active
discussions. Two cases of this strategy are presented in this paper. An innovative tutorial method was developed. The tutorial
sessions were used to improve the CT skills of students, such as: interpretation, analysis and evaluation. The students’ feedback
from two years of teaching of this module were taken into account to evaluate the effectiveness of the new lesson plan. The
feedback shows that the new strategies highly improved the student’s satisfactions for this module.
KEY WORDS: Critical thinking; tutorial; engineering; lesson planning; think-pair-share.
1

INTRODUCTION

In recent years, critical thinking (CT) has attracted much
attention in higher education. This has been the case in
engineerin, as in other disciplines. Critical thinking is often
listed as a skill or learning outcome in the descriptions of
engineering programmes and the importance of CT to
engineering professionals is significant. Engineering graduates
must be able to show their CT abilities to tackle real-world
problems and make right decisions. There has been increased
emphasis on CT in engineering graduates, which may relate to
the emphasis placed by may accreditation boards on those skills
related to CT, such as problem solving, ethics and decision
making [1]. Claris and Riley state that it is imperative that we
look at how CT is taught in engineering, stating that engineers
are good at problem solving but lack the skills to think
critically.
There are a significant number of definitions of CT. For the
purpose of this paper, the definition of CT that will be used is
based on Facione’s framework (Facione, 1990). Facione’s
model [2] is one the most well-known CT models which
recommends developing six core skills; interpretation, analysis,
inference, evaluation, explanation and self-regulation. Based
on this model, students are expected to develop these skills in
addition to the technical learning materials. Several studies
have created teaching models based on Facione’s model in
engineering syllabuses. ŽivkoviĿ [3] employs CT for
structuring professional knowledge and learning efficiency.
She creates a discussion-based teaching model for an
undergraduate engineering module. Gibbins, et al. [4]
implement CT skills in Civil and Building Engineering at
Loughborough University. They investigate individual
students’ perceptions of what CT entailed. They also address
the view of staff regarding the students’ CT abilities. It is shown
that most students do recognise CT skills and their importance
in their future career. But, the staff believe the students do not

demonstrate aspects of CT unless they are explicitly asked to
do. Masek and Yamin [5] investigate the effect of problembased learning (PBL) on students’ CT ability. Ahern, et al. [6]
investigate the impact of CT on engineering education. They
describe a series of in-depth, semi-structured interviews with
academics involved in teaching and learning. They focus on
how different disciplines define CT and how they teach it in
their courses.
There are different approaches for implementing CT in
education systems; (1) Students are expected to develop CT
skills implicitly in the course of their subject, or (2) to teach
these skills explicitly using proper learning methods. Ennis [7]
calls the 4 approaches to CT teaching general (where students
acquire skills separately to teaching of the subject), infusion
(where students gain the skills as part of the teaching of the
subject and they are told explicitly about these skills),
immersion (where students gain the skills as part of subject but
the skills are not explicitly taught to the students) and mixed (a
combination of general and infusion or immersion) [8].
In this paper, some CT skills are embedded in a 3rd year Civil
Engineering module in University College Dublin: the
approach could be described as an immersive approach as
students were not explicitly told about the CT skills. The
module is called “Stress and Finite Element AnalysisCVEN30170”. A traditional format of the module was taught
in 2016 and a CT-based format was employed in 2018. 34 and
30 students were registered in 2016 and 2018, respectively. The
module consists of lectures, assignments and tutorials and the
students were evaluated using continuous assessments (30%)
and a final exam (70%). This study only investigates half of the
module (6 weeks) which is related to Stress Analysis. In 2018,
a new format is used in which the learning objectives and
learning outcomes of the course were re-visited and defined
considering CT skills. Five settings were planned considering
the cmplexity of the course over time. Some of the CT skills
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Figure 1. Teaching settings.
are embedded in different stages of the lesson plans. Thinkpair-share strategy proposed by Lyman [9] was implemented
during the lectures. It is shown how effective class discussions
can improve the long-term understanding of students from
basic principles of Civil Engineering. An innovative tutorial
activity is designed to help the students to become critical
thinker. The students’ feedback was taken using confidential
questionnaires at the end both occasions (2016 and 2018) to
evaluate the effectiveness of the proposed course plan. It is
shown that the new strategies highly improved the student’s
satisfactions.
2

LEARNING OUTCOMES AND LESSON PLANNING

The CT skills were embedded in 2018 are explained in this
section. The module consists of two separated parts: Stress
analysis and Finite Element Analysis. This paper focuses on the
first one. Upon completion of this part, students are expected to
have the following abilities:
(i) Formulate stress and strain tensors and vectors, and
determine all possible states of stress and strain in a point using
an
algebraic
form
or
Mohr's
circle.
(ii) Apply small deformation theory to obtain displacements,
strains and stresses using the kinematic, constitutive,
compatibility equations and differential equations of
equilibrium.
(iii) Analyse stress, strain and failure in deformable solids
under the action of external forces, with emphasis on combined
stress states, plane stress and plane strain problems.
Five settings were designed in this module to help the
students to achieve the learning outcomes (Fig. 1). In this
model, the complexity of the settings is increasing over time. It
means whatever students are going forward, the settings are
getting more complex.
A series of learning activities was considered for each setting
based on the complexity of each setting. The learning activities
consist of lectures and one or two methods of continuous
assessment. Some elements of CT were embedded in these
activities which are explained in the following sections.
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3

THINK-PAIR-SHARE

Lesson planning is an important part of CT. It is a guideline on
what and how a lecturer needs to develop the lessons that
students will learn specific content and develop specific
competences. Johnson et al. (1999) defines the basic elements
of cooperative learning in lesson planning as:
•
•
•
•
•

Positive interdependence
Individual and group responsibility
Stimulating interaction
Social Competences
Group self-evaluation

There are several strategies that can be used for implementing
these elements such as: (a) the value line [10], (b) think-pairshare [9] and (c) Jigsaw [11].
In this study, the think-pair-share method was employed to
practice CT within this module. Abrami, et al. [12] point out
that CT skills are improved by dialogue and discussion, which
is why this method was chosen. The main goal of this method
is to provide an opportunity for students to think by themselves
about a specific problem/topic/situation and improve their
thinking based on peers’ and groups’ feedback. Some of the
core CT skills like interpretation, analysis, evaluation,
explanation etc. are practiced in this method.
Several discussion activities were defined at different
settings using think-pair-share method. Two discussion cases
are discussed in the following sections.
Case 1
At the end of setting 2, a discussion was developed to
improve the students’ understanding of basic concepts of this
module. The following questions were given to the students on
a paper.
1. Define stress in one sentence.
2. Define strain in one sentence.
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3. Are they related to each other?
4. Which one is measurable? How?
5. Which one is more important? Why?
The questions were prepared in a clever way to trigger some
of the important aspects of the module. The students were given
5 minutes to think individually and write their answers to the
questions. In this step, the students were challenged about what
they had learned in the first two settings. In the second step, the
students were asked to discuss their answers with their pair for
5 minutes. In this step, the students have the opportunity to
share their ideas in a small group. It is mostly useful for those
students who may not participate in a big group discussion.
Finally, the instructor started a group discussion in which most
the students shared their ideas.

was given to the students and they had 2 hours to work it out
and submit their solutions. In this format, the facilators help the
students through the solving process. The solutions were
uploaded for students after the tutorial. The students’ solutions
were marked and their grades were considered as part of their
continuous assessment.

Case 2
In another example, a discussion activity is set at setting 3 for
students to help them to understand the concept of stress
transformation. Again Abram et al (2014) point out that
exposing students to real-word examples will improve CT
skills. In particular exposure to real world problems combine
with discussion is seen as particularly useful in promoting CT
skills. The beam shown in Fig. 2 and the following questions
were given to the students:
The beam failed due to a vertical point load applied at the
centre.
1. If we know it failed due to max normal stress, which
plane (orientation) in the beam cross section does
include the max normal stress?
2. If we know 𝜎𝑥 , 𝜎𝑦 and 𝜏𝑥𝑦 at point A, how do you find
the normal and shear stress at this orientation?
The same timing used for Case 1, was used here. At the end
of discussion, the students concluded that the maximum stress
does not necessarily occur at the normal orientations, x and y.
It emphasizes the need for considering the stress in other
orientations using stress transformation.

Figure 3. The students working on a tutorial.
An innovative tutorial format was used in the second time of
teaching this module. This format focuses CT skills such as:
interpretation, analysis and evaluation. In this format, the
students were divided into 6 groups, each group consists of
either 4 or 5 students. Fig. 3 shows the students are working in
their groups. One question was given to each group in the first
hour of the tutorial. In total, 6 questions were designed for each
tutorial. The questions were labeled as:
•
•
•
•
•
•

A1/D2
B1/E2
C1/F2
D1/A2
E1/B2
F1/C2

In this labeling, the first letter shows the group that the
question is belong to in the first hour. For example, A1/D2 is
the question for group A in the first hour. At the end of the first
hour, each group handed in their solutions. So, there were six
solutions in total.

Figure 2. The beam used in Case 2.
4

TUTORIALS

Two tutorial formats are used in this study. The conventional
method which was used in 2016 and the innovative format
which was used in 2018. In the traditional version, one question

Figure 4. The labelling system.
In the second hour, the question and solution of each group
was given to the next group based on the labeling system. For
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example, question A1/D2 which had been solved by group A,
was given to group D. Fig. 4 shows the arrangement of the
labeling. Then each group had 45 minutes to mark the solution
of the other group without knowing the right answer. It means
each group had to first solve the question and then mark the
solution of the next group based on their own solution. The
main focus of the second hour was to improve the students’
assessment skill.
5

STUDENTS’ FEEDBACK

A hard copy confidential questionnaire was circulated among
the students at the end of each teaching occasions. 27 and 23
students participated in 2016 and 2018, respectively. The first
two questions of the survey which are focusing on the overall
rating of the module are considered here to evaluate the
effectiveness of the proposed plan:
Please rate
1. The overall quality of the course content.
2. The instructor’s overall teaching.
Fig. 5 shows the results for the first question in percentage. It
shows that in 2016, 33% of students rated the quality of course
content as “Good”, while 30% and 26% rated as “Very good”
and “Fair”, respectively. But it can be seen that it has been
clearly improved in 2018 where 61% and 30% of students rated
the course as “Ver good” and “Good”, respectively and only
4% rated it as “Fair”. It can be concluded that the new format
represented a higher quality compared to the traditional
teaching format.

Figure 6. The results of the instructor’s overall teaching.
In order to evaluate the quality of the new tutorial format
from students’ point of view, a specific question was asked
from the students in the evaluation questionnaire in 2018:
•

Please rate the quality of new tutorials compared
to traditional tutorials.

42% of the students rated it as “Excellent”, 28% “Very good”,
12% “Good”, 16% “Fair” and 4% “Poor”. This shows that the
new format was well implemented and the students were
strongly happy with it. Some of the students also mentioned the
new format answering another question, “What are the two best
aspects of this course” in the evaluation form:
•
•
•

Group tutorial sessions were very beneficial.
Tutorials are in group.
Working in groups to solve a common problem.

However, there was one negative feedback worth to
mention here:
•
6

Figure 5. The results of the overall quality of the course
content.
Fig. 6 shows the results for the second question. A much
better improvement can be seen for the students’ opinion on the
instructor’s overall teaching. In 2016, 33% of students rated as
“Fair”, while in 2018, 43% and 35% of the students rated the
overall teaching as “Excellent” and “Very good”, respectively,
which was a great achievement. It shows that the new format
also improved the student’s satisfaction in terms of the
instructor’s overall teaching, while the module was taught by
the same instructor in both occasions.

CONCLUSION

In this paper, CT is integrated in to a Civil Engineering module
in University College Dublin. The module was taught by the
instructor two times in 2016 and 2018. A new lesson planning
was defined using five settings. Think-pair-share method and a
new tutorial format were integrated into the settings. The
students’ feedback shows that the new formats highly improved
the students’ satisfaction. However, the proposed format can be
further improved by implementing more CT skills.
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ABSTRACT: The appreciation and understanding of the engineer’s responsibilities for the Health and Safety (H&S) of projects
and users is one of the fundamental competency requirements in the formation of the graduate engineer. The Department of Civil,
Structural and Environmental Engineering (DCS&EE), at Cork Institute of Technology (CIT), was mindful of these
responsibilities when reviewing its curriculum in 2011/12 to ensure compliance with the many H&S demands of professional
bodies and employers, and obviously the department’s own responsibility for the H&S of its students while undertaking their
studies at CIT. The resulting curriculum has ensured the integration of H&S, with the resulting development of a departmental
philosophy and culture which infuses risk management within the Level 7 & 8 engineering programmes it delivers. The approach
has a particular focus on the ‘student-centred and outcome-centred approach’ [1]. This paper presents the methodology adopted
to develop this approach, along with the key positive results through student surveys, which demonstrate the success of the
approach adopted at CIT.

KEY WORDS: Project-based learning; engineering education; curriculum design; health and Safety
1

INTRODUCTION

Health and safety (H&S) is one of the key ethical and
competency requirements for the professional practice of the
engineer [2]. The Department of Civil, Structural and
Environmental Engineering (DCS&EE), at Cork Institute of
Technology (CIT) sought to infuse H&S and risk management
within the Level 7 & 8 engineering curricula it delivers, with a
focus on the ‘student-centred and outcome-centred approach’
[1].
This is in line with the Bologna process and international
trends. However, the Department went further, asking: can
H&S education be successfully converted into a Health &
Safety Culture in engineering students? This paper reports on
the methodology adopted by the department to address this
research question, along with the key positive results through
student surveys, which demonstrate the success of the approach
adopted at CIT.
2

THE STIMULI - LEGAL RESPONSIBILITY AND THE
ACCREDITING PROFESSIONAL BODIES

There is a multiplicity of legislation, regulations and guidance
notes pertaining to the practice of professionals in the built
environment, most of which emanate from the Health and
Safety at Work Act 2005, and associated regulations [3], [4, 5].
The need for compliance with H&S legislation is applicable to
all areas of work in the built environment: design, procurement,
construction, maintenance, operation and decommissioning of
facilities.
Thus the two key influences in the department’s H&S
curriculum development process were: the formation of the
engineering graduate and their legal responsibilities in the
future workplace upon graduation; and the requirements of the
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accrediting body for engineering degrees in Ireland, Engineers
Ireland (EI). Engineers Ireland go so far as to require that the
educational institutes can provide evidence of a student’s
ability to
Demonstrate your knowledge and understanding of the health,
safety and legal issues and responsibilities in your
engineering practice, and the impact of your engineering
solutions in a societal and environmental context. [6]
Compliance with EI accreditation criteria in turn enables
compliance with the EUR-ACE system and international trends
[2, 7].
In line with these international trends, the Australian learning
and teaching council indicator of attainment is that the
graduate:
Appreciates the principles of safety engineering, risk
management and the health and safety responsibilities of the
professional engineer, including legislative requirements
applicable to the engineering discipline….. with engineering
application to the engineering discipline
[2]
Thus in 2012 the department set about reviewing its
pedagogical approach to the inclusion and delivery mode of
H&S in the curriculum of its programme offerings.
3

PEDAGOGICAL APPROCH TO THE INCLUSION OF H&S IN
THE DEPARTMENTS CURRICULUM

While these professional bodies require that a graduating
engineer have competencies in e.g. risk management,
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Departmental approach to Health &
Safety

legislation, awareness of health and safety responsibilities, the
Department took a view that the importance of health and
safety required a deeper learning than traditional teaching
techniques alone could achieve. In particular it considered that
covering the general topics required under H&S education
using the traditional lecture and assignments would be
insufficient to achieve the desired outcome of embedding
health and safety principles in the actual mind-set of the
student. In other words the Department has sought to develop a
H&S culture and philosophy within the Department in all its
areas of work: use of laboratories for experiments; the
undertaking of research projects; developing the knowledge of
the graduating engineer.
Therefore an innovative approach was adopted to address the
research question of ‘if’ and ‘how’ a H&S culture could be
developed and integrated successfully within the curriculum.
Core operating principles were identified within the operation
of the Department, and thus formed the design of the H&S
framework for the departmental culture. These core principles
include: personal safety for students and staff; accident and
injury prevention in the use of departmental equipment and
research experiments; compliance with applicable health and
safety legislation of both employer and student; and risk
management.
The department’s vision has led to the development of a three
prong approach to the curriculum development as illustrated in
the figure 1 below: a comprehensive departmental health and
safety and risk management system; the development and
introduction of a mandatory health and safety module at
undergraduate level in 2012; and the integration of H&S in all
appropriate subsequent modules that the student takes during
the time studying at CIT.

(1) H&S in the built environment
- mandoratory module
(2) Compliance with
Departmental H&S and risk
management system
(3) H&S in application: laboratory
activities, site visits, research
experiments, etc.

Figure 1: 3 prong approach developed by the department to
successfully integrate health and safety within the curriculum
of the graduate engineer
The process to develop each of these three steps, ultimately
delivering a departmental philosophical approach to H&S will
be discussed.
Component 1: Five credit module on Health and Safety
in the Built Environment
The Department looked to the ever evolving vista of H&S
legislation and practice and in 2012 decided that it needed to

introduce a mandatory module for all cohorts of students
studying in the Department. The module was designed to
ensure that all students obtained the crucial grasp of the
fundamentals of their H&S responsibilities and its application
in all areas of the built environment.
The pedagogical approach of the module was very much
influenced by the legalistic nature of the content and the very
important ethical responsibilities of the graduate engineer. The
department recognised the shift in focus of engineering
education from the theory-based practice of a ‘chalk and talk’
pedagogy, to a more applied delivery and assessment of the
student based on project assisted and project based learning
activities [8]. In addition, professional and accrediting bodies
are calling for the development of the more human skills in the
engineers’ formation; hence a paradigm shift towards active
learning pedagogies, including problem-based learning and
project-based learning, is increasingly evident [8-10].
The module was developed based on ‘appropriate
construction technologies’ and thus has been delivered
different cohorts of students in the built environment in CIT,
including civil engineering; environmental engineering;
structural engineering; architectural technologists; interior
architecture; and mechanical services – craft technology. The
project briefs have varied to be appropriate to the technology
of these cohorts, whilst ensuring that the principles of risk
management and H&S legislation are assessed.
3.1.1

Design of the Module - learning outcomes

CIT moved to modularisation and semesterisation in
2007/2008 in line with the Bologna principals of education.
Each module contains the learning outcomes, which express
what is expected that students should be able to do at the end of
the learning period [1]. The module was designed to deliver the
following learning outcomes, through a combination of applied
projects and in class short examinations, appropriate to all
disciplines in the built environment:
1. Assess current health and safety legislation
2. Identify their professional obligations in relation to health
and safety
3. Use risk management techniques for health and safety
4. Develop competency of hazard identification in the
workplace
5. Identify and address health and safety issues commonly
arising in discipline specific construction technologies
The content of the module can be divided into three key
components: H&S legislation; construction technology: and
hazard identification and risk management. It was believed that
including construction technology and the risk management of
actually using that technology focus on the student to consider
the use of construction technology in the field. Of course this is
what happens in reality in the workplace of the graduate
engineer, e.g. on construction sites and manufacturing
facilities.
The module is based on continuous assessment with
formative feedback. Project assignments have been designed to
incorporate multidisciplinary work in group activity, thus
incorporating the many challenges including: team working;
detailed note taking and hazard identification of a particular
site; risk assessment; and identification of preferred task
appropriate construction methodologies. These assignments
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would be considered project assisted and project based learning
activities [8]. Such problem-based learning activities,
‘foster deep-level learning and important skills for
professional practice’ as the ‘development of the project
provides a real life context for linking theory to practice’ [9].
The assessment of the learning outcomes consists of short
answer - in class assessments, to evaluate the students’
knowledge of H&S legislation and also of construction
technology. In addition there are two applied projects which are
set generally on-campus or a site close by, thus allowing the
student to undertake: a site visit; hazard identification; identify
a location for a safe site setup; understand the issues pertaining
to traffic management on the site, to allow the safe operation of
the construction site while not hampering or endangering the
lives of other people on campus et cetera. Such examples of
these projects have included: excavation of sections of the staff
car park, while maintaining the car park open; removing
sections of the old campus roof having identified asbestos as a
critical hazard and its replacement during college term;
removing and reinstatement of sections of a building façade for
the replacement of damaged equipment.
All these projects require the Student to visit and access the
site; identify the proposed construction methodology; prepare
a method statement and risk assessment of the proposed works;
develop a safe traffic and pedestrian management system; and
design a poster to be used during the project to communicate a
safety message. The posters are designed based on the
‘behavioural safety theory’ which is promoted by the Health
and Safety Authority [11]. There are 2 projects undertaken each
semester, one individual and one in groups. There are weekly
tasks set and feedback given to ensure the student’s learning
through the process.

module; students are equipped with the necessary scaffolding
to support their further learning in the department and the
application of H&S. The innovative aspect of the department
approach is the infusion of various aspects of H&S and risk
management within subsequent modules in supervised
environments e.g. soils laboratory classes require students to
prepare a method statement and risk assessment of the
experiment; students on surveying activities undergo an
induction and are required to identify the risks and controls of
the particular area they plan to survey.
Final year students are required to deepen this H&S
application through independent design of research
experiments by assessing and mitigating the H&S risks; while
the design office module requires students to prepare a design
risk assessment. All these steps are in line with practicing
engineers.
4

The department gauge its success based on
 Student feedback and awareness
 Student success in H&S competitions, thus again
illustrating their awareness and appreciation of the
importance of H&S in their formation
 External validation of the department’s approach to
H&S integration in the curriculum
Each of these elements will be addressed, thus conclusively
illustrating that the students of the department have achieved
the learning outcomes of the module and the department’s
vision of a H&S culture.
4.1.1

3.1.2

Component 2: Compliance with Departmental H&S
management system

As in all work places, the Department has a legal responsibility
and duty of care to all persons working and studying within, or
visiting the Department, in compliance with national health and
safety legislation. Thus the department has a H&S management
system which is reviewed annually, with an online document
system for staff and students.
This contains the risk assessments of all standard processes
and facilities within the department, along with standard
operating procedures for activities within the department.
There are many other elements to this management system
including policies on student and staff health and wellbeing,
e.g. lone or off-campus working; environmental control within
the department eg. waste disposal etc.
Staff and students receive training in this system from both
the H&S Department Coordinator and the faculty Safety
Officer on a regular basis. The training of all new students to
the department is included in the H&S module outlined in
section 3.1.1 above.
3.1.3

Component 3: H&S in application: laboratory
activities, site visits, research experiments, etc.

Combining the use of H&S policy processes that are in place
within the department; and the mandatory H&S introductory
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RESULTS - HAS THE DEPARTMENT DELIVERED ON ITS
VISION?

The impact of the H&S module

To assess the impact of the module, a total of 33 students at
level 7 (24 students of civil and environmental engineering) and
level 8 (9 structural engineering students) taking the module in
semester 2, of the academic year 2017-18 were surveyed. The
result of the survey are gratifying, as they illustrate a H&S
awareness, appreciation and ability.
The students were asked to indicate how important they
consider the module in their overall education and formation as
an engineer. Overall both classes indicated that 45% felt the
module was ‘important’, 52% indicating that it was ‘very
important’, while only 3% (1 student) indicated ‘somewhat
important’. The results from both the level 7 and level 8 student
cohorts are presented in figure 2 below.
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Students opinion of the importance of the
H&S module
60%
50%
40%
30%
20%
10%
0%
Of no
A little somewhat important Very
relevance
important
Level 7 Students

Level 8 Students

2018 visited the new oncology building at Cork’s University
Hospital. This building is under construction with BAM, and is
an extremely tight site sandwiched between the ambulance bay
of the accident and emergency (A&E) department and the main
visitor carpark for A&E. The students learnt of the issues
regarding delivery times so as not to block the ambulance bay,
the need for coordination with the hospital security, the issues
of noise and dust for the very sick patients in the wards
overviewing the site etc. BAM were also invited to present a
lecture in CIT on the H&S philosophy ‘Beyond Zero’ [12].
The student survey included a list of the main module
activities and assessments for semester 2 of 2017-18 and they
were asked to rate each of them relative to the H&S insight it
gave them. The scores were compiled to give an overall score
for the class as a % of the maximum score available. These
results are presented in figure 4 below.

Level 7 & 8 Students

Figure 2: Survey results of Students: ‘How important is the
H&S module in your formation as a graduate Engineer’
A key competency of the graduate engineer is the ability to
use and apply risk management techniques in H&S. Following
the completion of the module and applied projects, the students
were asked: ‘Having now completed this module on health and
safety in the built environment, do you think you would be
able/comfortable to undertake/assist in preparing a risk
assessment for a contractor?’
Overall 62% indicated that they felt able or very able to
undertake risk assessments. The results of both the level 7 and
level 8 student opinion is presented in figure 3 below. This is
affirmation to the department that the content and mode of
delivery of the module to achieving the module learning
outcomes. Risk assessment is one of the key tasks for a work
placement student or graduate engineer.

Student opinion on level of insight to H&S
from each activity as % of maximum score
possible

Closed book exam on the
safe use of technology in
construction (week 12)
Closed book exam on
legislation (wk 5)
Assignment on removal of
asbestos roof
BAM presentation on
‘beyond zero’

Ability to undertake Risk Assessments
Site visit to BAM oncology
unit in the CUH

60%
50%
40%
30%
20%
10%
0%

ESB competition entry work

Don’t feel A little somewhat
ready
Level 7 Students

Level 8 Students

able

Very able

Both Cohorts

Figure 3: Survey results asking the students do they feel ‘able’
to undertake risk assessments after completing the module.

Trench excavation in staff
car-park assignment
0% 20% 40% 60% 80% 100%
Combined opinion of Level 7 & Level 8
2nd Year Level 8
1st Year Level 7

The module has many elements, part of which includes a site
visit to understand the complexity of H&S on a site. This site
visit also includes an overview of site setup, traffic
management etc. Many of the recent site visits have been to
Cork City centre sites, with zero laydown on the site and thus
requiring off-site accommodation, welfare facilities and
storage. So whilst these are covered in lectures, seeing the
challenges, in reality, is quite different. The cohort of spring

Figure 4: Survey results of students: ‘score the following
assessments and activities in order of those that gave you the
greatest insight to Health and Safety in the built environment’
Clearly the students consider the site visit, the BAM lecture and
the applied projects the most insightful. The integration of the
legislation and how to make it more engaging and insightful
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will be considered before the next delivery of this module in
the autumn of 2018.
4.1.2

Student success on the national stage

Students of the department have successfully participated in
national competitions organised by the Health and Safety
Authority of Ireland (the state agency with responsibility of
health and safety in the workplace), achieving second place in
the 2015 competition, and national winners in 2016 [13].
This year the ESB launched a National Safety Challenge for
safety innovation [14]. Students were undertaking a group
project at the time of this competition, and thus all teams were
encouraged to enter. One of the teams from the student cohort
of 2017-18 was shortlisted to the final four entries from across
the country, with their entry published in Build Magazine. The
national winner is due to be announced in the autumn of 2018
[15]. Their innovation is based on the ‘smart’ collection of
hazards on site, which again affirms their knowledge in the area
of risk management.
4.1.3

Employer and professional body satisfaction

Ultimately the validation of the department’s approach is
judged by the accrediting professional bodies, employers and
applicable state agencies. The department offers student work
placement opportunities. Many of these employers have
recognised the student’s readiness to take on H&S tasks in both
the design office and construction sites, over the past 5 years
since the infusion of this H&S culture.
Student project and examination material from the module
was assessed at a recent Engineers Ireland accreditation panel
visit in May 2017. Engineers Ireland considered the work
satisfied their requirements for H&S in the department’s
curriculum.
5

CONCLUSION

This paper has presented the methodology developed and
adopted by the Department of Civil, Structural and
Environmental Engineering at CIT, in successfully
implementing a H&S culture within the department and student
cohorts. This paper serves as a template for other engineering
departments, in undertaking the ambitious task of infusing a
H&S culture within an engineering department.
The ever developing and increasingly onerous landscape of
H&S legislation, regulations and responsibilities will need to
be embraced in further developments of the department’s H&S
approach. The department undertakes each year to reflect on
the current practices, standard operating procedures, and
module content to ensure it is in line with best practice.
The survey evidence presented in this paper, along with
success of the department’s students on the national stage, and
positive employer feedback is taken as a mark of success in the
approach the department has developed. As with all culture
changes, work will be continued within the department to
ensure its maintenance and continued future development.
.
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ABSTRACT: Engineers require the skill of effective communication and interaction with architects to be successful throughout
their professional career. While the relationship between architects and structural engineers develops during their professional
career, it is often overlooked during their undergraduate education. This paper presents learning strategies to improve the
communication between engineering and architecture students as well as the awareness of the others’ profession. The strategy of
aligning learning outcomes to develop communication skills and prevent reproductive learning are applied in four continuous
assessment problem-based learning (PBL) submissions. The strategies were applied in the experimental setting of a Stage 1
undergraduate module jointly offered to architecture and general entry engineering students at the School of Civil Engineering,
University College Dublin. Results from surveys showed the students enjoyed the module and had a high level of understanding
of the other profession at the end of the module. The students identified an improvement in their own communication skills as a
result of the module.
KEY WORDS: Communication; Engineers; Architects; Problem-Based Learning.
1

INTRODUCTION

This paper presents a problem-based learning module called
The Engineering and Architecture of Structures taught by the
School of Civil Engineering at University College Dublin. The
module is taught in the second semester by both authors and is
taught to Stage 1 architecture and engineering students. The
architecture students take this module as a core module whereas
the engineering students elect to take this module as an option
module. The engineering students are general entry for Stage 1
and then they choose their engineering discipline for Stage 2
onwards (they can choose from Biomedical; Chemical &
Bioprocess; Chemical with Biochemical Minor; Civil;
Electrical/ Electronic; Mechanical or Structural Engineering
with Architecture). The module is 12 weeks long with four
problem-based learning group submissions, one every 3 weeks.
The module is continuous assessment only.
Effective communication and interaction with architects
cannot be underestimated as a key skill to success for engineers
[1]. Engineers and architects will spend much of their working
life on collaborative projects, and it is imperative that as part of
their formal training these students get practical experience and
are assessed on their ability to perform as part of a group. The
current learning outcomes for these students however are very
different. As a minimum requirement, Engineers will come to
UCD with a C or better in Leaving Certificate higher level
maths, as well as one or more science subjects. Most of the
architects however have only completed Leaving Certificate
ordinary level maths, and possibly no science subject.
Students are often ‘strategic learners’ [2]; where it is the
assessment, not the teaching, that has the greatest influence.
Students are quite talented at sifting through the course content,
filtering out what was needed, and as a result do well in all
modules. Students often have an unsophisticated conception of
learning [3]. There is a belief amongst students that there are an

enormous number of correct answers and their role is to
memorise these and regurgitate them back in exams.
Sometimes, academic tasks make little sense to students. They
may not always understand the purpose of completing
laboratory reports, especially when its already been written
hundreds of times before in the same format [3]. It is important
that students learn and develop lifelong learning skills, as
opposed to just ‘memorise’ and perform on exams.
Effective learning is often hampered by assessment tasks that
focus student attention on ‘reproductive thinking’ [4].
According to Gibbs and Simpson [3], assessment should be
designed to support worthwhile learning. It should be
considered from the outset of the module design, and not
included as an ‘add-on’ [4]. They argue that standards will be
raised by improving student learning rather than by better
measurement of limited learning. Students cannot develop
ethical awareness by being told about ethics; rather they must
learn to evaluate situations from an ethical perspective and
make ethical decisions [5]. Similarly, students can’t develop
communication skills by being told about them – they must
learn to evaluate the quality of their own communications and
those received from others. Effective communication is a
cornerstone of the working relationship between engineers and
architects and thus is a key learning outcome.
The prevalent system of examinations can lend themselves to
students cramming last minute, and as a result, only engage in
surface learning. An alternative to this is the concept of ‘slow
scholarship’ as proposed by Harland et al. [2], where larger
more integrated assessment tasks are used that take many
weeks to complete (rather than days). Boud and Dochy [4]
argue that learning is enhanced when assessment tasks require
substantial involvement over time which promotes deep
learning. The kind of learning that coursework involves has
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long term consequences while the kind of learning involved in
revision for exams does not [3].
Therefore, this module was set up as continuous assessment
rather than examination. The assessment would be done in
groups as to improve the student’s communication skills. Each
of the four main assessment submissions during the semester
would build on the previous assessment and improve the
engagement and communication between the architecture and
engineering students. The assessment submissions were all
problem-based learning projects as to prevent reproductive
thinking and remove the possibility of strategic learning.
2

CONTEXT
Learning Outcomes

The learning outcomes for this module have been written
recognising the stark difference in backgrounds, talents and
abilities of engineering and architecture students, in line with
UCD’s code of practice [6]. The learning outcomes for this
module are:
1. Differentiate between the role of the engineer and the role
of the architect through group discussion
2. Develop effective communication skills through role-play,
debates and group discussion
3. Identify, draw and label the forces in engineering
structures
4. Describe and compare the available materials, and their
properties for civil engineering projects. Defend the choice
of material for a given context
5. Assess structural forms and describe why they have been
designed the way they have
6. Assess the stability of different structural systems and
subsequently visualise, design and create your own
structural model
7. Describe structural failures and how engineers and
architects learn from these failures
Assessment
This module is a compulsory 5-credit module for architecture
students. At the same time, these students complete a 20-credit
module in studio design which involves contact hours of
approximately 30 hours per week. It has been very difficult to
engage the students. They tend to prioritise their studio work
above all else. There is a temptation to increase the summative
assessment aspects of the module. This has been noted in the
literature by Gibbs and Simpson [3] who argue that ‘you have
to assess everything that moves in order to capture students
time and energy’. As a result, the number of assessments in a
module is often determined by the assessment loads in other
modules of the same programme [2].
On occasion, architecture students have excused themselves
from class to cope with their other coursework. There is a
temptation to control student’s study behaviour and to reward
their work with summative grades. According to Harland et al.
[2], this type of behaviour can lead to a ‘grading arms race’
between academics and programmes where both lecturers and
students seem trapped in a system that would inevitably
escalate grading frequency [2]. The grade has become a proxy
for an education.
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It is clear that assessment tasks can generate unhelpful and
inappropriate learning activity that mis-orients student effort
[3]. Students often find the idea of going beyond the syllabus
foreign and seem to have relinquished the right and opportunity
to take responsibility for their learning [2]. Assessment will
have most effect when students progressively take
responsibility for assessment and feedback processes, and
developing their critical thinking abilities, including selfcritique [4].
Given that students will focus their study efforts based on the
assessment tasks it is important to have constructive alignment
(Table 1) between the learning outcomes and the assessment
tasks. It is also important to be cognisant of the variety of
backgrounds of students in the classroom.
Table 1. Constructive Alignment of Learning Outcomes with
Assessment Tasks.
Learning
Outcomes

Project 1:
Forces &
Equilibrium
(20%)

Project 2:
Materials
& their
Properties
(25%)

Project 3:
Distributions
of Moment &
Shear
(25%)

Project 4:
How
Structures
Stand up
(30%)

1
2
3
4
5
6
7

Early assessment provides information to both students and
teachers on progress and achievement and allows for
identification of students in need of additional support.
Maintaining motivation is most important for a first assignment
in first year [3] and so the first assignment is weighted less than
the subsequent three (refer to Table 1 & Table 2).
Feedback
Until now – the practice seems to have been to provide one
summative grade at the end of the semester. There seems to be
no in-semester feedback, no opportunity for feed-forward, no
peer-feedback and no opportunity for students to develop skills
in critically assessing their own work.
The feedback strategy for this module included delivering
feedback to students in a timely manner, ideally within 4 weeks
[6]. According to Gibbs and Simpson [3], if students do not
receive feedback in a timely fashion then they will have moved
on to new content and the feedback is irrelevant.
Feedback sheets were developed and completed and students
received commentary on their work, as well as a grade within
four weeks of their submission. Feedback was sensitive to the
unsophisticated conceptions of learning that students may have
[3]. A grade on its own is likely to be perceived by a student as
reflective of personal worth [3]. According to Boud et al. [7],
assessment has most effect when students receive specific
information about how to improve the quality of their work,
correct errors and re-orient their efforts. Some feedback was
given as whole class feedback, as suggested by [8].
Groupwork
There were 105 students in this module; 62 were architecture
students and 43 were engineering students. The students were
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split into 20 groups in total with on average 2 engineers and 3
architects in each group. The groups were formed during the
first lecture and did not change throughout the semester.
It is important to have group work as a core part of this
module as this promotes the engineers and architects learning
to work and communicate effectively with each other.
According to Oakley et al. [9], where learning involves
groupwork, students achieve higher grades, learn at a deeper
level, retain information longer, are less likely to drop out of
education, acquire greater communication and teamwork skills,
and gain a better understanding of the professional work
environment. What is particularly interesting is the assertion by
Gibbs and Simpson [3] that the quality of the group product
(such as a report) that is marked may be less important that the
qualities of the learning process that created it.
The groups were tutor-formed, rather than letting students
self-select, so as groups would have an even mix of architects
and engineers. If students self-select, strong students will
congregate, and as a result, so will groups of weak students.
Groups of strong students tend to adopt a ‘divide and conquer
policy, parcelling out and completing different parts of the
assignment individually and putting the products together
without discussion’ [9].
3

Table 3. Module lecture/tutorial/task timetable.
Week
1

2
3

4

5

6

MODULE CONTENT & LEARNING STRATEGIES

An overview of the lecture content delivered to students is
given in Table 3. Students participated in four projects for the
assessment of this module throughout the semester. Detail on
these projects are included in Table 2.
In Week 3, the students have to submit an A1 poster of five
different free body diagrams and explain how they work in
relation to forces and equilibrium. In Week 6 the students
within their groups perform a debate between two groups. The
debates relate to topics on materials and their properties as
shown in Table 2. In Week 9, the students had to submit a
poster that detailed moments and shear forces in structures they
investigated. The final submission in Week 12 was to produce
laser cut tower models and a report on stability of the them. The
laser cut towers were tested in Week 12 as shown in Figures 1
and 2. In Figure 1 the load capacity of the tower was tested, and
all groups models were ranked against each other. In Figure 2,
the weight of the model was measured, and all groups models
were ranked against each other.

Monday 2 Hours
• Overview of module
• Lecture 1: The who’s who
of construction
• Task 1: Ice breaker group discussion on
engineering and
architecture
• Task 2: Sketching Skills
• Lecture 3: Force and
Equilibrium
• Tutorial group work for
Project 1
• Lecture 4: Language of
Structures
• Task 3: Role Play
• Lecture 6: Choosing
Materials
• Project 2 (debate)
preparation
• Debate

7

• Lecture 7: Structural
elements and forces.

8

• Lecture 9: Load paths
• Task 4: Exercise on load
paths
• Easter Monday

9
10
11
12

• Lecture 10: How
Structures Stand Up.
• Lecture 11: Architects and
Structural Engineers
• Laser cutter tower testing
in Civil Engineering labs

Tuesday 1 Hour
• Lecture 2:
Evolution of
structure and
form

• Lecture 3: Force
and Equilibrium
• Tutorial group
work for Project
1
• Lecture 5: The
Materials in
Structures
• Project 2
(debate)
preparation
• Feedback from
Project 1
• Lecture 8:
Bending
Moments and
Shear Forces in
Structures
• Groupwork for
Project 3
• Groupwork for
Project 3
• Task 5: Spaghetti
tower challenge
• Groupwork for
Project 4
• Groupwork for
Project 4

Table 2. Student Projects.
Project
Poster
Debate
Poster
Laser-cut
model and
lab testing

Learning
Forces and
Equilibrium
Materials and their
Properties
Moments and Shear
Stability

Weighting
20%

Week
3

25%

6

25%
30%

9
12
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3.
4.
5.
6.
7.

Figure 1. Laser cut towers designed and made from MDF,
load tested in Week 12 in the Civil Engineering laboratory
Each of the projects built upon the learning outcomes of the
previous project. All the projects were submitted and assessed
as a group (20 groups in total). Students were responsible for
subdividing their own work and were given responsibility to
manage their own workloads.

I understand more about the relationship between
engineers and architects after taking part in this module
How much did you develop your communication skills
during this module?
Did the groupwork help to develop working relationships
with architects?
I have enjoyed the module so far
The module was interesting, stimulating and challenging

The questions asked of Architecture Students were:
1. The module helped me understand the importance of
learning about engineering, for the benefit of my
architecture education
2. Was the level of technical content (of structural
engineering) pitched at the right level? i.e. too difficult or
too easy
3. Did you have a greater understanding of structures now?
4. I understand more about the relationship between
engineers and architects after taking part in this module
5. How much have your communication skills developed so
far?
6. Did groupwork help develop working relationships with
engineers?
7. I have enjoyed the module so far
8. The module was interesting, stimulating and challenging
5

RESULTS OF STUDENT FEEDBACK

Results of the feedback are as shown in Table 4.
Table 4. Results of Student Feedback.

Figure 2. Laser cut model tower measured for weight and
ranked against all other models
4

STUDENT FEEDBACK

Feedback was gathered from students twice during the
semester, at the midpoint (Week 6), and at the end of the
semester (Week 11). The semester was 12 weeks long.
Engineering and architecture students were given slightly
different questions, given that they have different backgrounds.
The questions asked of engineering students were:
1. So far, the module helped me understand what a career in
civil or structural engineering would be like
2. I am more likely to choose civil or structural engineering
for the remainder of my degree after completing this
module
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Question
(Engineers)
1
2
3
4
5
6
7
Average

Mid-point
(n=42)
73.3%
72.9%
83.3%
68.6%
80.0%
80.5%
76.2%
76.4%

End
(n=23)
78.3%
75.7%
86.1%
72.2%
80.0%
82.6%
75.7%
78.7%

Question
(Architects)
1
2
3
4
5
6
7
8
Average

Mid-point
(n=53)
81.1%
70.9%
75.5%
78.1%
70.9%
84.2%
76.2%
71.3%
76.0%

End
(n=19)
77.8%
66.7%
73.3%
80.0%
68.9%
72.2%
75.6%
70.0%
73.1%

Assessment of Feedback
The results from Table 4 suggest that the engineering students
have gained more from the module as the module progressed.
All of the feedback questions showed an increase in their
understanding, communication skills, enjoyment and
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interest/stimulation from the module (on average an increase
from 76.4% to 78.7%). The only exception was Question 5 that
remained the same. There was a drop in the number of students
who participated in the survey, from 42 at the mid-point to 23
students at the end. The reason for this is that the students were
working on a submission to laser cut the models. In Week 11
the groups were assigned 1-hour time slots from Monday
morning to Thursday evening to have the models cut in the civil
engineering laboratory. This meant that some students did not
attend the lecture in which the survey was taken. The
engineering students stated they were more likely to choose
civil engineering based on their experience of the module
(72.9% at the midpoint up to 75.5% at the end).
The results from Table 4 suggest that the architecture
students have gained less from the module as the module has
progressed. All of the feedback questions showed a decrease in
their understanding of engineering/technical content/structures,
communication skills and enjoyment from the module (on
average a decrease from 76.0% to 73.1%). The only exception
was Question 4 in which their understanding of their
relationship with engineers increased from 78.1% to 80.0%.
The engineering students were aware that their
communication skills developed (Question 4 in Table 4),
however this was their lowest feedback score (68.6% at the
midpoint up to 72.2% at the end). The engineering students
really saw the benefit of the groupwork (80% positive
feedback). However, the architecture students saw a drop in the
how they perceived the groupwork helping to develop a
relationship with the engineering students (84.2% at the
midpoint up to 72.2% at the end).
Most impressively, the question asking students if they
understood more about the relationship with the other
profession based on the module so far showed that both the
engineers (83.3% at the midpoint up to 86.1% at the end) and
the architects (78.1% at the midpoint up to 80.0% at the end)
gave positive responses and an increase over the duration of the
module.
Assessment of Comments - Mid-module
The written comments from the architecture students in relation
to ‘key things they have learned from the engineers’ at the
midpoint of the semester referred to their comprehensive
understanding of maths and physics. Several other architecture
students noted their ability to think logically. Some comments
from the engineering students in relation to ‘key things they
have learned from the architects’ at the midpoint of the
semester referred to their interest in and ability to prioritise
aesthetics and design.

The other comments from the architecture students in relation
to “what they thought engineers did” stated they saw them as
problem solvers and making sure the structure stood up (67%
of those who wrote comments).
6

Overall, the feedback from the students from both disciplines
was very positive. The engineering and architecture students
both enjoyed this module with on average over the two surveys
of 75.9% of the architecture students and 81.6% of the
engineering students stating they enjoyed the module. One
observation to take note for next year is the architecture
students enjoyed the module less from the mid-point to the end
point. This will be taken into account in next years module with
greater engagement from architecture teaching support being
requested.
The learning outcomes were aligned to ensure the students
from both disciplines understood the importance of
communication and groupwork. The learning outcomes were
successfully aligned in the module to make the students aware
of the importance of communication. The survey results and
written feedback from the engineering and architecture students
has demonstrated the success of the student’s self-awareness of
their communication skills.
Both sets of students showed good demonstration of their
understanding of what the other profession did. Both sets of
students learned about the other profession and notably
demonstrated this with there written feedback. Most
impressively, when the students from both disciplines were
asked about their understanding of the relationship between
architects and engineers, both gave very positive responses and
also an increase in the positivity of the response over the
duration of the module. The learning outcomes were
successfully aligned in the module to help the students learn
about the other profession.
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ABSTRACT: This paper presents a case study of the use of peer instruction in the teaching of civil engineering hydraulics. Peer
instruction is an interactive teaching approach which encourages thinking and discussion amongst students by posing conceptual
questions designed to test their understanding of subject matter. Since it is a student-centred teaching approach its use should
encourage students to adopt a deeper learning approach. Here we describe how the approach is implemented using electronic
clickers and provide analysis of student feedback which confirms that students find it a positive learning experience and that it
leads to improved levels of understanding.
KEY WORDS: Peer instruction; Clickers; Student engagement, Engineering hydraulics.
1

INTRODUCTION

Student learning is often categorised as either surface
learning or deep learning. Deep learning involves a greater
level of cognitive engagement and is therefore the approach
that teachers would like their students to adopt. Many studies
(e.g. Trigwell et al. [1]) indicate that students are more likely
to adopt a surface learning approach when faced with a
teacher-focussed approach to teaching, while a deeper
learning approach is more likely to be adopted when the
teaching approach is more student-focussed, i.e. when
students actively take part in the learning experience.
Peer instruction, developed by the leading Harvard physics
lecturer Eric Mazur [2], is a teaching pedagogy designed to
engage students in the classroom. Lectures are typically based
around the teaching of relevant concepts. The lecturer will
usually explain the concept to the class and then pose a
‘concept question’ aimed at determining the students’
understanding of the concept. Students are given two chances
to answer concept questions. After the first attempt, student
responses are collated and fed back to the class but the correct
answer is not revealed. Students then discuss the concept
question in small groups - the peer instruction process - and
are subsequently given a second chance to answer the same,
or a similar, question. Successful implementation of the
approach should result in an increase in the proportion of
correct answers due to an improved understanding arising
from the peer instruction process.
Peer instruction has most commonly been used in higher
education teaching of physics (e.g. Henriksen and Angell [3])
and chemistry (e.g. D’Arcy et al. [4]) but it is increasingly
being used in the teaching of engineering (e.g. Schmid [5],
Ven Den Einde [6]). Studies have shown that peer instruction
is enjoyed more by students as a teaching style [5] as opposed
to traditional teacher-focussed methods and that it leads to
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improved student engagement and understanding of course
content [3, 4, 5, 6].
Peer instruction is most commonly implemented using
electronic classroom response systems, better known as
clickers (see Figure 1). Clickers are simple electronic devices
that allow students to answer both multiple choice and yes/no,
or true/false, questions. They allow students to answer
questions quickly and anonymously. Supporting software is
used to collate answers and allows the lecturer to provide
instantaneous graphical feedback to the class on answer
selection. In addition to facilitating peer instruction, clickers
can also be used to monitor attendance, allow students to
answer on-the-fly-questions and conduct in-class exams. As
with peer instruction, clickers have been most widely used in
higher education within Science but their use in Engineering
is steadily increasing.

Figure 1. Images of an Interwrite clicker.
This paper presents a case study of the use of peer
instruction in the teaching of fundamentals of civil
engineering hydraulics at National University of Ireland
Galway. Hydraulics is a core subject in civil engineering
programmes and provides the basis for many other civil
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engineering fields including design of hydraulic structures,
water resource engineering, water/wastewater treatment and
engineering hydrology. Since 2012, peer instruction has been
used in the teaching of CE224 Elementary Engineering
Hydraulics with the intention of improving student
engagement and facilitating deeper learning.
Section 2 of the paper describes how peer instruction was
implemented in the course using clickers. Section 3 then
presents an evaluation of the approach using analysis of
student answers to concept questions and feedback from endof-module questionnaires. Finally, Section 4 presents
conclusions for other interested instructors.
2
2.1

2.2

Implemetnation

CE224 Elementary Engineering Hydraulics is taught to
second years on the BE Civil Engineering programme at NUI
Galway. It is a gateway course and its mastery is therefore
critical to student success in more advanced water-related
courses in later years. In most engineering programmes,
hydraulics is viewed by students as a difficult module. When
faced with difficult modules, students tend not to engage
unless that engagement is driven or facilitated by the teaching
approach. Peer instruction was introduced in CE224 as a
means of facilitating student engagement and hopefully
improving student understanding as a result.

IMPLEMENTATION OF PEER INSTRUCTION
The Pedagological Approach

Peer instruction is an interactive teaching approach where
student understanding of course material is improved through
small-group discussion of concept questions posed by the
lecturer. There are many variations but a typical peer
instruction cycle is summarised in Figure 2 and involves the
following steps:
• the lecturer explains a topic / concept and then poses a
challenging concept question
• students vote on the correct answer but the correct answer
is not revealed
• students discuss their answers in small groups for a few
minutes and then vote again on the correct answer
A single lecture will typically contain a number of peer
instruction cycles.
Lecturer
explain
concept
Students
vote again
on question

Peer
discussion
takes place

Lecturer
poses MCQ
question

Students
vote on
question

Figure 2. Summary of the peer instruction cycle.
Peer instruction works on the theory that students at similar
cognitive levels may be better able to explain a concept to
their peers than an expert who might simply take some
elements of their understanding for granted. In the study of
Nicol and Boyle [7], students reported that they did indeed
find it easier to understand a concept that was explained by
one of their peers rather than the lecturer. The same study also
reported that students found it easier to admit any difficulty in
understanding concepts to their fellow students rather than to
their teacher. This is another clear advantage of the approach.

Figure 2 summarises a typical peer instruction cycle;
however, this can be implemented in a number of different
ways. For example, the concept may be explained in class or
notes/reading can be provided to students as an assignment
prior to lectures, the voting of answers can be conducted using
a simple show of hand or using some kind of electronic voting
system such as clickers or smart phones, and the second
voting of answers may use the original question or a new
question on the same concept.
In CE224, peer instruction is implemented using clickers.
Clickers have many advantages. They offer anonymity to
students and thus ensure very high response rates. They allow
voting to be instantly collated and fed back to the class and
they also offer the possibility of saving student responses for
later analysis. These analyses can be used to improve concept
question design or to determine the effectiveness of the peer
instruction process. The InterwriteTM Classroom Response
System is used here but there are also other examples. The
system comes with supporting software which means that
clicker questions can be set and displayed within MS
Powerpoint.
A typical peer instruction cycle in CE224 progresses as
follows:
1. A new topic is explained by the lecturer (10 mins)
2. A multiple-choice concept question is shown to the class
(e.g. Figure 3. Students are given a hsort time to consider
the question and vote their answer (2 mins)
3. The breakdown of voting is displayed to the class in the
form of a bar chart but the correct answer is not revealed.
4. In small groups (3-4 people), students discuss the
question and their answers (3-4 mins)
5. Students vote again on the same question and answers are
collated and displayed to the class (1 min)
6. The correct answer is identified by the lecturer
accompanied by a short explanation.
In some cases, steps 2-4 may be repeated using different
concept questions so as to fully explore student understanding
of a topic. The course usually contains approximately 40
different concept questions.
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Question Design

3.1

As previously stated, the design of concept questions and
answers is critical to the effectiveness of peer instruction. If
questions are too easy, peer instruction will be of no benefit
and students will become bored, and if questions are too
difficult students might disengage from the process.

Clickers are distributed to students at the beginning of class.
The clicker session is activated using the clicker software
installed on the lecturer’s laptop and a single 4-digit access
code is generated. When a student enters the access code on
their clicker, the clicker is automatically picked up by the
software and included in that session. The number of clickers
registered is visible to the lecturer and the class. During
voting, a running total of the number of votes entered is
registered and displayed on screen allowing the lecturer to
determine the question response rate. The clicker software
also incorporates a timer which can be used to set the length
of time students are given to consider the question and vote
their answer. This is also displayed on screen to the class.
The design of the concept questions and their answers is
critical to the success of the peer instruction approach. The
questions must be sufficiently challenging to stimulate higherorder thinking and discussion and the false answers should be
chosen to reflect common misunderstandings of the concept.
The answers should initially split the class and the peer
instruction should then lead to convergence on the correct
answer. A target of 30-70% correct answers is suggested for
the first asking of the concept question since it has been found
that questions in this range yield the greatest increase in
correct answers after peer discussion [8]. If less than 30% are
correct then the lecturer should explain the concept again and
maybe redesign the question for the following year. If >70%
are correct, most of the class will gain little value from the
peer discussion and again the question should be made a little
more difficult for future years.
3

RESULTS

The following sections present analyses of (a) student
answers to concept questions and (b) student responses to endof-module questionnaires. The analyses are used to assess the
quality of concept question design, the level of student
engagement and the improvement in student understanding.
Due to software issues, clicker data were only available for
four years from 2012-13 to 2015-16. Student survey feedback
is from the six years from 2012-13 to 2017-18.
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Figure 3. (a) A sample concept question and (b) the graphical
display of answer breakdown shown to students.

Figure 4 presents analysis of student answers to concept
questions at the first time of asking, i.e. before peer
discussion. The graph displays, for each academic year, the
percentage of questions where the correct answer rate fell into
the designated bands of <30%, 30-50%, 50-70% and >70%.
In the first year of implementation, 2012-13, only 60% of
questions fell within the desired correct answer range of 3070%. This was a direct result of some questions being too
easy and others too difficult. It can be see that changes to (or
replacement of) these questions in subsequent years have
resulted in a significant increase in the number of questions
achieving the desired correct answer rate: 77% in 2013-14,
88% in 2014-15 and 89% in 2015-16.
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Figure 4. Number of questions for which the correct answer
rates at first time of asking fell within the designated bands.

3.2

Evaluation of Student Engagement

A direct measure of student engagement is the number of
students who answer the concept questions. This is
automatically logged by the clicker software. Table 1 shows
that for the four years where data were available, the average
response rate to questions (including both first and second
times of asking) was more than 93%. Non-responses can be
due to (1) students being unsure of their answer and therefore
not selecting any answer, (2) students choosing not to engage
and therefore not selecting an answer or (3) students not
voting before the allotted time has elapsed. The risk of nonresponse due to students being unsure of their answer is
reduced by including a ‘Not sure’ option for students to select
(see sample question in Figure 3).
While the high response rate indicates a very high number
of students engaging with the concept questions, it does not
indicate the level/quality of engagement. This can however
be inferred by looking at student performance which is
evaluated in the next section.
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Academic
Year

No.
of
Students*

2012-13
2013-14
2014-15
2015-16

Response
Rate
1st Asking
94%
96%
94%
93%

Response
Rate
2nd Asking
95%
98%
93%
94%

Table 1: Response rates to concept questions at first and
second times of asking. *The number of students given is the
number of students registered for the module in a given year.
Student feedback from anonymous end-of-module
questionnaires provides further evidence of student
engagement. 98% of all student surveyed from 2012-2018
agreed that they “enjoyed using the clickers”, 94% agreed that
they enjoyed the peer instruction approach, and 96% of
respondents agreed with the statement that “the clicker /
concept questions improved my engagement with the course”.
Further evidence of the positive impact on student
engagement includes comments such as:
• “clicker questions keep your mind from drifting”
• “the clickers provoked student and lecturer interaction”
• “the clickers made us engage in the class”
3.3

Evaluation of Student Learning

The effect of peer instruction on student learning can be
assessed by comparing the number of correct answers to
concept questions before and after peer discussion has taken
place. Figure 5 presents this comparison for the four years of
analysed data. The peer instruction process is seen to result in
a significant increase in the number of students selecting the
correct answer. The improvement in the number of correct
answers was similar across all years and ranged from 30-36%
with the average being 33.7%. It can therefore be concluded
that peer instruction does lead to improved student
understanding. However, analyses of this type should also be
treated with caution since, as noted by Schmid [5], just
because a student gives the correct answer does not
necessarily mean they understand why the answer is correct.

Corrrect Answers [% of class]

1st Asking

Further confirmation of the positive effect of peer
instruction on student learning can again be garnered from the
anonymous end-of-module questionnaires. When asked “Did
the clicker questions help improve your understanding of the
course material?” 96% of respondents to surveys from 20122018 agreed, and 92% of respondents replied in the positive
when asked “Was the peer instruction helpful in improving
your understanding of course material?”. Students have also
commented positively on the effect of peer instruction in their
learning in the ‘General Comments’ section of the
questionnaires; some examples include:
• “the mcq questions really made us think”
• “the discussions about the mcqs helped me understand
what the lecturer was on about”
• “the peer discussions gave me a better understanding of
the more difficult topics”
4

CONCLUSIONS

The introduction of peer instruction and clickers in CE224
Elementary Engineering Hydraulics has made lectures a much
more interactive learning experience for students. This has
been reflected in student surveys. The anonymity of the
clickers ensures a high level of student engagement as
students are not afraid of their class finding out that they do
not know the correct answer.
Course delivery is now much more student-focussed, and
this has led to students adopting a deeper approach to
learning. The peer instruction process has been shown to
improve student understanding of course material with the
number of students correctly answering concept questions
increasing by approximately 30-35% after peer instruction has
taken place. This provides a positive feedback loop since
students who better understand course material will remain
better engaged throughout the semester.
Finally, the concept questions provide a formative learning
experience. The questions are not marked and the students can
learn from their mistakes via discussion with their peers and
the lecturer.
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ABSTRACT: The structural deterioration of aging structures is often aggravated by an increase in loads that was not foreseen at
the design stage and an insufficient maintenance spending as a result of the economic downturn of recent years. A management
strategy guaranteeing structural safety with the best use of the resources available is clearly needed. TRUSS (Training in Reducing
Uncertainty in Structural Safety, http://trussitn.eu/, 2015-2019) is a €3.7 million Marie Skłodowska-Curie innovative training
network funded by the European Horizon 2020 Research and Innovation Programme, with the main objectives of: (1) carrying
out research that will ensure structural safety levels for buildings, energy and transport infrastructure, and (2) providing training
to a new generation of researchers for dealing with an aging infrastructure stock. The network is composed by 6 Universities, 11
companies and 1 research institute from 5 European countries, joining forces to identify, quantify and reduce uncertainties
associated to the structural response, to the imposed loads, and to the probability of structural failure.
KEY WORDS: Structural safety; ITN; Marie Skłodowska-Curie; Infrastructure; Doctoral training.
1

INTRODUCTION

The Marie Sklodowska-Curie Innovative Training Network
(ITN) TRUSS was favourably evaluated by the Research
Executive Agency and invited to grant preparation in
September 2014. Out of 1161 proposals, TRUSS is one the 121
successful projects funded under the H2020-MSCA-ITN-2014
call [1]. Fourteen Early Stage Researchers (ESRs) are funded
within TRUSS with the purpose of providing them with a range
of research skills related to structural assessment of
infrastructure, and also with creative, entrepreneurial and
innovative skills that will help them to convert these knowledge
and ideas into products and services for economic and social
benefit. The ITN scheme extends beyond the traditional
academic research training setting by equipping ESRs with the
right combination of research-related and transferable
competences, which will enhance their career perspectives in
both academic and non-academic sectors through international,
interdisciplinary and inter-sector mobility [2].
The research theme of TRUSS are buildings, energy and
transport infrastructure, which are key elements for supporting
society in day-to-day activities. The infrastructure network is
ageing and deteriorating rapidly under an increasing demand in
operational and environmental loads. While an efficient
infrastructure network provides economic and social benefits,
infrastructure failure in terms of capacity or reliability can
involve economic costs and lower quality of life. For
infrastructure to remain effective and structurally safe, a
management strategy that guarantees proper maintenance and
best use of the resources available is needed. An optimal
strategy will minimize costs while ensuring safety levels
(Figure 1). However, this is a complex task due to uncertainties
associated to the structural capacity and to the demand on a
structure.
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Figure 1. Variation of repair costs with time.
Therefore, the main objectives of TRUSS ITN are twofold:
• To develop reliable monitoring systems and structural,
material and loading models to be achieved through
research that will contribute to: (a) more efficient
infrastructure design, assessment, monitoring and
management, (b) maintain current infrastructure stock in
operation while minimizing risks, and (c) reduce
infrastructure costs and demand for non-renewable and
carbon intensive resources while maintaining or improving
safety levels.
• To offer a high-quality intersectoral and multidisciplinary
training in structural safety to a new generation of ESRs
through network-wide and local activities. The training
programme combines taught modules with original
research supported by secondments, which allows ESRs
gaining experience and enhancing their career prospects in
both industrial and academic sectors.
Training and secondment opportunities by the network allow
ESRs to be exposed to technologies evolving rapidly, and to
research and innovation in both academia and industry.
Individual projects fall within two research clusters: (i)
buildings (methods for testing of strength, new materials),
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energy (nuclear, wind turbine towers) and marine (off-shore,
ships and ships unloaders) infrastructure, and (ii) rail and road
infrastructure (pavement, railway and highway bridges). A
summary of all individual research projects can be found in [3].
Some fellows are focused on lab tests to reduce uncertainty
associated to measurement techniques and to materials. Other
fellows are concerned with the development of efficient
structural monitoring systems (i.e., based on distributed
optical-fiber sensing, instrumented drones and land vehicles).
A third group of fellows is developing algorithms for damage
detection, estimation of remaining life and structural inspection
purposes.
Within this framework, the TRUSS proposal involves
partnerships at a variety of levels. At the most basic level, there
is a number of bilateral collaborations, centred around ESRs.
Each ESR is assigned a project with a Doctoral Studies Panel
(DSP) composed by experts from at least two European
countries, including both academic and industrial participation.
TRUSS network brings together a consortium (Figure 2)
consisting of four leading European Universities with a world
perspective on education (University College Dublin -UCDand Trinity College Dublin -TCD- in Ireland, Universitat
Politecnica Catalunya -UPC- in Spain, and University of
Nottingham -UNOTT- in UK), and five industry beneficiaries
(Arup in Ireland, Equipos Nucleares SA -ENSA-, Full Scale
Dynamics Ltd -FSDL- and Lloyd’s Register EMEA in UK, and
Phimeca Engineering in France) with complementary specialist
expertise and enthusiasm for the prospect of early exploitation
of the research results. Six additional industry partners
(Burgmann Packings in Ireland, COMSA and COTCA in
Spain, Greenwood Engineering in Denmark, and Microlise and
AECOM in UK), two Universities (Université de Nantes in
France, and University of Aalborg in Denmark) and one
research institute (TRL in UK) provide specialised support and
secondment opportunities in specific research projects.

Figure 2. Main interactions at ESR level.
TRUSS is structured into five Work Packages (WPs): WP1
on Management (led by UCD), WP2 on Dissemination and
Outreach (led by UPC), WP3 on Structured Training (led by
UCD), and two Research WPs on buildings, energy, marine
(WP4 lead by UCD), rail and road (WP5 lead by UNOTT)
infrastructures. The outputs of these WPs are reviewed next.

2

WP1 MANAGEMENT AND RECRUITMENT

WP1 deals with deal with the management, governance,
recruitment and mobility of the programme. The ultimate
decision body of the project is the Supervisory Board (SB),
which comprises one representative of all beneficiaries and
partner organizations and an ESR representative for the
purpose of high-level decision-making. Up to date, WP1 has
held 6 management (including SB) meetings. It is worth noting
that the SB has approved the addition of two partners to the
consortium: Universite de Nantes and University of Aalborg.
Regarding recruitment, the total number of applicants to the 14
ESR positions was 211. The percentage distribution per gender
was 85% male and 15% female. Typically, applicants would
apply to more than one position, adding to 627 applications.
There were 22% EU and 78% non-EU applicants. The
distribution by continents was 60% Asia, 24% Europe, 11%
Africa and 5% America. Following a selection procedure, each
ESR was recruited under a 36 month contract as research staff
in one of TRUSS beneficiaries, which acted as main host. All
ESRs are also significantly exposed to working and cultural
environments different from their employer, via secondments
that vary between 3 and 9 months.
3

WP2 DISSEMINATION AND OUTREACH

WP2 disseminates the novel outputs produced by TRUSS
structured PhD research program via presentations at national
workshops, world’s leading international conferences,
publications in peer-reviewed journals of high-impact factor,
reports made available free online and outreach activities. So
far, TRUSS has published a total of 60 conference papers, 15
journal papers, 21 posters and delivered presentations in 23
countries covering the 5 continents. Two workshops (in UK
and Ireland) and two symposia (as part of ESREL 2017 in
Slovenia and IALCCE 2018 in Belgium) have been organised
to highlight TRUSS progress and achievements.
The website (http://trussitn.eu) has 178 pages viewed 95,649
times by 19,127 new users in 33,652 sessions (averaging 2.84
pages and 2 minutes and 56 seconds per session). It contains
information for the public/wider community about the project’s
aims, activities and material available, external links to ESR’s
blogs, to their publications made available in repositories, and
to other websites containing info of interest. TRUSS profiles in
Facebook (142 followers and 24,398 people reached at
https://www.facebook.com/trussitn.eu), Google+ (71 followers
at https://plus.google.com/+TrussITN), LinkedIn (140
connections at https://www.linkedin.com/in/trussitn/), Twitter
(https://twitter.com/TRUSSITN with 150 followers), YouTube
(22 videos in https://www.youtube.com/c/TrussITN viewed
6,298
times),
SlideShare
(1120
views
of
https://www.slideshare.net/TRUSSITN/presentations),
ResearchGate (https://www.researchgate.net/profile/Truss_Itn
) and fourteen blogs maintained by the ESRs (hosted in web
addresses
from
http://esr1truss.blogspot.ie/
to
http://esr14truss.blogspot.ie/ with 125 posts and 32,000 views),
have been used to bring awareness on the importance of this
research to support a community, region or country.
TRUSS has participated in activities in 6 High and Junior
Schools (i.e., Science Week), and in 6 research exhibitions and
Open Days at Universities to motivate School and University
students to pursue an engineering career. Furthermore, TRUSS
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researchers have been featured in 4 press releases in
mainstream newspapers, magazines [2] and television.
4

WP3 STRUCTURED TRAINING

WP3 governs the provision of appropriate structured PhD
training modules for the ESRs, to ensure that the quality of
structured training meets best practice and that the training
needs of the ESRs, as planned in their Project Career
Development Plan (PCDP), are being adequately addressed.
The TRUSS training programme is structured in two ways:
Supervised research towards a doctoral award (Section 4.1),
network-wide (Section 4.2) and local (Section 4.3) training
activities.
Supervised research
Each ESR has a project supervisor who guides them in
specialist matters, such as the scientific state-of-the-art, key
research tools, and dissemination strategies to support
publication in the best international journals. In addition, the
supervisor liaise with other participants to ensure that the
training weeks are delivering modules appropriate to the ESRs
under their supervision; these modules are offered either locally
or by a University in the network.
Network-wide training
ESRs have practised their communication skills, and received
academic and industrial training and feedback at network-wide
meetings held approximately every 6 months. More
specifically, TRUSS has run a training week in Nottingham
(30/11-04/12/2015), a plenary meeting in Santander (1617/06/2016), a training week in Barcelona (16-20/01/2017), a
plenary meeting and workshop in London (24-25/05/2017), a
symposium in Portoroz (18-22/06/2017), a training week (1519/01/2018), a project management course (11-14/06/2018)
and a workshop in Dublin (29-30/01/2018), and final
symposium will be held in Ghent (28-31/10/2018). Figure 3
shows the structure of a typical training week delivering
intensive, highly focused modules to all ESRs.

Figure 3. Typical training week.
Core research modules are concentrated during the first two
training weeks as these skills are required to undertake research
in subsequent years. They include ‘methods of safety
quantification’, ‘reliability analysis’, ‘life cycle assessment’,
‘updating of random variables using on-site information’,
‘material modelling, ‘load modelling’, ‘overview of fault
diagnostic methods’, ‘structural health monitoring’,
vulnerability and risk assessment’, ‘uncertainty quantification
and propagation for sensitivity or reliability purpose’, ‘practical
reliability engineering’, ‘survival analysis and discrete event
simulation applied to reliability, ‘advanced finite element
modelling’, ‘multi-Level MC methods for stochastic analysis
and robust optimum design’, ‘reducing uncertainty in structural
safety through static NDT’ and ‘reducing uncertainty through
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the structured expert elicitation’. Communication skills include
‘presentation skills’, ‘How to succeed at interview’ and ‘grant
writing – a short guide to survival and success’. Transferable
skills such as ‘planning your research’, ‘knowledge
management: the path to innovation’, ‘responsible conduct in
research and innovation’, ‘working with industry on
collaborative research projects’, ‘leadership & people
management/managing change’ and ‘career planning for PhD
students’ are also delivered. Conversely, core business skills
take place in the 3rd training week when results are available
and these skills are needed to exploit/communicate them. A list
of topics covered are ‘concept to commercialization’, ‘stages of
funding. Being investor ready’, ‘entrepreneurship & SME
formation’, ‘Intellectual property’, ‘patent searching’, ‘creating
organisational
structures’,
‘commercialisation
and
exploitation’ and ‘project management’. The research seminars
are interactive sessions that prepare the researchers to present
their own work at other national and international events. In the
Innovation Workshop, ESRs are given a real case study
proposed by industry beneficiaries and they present an oral and
written solution to colleagues and experts from industry and
academia in an interruptible forum. Within this module the
students are introduced to value of technical innovation and
problem solving.
Local training
ESRs receive on-the-job training from the local research group
at their host, and at the institution/s where they are seconded. A
range of advanced research methods, project management,
language courses, transferable skills and communication
modules are made available to the ESR locally. By combining
local research expertise with appropriate modules in specialist
topics, the ESRs acquire all of the requisite skills necessary to
conduct the high-level research necessary to achieve their PhD.
5

WP4
BUILDINGS,
INFRASTRUCTURE

ENERGY

AND

MARINE

Projects by ESR1 to ESR6 fall within WP4, distinguished by
the very aggressive environments that the infrastructure is
subjected to (corrosive, radioactive, non-linear structural
responses) or relatively high uncertainties regarding materials
and modelling. WP4 addresses uncertainties in the response of
not-well known materials via lab testing or strength assessment
in existing buildings, in the variation of the non-linear dynamic
response of sliding structures under water due to differences in
the modelling, in the loads and safety of large wind turbine
towers and in the remaining life of assets (some operating
beyond their original design life) in extreme and harsh marine
conditions. The titles of these projects are listed in Table 1.
Table 1. Projects in WP4.
ESR
Title
1 Reliability of concrete structures reinforced with braided FRP
2 Reduction of uncertainty in assessing concrete strength of
existing structures
3 Reduction of uncertainty in design of free standing nuclear
spent fuel rack
4 Probabilistic optimisation of the design of offshore wind
turbine towers
5 A probabilistic framework for fatigue crack management of
ship structures
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6

Residual life assessment and management of ship unloaders

Through a combination of laboratory work and numerical
modelling, ESR1 shows that the geometric design plays a
significant role on the reliability of concrete structures
reinforced with braided FRP [4-9]. ESR2 uses common nondestructive testing methods to assess concrete strength, and
finds large variability and influence of scale effects. Instead, a
new approach based on the installation of a screw anchor in the
concrete is proposed [4,10-12]. ESR3 identifies seven sources
of uncertainty in the response of free standing nuclear spent
fuel racks. He provides error estimates via a probabilistic
analysis [4,13-16]. ESR4 carries out an analysis of univariate
significant wave heights. Kriging models are proposed for
analysing the towers of wind turbines [4,17-21]. Fatigue plays
a critical role in service life assessment of marine structures.
ESR5 show how the interval for the first inspection of ageing
marine structures can be extended if crack initiation life is
considered [4,22-28]. ESR6 reduces the uncertainty associated
to dynamic loads employed in assessment of ship unloaders via
numerical models and field measurements [4,29-33].
6

WP5 RAIL AND ROAD INFRASTRUCTURE

The infrastructures covered in WP5 are characterized by a
variable traffic load. The objectives of WP5 are to reduce
uncertainty, improve structural assessments and management
of land transport infrastructure via the development of new
monitoring/sensor technologies that will allow more efficient
data collection, and new algorithms that will process the data
collected from the structure to estimate its safety more
accurately than current approaches. Table 2 gives the WP5
project undertaken by each ESR.
Table 2. Projects in WP5.
ESR
Title
7
Bridge condition assessment using rotation measurements
8
Probabilistic modelling of bridge damage based on damage
indicators
9
Railway bridge condition monitoring and fault diagnostics
10 Assessment of bridge condition and safety based on
measured vibration level
11 Development of optical fibre distributed sensing for
SHM of bridges and large scale structures
12 Bridge damage detection using an instrumented vehicle
13 Using truck sensors for road pavement performance
investigation
14 Reduction of uncertainty through regularized, automated
road infrastructure inspection, using unmanned aerial
vehicles

ESR7 tests the sensitivity of rotation to damage when a bridge
is traversed by a moving load, both numerically and
experimentally [34,35-37]. The effect of localized damage on
the global bridge safety is assessed by ESR8 via Bayesian
updating [34,38-41]. ESR9 computes displacements using a
finite element model to demonstrate the ability of a Bayesian
Belief Network to predict the health state of a bridge [34,4245]. ESR10 shows that vibration intensity in the form of vibrars
exhibit considerable damage sensitivity when tested under
ambient excitation [34,46-53]. Experiments carried out by
ESR11 test the possible spatial resolution, strain accuracy and
long-term reliability of measurements performed with optical

fibre distributed sensing for structural health monitoring of
bridges and large scale structures [34,54-63]. ESR12
investigates the feasibility of employing sensors mounted on an
instrumented vehicle to detect damage while traversing a
bridge. Numerical simulations show that a vehicle can detect a
change in the curvature response when the bridge is damaged
in a noise-free environment [34,64-70]. ESR13 is also using
truck sensors, but for road pavement performance
investigation, when a Big Data approach has concluded that the
impact of road conditions on truck fleet fuel economy is
significant [4,71-74]. A customized unmanned aerial vehicle
has been built by ESR14 for image-based inspection, and tested
in a controlled lab situation, where the 3D reconstruction
method has shown a millimetre level precision [34,75-77].
7

CONCLUSIONS

The improved reliability resulting from TRUSS is expected to
contribute to more efficient designs and maintenance strategies
and to the cancellation of costly and unnecessary interventions
in existing structures. The individual projects in TRUSS are
quite diverse. Nonetheless, the need to overcome uncertainty in
material, load and structural performance represents a core
thread that ties the projects together. This has led to interactions
between researchers, and to generate innovations that forms the
basis of their PhD research. With the help of innovative health
monitoring, damage detection, structural simulations and tests,
use of new materials and probabilistic assessments altogether,
TRUSS will have an impact on: (a) economic activities, by
facilitating an early exploitation of research results and
avoiding unnecessary repair works via optimization of
structures in terms of their entire life-cycle; (b) sustainability,
by reducing waste materials during construction and
rehabilitation works and by utilizing innovative and
environment-friendly
inspection,
maintenance
and
rehabilitation methodologies; (c) social terms, i.e., by avoiding
road closures in the case of bridge repairs or failure that will
lead to longer travel times and increase costs in many economic
sectors, and (d) education, science and technology, by
connecting research and its real application via experiences
such as the academia-industry partnerships existing in every
individual project.
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ABSTRACT: The use of fiber optic sensors on civil engineering structural health monitoring (SHM) applications have become
quite popular for the past two decades. Within this type of sensors however, the study and use of Optical Backscatter Reflectometry
(OBR) based Distributed Optical Fiber Sensors (DOFS) is relatively new. In this way, there is still some uncertainty that would
allow the use of this technology in a more systematic and standardized way. Some of this uncertainty is related with the long-term
reliability behavior of these sensors when applied on the monitoring of a structure under a large number of load cycles. In this
way, the authors conducted a laboratory experiment where a reinforced concrete beam was instrumented with a DOFS that was
adhered in a way to allow the measuring of strain on four different longitudinal segments on its bottom surface. A fatigue test was
then conducted on this element where the inputted load range was the one expected on a standard highway bridge between its selfweight and the additional traffic load. Furthermore, each longitudinal segment of the DOFS was adhered to the concrete using a
different adhesive in order to assess the optimal one in these conditions. The obtained data is then compared with strain gauges
that are also instrumented on the concrete beam.

KEY WORDS: distributed optical fiber sensors, structural health monitoring, fatigue testing, concrete, bridges monitoring
1

INTRODUCTION

All civil engineering infrastructures are subjected to
degradation due to the insuppressible passage of time and as
well as a great number of various external adverse actions,
which compromises their structural integrity, and consequently
the safety of its users. As of 2016, in the United States alone,
39% of the bridges in the National Bridge Inventory were built
over more than 50 years ago and 9,1% of the total number of
bridges were deemed structurally deficient. As a result, an
average of 188 million trips were performed daily across these
structurally deficient bridges and the most recent estimate
projects the backlog of rehabilitation projects for these
infrastructures at $123 billion [1].
Therefore, it is of enormous importance the development and
subsequent application of measures that extend and improve
the lifetime period of civil engineering infrastructures,
optimizing its use without hindering the safety of the users.
Moreover, it is easily understandable how this enhances the
economic competitiveness and environmental sustainability of
the regions where these infrastructures are located. It is in this
context that the field of Structural Health Monitoring (SHM)
has been greatly studied and advanced for the past few decades.
Nonetheless, unfortunately, SHM has not yet been practiced in
a large scale and in a regular manner in civil engineering
structures. One of the reasons being that there is still a deficit
of reliable and affordable generic monitoring solutions [2].
The most common SHM implementations have been based
until now on traditional electric based strain sensors,
accelerometers, and inclinometers among others which present
different challenges when applied in real world conditions [3].
On the other hand, optical fiber sensors (OFS) when compared
with the conventionally used electrical sensors provide the
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enhanced advantages of being immune to electromagnetic
interference, withstanding wide range of temperature
variations, chemically inert and also being small and
lightweight which facilitates its handling and transport [4]. It is
in this way that these type of sensors have become one of the
most popular research topics looking to its use in SHM
practices. Furthermore, this technology has been mostly
applied through the use of Fiber Bragg Gratting (FBG) sensors
[5], which are point sensors.
However, for a great number of applications, more
notoriously in the case of large-scale infrastructures, the
number of point sensors that is necessary in order to be able to
obtain a complete and global strain information monitoring, can
become impractically high. Besides, for the specific case of
concrete structures, where beforehand, it is practically
impossible to know with certainty the exact location of possible
crack formations, these point sensors present serious
limitations. Also in practical terms, a large number of sensors
also present the difficulty of requiring an associated large
number of connecting cables making all the monitoring system
more complex. It is in this way that distributed optical fiber
sensors (DOFS) provides an unique advantage allowing the
strain and temperature monitoring of virtually every
cross-section of the element where it is attached to, requiring
the use of just up to one single sensor and with it, one
connecting cable.
2

DISTRIBUTED OPTICAL FIBER SENSORS

Due to the novelty of this technology, the use of DOFS in civil
engineering infrastructures SHM is still a relatively recent
practice. These sensors share the same advantages of the other
OFS but as mentioned before present the unique advantage of
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enabling the monitoring over greater lengths extents of the
infrastructure and with a very small distance between each
measuring points.
These sensors can be bonded or embedded to the structure to
be monitored and when temperature or strain variations occur,
these changes are going to be transmitted from the material to
the sensor, which then generates a deviation of the scattered
signal which is being reflected within the fiber cable core. This
is the phenomenon behind the distributed optical fiber sensing
as defined by the interaction between the emitted light and the
physical optical medium. There are three different scattering
processes that occur, which are the Raman, Brillouin and
Rayleigh scattering [6].
The Brillouin scattering based sensors have been the most
studied and practiced within the DOFS systems in civil
engineering applications. This is because this scattering
technique allows the monitoring over a great lengths, which can
get up to several kilometres. Nonetheless, it has an inherent
relatively low spatial resolution of just about 1 m, which is not
ideal for the monitoring of crack formations and general
damage detections among different other applications.
On the other hand, optical frequency domain reflectometry
(OFDR) systems, which uses Rayleigh scattering, provide a
spatial resolution that can be as high as one millimetre which
makes it, in this way, suitable for damage detection and
location. This technology is however currently limited to a
length of 70 m although this is expected to be greatly enhanced
in the near future.
In this study, the authors use the ODiSI A model from LUNA
technologies, Figure 1, which is an optical backscattered
reflectometry (OBR) system based on the aforementioned
Rayleigh OFDR. This technology is presented in greater detail
in the following publications [6], [7].

applications which is translated into long term monitoring
periods regarding the stability and reliability of the
measurements.
The current available literature regarding the fatigue
performance of Rayleigh based OFDR DOFS is extremely
scarce. To the authors, knowledge, only two publications were
made with this topic.
The first is an engineering note from the manufacturers of the
system used in this same experiment, Luna Innovations
Incorporated, [11] describes an experiment where polyimide
coated distributed DOFS were instrumented to fiberglass
coupons and subjected to a +/-2000 µε and +/-4000 µε cyclic
loads. In this case, it was verified a superior performance of the
distributed optical fiber sensors when compared with the also
instrumented resistive gauges since the applied DOFS survived
the fatigue tests and demonstrated consistency in their strain
measurements through the end of the test. On the other hand,
the resistive gauges displayed cumulative zero-shift in
microstrain from an early period of the fatigue test, which just
increased in magnitude throughout the test cycle.
More recently, Wong et al, 2016 described the study of the
use of a similar Rayleigh based OFDR distributed sensors to
monitor fatigue in a flush step lap joint composite structure
used in aerospace engineering [12]. Here it was reported that it
was possible to monitor the fatigue induced damage
propagation until failure using the mentioned DOFS system.
The distributed sensor was also able to follow the crack
propagation generated along the adhesion of the stepped lap
joint due to the fatigue loading.
Along these lines, the authors decided to assess the
performance of these DOFS under a great number of cyclic
loads but which were representative of real world conditions,
i.e. similar to what is expected to be observed in real and
common bridge structures. This is inserted in the scope of the
authors’ current research, which is related to the use of this type
of distributed sensing on the SHM of bridges and other
large-scale concrete structures. In this way, an experimental
campaign was devised in where a reinforced concrete specimen
was instrumented with DOFS and loaded with a high number
of cycles. The test setup is described in the next section.
4

EXPERIMENTAL TEST SETUP

In order to assess the performance of the DOFS for the
monitoring of reinforced concrete elements subjected to a high
number of load cycles, a reinforced concrete beam was used.
This beam was characterized by having 600 mm length and a
square cross-section of 150 mm width by 150 mm height. This
element also had two longitudinal ϕ12 rebars and four ϕ6
stirrups of S500 grade steel. A scheme of the tested beam is
pictured in Figure 2.
Figure 1. DOFS system used in this experimental campaign
3

FATIGUE TESTING MOTIVATION

Despite past successful and promising applications where
distributed optical fiber sensing technology was used [8]–[10],
due to its relatively novelty there are still several uncertainties
regarding its use on civil engineering infrastructures. One of
these uncertainties, for example, is related with the
performance of these sensors when monitoring real world

Figure 2. Beam definition scheme (Dimensions in mm)
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A 5.2 m long polyimide DOFS was externally bonded to the
beam specimen forming a pattern consisting on three horizontal
segments in the lateral front face of the beam and four equal
horizontal segments in the bottom surface as depicted in Figure
3. Nonetheless, for the purposes of this document, only the
results from the four segments adhered to the bottom surface
are analysed and presented.
As an additional point of interest in the study, different
types of adhesives were used to bond the DOFS to the concrete
in order to assess its fatigue performance and deliberate on the
optimal one for future applications. In this way, a
cyanoacrylate, epoxy, polyester and neutral cure silicone
adhesives were used as depicted in Figure 3 and 4.

and the mean Young modulus of the concrete (𝐸𝐸𝑐𝑐 ) were
obtained as shown in Table 1. With this, the expected
maximum tensile strain (𝜀𝜀𝑐𝑐𝑐𝑐 ) was also obtained.

Figure 5. Load arrangement on tested reinforced concrete beam
Table 1. Concrete material properties
Figure 3. Instrumented sensors at the tested concrete beam

Properties
Concrete

Figure 4. Photograph of the bottom surface of one of the
tested specimens
Furthermore, three 30 mm length electrical strain gauges
from Tokyo Sokki Kenkyujo Co., Ltd were adhered to the
bottom surface of the concrete beam among the already
mentioned DOFS in order to allow the comparison of the
results from both set sensors. The specimen was loaded in a
three-point bend test and in this way, the measurements
obtained by each segment of the DOFS could be directly
compared between them and the three strain gauges, Figure 5.
Additionally, at the time of the production of the concrete
for the tested beam specimen, additional cylindrical samples
were formed. Afterwards, these samples were tested close to
the date of the test on the beam in order to obtain the
mechanical properties of this material. Subsequently, the mean
compressive strength (𝑓𝑓𝑐𝑐𝑐𝑐 ), the mean tensile strength (𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 )

𝑓𝑓𝑐𝑐𝑐𝑐
[MPa]
48.027

𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
[MPa]
3.944

𝐸𝐸𝑐𝑐 [MPa]
37886.64

𝜀𝜀𝑐𝑐𝑐𝑐 [µε]
104.1

As mentioned before, the idea was to introduce in the
specimen a stress range that would replicate the stress range
due to vehicular loads in a standard and common reinforced
concrete bridge. Therefore, the two load stages considered for
the input of the load cycles were as follows: the lower stress
level corresponding to the sole actuation of the self-weight and
the higher stress level to the combination of self-weight plus
additional traffic. This additional traffic is represented as a
four-axle truck with a force of 120 kN by axle and multiplied
by a dynamic factor of 1.3, as described in Fatigue Load Model
3 of EN 1991-2 [13].
The stress increments were applied with a frequency of 4
cycles per second up to a 2 million cycles. The applied load
level was not expected to generate strain higher than the beam’s
concrete 𝜀𝜀𝑐𝑐𝑐𝑐 and thus not expected to induce cracking as seen
on Table 2.
Moreover, due to the long and extensive duration of the test,
it was deliberated to record the DOFS data being measured
every 50 thousand cycles during 5 minutes (1200 cycles).
Moreover, these sensors were configured to record
measurements every 5 seconds and with a spatial resolution of
1 cm.

Table 2. Load scenarios considered on the load cycles input

Load Cycle Level [inf]
Load Cycle Level [sup]
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Load
combination
self-weight
self-weight +
additional
traffic

Maximum bending
moment [kN.m]
3712.9

σ [MPa]
2.612

Equivalent load to apply
to beam specimen [kN]
11.75

Expected strain
[µε]
68.9

4336.3

3.050

13.73

80.5

CERI-ITRN2018

5

DISCUSSION OF RESULTS

Following the conduction of the three-point load test, the
measured data was processed and analysed. It is important to
mention that although the data from the DOFS was measured
with a sampling acquisition frequency of 0.2 Hz, the data from
the strain gauges and from the load actuator was measured with
a sampling acquisition frequency of 1 Hz and then decimated
and synchronized in order to timely match to the DOFS data.
Furthermore, it is also important to mention that during the
conduction of the test there was an electrical power shut-off
that occurred at the 180664 cycles mark- Since DOFS
measurements were being conducted every 50 thousand cycles,
this episode was not recorded live by this set of sensors. After
this, the test resumed from this step and continued smoothly
until the end.
In this way, Figure 6 depicts the measured data by the
DOFS segments adhered to the bottom surface of the concrete
over the number of performed load cycles. It is possible to
observe how all the adhered segments measure the strain
distribution along the beam bottom length over the applied
number of load cycles. In this comparison step, it is also
noticeable how the silicone bonded segment presents a general
smoother spatial measurements when compared with the
remaining used adhesives, especially comparing with the
cyanoacrylate bonded segment which presents some
irregularities and even a small peak close to its midpoint.
In Figure 7, the measured data by the DOFS bonded
segments at their midpoints is compared to the data measured

by the strain gauge at the same location (SG2). The first and
most immediate observation is the difference between all the
DOFS bonded segments and SG2. It is observed how all the
segments except the cyanoacrylate bonded one start with a
measured strain below of what was expected as described in
Table 2.
Here it is also observable how after the beginning of the
load process there is an increase of the DOFS measured strain
until the 150x103 cycles mark followed by a small and sudden
decrease which the authors believe to be related with the
aforementioned electrical power shut-off that occurred at the
180664 cycles mark. Afterwards, a relative stabilization is
achieved around the 400x103 cycles until the end of the test.
This stabilization is considerably more noticeable in the
silicone and polyester bonded segments when compared with
the remaining two.
Comparing with the values obtained by SG2, it is visible
that its initial measured strain is also below of what was
expected followed by an increase until 72.61 µε at 100x103
cycles. This increase is however smaller than the one verified
by the DOFS. Then, SG2’s readings depicts the same sudden
drop around the 200x103 followed by a stabilization around
67 µε at the 250x103 cycles mark. In this way, it is seen how
the greater and longer increase verified by the DOFS sensors
beyond the 100x103 cycles mark, when compared with the data
measured by SG2 is never recovered and is the main issue
behind the difference between these two set of sensors
throughout the test.

Figure 6. Strain obtained over the four segments on the bottom surface of the tested reinforced concrete beam
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Figure 7. Comparison of measured strain at DOFS segments midpoints and strain gauge 2

Figure 8. Measured strains by the DOFS and strain gauges at the beginning and end of the applied load cycles
In Figure 8, the readings of each DOFS segment at the
beginning and end of the applied load cycles is represented,
together with the corresponding measurements of the strain
gauges. Here it is even more noticeable how although the
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DOFS measurements match very well the ones acquired by the
strain gauges at the beginning of the load cycles, at the end of
these, the two set of sensors present distinct readings. In fact,
the average strain increment observed for the DOFS over the
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fatigue load test was of 29.6 µε whereas the SG2 measured an
increment of just 9.7 µε.
It is important to mention that after the conclusion of the
test and therefore for an applied load of 0 kN the DOFS
measurements present residual readings. These values when
subtracted to the measurements at the end of the cycles have
the same magnitude of the readings at its beginning. These
results were not initially expected and further analysis is
currently being performed in order to obtain more assertive
conclusions about these findings.
6
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ABSTRACT: Imagery-based, three-dimensional (3D) reconstructions from Unmanned Aerial Vehicles (UAVs) hold the potential
to provide a safer, more economical, and less disruptive approach for bridge inspection. This paper describes a methodology using
a low-cost UAV to generate an imagery-based, dense point cloud for bridge deck inspection. Structure from motion (SfM) is
employed to create a three-dimensional (3D) point cloud. Outlier data are removed through a density-based filtering method. Next,
the unsupervised learning algorithm k-means and an object-based region growing algorithm are compared for accuracy with
respect to bridge deck extraction. Last, an automatic pavement evaluation method is proposed to estimate the deck’s pavement
condition. The procedure is demonstrated through an actual case study, in which a 3D point cloud of 16 million valid points was
generated from 212 images. With that data set, the region growing method successfully extracted the deck area with an F-score
close to 95%, while the unsupervised learning approach only achieved 76%. In the last, to evaluate the surface condition of the
extracted pavement, a polynomial surface fitting method was designed to evaluate and visualise the damages.
KEYWORDS: UAV, Bridge inspection, Point cloud, Segmentation, Deck Extraction, Pavement Inspection, SfM.
1

INTRODUCTION

Bridge inspection has traditionally been conducted by highlyskilled inspectors but associated with safety problems,
especially for those inspectors. While van- and robot-based
inspection capabilities have been developed to replace inperson methods [1], ultimately those inspection methods still
rely on the physical inspectors or machines on site, which cause
traffic closure and/or high equipment costs.
Advances in the unmanned aerial vehicle (UAV) industry
and in computer vision have enabled the introduction of lowcost UAVs into the market and affiliate image process
techniques that can be paired for bridge documentation. This
type of approach is attractive, because it involves non-contact
measurement, no traffic closures, no heavy/special equipment,
and no need for experienced inspectors on-site. Additionally,
the state-of-the-art computer vision-based methods allow
generation of accurate, highly dense point clouds from UAVsimages with a single digital camera, which shows UAV-based
abilities to capture three-dimensional (3D) topographic data of
structures. These new abilities coupled with lower costs have
accelerated the adoption of UAVs for infrastructure
documentation related tasks including building modelling [2],
dam inspection [3], and road surface evaluation [4].
However, most existing UAV work is focused on 3D model
generation and does not address the specific aspects related to
inspection. To address these gaps, this study first presents a
work flow of utilizing a Structure from Motion (SfM) approach
to generate a point cloud from low-altitude, aerial images
collected by a low–cost UAV. Then, a noise reduction
algorithm is introduced. Next a comparison of two deck
extraction methods is made (a machine learning clustering
method and an object segmentation approach involving a
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region growing algorithm). Finally a means is provided for
automated deck inspection.
2

RELATED WORKS
UAV Based 3D Reconstruction and Noise Removal

In recent years, less expensive and more easily controllable
UAVs have increased their popularity for low altitude, closerange infrastructure inspection [5]. To aid in such activities, a
wide range of detectors have been applied, such as digital
cameras [6], laser scanners [7], multi-spectral cameras [8] and
thermal cameras [9]. Among those, the digital camera is the
cheapest and most common. A straightforward approach to
achieve documentation with this equipment involves capturing
two-dimensional (2D) images for analysis. For example, Chen
et al. collected 2D imagery for identifying highway bridge
cracks [10]. However, 2D images do not provide depth
information directly, which precludes calculating volumetric
damage (e.g. spalling). An alternative solution involves using
images captured from multiple view angles to reconstruct an
object in three dimensions (3D). A common strategy to achieve
this is through the application of SfM [11] to multiple images
taken from a single camera. SfM has been extensively studied
and widely applied for a range of related applications [e.g. 1214].
In general, SfM detects key (i.e. unique) features from each
image. As these images are taken from multiple viewpoints, by
linking these key points together, a 3D structure can be
assembled (e.g. [15]). Compared to the traditional 3D point
cloud generation methods from laser scanning, the UAV
imagery reconstructed point offers the opportunity to include
data obtained from less restricted by view angles, than from
many other means, thereby providing better coverage at lower
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costs. However, imagery-based point clouds are often much
noisier than those from laser scanning data. Noise typically
occurs from structural artefacts in the acquisition process or
mismatching of features in images during the reconstruction
process [16]. Noisy points can affect further surface
reconstruction or point classification for damage detection. To
minimize these negative effects, post-processing is applied for
noise reduction. A typical solution involves the Statistical
outlier removal (SOR) filter, which assumes that noisy points
have distinguishable characteristics from non-noisy point in a
k-dimensional space when fitting the data to a standard
probability distribution [17].
Possible Bridge Deck Extraction and Evaluation
Approaches
The task of bridge deck extraction relies on point cloud
segmentation. This can be achieved by numerous means, but
two common approaches involve either (1) machine learning or
(2) object-based segmentation [18]. While machine learning
based clustering can include multiple methods such as k-means,
mean shift, neural network, and deep learning, this paper uses
the k-means clustering. This method is able to classify 3D
points into K groups using different features. The grouping is
done by minimizing the sum of squares of distances between
the point and the corresponding cluster centroid [19]. In
contrast, object-based segmentation can be described as
belonging to a class of procedures involving model fitting and
region growing methods [20]. The model fitting method uses
geometric primitives like planes, cylinders, and spheres to fit
the point could and decompose the object. The approach works
well for simple structures but tends to perform poorly in the
face of large data sets or complex geometries [18]. Thus, this
method is not considered further in this study, as the bridge
structure is likely be too complex to decompose – a problem
previously noted by researchers using laser scans [21, 22]. The
region growing method uses local features extracted from a
neighbourhood around each point to aggregate nearby points
with similar properties and thereby segment a region of a point
cloud [20].
However, aforementioned studies have been focused on
processing point cloud data derived from laser scanning. Such
point clouds differ from those derived from imagery in several
import ways. First, the laser scanning data do not contain redgreen-blue (RGB) values, unless captured with an integrated
camera. Instead, they have affiliated intensity measurements
based on the strength of the returning laser signal. Second, the
distribution of laser scanning points tends to follow specified
patterns based on the pre-programmed operational movements
of the scanner. Conversely, the imagery derived points are more
randomly distributed around the structure surface, especially
when acquired from a UAV, even if the UAV is following a
pre-programmed flight path. This difference in data acquisition
leads to differences in density and normals.
In the case of a stationary laser scanner, density degradation
is more predictable (e.g. if scanning from a river bank, the angle
of incidence combined with the offset will impact the point
yield, as described in detail in [23] and demonstrated by
Truong-Hong in the case of a metal bridge in [24]). As features
play important roles in the point cloud segmentation process,
there is a need to prioritize finding robust and relevant features

in the derived heterogeneous point cloud. These issues have yet
to be addressed systematically in the peer-reviewed literature.
3

WORKFLOW FOR UAV-BASED BRIDGE DECK INSPECTION

To overcome some of these difficulties, a new work flow is
proposed, as shown in Figure 1. First, a low-cost, commercial
UAV is employed for image acquisition. Then, SfM is
applied to generate a 3D point cloud from the 2D images. Next,
noise caused by shadows and water reflections are removed
automatically with a novel, new algorithm. Then an automatic
deck extraction step occurs. Finally, a health evaluation matrix
is proposed for deck assessment. Notably, herein two deck
extraction approaches are compared: k-means clustering and
region growing.

Figure 1. Flowchart of data processing of the developed
bridge deck inspection system.
Image Acquisition
To validate the approach, a case study was conducted using the
Blessington bridge in County Wicklow, Ireland. The bridge is
of reinforced concrete and about 130 m long, 8 m wide, and
situated 10 m above the water (Figure 2). A DJI Phantom 4
quadrotor was equipped with a 4K camera and a 3-axis gimbal;
(total cost about 1,500 euros). To ensure full acquisition, 7
parallel flight paths along the bridge were undertaken (2 from
each side of the bridge and 3 above the deck). Acquisition
occurred from 10 to 20 m away. UAV operations were
manually controlled by a remote pilot through a first-person
view camera, with a safety inspector in attendance to watch for
obstacles (e.g. trees, wires, birds). A total of 212 images were
captured in a 1 hour duration.
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Outlier Noise Removing

a.

Aerial image

Point clouds reconstructed from UAV images tend to be noisy.
In this case study, much of noise appeared just beyond the
bridge’s boundaries, especially under the bridge. This was
caused by waves, water reflection, and self-shadows. The noise
greatly affects further point cloud processing. Therefore, an
automatic denoising approach was devised. This involved
calculating the volume density in a spherical neighbourhood of
radius R (Figure 4a) for each point. In this case study, R was
set to 0.5 m which mast bigger than the regular size of noise
clusters. If the density was less than the threshold K, the point
was labelled as an outlier. The threshold K was automatically
set to equal the average density of the entire dataset minus one
standard deviation. In this instance, K equalled 1600 points in
the specified neighbourhood.

b. Bridge deck
Figure 2. Blessington bridge
a.

3D Reconstruction

Point density distribution

The 3D reconstruction process was performed in the
commercial software PhotoScan [25] on a Dell XPS 15 laptop
(i7 CPU with a clock speed 2.8Ghz, 4 cores, 16 Gb RAM, and
the Microsoft Windows 10 operating system). The entire
reconstruction processing took about 1 hour and generated a
point cloud of approximately 16.8 million points (Figure 3).
The achieved ground resolution was 8.18 mm/pix. See Table 1
for more details.
b.

Point cloud after automatic noise removal
Figure 4. Input data

Bridge Deck Extraction

Figure 3. Original point cloud data with significant
quantities of noise in evidence
Table 1. 3D Reconstruction Result.
Number of images
Ground resolution
Spare points number
Spare reconstruction time
Dense points number
Dense reconstruction time
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212
8.18 mm/pix
261,442
34 minutes
16,805,020 points
31 minutes

As mentioned previously, two methods were compared herein:
k-means clustering and region growing. The k-means
processing is achieved by the blind-in function in the Matlab
software [26]. While, the details of the implemented region
growing algorithm can be found in reference [20]. For both
methods, features of each point must be calculated prior to the
extraction process. In this study, the geometric location (x y z),
normal (Nx Ny Nz), colour information (R G B), density (with
a searching radius r = 0.25 m), Gaussian curvature (r = 0.25m),
and Roughness (r = 0.25m) were calculated within the software
CloudCompare [27].
Extraction Performance Comparison
To evaluate the performance of two extraction methods, three
metrics were employed to measure the overall accuracy and
effectiveness of a segmentation. They were precision (Eqn 1),
recall (Eqn 2) and F-score (Eqn 3). These metrics are based on
the following values: (i) True Positives (TP), which represents
proper segmentation that matches with a manually generated
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ground truth benchmarked by human experts; (ii) False
Positives (FP), which denotes over-segmentation within point
cloud models that results in segmenting one ‘reference’
segment into several parts; and (iii) False Negatives (FN),
which happens when two or more separate segments are
wrongly grouped together leading to under-segmenting the 3D
model.
|𝑇𝑃|
(1)
𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =
𝑇𝑃 + |𝐹𝑃|
𝑅𝑒𝑐𝑎𝑙𝑙 =
𝐹 − 𝑠𝑐𝑜𝑟𝑒 = 2×

|𝑇𝑃|
𝑇𝑃 + |𝐹𝑁|
𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛×𝑅𝑒𝑐𝑎𝑙𝑙
𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 + 𝑅𝑒𝑐𝑎𝑙𝑙

(2)
(3)

Figure 5. Single feature comparison
Table 3. k-means Result with two features

Pavement Evaluation
To evaluate the surface condition of the extracted pavement, a
second-order polynomial surface (Eqn 4) was generated to fit
the dataset to simulate the original pavement surface. Then, for
each point Pi, the distance Di (Eqn 5) from the current surface
to the artificial simulated surface was calculated to identify the
wear condition of the deck surface.
(4)
𝑠𝑓 𝑥, 𝑦 = 𝑃9 + 𝑃: ×𝑋 + 𝑃< ×𝑌 + 𝑃> ×𝑋 <
+ 𝑃? ×𝑌 < + 𝑃@ ×𝑋×𝑌
(5)
𝐷B = 𝑧B − 𝑠𝑓 ( 𝑥B , 𝑦B )
4

RESULT ANALYSIS
Extraction Result Analysis

First, the k-means clustering process was applied individually
to each of the six sets of feature (see section 3.4). As shown in
Table 2 and Figure 5, the result based on the ‘normal’ had a
higher F-score, 0.76. When the normal was paired with other
features (Figure 6 and Table 3), the combination of the normal
and the z (elevation) produced the best outcome of the
combined features. However, the top score 0.75 was slightly
less than that produced using only the normal. Thus
demonstrating that the presence of more features does not
guarantee a more accurate result.

Figure 6. Multiple feature comparison
Table 4. k-means results with different K values when using
both the normal and z feature

As the results could have been affected by the expected cluster
numbers, k, a further test was conducted to segment the dataset
into 6, 8, 9, 10 and 12 clusters, as shown in Table 4. Figure 7
shows that the k value does not have a significant effect on the
results. However, a higher k value will decrease the recall rate,
because of over-segmentation of the deck into small sections
resulting in their exclusion from the main cluster.
Table 2. k-means Results with one feature

Figure 7. Comparison of different K values
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The results of the region growing method are shown in Table 5
and Figure 8. Normal feature, elevation (z), curvature, and
residual were applied. The F-score reached 0.94 which was
nearly 20% better than achieved by than the k-Means method,
(Table 2 vs Table 5).
Time
188.61

Table 5. The region growing method result
Precision
Recall
F-score
0.9177
0.9809
0.9482

a

Figure 9. Pavement condition map showing damage and
erosion
5
b
Figure 8. The extraction results a. k-means b. R growing
Pavement Condition Analysis
The extracted bridge deck was then subjected to the pavement
condition approach introduced in section 3.6. The result are
shown in Figure 9. The condition map of the extracted
pavement shows that the overall damage was heavier in the
quarter span location, with small localized damage like
potholes or erosions also visible.

CONCLUSIONS

Using UAV-based imagery, this paper introduces a complete
workflow for bridge deck assessment, which involves prior
steps of 3D point cloud reconstruction, noise reduction, deck
extraction. Importantly, the proposed deck evaluation approach
offers an automated means to estimate the surface conditions.
This approach can be used for generating the health map as a
reference for safety analysis. Additionally two bridge deck
segmentation methods (k-means and region growing method)
were compared, where the region growing method was able to
generate an F-score close to 95% for bridge deck extraction,
while the k-means only achieved 76%.
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ABSTRACT: Non-destructive testing (NDT) methods have been widely used for damage examination and structural maintenance,
e.g. detecting and repairing fatigue cracks. In-service inspections help to increase fatigue reliability by providing new information
for updating structural failure probability and making decisions on repair. However, these benefits are often compromised by
uncertainties associated with inspection methods. Sometimes existing cracks may not be identified, and positive inspection
indication may not exist. It is of great interest to consider the influence of inspection uncertainty in maintenance optimization
because the benefits and costs of maintenance are affected by inspection decisions (inspection times and methods) which are
subjected to inspection uncertainty. However, the influence of inspection uncertainty on maintenance optimization has not been
explicitly and adequately covered in the literature. In this paper, the problem has been investigated by probabilistic modelling of
the qualities of inspection methods via probability of detection (PoD) functions. A new PoD function has been proposed to
characterize the inspection quality when inspection uncertainty is not considered. Optimum inspection decisions are derived with
the objective of maximizing lifetime reliability index under two scenarios (considering and not considering inspection uncertainty).
The effectiveness of a planned inspection is defined based on the max reliability indexes under the two scenarios. It is shown that
the max lifetime reliability index generally deceases when inspection uncertainty is considered. However, inspection uncertainty
may have little influence on the lifetime reliability index depending on the planned inspection time. The effectiveness of a planned
inspection increases with the decrease of the mean detectable crack size.
KEY WORDS: Structural integrity management; Risk-based inspection; Maintenance optimization; Inspection uncertainty
1

INTRODUCTION

In-service inspections and maintenance are important means to
validate and recover operational safety of infrastructures, assets
and vehicles. The need for in-service maintenance comes from
inherent variabilities in environmental loads, modelling
uncertainties, human errors in design and fabrication,
discrepancies between as-built conditions and design, changes
of operational modes, and others hazards that cannot be
foreseen at the design stage. Although some of these factors can
be considered in design via conservative safety factors, direct
and indirect costs of conservative design usually outweigh its
benefits. To reduce costs of conservative design, it is justified
to adopt appropriate design factors and develop an in-service
inspection programme that will validate operational safety and
identify potential damages developed in service [1].
Cracks are very common damages in welded structures that
need to be inspected periodically and repaired if detected to
ensure integrity of structures. Cracks are usually caused by
cyclic fatigue loading under which cracks develop and grow
until fracture occurs. Crack propagation in fatigue-critical
components can cause sudden rupture of the whole structural
system, which represents a significant risk to safe operation and
in the event of occurrence will have serious consequences, not
only financially, but also environmentally and socially.
Fatigue inspection and maintenance decision-making is
typically challenged by limited budgets for operational safety
management and uncertain information about crack damage
states in terms of location, occurrence time, extent, geometry,
growth rate, etc., which are difficult to predict accurately due
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to sources of uncertainties in material properties, loads,
modelling, etc. While inspection and maintenance can help to
increase operational safety and reduce risks, these benefits can
be compromised by the uncertainties. The extent of risk
mitigation is subjected to maintenance decisions such as
inspection times, inspection method, repair criterions, repair
methods, etc, which are further subjected to the uncertainties.
The expected life cycle costs (LCC, the sum of expected costs
of inspection, repair and failure) are also subjected to the
uncertainties, as both the crack growth and inspection results
are probabilistic at the inspection planning stage (i.e. at the
beginning of service). Hence, maintenance decision-making
models, which can consider various sources of uncertainties in
a rational and consistent way, have the potential to reduce LCC
while keeping acceptable risk level.
This paper addresses maintenance optimization by
probabilistic modelling of crack growth and inspection quality.
The quality of an inspection method is characterized by the
detectable crack size 𝑎𝑑 . Focus is placed upon the uncertainty
associated with inspection quality. Inspection uncertainty leads
to probabilistic inspection result, which makes maintenance
decision-making difficult, together with probabilistic crack
damage states. Reliability-based maintenance optimization
approaches, with and without consideration on inspection
uncertainty have been developed taking into account
corresponding PoD functions. The effects of inspection
uncertainty on lifetime fatigue reliability have been presented,
and based on this, a method to evaluate the effectiveness of a
planned inspection have been proposed.

CERI-ITRN2018

2

PROBABILISTIC CRACK GROWTH

Fracture mechanics (FM) approach is employed for fatigue
analysis. Fatigue failure is explained as the process of crack
initiation, and crack growth until final fracture. The reason for
this choice, i.e. as opposed to S-N approach, is obvious. Herein
the damages that need to be inspected and controlled are fatigue
cracks. A FM approach is suitable for crack growth prediction
from an initial crack size 𝑎0 to the finial critical crack size 𝑎𝑐 ,
while the objective of a S-N approach is to obtain a prediction
on the overall fatigue life with a relatively high confidence
level.
For welded structure, there are inevitable inclusions or initial
flaws/cracks in materials introduced during the welding process,
which decrease fatigue performance and shorten fatigue life.
Due to the existence of initial flaws, it is often thought that the
crack initiation stage is negligible compared with the crack
growth stage. The relationship between crack growth rate and
the stress intensity factor is given by Paris law, formulated by
Equation (1) and (2).
𝑑𝑎
𝑑𝑁

= 𝐶∆𝐾 𝑚 , ∆𝐾𝑡ℎ ≤ ∆𝐾 ≤ 𝐾𝑚𝑎𝑡
∆𝐾 = ∆𝜎𝑌(𝑎)√𝜋𝑎

(1)
(2)

where 𝑎 is crack size; 𝑁 is number of cycles; 𝑑𝑎 ⁄𝑑𝑁 is crack
growth rate; 𝐶 and 𝑚 are material parameters; ∆𝐾 is stress
intensity factor range; 𝐾𝑚𝑎𝑡 is material fracture toughness;
∆𝐾𝑡ℎ is threshold value for the stress intensity factor range;
𝑌(𝑎) is geometry function; and ∆𝜎 is stress range.
If failure is defined by the crack depth reaching a critical size
𝑎𝑐 , then the crack growth life can be obtained by integration of
Equation (1) from an initial crack size 𝑎0 to 𝑎𝑐 .
As an illustrative example, herein a typical stiffened plate of
a ship structure is investigated (Figure 1). Stiffeners are the
most common structural components in ship structures
employed to increase stability of plates of shells. However,
crack initiation and growth along stiffeners is highly likely to
occur during lifetime due to the very large number of stiffeners
in a ship. The integrity of the plate thus needs to be validated
and recovered by periodical inspections and maintenance. The
required service life 𝑇𝑅 for the ship is typically 20 years. The
frequency of wave loading is about 0.16Hz, which is equal to
approximately 𝑁0 = 5 × 106 cycles per year.

Figure 1. A welded detail in a stiffened plate in ship structure.

Fatigue resistance of the welded detail is given by a S-N
curve as Equation (3).
𝑁𝐹 ∆𝜎 𝑚1 = ̅̅̅
𝑎1
𝑚2
𝑁𝐹 ∆𝜎 = ̅̅̅
𝑎2

𝑁𝐹 ≤ 107
𝑁𝐹 ≥ 107

(3)

where 𝑚1 and 𝑚2 are the fatigue strength exponents, and ̅̅̅
𝑎1
and ̅̅̅
𝑎2 are the fatigue strength coefficients. The parameters for
the S-N curve can be found in rules of ship classification
societies. A fatigue design factor (FDF) of 8 has been applied
to welded structural detail, which requires that the maximal
allowable equivalent stress range is ∆𝜎𝑒 = 17.28MPa . The
plate thickness is 𝑇 = 25mm. The parameters are summarized
in Table 1.
Table 1. Design parameters for the welded detail.
Parameter
𝑇𝑅
𝑁0
log10 ̅̅̅
𝑎1
log10 ̅̅̅
𝑎2
𝑇
∆𝜎𝑒
𝑚1
𝑚2

Unit
Year
Cycle
[N, mm]
[N, mm]
mm
MPa
-

Value
20
5 × 106
11.855
15.091
25
17.28
3
5

The crack growth prediction is subjected to several sources
of uncertainty. It is believed that the accuracy of using Paris
law for crack growth prediction mainly depend on accuracy of
input parameters: initial crack size 𝑎0 , material parameter 𝐶
and stress range ∆𝜎. Figure 2 provides a schematic
representation of probabilistic crack growth. In this paper, the
initial crack size 𝑎0 and the crack growth rate 𝐶 are modelled
as variables. Uncertainties associated with calculation of stress
range ∆𝜎 are modelled as an additional variable 𝐵. The mean
value and standard deviation (SD) for all variables are listed in
Table 2.

Figure 2. Schematic representation of probabilistic crack
growth and failure probability (𝑓1 is probability density
function of 𝑎0 ; 𝑓2 is probability density function of crack size
at the end of service life 𝑎(𝑇𝑅 ); 𝑃𝑓 is failure probability within
the required service life 𝑇𝑅 ).
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Table 2. Variables for reliability analysis (𝑎𝑑 is detectable
crack size of an inspection introduced in Section 4).
Variable
𝑎0
log10 𝐶
𝐵
𝑎𝑑
3

Distribution
Exponential
Normal
Normal
Exponential

Unit
mm
[N, mm]
mm

Mean
0.50
-12.74
1.00
𝐸(𝑎𝑑 )

SD
0.50
0.11
0.30
𝐸(𝑎𝑑 )

MAINTENANCE STRATEGY

The adopted maintenance strategy is such that cracks detected
by inspections will be repaired immediately, which is widely
applied in engineering maintenance [2-4]. The repair method
used in this paper is fixed, and out of the decision-making
process. It is assumed that after repair, crack size returns to its
initial distribution. The latter is also widely adopted in the
literature [3, 5, 6]. This is a relatively reasonable assumption,
as it considers imperfect effect of repairing, i.e. there is still a
failure probability associated with the repaired structure within
the required service life. The decisions that need to be made
include inspection methods and times in the lifetime, which
affect lifetime fatigue reliability and expected LCC. Optimum
inspection decisions are subjected to uncertain crack sizes and
uncertain inspection results. Under the aforementioned
maintenance strategy, there can be two possible inspection
results: ‘detection’ and ‘no detection’. Therefore, at a planned
inspection time, to be optimized, there can be three scenarios:
- S1: Failure has already occurred
- S2: The structural detail has survived, and an inspection
is carried out. Cracks are detected and repaired.
- S3: The structural detail has survived, and an inspection
is carried out. There is no detection and thus no further
action
Figure 3 shows the decision tree analysis for one
maintenance intervention. The small round circles in the figure
are chance nodes. By decision tree analysis, the occurrence
probability of each branch at the nodes can be calculated as well
as the lifetime failure probability associated with each scenario.

Crack detection by NDT methods is inherently probabilistic,
as there are many factors that can influence inspection results.
Sometimes existing cracks cannot be identified. Conversely, a
positive indication may be false due to the absence of a crack.
It is also often found that an existing crack can be detected by
one inspector but can be missed by other inspectors. NDT
results depend on the reliability of the specific instrumenthuman system. Generally, the following factors can influence
the chance of crack detection:
- Crack characteristics (sizes, shape, location, etc.);
- The reliability of instrumentation
- The environment where inspection is carried out;
- Inspection procedure;
- Human factors associated with inspector.
To utilize information provided by inspection results,
reliability of the instrument-human system and confidence
level on inspection results must be adequately demonstrated in
terms of the level of accuracy that inspection results can
represent the true crack characteristics. The reliability of an
inspection method is often characterized by a PoD curve. PoD
is defined as the probability that a given crack of a fixed size
can be detected by a given inspection method.
PoD curves for inspection methods is traditionally obtained
by inspection experiments on structural details of a range of
crack sizes. Based on inspection results, an appropriate
function is assumed for the PoD curve, and parameters of the
function are estimated by statistical methods. Confidence range
on the PoD can also be specified based on estimated parameters.
The experimental approach is typically very expensive and
time-consuming as there are so many factors that can affect the
probability of detection. Nowadays, simulation approaches are
also developed to obtain PoD curves [7-9]. In this paper, the
exponential PoD function given by Equation (4) is employed.
𝑃𝑜𝐷(𝑎) = 𝐹(𝑎) = 1 − exp(− 𝑎⁄𝐸(𝑎𝑑 ))

(4)

where 𝐸(𝑎𝑑 ) is the mean detectable crack size.
Using this function, uncertainties associated with inspection
quality are taken into account by modelling the detectable crack
size 𝑎𝑑 of an inspection method as a variable. The PoD
function is actually the cumulative density function (CDF) of
the variable 𝑎𝑑 .

Figure 3. Decision tree analysis for one maintenance
intervention.
4

INSPECTION UNCERTAINTY

For maintenance, inspection actions are carried out to provide
additional information on crack damage states, in addition to
initial crack growth prediction with Paris law, both of which
form basis for repair decision. As for fatigue crack detection,
commonly adopted inspection methods are (close) visual
inspection and NDT methods, e.g. liquid penetrant, ultrasonic,
magnetic particle, and acoustic emission inspection methods.
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Figure 4. Probability of detection (PoD) curves (‘Inspection
uncertainty’ & ‘Perfect inspection’ mean inspection
uncertainty is considered and not considered respectively).
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To investigate the influence of inspection uncertainty on
optimum maintenance decisions, comparative studies are
carried out while considering and neglecting inspection
uncertainty respectively in maintenance optimization. Two
different kinds of PoD functions are applied, as shown
schematically in Figure 4. The first on is the above exponential
PoD function, which provides means to consider inspection
uncertainty by predicting a specific detection probability for
any given crack size. The other PoD function is defined as
below.
𝑃𝑜𝐷(𝑎) = {

𝑎 < 𝐸(𝑎𝑑 )
𝑎 ≥ 𝐸(𝑎𝑑 )

0
1

(5)

Equation (5) assumes that cracks equal to or larger than
𝐸(𝑎𝑑 ) will be detected with a probability of 1, which means
perfect detectability for those cracks. Equation (5) also implies
that the detectable crack size 𝑎𝑑 of an inspection method is a
constant value 𝐸(𝑎𝑑 ).
5

FATIGUE RELIABILITY
Initial reliability

Herein failure of the structural detail is defined as occurrence
of through-thickness crack, i.e. the critical crack size is equal
to plate thickness (Equation (6)).
𝑎𝑐 = 𝑇

(6)

Figure 5. Decline of reliability index with service year
Reliability with planned maintenance
Planned maintenance helps to increase lifetime fatigue
reliability. Based on the decision tree analysis of Figure 3, if
cracks were detected, they are repaired in time, and lifetime
failure probability will decrease. If the inspection result was no
detection, lifetime failure probability will also decrease taking
the additional information of no detection into account. Based
on Figure 3, lifetime failure probability with one planned
maintenance intervention can be calculated by Equation (10).
𝑃′𝑓 (𝑡𝑖 )= ∑3𝑠=1 𝑃𝑠 ∙ 𝑃𝑓|𝑠

The limit state function is given by Equation (7).
𝑀(𝑡) = 𝑎𝑐 − 𝑎(𝑡)

(7)

where 𝑀(𝑡) < 0 signifies fracture failure. The critical crack
size 𝑎𝑐 is set to be equal to the plate thickness 𝑇, as failure is
defined as occurrence of through-thickness crack. Failure
probability 𝑃𝑓 and reliability index 𝛽 are given by Equation (8)
and (9) respectively.
𝑃𝑓 (𝑡) = 𝑃(𝑀(𝑡) < 0)
𝛽(𝑡) = −Φ

−1

(𝑃𝑓 (𝑡))

(10)

where 𝑡𝑖 is the planed inspection time, 𝑃𝑠 is the probability of
scenario 𝑠 occurs, and 𝑃𝑓|𝑠 is the failure probability conditional
that scenario 𝑠 occurs.
Equation (11) gives the updated lifetime reliability index.
𝛽′(𝑡𝑖 ) = −Φ−1 (𝑃′𝑓 (𝑡𝑖 ))

(11)

(8)

6

(9)

Three inspection methods have been applied to investigate the
effect of inspection quality: magnetic particle inspection (MPI),
close visual inspection (CVI), and visual inspection (VI). The
mean detectable crack size 𝐸(𝑎𝑑 ) for the inspection methods is
based on Madsen et al. [5] and Dong and Frangopol [7]. With
each inspection method, two PoD functions as described in
Section 4 have been adopted, and the max reliability indexes
corresponding to the PoD functions have been derived.
Equation (12) defines the effectiveness of a planned inspection.

where Φ is cumulative distribution function of standard normal
distribution.
Based on Equation (7), the initial failure probability and
reliability index without maintenance at each service year can
be calculated by reliability methods. In this paper, Monte Carlo
simulation has been adopted, and the decline of reliability index
with service year is shown by Figure 5. It can be seen that the
reliability index at the end of required service life (lifetime
reliability index) is 𝛽0 = 1.050. The reliability is low, and thus
in-service inspection and maintenance actions are needed.

EFFETIVENESS OF IMPERFECT INSPECTION

𝜂 = 𝛽′𝑖𝑢,𝑚𝑎𝑥 ⁄𝛽′𝑝𝑖,𝑚𝑎𝑥

(12)

where 𝛽′𝑖𝑢,𝑚𝑎𝑥 is the max lifetime reliability under the
scenario ‘inspection uncertainty’, i.e. inspection uncertainty is
considered by using Equation (4); 𝛽′𝑝𝑖,𝑚𝑎𝑥 is the max lifetime
reliability under the scenario ‘perfect inspection’, i.e.
inspection uncertainty is not considered, and Equation (5) is
used.

744

CERI-ITRN2018

Table 3. Effectiveness of a planned inspection.
Method
MPI
CVI
VI

Figure 6. Lifetime reliability index against inspection time
(MPI).

𝛽′𝑝𝑖,𝑚𝑎𝑥
1.871
1.979
1.832

𝛽′𝑖𝑢,𝑚𝑎𝑥
1.818
1.807
1.664

𝜂
0.972
0.913
0.908

Figure 6-8 give lifetime reliability index against planned
inspection time for the three inspection methods under
investigation. Table 3 summarizes the results. Based on the
figures and table, it is concluded that the max lifetime reliability
index generally deceases when inspection uncertainty is
considered for all the three inspection methods. However, if an
inspection is scheduled at the late stage of service life,
inspection uncertainty has little influence on the lifetime
reliability index. The lifetime reliability index can be higher
when inspection uncertainty is considered than neglected, if
CVI or VI is adopted, and an inspection is scheduled at the early
stage of service life. The effectiveness of a planned inspection
increases with the decrease of 𝐸(𝑎𝑑 ). When considering
inspection uncertainty, the effectiveness of a planned
inspection adopting MPI is higher than adopting CVI and VI.
7

Figure 7. Lifetime reliability index against inspection time
(CVI).

𝐸(𝑎𝑑 )
0.89mm
2.00mm
4.35mm

CONCLUSION

Maintenance optimization is important, for engineering
structures with a substantial number of fatigue-prone details
and locations, in terms of increasing operational reliability and
decreasing maintenance costs. The main challenge for
maintenance decision-making is uncertain damage states in
service life. In this regard, in-service inspections are assigned
to gather information on damage states. However, there is an
unavoidable uncertainty associated with an inspection method,
which may affect maintenance optimization.
The influence of inspection uncertainty on reliability-based
maintenance optimization has been studied by explicitly
modelling the uncertainties associated with crack growth rate,
initial crack size, stress calculation, and inspection quality. The
inspection quality of an inspection method is characterized by
the detectable crack size. A new PoD function has been
proposed for perfect inspection quality, i.e. without a
consideration on inspection uncertainty. The PoD function
serves as a comparison to the PoD function that models the
inspection quality as a variable. The effectiveness of a planned
inspection has been defined base on the max lifetime reliability
index while considering and neglecting inspection uncertainty.
It has been shown that the max lifetime reliability index
generally deceases when inspection uncertainty is considered.
However, inspection uncertainty may have little influence on
the lifetime reliability index depending on the planned
inspection time. The effectiveness of a planned inspection
increases with the decrease of the mean detectable crack size.
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ABSTRACT: The current paper discusses the applicability of Gaussian process regressions, also known as Kriging models, in the
context of structural and reliability analysis. Due to their flexibility these models appear in the field of structural analysis in many
forms. Applications to approximate limit state functions, replace the computational expensive codes that solves the dynamic of
complex systems, or replicate stochastic fields can be identified.
Due to this fact, a discussion on the different parameters that depend on the implementation procedure chose to use these model
is presented in the current paper. Design of experiments, polynomial approximation, correlation function, hyperparameters
convergence and estimation function are the main global variables analysed. When implementing a Gaussian regression or Kriging
model, the user is faced with the choice of these before any further progress. The discussion presented complements previous
works on the implementation of such models in the sense that it focus on the structural analysis application and on how these
parameters influence the accuracy. It is shown that depending on the approximation, significant advantage can be taken from
understanding these major variables. Different examples are presented to support the understanding of the problem and the main
conclusions on the applicability of the Gaussian regression models as surrogates for structural analysis are drawn.
KEY WORDS: CERI 2018; TRUSS; uncertainty, surrogate modelling, probabilistic analysis
1

INTRODUCTION

The growing trend of interest in probabilistic assessments
combined with the growing trend in complexity of physical
systems has been demanding the development of innovative
techniques to enable their comprehensive understanding.
For complex systems, the applicability of surrogate models
has shown the highest potential to enable accurate probabilistic
assessments. These can behave as black-box functions that
replace computationally expensive codes or data sets. When
these systems are inherently stochastic and affected by noise,
the usage of surrogate models demands a careful approach.
Fomented by TRUSS's goal of quantifying uncertainty the
current paper discusses the application of a type of surrogate
models, Gaussian process regression, also known as Kriging
models.
The Gaussian process regression emerged recently as
powerful tools for reliability and probabilistic analysis due to
their capability of interpolating a function and at same time
considering some degree of uncertainty in the interpolation.
Several examples of applications of these models for
structural applications can be identified [1-8]. Most of these
focus on the usage of these models in a reliability context,
where their function is to approximate a limit state function.
[9] implemented a design process using a Kriging model in
the specific context of wind turbine analysis,. The authors
conduct a multi-level optimization where the surrogate model
is introduced to replace the evaluator of design variables that
links these with the performance function.
[10] also applies the Gaussian regressions as surrogates to
replace the original time consuming and complicated
simulation code. As a result, optimization is enabled as the
Kriging predicts the response of the system with minimal
effort.
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[11] analyses the probability of failure of an offshore wind
turbine (OWT) by using the Kriging to predict the extreme
loads on the system. [12] uses the Kriging to predict fatigue
design reliability. The Kriging is used to create a fatigue surface
that predicts the long term fatigue life. [13] extends the main
findings presented in [12], and introduces a noise component in
the design of experiments (DoE) used to create the Kriging
surrogate. Additionally, the authors present a new active
criteria developed for practical Kriging applications that
depends on an external distribution of input parameters. [14]
presents a different approach to fatigue and uses the Kriging
surrogate models to interpolate intervals of confidence. The
concept is then applied in the analysis of a structural component
in order to predict the intervals of confidence in long term
cumulative structural fatigue damage.
The purpose of the current paper is to discuss the
applicability of the Kriging models in the context of structural
and reliability analysis. In particular it was seen that the Kriging
surrogate model appear in different contexts when applied to
physical systems. Its interest for reliability applications has
been growing steadily in recent years. Different variables can
affect the accuracy of the surrogate approximation, many of
which are imposed by the user. It is of interest to frame the
applicability of the different approaches that use these models
and discuss the assumptions that need to be done during the
implementation phase in order to facilitate further exploitation
of Kriging models in both, the field of structural analysis as
well as in other fields of engineering.
To achieve the proposed goal Section 2 introduces the theory
behind these type of models, Section 3 discusses their
applicability and the different parameters and variables that are
included in the analysis with Kriging, or Gaussian regression,
models. A comparative analysis is developed for an
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implementation scenario. Finally, the main conclusions of the
discussion are drawn in section 4.
2

GAUSSIAN PROCESS REGRESSION FORMULATION

Kriging models can be implemented as “black-box” models
that interpolate a data set with the assumption that the
interpolator follows a Gaussian stochastic process.
These approximate a true function 𝑔(𝑥), 𝑥 ∈ ℝ𝑑 with an
approximate model 𝐺(𝑥) that considers Gaussian uncertainty
in the approximation. d is the dimension of the x space.
Being 𝑿 = [𝑥1 , 𝑥2 , … , 𝑥𝑘 ] a vector of realisations of 𝑥 with
respective true evaluations 𝒀 = [𝑔(𝑥1 ), 𝑔(𝑥2 ), … 𝑔(𝑥𝑘 )], 𝐺(𝑥),
the Kriging approximation, is defined as,
𝐺(𝑥) = 𝑓(𝜷; 𝑥) + 𝑍(𝑥)
𝑓(𝜷; 𝑥) = 𝛽1 𝑓1 (𝑥) + ⋯ + 𝛽𝑝 𝑓𝑝 (𝑥)
𝑓(𝜷; 𝑥) is a deterministic regression model with p (𝑝 ∈ ℕ+ )
basis function that depend on the order of the regression and
that are to be defined based on the X sample.
𝑍(𝑥) is a Gaussian stochastic process with mean equal to 0 and
covariance matrix,
𝑪(𝑥𝑖 , 𝑥𝑗 ) = 𝜎 2 𝑅(𝑥𝑖 , 𝑥𝑗 ; 𝜽), 𝑤𝑖𝑡ℎ 𝑖, 𝑗 = 1, 2, 3 … 𝑘
C defines the correlation generic X points using; the constant
process variance 𝜎 2 and a correlation function 𝑅(𝑥𝑖 , 𝑥𝑗 ; 𝜽) that
depends on the points and on a set of 𝜽 hyperparameters. It is
common to find application that use the so-called separable
correlation function [15],

As a result a prediction for 𝑔(𝑥) in a generic point in space u is
given by an expected value 𝜇𝐺 and a variance 𝜎𝐺 ,
𝜇𝐺 (𝑢) = 𝑓(𝑢)𝑇 𝜷 + 𝒄(𝑢)𝑇 𝑪−1 (𝒀 − 𝑭𝜷)
𝜎𝐺2 (𝑢) = 𝜎 2 (1 + 𝐷(𝑢)𝑇 (𝑭𝑇 𝑪−1 𝑭)−𝟏 𝐷(𝑢) − 𝒄(𝑢)𝑇 𝑪−1 𝒄(𝑢))
𝐷(𝑢) = 𝑭𝑇 𝑪−1 𝒄(𝑢) − 𝑓(𝑢)
𝒄(𝑢) = 𝑐(𝑢, 𝑥𝑖 ), 𝑖 = 1, 2, … , 𝑘 is a vector that defines the
correlation of u with the known points of X. 𝑭 is the matrix of
𝑓𝑝 (𝑥) functions of the polynomial approximation.
One important characteristic of the Kriging interpolator is that
Y predictions have a variance component of value 0, meaning
the Y is exactly predicted when u takes any value of X.
It is known that in most cases this does not represent the real
behaviour of Y and frequently g(X) will have some noisy or
probabilistic component 𝜀.
𝒀 = 𝒀𝒆 + 𝜀
In such cases Y is better described by an expected value 𝒀𝒆 and
a noise component 𝜀. To account for this effect a slight
modification of the 𝑪(𝑥𝑖 , 𝑥𝑗 ) is introduced,
𝑪(𝑥𝑖 , 𝑥𝑗 ) = 𝑪(𝑥𝑖 , 𝑥𝑗 ) + 𝜹𝝉𝟐
where 𝜏 2 is the vecor of variance of Y , the support points used
to estimate G(x) . 𝜹 is the identity matrix of size 𝑘 × 𝑘. Figure
1 presents an example of a Kriging model containing a noise
component (I) and the same model disregarding it (II).

𝒅

𝑅(𝑥𝑖 , 𝑥𝑗 ; 𝜽) = ∏ 𝑅(ℎ𝑖 ; 𝜃𝑖 ) , 𝜽 ∈ ℝ𝑑
𝒊=𝟏

Alternative formulations for the correlation function can be
found in [16, 17]. 𝑅(ℎ𝑖 ; 𝜃𝑖 ) depends on ℎ = [ℎ1 , … , ℎ𝑑 ] that
has an incremental form and a set of 𝜽 hyperparameters.
𝑅 (𝑥𝑖 , 𝑥𝑗 ; 𝜽) interpolates the between the regression model
prediction and the true limit state realisations.
Using the equations above it can be seen that the fitted surface
G(x) depends on three main parameters: 𝜎 2 , 𝜽 and 𝜷.
For a set of given support points Y the problem of prediction
can be solved through a generalised least squares formulation.
𝜷 and 𝜎 2 are then defined as a function of the 𝜽
hyperparameters,
̂ (𝜽) = (𝑭𝑇 𝑪−1 𝑭)−1 𝐹 𝑻 𝐶 −𝟏 𝑌
𝜷=𝜷
𝜎 2 = 𝜎̂ 2 =

𝑇
1
̂ (𝜽)) 𝑪−1 (𝒀 − 𝑭𝜷
̂ (𝜽))
(𝒀 − 𝑭𝜷
𝑘

Where 𝑭 is the k x p regression matrix that has rows equal to
the evaluation of the p regression functions at X. The problem
of finding 𝜽 can be solved by a maximum likelihood
formulation.

Figure 1 - Example of Kriging considering non-noisy Y (I)
and noisy Y (II) for the same X.
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If the goal is to approximate accurately g(x) then the normal
interpolator is of interest. In such scenario the Y prediction is
assumed to be perfectly known and there is no need to introduce
further complexity in the model.
However this is not always the case, it was seen in Section 1
that the Kriging is used many times to approximate the
response of computationally expensive models. If the model
response is deterministic then G(x) can be used to interpolate
it. Frequently this is not common, and as computational models
grow in complexity, the complexity of the models’ response
also increases. Considering the uncertainty in the code or its
inherent stochasticity is of interest, and as a result, it is also of
also interest to consider the approach that uses the noise
component. The alternative that consider the local variance
component is commonly known as the noisy.
3

the cross-validation curve (corresponds to the smaller value
𝜇𝑔(𝑥) point).

ANALYSIS OF COMPLEX SYSTEMS USING GAUSSIAN
REGRESSION MODELS

The Gaussian regression formulation highlights the
flexibility of these models.
On one side they can be applied to approximate a function
where the main goal is to have a deterministic prediction with
some degree of uncertainty (e.g. similar case to a simple
polynomial approximation). As alternative these models can be
applied to replicate full probabilistic fields by using the local
statistical distributions to interpolate further predictions in
regions of x where no information is available. The result is not
only the interpolation of the curve, but instead of the whole
probabilistic field.
The most frequent application of the kriging in the context of
structural and reliability analysis is in the replacement of
computationally expensive dynamic coupled codes used to
model physical systems. Approximation of the limit state
function is also widely identified.
When the application involves approaching the
computationally expensive code, attention needs to be given to
the different parameters of the Gaussian regression model.
These may be used to better approximate the true response
function. In the particular case where a full probabilistic field
is to be predicted, the usage of these models is complex. While
it is generally simple to approach the mean function of the
probabilistic field, the same does not happen for the variance,
as it will be seen in Section 3.6.
Design of Experiments
Figure 2 presents an example of the Kriging approximation
with two different deigns of experiments.
The term Design of Experiments (DoE) refers to the points X
and respective Y. Naturally, the DoE is the most relevant
variable in the definition of the Kriging model. Due to this,
extensive research has been developed on how to define and
infill the DoE [13, 18-20]. The usage of Latin Hypercube
sampling schemes to set the initial design, and further
improvement the Kriging using an active search is common.
It can be seen in Figure 2 that if the DoE is not well
represented inaccurate predictions may occur. In the left region
of Figure 2 there is no DoE point. The result is an inaccurate
prediction of any point in that region, as it can be identified in
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Figure 2 – Example of cross validation of the same function
using two distinct DoEs.
Most of the Kriging implementation effort should be
addressed to investigate on the best solution to define X. [13]
showed that a comprehensive understanding on the definition
of X with a Gaussian regression model can reduce the effort to
implement a physical process by 80%. Furthermore, the authors
support the need for a full understanding of the problem a priori
to the Kriging implementation.
An efficient definition of the DoE for accurate results is
increasingly relevant as d increases. [7] refers that the Gaussian
regression models hold well for very high d. However, even if
these models are accurate in high dimensional space, the
definition of the DoE is particularly concerning due to the curse
of dimensionality.
Polynomial approximation
The deterministic component of the Kriging uses a
polynomial approximation. The effects of this polynomial
approximation in the accuracy of the results is limited. [7]
studied the influence of the order of the polynomial function in
a problem of reliability concluding that it is negligible.
It is of interest to infer that the statistical component of the
Kriging is so dominant that, even when a constant basis
function is used, the regression predictions at X are still Y if the
noise component is not considered.
The influence of the polynomial approximation commonly
depends on how much is known about the surface. For small or
medium X sizes, the influence of the polynomial approximation
is already negligible.
The points in Figure 3 were computed using a subset of the
DoE in Figure 1. If a very high polynomial approximation is
used, the unique Gaussian uncertainty properties of the
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regression may be lost, and the surrogate will behave as a
polynomial approximation.

fixed and only the correlation function is changed its effect is
negligible, Figure 3.

Figure 3 - Influence of the polynomial approximation in the
Kriging approximation.
Figure 4 – Approximation of G(x) for a pre-specified X using
different correlation functions.
Correlation functions
It was shown in Section 2 that several correlation functions
are available for the Kriging approximation. Common types of
correlation function are the separable and isotropic.
𝑑

𝑅𝑠𝑒𝑝 (𝑥𝑖𝐼 , 𝑥𝑖𝐼𝐼 , 𝜃)

= ∏ 𝑅𝑠𝑒𝑝 (𝑥𝑖𝐼 , 𝑥𝑖𝐼𝐼 , 𝜃𝑖 )

The effect of the correlation function is more significant
when analyzed from the point of view of how θ defines its
shape. θ is very relevant in the definition of the Kriging, and
apart from the DoE, is the most influential variable and the one
that can be more significantly further exploited to optimize the
Gaussian regression or Kriging usage.

𝑖=1

𝑑

𝑅𝑠𝑒𝑝 (𝑥𝑖𝐼 , 𝑥𝑖𝐼𝐼 , 𝜃) = 𝑅(ℎ),

𝑥𝑖𝐼 − 𝑥𝑖𝐼𝐼
ℎ = √∑ (
)
𝜃𝑖

Hyperparameters 𝜃
2

𝑖

For structural and reliability purposes the separable form is
most widely applied. Both the correlation function types use a
difference to relate two generic points 𝑥𝑖𝐼 and 𝑥𝑖𝐼𝐼 . Then the
correlation formulation imposes that, e.g. by the form of a
negative exponential or a maxima comparison, as the distance
increase between points they are progressively less correlated.
The correlation function in combination with the 𝜃, discussed
in the following subsection, has a significant weight on the
definition of a prediction due to its direct influence on the
covariance Matrix. However, if the remaining variables are

It was seen before that the problem of the Kriging
approximation can be reduced to a problem of maximum
likelihood estimation dependent on the Kriging
hyperparameters 𝜃. These are very influent components of the
model approximation. The hyperparameters appear in the
correlation functions as well as on the estimation of the local
𝜇𝐺(𝑥) and 𝜎𝐺(𝑥) . As a result they can have influence on the
relative weight of the correlation function on the d dimensions.
FIGURE 5 presents the influence of the value of the
𝜃 hyperparameters in both 𝜇𝐺(𝑥) and 𝜎𝐺(𝑥) for d = 2 dimensions
associated with the U and I, wind speed and turbulence
intensity respectively.
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estimator. [16] presents an extensive discussion on some of the
alternative methods to estimate 𝜃. Other common
methodology, which will be used for comparison in the nonnoisy case, is the LOO estimation technique.
It is frequently assumed that the estimation method has
limited influence on the results. This is related to the fact that
the estimation method is related to the hyperparamteres
definition and as such, its influence is directly related with the
influence of changing these length scales. The hyperparameters
have a major role in the model.
Comparison case study
Simple comparative results to compare the discussed variable
were computed in order to have a simultaneous comparison of
the variables discussed. In order to analyse their influence a
comparative indicator 𝜂 is defined as:
𝑥

1
𝐺(𝑥) − 𝑔(𝑥)
𝜂=
∑|
|
𝑛
𝑔(𝑥)
𝑖

Figure 5 - Influence of the 𝜃 hyperparameters on the first and
second moment of the G(x).
In Figure 5 it can be identified that a change in the 𝜃𝑖 values
can result in a significant change in the G(x) approximation.
When implementing a surrogate formulation with a Kriging
model, intervals for the convergence of 𝜃 are required.
The trends in the increase and decrease are not linear, but in
the particular case where one is monotonic, e.g 𝜃𝐼 for the case
of 𝜇 and 𝜎, the remaining hyperparameters can be used to
calibrate the model.
It is relevant then to exploit the influence of these parameters
in the results. Attention should be given to the fact that for i =
1, …,d the Kriging parameters are calculated simultaneously
and through an optimization process. After an initial solution,
an alternative to specific application can be to use a series of
cross-validation points to search 𝜃 for the best approximation.
It is a fact that this introduces additional computational time,
and requires a careful approach to not fit the Kriging very
accurately for small regions of x leaving the approximation in
other areas of x inaccurate. This is of most interest when using
a surrogate of the stochastic response which needs to mimic a
function, instead of deliberately converging for a certain
function g(x).
Even thought that not exactly the same approach the
estimation alternative Leave-One-Out (LOO) to set the Kriging
model includes subsets of cross-validation in order to calculate
𝜃.
Estimation method
Different estimation methods are available to define G(x),
being the most popular the Maximum likelihood (ML)
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the averaged difference between G(x) and g(x) when 𝑥 ==
𝑥𝑐𝑟𝑜𝑠𝑠 , being 𝑥𝑐𝑟𝑜𝑠𝑠 a series of cross validation points. 25
points were used to compute the cross validation in the example
described. The need to define this indicator is related to the
difficulty of comparing the influence of the different variables
discussed. Table 1 shows comparative results for the variables
discussed in the structural fatigue analysis of an OWT tower
component.
Table 1 – Cross-Validation comparative results for an OWT
tower component. DoE used is presented in Figure 2-(a).
no 𝝉𝟐

𝜂𝜇
DoE
k = 11
0.029
k = 21
0.016
k = 31
0.017
Polynomial Function
Constant
0.023
1st
0.020
2nd
0.017
3rd
0.025
4th
0.041
Correlation Function
Matérn3-2
0.014
Matérn5-2
0.015
Gaussian
0.017
Exponential
0.018
Hyperparameters 𝜽
0.067
𝜃1.2 = 0.01
0.040
𝜃1.2 = 0.5
0.022
𝜃1.2 = 1
0.033
𝜃1.2 = 2
>1
𝜃1.2 = 10
>1
𝜃1.2 = 100
Estimation Method
ML
0.017
LOO
0.018

with 𝝉𝟐

𝜂𝜇

𝜂𝜎

0.033
0.031
0.013

>1
>1
0.49

0.023
0.014
0.013
0.022
0.025

0.94
0.67
0.49
0.34
0.89

0.014
0.014
0.013
0.014

0.48
0.47
0.49
0.91

0.064
0.041
0.022
0.016
0.045
0.069

>1
>1
>1
0.89
0.56
0.69

-

-
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To compare the influence of the DoE, a DoE with 11, 21 and
31 points were computed. The remaining results were
computed using k = 31. The reference case considered also a
2th order polynomial function and a Gaussian correlation
function and MLE estimation in between [0.5 2] for the case
without 𝜏 2 and [0.5 0.5, 2, 10] when 𝜏 2 was considered. To
highlight that this screening is limited in the sense that only a
partial number of conclusions can be drawn from its simplified
approach.
It can be seen that apart from the DoE, 𝜃 has the most
significant influence in all the cases. In most implementation
the default boundaries will avoid inaccurate predictions due to
these. However, emphasis should be given to these parameters
during implementation. Relevant improvements can be attained
by searching the 𝜃 space without additional effort on improving
the DoE. It is also important to understand these parameters as
length scales that will weigh the Gaussian regression on its
different d dimensions. Different weights in the search space
(by using wider intervals or higher absolute values) may be of
interest to achieve accurate results.
In most cases the polynomial function has limited influence
in the accuracy, this was identified previously in [7]. However
when the model intends to approximate 𝜏 2 , this is not the case.
For such scenario the polynomial approximation has
determinant influence in the results.
Within the most widely applied correlation functions,
Gaussian and Matérn5-2, little influence in the accuracy of the
approximation can be identified. As expected there is also
limited variation in the results by effect of the estimation
techniques. The same occurs for the estimation, due to the
reasons previously highlighted.

knowledge of the problem in hands is required for a useful
implementation.

4

[10]

CONCLUSIONS

The present paper discussed the different variables that
influence the usage of Gaussian process regressions, or Kriging
models, as tools for structural analysis on both reliability, as
well computational efficiency applications.
These models, due to their inherent probabilistic behaviour,
are of interest to structural, in particular reliability, applications
where uncertainty is a concern. Quantifying uncertainty and
uncertainty analysis has been growing steadily in the
engineering field, justifying the demand for such models.
Five main generic global parameters that influence the
modelling with these type of surrogates were discussed as
means of improving their implementation: Design of
Experiments, Polynomial approximation, Correlation function,
Hyperparameters and Estimation method. Discussion showed
that each of these has different influence on the accuracy of the
Kriging approximation. Individually, better accuracy can be
achieved by a better definition of the Design of Experiments
and Hyperparameters. The effect of the remaining variables is
reduced, very specific, or is to some degree correlated with the
definition of the first two. Correlated effects of these variables
was not studied and should be addressed in future studies.
Further studies should also focus on constant process variance.
Future works should consider the extension of the presented
initial comparison in order to generate a reference
comprehensive guide on how to apply these powerful models
for structural analysis. Nonetheless, it is highlighted that a deep
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ABSTRACT: The assessment of concrete compressive strength is an essential element in assessing the load carrying capacity of
structural members in an existing structure. The reliability of non-destructive tests (NDTs) results for assessing concrete strength
is always a questionable issue. This is mainly due to the uncertainty associated with the strength predictions based on the NDT
measurements. This paper studies the Post-installed Screw Pullout (PSP) test as a potential method for assessing in-situ concrete
strength. The objective of this paper is to study the reliability of the assessment using PSP test by analysing the effects of several
influencing factors: presence of coarse aggregates, types and size of coarse aggregates, and the amount of coarse and fine
aggregates. Analyses of results are presented to evaluate the repeatability and reliability of the PSP test with respect to test standard
deviation, coefficient of variation and RMSE. The repeatability of the screw pullout test has been compared with the other NDTs
available in literature.

KEY WORDS: compressive strength, in-situ concrete, non-destructive tests, Post-installed Screw Pullout test, reliability,
uncertainty, TRUSS.
1

INTRODUCTION

Assessing the compressive strength of concrete is an essential
component in assessing the load carrying capacity of structural
members in an existing structure. Direct measurement of the
compressive strength of in-situ concrete can be obtained by
testing of standard cores collected from concrete that is under
investigation. In-place or non-destructive test (NDT) methods
can offer useful information about the material condition that
will assist the assessment process. NDTs, either completely
non-destructive or partially destructive, are a useful approach
with the benefits of low cost, fast application, portability, no or
limited damage on the surface and sometimes instant results on
site. Currently, there are no in-place tests that provide direct
measurements of compressive strength of concrete in an
existing structure [1], [2]. NDTs are indirect approaches and
are affected by several factors resulting in the uncertainty of the
test results. These factors cannot be quantified and in most
cases, are uncontrollable in practice. As such, the use of NDTs
suffers from a main drawback that it is difficult to ascertain the
level of accuracy and confidence in the strength estimates of
concrete. NDTs are commonly used in conjunction with cores
to reduce the amount of coring required to estimate the
compressive strength throughout the structure. Considerable
care should be taken to establish valid estimates of compressive
strength based on these indirect tests.
The quality of concrete strength assessment is limited due to
the sources of uncertainty arising at various levels and caused
by the testing method itself, interference of the environment,
intrinsic material variability, human error, and data
interpretation [2]. The interpretation of NDT test results is a
challenging task for users of NDT methods. Currently, no
general rule can be applied to relate NDT test results to the
compressive strength of concrete. Use of empirical
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relationships developed for the concrete under investigation is
a common practice. Empirical relationships developed for a
particular concrete are only valid for that concrete within a
certain degree of confidence; extension of this relationship to
any other concrete provides uncertainty in the assessment and
leads to erroneous assessment of concrete strength.
Currently several NDT techniques are available to assess the
concrete strength [3]. Each of the NDTs has its own advantages
and limitations. Post-installed Screw Pullout (PSP) test [4] is
one of the most recent development in the field of concrete
strength assessment. The method is partially destructive in
nature. In this method, a standard concrete screw is installed in
a hole that is drilled into the concrete and the screw is
subsequently pulled out of the concrete. In the PSP test, the
loading arrangement is such that a concrete cone failure does
not occur, rather the failure occurs by complete pullout of the
screw involving crushing of the concrete present between the
threads of the screw. This paper aims to study the PSP test to
better understand the reliability, variability and applicability in
the assessment of concrete strength. The paper focuses on the
response of the PSP test towards various parameters in order to
understand the limitation of the test method. Different
parameters include presence of coarse aggregate, types and
sizes of the coarse aggregates, the amount of coarse and fine
aggregates in concrete. The results are compared with two
popular NDTs, rebound hammer (RH) and ultrasonic pulse
velocity (UPV) test.
2

POST-INSTALLED SCREW PULLOUT (PSP) TEST

The PSP test involves drilling a hole in the concrete. A
commercially available screw, HUS3-H8, a product of Hilti [5]
having the outer thread diameter of 10.40 mm and inner stem
diameter of 7.7 mm, is installed in the 9 mm diameter hole. The
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screw is installed using an impact torque wrench having a
maximum torque of 450 Nm. The screw is then pulled from the
concrete, ensuring the type of failure known as the complete
pullout failure in concrete (Figure 1a), and avoiding a concrete
cone failure (Figure 1b). Complete pullout failure ensures that
the pullout load is associated with local crushing of the concrete
underneath the threads. The peak load obtained during the
pullout is then correlated with the compressive strength of
concrete. The theoretical consideration of the PSP test and
details of the test configuration and preliminary test result can
be found in [4].

Figure 1a: Complete pullout
failure

Figure 1b: Concrete cone
failure

A commercial pullout tester can be used for in-situ
assessment. This offers a low cost method for carrying out the
PSP test in comparison to core testing and some other available
NDTs. The PSP test is quite easy to perform and simple as the
test takes only 10-15 minutes. The damage in concrete
associated with the test process due to the drilling of hole is
minimal and has practically no effect on the structural capacity
of the concrete members. An advantage of the test method is
that the test provides a measurement of the direct interaction of
the screw with the concrete. Figure 2 illustrates the PSP test
set-up in the laboratory, whereas Figure 3 shows screws with
the crushed materials in between the threads collected after the
PSP test.

3

In order to investigate the repeatability of PSP test and the
effect of several influencing factors on the reliability of the test
results in the assessment, different batches of concrete and
mortar were designed. Mortar and concrete samples were
prepared using different types of aggregates in different
amounts. Concrete cube samples of 150 mm dimension are
used for conducting the PSP test; these were correlated against
100 mm cube samples that are used for determining
compressive strength of concrete. Each set of data includes 4
PSP tests and 3 compressive strength tests.
In total, 73 different mixes concrete and mortar were
prepared in the laboratory, leading to 292 PSP test with 219
compressive strength tests. Samples were tested at different
ages; 7, 14, 28 and 100 days to ensure different strength levels
of concrete. This allowed to investigate the main purpose of the
PSP test, i.e., investigation of the relationship of compressive
strength and obtained peak load from the PSP test. Three types
of coarse aggregates were used to prepare the concrete mixes:
locally available limestone, crushed brick chips, and pumice as
a lightweight aggregate. Different combination of cement
content, water-cement ratio, and coarse aggregate content were
used by offsetting the quantity of the fine aggregate content.
Locally available normal sand and crushed fines were used as
fine aggregates. Fine aggregates consisting of 2/3 normal sand
and 1/3 crushed rock fines. Maximum aggregate size in
limestone and brick chips is 20 mm, whereas in lightweight
aggregate is 14 mm.
Alongside the PSP test, rebound hammer (RH) and ultrasonic pulse velocity (UPV) test were also carried out on the
corresponding 150 mm concrete cube samples during the
investigation process. RH and UPV test were chosen due to the
popularity of these two test methods in the field of in-situ
concrete strength assessment, and were carried out on the same
samples before the PSP test. Two sets of RH and UPV test
results were obtained per mix. RH test and UPV tests were
carried out following the EN 12504-2 [6] and EN 12504-4 [7]
respectively.
4

Figure 2: Experimental test set-up of PSP test

Figure 3: Crushed materials in between the threads after PSP
test

TEST PROGRAMME

RESULTS AND DISCUSSION

The PSP test measures the peak load during the pullout of the
screw from the concrete sample following the complete pullout
failure in the concrete. The typical load displacement curve for
a PSP test (Figure 4) shows that almost all curves follow similar
pattern in which stiffness varies from strong to weak, with the
initial stiffness being almost linear. The peak load occurs
following the softening behaviour of the curve indicating the
maximum resistance of the material between the threads
against the pullout force. The curve then follows a negative
slope and the shearing of the remaining portion of materials
under the threads along the outer edge of the screw threads
continues forming a shear band. A complete shearing surface is
formed along the outer edge of the threads as the screw moves
a distance nearly equals to the pitch of the threads. The
remaining acting force resisting the movement of the screw is
a result of the possible small mechanical interlock between the
threads and the damaged materials, and friction. These forces
remain almost constant for the following screw movement.
The results of the PSP test were investigated in two ways;
first, the PSP test was investigated for its repeatability to assess
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the inherent scatter of the results associated with the test
method and second, its ability to predict the compressive
strength of concrete. Statistical analyses were performed to
determine the influencing factors affecting the test results. All
the analyses were conducted with a 95% confidence level
unless otherwise specified.

Figure 4: Typical load-displacement curve in PSP test
Repeatability of the PSP test
As per the definition of ISO 3534-1 [8], the repeatability is the
precision under the conditions where the independent test
results are obtained with the same method on identical test
items in the same laboratory by the same operator using the
same equipment within short intervals of time. ACI 228.1R-03
[9] reports repeatability as the with- in-test variation to show
the inherent scatter associated with a particular test method.
Repeatability analysis techniques mostly concentrate on the use
of coefficient of variation (CoV) for taking into account the
variability of different material characteristics, rather than the
standard deviation. CoV as the parameter of repeatability
contributes to the better understanding of the margin of
variability and dispersion of the test data. For this reason, it is
important to know how the different influencing factors affects
the CoV i.e. variability of the test results. It is to be mentioned
here that for the sake of this study, none of the obtained data
was regarded as outliers and omitted from the dataset.

resulted in lower values (mean values are around 7%, 9% and
9% respectively) in comparison to concrete with limestone
(mean value of around 16%), depicting the higher consistency
of the PSP test in mortar and concrete with softer aggregate.
Concrete with limestone aggregate shows higher variability
attributing the pronounced influence of the harder aggregate on
the PSP test.
An analysis of variance (ANOVA) was performed on the
obtained CoV to determine if coarse aggregate type had an
impact on the scatter of the peak load values of PSP test.
ANOVA analysis showed that concrete with limestone resulted
in significant difference in the CoV, unlike the mortar and
concrete with softer aggregate. As indicated by the ANOVA
analysis, no significant difference can be observed in the CoV
of peak load in the case of mortar, and concrete with brick chips
and lightweight aggregate.
Apart from the effect of aggregate type on the PSP test
results, effect of different combination of the components of the
concrete for different mixes was also investigated using the
ANOVA analyses. No significant difference of the CoV of
peak load was obtained based on the different mix designs of
mortar and concrete, the differences exist only due to chance
variation, as concluded from the ANOVA analyses. CoV was
also found to be independent of the strength of the mortar and
concrete.
Strength relationships
To investigate the effect of the various parameters on the peak
load of the PSP test, a regression analysis was performed.
Selected parameters were compressive strength, water-cement
(w/c) ratio, cement content, coarse aggregate (CA) content,
total aggregate (TA) content, fine aggregate content (FA) with
respect to total aggregate, coarse aggregate (CA) density,
particle size in the aggregate in terms of D10, D50 and D90,
and age. Results of the regression analysis with correlation
coefficient are provided in Table 1. P-value is also shown inside
the bracket indicating the significance level of the correlation
coefficient. For simplicity, a linear regression has been
assumed for the analysis.
Table 1: Correlation coefficient for each parameters

Figure 5: With-in test coefficient of variation as a function of
average screw pullout load
Figure 5 shows the with-in test CoV of PSP test as percentage
as a function of average screw pullout load. The figure
illustrates the degree of scatter in the PSP test results. Mortar
and concrete having lightweight and brick chips aggregate
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Peak load
Concrete strength
w/c ratio
Cement content
CA content
TA content
FA content
CA density
D10
D50
D90
Age

Concrete and
mortar
Peak load
1
0.852 (0.00)
-0.223 (0.029)
0.253 (0.015)
-0.080 (0.250)
-0.073 (0.271)
0.081 (0.247)
Not included
0.186 (0.057)
0.089 (0.227)
0.171 (0.074)
0.525 (0.000)

Only concrete
Peak load
1
0.865 (0.000)
-0.171 (0.104)
0.136 (0.158)
-0.151 (0.133)
-0.016 (0.454)
0.186 (0.084)
0.734 (0.000)
0.429 (0.000)
0.305 (0.011)
0.556 (0.00)
0.494 ((0.000)

From Table 1, the effect of compressive strength on the peak
load can be clearly demonstrated. When mortar is taken into
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consideration with all the concrete, no other parameters except
concrete strength and age has significant influence on the peak
load. When mortar was excluded from the datasets, coarse
aggregate density along with age and particle size of D10, D50,
and D90 influenced the peak load. The effect of particle size on
the peak load is due to the fact that lightweight aggregate
contained maximum particle size of 14 mm and also produced
lower concrete strength in comparison to concrete with
limestone and brick chips. This was confirmed by carrying out
regression analyses on the datasets of concrete with limestone
and brick chip, where the particle size does not show any
significant level of correlation with peak load.
All the obtained test results of PSP and compressive strength
tests are presented in Figure 6, showing that there is clear trend
of increase in pullout load of PSP test with the increase of
compressive strength of concrete, fc’. The effect of aggregate
type on the PSP test can be clearly demonstrated from Figure 4
and Figure 6. Different types of aggregate resulted in different
peak load depending on the elastic modulus and strength of
aggregates used in concrete. Concretes containing limestone
aggregates shows higher screw pullout load than mortar and the
concretes of similar compressive strength containing brick
chips and lightweight aggregates.
Figure 6 also includes the simple best-fit linear relationships
between the compressive strength and screw pullout load for
mortar and concrete. No attempts were made to force the
correlation lines to pass through the origin. It is evident that
concrete with limestone resulted in a higher value of screw
pullout load and lightweight concrete had lowest value, while
concrete with brick chips aggregates resulted in between the
two. Good correlations were observed for mortar and concrete
with lightweight aggregate having an R-squared value of 0.90
and 0.87 respectively. Concrete with limestone and brick chip
aggregate resulted in R-squared values of 0.80 and 0.83
respectively. All the relationships follow a similar slope, except
that of mortar. When all the datasets were combined, an Rsquared value of 0.73 was obtained. R-squared value of 0.75
was found with the datasets of all concrete only, except the
mortar.

datasets together. The R-squared value does not change
significantly in any case. To determine if the best fit line and
the line though the origin produce statistically significant
results, a paired t-test was performed. Each case, providing the
p-value of greater than 0.05, confirms that there is no
significant difference whether the relationship is taken as the
best fit line or the line passing through the origin, though the
best fit line produces a higher reliability in the strength
assessment.
Table 2: Strength relationship of PSP test

Mortar

Limestone
Brick
chips
Lightweight
All

All
except
mortar

Best fit line
Equation
R-sq
0.90
𝑓𝑐′
= 3.5629 ∗ 𝑃𝐿
− 13.7
0.80
𝑓𝑐′
= 2.7057 ∗ 𝑃𝐿
− 12.946
0.83
𝑓𝑐′
= 2.7173 ∗ 𝑃𝐿
− 7.8183
0.86
𝑓𝑐′
= 2.3023 ∗ 𝑃𝐿
− 2.6442
0.73
𝑓𝑐′
= 2.1486 ∗ 𝑃𝐿
+ 0.7825
0.75
𝑓𝑐′
= 1.9292 ∗ 𝑃𝐿
+ 2.3302

Through origin
Equation
R-sq
0.82
𝑓𝑐′
= 2.5669
∗ 𝑃𝐿
0.74
𝑓𝑐′
= 1.989 ∗ 𝑃𝐿
𝑓𝑐′
= 2.1048
∗ 𝑃𝐿
𝑓𝑐′
= 2.6276
∗ 𝑃𝐿
𝑓𝑐′
= 2.2037
∗ 𝑃𝐿
𝑓𝑐′
= 2.0906
∗ 𝑃𝐿

0.82

0.84

0.73

0.74

The strength relationships for RH and UPV test were shown
in Figure 7 and Figure 8. Again, No attempts were made to
force the correlation lines to pass through the origin. In the case
of the RH test, the obtained rebound value was found to be less
in concrete with limestone than the concrete with lightweight
or brick chip aggregates for the same of compressive strength
of concrete. This result was found to be consistent with the
results found in the literature [10]. A good strength correlation
(R-squared value of 0.88) was obtained for concrete limestone,
while concrete with brick chip and lightweight aggregate
resulted R-squared value of around 0.70. When all the datasets
are combined, an R-squared value of 0.74 is obtained.

Figure 6: Relationship between fc’ and screw pullout load of
PSP test for all mixes of concrete and mortar
Table 2 shows the strength relationship of the PSP test for the
best fit lines and the lines passing through the origin in case of
different concrete and mortar separately, and including all the
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Figure 7: Relationship between fc’ and rebound value

Lightweight
All
All except mortar

Figure 8 shows the relationship of UPV value with the
compressive strength. A clear distinction of the UPV value
based on the aggregate type can be observed for the same level
of compressive strength as UPV value mostly depends on the
density of the concrete, mostly contributed from the aggregate
particles. Concrete with brick chips and limestone separately
resulted high R-squared values (more than 0.90 in both cases),
whereas lightweight concrete resulted in R-squared value of
only 0.45. When all the datasets are combined, an R-squared
value of 0.53 is obtained. The use of RH and UPV testing has
not been proven to be successful in the assessment of
compressive strength of concrete in practice due to
uncontrolled factors on site [11], even though in many cases,
RH and UPV resulted in good correlations with compressive
strength in the laboratory [12].

Table 3 presents the statistical reliability of the PSP test in
the assessment of the compressive strength. The R-squared
values of mortar and concrete with lightweight aggregate are
high (0.90 and 0.87 respectively), compared to reasonable
value for concrete with brick chips (0.83), and the lowest value
was obtained for concrete with limestone (0.80). Mortar and
concrete with brick chips, and lightweight aggregates resulted
in low values of mean residual strength and RMSE compared
with the concrete with limestone. Absolute mean residuals
between measured concrete strength and strength estimated
from the best fit line as a measure of error were found to be less
than 5 MPa in all cases when separate strength relationship
were used. When a single relationship for the all datasets was
used, the error was found to be 5.26 MPa. When the mortar was
excluded from the dataset, the error reduced to 4.70 MPa. The
range of error can be considered reasonably good for the
empirical relationship used in the this study. Figure 9 illustrates
the residuals using the obtained linear regression models with
respect to predicted compressive strength.

Aggregates

R-sq

Mean Residual
(MPa)

RMSE
(MPa)

Mortar (No
aggregate)
Limestone
Brick chips

0.90

3.24

4.47

0.80
0.83

4.98
3.40

6.29
3.33
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2.28
6.83
6.13

CONCLUSION

The paper investigated a newly developed non-destructive test,
the post-installed screw pullout test (PSP test), for the
assessment of in-situ concrete strength. The PSP test was
developed to improve the reliability of strength assessment in a
cost effective way. In the PSP test, as the screw is pulled out of
the concrete to obtain a complete pullout failure, the concrete
under the threads crushes. The peak load at failure provides an
indication of the compressive strength of the concrete. The
purpose of the paper was to investigate the statistical variability
and reliability of the PSP test due to the influence of different
parameters for the assessment of compressive strength of
concrete. The following conclusions can be drawn from the
presented results:










Table 3: Statistical reliability of the PSP test

1.90
5.26
4.70

Figure 9: Obtained residuals versus predicted compressive
strength for PSP test
5

Figure 8: Relationship between fc’ and UPV value

0.87
0.73
0.75



The repeatability of the PSP test in terms of CoV is highly
affected by the aggregate characteristics. The harder the
aggregate particle (i.e. limestone) in the concrete, higher
the coefficient of variation of the PSP test.
The CoV of the PSP test is found to be independent of the
strength of the mortar and concrete.
The PSP test is not affected by the change in the mix
proportion of the constituents of the concrete.
The strength relationship obtained for each type of
concrete when considered separately resulted in minimum
R-squared values of 0.80. When all the datasets were taken
into consideration, an R-squared value of 0.73 was
obtained.
Mean residual as a measure of error was found to be around
5 MPa for the concrete with limestone whereas mortar and
concrete with other aggregates resulted in mean residuals
of around 3 MPa.
Strength relationships of RH and UPV test were compared
with that of PSP test, where strength relationships of RH
test and PSP test were comparable to each other. When
compared with UPV test, the PSP test showed high
reliability.
The type of coarse aggregate influences the peak load
obtained in the PSP test. Compared to the RH test, the PSP
test is not affected by the surface conditions, such as
texture, moisture, surface irregularities, and carbonation.
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The study presented in this paper shows that the PSP test can
be used as a viable method in the field of the assessment of
compressive strength of in-situ concrete. The PSP test shows
the potential to be reliable and reasonably accurate, especially
in case of concrete with softer aggregate, yet cost effective
compared to core testing and some other NDTs. This will
ultimately contribute to the reduction of the uncertainty in the
assessment of compressive strength of in-situ concrete. The
future study will consider the on-site applicability, reliability
and consistency of the PSP test for the assessment of
compressive strength of in-situ concrete.
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ABSTRACT: This study compares the physical properties and tensile behaviour of two different basalt fibre reinforced polymer
(BFRP) rebar designs. Both types are developed using basalt fibres and epoxy resin as reinforcement and matrix respectively;
composites with a constant cross section of 8 mm diameter are manufactured using a vacuum assisted resin infusion technique.
The first configuration consists of eight braided layers at various angles, while the second one combines a unidirectional core with
four outer braided layers. The latter hybrid design is introduced to improve the elastic modulus of braided BFRP reinforcement
used in concrete structures. Tensile performance of all BFRP rebars produced in UCD laboratory is numerically and
experimentally evaluated, and results for both approaches are compared. The effective longitudinal in-plane modulus (E"#$% ) and
the fibre volume fractions (φf) of each sample is calculated using the classical laminate theory and then, tensile tests are performed
in accordance to the B2_ACI 440.3R-04 standard to experimentally validate the numerical results. Initial findings indicate that
the elastic modulus of BFRP rebar can be enhanced by combining braiding with a unidirectional fibre core while a sufficient
tensile strength is obtained, but additional research towards an optimal hybrid design is required.
KEY WORDS: BFRP rebars; Braiding technique; Unidirectional fibres; Tensile behaviour; Characterisation of FRP materials.
1  

INTRODUCTION	
  

Degradation of reinforced concrete structures due to corrosion
of steel is reported as one of the main causes of structural
deficiency that severely affects structural safety of RC
elements. Harsh loading conditions and aggressive
environmental factors can largely influence the long-term
durability of structures in civil engineering applications and
eventually lead to undesired repairs, additional costs and
shorter service lives. According to IMPACT study, published
by NACE International on 2016, a total of about $2.5 trillion is
currently spent worldwide each year; approaches that have
been taken so far, like stainless steel, epoxy coating,
galvanizing procedures etc., have been found to be insufficient
to provide a viable solution in a cost-effective way [1-3].
Advanced composite materials, such as basalt fibre
reinforced polymer (BFRP), have the capacity to significantly
address this problem. Due to both their high strength-to-weight
ratio and their excellent corrosion resistance, these materials
have the potential to replace traditional steel in civil
engineering applications [4-6]. There are however limitations
that prevent their use on a larger scale, and lack of ductility is
the most significant. The tensile behavior of FRP rebars is
characterized by a linear stress-strain behaviour up to failure,
thus a direct substitution between FRP and steel rebars is not
feasible [2, 7-9].
The overall properties and durability of FRPs are strongly
dependent on the constituent materials, the composite’s fibre
and void content, the fibre-matrix interface and the orientation
of fibres, which is strongly related to the used manufacturing
technique. FRP reinforcement for concrete structures has
traditionally been manufactured using pultrusion process, a low
cost method providing composites with a constant cross section
and a smooth surface. A detailed investigation on available
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design methodologies for the optimum development of FRP
composites, suggests that a braiding technique could provide
the required performance benefits through increased ductility
and flexibility; it can also enhance the bond between FRP and
concrete, which has a direct influence on both the serviceability
and the ultimate load-carrying capacity of the structure.
Nevertheless, braided composites exhibit complex damage and
failure behavior, mainly due to their textile nature related
properties, like multiple curved yarn interfaces, resin rich areas
and nesting of different layers. As a result, a decrease on
stiffness and strength values can be observed compared to
unidirectional composites [1, 9-11]. By combining aspects of
pultrusion and braiding into a single manufacturing process, a
hybrid FRP rebar consisting of both unidirectional and off-axis
oriented fibres can be produced. The stress-strain behaviour of
the composite can be tailored by careful selection of raw
materials and architectural design for the core structure and the
braided sleeve respectively. The final part is a composite rebar
with high initial tensile strength, contributed mostly by the high
modulus unidirectional core followed by a gradual failure
process associated with the outer braided sleeve [12-14].
This study presents a combined experimental and analytical
approach for the design and development of two different basalt
fibre reinforced polymer (BFRP) rebar types, using braiding
technique and unidirectional fibre design. Mechanical
properties of laboratory manufactured composites are
numerically simulated using Classical Laminate Theory (CLT)
and tensile tests are then conducted in order to experimentally
evaluate the analytical data. Finally, comparisons are made
between the two rebar configurations towards the optimisation
of the designing and manufacturing process.
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2  

MATERIALS,	
  DESIGNS	
  AND	
  MANUFACTURING	
  METHODS	
  

Table 2. Technical designing details.

Two different types of basalt fibre reinforced polymer (BFRP)
composites for internal concrete reinforcement are developed
and mechanically characterised within this study; a fully
braided and a hybrid design.
The various raw materials used to develop BFRP rebars are
presented in Table 1. Basalt fibres (3 yarns sizes) and epoxy
resin are used as reinforcement and matrix respectively.
Polyethylene terephthalate (PET) fibres are also used to
promote resin flow on samples during impregnation process.
Table 1. Raw material properties.
Product name

Uses

Tensile
strength
(MPa)

Elastic
modulus
(GPa)

BASALTEX® - Basalt
assembled roving –
300, 600, 2400 tex 13,
17, 19 µm

Fibre
reinforcement

2800 –
4800

87 - 89

M183 semi-dull round
- PET Monofilament

Impregnation
aid

57 – 60

10

Resin

65.5 –
73.5

Easy Composites - IN2
Epoxy infusion resin/
Slow cure

2.95

BFRP preforms in two different configurations are designed
and manufactured in Burgmann Packings Ireland, using (i) a
pure braiding technique and (ii) a combined approach with a
unidirectional fibre core. In particular, the desired rebar
configuration consists of a braided or unidirectional core, one
or two layers of PET material to promote resin flow, and outer
finishing braiding layers to achieve the desired structural
geometry. The target is a solid braid of circular cross section
with an outer diameter (OD) of 8 mm. In Figure 1, a complete
BFRP preform along with resin impregnated rebars are
presented, while in Table 2 design details are illustrated.

Layer
1
2
3
4
5
6
7
8

OD
1.6
2.7
4.0
4.9
5.6
6.5
7.2
7.9

Angle
12
16
17
12
14
16
45
40

BFRP 2 - 8 mm
Layer
Material
Yarns
OD
Angle
Core
2400
10
4.4
0
1
PET
24
5.3
30
2
600
8
5.8
45
3
600
8
6.5
45
4
600
12
7.2
45
5
600
12
7.8
45
* Note: All values are an average of readings taken at several
locations of manufactured samples; OD: Outer diameter (mm);
Braid yarns: Basalt (TEX), PET Monofilament; Angle (°).
A vacuum assisted resin infusion method (VARIM) is
selected for producing all BFRP specimens. The main reason
for that is the minimization of both void content and dry spots
in the composite, as well as final rebar products with high fibre
content. This method involves placing the preform inside the
aluminum mould, which is then completely sealed, and
immediately after, epoxy resin is infused using a vacuum. A
post-curing procedure is then followed to ensure the
composite’s quality; the rebar is placed in the oven for 6 hours
in 60 °C after 24 hours in room temperature environment. The
preforming methods and impregnation procedures were
accordingly adjusted in order to reduce defects and optimize
the process.
Moreover, a theoretical numerical approach based on CLT
was developed to determine the stiffness properties of braided
composites, calculating the effective longitudinal in-plane
modulus (E"#$% ) and the fibre volume fractions (φf) of each
braided sample [7, 15, 16].
3  

Figure 1. (a) BFRP rebar preform, (b) Resin impregnated
composite rebars.

BFRP 1 - 8 mm
Material
Yarns
300
8
300
16
600
16
PET
32
PET
32
300
16
600
16
600
24

MECHANICAL	
  CHARACTERISATION	
  -‐	
  TENSILE	
  TESTS	
  

The tensile properties of the manufactured BFRP rebars are
determined by testing three representative specimens for each
configuration in accordance to B2_ACI 440.3R-04/ ASTM
D7205 standard. All tests are performed at room temperature
with an Instron 500 Universal Testing Machine of 500 kN
capacity, by displacement control and constant loading rate of
1 mm/min. Throughout the whole duration of the test, the
applied load, displacement and specimen elongation are
electronically recorded. More specifically, an Epsilon 3543100M-100M-ST Axial Extensometer (100 mm gauge length)
attached on the mid-length position of the rebar is used to track
the specimen’s elongation. Notched metallic jaws are used in
order to properly align the sample in the testing machine.
During each test, specimen should fail in the test section and
slippage should be avoided throughout the length of the
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anchors. This is the reason for introducing a special anchoring
system prepared in UCD laboratory; the initial length, Ls, of
each specimen is 950 mm and both ends are embedded into
steel tubes with grip length of 300 mm, La, using an anchor
filler material - a 1:1 mixture by weight of epoxy resin and
clean sand - along with 3D printed caps for alignment (Figure
2). Mechanical treatment - surface sanding - of specimen’s ends
before mounted into the anchorage is performed to promote
adhesion of the rebar with the filler material.

Figure 2. Special anchorage system with specimen dimensions
and sensor location.

Table 3. Test results for the two BFRP composite rebar
designs.
Sample no
OD (mm)
Fibre Volume Fraction
(%)*

BFRP 1

BFRP 2
8

51.63

48.96

Aver./ CoV
Maximum Load (kN)
17.84/ 0.01
17.38/ 0.03
Ultimate Tensile
354.99/ 0.01
345.73/ 0.03
Strength (MPa)
Maximum
10.09/ 0.05
10.50/ 0.06
Displacement (mm)
Ultimate Strain (%)
2.59/ 0.06
2.50/ 0.10
Elastic Modulus (GPa)
14.76/ 0.02
14.27/ 0.06
* Note: Numerically calculated using CLT approach

A total of 6 specimens from 2 different rebar configurations,
described on Table 2, are mechanically tested within this study.
The sample size is statistically acceptable, as the low
coefficients of variation (CoV) ensure the consistency of
obtained data. For both series of tests, the average value,
standard deviation, and coefficient of variation for each
property is calculated. Stress-strain curves are generated for
each sample from the load and strain measurements recorded
from the extensometer. The tensile strength of the specimens is
calculated according to the following equation:

	
  𝑓( = 𝐹( /𝐴

(1)

where fu is the tensile strength (MPa), Fu is the tensile capacity/
measured load (N) and A is the rebar’s cross-sectional area
(mm2).
The tensile modulus of elasticity is taken as the linear
regression of the data points from 20 to 50% of the rebar’s
tensile strength and is given by the following equation:

𝐸 = (𝑓/ − 𝑓1 )/((𝜀/ − 𝜀1 )𝛢)

(2)

where E is the tensile modulus of elasticity (GPa), A is the
cross-sectional area (mm2), f1 and f2 are the applied stresses
corresponding to about 50% and 20% of the ultimate tensile
strength, respectively, and ε1 and ε2 are the corresponding
strains [17, 18].
4  

RESULTS	
  

The results of tensile tests on laboratory manufactured fully
braided and hybrid (UN core) BFRP rebars are summarized in
Table 3. The critical properties of maximum load and
displacement, ultimate tensile strength, strain and elastic
modulus per configuration are represented by average values
with a sample size of 3. The consistency of results is guaranteed
by the relatively low coefficients of variation (CoV) for each
measured property, less than 0.1% for all configurations. All
specimens failed within the test section area, demonstrating a
successful grip system.
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Figure 3. Stress – Strain curves for all manufactured BFRP
rebars with an outer diameter of 8mm.
Figure 3 shows the tensile stress-strain curves for all six
specimens of different configurations. The tested rebars
showed a linear elastic stress–strain relationship up to failure,
typical for all FRP products. Comparing the different design
approaches, a similar mechanical behaviour is noticed; as the
fibre volume fractions are increased from 48.96 % to 57.76 %,
the elastic moduli are also increased from 1427 % to 14.76 %.
Both samples exhibited a tensile strength comparable to the one
of general steel bars (~ 400 MPa) and the maximum value 354.99 MPa - obtained for the fully braided configuration. In
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addition, the tested specimens showed a strain at failure ranging
from 2.50% to 2.59%, almost the same as the 2.5% provided by
Elgabbas et al. (2015) for pultruded BFRP bars. Brittle fracture
types were noticed on all BFRP rebars, as shown in Figure 4.

Figure 4. Micrograph of tested BFRP bars - Observed
failure modes.

Figure 5. Tensile modulus of elasticity (𝐸5678 ) for the two
different rebar designs - Experimental vs CLT results.
Analytical results gained from Classical Laminate Theory
(CLT) calculations [1, 7] have been correlated with average
values of 3 test results for each composite rebar design. Figure
5 shows both the experimentally obtained and the numerically
calculated tensile modulus of elasticity, E"#$% , for the two
different BFRP rebar configurations. The predicted modulus
for the fully braided design – BFRP 1 - is much higher (33.98
GPa) than the test data (14.76 GPa) and overestimate stiffness,
whereas the one for the BFRP 2 design - unidirectional core &
outer braided layers – is slightly lower (12.96 GPa) than the
experimental results (14.27 GPa). CLT method has limitations
for use with braided-reinforced composites and is mostly
applied to unidirectional fibres designs, where the influence of
undulations and orientations of yarns are not taken into
account. More specifically, this method relies on the
assumption of homogeneous strain and stress distributions in a
uniaxial specimen; it applies symmetric properties to braided

composites, that do not actually exist, and does not allow any
prediction of their locally varying out-of-plane properties.
5  

CONCLUSIONS	
  

This paper focuses on the development and characterisation
of BFRP composites for internal concrete reinforcement, using
both braiding and hybrid designs. More specifically, the aim of
this work is to develop an understanding of the mechanical
behaviour of composite rebars and correlate it with design and
manufacturing process. Two different BFRP rebar design
methodologies are introduced in order to obtain similar stressstrain characteristics of steel and maintain ductility in
reinforced concrete structures. Both configurations - circular
cross section with an outer diameter of 8 mm - are
manufactured using either only braiding technique or a
combination of high modulus unidirectional fibre core and an
outer multilayer braided sleeve, along with a vacuum assisted
resin infusion process. The experiments include tensile testing
of all manufactured specimens according to B2_ACI 440.3R04 and ASTM D7205 standard test methods. In particular, the
mechanical response and the stiffness of both braided and
hybrid BFRP composites is experimentally evaluated and
compared with results from CLT numerical analysis.
The results demonstrate a clear dependency of modulus and
strength on both designing parameters, like core architecture,
no of layers, angle, yarn size, no of carriers, and fibre volume
fraction. The mechanical response is mainly dominated by the
fibre architecture, which significantly affects localized
properties, crack propagation and load redistribution in the
material. The maximum tensile strength obtained, is
comparable to the one of steel and both design approaches
exhibited similar mechanical behaviour, although hybrid types
can reach higher values with improved fibre volume fractions.
There are also significant discrepancies between theoretical and
experimental values for tensile properties on the fully braided
type, mainly due to the anisotropic nature and out-of-plane
properties of braided composites. The CLT method was instead
able to predict the elastic modulus of the hybrid type to a
satisfactory degree.
In general, the results obtained contribute to a further
understanding on the various available design approaches for
FRP composite rebars and their properties. Additional work
towards an optimal FRP rebar design should be conducted,
taking advantage of both the design flexibility and the wide
availability of manufacturing processes. Moreover, a more
detailed investigation on the mechanical properties of FRP
composites is essential in order to assess the relation between
manufacturing parameters and rebar performance for improved
rebar design and thus, to generate more confidence on the use
of this innovative material in civil engineering applications.
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ABSTRACT: “Using truck sensors for road pavement performance investigation” is a research project within TRUSS, an
innovative training network funded from the EU under the Horizon 2020 programme. The project aims at assessing the impact
of the condition of the road pavement unevenness and macrotexture, on the fuel consumption of trucks to reduce uncertainty in
the framework of life-cycle assessment of road pavements.
In the past, several studies claimed that a road pavement in poor condition can affect the fuel consumption of road vehicles.
However, these conclusions are based just on tests performed on a selection of road segments using a few vehicles and this may
not be representative of real conditions. That leaves uncertainty in the topic and it does not allow road mangers to review the
current road maintenance strategies that could otherwise help in reducing costs and greenhouse gas emissions from the road
transport industry.
The project investigated an alternative approach that considers large quantities of data from standard sensors installed on trucks
combined with information in the database of road agencies that includes measurements of the conditions of the road network.
In particular, using advanced regression techniques, a fuel consumption model that can take into consideration these effects has
been developed.
The paper presents a summary of the findings of the project, it highlights implications for road asset management and the road
maintenance strategies and discusses advantages and limitations of the approach used, pointing out possible improvements and
future work.
KEY WORDS: Fuel Consumption; Road Performance Evaluation; Big Data Analysis; TRUSS ITN.
1

INTRODUCTION

In the past several studies focused on assessing the impact of
road surface unevenness and macrotexture on vehicle fuel
economy (Beuving et al., 2004). This could be of particular
interest for governmental authorities and road managers since,
if a certain amount of fuel is consumed due to the poor
condition of the road surface, maintenance would represent an
opportunity for road agencies to reduce costs and the
emissions of pollutants from road vehicles significantly.
Recent studies, for example, stated that road unevenness
and macrotexture can affect up to 5% of fuel consumption
(Beuving et al., 2004; Chatti and Zaabar, 2012). That could
mean that road maintenance may allow the United States to
reduce costs by $400 billion and the United Kingdom by £1
billion (with current fuel prices). This, at global level, implies
huge possible reduction of costs and emissions from the road
transport industry. An opportunity that cannot be neglected.
However, currently road maintenance policies do not
account for the extra costs and environmental impact that the
poor state of the road infrastructure can generate (Beuving et
al., 2004; Chatti and Zaabar, 2012; EP, 2014). This is mainly
due to the fact that different studies show different results and
because study data are not considered reliable. In the past,
researchers collected data by testing a few vehicles driven at a
constant speed or performing coast-down measurements on
selected and short road segments. Therefore, what still
remains unclear is: are those experimental data really
representative of real driving conditions at network level?

Because of this uncertainty road maintenance strategies
cannot be currently justified and road managers do not
account for the direct and indirect costs that the condition of
the road surface can generate for society when making
decisions towards road maintenance.
“Using truck sensors for road pavement performance
investigation” is a project funded by the European Union
under the Horizon 2020 programme within the TRUSS ITN
framework (visit www.trussitn.eu for more information). The
main aim of the project is to assess the impact of road surface
characteristics, such as unevenness and macrotexture, on
vehicle fuel economy.
Large quantities of data from trucks driving all across the
UK are analyzed in the project and used to model the excess
fuel consumption affected by the condition of the road
surface. A ‘Big Data’ approach is undertaken combining
advanced statistics and machine learning techniques to point
out complex correlations across the data and in particular
between fuel consumption of the considered vehicles and road
surface properties (Perrotta, Parry and Neves, 2017c, 2017b).
This represents the main difference with previous studies and
testing the feasibility of this innovative approach represents
one of the main contributions of the study.
A new fuel consumption model has been developed based
on data that comes directly from vehicles driving across the
UK. This allows the model to be continuously updated and
representative of real driving conditions. This gives to road
managers a new method to test the performance of the road
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infrastructure in terms of vehicle fuel economy in almost real
time. That will help engineers in justifying a review of the
current road maintenance policies and drivers in selecting the
most eco-friendly route between two locations making the
road transport industry more efficient.
The paper summarizes results of the project, highlighting
implications for road asset managers and discussing
advantages and disadvantages of the developed method and
possible future developments.
2

DATA

Data about the performance of trucks come anonymized from
the database of Microlise Ltd. Microlise is a company that
offers fleet management services to its clients by collecting,
storing and analyzing data from any vehicle type but mostly
from trucks. In fact, in accordance to SAE J1939 (SAE
International, 2016) modern trucks are equipped with many
sensors that constantly monitor the performance of this
vehicle type.
The data include characteristics of the vehicle itself (e.g. type
of truck, number of wheels, manufacturer, etc.), vehicle speed,
engine parameters (e.g. used torque and revolutions), GPS
location and fuel consumption to the nearest 0.001 liter among
other parameters and is collected every minute or mile (that is
~1609 m). By analyzing these data, Microlise helps its clients
(e.g. big chains of supermarkets, multinational delivery
companies, truck manufacturers, etc.) in optimizing the
operational costs of their vehicle fleets. That can be in regards
to fuel consumption, maintenance of vehicles, training of
drivers, optimization of delivery time, etc.
On the other hand, road agencies periodically collect data to
analyze the performance of their infrastructure and to inform
their decisions towards maintenance of road pavements. These
data include road geometry (e.g. gradient, crossfall, radius of
curvature, etc.), materials used to build (or rehabilitate) road
pavements, measurements of road unevenness and
macrotexture, skid-resistance, etc.
These data combined represent an opportunity to model fuel
consumption with the possibility of modelling the excess of
fuel spent because of the conditions of the road surface. This
in the past has been done using experimental data and fuel
consumption has been modelled using a physical/mechanistic
approach (e.g. Emma Benbow, Brittain, & Viner, 2013; Chatti
& Zaabar, 2012). A new challenge for future work would be
to model fuel consumption and the excess of fuel spent based
on data from vehicles driving under real driving conditions
and in situations representative of the whole network.
Previous studies on the topic typically used measurements
of IRI (International Roughness Index) for road unevenness
and MPD (Mean Profile Depth) for macrotexture. However,
in UK, road unevenness is measured as Longitudinal Profile
Variance (LPV) at 3, 10 and 30 meters wavelength and
macrotexture is measured as Sensor Measured Texture Depth
(SMTD). Benbow, Nesnas, & Wright (2006) and Viner et al.
(2006) established that these unevenness and texture
parameters are closely related.
Measurements are taken at high frequency by a diagnostic
vehicle thanks to the lasers and standard sensors installed on it
(Highways Agency, 2008). The data is stored in the Highways
Agency Pavement Management System (HAPMS) and can be
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accessed through authorization of Highways England, the
strategic road agency in England.
3

METHODOLOGY

This section describes the techniques and methods used in the
project to analyse data and construct the fuel consumption
model. First this section introduces the methodology applied
to clean the data and enrich information from the truck fleet
management system with data from the HAPMS.
Then, it focuses on variable selection and on the techniques
used for assessing the significance of correlation between road
surface characteristics and truck fleet fuel consumption.
Finally, techniques used to build the developed model and
make estimates of the effect of the road surface conditions on
the amount of fuel spent by the considered fleet of trucks are
described.
R ver. 3.4.1 (CRAN, 2017) is the main software used for
analyzing the data, with ‘glmnet’ (Friedman et al., 2017),
‘caret’ (Kuhn, 2017), ‘e1071’ (Meyer et al., 2017),
‘randomForest’ (Liaw et al., 2017), and ‘neuralnet’ (Fritsch, et
al., 2016) as main packages used within the project.
Data mining
As this project represents an initial study which aims at testing
the feasibility of a ‘Big Data’ approach for assessing the
impact of road surface characteristics on vehicle fuel
consumption, a few assumptions have been made in order to
simplify the data analysis and reduce the effect of nonlinearity
on the fuel consumption of the considered fleet of trucks. For
this reason, only data from heavy trucks driving at constant
speed (+/- 2.5 km/h) and collected on motorways (at relatively
high speed, ~70-100 km/h) have been analysed. These filters
reduce the amount of data available from more than a million
rows to a few thousands, which still represent a significant
amount of data rarely examined in the literature before.
Variable selection
In regression analysis one of the most delicate and
controversial phases for modelling is the selection of
predictors. In fact, identifying causation and distinguishing
that from correlation is not an easy task and may require time
and multiple tests. For this reason and because linear
regression was initially used to model fuel consumption in a
first phase of the project, statistics like the Pearson’s
correlation coefficient, the Akaike Information Criterion
(AIC) (Akaike, 1974), and analysis of p-values and the
adjusted-R2 were used to select the best predictors that
increase accuracy and reliability of the developed model.
Although these statistics can be used when dealing with linear
regression, recent studies showed that these do not always
work well, especially when the data comes in large quantities,
from different sources and may hide highly non-linear
correlations (Lew, 2013; Baker, 2016).
For this reason, alternative statistics and mathematical
methods have been used and tested in combination. in order to
obtain more accurate and reliable results.
In particular, methods such as:
- the Lasso (least absolute shrinkage selection operator)
(Tibshirani, 1996), a method similar to linear regression
that performs variable selection through regularization
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with the aim of enhancing interpretability and accuracy
of the developed models (James, et al. 2013);
- Principal Components Analysis (Pearson, 1901;
Hotelling, 1933), a statistical method based on
orthogonal transformation commonly used in
regression analysis for dimensionality reduction and
feature selection (Song, et al. 2010),
- Random Forests (Breiman, 2001), a machine learning
method based on the theory of decisions trees
(Breiman, et al. 1984) commonly used to solve
complex classification or regression problems and that
is able to perform variable selection;
- and, Boruta Algorithm (Kursa and Rudnicki, 2010), an
evolution of the random forests method specifically
designed for variable selection.
have been used to identify the predictors that give the highest
correlation with fuel consumption, that increase accuracy and
reliability of the developed model, avoiding overfitting.
Modelling
In the first phase of the study various attempts at fitting a
linear regression to the data have been performed (Perrotta et
al., 2017; Perrotta, Parry and Neves, 2017c, 2017a) with
variables that have been selected by analyzing the Pearson’s
correlation coefficients, p-values, adjusted-R2, AIC and Lasso.
Selection of the best predictors to use in the developed models
results from an analysis and comparison of all of these
statistics listed and causation identified based on the findings
of experimental studies (e.g. Emma Benbow et al., 2013;
Chatti & Zaabar, 2012).
In the second phase of the project, due to the high quantity
and variety of data available application of machine learning
has been tested for modelling the fuel consumption of the
considered fleet of trucks and performance compared to the
linear regression model developed in the first phase. In fact,
using machine learning algorithms allows non-linear
correlations, avoiding overfitting and issues related to the
multicollinearity of predictors. That allows for example, to
consider the effect of different wavelengths of unevenness on
fuel consumption that may vary in different situations (e.g.
different vehicle speed).
For instance, in this second phase of the project, three
different models have been developed using different machine
learning techniques (Perrotta, Parry and Neves, 2017b, 2018).
A Support Vector Regression (SVR) (Gunn, 1998), a Random
Forest (RF) (Breiman, 2001) and a back-propagation Artificial
Neural Network (ANN) (Goh, 1995) models have been
developed. The methods have been chosen as it was found in
the literature that these have already been used for modelling
the fuel consumption of road vehicles successfully (e.g.
Laxhammer & Gasc´on-Vallbona, 2015; Xu & Zhao, 2010;
Zeng et al., 2015). However for different tasks it is not
possible to know a priori which method works best and
performance may vary based on the accuracy and quantity of
the data available. For this reason, all three methods have
been tested and performance compared in terms of root-mean
squared error (RMSE), mean absolute error (MAE), R 2 and
calculation time.
Due to the way machine learning algorithms work they need
to be trained and fed with data before they can give accurate

and reliable estimates (James et al., 2013; Ng, 2018). Usually
the higher the amount of data fed for training and the higher
the performance of the developed machine learning model
(Ng, 2018). However, sometimes performance of the model
can depend on how the data is split and generate overfitting
(James et al., 2013; Ng, 2018). Crossvalidation (James et al.,
2013) is used in order to avoid that.
In the project ten-fold crossvalidation was used in order to
develop the SVR, RF and ANN models. This consists in
repeating the training process ten times with different subsets
of data in order to test the variability of results for different
training sets. Constant performance of the model among the
ten trials prove that results do not depend on how the data is
split and that bias is spread homogenously across the data.
Initially, a 4 ± 2.5 % set is extracted from the data. That is
used to test the performance of the developed models. This is
chosen as containing records from trucks that are not included
in the rest of the data (96 ± 2.5 %). Similarly, 25% of the
remaining data is used for validation and 75% for training.
The fact that training, validation and test sets do not contain
data from the same trucks allows to test the ability of the
developed models to generalize patterns and correlations
through the data, avoiding overfitting.
One of the major criticisms in Engineering in regards to the
use of machine learning models such as SVR, RF and ANN is
the fact that these work as black-boxes and have low
interpretability in comparison to linear regression or physical
based models. For this reason, a parametric analysis has been
conducted in order to ‘open’ the black box and see how SVR,
RF, and ANN approximate the correlation between predictors
and fuel consumption. This consists of using SVR, RF and
ANN to predict the fuel consumption of trucks for fifty
different values of each of the considered variables. The
values are chosen to be evenly distributed within the 5 th and
95th percentiles of the distribution of the considered predictor.
While the value of one predictor changes all others are set to
their average.
4

RESULTS

In the first phase of the study, a multiple linear regression
model has been developed using data from different truck
fleet systems. This was to try to understand the type of
information available and explore opportunities within the
data.
For example, in one of these initial studies 1420 records
from 260 trucks, driving at constant speed on the M18, a
motorway in UK, have been analyzed. The data were used to
develop a linear model of fuel consumption with
measurements of unevenness and macrotexture among the
predictors.
In particular, the model presented in (Perrotta, Parry and
Neves, 2017c) has equation:
FC = 62.42 + 0.00024 GVW + 14.84 g% – 0.57 s +
0.26LPV10 + 0.87SMTD

(1)

where FC is fuel consumption (in l/100km), GVW the gross
vehicle weight (in kg), g% the road gradient (in %), s the
vehicle speed (in km/h), LPV10 unevenness as longitudinal
profile variance at 10 m wavelength (in mm2), and SMTD
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macrotexture sensor measured texture depth (in mm), see
Figure 1.

thirty metres wavelength (i.e. LPV03, LPV10 and LPV30)
and measurement of the macrotexture of the road pavement
(SMTD). These have been identified to significantly impact
the fuel consumption of the considered fleet of vehicles
(Perrotta, Parry and Neves, 2017b) by using the random forest
algorithm for variable selection (Breiman, 2001).

Figure 1. Fit of the linear model. Adapted from (Perrotta,
Parry and Neves, 2017c).
Performance of the model in terms of RMSE, MAE and R 2
are summarized in Table 1:
Table 1. Summary of performance of the model presented in
(Perrotta, Parry and Neves, 2017c).
RMSE
7.80

MAE
5.55

R2
0.68

For the considered fleet of trucks the model estimates that
3% of fuel consumption is affected by LPV10 (unevenness)
and 5% by the SMTD (macrotexture) of the road surface. As
predictors, the model contains only 5 of the 45 variables
available. These have been chosen based on the AIC and
adjusted-R2 statistics. Similar results have been obtained
previously with other samples of data (Perrotta et al., 2017;
Perrotta, Parry and Neves, 2017a).
In the second phase of the study, application of machine
learning to fuel consumption modelling of the considered fleet
of trucks have been performed.
In this study (Perrotta, Parry and Neves, 2017b), 14,281
records from 1110 articulated trucks driving along the whole
M18 and part of the M1 (probably the most important
motorway in UK and part of the strategic road network in
England) for a total length of ~300 km of road were
investigated.
The study investigated the capabilities of three machine
learning techniques and their performance compared to those
of the linear regression performed on the same data. In
particular, the developed machine learning models are a SVM,
a RF and an ANN (Perrotta, Parry and Neves, 2017b). The
models contain 14 out of 56 variables initially available that
include the gross vehicle weight, the road gradient, radius of
curvature of the road, the vehicle speed, average acceleration,
engine parameters such as revolutions and torque (at start and
end of the record), gear used, activation of cruise control
(0/1), measurements of road unevenness at three, ten and
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Figure 2. Fit of the ANN model published in (Perrotta, Parry
and Neves, 2017b) and comparison with a linear regression
model developed using the same data.
Figure 2 reports the fit of the developed ANN model and
compares it to the fit of linear regression for the same data.
Ten-fold crossvalidation is performed on the machine learning
models for training but only one of the models is shown in the
Figure. Due to the fact that machine learning algorithms need
training before they can be used for making any estimate on
new situations three colors are used in order to distinguish
estimations made by the developed model on the training,
validation and test sets.
Performance of the models in terms of RMSE, MAE and R2
(for test sets and averaged on the ten crossvalidation processes
for the ANN) are summarized in Table 2.
The authors show also that the RF model gives the highest
performance in terms of RMSE, MAE and R2, slightly better
than the ANN (i.e. R2 = 0.87). However, this is also the model
that requires the highest crossvalidation time for training
(double that required by the ANN).
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Table 2. Summary of performance of the ANN model
presented in (Perrotta, Parry and Neves, 2017b) and
comparison with performance of a linear regression model
built on the same data.
Model
Linear reg.
ANN

RMSE
6.02
4.88

MAE
4.42
3.46

R2
0.76
0.85

Finally, estimation of the effect of road surface conditions
on fuel consumption can be computed by performing a
parametric analysis. Figure 3 reports some examples of
parametric analysis performed on the linear regression and
ANN model developed.

Figure 3. Examples of a parametric analysis and comparison
of estimates between the linear regression and machine
learning models developed in (Perrotta, Parry and Neves,
2017b).
This allows to compute the effect of each of the considered
variables on vehicle fuel consumption for the fleet of trucks
analyzed and also makes the developed SVR, RF and ANN
partially interpretable.
5

CONCLUSIONS

Results of the project show great potential for the ‘Big Data’
approach to be used for modelling the fuel consumption of
road vehicles including the possibility of estimating the
influence that road surface characteristics have on this.
Initial results showed that a linear regression of the
variables is able to predict the fuel consumption of the
considered fleet of trucks and that this is able to estimate the
impact of each of the single variables used as predictors on
fuel consumption. This allows to estimate the impact of road
surface properties on vehicle fuel economy that has been

assessed at approximately 3% - 4% for road unevenness
(LPV10) and at 1.25% - 5% for macrotexture (SMTD)
(Perrotta et al., 2017; Perrotta, Parry and Neves, 2017a). This
substantially confirms results reported by experimental studies
(Sandberg, 1990; Beuving et al., 2004; Chatti and Zaabar,
2012) and gives more confidence in the used approach.
However, the fact that linear regression is not reliable for
very large quantities of data, it does not allow to identify and
estimate non-linear effects and it cannot consider nonnumerical or non-continuous variables, represent limitations
that can be overcome by using machine learning. This is why
in the second part of the project performance of SVR, RF and
ANN have been investigated.
Results show that machine learning is able to outperform
linear regression, in terms of RMSE, MAE and R2 and that
inclusion of more data and types of measurements could allow
the developed models to further improve in precision,
accuracy and reliability of estimates.
One issue presented by machine learning algorithms is the
time required for training that increase with 1) the number of
repetitions used for crossvalidating the model, 2) quantity of
data analyzed and 3) complexity of the structure of the model
used. However, this remains lower than the time required to
organize, perform and analyze data from experiments that was
the approach used in the past (e.g. Chatti & Zaabar, 2012).
Exploration of a wider range of vehicle types and
investigation of a more extensive road network could help in
obtaining results representative of real driving conditions in
UK. That will improve applicability of the study and may help
engineers in justifying a review of the current road design and
maintenance strategies that may help highway authorities in
reducing the emissions of pollutants from the road transport
industry and save significant costs.
Also, performing a sensitivity analysis (Cortez and
Embrechts, 2013) could allow to improve interpretability of
the results helping in further testing the reliability of the
obtained estimates.
In future, when data for different vehicle types will be
available and accessible, this approach could help engineers in
estimating the excess costs and environmental impact that the
conditions of the road surface have on vehicle fuel economy
and inform their decisions towards road design and
maintenance of the road surface. That would be important to
consider also for electric vehicles since batteries could last
longer on smoother road pavements and possibly increase the
distance that a vehicle can travel with a single charge.
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Vibration tests of an underwater free-standing 2-rack system
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ABSTRACT: Nuclear power plants are responsible of the spent fuel management. Closely spaced racks submerged in a pool are
generally used to store and to cool the nuclear fuel. A free-standing design allows to isolate the rack base from the pool floor and
therefore to reduce the impact of seismic loads. However, the seismic response of free-standing racks is difficult to predict
accurately using theoretical models given the uncertainties associated with inertial forces, geometrical nonlinearities and fluidstructure interactions. An ad-hoc analysis methodology has been developed to overcome these difficulties in a cost-effective
way, but some dispersion of results still remains. In order to validate the analysis methodology, experimental tests are carried
out on a scaled 2-rack mock-up equipped with fake fuel assemblies. The two rack units are submerged in free-standing
conditions inside a rigid pool tank and subjected to accelerations on a unidirectional shaking table. A hydraulic jack induces a
given acceleration time-history while a set of sensors and gauges monitor the transient response of the system. Accelerometers
track the acceleration of the pool and units. Load cells measure the impact forces on the rack supports as well as the fluid forces
at the centre of the rack faces. Video cameras record the transient displacements and rotations. Results provide evidence of a
water-coupling effect leading to an in-phase motion of the units.

KEY WORDS: Vibration tests; Free-standing; Rack; Water coupling.
1

RACK SEISMIC RESPONSE

Racks are metallic structures formed by a rigid pedestal and
an array of rectangular parallelepiped storage cells. Rack units
rest submerged in free-standing conditions spaced by only a
few centimeters on the bottom of the spent fuel pool. The
clearance space is essentially limited by the possible collision
between units during an earthquake event. Seismic
accelerations are actually transmitted from the pool to the rack
units though friction on supports and compression of the water
volume. Hence, each base-isolated rack undergoes a complex
3D motion relative to the pool including sliding, rocking,
twisting and turning. Moreover, fuel assemblies are free to
rattle inside their storage cell hitting the cell walls and
affecting the motion of the units. It is anticipated that both
motions involve inertial and viscous forces as well as fluidstructure interactions.

The rack seismic response is highly sensitive to variables
related to geometry, load, excitation, friction, damping, etc.
An accurate estimation of this response is essential to achieve
a safe pool layout and a reliable structural design. The United
States Nuclear Regulatory Commission has issued overall
design requirements and licensing acceptance criteria for their
performance [1-3]. However, the rack seismic response is
difficult to predict given the uncertainties associated with
inertial forces, geometrical nonlinearities and fluid-structure
interactions. An ad-hoc analysis methodology has been
developed to overcome these difficulties in a cost-effective
way, but some dispersion of results still remains. This
uncertainty not only comes from the input data, but also from
the assumed modeling properties and the user-defined solution
controls [4].
In order to validate the modeling and analysis procedures,
vibration tests are carried out on a scaled 2-rack mock-up
equipped with fake fuel dummies. Transient rack
accelerations and displacements, impact forces and
hydrodynamic pressures are recorded. The experimental
response and numerical simulations will be compared to
provide insight on the error of the analysis methodology.
2
2.1

Figure 1. Spent fuel pool equipped with 2 rack units

PHYSICAL MODEL TESTS
Scaled 2-rack mock-up

A vibration tests campaign is carried out by a Spanish joint
collaboration between Instituto de Hidraulica de Cantabria
and Equipos Nucelares S.A. [5]. It enlarges the previous
experimental studies on isolated racks [6-13] and places focus

770

CERI-ITRN2018

on the interactions between more than one unit. Hence, a
functional scaled 2-racks model is tested on a unidirectional
vibration table for different initial configurations. Both units
are allowed to move on their own. Figure 2 shows the
physical model including the vibration table, the pool tank and
the mockups of the rack units and fuel assemblies. The
vibration table is equipped with a hydraulic jack able to apply
a unidirectional excitation shaking at the required frequency
and amplitude. For practical reasons, a reduction scaling
factor needs to be applied to the physical model in order to
reduce its size. Then, all geometric dimensions are multiplied
by 1/3. In addition, time is compressed (1/√3) and masses
lightened by the factor 1/3^2. Such a similarity law respects
both accelerations and densities and avoids problems related
to scaling gravitational effects and water properties. The rest
of physical dimensions defining the model can be derived
from these three fundamental similarities.

12 fuel dummies. The base-isolation is achieved by pad
supports sliding over the metallic liner of the pool floor.
Friction coefficient is obtained from experimental test of the
contacting plates in an inclined angle. Table 1 gives the most
representative variables.
Table 1 Variables characterizing the mockup
Variables
Units
Value
Comments
2
Seismic accelerogram
m/s
Fig.4
Measured A1
Rack submerged mass
kg
500
Weighed
Fuel submerged mass
kg
1900
Weighed
Horizontal eigenHammer
Hz
16
frequency
impact test
Vertical eigen-frequency
Hz
90
FE analysis
Rack-Pool friction
0.25
Measured
coefficient
Fuel-Cell gap space
mm
6.40
Measured
4
Fuel beam inertia
m
8.25E-8
Measured
2.2

Data acquisition system

Experimental data is collected by multiple sensors placed at
different locations all over the pool. Figure 3 represents a
section along the symmetric XY plane to illustrate their
location.

Z
X

Figure 2. Rack and fuel mockups inside the pool tank
It is noted that only the lower part of the real pool is modelled.
According to the Housner approach [14], racks are submerged
in the impulsive region where the water volume moves in
unison with the tank, far enough from the influence of the
convective component. Hence, the pool must be covered to
avoid head loses related to free surface sloshing. The cover
does not pressurize the volume but it leaves a 35 cm sheet of
water over the rack units. Such a water thickness is considered
sufficient to simulate the 3D flow disturbances caused by the
bending of streamlines around the rack edges. Computational
Fluid Dynamics (CFD) analysis confirms the limited influence
of surface sloshing even for reduced pool dimensions [15].
The physical model is designed to represent the real pool
conditions. Pool walls and supports are heavily reinforced to
increase their rigidity and avoid resonance with the racks
motion during the shakings. The ensemble table-pool is
therefore considered as a rigid body. The mock-ups of the
racks aim to preserve the natural frequencies of the original
structures. Each rack mockup adds up to 4x3 cells containing
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Figure 3. Pool section view with the location of the sensors
The following instrumentation is available:
• An accelerometer (A1) is boarded on the vibration
table to track the acceleration time-history of the
shaking table in x direction,
• A load cell (LC1) is placed at the contact between
the rack support and the pool floor. It measures the
vertical reaction along the test,
• Pressure sensors (P1-P7) record the hydrodynamic
pressures at different locations on the rack sides as
well as on the pool walls,
• Several video cameras (CAM) attached to the
vibration table film the motion of respective targets
through transparent windows on the pool walls. They
return the 3D relative displacements and rotations of
the rack units.
2.3

Seismic loading acceleration

The physical model is vibrated in the x-direction with a
synthetic earthquake derived from a real design response
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spectra. The inverse Power Spectra Density method allows the
combination of waves of different amplitude and frequency.
Figure 4 shows the resulting accelerogram as measured by the
accelerometer A1. The applied acceleration time-history lasts
for 10 seconds with peaks up to ±8 m/s2 reaching velocities up
to 0.7 m/s. A low excitation starting interval (0-2 seconds) is
followed by high excitation shakings (2-8 seconds) which
progressively blow out during the last 2 seconds.

Figure 6. Frequency spectrum of the empty rack mock-up

4
4.1

Figure 4. Acceleration and velocity time histories of the pool

3

HAMMER IMPACT TESTS

The Eigen-frequencies of the scaled mock-ups tested on the
vibration table are measured through hammer impact testing
(Fig. 5). Tests are conducted with the mock-up installed freestanding on the pool tank in order to take the real supporting
conditions into account.

EXPERIMENTAL VIBRATION TESTS
Rack response

Figure 7 shows the sliding displacement of the racks over the
pool floor in relation to the pool acceleration time-history.
Slidings are measured as the difference between pool and
racks displacements along the x axis. No collisions are
observed so the vibration test is accepted. The peaks of the
sliding cycles are in phase with those of the pool shakings
which indicates the pool accelerogram clearly governs the
rack motion.

Figure 7. Relationship between the acceleration-time history
and the sliding displacement of Rack2

Figure 5. Hammer tests on the rack mock-up
These natural frequencies characterize the dynamic response
of the units. They result from intrinsic physical properties
such as the rack mass, the flexibility of the storage cells and
the stiffness of the support contacts. The frequency spectrum
resulting for the empty mock-up is provided in Figure 6.
Several impacts of different magnitude are performed
returning peak values around 16 Hz. It indicates the frequency
of the first mode of vibration in the horizontal direction.
Secondary peaks around 50 and 60Hz are considered to be
related to the vertical support conditions.

It is noted that the larger sliding cycles occur during the
interval of maximal accelerations (between t=2s and t=8s). In
addition, Iwasaki concludes that although free-standing racks
have no defined frequency response to seismic motion, their
sliding response increases with the period of the acceleration
excitation [16]. Both facts indicate that the governing factor of
the slidings is the velocity reached by the units. All in all, the
amplitude and frequency of the seismic acceleration timehistory determine the energy of the excitation; large
accelerations throughout long cycles give the rack units time
to gain velocity. From the displacements point of view, it
corresponds to high frequency and large amplitude pool
displacements.
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With regard to the rocking response, it is observed that rack
supports tend to uplift or pierce the pool liner alternatively
during the rack body oscillations. Figure 8 highlights that the
reaction forces on support also share the frequency of the
accelerogram. However, a short delay in the response is
sometimes observed corresponding to the time needed to stop
and change the direction of the rack sliding motion.

Figure 9. Relationship between the acceleration-time history
and the hydrodynamic pressures

Figure 8. Relationship between the acceleration-time history
and the reaction forces on support
The initial reaction represents the underwater self-weight
supported by each of the 4 feet. This value is more than
doubled during the seism as a consequence of the inertial
effects and the fuel rattling inside their storage cell. It starts at
5.88kN (i.e. the underwater self-weight) and reach 11.32kN at
its peak (t=3.8s). On the other hand, it is worth noting that the
support foot never lift-ups during the test. The reaction force
never goes under 2kN.
4.2

However, the water action is not uniform. Rack faces act as
blunt bodies blocking the pressure field with a high angle of
attack. Streamlines have to bend around the edges looking for
a way out through the clearance spaces to relief the pressure.
This internal recirculation flow lowers down the pressure on
the boundaries. The last is noticed by pressure sensors during
the vibration test. Figure 10 provides pressure readings at the
center and top of the rack face with differences on the
pressure peaks of up to 25%. This pressure fall is larger on the
top edge as streamlines finds an easy exit with less
confinement. This observation is in agreement with the
experimental tests carried out by Iwasaki [17].

Hydrodynamic forces and water coupling effect

The motion of pool and racks are connected through the water
volume enclosed in-between. Any relative acceleration of the
submerged structures creates local compressions or
decompressions in the water volume that can only be relieved
by flowing through the clearance spaces. Hence, the degree of
water coupling is subjected to the drag coefficient of the rack
body and to the pool layout. Large rack faces and the presence
of outer plates boost the hydrodynamic resistance arising
higher pressures. Narrow water gaps create flow bottlenecks
blocking the evacuation and increasing the confinement.
The resulting pressure field tends to couple the whole system
by opposing relative acceleration. Together with the friction
forces, it transmits the seismic accelerations from the pool
walls to the rack faces. Figure 9 plots the water pressure at
PS1 against the accelerogram. The pressure peaks and the
acceleration peaks are aligned in synchrony. However, an outof-phase component appears during the high excitation as a
consequence of the rack sliding relative acceleration.

773

Figure 10. Boundary effects on the water pressure distribution
along the rack body face

4.3

Coupling between rack units

The 2 rack units move nearly in phase and with similar
amplitudes. Figure 11 plots both sliding displacements over
the pool floor. It highlights how their separation progressively
cumulates along time from its initial gap (t=0) to 8 mm at the
end of the earthquake (t=10).
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ABSTRACT: Here, the TRUSS (Training in Reducing Uncertainty in Structural Safety) ITN (Innovative Training Network)
Horizon 2020 project (http://trussitn.eu, 2015-19) demonstrates how accuracy of residual life assessment predictions can be
improved by achieving a good agreement between measured and predicted dynamic responses of a crane structure. Existing
records of measured strain data are often missing information such as the weight of the payload, the hoisting speed and
acceleration that are relevant for structural assessment purposes. This paper aims to reduce uncertainties associated to the
recorded data in an aged grab ship unloader by comparing measured and non-linear transient finite element analyses results for a
loading/unloading cycle. The speed pattern is determined from a best match to the measured record. The moving load consisting
of ‘trolley + grab + payload’ is modelled with parameters that are derived from minimizing differences between measured and
simulated responses. The determination of these loading parameters is central to accurately assess the remaining life of ship
unloaders.
KEY WORDS: Ship unloader; Dynamics; Uncertainties; Reconciled model.
1

INTRODUCTION

Ship unloader quay side cranes are a fundamental link in the
maritime freight/cargo transport system, allowing ports to
comply with rising trade demand. This is only possible by
ensuring full operational reliability of these cranes that will
minimize unscheduled maintenance and maximising safety.
The quay side operating environment and variations in load
duty cycles, specifically at the times of increased trade, is
contributory to fatigue damage and deterioration of capacity
of these cranes. Thus, when not adequately maintained, this
could potentially lead to unexpected and costly downtime. In
this application the weight of the cargo is 52% of the weight
of the lifting boom, therefore, an understanding of the
operational behaviour of these cranes in terms of loading,
capacity and structural response dependency to lifting,
moving, positioning and releasing cargos (as held in a grab or
a container) is needed to address fatigue damage evaluation
and hence improve maintenance planning, cost and safety. In
practice, retrospective relevant information to achieve an
accurate understanding of the operational behaviour (for
fatigue damage evaluation) may be missing. This paper
presents an example of such a case and presents a method of
reducing uncertainty and better understanding of the loading
duty cycle.
1.1

The structure

Figure 1 shows the subject ship unloader, highlighting the
structural members more relevant to this study. In fact,
focusing on the structural response due to loading/unloading
cycle, the lifting boom is considered to be the most
representative structural element [1]. Therefore, an equivalent
model of the boom was used to carry out the transient
dynamic analysis. Since, the interaction between the lifting
boom and the waterside ties (outer and inner ties in Figure 1)
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strongly influences the overall behavior, it is important to take
this interaction into account when building the model.

Figure 1. Location of boom and ties in a ship unloader.
The structure analyzed, was a 34 years old grab ship
unloader, based in Scotland, used for unloading coal. The coal
is carried by a grab attached to the main trolley, which is
travelling backwards and forwards along the boom. Its
maximum travel range extends from 18 m landside to 48 m
waterside, from the front leg. However, the trolley could be
covering a reduced travel range, which varies depending on
the vessel unloaded [2].
In 2012, a monitoring system, consisting in 48 channels of
strain, was installed on the structure to record the data while
unloading operations on different vessels. The transducers
were installed at 16 locations: one on each waterside and
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landside tie, leg and lateral tie; one on each side of the rear
and lifting boom. Among them, the one corresponding to the
south side of the lifting boom (Fig. 6) is here analyzed in
detail. Figure 2 shows the vertical bending stress at this
location, obtained from the variation in strains recorded for
one sample of the data (10-minute acquisition binary file). It is
worth noting that the transducer, from which these
measurements were obtained, was installed at approximately
27 m waterside from the front leg. The stresses corresponding
to not-in-operation conditions (from 240s to 340s in Figure 2),
were subtracted from those obtained while the unloader was in
operation, unloading a vessel. The latter allows removing the
effect of strain due to environmental effects such as
temperature from the total measured strain due to both
environmental effects and loading.

has an area of 0.074718 m2 and inertia of 0.028232 m4. A
lumped mass 𝑀1 and a spring 𝑘1 are located at DOF no. 41
and a lumped mass 𝑀2 and a spring 𝑘2 are located at DOF
no. 86. The vertical springs model the stiffness of the upper
substructure, and the two lumped masses take into account the
weight due to the waterside ties and other components not
explicitly modelled. The FE model is built using MATLAB
[3].

Figure 3. Equivalent 2D model of the lifting boom.

2.2
Figure 2. Vertical bending stress in the lifting boom while
unloading a vessel (10 minute recorded data).
In this case, information recorded regarding location, speed
and actual weight of the trolley payload over the monitoring
period was not available. As can be seen from Figure 2, each
loading cycle took approximately 55 s. One of these load
cycles has been analysed in detail, in the following sections,
to estimate the missing information from the recorded data.
2

Due to the impact of the trolley-boom interaction on the
dynamic response of the structure, different ways of
modelling the moving system were preliminarily examined
[4]. Here, the moving load is composed by two masses
(𝑚 𝑇 and 𝑚𝑃 ) connected by a linear spring (𝑘𝑆 ) (Fig. 4). An
illustrative stiffness of 106 N/m was assumed for the spring
connecting the two masses, to model a sufficiently elastic
connection [5].

THEORETICAL MODEL

The missing information associated with the operation of the
ship unloader can be estimated through a comparison between
the recorded data and the results obtained from a transient
dynamic analysis, which couple a simplified model of the
lifting boom (Section 2.1) and one of the moving system:
trolley + grab + payload (Section 2.2) as exemplified below.
2.1

Model of the moving system

Equivalent model of the boom

A simplified model of the lifting boom is used to analyze the
transient
dynamic
response
resulting
from
one
loading/unloading cycle. Given that the waterside ties (outer
and inner ties in Figure 1) strongly influences the response of
the boom, their interaction is taken into account via the
addition of equivalent spring and mass elements at the
connection points following Zrnic et al. [1]. Figure 3 shows
the 2D Finite Element (FE) model of the lifting boom used for
the calculations. The pinned end of the model represents the
location at which the lifting boom is pinned joint to the rear
boom (1.35 m waterside from the front leg). The total length
of the model between the pinned support and the free end is
51 m. The model is discretized into 34 beam elements and has
a total of 105 Degrees of Freedom (DOFs). The inner and
outer cables are connected to the boom at 19.5 m and 42 m
respectively from the pinned support. The section of the boom

Figure 4. Model of the moving load and hoisting location xT.

3

RECONCILED MODEL

The parameters, characterizing the equivalent model of the
boom, were defined through a comparison with a 3D model of
the structure, built in ANSYS APDL [6]. Thus the 2D
MATLAB model was reconciled in terms of vertical bending
stresses and deflections, through static analyses, and for its
natural frequencies and mode shapes, through modal analyses.
3.1

3D ANSYS Model & 2D MATLAB Model

Figure 5 shows the three-dimensional FE model, used to
reconcile the 2D MATLAB model. The primary structural
members were modelled using beam elements; while the
influence of the secondary members (i.e. the lift, the
machinery room etc.), not explicitly modelled, was taken into
account by introducing additional point masses and adjusting
the material density of the primary members.
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Figure 7 gives side, front and top view of the 3D model, and
shows the measures characterizing the 2D Model (Fig. 3). In
addition the location of the transducers (shown by the two red
marks) is the location at which all the results will be obtained
in the following sections.
Static analysis

3.2

Figure 5. 3D ANSYS model of the ship unloader.
A modal test was conducted on the real structure, and two
frequencies of the upper substructure only obtained carrying
out an Operational Modal Analysis (OMA). The identified
modes had frequencies of 0.78 Hz and 0.91 Hz, respectively.
Even though the modal analysis carried out on the 3D model
interested the whole structure, the two modes from the OMA
were predicted by the FE model with an error of 5%. In fact,
the frequencies for the two modes considered were 0.74 Hz
and 0.86 Hz. The modes shape of the latter mode is shown in
Figure 6, together with that provided by OMA.

The remaining parameters of the equivalent model of the
boom (𝜌, 𝑀1 , 𝑀2 , 𝑘1 , 𝑘2 ) were evaluated in order to reduce
the scatter between the static results from the 3D model and
those from the 2D one. The static analyses were carried out
considering both the case with and without gravity. In
addition, different load scenarios where considered, applying
one point load at the time, at different locations along the
boom. Two load scenarios are presented here: force applied at
vertical degree of freedom DOF 41 and DOF 86
corresponding to locations at the springs (Fig. 3).
3.2.1

Stiffness of the springs

The two spring stiffnesses (𝑘1 and 𝑘2 ) were evaluated by
carrying out a comparison in terms of vertical bending stress,
considering the scenario with gravity off. In fact, the data
obtained from the monitoring system provides the variation in
strain (i.e. stress) due to the application of loads. This
information excludes residual stress due to the dead-load.
An iterative process led to 𝑘1 = 46889939.89 𝑁/𝑚 and
𝑘2 = 31004369.51 𝑁/𝑚. Having evaluated the relationship
between the two stiffnesses (𝑘1 and 𝑘2 ), in order to obtain the
desired stress trend, their values have been proportionally
increased until matching the maximum values of the bending
stresses.
Figure 8 shows the bending stresses for both models, for the
two load scenarios, introducing the aforementioned
stiffnesses. It is easy to notice the correlation between the
stresses obtained from the 3D model (solid lines) and those
from the 2D one (dashed lines).

Figure 6. Mode shape for the upper substructures: (a) 3D
model in ANSYS and (b) from OMA.

Figure 8. Static vertical bending stresses for 3D and 2D
models, for the two load cases without dead-load.

3.2.2

Figure 7. Side, front and top view of the 3D model, with
measurements related to the lifting boom and location of the
transducers on it.
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Density and lumped masses

Conversely, the values of the material density, to be
assigned to the beam, and of the two lumped masses (𝑀1 and
𝑀2 ,) were evaluated based on a comparison in terms of
deflections. The same load cases were considered, but this
time including the dead-load (gravity on). Minimizing the
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scatter between the displacements from the 3D model and
those from the 2D one, led to 𝜌 = 15713.27 𝑘𝑔/𝑚3 ,
𝑀1 = 83423.56 𝑘𝑔 and 𝑀2 = 122844.78 𝑘𝑔.
The small discrepancy in deflections, between 2D and 3D
models can be seen in Figure 9.

In addition, close agreement in the values of the natural
frequencies for the first three modes, presented in Table 1,
corroborate the correlation between the two models.

Figure 101. First three modal shapes for the 2D model in
MATLAB.

Figure 8. Static deflections for 3D and 2D models, for the two
load cases with dead-load.
As can be noticed from the graph (Fig. 9), the scatter
increases with increasing distance of the observation point
from the location at which the load was applied (showed by
the two dashed lines in Figure 9). Highest accuracy was
achieved location at which the load was applied. Since the
maximum displacement always occurs at the right hand side
(free end) of the beam, the 2D model was consistently more
conservative in terms of displacements, even when the force
was applied at other locations on the beam.
Dynamic analysis

3.3
3.3.1

Natural frequencies and mode shapes

Once all the parameters for the 2D model were evaluated,
an additional verification was conducted in terms of natural
frequencies and modal shapes. Figure 10 shows the modal
shapes for the first three modes, obtained using the 3D model.
In order to carry out an effective comparison, additional
constraints were introduced in the 3D model, to restrict the
modes in the third dimension (not modelled in the 2D model);
furthermore, the modes considered where only those affecting
the lifting boom.

Table 1. Comparison in terms of natural frequencies between
the 3D and 2D models.
MODE
I
II
III

NATURAL FREQUENCIES
3D ANSYS Model 2D MATLAB Model
2.32
2.33
3.44
3.39
6.30
6.30

Error (%)
0.43
1.45
0

Thus, the parameters defined for the simplified twodimensional model were considered fitting and the MATLAB
model able to provide a satisfying prediction of the real
behavior of the structure, even though in a simplified form.
4

FITTING

The dynamic response of a ship unloader due to
loading/unloading cycles is influenced by a number of factors,
such as the weight, travelling and hoisting speeds and
acceleration/deceleration of the payload. Carrying out a nonlinear transient dynamic analysis using the 2D model allowed
fitting the resultant stresses with the measured one, with the
aim to estimate the most significant factors affecting the stress
variations. The response was obtained by applying Wilson
Theta step-by-step integration method [7]. A Rayleigh
damping, as shown by Equation 1, was evaluated.

𝐶 =𝜂𝑀+𝛿𝐾
Figure 9. First three modal shapes for the 3D model in
ANSYS.
Figure 11 shows the mode shapes, for the first three modes,
of the simplified 2D model. It can be seen that there is good
correspondence between the two models.

(1)

Assuming a damping ratio 𝜉 for the two frequencies (𝜔𝑖
and 𝜔𝑗 ) equal to 0.75%, the values of 𝜂 and 𝛿 are evaluated
from Equation 2 [8].
2𝜉

𝛿 = 𝜔 +𝜔
𝑖

𝑗

𝑎𝑛𝑑 𝜂 =

2 𝜉 𝜔𝑖 𝜔𝑗

(2)

𝜔𝑖 +𝜔𝑗

The weights of the main trolley and of the empty grab are
𝑚 𝑇 = 8000 𝑘𝑔 and 𝑚𝑔 = 10500 𝑘𝑔, respectively.
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4.1

Dynamic response from the monitoring system

Focusing on one single cycle extrapolated from the response
shown in Figure 2, the recorded stress values were analysed to
determine the missing information.

Since it was noticed that the change in deceleration did not
entail a significant change in the response, the two main
variables to be defined were the travelling speed (𝑣𝑇 ) and the
distance (measured from the left hand side of the beam), at
which the trolley stops at (𝑥𝑇 ) (Fig. 4). The former was
evaluated by taking into account the time period (5.0 s) until
the bending stress crossed the zero line. It was observed, from
previous static analysis, that there was a sign inversion in the
bending stresses when the load was applied at a distance of
16.5 m or more from the joined end. Hence, a travelling speed
of (16.5 m/5.0 s) 3.3 m/s was derived. A realistic deceleration
of 3m/s2 was assumed. Carrying out static analysis for
different load locations, a trend line between the location of
the load (𝑥 in Eq. 4) and the maximum stress at the location
where the transducer is installed (𝑦 in Eq. 4) was extrapolated.
𝑦 = −0.0954 𝑥 2 + 2.129 𝑥 − 7.8911

Figure 11. Measured dynamic stress, at transducer location
(27 m), of the lifting boom due to a single unloading cycle.
Figure 12 shows, both the dynamic vibratory and the mean
response of stress for a single loading cycle, obtained by
filtering the recorded data. The latter was obtained applying
an 8th order Chebyshev Type I low-pass filter, with a cut-off
frequency of 0.4 Hz. As shown here, three main operating
phases have been identified:
 Traveling empty grab (horizontal motion only; the main
trolley, carrying the empty grab, is moving from above
the hopper to the hoisting location, )
 Hoisting operation (vertical motion only; the empty grab
is lowered, it is filled with coal and finally lifted), see
section 4.1.2 and Figure 15 for more information on
hoisting operation.
 Travelling full grab (horizontal motion only; the main
trolley, carrying the filled grab, is moving from the lifting
boom towards the hopper, where the coal is dropped)
In the following sections, each phase is illustrated more in
detail.
4.1.1

(4)

Introducing, in Equation 4, the maximum filtered mean
response, for the ‘Travelling empty grab’ phase, the hoisting
location was estimated: 𝑥𝑇 = 26 𝑚.
4.1.2

Hoisting operation: profile force

During hoisting operation, it was assumed that the main
trolley was stationary at 𝑥𝑇 = 26 𝑚. Figure 14, upper and
lower, shows the speed and force profiles respectively. Since
in real operation condition there is an overlap between the
travelling and the hoisting phases, it was assumed that the
speed at which the grab is lowered (lifted) reached a constant
value when the hoisting operation phase, considered here,
starts (finishes). It can be seen, that three stages were
identified:
 Grab down (the empty grab is lowered until it is
grounded)
 Filling grab (the grab is filled with coal)
 Grab up (the filled grab is lifted)

Travelling empty grab

The 2D model, built in MATLAB, resembles part of the
travelling range of the main trolley, specifically the section
extending waterside from the front leg [4]. Thus, it was
assumed that once the trolley reached the pinned connection
of the boom, its speed stabilized at a constant value, before
starting breaking and arriving to a stop at the hoisting location
(Fig. 13).

Figure 12. Travelling speed profile assumed for the
‘Travelling empty grab’ phase.
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Figure 13. Hoisting speed and force profile respectively, for
the ‘Hoisting operation’ phase.
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Considering a range of lift of 61 m, as specified by the
available information, the hoisting speed profile shown in
Figure 15 was assumed. The six identified variables were
then: lowering speed of the empty grab (𝑣𝑙_𝑑𝑜𝑤𝑛 ); breaking
time to go from constant to zero lowering speed (𝑡𝑏_𝑑𝑜𝑤𝑛 );
time required for filling the grab with coal (𝑡𝑓𝑖𝑙𝑙𝑖𝑛𝑔 );
acceleration time to go from zero to constant hoisting speed
(𝑡𝑎_𝑢𝑝 ); hoisting speed of the filled grab (𝑣ℎ_𝑢𝑝 ) and mass of
the payload (𝑚𝑃 ). The latter is the most relevant for future
applications; in fact, it was the most influencing variable on
the stress range from those listed above (in this paragraph).
This stress range is used for the fatigue life assessment
procedure as described in the British Standards document [9].
Looking at the times at which the recorded dynamic
response encounters steps (Fig. 12), the aforementioned
parameters, apart from 𝑚𝑃 , can be determined. Once all the
above variables had been obtained, the value of the payload
mass (𝑚𝑃 ) was determined by matching the maximum
achievable bending stress. The values are: 𝑣𝑙_𝑑𝑜𝑤𝑛 = 5.8 𝑚/𝑠,
𝑡𝑏_𝑑𝑜𝑤𝑛 = 3.5 𝑠, 𝑡𝑓𝑖𝑙𝑙𝑖𝑛𝑔 = 10 𝑠, 𝑡𝑎_𝑢𝑝 = 6 𝑠, 𝑣ℎ_𝑢𝑝 =
4.8 𝑚/𝑠 and 𝑚𝑃 = 12 500 𝑘𝑔.
4.1.3

Travelling full grab

The values of the speed and deceleration/acceleration,
estimated for the initial phase with empty grab, were assumed
to be the same also for the case with filled grab. In fact,
looking at real ship unloaders in operation it appears that the
travelling system is acting in the same way when carrying full
or empty grab. As shown in Figure 15, the speed pattern for
this last phase is reversed compare to the case with empty
grab.

enable matching the main features of the response, as shown
in Figure 16. The match over the hoisting operation is the one
mostly affected by neglecting the overlapping; nevertheless,
the model is able to predict the maximum variation in stresses.
5

CONCLUSIONS

The data recorded from a monitoring system installed on a
ship unloader has been analyzed. Main focus was given to the
lifting boom, considered the most representative structural
elements in terms of dynamic response. For the latter, a
simplified finite element model was built and used to carrying
out transient analysis. Once reconciled with the 3D model of
the same structure, it has then been shown that fitting the
response obtained from the 2D model with the recorded
response of the actual structure it is possible to define some
variables, often not recorded while the data is captured
automatically. Among these the main parameters, influencing
significantly the structural response, turned out to be the
hoisting location (𝑥𝑇 ) and the payload mass (𝑚𝑃 ). An accurate
estimation of these parameters, and a range of value they can
assume, would allow a more reliable assessment of the
loading cycles for the structure. In fact, employing a more
accurate value of the payload cycles when carrying out the
static analyses for fatigue assessment [10], would allow a
more accurate estimation of the stress ranges, also at the
locations where the transducers are not installed, and
consequently a more reliable assessment of the residual life of
these structures for integrity assessment.
ACKNOWLEDGMENTS
This project has received funding from
the European Union’s Horizon 2020
research and innovation programme under
the Marie Skłodowska-Curie grant
agreement No. 642453 (http://trussitn.eu).
REFERENCES
Zrnic, N.D., Hoffmann, K. and Bosnjak, S.M. (2009), ‘Modelling of
dynamic interaction between structure and trolley for mega container
cranes’ Mathematical and Computer Modelling of Dynamical Systems,
Taylor & Francis, 15, 295-311.
[2] Milana, G., Banisoleiman, K. and Gonzalez, A. (2017), ‘Field
characterization of location-specific dynamic amplification factors
towards fatigue calculations in ship unloaders’, Procedings of 27th
European Safety and Reliability Conference (ESREL2017), Portoroz,
Slovenia.
[3] MATLAB Release 2016a, The MathWorks, Inc., Natick, Massachusetts,
United States.
[4] Milana, G., Banisoleiman, K. and Gonzalez, A. (2018), ‘Impact of a
moving trolley on the dynamic response of a ship unloader boom’,
Procedings of 13th International Conference on Steel, Space and
Composite Structures, (SS18), Perth, Australia.
[5] Zrnic, N. D., Gasic, V. M. and Bosnjak, S.M. (2015), ‘Dynamic
responses of a gantry crane system due to a moving body considered as
moving oscillator’, Archives of Civil and Mechanical Engineering,
ELSEVIER, 15, 243-250.
[6] ANSYS® Mechanical APDL, Release 14.0.
[7] Tedesco, J.W., McDougal, W.G. and Ross, C.A., Structural dynamics:
theory and applications, Pearson, first edition, 1998.
[8] Wilson, E. L., Static and Dynamic Analysis of Structures, Berkeley,
fourth edition, 2004.
[9] British Standards Document 7608, Code of practice for fatigue design
and assessment of steel structures, 1993.
[10] Federation Europeenne de la Manutention (FEM) 1.001. Rules for the
Design of Hoisting Appliances. third dition, 1987, Revised 1987.
[1]

Figure 14. Travelling speed profile assumed for the
‘Travelling full grab’ phase.
4.1.4

Full cycle

Figure 15. Comparison, in terms of vertical bending stresses,
between the dynamic recorded response and that obtained by
carrying out transient dynamic analyses in the 2D model.
Even though, in real unloading operation these phases
overlap each other, the assumption of a clear separation
among them was done here. It provides simple scenarios, to
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ABSTRACT: Bridges play an important role in transport infrastructure and it is necessary to frequently monitor them. Current
vibration-based bridge monitoring methods in which bridges are instrumented using several sensors are sometimes not sensitive
enough. For this reason, an assessment of sensitivity of sensors to damage is necessary.
In this paper a sensitivity analysis to bridge flexural stiffness (EI) is performed. A discussion between the use of strain or
deflections is provided. A relation between deflection and stiffness can be set by theorem of virtual work, expressing the
problem as a matrix product. Sensitivity is obtained by deriving the deflection respect to the reciprocal of the stiffness at every
analysed location of the bridge. It is found that a good match between the deflection and the bridge stiffness profile can be
obtained using noise-free measurements. The accuracy of sensors is evaluated numerically in presence of damage and
measurement noise. Field measurements in the United States are also described to identify the potential issues in real conditions.
KEY WORDS: Sensitivity; Accuracy; SHM; Bridge; Sensors; Displacement Transducers
1

INTRODUCTION

Sensor-based monitoring (or direct instrumentation) is gaining
in importance compared to visual inspection strategies in
bridge assessment. The main advantage of the former over the
latter is that measured parameters are expected to be more
accurate [1]. However, sensor measurements can be polluted
by inaccuracies related to environmental noise [2]. These
inaccuracies can be a great drawback in bridge damage
detection.
The main objective of Structural Health Monitoring (SHM)
is to identify damage in an engineering structure [3]. In this
paper, bridges are considered. Ideally, the objective is to
obtain the flexural stiffness (EI) throughout the bridge, but in
most situations this is not possible. Damage detection can be
categorised in four different classes [4]:
1. Damage identification on the bridge,
2. Damage location,
3. Damage assessment (location and quantification) and
4. Structure safety for a damage situation.
Inaccuracies can cause the misidentification of damage at
some of these levels.
Bridge assessment can be performed using strain measured
with a strain gauge. Strain is the deformation of a solid due to
load and an elongation or a contraction results. Bridge
assessment usually involve using strains or deflection [5].
Displacement transducers [6] are considered and deflection
measurements are used in this paper. Deflection is related to
flexural stiffness throughout the bridge by the theorem of
virtual work. This formula can be expressed as a matrix
product and all deflections can be calculated if all stiffnesses
are known. Using this relationship, derivatives of the
deflection respect to the reciprocal of the stiffness are used
here to determine how sensitive deflection is to bridge
damage.
A sensitivity analysis is performed in this paper.
Sensitivities in a healthy bridge, a damaged bridge and under
noisy conditions are considered. A static finite element model
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of two point loads traversing a simply supported bridge is
adopted. A damage scenario including loss of stiffness is
considered. Noise is added to the simulated deflection
measurement and sensitivity is analysed. Three different
loading locations are considered as well as an envelope of 26
different loading cases.

2

RELATION OF DEFLECTION TO STIFFNESS

The theorem of virtual work is a central concept in structural
engineering. From this equation, the displacement at any point
can be obtained [7]. This Unit Load Theorem formulation (Eq.
1) establishes the relation between deflections, bending
moments and flexural stiffnesses:
(1)

=

where is the bridge deflection at an instant of time,
is the
bending moment of the bridge caused by the vehicle’s loads,
is the bending moment caused by a unit load at the
analysed location,
is the flexural stiffness and
is the
length of the bridge. This equation can be discretized and
transformed into a vector product as shown in Eq. 2:
=

(2)

∙

where
represents the vector obtained by the element-byelement product of both bending moments in Eq. 1 and is a
vector of the reciprocals of the flexural stiffness components.
In matrix form, Eq. 2 can be written as:
={ }

×

×{ }

×

(3)

where is a row vector with elements and is a column
vector with the same number of elements. is defined by the
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number of locations analysed on the bridge (elements of the
finite element model). This means that if deflection is
calculated at
different instants in time, Eq. 3 can be
reformulated as a matrix product:
{ }

×

=[ ]

×

×{ }

+

×

×

Properties
Point load axle 1
Point load axle 2
Distance between loads
Number of elements
Length
Young’s modulus
2nd moment of area

Notation
P1
P2
Δx
n
L
E
I

Value
80 kN
80 kN
6m
200
20 m
35×109 N/m2
1.26 m4

(5)

where
is the noisy deflection signal,
is the
is the maximum theoretical
theoretical real deflection,
deflection,
is the noise level as a percentage and
is a normal distribution with zero mean and a unit standard
deviation.
Sensitivity can be defined as uncertainty in the output
relative to the input [9]. Sensitivity can be calculated using the
partial derivatives of the output with respect to the input [10].
The reciprocal of the stiffness at every location (input)
contributes to the deflection calculation (output), so partial
derivatives are needed for each of the measurement locations
for sensitivity calculation [10]. This can be presented as in
Equation 6.
( , )=

Table 1. Point load values and geometrical and mechanical
properties of the bridge

(4)

×

is a matrix of bending moment products. It has to be
adapted depending on the load distribution and the location
where deflection is measured.
Measured deflections are affected by several sources of
inaccuracy. White noise is considered in this example to
calculate the sensitivity of deflection to stiffness. The
introduced noise is formulated as a function of the maximum
measured deflection [8]:
=

stiffness is simulated. The exact damage location is shown in
Figure 2.

Figure 2. Single damage location for sensitivity analysis.
The sensitivity analysis is performed, considering three
different load locations. Figure 3 shows these locations.
Location (a) shows a situation in which only the first axle of
the vehicle is on the bridge whilst in location (b) first axle is
over the mid-span sensor. Location (c) considers a situation in
which both the loads have passed mid-span.

(6)

(a)

where ( , ) is the sensitivity of the deflection respect to the
reciprocal of the flexural stiffness and is the reciprocal of
the flexural stiffness at element .
3

NUMERICAL MODEL

(b)

A finite element beam model of a vehicle traversing a bridge
is used in this paper. Two point loads separated by a distance
∆ are considered to simulate the characteristics of a two axle
vehicle. No vehicle-bridge dynamic interaction is considered
in the model. The main features are represented in Figure 1.
(c)
Figure 3. Load cases for sensitivity analysis when (a) 1st
axle is at 4.5 m, (b) 1st axle is at mid-span and (c) 1st axle is at
17 m.
Figure 1. Beam model with two loads.
The loads and the properties of the Euler-Bernoulli beam
elements used in this paper are defined in Table 1. A white
noise level with
= 5% is considered. A single damage
location is considered in this paper. A 40% loss of flexural

4

RESULTS AND DISCUSSION

Sensitivities are calculated in this section. Figure 4
illustrates the sensitivities of the deflection signal with respect
to the reciprocals of the flexural stiffness ( ) at each element
location. A value is obtained for every derivative with respect
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to
(see Eq. 6). A continuous plot is created using these
values. The sensitivity in Figure 4a has a discontinuity in
slope at 4.5 m from the left support, i.e., at the axle location.
The mid-span peak corresponds to the position of the sensor
in the simply supported bridge. The greatest sensitivity to
flexural stiffness is for the parts of the beam between these
points. This trend also occurs in Figures 4b and 4c.
In all cases considered, the peak of the graph is at the sensor
location. However, the total load on the bridge and the
positions of these loads can influence the sensitivity. The
sensitivity of Figure 4a is lower than the sensitivities in
Figures 4b and 4c as only one load is located on the bridge
and the moments are therefore less. In comparison, the
magnitudes of the sensitivities in Figures 4b and 4c are
similar. The differences between the former and the latter are
caused by the differences in load positions.

considered, totalling 26 cases. The sensitivity envelope is
roughly triangular, demonstrating that sensitivity is greatest at
the sensor location at the centre of the bridge and reduces
approximately linearly from there. It follows that the
sensitivity to damage near the bridge supports is quite low.

Figure 5. Envelope of the sensitivities
5

REAL MEASUREMENTS IN DRY CREEK BRIDGE

A test has been taken in Dry Creek Bridge in Alabama,
Georgia. The bridge is composed by three simply supported
spans and two lanes. Measurements were taken only at the
first of the three spans. Five displacements transducers were
installed along the cross section of the mid span at five
different locations separated by a constant distance. A three
axle experimental truck is used to traverse the bridge. One of
the lanes is closed for the vehicle to cross the bridge whilst in
the other second lane random traffic crosses the bridge.
Simplified bridge and vehicle characteristics are displayed in
Table 2.

a)

Table 2. Vehicle and bridge mechanical properties
Properties
Axle load 1
Axle load 2
Axle load 3
Distance between Axle 1
and Axle 2
Distance between Axle 1
and Axle 3
Vehicle’s speed
Sampling frequency
Length
Width

b)

c)
Figure 4. Sensitivities obtained from deflection
measurements at load case a), b) and c) in Figure 3.
Even if the potential damage is not sensitive for a particular
vehicle location, it may be sensitive for other locations.
Consequently, an envelope of sensitivities is plotted in Figure
5. Equally spaced loading situations at every metre are
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Notation
W1
W2
W3

Value
66.7 kN
48 kN
46 kN

d1-2

4.6 m

d1-3

6m

c
fs
Lb
A

10.12 m/s
200 Hz
21.34 m
10.68 m

Using measured deflections, sensitivity of deflection to an
assumed stiffness is analysed. Considering that the bridge has
a constant flexural stiffness of 57.7 × 10 Nm , a deflection
comparison between the real measurements and deflection
theoretically obtained is performed. It is assumed that the
measured deflection is the average of the three sensors closer
to the lane that the truck is traversing. Figure 6 shows that
theoretical results are far from the measured deflections as
there are many sources of inaccuracy not considered in the
model. It can be taken into consideration dynamics, road
profile, or noise in displacement transducers.
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[6]
[7]

[8]

[9]
[10]

Figure 6. Comparison between theoretical deflection
assuming a healthy bridge and the real measurements.
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CONCLUSIONS
The paper analyses the sensitivity of deflection to bridge
flexural stiffness. Sensitivity of deflection to stiffness is
dependent on the load and the position of the load that
traverses the bridge. Sensitivity is not affected by damage or
noise. Unfortunately, measured deflections are very different
from the simulated measurements. For this reason, a further
analysis is necessary to adapt flexural stiffness to deflections
in real conditions. Measurements taken from several vehicles
crossing a bridge can improve the accuracy of the bridge
deflection.
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ABSTRACT: This paper proposes a new axle detection methodology using direct strain measurements. Initially, numerical
analyses are carried out on a 1-D simply supported bridge structure to investigate the strain response of a bridge to a 2-axle moving
vehicle. The strain response obtained from the numerical model is further studied and a new axle detection strategy, based on the
second derivative of strain with respect to time, is proposed. Having developed the theoretical concept, field testing is carried out
on a single span simply supported railway bridge to validate the proposed methodology and test its robustness of on a full-scale
bridge.
1

KEY WORDS: TRUSS, Axle Detection; Bridge; Weigh-In-Motion; Strain; Field Testing; Railway.
1

INTRODUCTION

Bridges, connecting communities and serving as regional
lifelines, are vital components of transport infrastructure. They
are designed to maintain their functionality for 75 to 100 years
of services life [1, 2]. In most developed countries, the majority
of bridges are nearing the end of their designed service lives
[3], while the weights and frequencies of freight transport
vehicles are increasing. Further, many bridges are being kept in
service much longer than they were originally designed for.
Therefore, bridge owners are particularly interested in accurate
methods of assessing vehicle weight and verifying load
carrying capacity of their ageing structures.
Current bridge evaluation specifications are built on
available design standards, which contain a certain degree of
uncertainty that leads to conservative results. One of the main
sources of such uncertainty is associated with traffic loading.
Standards cover a wide range of loading conditions whereas
every site presents a unique situation and has its own
characteristics and requirements. Therefore, to keep aging
bridge structures in operation and prevent disruption to traffic,
it is desirable to obtain site-specific traffic loading information
and evaluate bridge safety accordingly. This can be achieved
by installing a Bridge Weigh-In-Motion (B-WIM) system.
A B-WIM system, first proposed by Moses [4], uses the
response of a bridge to a traversing vehicle to predict its axle
weights. B-WIM consists of a system of sensors, axle detectors
and a data acquisition unit. An axle detection system, which
identifies the presence of vehicle axles, is used to find the speed
and axle spacings and is an indispensable part of the B-WIM
system, directly affecting the accuracy of weight predictions.
Early axle detection instrumentation utilised in B-WIM
systems included tape switches or pneumatic tubes which were
placed on the road surface and may require lane closures for
installation. The condition of such systems deteriorates rapidly
over time when they are exposed to heavy traffic.
To overcome the complications of lane closures and
durability issues inherent in the traditional axle detection
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systems, a Free of Axle Detection (FAD) approach was
proposed in the WAVE project. This utilises strain sensors
installed on the bridge, instead of having instrumentation on the
road surface [5]. Typically, strain sensors are installed on the
soffit of a slab structure under each lane and measure a local
strain response of a bridge due to a passage of an axle over the
sensor location. However, the FAD approach imposes certain
restrictions on the loading conditions and the type of selected
deck structure. The method fails to identify the presence of
axles if the load is directly applied on the main girders (beams)
of a beam-and-slab bridge [6]. FAD is more suitable for short
span bridges, short integral bridges with thin slabs, bridges with
secondary transverse beams or orthotropic steel deck
structures.
To overcome the existing shortfall, some researchers
developed efficient post-processing techniques to increase the
accuracy of FAD sensors. In [7–9] authors used wavelet
transformation techniques to identify closely spaced axles from
the FAD signals. The results show that wavelet techniques can
improve the accuracy of axle identification for a tandem and
tridem group which FAD method fails to identify from direct
measurements. Other authors have also developed contactless
axle detection methodologies using vision-based system [10,
11]
This paper presents a new axle detection methodology which
is based on the second derivative of strain with respect to time.
Initially, numerical analyses are carried out on a 1-D bridge
model, loaded with two moving loads, to develop the
theoretical basis of the proposed axle detection system. Having
seen that in theory it is possible to identify the axle locations
using the proposed methodology, field testing was conducted
on a single span simply supported railway bridge to validate the
concept and test the robustness of the proposed methodology
on a full-scale bridge. Section 2 develops the theoretical basis
of the proposed axle detection system, Section 3 provides
specific details of the field testing conducted on a real bridge
and Section 4 presents the results obtained from the
experimental study.
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2

THEORETICAL BASIS

This section develops the theoretical basis of the proposed axle
detection concept. Initially, numerical analyses are carried out
on a 1-D simply supported bridge structure to obtain a strain
response of the bridge model due to a moving 2 axle vehicle.
The hypothetical structure is modelled as a 5.1 m long simply
supported steel bridge. The Elastic Modulus and Second
Moment of Area are assigned as 210 GPa and 1.23×109 mm4,
respectively. The axle weights of the moving vehicle is taken
as 3.5 tonnes, spaced at 2.6 m apart. The vehicle travels over
the bridge at a speed of 4 m/s. Approach spans, 4 m long, are
located at the entrance and exit of the bridge. A hypothetical
sensor is placed at 1.1 m from the left-hand support location to
‘record’ the strain response of the bridge due to the moving
vehicle loading. Figure 1 shows a sketch of the 1-D bridge
model, axle configuration of the moving vehicle and the
location of the strain sensor.

placed on the left-hand side of the bridge, the magnitude of
peaks when an axle arrives on the bridge is greater than the
magnitude when it leaves the structure.

Figure 1. Sketch of the 1-D simply supported bridge model
Figure 2(a) presents the strain time history obtained from the
numerical model due to the two-axle moving vehicle loading.
The black curve shows the total response of the structure while
the red and blue dashed curves represent the contributions of
the individual axles.
The proposed axle detection concept is based on the second
derivative of the strain time history signal with respect to time.
The strain time history function due to the moving multi-axle
loading is a first order conditional polynomial. The first
derivative of the first order conditional polynomial with respect
to time becomes discontinuous at the points where axles arrive
or depart from the bridge or pass the sensor location. The red
plot in Figure 2 (b) depicts the corresponding results obtained
from the first derivative of the strain time history.
Discontinuous functions are not differentiable at locations
where there is a lack of continuity so the first derivative of the
strain signal with respect to time is taken as continuous. The
dashed blue lines in Figure 2(b) represent the corrections to reestablish the continuity of the signal.
Having observed the discontinuity feature in the first
derivative of the strain response with respect to time, it is
proposed in this study that the second derivative of the strain
signal with respect to time, will smooth out the constant part of
the function. At locations where the first derivative of the
function would normally become discontinuous, this will result
in peaks that will identify axle locations.
The corresponding results obtained by differentiating the
strain signal twice, is presented in Figure 2(c). There are four
positive and two negative peaks observed in this plot. The
positive peaks correspond to the time when an axle enters or
exits the bridge whereas negative peaks occur when each axle
passes the sensor location. Since the hypothetical sensor is

Figure 2. (a) Moment time history obtained at hypothetical
sensor location. (b) First derivative of moment with respect to
time. (c) Second derivative of moment with respect to time
3

FIELD TESTING

Having seen that in theory the second derivative of the strain
signal can identify the axle locations along the length of a
bridge structure, a field test is conducted on a single span
simply supported steel railway bridge in an effort to validate
the feasibility of the proposed axle detection system. Section
3.1 describes the test structure and Section 3.2 discusses the
instrumentation used on the structure and gives specific details
about the field testing.
Test Structure
The test structure is a single span simply supported steel
railway bridge located in South West England, UK. The bridge
is 5.1 m long and consists of two main girders made of
356×406×235 UKC beams, placed 1505 mm apart. The main
girders are connected with secondary beams made of
254×254×73 UKC beams and are designed only to prevent
lateral buckling as they do not carry any load directly from train
loading. Therefore, the loads from trains are equally distributed
between girders transversely.
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The connection between the bridge deck and abutments
consists of laminated elastomeric bearings designed to allow
free span movement in the bridge longitudinal direction.
The bridge is located approximately 50 m away from a train
station and carries a single track which rests on top of the main
girders. Figure 3 shows the bridge plan view drawings and a
photograph of the test site.

linked to an STS4-BS-C base station to transfer stored data to
a laptop. The data is recorded at a 1000 Hz sampling rate. Based
on the gain, excitation and full-scale range of the sensor and
software settings, 0.3 micro-strain resolution is determined for
the measurement readings.

Figure 4. (a) Sketch of the test structure depicting sensor
location. (b) Strain transducer installed on the bridge.
The strain data was recorded while a British Class 115 Diesel
Multiple Units (DMU) type train crossed the bridge. The train
consists of three sets: Two Driving Motor Brake Second
(DMBS) cars which are located at the front and rear and a
Trailer Composite with Lavatory (TCL) type carriage located
in the centre. Each set consists of 2 bogies and each bogie has
2 axles spaced at 2.6 m, adding up to 12 axles in total for the
full set of cars. Figure 5 shows a sketch of the DMBS and TCL
cars and the British Class 115 type train crossing the test
structure

Figure 3. (a) Plan view of the test structure. (b) Photograph of
the test site (in foreground).
Instrumentation and testing
The test structure is instrumented with a strain transducer at 1.1
m from the support location on the train station side of the
bridge to record strains under train loading. The strain sensors
used during the field testing was developed by a company
named Bridge Diagnostics, Inc. (BDI). These are reusable
Wheatstone full bridge resistive sensors encased in rugged
transducer packages that are mounted on the structure with
bolted tabs. The length of the strain transducer is 76 mm. Figure
4 (a) shows the location of the test point and Figure 4 (b) shows
a photograph of the strain sensor installed on the bridge.
The strain transducer is connected into an STS4 4-node data
acquisition system using wired connection which is wirelessly
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Figure 5. (a) Sketch of the DMBS car. (b) Sketch of the TCL
car (c) British Class 115 train crossing the test structure.
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Figure 6. (a) Strain time history recorded under train loading (b) Second derivative of strain measurements with respect to time.
4

RESULTS AND DISCUSSION

The strain time history obtained in response to the British Class
115 type train loading is presented in Figure 6(a). There are 6
peaks in the strain signal which correspond to the passage of
the 6 bogies across the length of the test structure. The strain
signal obtained under train loading is differentiated twice in an
effort to identify the presence of axles and the corresponding
results are presented in Figure 6(b). As described in the
previous sections, positive peaks show the time when an axle
enters or leaves the bridge whereas negative peaks correspond
with times when an axle passes the sensor location. First
looking at the negative peaks, there are twelve in total which
identifies the time instants when axles are at the sensor
locations.
Among the positive peaks, the ones with higher amplitude
show the time instants when axles enter the bridge. There are
12 peaks identified in Figure 6(b) which are marked with solid
black circle markers. The remained positive peaks (blue solid
circle markers in Figure 6(b)) correspond with time instants
when an axle leaves the bridge structure. Since the magnitudes
of negative peaks when axles are leaving the structure are much
less than the corresponding peaks when axles enter the bridge,
for some axles, such as axles 3-10, it is not possible to
accurately identify the time when they are leaving the structure.
5

CONCLUSION

This paper investigates the potential of identifying the presence
of axles using the second derivative of measured strain with
respect to time. Initially, numerical analyses are carried out on
a 1-D simply supported bridge model to develop the theoretical

basis of the proposed method. Having seen that in theory it is
possible to identify the presence of axles using the second
derivative of the strain signal obtained under a traversing
vehicle, a field test is conducted on a single span simply
supported railway bridge in an effort to validate the proposed
methodology. The following conclusions can be drawn from
this study:
 The second derivative of strain results in positive and
negative peaks where positive peaks show the times
when axles enter or leave the bridge and negative
peaks correspond to times when an axle passes the
sensor location.
 The results obtained from the field testing confirms
that the proposed methodology can successfully
identify the presence of axles when they enter the
bridge and pass the sensor location. However, since
the sensor is installed closer to the support location at
the entrance side of the bridge, the proposed
methodology failed to accurately identify the times
when axles left the structure.
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ABSTRACT: The influence line of a structure reflects its structural behaviour as well as any possible damage present on the
bridge. An iterative algorithm is presented in this paper in order to obtain the shape of the influence line of a bridge together
with the load distribution of trucks passing overhead. One great advantage of this approach is that sensor calibration with preweighed trucks can be avoided. The only initial information needed are the measurement data and a preliminary estimate of
influence line based on engineering judgement. An illustrative example is shown, where strain data have been collected on a
reinforced concrete culvert. Apart from the efficiency of the proposed algorithm, the influence of the temperature on the results
is also shown.
KEY WORDS: Bridge reliability; Influence line; Health monitoring, SHM, BHM.
1

INTRODUCTION

Influence lines of bridges can provide key information on the
structural behaviour. In some studies influence lines have
been used directly in damage identification of bridges [1]. In
addition, the influence line of the bridge is the basis of Bridge
Weigh-in-Motion (B-WIM) system, where the aim is to obtain
the weight of trucks passing over the bridge. An extensive
literature exists on B-WIM algorithms that all utilize the
approximate influence line of the structure [2,3].
It is important to properly approximate the true influence
line of the structure. A widely accepted way to find influence
line is using the finite element model, although different new
and more reliable methods have been reported in the literature
[4-6].
In this paper an algorithm is presented, which combines
Quilligan’s method [6] to calculate the influence line and
Moses’ method [2] to calculate the axle weights of the passing
vehicles in parallel. The method’s robustness is tested using
mid-span strain data on a reinforced concrete culvert recorded
during ambient traffic conditions. In addition it is shown that
using a statistically relevant volume of trucks, the effect of
temperature on the behaviour of the structure can be
investigated. This suggests not only that the effect of
temperature on the stiffness of the structure has to be
accounted for but also that the method can be used to detect
damage.
2
2.1

THEORY
Moses’ method

The algorithm that Moses introduced in [2] is used to
calculate the axle weights of a truck given the corresponding
measured response and influence line ordinates. The main
principle of the algorithm is to minimise the least square error
between the measured response (xm) and the theoretical bridge
response (xth) that can be calculated as follows:

xth (t) = ∑N
i=1 Q i × ILi (t)

(1)

where t is the number of scans of the influence line and so of
the response (being time or distance), N is the number of axles
of the vehicle, Qi is the ith axle weight and ILi is the vector of
the influence line ordinates corresponding to the ith axle. The
non-zero influence line ordinates are identical for each axle;
however they are shifted depending on the location of each
axle. Then the least square error can be expressed as follows:
2
φ = ∑𝐾
t=1(x m (t) − x th (t))

(2)

The algorithm searches for the Q vector by setting the partial
derivatives of φ to zero. Solving this equation in matrix form,
the following equation can be obtained:
{Q} =

[IL]T {xm (t)}

(3)

[IL]T [IL]

This equation is the basis of B-WIM calculations and is the
first part of the combined iterative method introduced in this
paper.
2.2

Quilligan’s method

Quilligan [6] defined the matrix equation to calculate, based
on the same principles as Moses’ algorithm, the influence line
ordinates given the measured response and the axle weights of
a passing calibration vehicle. He proposed the solution in a
matrix form that can be used independently from the number
of axles of the vehicle. This solution of the influence line
ordinates can be expressed as follows:
{IL}K−CN,1 = [Q]−1
K−CN ,K−CN {M}K−CN ,1

(4)

where [Q] is a symmetric matrix dependent on the axle
weights,{M} is a vector dependent on the axle weights and
the measured response, K is the total number of scans of the
response signal and C is a vector containing the cumulative
sums of the axle spacings expressed in scan numbers (starting
from C1 = 0). Hence, CN is the total number of scans
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corresponding to the wheelbase of the vehicle. The elements
of [Q] are:
 Diagonal elements:
Sum of squares of axle weights
2
qi,i = ∑N
i Qi



the trucks, are located in the midspan along the width of the
bridge (see Figure 2). One of the slow lanes is the focus of
this paper; consequently only single truck crossing events are
considered.

(5)

Off-diagonal elements:
0 except for
qi,i+(Cj −Ci ) = Q i Q j

(6)

where i + (Cj − Ci ) < N − CN
The M vector can be expressed as follows:
{M}K−C𝑁,1 =
{

Q1 M1 + Q 2 M1+C2 +

…
⋮

+ Q N M1+CN

Q1 MK−CN + Q 2 MK−CN+C2 + … + Q N MK

2.3

}

Figure 1. View of the case study bridge
(7)

Combined iterative method

In order to obtain the influence line of the structure using
Quilligan’s algorithm, it is necessary to know the load
distribution of the vehicle, i.e. both the axle spacings and the
axle weights. The axle spacings can be obtained with signal
processing methods. However to know the axle weights the
truck has to be pre-weighed.
The method presented herein overcomes this limitation by
introducing an iterative procedure starting from a general
preliminary influence line based on engineering judgement. In
practice this means two things: the length of the influence line
has to be estimated as well as its shape. Using this preliminary
influence line, that may have a shape of a triangle for example
for a single span structure, Moses’ algorithm can be applied to
calculate the axle weight distribution. Then with the help of
these values Quilligan’s method can be used to calculate the
influence line ordinates. These two steps are repeated
iteratively until convergence is reached. Convergence can be
considered established when the calculated axle weights of
two consecutive steps of iteration are sufficiently close. In
general, convergence can be reached rather quickly for simple
structures.
With the proposed iterative approach, it is possible to obtain
the shape of the influence line as well as the relative load
distribution of the trucks based solely on measurement data.
In order to verify the method and to see if the results are
reliable, different tests have been conducted. However one
straightforward test is to evaluate the fit between the measured
and the calculated, theoretical signal by computing the
coefficient of determination, i.e. the r2 value.
3
3.1

CASE STUDY ON A CULVERT
Bridge and sensor data

The data available for this study has been collected from a
highway bridge in Slovenia, near Ljubljana (see Figure 1). It
is a reinforced concrete culvert with 2 lanes in each direction.
The length of the bridge is 6.5 metres, while its total width of
the structure is 32.3 metres. The strain sensors, used to weigh
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Figure 2. View of the strain sensors attached to the bottom of
the slab of the case study bridge
The response signals are post-processed to filter out the
dynamic effects and to obtain the number of axles and the axle
spacings of the crossing vehicles. The signals are also zeroed
in order to eliminate the effect of thermal
expansion/contraction on the strain history. An example of the
post-processed signals can be seen on Figure 3. The four
sensors under the studied lane are considered only. However
they are not calibrated, so all the signals contain raw data in
Volts. The summed up signal can be seen in the figure too.
This is the signal that is used in the further analysis. Summing
up various signals can help to reduce the influence of the
trucks transversal position and the pavement roughness.
It can be seen in Figure 2 that at some points (in the middle
of each lane) additional strain sensors are placed in the quarter
points of the structure. These sensors are used to calculate the
speed of the crossing vehicles.
Apart from strain sensors, temperature sensors are also
installed on the structure. A daily temperature cycle for
temperature of the pavement, the bottom of the slab and the
middle of the slab can be seen in Figure 4. The temperature in
the middle of the slab has much smaller amplitudes than the
others and a shift can also be seen, as expected, i.e. the slab
takes time to respond to changes in ambient temperature. As
this slab temperature influences most directly the behaviour of
the structure, it is referred to as the temperature from now on.
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convergence happens mostly because multiple vehicles are
present on the bridge, perhaps passing in the opposite
direction, introducing extra ‘noise’ in the measured signal. In
Figure 6 a well converged case is presented together with the
preliminary influence line (dashed line). In this case the
influence line shape and the load distribution can be extracted
and used without further doubt.

Figure 3. Measured signals during a slow lane single truck
crossing event

Figure 5. Iterative steps to find the shape of the influence line
– convergence cannot be reached

Figure 4. One daily cycle of temperature
3.2

Applying the iterative method

The iterative method presented in the previous section has
been applied on the strain measurement data of the culvert.
Due to the effect of the culvert-soil interaction it has been
decided to include in the influence line some metres before
and after the bridge itself. The preliminary shape of the
influence line was defined as a triangle along the bridge with
two ‘zero-tail’ zones before and after the bridge (it is marked
with dashed line on Figure 6). The total length of the
influence line is set to 17 metres.
One drawback of the method is that convergence cannot
always be reached. An example for this case can be seen on
Figure 5 (note increase of the order of magnitude of the
ordinates compared to the ones reported in Figure 6). For this
reason a specific stopping criterion has to be defined, i.e. in
case the difference between the calculated axle weights of two
consecutive steps are not decreasing, the algorithm quits the
iteration. However even in this case the shape of the influence
line and the load distribution results do not have to be directly
discarded but further analysed and carefully treated. Non-

Figure 6. Iterative steps to find the shape of the influence line
– convergence is reached
The calculated ‘theoretical’ signal using the obtained
influence line and load distribution can be compared to the
measured signal. Computing r2 values of the two signals (the
closer to 1, the better) is one way to quantify the quality of the
method. In Figure 7 the results of an example truck are shown.
The dashed line marks the measured signal while the
continuous line marks the calculated one. The five thin
continuous lines mark the individual responses of the five
axles of the truck. The r2 value in this case is 0.998, reflecting
the very good fit.
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Table 1. Sample size and average r2 value for each
temperature range considered.
Temperature
range [°C]
0-2
2-4
4-6
6-8
8-10
10-12
12-14
14-16
16-18
18-20
20-22
22-24
24-26
26-28
28-30

Figure 7. Comparing the calculated truck response (the
individual axle responses are marked with thin lines) and the
measured response
3.3

Sample
size
7945
7937
8131
8057
7904
7891
7902
7843
8060
8072
8050
8097
8034
8138
8165

r2 values
0.9984
0.9983
0.9984
0.9984
0.9983
0.9984
0.9983
0.9983
0.9983
0.9982
0.9983
0.9983
0.9981
0.9982
0.9980

Effect of temperature

The database of the signals is split into several parts
depending on the temperature. Each subpart then corresponds
to a narrow temperature band of 2°C. The iterative method is
applied to the trucks’ signals of each subset. The original
sample size has been 10000 trucks for each temperature range.
However all the cases with convergence problems are filtered
out. The resulting final sample size and the average r2 values
depending on the temperature range, can be found in Table 1.
The mean calculated relative Gross Vehicle Weight (GVW) of
a general population and of a population of 5-axle trucks only
are presented in Figure 8. As the average GVW of a
population of trucks is not expected to vary with the
temperature, it can be concluded that the observed variation is
due to the variation of the structural behaviour that is sensitive
to the temperature change. It can be also seen that focusing on
5-axle trucks only results in a smoother curve, i.e. more robust
relationship between calculated GVW and temperature.

Figure 8. Mean relative GVW plotted against temperature for
a population of general trucks and of 5-axle trucks

4
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CONCLUSIONS

The iterative method presented in this paper allows the
influence line shape of a structure to be obtained as well as the
load distribution of the passing vehicles. Through an
illustrative example it is shown that although there are some
limitations and difficulties in the method, it provides
encouraging preliminary results.
Temperature change can affect the stiffness of different
parts of the bridge (and soil) and so it may influence the
structural response. For this reason, a study on temperature
effect has been conducted to show that this effect exists and
can be tackled with the developed method.
The iterative method’s greatest advantage is that preweighing trucks can be avoided. Thus, it has high potential for
both B-WIM and damage detection of bridges. Future
research is planned on exploring better the limitations and
robustness of the method and to define more in detail the areas
of possible application.
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ABSTRACT: Structural Health Monitoring (SHM) techniques are able to monitor the behaviour of critical infrastructure over
time, by improving the safety and reliability of the asset. A large amount of data is generated by SHM methods continuously.
Therefore, machine learning methods can be developed in order to transform the available data into valuable information for
decision makers, by pointing out vulnerabilities of the critical infrastructure. In this paper, a machine learning classifier for
condition monitoring and damage detection of bridges is proposed by adopting a Neuro-Fuzzy algorithm. The method allows to
assess the health state of the infrastructure automatically, accurately and rapidly, every time when a new measurement of the
bridge behaviour is available. The method is validated and tested by monitoring the behaviour of an in-field steel truss bridge,
which is subjected to a progressive damage process.
KEY WORDS: Machine Learning; Neuro-Fuzzy Neural Network; Empirical Mode Decomposition (EMD).
1

INTRODUCTION

Bridges are continuously deteriorating due to aging, traffic
load, and environmental effects such as wind, storm and
changing temperatures. Time-consuming and expensive visual
inspection techniques are widely adopted to assess the health
state of bridges, at fixed time intervals, ranging from one to six
years [1]. Furthermore, visual inspections are based on expert
knowledge, and consequently the outcomes can be significantly
variable, due to subjectivity of the assessor [2]. Structural
Health Monitoring (SHM) methods can overcome the
limitations of visual inspections, by relying on the analysis of
the bridge static and dynamic responses with the aim of
assessing the bridge health state accurately, remotely and
continuously [3]. In addition, maintenance costs increase
dramatically when the degradation of the bridge is left
unaddressed, since visual inspections might only identify the
degradation years after its starting date.
SHM methods can improve the reliability of the whole
transportation network by providing rapid and robust
information to decision makers regarding the health state of the
bridge, by identifying unexpected behaviour of the bridge [4].
For these reasons, SHM methods have been widely studied in
the last decades, by developing model-based and data-driven
methods. Model-based SHM methods, such as Finite Element
Model (FEM) updating methods, have demonstrated to
accurately assess the health state of bridges [5]. However, a
complex and time-consuming process is required to develop a
reliable and accurate FEM of the bridge, i.e. an FEM that is able
to represent the behaviour of a real structure with good
accuracy. As a consequence, continuous condition monitoring
of the bridge might not be achieved. Conversely, data-driven
methods, such as Artificial Neural Networks (ANNs) [6],
Principal Component Analysis (PCA) [7], supervised and
unsupervised clustering techniques [8], and vibration-based
analysis [9] show promising results for continuous condition
monitoring of bridges. However, the performance of data-
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driven methods strongly depends on the quality and quantity of
available data.
In this paper, we present a machine learning method to
monitor the health state of bridges, by identifying and
diagnosing damages of the bridge infrastructure. The method
relies on a first-step that aims to extract statistical and
frequency-based features from the raw data of bridge
behaviour, followed by a second-step that aims to assess the
trend over time of the computed features. Finally, a NeuroFuzzy algorithm, which is able to classify the behaviour of the
bridge based on its similarity with the behaviour of a training
dataset, is adopted to assess the bridge health state. The method
allows to evaluate the health state of the bridge automatically,
accurately and rapidly, every time when a new measurement of
the bridge behaviour is available.
The main novelty of our work lies in the extraction of the
trend of the statistical and frequency-based features, which
allow to assess the health state of the bridge, without requiring
a time-consuming and complex process to achieve good and
robust results. Indeed, the trend of the features is obtained by
assessing the residuals of the Empirical Mode Composition
(EMD) of each feature [10]. In the SHM framework, the EMD
is generally adopted to identify structural changes by analysing
dynamic behaviour of the infrastructure directly, i.e. the
dynamic behaviour of the bridge is used as an input to the EMD
process [11; 12]. Such application has shown good results when
an FEM was analysed [11], however, misclassifications and
false alarms were observed when a real in-field bridge was
monitored [12]. In this paper, we adopt the EMD to extract the
trend of the features of the bridge behaviour. In fact, several
studies have demonstrated that the EMD trend of the features
can provide valuable information with respect to the level of
degradation of a system [10; 13].
The proposed method is tested by monitoring the behaviour
of an in-field steel truss bridge, which is subjected to a
progressive damage under a moving vehicle excitation [14].
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For each sensor

The remaining of the paper is organized as follows: Section
2 describes the proposed data-driven method; Section 3 shows
the results of the proposed method in monitoring the steel truss
bridge; Section 4 presents the conclusion and future work.
2

For each time
window

THE PROPOSED MACHINE LEARNING SHM METHOD

The proposed data-driven method is described in this section,
by providing a step-by-step description of the method. The aim
of the method is to monitor the health state of the steel truss
bridge continuously, by assessing the health state of the bridge
every time when new evidence of the bridge behaviour is made
available by the sensors that are installed on the bridge. In this
way, unexpected behaviour of the bridge, which can be caused
by degradation mechanisms, can be detected as soon as the
behaviour of the bridge is affected. Furthermore, the proposed
method is able to diagnose the cause of unexpected behaviour
of the bridge, and consequently diagnose damage of the bridge.
Decision-makers can take informed decisions by relying on the
rapid and valuable information provided by the proposed
method.
In what follows, an overview of the method is presented.
Each step of the analysis is then described by applying the
method to the real steel truss bridge.
Overview of the method
The proposed condition monitoring and damage detection
methodology is depicted in Figure 1. The dynamic behavioural
response of the bridge is recorded by accelerometers that are
installed on the bridge infrastructure [14]. Every time when a
new set of raw bridge behaviour is provided by the sensors, due
to the fact that a vehicle runs over the bridge, the dynamic
response of the bridge is divided into three time windows: a)
an equilibrium position of the bridge, when no vehicles are
travelling over the bridge, and the bridge response is influenced
only by environmental factors, such as wind; b) a forced
response of the bridge, when a vehicle is passing over the
bridge; c) a free vibration response of the bridge, when the
vehicle leaves the bridge, which continues to vibrate due to the
influence of the vehicle, until a new equilibrium is reached. A
feature extraction process is then developed, with the aim of
reducing the dimensionality of the raw bridge behaviour. In
fact, sensors provide thousands of values of the bridge
behaviour at each time second, whereas features can extract
relevant information regarding the bridge health state, by
merging together the thousands sensor values into a lumped
assessment [15]. Statistical features (such as mean value,
standard deviation, kurtosis, root mean square, etc.) and
frequency-domain features (such as peaks and amplitudes of
the Fast Fourier Transform (FFT)) are assessed at each τ time
step in order to extract information from the bridge behaviour
(Figure 2). The obtained features are usually noisy, i.e. features
show high level of oscillations, and as a consequence the trend
of each feature can be obtained by assessing the residuals of the
EMD of each feature assessment [10]. In fact, the EMD trend
can provide information with respect to the level of degradation
of the bridge. The trend of the features is finally used as input
to a Neuro-Fuzzy classifier, which has been trained adequately
in order to assess the health state of the bridge. Therefore, the

22

Figure 1. Flowchart of the proposed methodology
health state of the bridge is evaluated every time when new
evidence of the bridge dynamic behaviour is available, by
extracting its features and classifying the bridge health state
based on the trend of its features.
3

STEEL TRUSS BRIDGE CONDITION MONITORING AND
DAMAGE DETECTION

In this case study, the method is applied to an in-field steel
truss bridge, which was subjected to progressive damage tests
with a moving vehicle excitation [14]. The acceleration data of
the bridge are provided by sensors installed on the bridge
infrastructure, and used as the input to the proposed
methodology. In what follows, the bridge is presented, and the
steps of the proposed methodology discussed with the aim of
assessing the health state of the bridge.
The steel truss bridge
A simply-supported steel Warren truss bridge is considered
in this paper. The length of the bridge is 59.2m, with 3.6m
width and 8m of maximum height, as shown in Figure 3 [14].
The bridge was demolished in 2012. However, progressive
damage tests were carried out while the bridge was closed to
the public in order to develop a dataset of bridge behaviour
under changing health states of the bridge, and consequently
develop SHM strategies based on real in-field structures. The
dynamic behaviour of the bridge was collected by 8
accelerometers, denoted as Ai (i = 1, 2, …, 8) circles in Figure
3, whose sample rates was equal to 200 Hz.
Three different health state classes of the bridge were analysed
by damaging progressively the bridge infrastructure (Figure 3):
i) intact bridge scenarios, with no damage of the bridge
infrastructure (class 1); ii) a complete cut of the mid-span
vertical member (DMG1, class 2); iii) a complete cut of the
vertical member at 5/8th span (DMG2, class 3).

Figure 2. List of extracted features
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Ai: Accelerometer No. i (Vert.) DMG1
DMGi: damage scenario i
DMG1
DMG2
DMG2 DMG3
P1 Pi: Pier No.i

A1

A2

A3

A4

P2

A5

Passing direction

A8
A7
A6
8@7400= 59200 mm

Figure 3. Steel truss bridge and sensors locations
For each class, the vehicle used for the experiment was a twoaxle vehicle, with a total weight of about 21kN. The vehicle
was driven across the bridge three times for each scenario at a
speed ranging from 36 to 41 km/hr to induce excitation.
Figure 4 shows a sample time-history of the bridge
acceleration response, and the definition of the three time
windows, which are represented by dotted vertical lines.
Finally, it is worth mentioning that during the progressive
damage tests, all traffic except the load vehicle was prohibited.
Feature extraction
The bridge behaviour gathered from the 8 sensors consists of
1600 data points for each second (8 sensors, with a sampling
rate of 200 Hz), and as a consequence large data storage
capacity and high computation power are required to efficiently
store and analyse such amount of data. Conversely, the
dimension of the bridge behaviour data can be reduced into
more valuable information, with respect to the bridge health
state, by extracting informative features from the raw
acceleration data. Therefore, the 22 features in Figure 2 are
extracted from the raw bridge acceleration every τ seconds, by
reducing the dimensionality of the data from 1600 • τ to 176
(22 features • 8 sensors), i.e. every τ seconds the 22 features are
evaluated for each sensor and stored in order to monitor the
evolution of the bridge condition over time. In this case study,
τ is equal to 2 seconds, and consequently 2600 values are
lumped into 176 values, which are assessed every 2 seconds.
The features are extracted from both time domain and
frequency domain by using an FFT approach. In this way, both
the statistical and frequency-based behaviour of the bridge are
evaluated in order to assess the health state of the bridge. In

fact, statistical features are adopted to monitor the health state
of complex systems, such as aircraft engines [16], whereas
changes of the bridge frequency-based behaviour are widely
adopted as bridge damage parameters [14]. In what follows, the
analysis of the free vibration responses of the bridge (as shown
in Figure 4) is presented, in order to avoid any potential noise
of the passing vehicles on the results. This assumption is
suggested by the structural analysis of the steel truss bridge
[14].
Without loss of generality, Figure 5 shows 8 of the 22
features that are evaluated for the free vibration window (c)) of
the bridge acceleration recorded by sensor 3. It should be noted
that the features are noisy, by presenting a high level of
oscillations, and thus a robust and reliable assessment of the
bridge condition can be threatened by such oscillations. For this
reason, a further step of data processing is introduced by using
the EMD, in order to retrieve the trend of the feature, and as a
consequence, assess the health state of the bridge in a robust
and reliable way.
Feature trend smoothing
The trend of the features is assessed by decomposing the
feature pattern, such as shown in Figure 5, which shows high
oscillations, into multiple signals of equal duration, known as
Intrinsic Mode Functions (IMFs) through the application of the
EMD process [17]. The EMD is a data-driven decomposition
method that is able to decompose a signal into multiple simple
harmonics of various frequencies, i.e. multiple IMFs with
different frequencies. The EMD process can be applied to any
oscillatory and non-stationary time series as follows:
1. Identify all maxima and minima of the feature
pattern to be decomposed.
2. Connect peaks using a polynomial spline fitting to
enhance interpolation.
3. Assess the mean value of both maxima and minima
spline envelope.
4. Subtract the mean of the envelope from the original
feature pattern.
5. Perform steps 1 to 4 until a zero-mean of the
envelope is obtained. The resulting time-series is the
first IMF.
6. Perform steps 1 to 5 to the obtained IMFs until a
monotonic function remains or until a
predetermined threshold is reached. This final timeseries is known as residuals and represent the trend
of the decomposed feature pattern.

Free vibration

Figure 4. Vehicle induced bridge acceleration and time
windows example
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Figure 5. Example of features extraction for sensor 3
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Figure 6. Trend of the 8 features presented in Figure 5
The EMD process allows to decompose the noisy pattern of
the feature of Figure 5, into a set of IMFs and a function that
represents the trend of the feature pattern over time.
The IMF satisfy the following two criteria: i) the number of
extrema and number of zero crossings is either equal or differ
at most by one; ii) the mean value of the spline envelopes is
equal to zero.
The residuals of the EMD for the 8 features of Figure 5 are
shown in Figure 6. It is worth noting the difference between the
pattern of the features (Figure 5) and their trend (Figure 6): the
trend of the features allows to point out different bridge
behaviour, i.e. each health state of the bridge is represented by
a different trend clearly. On the contrary, the assessment of
both statistical and frequency-domain features does not allow
to point out different bridge health states in a clear manner. For
example, the patterns of the third and fourth harmonic peaks of
the FFT, which represent each class of the bridge health state,
are overlapped in Figure 5, and thus it is difficult to identify the
health state of the bridge correctly by analysing such features.
Conversely, the trends of the same features in Figure 6 are well
separated, and as a consequence, the health state of the bridge
can be identified robustly by relying on the analysis of such
trend.
In what follows, a machine learning method, which relies on
a Neuro-Fuzzy classifier, is introduced with the aim of
assessing the health state of the bridge every time when the new
evidence of the bridge behaviour is available, by using the trend
of the features as input to the Neuro-Fuzzy classifier.
The Neuro-Fuzzy classifier for automatic assessment of
the bridge health state
Machine learning methods are able to classify the behaviour of
a system by evaluating the similarity between system
behaviours. In fact, a machine learning method is usually
trained by using a database of system behaviour under different
health states. In this way, when the unknown behaviour of the
system is made available by the sensors, the machine learning
method allows to assess the health state of the system, by
assigning the unknown behaviour to the most similar class, i.e.
the class that contains the most similar behaviour.
In this paper, we adopt a Neuro-Fuzzy classifier, which
allows to merge fuzzy classification techniques with the
learning capabilities of a Neural Network. The detail
description of the Neuro-Fuzzy classifier is out of the scope of
this paper, and an interested reader can find more information

in [18]. Hereafter, the main steps of the Neuro-Fuzzy classifier
are presented.
The method requires a database of historical behaviour of
the bridge for the different health states of the bridge (healthyclass 1, DMG1-class 2 and DMG3-class 3, in this case study)
in order to carry out the training process. Indeed, the method
aims to recognize and classify the different health states of the
bridge, during the continuous monitoring of unknown bridge
behaviour. With this aim, the accelerations of the steel truss
bridge are divided in two groups randomly, in order to firstly
train the Neuro-Fuzzy classifier, and then to test its
performance in identifying the health state of the bridge
correctly. The two sets of data are processed in the same way:
i) the feature extraction process is carried out (Section 3.2); ii)
the trend of the features is assessed (Section 3.3); iii) the trend
of the features is used as input to the Neuro-Fuzzy classifier,
during both the training and testing phases.
It should be noted that a feature selection process is
performed during the training phase of the machine learning
method, in order to increase the number of correct
classifications (known as accuracy) of the Neuro-Fuzzy
method. In fact, some of the 22 features can be redundant or
non-informative, and as a consequence they can decrease the
accuracy of the proposed method. In fact, these features
increase the number of the Neuro-Fuzzy inputs, without
providing valuable information about the different health states
of the bridge. Therefore, an optimization algorithm (a
Differential Evolution algorithm [19]) is used in order to
iteratively select a combination of feature trends (e.g. the 8
features shown in Figures 5 and 6), and assess the accuracy of
the Neuro-Fuzzy classifier by using only the selected
combination of features as input to the machine learning
method. The optimization method ends when the accuracy of
the Neuro-Fuzzy method is maximized with respect to the
considered training dataset. The optimal features selected in
this case study are shown in bold in Figure 2.
The Neuro-Fuzzy classifier is developed as follows:
1) the trend of the features for each health state class
of the bridge is used as input to the Neuro-Fuzzy
classifier.
2) a k-means clustering method is applied to the
trend data of each class with the aim of defining
fuzzy rules. This means that the trend data of each
health state class of the bridge are separated into
different clusters in order to describe the relation
between data belonging to the same class. For
example, a fuzzy rule can be defined as follows:
if the data x1 of the considered trend belongs to
cluster 1, and the data x2 belongs to cluster 2, then
the trend belongs to class 1.
3) the weight of each rule and each cluster is
assessed by evaluating the size of each cluster.
4) a Gaussian probability density function is defined
for each rule and each cluster. Therefore, a
membership function is introduced, by using the
centre of each cluster as mean value of the
Gaussian distribution, whereas the standard
deviation of the membership function is equal to
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the standard deviation of the data that belong to
each cluster of each class.
5) a fuzzification process is developed by assessing
the membership value of each data of each trend
to each Gaussian probability distribution.
6) a defuzzification and normalization process is
finally carried out in order to assign each value of
each trend to a class, i.e. each data of each trend
is assigned to the class with the higher
membership value.
7) the accuracy of the process is assessed, by
counting the number of correct classifications, i.e.
the number of trend values that have been
assigned to the correct class.
8) if the accuracy is lower than a threshold (95% in
this case study), the steps 4 to 7 are repeated
iteratively, by modifying the mean value and
standard deviation of the Gaussian probability
distributions slightly with respect to a set of predefined parameters [18].
When the training process of the Neuro-Fuzzy classifier is
complete, the method can be used to monitor the health state of
the bridge, with the aim of identifying and diagnosing
unexpected behaviour of the bridge. In what follows, the
Neuro-Fuzzy classifier is applied to monitor the health state of
the steel truss bridge.
Application of the Neuro-Fuzzy classifier to the steel
truss bridge
The health state of the steel truss bridge is monitored by
measuring the acceleration of the bridge every time when a
vehicle is passing over the bridge. When new evidence of the
bridge acceleration is provided by the 8 sensors that are
installed on the bridge, the 22 features of Figure 2 are extracted
and the trend of the features is evaluated, by applying the EMD
to the features pattern. The trend of the features is then used as
input to the Neuro-Fuzzy classifier. The machine learning
classifier is trained with trends representing each health state
class of the bridge, and thus the Neuro-Fuzzy method is able to
assess the health state of the bridge by classifying an unknown
measurement of the bridge behaviour based on its similarity
with the training trends of each class.
The Neuro-Fuzzy classifier provides the probability that each
trend belongs to a health state class. For example, Figure 7
shows the results of the classification of two unknown
acceleration measurements of the bridge (a healthy scenario
and a damaged scenario of the bridge): Figure 7(a) shows that
proposed method is able to recognize a healthy state of the
bridge, i.e. the behaviour of the healthy bridge is classified as
healthy (class 1) with a probability of 80%, whilst Figure 7(b)
shows that damaged health states of the bridge are detected by
the Neuro-Fuzzy method (classes 2 and 3). At the same time,
the Neuro-Fuzzy method is able to diagnose the nature of the
damage of the bridge, by providing a probability for each class.
For example, Figure 7(b) shows that the health state of the
bridge is damaged, and the nature of the damage is class 3 (i.e.
DMG1 in Figure 3).
In this case study, the performance of the Neuro-Fuzzy
classifier is verified by assessing the health state of the bridge
during 6 unknown scenarios, i.e. 6 acceleration measurements
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(a)
(b)
Figure 7. Classification of unknown bridge behaviour
are analysed in order to assess the health state of the bridge.
The 6 scenarios are composed of 2 healthy scenarios, and 4
damaged scenarios, 2 for each damaged class ii) and iii). The
proposed method is able to correctly identify the nature of all 6
scenarios, whereas the diagnosing process of the damage
scenarios is successful in 3 out of 4 scenarios.
The proposed method requires a database of bridge behaviour
during different health state scenarios of the bridge, in order to
recognize unknown health state of the bridge. Although, a low
amount of the data can be a limitation for the accuracy of
machine learning methods, the Neuro-Fuzzy classifier has
demonstrated good performance also with small dataset.
However, the performance of the proposed method can be
improved by increasing the size of the training dataset, in order
to take account of the variability of the bridge behaviour due to
the effect of different environmental condition.
4

CONCLUSIONS

In this paper, a machine learning classifier has been proposed
in order to monitor and assess the health state of a bridge
continuously, every time when new evidence of the bridge
behaviour is provided by the measurement system that is
installed on the bridge. The proposed method relies on a threestep data-driven process: i) assessment of 22 statistical and
frequency-based features, in order to extract valuable
information from the acceleration of the bridge and by reducing
the dimensionality of the acceleration data; ii) assessment of
the trend of the feature over time, in order to reduce the noise
of the features pattern, and thus provide a robust and reliable
assessment of the bridge health state; iii) automatic assessment
of the health state of the bridge by using the trend of the features
as input to a Neuro-Fuzzy classifier, which has been previously
trained, and by detecting and diagnosing bridge damage
scenarios.
The proposed method has been applied to an in-field steel
truss bridge, which was subjected to progressive damage tests
under moving vehicle excitation. The method has demonstrated
to be able to classify the health state of the bridge correctly, by
detecting and diagnosing selected damage scenarios of the
bridge.
The performance of the proposed method can be improved
by increasing the size of the training dataset and introducing a
pre-processing of the acceleration data, with the aim of
cleansing the data from the noise that is unavoidably present
when a real bridge infrastructure is monitored.
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Although the proposed method showed good performance in
monitoring and assessing the health state of the bridge, further
developments of the method are required in order to improve
both the accuracy and the robustness of the proposed method.
With this aim, a larger dataset of bridge behaviour is required
for the training process, in order to take account of the
variability of the bridge behaviour due to different
environmental condition. Indeed, the dynamic behaviour of the
bridge depends on both the nature of the external bridge
excitations, such as different vehicles that run over the bridge
at different speeds, and the environmental weather condition,
e.g. a variation of the ambient temperature leads to a strong
variation of the bridge behaviour without modifying its health
state. Therefore, a more complete training dataset, which
contains the variability of the bridge behaviour due to the
change of environmental condition, can lead to a more accurate
and robust analysis of the bridge health state.
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ABSTRACT: Many traditional methods of damage identification in bridge structures implement numerical models and/or modal
parameters as a means of condition assessment. While such techniques can often be effective, they may also succumb to their
own intrinsic constraints, such as shortcoming in numerical model calibration to dynamic behaviour and environmental
sensitivity of modal parameters. Furthermore, the degree of vibration signal non-stationarity that may be induced due to vehicle
excitation can limit the applicability of some common signal processing techniques, such as Fourier transforms. The current
study investigates vibration-based approaches to damage identification that circumvent some of these issues.
Vibration data obtained from a real bridge structure subjected to a progressive damage test under vehicle induced excitation is
used as a test subject. Novel vibration parameters obtained from the raw signals are assessed for their damage detection,
localisation and quantification capabilities. Additionally, advanced Empirical Mode Decomposition (EMD) and the HilbertHuang Transformation (HHT) is applied to the non-stationary signals for the purpose of damage identification.
The investigation shows that damage detection, localisation and quantification is achievable from the vehicle induced vibration
signals using the proposed empirical techniques.
KEY WORDS: Damage Identification, SHM, TRUSS ITN.
1

INTRODUCTION

Structural damage and degradation of bridges is a dangerous
and costly occurrence. It is vital that bridge owners conduct
necessary visual inspections and structural integrity testing on
a regular basis, although this is somewhat impractical due to
the quantity of bridges in the network. Instead of directly
inspecting all bridges, sensors can be employed to indirectly
infer the presence of damage using theoretical relationships,
such as that of modal frequency and bending stiffness. Many
modal parameters have been proposed for this reason, some of
which are discussed in Moughty & Casas, (2017), however,
using modal parameters as damage sensitive features can have
some drawbacks and their performance may suffer from their
sensitivity to environmental and operational conditions.
Additionally, the non-stationarity of some vibration signals
creates a problem when using standard modal techniques that
employ Fourier-based transforms, as linear stationarity is
assumed to accurately obtain each frequency’s relative power.
The present paper explores alternative approaches to this
problem by detailing a number of vibration-based, output-only
damage sensitive parameters that have been designed to be
applicable to vehicle induced excitation vibration responses.
2

VIBRATION BASED DAMAGE SENSITIVE FEATURES

This section provides a description of a number of damage
sensitive features applied herein to short non-stationary
vibration signals for the purposes of damage identification.
2.1

Cumulative Absolute Displacement (CAD)

CAD is summation of displacement over a discrete duration.
As the subject of present study involves short duration
vibration signals, an accurate approximation of transient
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displacement can be obtained from the acceleration signal
using integration and band-pass filtering to avoid drift. It is,
however, necessary to ensure that the bridge is close to static
behavior at t=0sec in the neutral axis position to avoid errors.
𝑡

𝐶𝐴𝐷 = ∫ |𝑥(𝑡)|𝑑𝑡

(1)

0

2.2

Vibration Decay Parameters

A feature of short vibration signals resulting from an impulse
force or vehicle passage is the subsequent decay of the signal.
A common method of assessing damage from changes in the
decay of a signal is to obtain modal damping values; however,
depending on the methodology employed, modal damping
values may come with significant standard deviations, which
reduce damage sensitivity.

𝑦(𝑡) = 𝑦0 𝑒 𝑎𝑡
𝑤ℎ𝑒𝑟𝑒:

𝐷𝑒𝑐𝑎𝑦 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = 𝑦0
𝐷𝑒𝑐𝑎𝑦 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 𝑎

(2)

An alternative option is to fit an exponential decay function
to the free vibration of the signal, which can characterize the
structure’s energy dissipation into discrete quantifiable
parameter values. Equation 2 provides the exponential decay
function applied to the vibration signals herein. Its
components {𝑦0 } and {𝑎} represent the Exponential Decay
Intercept (EDI) and Exponential Decay Constant (EDC),
respectively. These two parameters can be utilized for the
purposes of damage identification. Figure 1 provides a
graphical example of the exponential decay function plotted
alongside their respective vibration signals for an undamaged
and damage response.
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Figure 1. Example of exponential decay functions for an
undamaged and damaged vibration response
2.3

Instantaneous Vibration Intensity (IVI)

Figure 2. Sketch of test structure with damage locations
highlighted in grey & sensor locations in red.

IVI is a damage sensitive feature designed for use on nonstationary data. IVI is the product of two Hilbert-Huang
Transform (HHT) (Huang et al., 1998) parameters;
instantaneous amplitude and instantaneous frequency,
commonly presented together in a Hilbert-Huang Spectrum.
However, this representation is not easily quantifiable. A
more objective representation of instantaneous amplitude and
frequency can be obtained via IVI, whose calculation is
summarized in following explanatory paragraphs. For a more
in-depth explanation, see Moughty & Casas (2018).
The first step is to decompose the raw non-stationary
vibration signals into Intrinsic Mode Functions (IMFs) using
Empirical Mode Decomposition (EMD). The present study
utilizes an advanced method of EMD called Improved
Complete Ensemble Empirical Mode Decomposition with
Adaptive Noise (ICEEMDAN) (Colominas, et al., 2014).
The IMFs {ci (τ)} obtained from the EMD process are input
into the Hilbert Transform (Equation 3).

𝐻[𝑐𝑖 (𝑡)] =

1
ci (τ)
∫
dτ
𝜋 −∝ t − τ

(3)

The resulting Hilbert Transform 𝐻[𝑐𝑖 (𝑡)] is grouped with
{ci (τ)} to form an analytic signal 𝑧(𝑡) (Equation 4) whose
constituents 𝑎𝑖 (𝑡) and 𝜃𝑖 (𝑡) are the instantaneous amplitudes
instantaneous phases, respectively (Equation 5 & Equation 6).
Instantaneous frequencies {𝜔𝑖 (𝑡)} of each IMF are
determined by differentiating the instantaneous phase function
(Equation 7). Finally, the desired vibration parameter IVI is
obtained by combining the instantaneous amplitudes and
frequencies, as per Equation 8.

𝑧(𝑡) = 𝑐𝑖 (𝑡) + 𝑗𝐻[𝑐𝑖 (𝑡)] = 𝑎𝑖 (𝑡)𝑒 𝑗𝜃𝑖 (𝑡)

(4)

𝑎𝑖 (𝑡) = √𝑐𝑖 2 (𝑡) + 𝐻 2 [𝑐𝑖 (𝑡)]

(5)

𝜃𝑖 (𝑡) = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝜔𝑖 (𝑡) =

Figure 3. Pictures and sketches of bridge damage scenarios

∝

𝐻[𝑐𝑖 (𝑡)]
)
𝑐𝑖 (𝑡)

𝑑𝜃𝑖 (𝑡)
𝑑𝑡

𝐼𝑉𝐼𝑖 (𝑡) = 𝑎𝑖 2 (𝑡)/ 𝜔𝑖 (𝑡)

(6)

(7)
(8)

Figure 4. Example of vehicle induced vibration response with
period of forced vibration shaded
3

CASE STUDY SUBJECT

The test data utilized herein is obtained from a progressive
damage test conducted on a steel truss bridge that was
subjected to vehicle excitation (Kim et al., 2013). The bridge
is a simply-supported steel truss bridge with a 59.2m span,
3.6m width and a peak height of 8m. Dynamic vibration
response was recorded from 8 uniaxial accelerometers at a
sample rate of 200Hz, positioned as per Figure 2.
The damage actions entail the severing of vertical truss
members at locations presented in Figure 2. The progression
of the damage states are described in Table 1 and shown in
Figure 3. The damage actions start with the partial intersection
of the vertical member at mid-span (DMG1), before its full
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intersection was completed for DMG2. After which, the
severed member was reconnected (RCV) via a welded flange.
Finally, the vertical member at the 5/8th span location was
completed severed for damage action DMG3.
Table 1. Description of damage actions
Damage State Damage Actions
Undamaged

No action

DMG1

Half cut in vertical member at mid-span

DMG2

Full cut in vertical member at mid-span

RCV
DMG3

Mid-span member reconnected
Full cut in vertical member at 5/8th span

For each damage scenario, a 21kN double-axle vehicle was
driven across the bridge 3 times at approximately 40km/h. A
sample time-history of acceleration response is presented in
Figure 4 with the period of forced vibration shaded in grey.
The forced vibration response is short in duration and highly
non-stationary and is therefore unsuitable for Fourier-based
transformation techniques. In the present study, the period of
forced vibration is assessed using the proposed HHT based
damage sensitive feature IVI.
4

RESULTS

Results obtained for the assessed vibration-based, output-only
damage sensitive features of CAD, EDC, EDI & IVI are
presented in this section. The assessment of potential damage
in the present study is conducted on sensors 1-5, as per Figure
2, for damage scenarios DMG2, RCV & DMG3, as per Figure
3. The reduction in sensors and damage scenarios assessed is
to conserve space while retaining sufficient scope of
investigation. Additionally, only the first vehicle passage for
each assessed damage scenario is presented for the same
purposes.
CAD: Figure 5 presents the CAD values obtained at all 8
sensor locations (as per Figure 2.) for the condition states of;
Undamaged, DMG2, RCV & DMG3. All values are
normalized to the largest undamaged value. It is clear that
DMG3 yields a significant change in CAD at Sensor 4, which
is the location of damage. In Figure 8, the percentage
variation from baseline for sensors 1-5 for DMG2, RCV &
DMG3 is given, which shows clear damage at sensors 3 & 4
for damage states DMG2 & DMG3, respectively. Both
sensors are located at the point of damage, indicating a
successful damage identification assessment. Furthermore, the
RCV condition state is close to baseline, which correctly
indicates no damage present.

assessment and also that the RCV condition state is close to
baseline, correctly indicating no damage present.
EDC: Figure 7 presents the EDC values obtained at all 8
sensor locations for the condition states of; Undamaged,
DMG2, RCV & DMG3. Again, it is clear that DMG3 yields a
significant change in EDC at the damage location of Sensor 4,
however it fails to identify damage at Sensor for condition
state DMG2. This is shown in Figure 10, where the
percentage variation from baseline for sensors 1-5 for DMG2,
RCV & DMG3 is given.
IVI: Figure 11 to Figure 15 present the IVI’s obtained for
Sensors 1-5, respectively. In each case, the “(a)” subfigure
presents the IVIs resulting from the condition states of
Undamaged and DMG2. The damage location for DMG2 is at
Sensor3, where a vertical member is severed. The evidence
shows a slightly greater difference between the two sets of IVI
at this location (Figure 13 (a)) when compared against the
other 4 Sensor locations, although it is difficult to discern.
For the RCV condition, which entails the repair of the
severed vertical member from DMG2 via a welded flange,
results are presented in the “(b)” sub-figures of Figure 11 to
Figure 15. For all sensors, the IVIs obtained for the RCV
condition seem to have reduced from the Undamaged
condition IVIs, which may indicate some variability in the
vehicle passage loading. However, the RCV IVIs obtained at
Sensor3 (Figure 13(b)) portray a greater reduction from the
original undamaged state, which may indicate that the welded
flange provides an enhance stiffness to the structure than its
original condition.
For the DMG3 damage scenario, which entails the severing
of a vertical member at Sensor 4, results are presented in the
“(c)” subfigures of Figure 11 to Figure 15. From the evidence
of these results it is very clear that Sensor 4 shows a greater
difference between the two sets of IVI than other locations,
who all demonstrate very similar responses of IVI. Note that
in this case the reference condition state is that of the RCV
damage scenario instead of the Undamaged state, as the
severing of the vertical member for DMG3 occurred after the
RCV repair work, therefore the use of the original undamaged
condition as a reference state for DMG3 would produce
variations in IVI for both RCV and DMG3.
To quantifiably assess the results of IVI presented in
Figures 11-15, a damage indicator function called Cumulative
Difference Ratio (CDR) is used. CDR is presented in
Equation 9, where ∑𝑛𝑖=1(𝐼𝑉𝐼𝐷𝑎𝑚𝑖 ) and ∑𝑛𝑖=1(𝐼𝑉𝐼𝑈𝐷𝑖 ) are the
cumulatively summed values of IVI across time for the
damaged state and undamaged state, respectively.
Figure 16 presents the IVI variation per sensor per damage
scenario using CDR as the damage indicator function. It can
be seen that the IVI successfully identifies the damage actions
and their locations for DMG2 and DMG3, while also seeming
to indicate an enhanced performance for the condition state of
RCV, which may signify that the welded flange strengthened
the bridge slightly from its original condition.

EDI: Figure 6 presents the EDI values obtained at all 8
sensor locations for the condition states of; Undamaged,
DMG2, RCV & DMG3. Again, it is clear that DMG3 yields a
significant change in EDI at Sensor 4, which is the location of
damage. In Figure 9, the percentage variation from baseline
for sensors 1-5 for DMG2, RCV & DMG3 is given, which
shows clear damage at sensors 3 & 4 for damage states DMG2
∑𝑛𝑖=1(𝐼𝑉𝐼𝐷𝑎𝑚𝑖 ) − ∑𝑛𝑖=1(𝐼𝑉𝐼𝑈𝐷𝑖 )
𝐶𝐷𝑅(%)
=
𝑥100
& DMG3, respectively. Both sensors are located at the point
𝑛
∑
(𝐼𝑉𝐼
)
𝑈𝐷
𝑖=1
𝑖
of damage, indicating a successful damage identification
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Figure 5. Normalized CAD values per sensor for damage
scenarios; (a) Undamaged, (b) DMG2, (c) RCV & (d) DMG3

Figure 8. CAD percentage variation from baseline at sensors
1-5 for damage scenarios; DGM2, RCV & DMG3

Figure 6. Normalized EDI values per sensor for damage
scenarios; (a) Undamaged, (b) DMG2, (c) RCV & (d) DMG3

Figure 9. EDI percentage variation from baseline at sensors
1-5 for damage scenarios; DGM2, RCV & DMG3

Figure 7. Normalized EDC values per sensor for damage
scenarios; (a) Undamaged, (b) DMG2, (c) RCV & (d) DMG3

Figure 10. EDC percentage variation from baseline at sensors
1-5 for damage scenarios; DGM2, RCV & DMG3
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Figure 11. Sensor 1 –IVI responses for damage conditions: (a) DMG2, (b) RCV & (c) DMG3

Figure 12. Sensor 2 –IVI responses for damage conditions: (a) DMG2, (b) RCV & (c) DMG3

Figure 13. Sensor 3 –IVI responses for damage conditions: (a) DMG2, (b) RCV & (c) DMG3

Figure 14. Sensor 4 –IVI responses for damage conditions: (a) DMG2, (b) RCV & (c) DMG3

Figure 15. Sensor 5 –IVI responses for damage conditions: (a) DMG2, (b) RCV & (c) DMG3
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Figure 16. IVI percentage variation at each sensor for damage conditions DGM2, RCV & DMG3 using the Cumulative
Difference Ratio damage indicator
5

DISCUSSION & CONCLUSIONS

ACKNOWLEDGMENTS

The study presented within assessed a number of vibrationbased, output-only damage sensitive features specifically
developed for damage identification from vehicle induced
excitation responses. The parameters assessed were CAD,
EDI, EDC & IVI.
To evaluate the damage identification capability of the
vibration parameters assessed under vehicle induced
excitation, the percentage variation observed at the damage
location for condition states; DMG2, RCV & DMG3 are
given in Table 2 and are compared against the modal
frequency changes for the same damage scenarios in Table 3,
as per Kim et al. (2014). From the comparison, all of the
vibration parameters assessed appear to outperform the modal
frequency changes in this regard.
Further investigation of the exponential decay parameters
and IVI is to be completed by the authors to advance damage
quantification and to consider the load variability of each
vehicle passage.
Table 2. Vibration parameter variation at damage locations
Vibration
DMG2
RCV
DMG3
Parameter
CAD
+10.2%
-0.1%
+22.2%
EDI

+8.9%

+0.1%

+36.1%

EDC

-0.4%

0.0%

+13.8%

IVI

+10.31%

-25.56%

+36.40%

Table 3. Modal frequency variation (Kim et al., 2014)
Mode
DMG2
RCV
DMG3
1st B. Mode

-2.67%

-0.13%

+0.31%

2nd B. Mode

+0.20%

-0.25%

-5.67%

rd

B. Mode

-0.21%

-0.87%

-9.05%

4

th

B. Mode

+0.22%

-0.72%

-6.87%

5

th

B. Mode

+0.58%

+0.19%

-0.16%
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ABSTRACT: The use of image-processing and machine-learning algorithms for road condition monitoring has attracted
considerable interest in recent years. This surge in popularity has been propelled by advances in camera technology and the
emergence of state-of-the-art deep learning techniques which have allowed inspectors to obtain high-quality imagery on a
consistent basis, and then use efficient techniques to recognise road defects with credibility. A wide variety of road defect detection
techniques have been proposed, however, the influence that different image acquisition devices have on the accuracy of defect
detection has not been studied despite being a key component. The use of smartphone cameras as an inspection tool is of particular
interest as they have become ubiquitous in recent times and the built-in cameras have progressed significantly. These cameras are
now capable of producing perfectly acceptable images, yet they are still not well compared against established benchmarks. In
this paper, the qualities of smartphones are explored and compared against a dedicated DSLR (Digital Single-Lens Reflex) camera.
An experiment was designed that involved capturing video footage of a road surface using a smartphone (Samsung Galaxy S7)
and a dedicated imaging device (Canon 600D DRSL). A deep learning based crack detection method was applied to imagery from
the smartphone and the DRSL cameras and the performances levels were subsequently compared. The results indicate that
smartphones are a viable, low-cost method for executing quick assessments of the road integrity. The evaluation of smartphone
cameras also addresses the ongoing uncertainty around the level of performance that can be achieved using cheaper sensors for
quantitative purposes. Such findings provide reassurance for inspectors wishing to use their smartphones for simple monitoring
tasks.
KEYWORDS: Image-processing; Road condition monitoring; Crack detection; Smartphone sensors.
1

INTRODUCTION

Road condition assessments are crucial for identifying
deficiencies in the road network and for devising targeted
maintenance and repair strategies. The main forms of road
assessments are visual inspections conducted by trained
engineers and inspections that use special vehicles equipped
with mobile measurement systems (MMS), yet both of these
approaches have some inherent drawbacks. The quality of
visual inspections is dependant on the ability of inspectors to
observe and objectively record details of defects. Factors such
as boredom, lapses in concentration, poor training and
inexperience, subjectivity, and fatigue, all contribute to greater
variability and reduced accuracy of the inspection results [1-2].
Onboard mobile measurement systems collect data as the
vehicle travels over the road surface. These systems typically
include a range of sensors such as downward-facing highdefinition video cameras, a global positioning system (GPS)
unit, an internal measurement unit, a laser scanner, and an
omnidirectional video recorder. While the quantitative data
obtained from mobile measurement systems is highly valuable
and accurate, these systems are expensive and complex,
especially for small municipalities that lack the required
financial resources.
Given these drawbacks, several attempts have been made to
develop inexpensive and convenient approaches that exploit invehicle cameras in conjunction with image processing
technology. Many of the developed techniques have proved to
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be efficient and are capable of achieving considerably high
detection accuracies [3-5].
The maximum level of information that can be extracted from
image analysis depends not only on the effectiveness of the
image processing algorithms but also on the quality of the input
imagery. In terms of road condition monitoring, specifically,
much of the focus has been on developing algorithms for
tackling this problem, however, there has been little emphasis
placed on characterising the effect of input image quality on the
overall performance of the algorithms. Image quality is
assumed to be chiefly affected by luminosity, sharpness
(absence of out-of-focus blur and motion blur), contrast and
noise. These quality factors are directly related to the
equipment, the choice of cameras settings, and the on-site
operating conditions such as weather and vehicle speed. In this
paper, the performance of a crack detection method is
investigated when applied to sample video frames from two
types of imaging devices; namely, a smartphone camera and a
DSLR. An experiment is designed in which a smartphone and
DSLR are mounted side-by-side on a car’s dashboard so as to
capture video of the road surface. Both cameras are set to
automatic mode whereby the cameras determine all aspects of
exposure based on the scene.
The layout of the paper is as follows. Section 2 describes the
notable features and key differences between smartphone
cameras and DSLRs. Section 3 outlines the data collection
procedure and provides details on the crack detection
technique. Section 4 presents the results obtained when the
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crack detection technique is applied to frames extracted from
the smartphone and DSLR video cameras. Particular attention
is given to how other sensors commonly found in smartphones,
such as GPS and accelerometer data, can be used to extend the
value of smartphone-based road condition assessments.
2

DATA ANALYSIS

Cameras come in many different forms such as compact
digital cameras, DSLRs (Digital Single-Lens Reflex),
mirrorless cameras, action cameras, and smartphones. DSLR
cameras are capable of delivering superior image quality and
much better low-light performance, primarily due to their larger
sensor sizes compared with smartphone cameras. Moreover,
DSLR camera bodies can be paired with a wide variety of
interchangeable lenses to suit the requirements of different
situations. DSLRs tend to be more expensive and heavier than
other camera types, and they require a degree of know-how to
operate effectively.
The ever-improving image quality of smartphone cameras
and their expanding feature-set may mean that these devices
can play an increased role in future inspections. Notable
advantages of smartphone cameras are that they are always athand and the captured imagery can be shared and transmitted
easily. Although mid-to-high-end smartphones can be
expensive, many people will likely already own one. In this
section, their qualities are analysed and they are compared with
dedicated DSLR cameras, which have traditionally been the goto option for inspectors who are concerned about image quality.
Image quality is quite a general term in this sense and it
covers several quality-related attributes such as sharpness,
noisiness, brightness, resolution, contrast and dynamic range.
The main camera components that affect each of these
attributes are the sensor and the lens.
Sensor
The sensor collects light energy and converts it into an
electrical signal at every photosite location. The camera’s
onboard computer chip then stores each electrical signal as a
digital value that is proportional to the amount of light energy
arriving at the sensor. The final image file is simply a collection
of all the digital values, with some in-camera processing
applied. The sensor has a considerable impact on image-quality
related factors such as the image resolution, low-light
performance, depth of field, and dynamic range. The main
characteristics of the sensor that determine ultimate image
quality are the physical size of the sensor, the pixel count, the
dynamic range, and the underlying sensor technology.
A camera with physically bigger sensor tends to capture a
higher quality image by gathering more light but at the cost of
larger optics leading to bulkier camera units. Small sensors,
which are often found in action cameras and smartphones, can
be paired with smaller optics which means that the overall size
of the imaging system remains compact. The typical size of
DSLR and smartphone sensors is illustrated in Figure 1. It is
worth mentioning that all sensors within the same category do
not have the same dimensions; the measurements provided are
an example of one such sensor within that format.
Each pixel represents a single element of a digital image. The
information for each pixel is gathered from the light-sensitive

Figure 1. Type and typical dimensions of sensors found in
smartphone and DSLR cameras
photosites on the surface of the camera sensor. Broadly
speaking, each pixel in an image has a corresponding photosite
on the sensor. The resolution of the image depends on the
number of pixels (expressed in megapixels) and the quality of
each pixel. More pixels do not always produce higher quality
images. The choice between a high or small pixel count will
largely depend on the intended application. For instance, a
24MP megapixel image captured with an APS-C camera may
outperform at a 12MP full-frame camera if the application
requires fine details to be resolved, such as cracks that might
only a few pixels wide. Conversely, a 12MP full-frame camera
should be much better at identifying large potholes in low-light
or
challenging
conditions.
Moreover,
for
many
computationally intensive image processing tasks, including
many deep learning tasks, the input images will be downsized
to facilitate computational efficiency. In such cases, there will
be no value in capturing high megapixel images.
One noteworthy benefit of cameras with more megapixels is
that the extra pixels will be helpful when cropping. Sometimes,
there may only be a small region of interest within the image,
or there may a lot of distortion or colour aberrations near the
fringes of the images (typical of wide-angle lenses) so the only
usable part of the image is the central region. With more
megapixels, the region of interest can be cropped and still retain
a high degree of detail. This is particularly applicable to
dashcam footage, where only a small part of the image covers
the region of interest (i.e. the road surface) and much of the
periphery of the image is not of any interest.
The size of the sensor and the pixel count have a combined
effect on the dynamic range. Dynamic range describes the
range between the darkest and brightest points in a scene that a
given digital camera can capture. The range of light values that
human eyes can distinguish, from dark to light, is far greater
than any sensor pixel can record. Any shadow value darker than
what the sensor can detect is simply rendered as an effective
black, and any highlight value brighter than what the sensor can
detect is rendered as white. Generally, it can be assumed that
cameras with larger photosites, or a greater pixel size, will have
the ability to record a greater dynamic range. Larger sensors
with fewer pixels can be an indicator of a larger photosite.
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Larger photosites allow for the collection of more light and,
subsequently, more detail and a higher contrast ratio.
The primary advantage of small sensors is the implications
on size and weight since small sensors can be paired with
correspondingly small lenses, while DSLR-sized sensors must
be paired with bulky lenses. For many users, the practical
benefits of a small camera system will outweigh the
improvements in image quality that is obtainable with larger
sensors.
The size and pixel count are not the only factors that govern
the image quality. The efficiency of the in-camera image
processor and the type of sensor technology also play a role.
This is an area of continued innovation and smartphone
manufactures, in particular, have sought to develop efficient
sensors to compensate for the small physical size of the sensor
components.
3

It may be observed from Figure 2 that the DSLR captured
more of the range of colour in the scene, while the smartphone
image is more washed out. On the other hand, the DSLR
imagery was noticeably affected by a lack of sharpness, as can
be seen from the close-up of the road surface in Figure 3.
Although images from both cameras have imperfections, these
issues may not necessarily translate into significantly worse
crack detection results.

METHODOLOGY

The video data was collected by placing a smartphone camera
and a DSLR side-by-side on the car dashboard. The cameras
recorded video footage as the car drove along 10km of national
secondary and regional roads in Cork, Ireland. The smartphone
recorded video at a frame rate of 30 frames per second (FPS)
and a resolution of 3840 pixels × 2160 pixels, while the DSLR
recorded video at 25 FPS and a resolution of 1920 pixels × 1080
pixels. Sample frames from the smartphone and DSLR camera
are presented in Figure 2. These frames are cropped such the
field of view is similar in both frames and irrelevant parts of the
scene are cropped out. The resolution after cropping was 1840
pixels × 1042 pixels for the smartphone and 1884 pixels × 1072
pixels for the DSLR. As such, the effective resolution was
similar for both cameras.

Figure 3. Zoomed-in view of the road surface where motion
blur can be observed in the DSLR imagery.
Crack detection technique
In recent times, it has become possible to quite accurately
analyse the damage to road surfaces using deep neural networks
[5-6]. In particular, convolutional neural networks (CNNs) —a
type of deep neural network—have attracted attention as they
can extract rich meaningful features from the input image
without human-involved feature design [7].
CNN-based crack-detection methods have demonstrated
better performance than traditional image-processing and
machine-learning algorithms. In this paper, a deep CNN model
was trained via transfer learning based on the same network
architecture and approach as described by Gopalakrishnan et al.
[4], however, the training data was obtained from the thousands
of labelled crack images available from the ULTIR database
[8]. Transfer learning is employed as the number of parameters
in the deep neural network is quite large, may not be learned
well when the model is trained from scratch with the limited
data (typically, tens of thousands of training examples are the
minimum needed when training from scratch). Transfer
learning is a method of imparting knowledge from existing
trained models to the new models devised for the specific
purpose of detecting cracks.
4

RESULTS

The crack detection method was applied to the sample frames
and the detected cracks are shown in Figure 4 for the (a)
smartphone and (b) the DSLR.

Figure 2 Sample cropped frames from (a) the smartphone
camera, and (b) the DSLR.
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Figure 5. ROC curves when the crack detection method is
applied to the smartphone and DLSR frames.

Figure 4. Detected cracks (red overlay) for the (a) smartphone,
and (b) the DSLR.
The performance of the crack detection method when applied
to the sample video frames is evaluated and ranked using
Receiver Operating Characteristic (ROC) curves. The ROC
curves offer a convenient way of characterising the
performance of detection methods [9] and have been expanded
to image detection [10]. A ROC curve is a plot of the true
positive rate (sensitivity) versus the false positive rate (1specificity) that are obtained when varying an input parameter
for a given technique. Sensitivity, or the probability of
detection in the field of probability space and decision theory,
measures the proportion of pixels that are correctly identified
as representing a crack. Specificity measures the proportion of
non-crack, or background, pixels that are correctly identified as
representing the background. The sensitivity and specificity are
determined by comparing the detected crack regions using
various decision thresholds with a visually segmented image.
The visually segmented image is created by a human operator
who must manually identify damaged regions in an image. This
visually segmented image acts as the control as it is assumed it
shows the true extent of damage. Each (1-specificity,
sensitivity) pair forms a coordinate in the ROC space that
corresponds to a particular decision threshold. The ROC curves
generated for the smartphone and DLSR frames are shown in
Figure 5.

These ROC curves reveal that the imagery obtained from the
smartphone camera is better than that obtained from the DSLR
camera for the purpose of crack detection. This is also reflected
in Table 1, which presents the optimum decision threshold
based on the minimum δ value. The minimum δ value is the
Euclidean distance between the best performance point (the
top-leftmost corner of the ROC space having coordinates (0,1))
and the closest point on the ROC curve.
Table 1. The best performance levels that can be achieved
when using the DSLR and smartphone cameras.
Camera
DSLR
Smartphone

True Positive
Rate
0.72
0.81

False
Positive Rate
0.18
0.14

δ
0.33
0.24

Once again, it is evident that the best results are achieved by
using the imagery acquired from the smartphone camera. The
likely reasons why the smartphone outperforms the DSLR may
be due to the higher sharpness in the smartphone imagery.
Additionally, since the video was collected on a bright and clear
day, the images were not overly contaminated with noise which
often plagues smaller sensor cameras in low light conditions
[8].
Another advantage of smartphones is that they include
several other types of sensors, such as accelerometers and GPS
units, which can be integrated into the road assessment
campaign. Previous studies have used accelerometer data to
detect potholes or other road surface anomalies, while GPS data
can be synchronised with the video data and then be used to
relate detected instances of with their actual location on a map
(in terms of GPS coordinates), as illustrated in Figure 6.
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Figure 6. The GPS data available to smartphones can be
incorporated into road condition assessments and help relate
detected cracks in the video to their location on a map
5

CONCLUSION

This paper presented a comparison between DSLR and
smartphone cameras for the purpose of road condition
monitoring. It was found that the smartphone camera
outperforms the entry-level DSLR. The more modern sensor
technology, greater sharpness, and higher frame rates
contributed towards the success of the smartphone cameras.
Moreover, smartphones come with additional sensors that can
collect useful location and acceleration data, thereby extending
the potential of smartphones as a tool that can play an increased
role in future inspections. Advances in smartphone camera
technology coupled with algorithmic advances, especially in
the realm of deep learning, are pushing the boundaries of what
is possible with these devices with regards damage detection.
Overall, this paper demonstrates that smartphones can act as
efficient road-image collectors over a wide area; and the image
quality is acceptable. This paves the way for simple road
inspections to be carried out using only a smartphone, which
will be especially useful in regions where experts and financial
resources are lacking.
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ABSTRACT: The Four Courts was built between 1786 and 1802. Fire events, the 1922 civil war, pollution and exposure have
damaged the building’s fabric. A conservation project by the Office of Public Works focussed on the dome, an outstanding
structure built with limestone, fire-clay brick and granite. This paper presents the results of the material’s investigation prior to
the restoration.
There were concerns that the new concrete dome, placed after the civil war, had altered the loading path of the original timber
structure and was now transferring the weight of the roof onto the Portland stone and brick parapet. The similar compressive
strengths of the original Portland stone in the dome (50 MPa) and the quarry stone (41-54MPa) suggest that there is little or no
strength loss due to permanent loading in time therefore, the stone is probably not carrying any loads. The strength of the granite
is lower than expected. This was mainly attributed to the use of granite boulders and the different shapes of the specimens (cubes
vs cylinders). Except for 2 granite specimens which showed significant bucking before failure, all Portland stone and granite
specimens failed in axial splitting and shear fracture indicating a brittle behaviour. The bricks display common features of the
historic Dublin range suggesting that they were made locally. Despite the presence of pebbles, lime inclusions and black core, the
strength of the bricks is outstanding, similar (often superior) to contemporary machine-pressed brick ware. Their failure evidenced
significant plastic behaviour. Fracturing due to expansion of iron fixings embedded in the Portland stone was identified. Several
Portland soffit stones were face bedded resulting in the opening of cracks along the bedding. Petrography evidenced repairs made
with crushed Portland stone and white Portland cement largely in good condition however, the introduction of some polymerbased composites resulted in advanced deterioration.

KEY WORDS: CERI 2018; Full paper; Sample file.
1

INTRODUCTION

The Four Courts was designed by James Gandon and built
between 1786 and 1802. There are 24 Portland limestone
columns surrounding the dome, each with a carved capital. The
fabric also includes Leinster granite and fired-clay brick. The
building was almost completely destroyed by fire in the Civil
War of 1921-22 when the original timber dome collapsed [1,2].
After the Civil War, T.J. Byrne, principal architect at the
Office of Public Works, run a restoration project where the
dome was rebuilt with concrete, in a single pour operation
involving twenty men working for thirty hours. The capitals
were rotated so that the damaged side was facing inward. Some
were restored and two of them had to be entirely replaced with
casts in artificial stone [3].
In 2011, a fragment of one of the capitals fell on to a roof
below. This was attributed to the oxidation and subsequent
expansion of a steel ring encircling the concrete dome [4].
In 2016, J. Cahill, principal architect at the Office of Public
Works, run a conservation project and put together a team to
deal with structural issues and the restoration of the capitals.
There were concerns that the concrete dome had altered the
loading path in the original timber structure (where the load of
the roof was transferred down through the granite drum walls)
and the load was now was transferring the weight of the roof

onto the stone and brick parapet. There were also concerns that
some of the material repairs introduced in the past were
damaging the original fabric.
Weathering of historic materials is often related to the use of
mortars, resins and metal fixings that are incompatible with the
substrate. The need for physico- chemical compatibility
between historic materials and their repairs has been
investigated for decades and it is widely accepted [5, 6, 7, 8, 9].
Masonry was removed and the wall opened to determine the
depth and condition of the existing stonework. The parapet
brickwork, Portland stone and granite cores extracted during
the opening works are studied in this paper. A condition
assessment of the Portland stone capitals was carried out and
former repairs removed and analysed to inform the project.
This paper is part of a wider research program aimed at
designing and testing compatible repair mortars for the dome.
2

MATERIALS AND METHODS

The strength of the brick, Portland stone and granite cores
extracted during the opening works was measured according to
EN 1926:2006 [10]. The strength was measured on 10
specimens of Portland stone (c.44 mm diameter and 109-114
mm height except for one -95 mm); 5 of Leinster granite (c.44
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diameter / height 113-115mm) and 11 bricks. The bricks were
cut to avoid peak points on the loading face and the
compressive strength normalised to take into account the shape
factor. Figure 1 displays the location of these materials in the
dome. The condition assessment of the Portland stone capitals
was mapped on images assembled by the Dept. of Surveying of
the DIT. The composition, microstructure and current condition
of the old repairs was studied with a petrographic microscope.
Samples were removed, cut and polished to the standard
thickness of approximately 20 microns and examined with a
petrographic microscope. The petrographic examination was
carried out by using transmitted both natural and polarised light
at x2, x10, x20 and x40 magnifications.

mineral alteration, staining, salts and general damage resulting
from acid and alkaline cleaning and blasting [11,12].
The fired-clay bricks are solid, pressed bricks displaying
some common features of historic Dublin range. The varying
colour as well as the presence of pebbles, sand matrix, black
core and reduction areas suggest that they were probably made
using a local raw material.
3

RESULTS
Compressive strength

The failure modes observed in the Portland stone under uniaxial
compression were predominantly axial splitting and shearing
along single planes- figure 2. The results were various types of
brittle fracture. Longitudinal splitting by the uniaxial load was
apparent in most specimens often in combination with conic
fractures probably induced by boundary effects. Figure 2
illustrates some the most representative failure modes.

Figure 1. Location of the materials studied in the dome. Cores
1 and 2 (C1-C2) Portland stone; C5 Leinster granite; C3-C4
bricks. Figure by McFarland and Associates Ltd. 2016.
Portland stone, a Jurassic limestone quarried in the Isle of
Portland, UK, has been used for building since the Roman
times. In Dublin, most of the civic and administrative buildings
which survive from the 18th c. are of Portland stone including
City Hall, the Houses of Parliament, Custom House, the
General Post Office, the National Gallery, the National Library
and most historic buildings in Trinity College. Portland stone
was used in London (the British Museum, Somerset House, the
General Post Office, the Bank of England, Mansion House, the
National Gallery, St Paul's Cathedral, Buckingham Palace,
Westminster Palace and the Tower of London); Manchester,
Liverpool, Cardiff, Plymouth, Bristol and Oxford. It is still used
today, examples are the extension to the National Gallery, the
United Nations headquarters in New York City, Casino Kursaal
in Belgium and the BBC Broadcasting House in London.
Leinster granite is one of the main historic building materials
in the Dublin area. Most of the granite used in Dublin was
drawn from nearby quarries in Counties Dublin and Wicklow
and used in most of the buildings constructed between the 17th
and the 19th centuries often combined with Portland limestone.
It is generally a medium to coarse rock with essential quartz
(30%), feldspar (35%), plagioclase (25%), muscovite (7%) and
biotite (3%) and minor sericite, kaolinite, chlorite, opaques,
zooisite, tourmaline, rulite and sphene. It is typically strong and
durable however, it can be affected by micro-fracturing,
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Figure 2. Brittle failure modes in Portland stone with
predominant longitudinal splitting.
Table 1. Compressive strength and density of the Portland
limestone from the dome. COV – coefficient of variation.
Portland
Compressive
Density
stone
Strength (MPa)
(Mg/m3)
specimen
C1.1
57.2
2.50
C1.2
47.4
1.85
C1.3
51.5
2.14
C1.4
42.6
2.15
C1.5
50.7
2.14
C1.6
55.2
2.15
C1.7
59.7
2.14
C1.8
42.3
2.14
C2.1
62.3
2.11
C2.2
30.3
2.14
AM
50 COV 19%
2.14 COV 7%
The compressive strength of the Portland limestone from the
Four Courts dome, loaded perpendicular to the bedding is 50
MPa (arithmetic mean of 10 tests- table 1). The compressive
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strength of the un-weathered quarry stone ranges from 54.23
(arithmetic mean of 6 tests) to 41 MPa (reported by the
supplier)- table 2. Therefore, the strengths of the dome and
quarry stone are very similar. However, when the load is
applied parallel to the bedding (face bedding) the strength drops
to c. 39 MPa [14].
Table 2. Mechanical and hygric properties of the unweathered Portland Stone from the quarry. COV (%).
Property
Compressive
strength(MPa)
Flexural s. (MPa)
Porosity (%)
Water absorption (%)
Capillary suction
(gm/m2.sec0.5)
Vapour Permeability
(kg/m·s·Pa)
Bulk density (Kg/m3)

By
supplier
41.15

Pavía and Aly
[13]
54.23 (1.76)

6.85
18.81
8.86
-

6.23 (1.12)
15.40 (0.6)
7.19 (0.79)
82.16 (2.54)

-

2.75x10-11
(7.83)
2159.15 (0.60)

-

The arithmetic mean of the compressive strength of the 5
boreholes of granite tested is 35.8 MPa- table 3. This is lower
than expected when compared with fresh Leinster granite
(102.00 -139.00 MPa [15]) however, still a high strength when
compared to the average strength of masonry building units.
Figure 3 illustrates the characteristic failure modes of the
granite. Only specimen one (right) and 5 (left) showed
significant bucking before failure. All other specimens failed in
shear fracture indicating a brittle behaviour.

of the brick strength is 31.55 MPa (excluding brick 8), superior
to common values for historic solid ware (13-22 MPa [15]) and
comparable or superior to contemporary machine-pressed,
single frogged ware (>20MPa, EN 771-1[16]). Figure 4
illustrates the characteristic failure modes of the bricks showing
crushing, split tensile failure and pore collapse. Their ultimate
stress and failure were characterised by a progressive collapse
rather than a sudden shattering evidencing a plastic behaviour.
An initial collapse of the specimens occurred by shear and
cracking but the final collapse was only reached at a later stage
by increasing the applied load.
Table 4. Compressive strength of bricks.*excluding brick 8.
Brick
No.

Density
Mg/m3

1.a.
1.b.
2
3
4
5
6
7
8
9
10
AM

1.81
1.76
1.85
1.64
1.76
1.64
1.74
1.75
1.57
1.74
1.72
1.72 COV 4.6

Comp.
Shape
Corrected
Strength
Factor
strength
MPa
(d)
MPa
38.1
0.843
32.1
34.7
0.837
29.0
23.1
0.890
20.6
19.8
0.818
16.2
43.0
0.873
37.5
37.2
0.836
31.1
41.0
0.872
35.7
36.9
0.864
31.8
15.2
0.829
12.6
41.1
0.833
34.2
54.1
0.875
47.3
29.82 COV 33; 31.55* COV 27

Table 3. Mechanical and hygric properties of the Leinster
granite in the dome. COV(%).
Granite
Specimen
C5.3.1
C5.3.2
C5.3.3
C5.3.4
C5.3.5
AM

Compressive
Strength (MPa)
38.7
37.8
29.8
35.6
37.1
35.8 COV 9.8

Density
(Mg/m3)
2.49
2.50
2.51
2.52
2.52
2.50 COV 0.4

Figure 4. Failure modes of the bricks in the dome.
Condition assessment

Figure 3. Failure modes of Leinster granite cores.
As expected for historic solid, pressed bricks the strength
varies. The strength of brick number 8 is not representative as
its features suggest that it was underfired. The arithmetic mean

Fracturing induced by expansion of iron fixings embedded in
the fabric was identified together with several generations of
mortar repairs and resins. Several Portland soffit stones were
face bedded which has resulted in the opening of cracks along
the bedding. Varying weathering forms and intensity were
evidenced in the material including: spalling, soiling, surface
loss and cracks. Black crusts were found especially in sheltered
areas. The results of the condition assessment were mapped, a
representative example is included in figure 5.
Most repairs are cement or polymer-based composites
which are currently failing. Polyester or epoxy resins with
aggregate of crushed Portland Stone and/or siliceous sand were
noted. These are generally incompatible with stone substrates
as they exhibit different behaviour in ambient conditions. Some
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have resulted in advanced deterioration. Most of the Portland
cement repairs consist of crushed Portland stone and a PC
binder (figure 6). In contrast with the polymers, some of these
are in good condition and do not evidence salts or strong
damage however, they are progressively detaching from the
Portland stone probably due to differential thermal and hygric
expansion at the interface.

Figure 5. A representative example of the mapped condition
assessment- column capital No 7- on drawings assembled by
the Dept. of Surveying of the DIT.

Figure 6. Petrographic photograph of a cement repair made
with crushed Portland stone and a PC binder in good
condition. 2X natural light. Field of view c. 7 mm.
4

DISCUSSION AND CONCLUSION

The original loading path of the dome’s copper roof went
downwards through the granite wall in the drum (behind the
columns) so that the Portland stone capitals and columns had
an aesthetic rather than a structural role. There were concerns
that the new concrete dome, placed after the civil war when the
Four Courts was rebuilt, had altered the original loading path
of the timber structure and was now transferring the weight of
the roof onto the Portland stone and brick parapet. There were
also concerns that the Portland stone (see soffit stone A in
Figure 1) was acting as a cantilever, as it projects 150 mm over
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the 450 mm wide granite wall below (B McFarland, P. Harrison
pers. com. 2016).
Strength loss may be related to permanent loading in
time. Creep strains can lead to strength loss and cracking
resulting from constant compressive loads. When subjected to
sustained stresses, masonry can fail due to the coalescence and
unstable growth of microcracks induced by creep strains which
has been the reason for the collapse of some medieval towers
[17].
The compressive strength of the original Portland stone
(placed in the building before 1802) is 50 MPa comparing well
to the quarry stone (41-54MPa). Given the variability of natural
rock this difference is not significant which suggests that the
rock may not be carrying any loads at the dome.
On the contrary, the strength of the granite is much lower
than expected (102.00-139.00 vs 35.8 MPa - quarry and
building respectively). This could be partly attributed to
strength loss due to permanent loading however, the granite
core tested came from the top of the parapet (figure 1) which is
probably outside the load path and does not seem to carry or
have carried any significant loads.
The granite’s low strength may be due to a combination of
factors including use of granite boulders and the different
shapes of the specimens tested (the quarry values come from
cubes while the Four Courts granite was tested as cylinders).
Cubes are stronger than cylinders as the ratio of length to height
determines how strains build up in the specimen and is one of
the main parameters that affect the strength measured (a factor
of 1.2 is used to convert cylinder to cube strength for normalstrength concrete) [18]. Despite applying the concrete factor to
the Four Courts granite the strength remains low.
The bricks display some common features of historic firedclay brick including rock fragments (limestone, flint and
others), cinders and occasional black core. These features
suggest, that they were made locally. Despite the presence of
pebbles, lime inclusions and black core, the strength of the
bricks is outstanding as it is similar (often superior) to
contemporary machine-pressed brick ware.
The weathering is typical of Portland stone in urban
atmospheres. The PC repairs are generally failing but haven’t
been significantly detrimental to the Portland stone however
the introduction of some polymer-based composites resulted in
advanced deterioration.
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ABSTRACT: Currently there is no method widely used to determine the pressure profiles induced by wave overtopping behind
the crest of a breakwater other than physical modelling in a wave tank. In this study, the spatial distribution of overtopping
pressures is examined for structures at various distances behind a rubble mound breakwater with a crown wall. The purpose of
this study is to establish a practical method for estimating this spatial distribution based on the results of 2D physical model tests.
Physical model testing was carried out for a rubble mound breakwater configuration with a crown wall. Pressures due to
wave overtopping were recorded on the crown wall and at four equidistant levels on the face of a rigid vertical structure. The
spatial distribution of overtopping pressures was investigated by changing the position of this structure for each set of tests. Due
to the inherently variable nature of the overtopping pressures, the envelope of maximum pressures induced on the structure was
studied. The variability in the pressures on the crown wall and behind the breakwater was also assessed. The relationship between
the maximum pressures on the structure and the maximum pressure recorded in the front of the crown wall was examined to
calculate the percentage reduction in maximum pressure.
The highest pressures were observed at the sensor location closest to the top of the crown wall. Furthermore, the
overtopping flow behind the crown wall had an effect on the pressures induced at the lowest sensor. The effect of increased
freeboard was examined by testing two different wall heights, which resulted in a considerable reduction in overtopping pressures
behind the wall.
KEY WORDS: Wave overtopping pressures; Spatial Distribution of Pressure; Wave loading; Impacts on buildings.
1

INTRODUCTION

The usual practise for urban development in areas subject
to wave attack is to set the buildings back from the coastal
defence structure, utilising the space in between for pedestrian
walkways, roads and recreational areas. As such, these
buildings are protected from the forces and hazards associated
with wave overtopping. However, there is occasionally a
requirement for buildings to be located close to the crest of a
breakwater, revetment or other coastal defence structure, for
practical or architectural purposes. Known examples include a
coastguard station, a sailing club house, a waste water treatment
plant and an art gallery. This is particularly the case for the east
coast of Ireland, where the combination of an energetic wave
climate, limited available land and land use restrictions
encourage developments closer to this structure than standard
practise dictates. For such buildings, wave overtopping impacts
must be considered in the design if the building is located
within the zone of wave overtopping. The importance of these
forces in the design process will increase particularly if climate
change effects become more significant.
Wave overtopping occurs when the highest run-up levels
exceed the crest of the coastal defence structure. In extreme
cases, it can cause structural failure, damage to property and
loss of life. Usually discussed in terms of the volume of water
overtopping the structure, guidelines have been developed
regarding ‘safe’ wave overtopping limits for safeguarding
pedestrians, moving vehicles and structures. The EurOtop
manual (pre-release, 2016) [1] summarises the extensive
research carried out regarding wave overtopping behaviour,
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processes, rates and volumes and provides a method of
estimating the wave overtopping rates for sea defence structure.
Many of these empirical or semi-empirical formulations have
been successful for coastal structures design purposes, but they
are mainly based on a limited set of incident waves including
mostly regular waves or narrow bended spectra. For example,
Owen [2], Franco et al. [3], Van der Meer and Janssen [4], and
Besley [5] focus on semi-empirical formulations describing
mean overtopping discharges on sloping or vertical seawalls,
whereas Allsop et al. [6] described formulae for rubble mound
structures.
With regards to the spatial distribution of wave
overtopping of conventional rock breakwaters EurOtop [1]
provides the methodology by Lykke Andersen and Burcharth,
which involves the exceedance probability of the travel
distance behind a rough rock armour crest. Research has also
been carried on the spatial distribution of wave overtopping
behind a breakwater, which demonstrated that the effect of
wind on the wave overtopping volumes decreased as the wave
overtopping volumes increased [7] . Further studies have been
carried out to examine horizontal wave impacts on the crown
of a breakwater, particularly for vertical breakwaters, which
have suggested that the downfall pressure on the crown deck of
a breakwater are smaller but of the same order of magnitude as
pressures on the front face of a crown wall [8].
Various methodologies have been proposed to calculate
the wave forces acting on different types of breakwaters. Some
of these methods for wave loads on vertical breakwaters are
outlined and compared by Kisacik et al. [9]. Studies have also
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been carried out to define the wave forces on the crown walls
of rubble mound breakwaters. A selection of these methods are
outlined and compared by Valdecantos et al [10]. Very
recently, Molines et al.[11] focused on the explicit relationship
between wave forces on crown walls and wave overtopping
rates.
Other studies have focused on the wave overtopping flow
loads on buildings behind coastal defence structures which do
not have crown wall, mainly dikes. Van Doorslaer et al [12],
De Rouck et al. [13] and Ramachandran et al. [14] related the
wave impact forces to the overtopping flow parameters for a
vertical wall behind a smooth dike. In relation to wave
overtopping loads on buildings, Chen et al. [15] assessed wave
overtopping forces acting on buildings behind a dike. This
study considered two different locations for the building and
showed considerable reduction in the pressures on a building
set 15m back from the seaward crest of the dike, in comparison
to a building placed directly on the crest. In a further study
Chen et al. [16] examined the effect of wave overtopping forces
on a building behind a dike with specific consideration given to
masonry buildings. These studies propose formulae for the
calculation of forces and pressures due to wave overtopping on
a building or vertical wall on the crest of a dike.
However, it is important to note that these studies focus
on the impact of wave overtopping flow loads on vertical
structures (e.g. crown wall) on a dike crest. Little research has
been carried out to examine wave overtopping pressures on a
vertical face of a building located behind the crown wall of an
armoured slope, which is the focus of the present study. This
research details the results of physical model testing carried out
to examine wave overtopping pressures rates and induced
pressures on a building.
2

EXPERIMENTAL METHODOLOGY

A series of 2D physical modelling tests at a scale of 1:25
were carried out in the Lir-National Ocean Test Facility of
University College Cork. as shown in Figure 1
The breakwater had a slope of 1:1.5 and consisted of 14t
antifers blocks (prototype). Pressures due to wave overtopping
were measured on the front-face of a rigid structure at four

equidistant levels 0.5m, 1.4m, 2.3m, and 3.1m from the crest
surface. The structure could be moved to 6 positions behind the
crown wall, 0.5m, 3.0m, 5.5m, 8.0m, 10.5m and 13m, to
determine the spatial distribution of pressures. One pressure
sensor was also placed on the face of the crown wall as a
control. The cross-section of the rubble mound breakwater
tested and the locations of the sensors is presented in Figure 2.

Figure 1. Physical model testing.
Wave overtopping pressures were measured with
ATM.1ST pressure transmitters with a 10mm diameter face,
recording at a frequency of 160Hz. The duration of each tests
was 30min, prototype scale dimensions. The volume of
overtopped water was measured in a collection container using
a wave probe to record water levels. A total of 12 different
irregular JONSWAP wave spectra were generated, as shown in
Table 1.
The same wave input wave conditions were used for the
two different crown wall heights (1m and 2m). The significant
wave heights measured at the toe of the structure ranged
between 2.3 - 3.6m, with wave periods from 6.0 - 10.9s.
Measured waves differed from the input values due to shallow
water effects. Reflection coefficients for this structure ranged
between 0.33 and 0.63 depending primarily on the wave period

Figure 2. Cross-section tested & sensor locations
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Table 1. Model Tests - input & measured waves
Hs, input
[m]

Tp, input
[s]

Hs,
measured
[m]

Tp,
measured
[m]

3.5
3.5
3.5
3.5
3.5
2.5
4.5
4.5
4.5
4.3
3.8
2.8

6.0
7.0
8.0
9.0
10.0
11.0
6.0
7.0
8.0
9.0
10.0
11.0

2.3
2.7
2.8
3.1
3.3
2.6
2.8
3.2
3.3
3.5
3.5
2.8

6.0
7.1
8.4
9.2
9.9
10.9
6.6
6.9
8.4
9.3
9.9
10.9

1
2
3
4
5
6
7
8
9
10
11
12

25

Maximum Pressure per series [kPa]

Test
Number

indicates that the chosen sampling frequency adequately
captures the peak frequencies once converted to quasi-static
loading. However, the analysis of the measured pressures time
series from the sensors showed that the wave pressure signal
varied despite the repeatability of the wave conditions. Figure
4 shows the range of maximum pressure readings measured on
the crown wall, giving a variability between 0.5 and 2.8kPa.

Pressure (kPa)

50
40
30
20
10

1272

1277

1282

1287

Time (s)
0.5m

1.375m

2.25m

3.125m

Figure 3. Sample Pressure Time Series
Due to the irregular nature of wave propagation for a wave
spectrum, it was necessary to assess the repeatability of the
wave conditions. This was achieved by analysing the wave
probe signals. Since each test was repeated 6 times, for each
position of the structure, it was critical to the analysis that the
wave conditions were repeatable. An average difference of less
than 3% was found between wave conditions with the same
input values indicating very good repeatability. This also
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In order to understand the overall pressure acting on the
structure during each wave overtopping event, rather than
instantaneous peaks, the quasi-static pressure on the structure
was calculated by taking total area under each peak and
dividing by the duration of the event. Figure 3 shows a sample
of the pressure time series measured. All pressure values
referenced in this paper are the quasi-static pressure values
calculated using this approach, similar to that presented by
Cuomo et al [17] for examining quasi-static pressures on
vertical seawalls. It was observed that the maximum pressure
value measured on the structure was in a few cases higher than
the pressure measured on the crown wall at that event.
However, the quasi-static pressure applied during the event, as
calculated above, was consistently larger on the crown wall.
This method also gave less variability in the results than the
instantaneous maximum pressures measured

1267

15

0

Data analysis

0
1262

20

1m crown wall

2m crown wall

Figure 4. Maximum pressure measured on crown wall plotted
against wave energy
This variation was attributed to small differences in the
wave structure interaction which caused variations in the
pressures measured by the sensors. The overall variation in the
pressures measured on the crown wall was between 5% and
30%, with an average variation of 10% with the highest
percentage variations were observed at low measured pressure
values.
3

RESULTS

In order to examine the maximum pressure envelope, the
peak pressure readings on the structure were compared to the
highest pressure measured on the crown wall (control sensor).
Measured crown wall pressures were found to be smaller but of
the same order of magnitude as those calculated by the
empirical formula proposed by Martin et al. [18]. The
percentage reduction in pressures on the structure were
calculated by dividing the maximum pressure measured in each
sensor by the maximum pressure on the crown wall in that test
run. For the lowest wave heights tested, the pressures measured
on the structure were under 10% of that measured on the crown
wall, for both crown wall heights tested. However, with
increased wave height and period, the effect of the increased
crown wall height became apparent.
Pressure distribution on 1m high crown wall
For the higher wave heights tested, which correspond to
higher wave overtopping volumes, two areas of higher pressure
were identified. These are shown in Figure 5. Near the crown
wall, the highest pressures were measured on the sensor
directly above the top of the crown wall. In addition to this, the
vertical distribution of pressures showed an increase in the
pressures measured closest to the ground level as wave
overtopping volumes increased. This applied for all distances
behind the crown wall measured and is believed to be due to
the wave overtopping surface flow behind the structure.
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Figure 5. Test Run 11, 1m crown wall
The first area of higher pressure, at the location nearest
the top of the crown wall, had a maximum pressure measured
of up to 60% of the maximum pressure measured on the crown
wall for the 1m high crown wall. Higher pressures were also
observed at the base of the structure. These pressures were not
as high as the pressures on the sensor near the top of the crown
wall, reaching just over 40% of the maximum pressure on the
crown wall.
The envelope of pressures applied to the structure were
plotted, with the elevation y on the vertical axis and the
prototype scale pressures on the horizontal axis. This method is
similar to that used by Kisacik et al. [9] to show the distribution
of pressures over a vertical crown wall.
s
p
3.5

Top of crown wall
Max wave wall pressure

3

Max Structure Pressure
2.5

Pressure distribution on 2m high crown wall
This effect was further explored by examining the spatial
pressure distribution for the case of the 2m high wall, which is
shown in Figure 8. The increased crown wall height had a
considerable influence on the wave overtopping pressures,
most likely due to the reduction in wave overtopping volumes.
The maximum pressure on the structure was observed to be less
than 25% of the maximum pressure measured on the crown
wall at the location nearest to and above the top of the crown
wall. The pressures at the base of the structure were under 20%
of the pressure measured on the crown wall.
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Figure 7. Maximum pressure envelope at 5.5m behind wall
Test Run 11, 1m crown wall
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Figure 6. Maximum pressure envelope at 0.5m behind wall
Test Run 11, 1m crown wall
Figure 6 shows the vertical pressure distribution on the
structure behind the 1m crown wall for highest wave height
tested at 0.5m behind the wall, while Figure 7 shows the same
for a 5.5m distance behind the wall. Both of these figures are
for Test Run 11, the highest wave height tested, and show also
the pressure measured on the crown wall for this test run. The
change in pressure distribution is evident, as the location of
highest pressure moves from the sensor above the top of the
crown wall to the lowest sensor on the structure.

Figure 8. Test Run 11, 2m crown wall
Similar to the 1m crown wall, the pressure envelope for
the highest wave height tested showed that at 0.5m from the
wall, the highest pressures were measured in the sensor nearest
the top of the wall. This is shown in Figure 9. The increased
pressure at the base of the structure was less significant, due to
the reduced volume of wave overtopping, as demonstrated in
Figure 8 above.
Wave overtopping rates versus Pressure
The wave overtopping pressures analysed in this study are
similar to the proposed church-roof breaking wave impact by
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Oumeraci et al.[19], as shown in previously in Figure 3. Several
studies (Ramachandran et al. [14] ; Van Doorslaer et al. [12])
have examined the relationship between the wave overtopping
forces and the overtopping rate and discharge.
Taking into account that the propagating waves interact
with the reflection of the previous waves, it is expected that the
impact on the crown wall can be significant. This frequently
observed collision between a reflected initial wave and the
incoming successive wave, will lead to higher impact pressures
on the crown wall. This combined wave will approach the wall
as an impulsive breaking wave impact, as proposed by Chen et
al. [16]. As such, it is expected that the higher wave energy will
lead to higher pressure on the crown wall. Hence, the pressure
load and the overtopping discharge on those structures has been
analysed in this section.
Some difficulty was observed in linking the pressures
measured on the structure to the wave overtopping rates behind
the crown wall, as incoming waves can lead to significant
pressures on the crown wall but not necessarily to higher
overtopping rates. In addition to this, the highest pressure on
the crown wall did not necessarily correlate to wave causing the
greatest overtopping rate. For this reason, the average
overtopping rate for each test run was compared to the
maximum pressures measured on the structure during said test
In the analysis, the average wave overtopping rate is
plotted against the average pressure of the different sensors for
the different distances behind the crown wall. Figure 10 shows
the relationship of the pressure and the average wave
overtopping rate of the structure positioned at distance of 0.5m
behind the crown wall. The higher pressure on the sensor
nearest the top of the crown wall can be observed, as discussed
previously. From these tests, it can be assumed that overtopping
rates correlate wall with the pressures measured on the
structure. A logarithmic growth is suggested close to the crown
wall, which can be seen for both crown wall heights. Due to the
variability of the measured pressures at this location, it is
difficult to confirm a specific trend, but the results suggest that
pressures on the structure may cease to increase with increased
wave overtopping rates for high levels of wave overtopping.
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When moving further away from the crown wall, the
correlation becomes more linear. Figure 11 shows a linear
relationship average rate of wave overtopping and the
maximum pressure recorded on the structure for a crown height
of 1m at a distance of 13m behind the wall. It can be argued
that this is caused by the direct impact of an individual
overtopping event, as large airborne volumes of water hit the
structure when it is close to the crown wall. Moving further
away from the crown wall, similar wave overtopping rates
reach the crest and the structure but have less impact on the
structure itself as it is further away from the impact zone of
wave overtopping. This can be confirmed by comparing these
values between the different crown wall heights. The incident
wave conditions were the same for the different crown heights,
however there is a significant reduction in both the pressure on
the structure and the average overtopping rate.
12
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Figure 11. Wave overtopping volumes verses pressure on
structure, 13.0m behind 1m crown wall.
As demonstrated, it is clear that the highest pressures are
measured closest to the ground level once moving away from
the crown wall. This applied for all distances behind the crown
wall and for both crown wall heights. It is believed that these
pressures are due to the overtopping flow behind the structure.
This overtopping flow is related to the surface flow after
overtopping as the flow front drops after it hits the crown wall
and it propagates horizontally over the crest where it finally hits
the structure. Within the zone between the crown wall and the
structure, wave overtopping flow either flows back after hitting
the structure or continues to flow over the crest towards the
overtopping container. As such, the overtopping momentum
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flux loses a certain part here as it is reduced by the flow of the
water over the crest. Chen et al. [16] highlighted that the
overtopping flow in this zone changes from energy dissipation
into a violent impingement and that the structure alters the
features of the incoming overtopping flow.
From the tests presented in the figures above, it can be
assumed that the wave overtopping rates correlate well with the
pressures measured on the structure. Moreover, the reduction
in wave overtopping rates resulted in a considerable reduction
in pressure measured on the structure.

stage; to Joseph McCarthy, our former Arup colleague; for his
input and ideas; and to Arup University for their ongoing
support of this research.

4

[3]

CONCLUSIONS

In this experimental study, the spatial distribution of
pressures due to wave overtopping was investigated. Results
show that the pressure measured at the crown wall of a
breakwater armoured with antifer units was always the highest.
A considerable difference between pressures on the crown wall
and the pressures measured on the structure was observed. A
number of conclusions have been extracted as rule of thumb
guidelines as outlined below. These guidelines are suggested
for concept and scheme design in advance of physical model
testing.
In the case of the lower wave overtopping rates measured,
pressures under 10% the pressure measured on the crown wall
were observed on the structure.
For the higher wave overtopping rates measured, higher
pressures were observed in two locations:
1) higher pressures were observed at the location nearest to the
top of the crown wall, both in terms of horizontal and vertical
distances. Pressures at this location were observed to be:


Greater than 50% of the pressure measured on the
crown wall for a 1m high crown wall;
 Under 25% of the pressure measured on the crown
wall for the 2m high wall.
2) higher pressures were observed at the base of the structure
for all distances behind the crown wall. In absence of further
validation, it is suggested that this area is assumed to be that
below the crest of the crown wall. Pressures were observed to
be:
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Development of an open-source simulation tool for mooring systems
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ABSTRACT: This paper presents the development of an open-source object-oriented program, named OpenMOOR, for static and
dynamic analyses of mooring systems in ocean renewable energy applications, including offshore wind turbines and wave energy
devices. The program is developed for cross-platform applications. It can be used as a standalone software or a dynamic linking
library for developing coupled models of the moored structures/devices. A finite difference model of mooring cables is adopted
for solving the motion of a single cable which can deal with the hydrodynamic effect, cable bending/torsional stiffness and
nonlinear strain-tension relationship. Parallel computing is implemented for efficient analysis of a mooring system consisting of
multiple cables, as common in the practice. OpenMOOR has then applied to analyse a single mooring cable under forced harmonic
motions at the top end. The cable responses are found to agree well with the experimental data in the literature, which validates
OpenMOOR.
KEY WORDS: Mooring systems; Open-source program; Nonlinear cable mechanics; coupled analysis; object-oriented
framework; ocean renewable energy.
1

INTRODUCTION

Mooring systems are of significant importance for station
keeping of ocean renewable energy applications to harness
offshore wind, wave and tidal current energies. Two main
challenges exist in design and analysis of the mooring systems
(i) the balance of design cost/complexity and the performance
[1], particularly for wave energy devices, and (ii) the numerical
simulation for assessing the safety, survivability, and coupled
analysis of the floating structures [2]. Recent research has
focused on relevant topics. For example, a novel mooring
configuration which combines the tension legs and catenary
chains for floating wind turbines was studied and found to be
able to improve the dynamic performance of the tension leg
platform in operational and extreme conditions [3], via windwave tunnel tests on a scaled model. Cost optimization of
mooring systems for large scale wave energy converters was
performed by [4] to facilitate the commercialization of wave
energy concepts. Based on basin testing, extreme mooring
loads were investigated for an array of wave energy devices [5]
and [6] which analysed the peak mooring load in relation to the
environmental conditions including wave and current and it is
found that increasing pre-tension of cables can reduce the peak
mooring loads which however may reduce the device motion
and hence the energy able to be harvested.
For investigating mooring cables through model tests,
methods have been proposed for developing scaled models, as
in [7]. A method using truncated mooring cables was proposed
by [8]. However, most of the studies resort to mathematical
modelling and numerical simulations considering the large
scale and complexity of the mooring systems. Nonlinear
dynamic analyses have been conducted and compared with
linear and quasi-static analyses for typical offshore wind
turbine concepts with the mooring system, to illustrate the
importance of mooring cable dynamics in coupled analysis of
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offshore wind turbines [9-12]. The nonlinear dynamic
behaviour of mooring cables could be more pronounced in the
station keeping of wave energy devices [13], because the
relative-small size devices can experience relatively larger
displacements. While the mooring systems for offshore wind
turbines are more or less similar to those in oil and gas industry,
the mooring systems for wave energy devices are quite
different [14]. Although the quasi-static analytical solution is
still dominantly used in the iterative design procedure for wave
energy devices [15], the design is required to consider the
reliability and survivability at the final step where a fully
nonlinear model is needed. Nonlinear dynamic analysis is also
recommended by DNV-OS-E301 POSMOOR [16]. The
importance of mooring line dynamics has also been illustrated
by experimental measurements [13].
There exist a number of commercial programs providing the
capacity of simulating mooring cable dynamics and many can
also perform coupled analysis of the moored structures. A
recent review on mathematical models and analysis tools can
be found in [17], and available tools have also been examined
in [18]. Apart of commercial software, many in-house codes
have been developed for specific research focus and for the
convenience of coupled analysis to varied extent. For example,
DOOLINES provides a finite element framework for dynamics
of offshore lines, which is currently a proprietary software [19].
Analytical catenary solution has been extended to deal with
multi-segment cables, especially for crowfoot mooring, and to
account for the cable-seabed friction [20], leading to a
comprehensive quasi-static mooring analysis program named
MAP++ [21]. A finite element code called FEAMooring has
been developed particularly for coupled offshore wind turbine
analysis by [22,23]. A lumped mass model, named MoorDyn,
has been developed and validated against experimental tests on
a floating wind turbine model [24]. Another lumped mass
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model, OPASS code, is based on finite element formulation
while with linear interpolation of the element mass [25] and it
has been validated using experimental data on a single cable. A
hp-adaptive discontinuous Galerkin method was developed for
modelling snap loads in mooring cables in particular for wave
energy devices which are probably subjected to large
displacements due to the extreme wave loadings [26,27] and
the program is named MooDy. In addition, a nonlinear finite
element model based on bar elements with three translational
degrees of freedom per node is used for coupled analysis in
[28].
Among all the in-house codes, to the best knowledge of the
authors, three are made open-source, namely MAP++,
FEMooring, and MoorDyn. MAP++ is a well-documented
program while due to its quasi-static nature, it is receiving less
attention for further development. FEMooring was developed
in Fortran especially used as a module of FAST, a widely used
open-source wind turbine analysis tool [29]. MoorDyn has also
been coupled with FAST and is still under intensive
development. Recently, it has been improved to consider the
seabed friction and applied to connect multiple floaters [30].
Another option is building mooring models based on available
open-source general-purpose finite element libraries. For
example, one effort has been made by [31] using software
package Code_Aster. Other popular libraries such as DEAL.II
[32] and FEniCS [33] can also be explored. Nevertheless,
considerable effort is still needed to tailor those generalpurpose library to simulate mooring cables.
This study is aimed at the development of a cross-platform
open-source program for mooring cable simulation with
improved capacity, named OpenMOOR. The mathematical
model developed by [34,35] is used as the basis, which was also
used by WHOI Cable [34,35]. WHOI cable was developed for
towed cables and risers in ship and oil industry and it is a
proprietary software of Woods Hole Oceanographic Institution.
The mathematical model has some advantages as compared to
those implemented in available open-source programs,
including the capacity to include the current effect, cable
bending stiffness and torsional stiffness, and also the nonlinear
strain-stress relationship. Particularly, the nonlinear strainstress relationship could be important for optimize the design
of mooring cables for wave energy devices. For example, a
novel fibre rope mooring tether with lower axial stiffness was
studied by [36] to reduce the peak and fatigue loads in the rope.
The so-called "Exeter Tether" also provides capacity of
selectable axial stiffness and the experimental results clearly
showed a nonlinear strain-stress relationship.
The rest of the paper is organized as follows. Section 2
introduces the OpenMOOR implementation. Section 3 presents
validation and verification results. OpenMOOR is further
applied to study the wave and current effects on a floating
offshore wind turbine in Section 4. A brief summary is
provided in Section 5.
2

OPENMOOR FRAMEWORK
Station-keeping problem in offshore renewable energy

A typical mooring system is composed of multiple cables, each
of which exhibits strongly nonlinear behaviour and requires
careful treatment in numerical simulation. Fig. 1 shows one
cable of a floating structure. The mooring cables provide

restoring stiffness for the structure preventing it from drifting
far away from the desired spot. In operational/extreme
conditions, the cables are subjected to loads due to surface
waves and underlying current. OpenMOOR is aimed to
simulate such multi-cable mooring systems in ocean renewable
energy applications and also to be a framework to conveniently
implement other mooring models.

Figure 1. Station keeping using mooring cables in renewable
energy applications.
Mooring cable mechanics
Several mathematical models for mooring cable mechanics
along with the numerical solving methods are available in the
literature. The most widely used model formulates the
governing equations of a cable without bending stiffness in
Cartesian coordinate, leading to second-order partial
differential equations, which have been often solved using
finite element methods [37,38]. A more comprehensive model
based on rod theory was derived by[39], able to take into
account both bending and torsional effects and it is also solved
using finite element method.
Another popular model establishes the balance equations in
the local Lagrangian coordinate along the cable, leading to
first-order partial differential equations [40-43]. It can consider
the bending stiffness, torsional stiffness and the nonlinear
strain-stress relationship easily. The box method is normally
used for solving the equations, which is able to achieve a
second-order accuracy. By using this model, the governing
equations are expressed in matrix form as
𝐊 𝐲

#𝐲
#$

+ 𝐌(𝐲)

#𝐲
#)

+𝐟 𝐲 =𝟎

(1)

where 𝐊 𝐲 and 𝐌 𝐲 are stiffness and mass matrices
depending on cable state and 𝐲 is the state vector. For threedimensional problems as described in [41] when the Euler
Angle formulation is applied the state vector is defined as 𝐲 =
𝜀 𝑆/ 𝑆0 𝑢 𝑣 𝑤 𝜙 𝜃 𝜅7 𝜅8 : with 𝜀= strain, 𝑆/
and 𝑆0 are shear forces, 𝑢 , 𝑣 and 𝑤 are cable velocity
components in the local coordinate, 𝜙 and 𝜃 are Euler angles
and 𝜅7 and 𝜅8 are material curvatures. The interested readers
are advised to [40] for details and the quaternion formulation.
Noteworthy is that in all the formulations Morison's equation
is used to account for hydrodynamic effect on cables [44],
including the drag force, inertia force and the Froude-Krylov
force, which is valid considering the slenderness of the mooring
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cables. The model described by Eq. (1) is implemented in
OpenMOOR. The equations are first discretized in space and
then the generalized- 𝛼 method is implemented for time
stepping to add numerical dissipation for improving the
computation stability [45-47].

•

Implementation
OpenMOOR is developed in C++ using object-oriented
programming. The Eigen Library is used for matrix and vector
manipulation [48], which is a C++ template library including
only header files and hence simple to use. The Eigen Library
provides a Matlab-like development environment, which
enables efficient implementation of novel models by structural
engineers. The odeint library [49] is used for integration in
solving the platform motion, which contains also only header
files. The source code of OpenMOOR is hosted by GitHub
along
with
documentation
and
examples
(https://github.com/chen-lin/OpenMOOR). The key classes of
OpenMOOR and their relationship are demonstrated in Fig. 2.

•

Solver

Catenary

Cable

Platform

Node

Figure 2. OpenMOOR main classes and their relationships.
The main classes of OpenMOOR are described as follows.
Class Node. A Node is defined by its arc-length coordinate
originated from one end of the cable which it belongs to,
corresponding structural and hydrodynamic properties and
associated seabed parameters if it is in contact with the
seabed. Those properties are defined using StructProperty,
HydroProperty and SeabedProperty classes respectively.
This arrangement allows the consideration of nonuniform
properties along the cable length. Methods are defined to
formulate the nodal mass matrix and stiffness matrix and
the nodal force vector based on the present nodal state. For
boundary nodes, methods are provided to define the
constraint equations.
• Class Catenary: An extensible Catenary in twodimensional space is defined by its chord vector and its
unstretched length, weight per unit length and axial
stiffness. It is used to initialize the nonlinear solving
procedure. Analytical catenary solution is important for
reducing the time taken for dissipating out the transient
responses and also important for developing linearized
model for the mooring system. The linear stiffness matrix
is required to approximate the restoring stiffness of a
mooring system on the platform [50], which can further be
used to carry out a shooting procedure for solving the
coupled static problems. The two-dimensional elastic
catenary theory considering the seabed contact is
implemented [50,51]. In case of cables with non-uniform
structural property, the averaged cable weight per unit
length and axial stiffness are used for obtaining the
analytical catenary solutions.
•
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•

•
•

Class Cable: A Cable in OpenMOOR is defined by its
unstretched length and the initial positions of its two
connections in global coordinate system. A Cartesian
coordinate system is defined for each cable with the origin
placed at one end. Methods are defined for discretizing a
cable into uniformly distributed or non-uniformly
distributed nodes and initializing the nodal states using
catenary solutions. Initial cable nodal states can also be
read from input files. Other main methods include the
formulation of the discretized equations from relevant
nodes and solving the equations using a specified Solver
for updating cable state.
Class Platform: A Platform is a rigid body of six-degreeof-freedom for simulating the moored floating
structure/device. Its motion is defined by one reference
point. Each platform can have multiple fairleads each of
which is connected to a cable. At each time instant, the
platform displacement and velocity are given at the
reference point. The fairlead motions are calculated
accordingly and then used as instantaneous boundary
conditions in cable analysis. After the cable analysis, the
total mooring load is assembled from the cable fairlead
tension based on the instantaneous relative fairlead
position with respect to the reference point. In addition,
functions are provided to set up mass matrix and the
restoring stiffness due to hydrostatic effect for the purpose
of dynamic relaxation analysis and static analysis using
shooting method. Time integration is implemented to solve
the six-degree-of-freedom motion of the platform.
Noteworthy is that in the simulation once the fairlead states
are updated, the static/dynamic analysis of the cable is
independent of each other. Parallel computing is wellsuited and important since the cable analysis requires the
most computational effort, which is implemented using
OpenMP (http://www.openmp.org) in C++.
Class Solver: A Solver is solves Eq. (1) after finite
difference discretization which is then expressed as
augmented matrix. A Newton-type iteration with
relaxation is used and the method for adjusting the
relaxation factor according to the error evolution is also
provided. In addition, parameters for using generalized-𝛼
method to formulate the algebraic equations for each cable
from the nodes are also stored as members of the cable
solver. The development of the solver class is referred to
the numerical recipes [52] for two-boundary-point
problems. In OpenMOOR, each cable is assigned with one
solver and different solver can be used for the cables.
Class Setting: the Setting class specifies the path to read
input files and output results. It also defines the analysis
type and prepares corresponding parameters.
Class Simulation: A Simulation performs a particular
analysis according to the Setting. Currently, OpenMOOR
supports three types of analysis if used as a standalone
program, i.e. static analysis using shooting method,
dynamic relaxation [52] and dynamic analysis if the
motion of the platform is specified. In case of using
OpenMOOR as a dynamic linking library, only dynamic
analysis is supported, while the dynamic relaxation can be
easily implemented in coupled analysis.
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Organization of input and output
The input files include the setting file and the main input file
providing cable and platform geometry and structural and
hydrodynamic properties and so on. They are supposed to be
provided as XML files and handled using the rapidXML
(http://rapidxml.sourceforge.net) for extracting the parameters.
Other possible inputs including the initial cable state and the
current profile data can be supplied as simple text files. The
cable nodal state and platform state can be output upon
requirement as text files. They can be easily read into Matlab
or Python for post-processing. The Reader and Writer classes
are available to deal with file reading and writing in
OpenMOOR.
Solving procedure
After creating the platform and cables and finishing the
initialization, for a new platform state (updated displacements
and velocities), OpenMOOR solves the mooring load following
the steps described below:
• Update the fairlead displacements and velocities;
• Perform cable analysis in parallel and update the cable
tension at the fairlead;
• Transform cable tension into global coordinate system and
assemble the mooring load.
3

APPLICATION AND VALIDATION

In this section, OpenMOOR is validated using experimental
data from a scaled mooring cable model. The experiment was
carried out by [54] while the digitalized measurement data
provided by [7] is used. The experiment is briefly described
here for the sake of completeness. The experiment setup is
illustrated in Fig. 3. The tests were conducted in a manoeuvring
basin on a chain cable with an unstretched length of 33 m. The
cable was anchored to the basin bottom at one end and the other
cable end was attached, via a ball bearing, to a sheave on the
axis of the motor at a distance from its centre.

radius

0.0 m
chain cable of 33 m

-3.0 m

3.3 m

rotating sheave

32.554 m

Figure 3. The experiment setup (adapted from [7]).
Table 1. Two of the test cases [7].
Case No.
1
2

Period (s)
3.5
1.25

Radius (m)
0.2
0.2

Several test cases have been carried out with the upper cable
end attached at different distances from the motor axis and at
varying motor rotating speeds. The water depth was 3.0 m. The
force at the upper cable end was measured by a force probe, and
the force data for two of the test cases is made publicly
accessible by [7]. The corresponding forced motions of the
cable upper end in those two cases are listed in Table 1.
In using OpenMOOR to simulate the cable motions, the input
model data derived in [7] is used, as listed in Table 2. The

present version of OpenMOOR ignores the friction effect of the
bottom and hence the related parameters are not listed. The
damping effect of seabed is marginal and is also ignored here.
Noting that the tangential drag coefficient in [7] was applied to
the cable diameter while in OpenMOOR it is applied to the
circumference and hence a value of 0.5/𝜋 is used instead.
Besides, a small bending stiffness, i.e. 1 N∙m2 is considered to
avoid the ill-posed problem of a perfectly flexible cable in the
absence of positive tension [55]. This small magnitude of the
bending stiffness, however, has limited effect on the solution.
In addition, the seabed stiffness in the calculation is assumed to
be 3E5 Pa which is much smaller than the value presented in
the table. However, parametric studies have been conducted,
showing that this affect the upper end cable tension marginally
while a large stiffness may cause numerical instability and also
increase the computation time.
Table 2. Input data of the model for numerical simulation [7].
Parameter
Environment
Water density
Water depth
Bottom stiffness
Cable
Unstretched length
Horizontal span
Vertical span
Density
Axial stiffness
Mass per unit length
Wet weight per unit length
Steel diameter
Normal drag coefficient
Tangential drag coefficient
Added mass coefficient

Unit

Value

kg/m3
m
Pa

1000
3
3E9

m
m
m
kg/m3
N
kg/m
N/m
m
-

33
32.554
3.3
7800
10000
0.0818
0.699
0.0022
2.5
0.5
3.8

In the simulation, to deal with these challenging cases when
the cable tension could become zeros, a total of 200 nodes are
used for discretion. A time step of 0.002 second is used and the
generalized-𝛼 method is applied. In each case, the simulation
is conducted for 25 seconds. It is also assured that when the
cable nodes are above the still water level the hydrodynamic
effects are automatically excluded. The simulation begins with
the cable upper end at the lowest point of its motion trajectory,
as shown in Fig. 3. For the comparison with experimental
measurements, the transient responses are truncated. The
simulated results are plotted in Fig. 4 and Fig. 5 for the two
cases, respectively, along with the corresponding experimental
measurements of the tension at the upper cable end. Animations
of the full cable motion during numerical simulation can be
found in the GitHub repository.
Overall, the simulated cable tension is consistent with the
experimental measurement in each case. This validates the
capacity of OpenMOOR for modelling the mooring cables in
these challenging situations. In general, it also achieves a
comparable accuracy as MooDy which was used in [7]. The
inclusion of bending stiffness in OpenMOOR makes the
simulated responses smoother, while Moody seems to be able
to capture the high frequency oscillations quite well. The same
experimental data have also been used by [28] for validating
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the finite element model developed thereof. By comparing to
the results presented in [28], it seems that OpenMOOR
achieves a better accuracy as compared to the cable model in
that study.
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ABSTRACT: Tidal energy is an attractive source of renewable energy given its predictability. The production of reliable,
efficient and cost-effective tidal energy turbines requires the development of computer models for assessment and design
optimisation of turbine performance. Blade element momentum theory (BEMT) models are attractive to turbine designers as they
have a very low computational cost compared to CFD models. In this paper, we develop and validate a numerical model for
vertical axis tidal turbines based on a combination of actuator disk theory and blade element theory. The developed model
implements a methodology to cater for high solidity and highly loaded rotors which traditional BEMT models are incapable of
modelling. The model has been validated against measured performance data from experimental tests of both low and high solidity
scale model rotors.
KEYWORDS: Blade element momentum theory; Double multiple stream-tube; High Solidity; Performance prediction.
1

INTRODUCTION

Due to the limited availability of controlled testing
environments and the associated financial cost, the majority of
early-stage tidal turbine design and development relies on some
form of performance prediction modelling. Blade element
momentum theory (BEMT) models are widely used for both
VATs and HATs [1–5]. Initially developed for wind turbines,
they are relatively simple models with low computational cost
and although less accurate than more complex CFD models
they are sufficiently accurate for early-stage device
development and allow rapid evaluation of design iterations.
The fundamental principle of the BEMT approach is that the
2D aerodynamic/hydrodynamic forces acting on a blade
element are calculated using the local angle of attack, i.e. the
angle between the relative velocity at the blade and the blade
element chord line. This velocity change induces a momentum
change within the stream-tube containing the blade element [1].
BEMT was first introduced for propellers by Glauert [6].
Templin [7] subsequently adapted the approach for vertical axis
wind turbines through the development of a single stream-tube
model. Templin's approach was extended by Strickland [2] by
dividing the single stream-tube into aerodynamically
independent multiple stream-tubes to allow variation in the
interference (or induction) factor across the turbine.
All BEMT models use linear momentum actuator disc theory
where the turbine is represented as a porous disc. The most
basic BEMT models use a single actuator disc but are not suited
to VATs as they cannot account for the velocity induction
between the upstream and downstream faces of the turbine.
Therefore, the model assumes a symmetrical relationship
between the loads upstream and downstream. A number of
researchers developed the solution to this by placing two
actuator discs in tandem [3,4], this allowed the variation of
induced velocity between the upstream and downstream to be
accounted for.
One of the key challenges in implanting the BEMT approach
is the calculation of the axial induction factor, the vast majority
of BEMT models developed to date have used an iterative
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approach to converge on the most accurate local axial induction
factor (𝑎) for a stream-tube. The iteration is carried out between
the force coefficients of the momentum model and the blade
element model, the chosen 𝑎 value is obtained when these
quantities are equal. For highly loaded discs this iterative
approach is problematic and can lead to erratic solutions and
convergence failures [7,13]. The use of a relaxation factor can
improve the model but does not eradicate the issue. McIntosh
et al. [5] developed an alternative graphical approach for highly
loaded discs to determine the local induction factor. This
approach plots the force coefficients for the momentum and
blade element as the value of 𝑎 varies, the point of intersection
of these lines is then regarded as the appropriate induction
factor for that stream-tube, this is then repeated for all streamtubes. Soraghan et al. [10] successfully adopted this method for
vertical axis wind turbines. McIntosh et al. also provides a
method for dealing with cases where there are multiple
solutions, they report that multiple solutions are caused by stall,
which results in a sharp drop in the applied streamwise force
coefficient resulting in multiple intersections between the blade
element and momentum models. They also suspect that these
multiple solutions are the cause of the convergence issues
associated with the iterative approach.
This research presents the development of a BEMT model for
high solidity and highly loaded vertical axis tidal turbines. The
model utilises the graphical approach for determining induction
factors developed by McIntosh et al. [5] and assesses its
accuracy for a vertical axis wind turbine and a vertical axis
turbine. The research is significant as tidal turbines, and
particularly vertical axis tidal turbines, typically have a higher
solidity than wind turbines, and thus Strickland’s iterative
approach will generally not be valid. Outputs from the model
are compared to published experimental performance data and
show that the model achieves an acceptable level of accuracy
compared to other BEMT modelling studies.

CERI-ITRN2018

2

METHODOLOGY
Actuator disk model

Accredited to Betz [11], this is the simplest of
aerodynamic/hydrodynamic models for turbines. It is based on
linear momentum theory and simulates the turbine rotor as a
porous disk that extracts power from the fluid resulting in
momentum change in the fluid. In modelling of vertical axis
turbines, the turbine is represented as two actuator disks in
series, as shown in Figure 1, which are located at the upstream
and downstream faces of the turbine. This results in two streamtubes, with all flow entering at the inlet and exiting at the outlet
of each stream-tube. The presence of the actuator disk causes a
pressure discontinuity within the stream-tube on the fluid
passing through it. The model theory is based on the following
assumptions:
 Homogenous, incompressible, steady-state fluid flow.
 No frictional drag.
 Uniform thrust over the disk or rotor area.
 A non-rotating wake.
 The static pressure far upstream and far downstream
of the rotor is equal to the undisturbed pressure.
Conservation of linear momentum is applied to each streamtubes in order to determine the axial thrust exerted by the fluid
on the actuator disc which in turn is used to calculate the
extracted power and power coefficient. Since the approach is
identical for each disc in Figure 1, it is only presented here for
one; therefore the up and down subscripts are omitted, but the
numbered subscripts identifying specific regions within the
stream-tube are included. From conservation of linear
momentum, the axial thrust, T, exerted by the disc on the fluid
can be calculated as:
𝑇 = 𝑉1 (𝜌𝐴𝑉)1 − 𝑉4 (𝜌𝐴𝑉)4

Whilst energy is not conserved across the disc; it is conserved
between the upstream stations (1 and 2) and between the
downstream stations (3 and 4). Applying energy conservation
upstream of the disk yields:
1
1
𝑝1 + 𝜌𝑣1 2 = 𝑝2 + 𝜌𝑣2 2
2
2
and downstream of the disk,
1
1
𝑝3 + 𝜌𝑣3 2 = 𝑝4 + 𝜌𝑣4 2
2
2

1
𝑇 = 𝜌𝐴2 (𝑉1 2 − 𝑉4 2 )
2

The thrust exerted by the fluid on the disc (which is equal in
magnitude but opposite in direction to (2) can be obtained by
applying force equilibrium across the disc to give:
𝑇 = 𝐴2 (𝑝2 − 𝑝3 )

(3)

(6)

Equating the thrusts from Equations 2 and 6:
𝑉2 =

𝑉1 +𝑉4
2

(7)

The fluid velocity through the disk is, therefore, the average
of the upstream and downstream velocities. The axial induction
factor, commonly called “𝑎” is the fractional reduction in
velocity between the freestream and the disk:
𝑎=

(1)

(2)

(5)

It is assumed that stations 1 and 4 are sufficiently far
upstream and downstream of the disc that the pressures are
equal (𝑝1 = 𝑝4) and that that stations 2 and 3 are located
immediately upstream and downstream of the disc such that 𝑉 2
= 𝑉 3. Solving for (𝑝2 − 𝑝3 ) using Equations 3 and 4 and
substituting into Equation 5 gives:

where ρ is the fluid density, 𝐴 is the cross-sectional area, and V
is the fluid velocity. From continuity, the mass flow rate (𝑚̇ =
𝜌𝐴𝑉) through the stream-tube is constant giving:
𝑇 = 𝑚̇(𝑉1 − 𝑉4 )

(4)

𝑉1 −𝑉2
𝑉1

(8)

𝑉2 = 𝑉1 (1 − 𝑎)

(9)

𝑉4 = 𝑉1 (1 − 2𝑎)

(10)

Substituting Equation 10 into Equation 6, the axial thrust can
be defined in terms of the axial induction factor as:
𝑇 = 2𝜌𝐴2 𝑉1 2 𝑎(1 − 𝑎)

(11)

The thrust coefficient is defined as the ratio of thrust to dynamic
pressure:

𝐶𝑥 =

𝑇
0.5𝜌𝐴2 𝑉1 2

(12)

𝐶𝑥 = 4𝑎(1 − 𝑎)

(13)

Therefore,

Similarly, the non-dimensionalised power performance
coefficient is:

Figure 1. Actuator disk theory schematic, showing two control volumes in
tandem, representing the upstream and downstream of vertical axis rotor.

𝐶𝑃 =

𝑇𝑉1

(14)

0.5𝜌𝐴2 𝑉1 3
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Therefore,

𝐶𝑃 = 4𝑎(1 − 𝑎)2

(15)

It can be shown that the theoretical maximum 𝐶 P of a turbine,
known as the Betz limit, is 0.59 and is achieved when 𝑎 = 1/3.
Blade element model
The aerodynamics/hydrodynamics of vertical axis turbines
are significantly more complicated than their horizontal axis
counterparts. The variation in azimuthal position (𝜃) of the foil
as it rotates through 360° results in variations in relative
velocity (𝑉 rel), the angle of attack (α) and lift (𝐹 Lift) and drag
(𝐹 Drag) forces (all shown in Figure 2).

𝐹𝑇 =

1
𝐶 𝜌 𝐴𝑐 𝑉𝑟𝑒𝑙 2
2 𝑇

(19)

1
𝐹𝑁 = 𝐶𝑁 𝜌 𝐴𝑐 𝑉𝑟𝑒𝑙 2
2

where, 𝐴𝑐 is the hydrofoil plan area (chord length 𝑐, by blade
length ℎ).
An additional requirement of all BEMT models is the inclusion
of experimental aerofoil data [12] in the calculation of blade
element forces.
Blade element momentum theory
The single stream-tube discussed in section 2.1 is now
subdivided into a number of small stream-tubes, so as to
incorporate velocity variations across the turbine rotor. A
schematic of one of the stream-tubes is shown in Figure 4,
where 𝛥𝜃 is the angular portion of the azimuthal position
spanned by the stream-tube. The stream-tube cross-sectional
area is therefore defined as:
𝐴𝑠 = ℎ𝑅Δθ sinθ

Figure 2. Schematic showing angles, forces and velocities on the blade
element.

(20)

Where Δℎ is the vertical height of the stream-tube.

The relative velocity (𝑉 rel) and the angle of attack (the angle
between the foil chord line and the relative velocity) are
determined using:
𝑉𝑟𝑒𝑙 = √𝑉𝑎 𝑠𝑖𝑛(𝜃))2 + (𝑉𝑎 𝑐𝑜𝑠(𝜃) + 𝜔𝑅)2

(16)

𝑉𝑎 𝑠𝑖𝑛(𝜃)
𝛼 = 𝑡𝑎𝑛−1 (
)
𝑉𝑎 𝑐𝑜𝑠(𝜃) + 𝜔𝑅

(17)

where 𝑉 a is the induced velocity, i.e. the reduced velocity at
the rotor (as defined in Equation 9), 𝑅 is the turbine radius, and
𝜔 is the angular rotation velocity of the turbine.
The non-dimensionalised tangential and normal coefficients
are determined using the components of the lift and drag
coefficients, as shown in Figure 3 and defined in Equation 18.

Figure 4. Definition of stream tube geometry for a vertical axis
turbine.
Δ𝜃

Each of the N blade elements spends
percent of the time
𝜋
in the stream-tube in Figure 4. The axial thrust 𝑇 (as defined in
Equation 11) can be related to the streamwise force Fx exerted
on an individual blade element as it passes through the small
stream-tube as follows:
𝑇 = 𝑁𝐹𝑥

Figure 3. Schematic showing how lift and drag are related to the chord
tangential and normal coefficients.

2𝜋𝜌𝑅ℎ𝑠𝑖𝑛(𝜃)𝑈∞ 2
(18)

The specific tangential and normal forces are then determined
from the coefficients using:
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(21)

Substituting for T from Equation 11 and combining with
Equation 21 yields:
𝑁𝐹𝑥

𝐶𝑇 = 𝐶𝐿 sin(𝛼) − 𝐶𝐷 cos(𝛼)
𝐶𝑁 = 𝐶𝐿 cos( 𝛼) + 𝐶𝐷 sin(𝛼)

Δ𝜃
𝜋

= 𝑎(1 − 𝑎)

(22)

For clarity, the left-hand side of Equation 22 is denoted as 𝐶𝑥 .
The two component forces 𝐹 N and 𝐹 T and their stream-wise
resultant, 𝐹 x are shown in Figure 5, and it can be shown that the
resultant 𝐹 x is given by:
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𝐹𝑥 = −(𝐹𝑁 sin(𝜃) + 𝐹𝑇 cos(𝜃))

(23)

each of the stream-tubes. The 𝑎 value is seeded in the range of
-1 to +1 in 1000 increments. The sign of Cx_BEM – Cx_MOM
is investigated for a crossing of the two streamwise force
coefficients compared to the previous increment. If a crossing
has materialised, then this value of 𝑎 is saved as a likely
solution, the subsequent 𝑎 is then considered. Once all a values
have been evaluated, the collection of a values identified as
crossing points is available. In most cases, there will be only
one crossing, and that value of 𝑎 is selected as the induction
factor; this is shown in Figure 6 where there is a unique solution
at a = 0.275.

Figure 5. Schematic of normal and tangential forces resolved for the
streamwise force.

Combining equations 22 and 23 the force coefficient 𝐶𝑥
becomes:
𝐶𝑥 =

𝑁𝑐 𝑈𝑅 2
( ) (𝐶𝑁 sin 𝜃 − 𝐶𝑇 cos 𝜃)
4𝜋𝑅 𝑈∞

(24)

Reynolds number has a significant impact on the
aerodynamic/hydrodynamic
characteristics
of
the
aerofoil/hydrofoil, and the Reynolds number varies as the blade
rotates. It is therefore imperative that a VAT performance
estimation model incorporates the correct Reynolds number for
every azimuthal position.
The method used for determining induction factors in the
present model was first introduced by McIntosh et al. [14]. The
method involves generating two functions for the induction
factor, one using the force in the streamwise direction
calculated from the momentum model and the other using the
force in the streamwise direction calculated from the blade
element model. If the two induction factor functions are
graphed for different values of a, then the point of intersection
of the graphs is selected as the appropriate induction factor for
that specific stream-tube. Using only Equation 13 (i.e. the
momentum model) for the force coefficient, when 𝑎 > 0.5 a
reversed wake occurs, this is erroneous and is due to the
momentum-based assumptions becoming unreliable. For 𝑎 >
0.5, the majority of the fluid passes around the rotor, rather than
through it, meaning the assumption of all-encompassing
stream-tubes no longer holds true. The following empirical
correction for the momentum model for high induction factors
(𝑎 > 0.4) was developed by Glauert [7]:
𝐶𝑥 (𝑎 > 0.4) = 0.86 + 1.56(𝑎 − 0.143)2

(25)

For 𝑎 < = 0.4, Equation 13 is used for the momentum
contributions and for 𝑎 > 0.4 equation 25 is used. Equation 24
is used for the blade element model.
With both expressions fully defined, the approach for
determining the axial induction factor is now described. The
momentum coefficient is calculated once at the beginning,
while the blade element force coefficient is recalculated for

Figure 6. Momentum and blade element force coefficient with single
crossing point.

There are conditions that result in more than one crossing
point, and in such cases, the result is always three crossing
points. This usually happens for highly loaded rotors and high
solidity devices. The onset of blade stall results in a sharp drop
in force coefficient resulting in multiple crossing points.
McIntosh et al. [14] explain in detail the advantage of the
graphical scheme over the iterative approach in this regard, as
it identifies all crossing points and allows the correct value of
a to be selected based on the current flow state. Multiple
crossing points are a consequence of stall on the blades and can
occur during the onset of stall or flow reattachment, and it is
this issue that leads to convergence issues in the iterative
scheme particularly for highly loaded rotors [14]. An example
is shown in Figure 7. Each of the three crossing points defines
a different flow state: attached, partial stall and deep stall;
however, partial stall is unstable and should never emerge as a
solution [14]. Knowledge of the previous stream-tube solution
is used to identify the most suitable of the deep stall or attached
solutions.
With the induction factors known, for each stream-tube the
induced velocities (both upstream and downstream) are
recalculated, as are the relative velocities and angles of attack.
The Reynolds numbers are also recalculated and are used to
determine the appropriate lift and drag coefficients from a
prescribed database[12]. The tangential forces, 𝐶 T, are
calculated for each stream-tube, and the average torque
generated over a full rotation is calculated using:
𝑁𝑠

𝑄 = 𝑁∑
𝑖=1

[0.5𝜌𝐴𝑠 𝐶𝑇 𝑅 𝑉𝑟𝑒𝑙 2 ]
𝑁𝑠

(26)
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0.4

𝐶𝑃 =

𝑄𝜔

Power coefficient (CP)

The power coefficient is then evaluated as:
(27)

0.5𝜌𝐴𝑈∞ 3

where A is the device frontal area.

Experimental
BEMT

0.3
0.2
0.1
0
0

1

2

3

4

5

6

7

Tip Speed Ratio (λ)
Figure 8. BEMT model output compared to experimental data for a low
solidity rotor.

Figure 9 presents a comparison between the measured
performance data of Bachant and Wosnik [14] for the high
solidity rotor and that predicted by the BEMT model. The
model underpredicts performance at lower TSR’s and
overpredicts at higher TSR’s. There is also a phase shift in the
results, in regards to the location of the peak CP. In general, the
level of accuracy of the model is lower for the high solidity
turbine than the low solidity turbine, as it overpredicts peak
performance, 𝐶 P by 31%.
Figure 7.Momentum and blade element force coefficients with triple
crossing point.

Power coefficient (CP)

3

0.4

RESULTS

The performance of the BEMT model was assessed first for
a low solidity wind turbine rotor and second for a high solidity
tidal turbine rotor. Modelled power performance data were
compared with measured data obtained from published
literature. The characteristics of the two rotors used for
comparison are presented in Table 1 [13] and Table 2 [14] for
the low and high solidity cases, respectively. The power
performance results are presented in a non-dimensional form,
i.e. as power coefficients, 𝐶 P, (Equation 27) versus tip-speed
ratio (λ).

No. of
Blades
3

Turbine
Diameter
D (m)
2.5

Chord
Length
c (m)
0.4

Blade
Length
h (m)
3

Foil
Profile
NACA0015

Table 2.Details of high solidity rotor [14].

Turbine
Diameter
𝐷 (m)

No. of
Blades
3

1

Chord
Length
𝑐 (m)
0.14

Blade
Length
ℎ (m)
1

Foil
Profile
NACA0021

Figure 8 presents a comparison between the measured
performance data of Mays et al. [13] for the low solidity rotor
and that predicted by the BEMT model. The model correctly
predicts the performance trend, particularly the optimum tip
speed ratio; it consistently overpredicts performance. It
overpredicts the peak 𝐶 P by 18 %.
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0.3

0.2

0.1

0
0

1

Tip Speed2 Ratio (λ)

3

4

Figure 9.BEMT model output compared to experimental data for a high
solidity rotor.

4

Table 1. Details of low solidity rotor [13].

Experimental [14]
BEMT

DISCUSSION.

A BEMT model has been developed to predict the
performance of both low and high solidity rotors that can be
applied to both wind and tidal conditions. The model shows an
acceptable level of accuracy for an early stage evaluation tool.
However, the authors have identified a number of methods for
investigation for improving the accuracy of the current model.
From a review of the literature, other researchers have
contributed methods in dealing with previous shortcomings in
BEMT models. Read, and Sharpe pioneered the flow expansion
approach for VAWTs; they observed that due to the
conservation of mass if velocity downstream (due to induction)
is reduced, the cross-sectional area of the tube must expand,
this is most significant in the cases of highly loaded rotors. The
Read and Sharpe approach is documented in detail in Wind
Energy Conversion Systems [15]. Paraschivoiu et al. [16]
consider an alternative approach for flow expansion, where the
azimuthal angle is used in the calculation as opposed to the
definition of a new angle by Read and Sharpe.
Dynamic stall is an erratic nonlinear anomaly, primarily
caused by the rapid change in the angle of attack and results in
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a significant loss in lift due to flow separation. The stall angle
of a rotating foil can be different from that of a static foil [17],
and as BEMT models utilise static foil data, a corrective
approach is a prerequisite for an accurate solution. Paraschivoiu
[18] provides a detailed overview of the stall models which
have been adapted for VATs. The Gormont model [19], with
modifications by Massé [20] and Berg [21] is widely
implemented in BEMT codes for low solidity VATs as it can
be easily incorporated into the iterative approach.
Alternatively, the Leishman–Beddoes model, developed by
Beddoes [22] and modified by Leishman et al. [23] models the
attached and separated flow conditions can be used.
5

CONCLUSIONS.

The primary objective of this research was the development of
a blade element momentum model for performance prediction
of both low and high solidity vertical axis turbines. Outputs
from the model were compared to published experimental data
for both a low and high solidity turbine rotor, where an
acceptable level of accuracy was achieved.
BEMT models are extremely attractive to early-stage
developers due to their ability for rapid evaluation of design
iterations. They are much more cost-effective than
experimental testing and much less computationally
inexpensive in comparison to other numerical modelling
performance prediction techniques, such as CFD. The current
model shall be further developed to improve its accuracy and
to incorporate the modifications discussed.
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ABSTRACT: The economic viability of tidal energy projects will likely require large-scale deployment, with tens, or even
hundreds, of turbines positioned in an array. There is limited published research available on the viability of large-scale
deployments, which will depend on both the expected energy yield and potential adverse hydro-environmental impacts. This
leads to the question of how best to position turbines in large-scale arrays for maximum energy capture with minimal associated
hydro-environmental impacts. The primary aim of this research was the development of an existing two dimensional tidal flow
model for optimising tidal turbine arrays relative to both power output and potential hydro-environmental impacts. An
optimisation algorithm has been developed which determines an optimal array configuration for maximum energy capture whilst
employing spatial and environmental impact constraints. The algorithm has been incorporated into the numerical model and
application of the fully developed model to an idealised test case demonstrated that optimal arrays should be staggered, thereby
producing higher efficiencies than symmetrical inline arrays. To the authors’ knowledge, this is the first automated array
optimisation model to incorporate hydro-environmental impact constraints. The model could be extremely useful for
determining the economic viability of proposed arrays, enabling determination of ‘environmentally-acceptable’ levels of tidal
energy extraction and thereby allowing the completion of realistic and accurate early-stage cost-benefit analyses for tidal energy
projects. It is therefore, potentially, a very valuable tool for tidal energy researchers, developers and planners.
KEY WORDS: tidal turbines, modelling, optimisation, hydro-environmental impacts, energy capture.
1

INTRODUCTION

Tidal stream energy has the potential to contribute
significantly to global electricity demand, with worldwide
tidal resource estimated at over 1,200 TWh per annum [1].
Whilst this predictable energy source is highly attractive, the
commercial viability of tidal turbine technology will largely
depend on the expected energy capture and associated
environmental impacts.
A detailed review of relevant literature [2] demonstrated
that energy removal by tidal turbines will undoubtedly result
in some hydro-environmental impacts and that the magnitudes
of those impacts will increase (non-linearly) with increased
energy removal. The amount of energy captured by an array
and the hydro-environmental impact of the array are therefore
inextricably linked. The literature (e.g.,[3]–[6]) suggests that
energy removal by a single turbine deployment will have
negligible hydro-environmental impact with some localised
changes to velocities, and by extension material transport, but
minimal far-field effects. In contrast, modelling studies
(e.g.,[7]–[10]) have shown that the cumulative impacts of
large arrays (such as greater levels of energy extraction and
merging of individual turbine wakes) can result in significant
changes to velocities, water levels, sediment transport and
flushing times and that those impacts can exist many
kilometres from the array.
Research has shown that the positioning of individual
turbines within an array could significantly influence both the
total power output and resulting impacts of the array. For
example, [11] utilised a 2D, depth averaged, high resolution
model to simulate an array of 24 turbines. Their results
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showed positioning turbines in a staggered formation to be
more efficient and result in lower velocity deficits than
turbines placed inline. It is therefore desirable that array
layouts are optimised so that power output will be maximised
whilst simultaneously considering the environmental impacts.
The aim of this research was to develop and implement an
optimisation algorithm into a 2D numerical model to enable
automated determination of optimal array configurations. The
algorithm was developed in two stages; first with the sole aim
of maximising power output, and, second, with the inclusion
of an environmental constraint. The developed model is
assessed by its application to a high resolution idealised
domain. Results from different array configurations, including
the optimised layouts, are assessed.
The novelty of this work is the development of the
automated optimisation model, which has the ability to
optimise array layouts based on both energy capture and the
hydrodynamic impacts. This requires just a single run of the
model rather than multiple runs comparing different layouts
which has been the common approach in other research
(e.g.,[8], [11], [12]). At present only one other automated
approach has been found in literature – the gradient-based
optimisation approach developed by [13]; however, their
optimisation is solely based on power and does not consider
the resulting impacts of tidal energy extraction.
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2

METHODOLLOGY

2.1

Hydrodynamic Numericcal Model

2D and 3D tidal m
models have been
b
used in tu
urbine array m
model
stud
dies. The num
merical modeel used for th
his research iis the
mullti-scale nesteed model (M
MSN), a 2D finite differrence,
dep
pth-integrated, time-variant model, deveeloped for shaallow
estu
uarine and cooastal waters.. While 3D tidal models give
add
ditional accuraacy as they model
m
the fu
ull velocity p rofile
thro
ough the w
water columnn, they hav
ve much hhigher
com
mputational coosts. A 2D moodel was used for this researrch to
redu
uce computaational costs during dev
velopment off the
optiimisation algoorithm. The neext stage of th
he research w
will be
to im
mplement the approach in a 3D model.
Th
he model sim
mulates bothh hydrodynam
mics and a w
water
quaality module. The hydrodyynamic modulle is based on the
dep
pth-integrated solution of the
t Navier-Sttokes equatioons to
deteermine valuess for the waater surface elevations
e
andd the
horiizontal depth--integrated veelocities. The model solvees the
following governning equationss:
Continuity
C
Equuation:
∂ζ
∂t

+

∂qx
∂x

+

∂qy

(1)

∂y

∂
∂x

εεH

∂U
∂y

+

∂
∂y

εH
H

∂U
∂y

+

∂V
∂x

-

FTx
ρ

2.2

ent of Optimissation Model
Developme

The energy extraaction model described in
n Section 2.1 has
been
n modified to include an aautomated optimisation moodel,
whicch facilitates the determ
mination of optimised array
a
both extracted power and
conffigurations, considering
c
envirronmental co
onstraint. Prevvious literature (e.g., [7], [8],
[10])) has demonsstrated that thhe most sign
nificant impacct of
tidal energy extraction is to currrent velocitiees, and most other
o
envirronmental im
mpacts result ffrom this, therefore changees in
curreent velocities are used as a measure of the
t environmeental
impaact. The algorrithms for pow
wer maximisaation (Opt_P) and
power maximisatiion and impacct minimisatio
on (Opt_P&V)) are
now discussed.
Pow
wer Maximisatiion:
Th
he model is in
nitially run forr a no turbine scenario. At each
grid cell, the meaan power avaailable for ex
xtraction per tidal
cyclee is calculated
d as:
Pava =0.5pATT umean 3

mentum equattion:
x--direction mom
∂U
∂qx
Uqx ∂Uqy
∂ζ τxww τxb
+β
+
=ffqy -gH + + +
∂x ρ
∂t
∂xx
∂y
ρ
2

wo half time--steps, allowinng a
time-step to be divided into tw
two--dimensional scheme to bee applied. Fu
urther details and
explanations of the
t governingg equations and the moddules
soluttion scheme can be found inn [14].

(2)

water elevatioon above or below datum
m, t is
wheere is the w
timee, qx and qy aare depth-integgrated velocity
y flux compoonents
in the
t x- and y-- directions, β is the mom
mentum correection
facttor, U and V aare depth-averaged velocity components iin the
x- and y- direection, f is the Coriolis parameter, g is
grav
vitational acceleration, H is
i the total waater depth, τxww and
τxb are
a the x- direection componnents of the surface
s
wind sstress
and
d bed shear strress, ρ is the water density
y and ɛ is the eddy
visccosity coefficiient.
Th
he effects of ttidal energy extraction
e
are represented w
within
the numerical moodel by addingg a momentum
m sink term (F
FTx in
Equ
uation 2) to thhe momentum
m equations wh
hich representts the
thru
ust exerted byy the turbine on
o the flow. The
T thrust indduced
by the turbines on the flow
w in the x- and y- direcctions
resp
pectively is distributed acrooss a grid-cell and calculatedd as:
FTxx =T/∆x∆y|sinθθ| U/¦U¦

(3)

FTy =T/∆x∆y|cossθ| V/¦V¦

(4)

wheere Δx and Δ
Δy are the grid spacings in the x- annd ydireections, ϴ reppresents the anngle the turbine makes witth the
positive y- axis and U/ ¦ U ¦ annd V/ ¦ V ¦ are a sign conveention
w and thus en
ensure
thatt accounts forr the reversing of tidal flow
the term always aacts as a mom
mentum sink.
Th
he model utillises an impliicit finite diffference schem
me to
solv
ve the governning differenttial equationss. An AlternaatingDireection Impliciit (ADI) schem
me is incorporated, enablinng the

(5)

f
wherre AT is the turrbine swept arrea and u is defined as the freestreaam current speeed.
Th
he location off maximum aavailable pow
wer is determ
mined
and selected as the deployme
ment site for the first turbbine.
Addiitional turbin
nes are addedd in an iteraative manner; the
availlable resourcce is recalcuulated taking account of the
impaacts of all tu
urbines addedd to that poin
nt, and each new
turbiine location iss determined bbased on the resulting locaation
of maximum
m
pow
wer. Limitatioons to potentiial sites at which
w
turbiines can be deployed
d
cann be user-speecified withinn the
mod
del; these incllude a deployyment domain
n extent, requuired
laterral (ΔSLat) and longitudinal (ΔSLong) turbiine spacings and
a a
miniimum water depth
d
for depployment. Thee power extraacted
by each turbine iss calculated uusing Equation
n 6 and writteen to
an output
o
file at user-specified
u
d time intervaals throughoutt the
entirre model simu
ulation.
PExt =0. 5ρu3t AT C'T

(6)

wherre ut is the velocity at thee turbine grid-cell and C’T is a
locallised turbine thrust coeffiicient which is calculatedd for
each
h turbine added
d.
Pow
wer Maximisatiion and Impacct Minimisatio
on:
To
o incorporatee minimisatioon of the im
mpact of turrbine
deplo
oyments on current
c
velocitties, a significcant impact faactor
(SIF) approach baased on the woork of [15] was
w employed. The
SIF is defined ass the maximuum allowablee change in peak
p
velocity and is seet to 10% off the undisturrbed peak currrent
velocity. After eacch turbine is ddeployed a ch
heck is carriedd out
to asssess the resulting hydrodyynamic impacts, i.e. changees in
velocity. The velocity imppact constraaint rejects the
deplo
oyment of turbines where energy extraaction results in a
chan
nge in velocitties greater th
than the pre-d
defined SIF. The
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turb
bine in questiion is subsequuently moved
d to the next most
desiirable locationn based on the mean availaable power annd the
checks are repeeated. This iterative process (summaarised
scheematically in Figure 1) coontinues until the user-speccified
num
mber of turbines have been deployed.
Find location of
o maximum pow
wer
Pla
ace TN
Impact connstraint check
Ok

Not ok

N=N+1

N
N=N

Figurre 1. Basis of optimisation
o
algorithm
a
(N = turbbine number).
3

MODEL APP
PLICATION

An idealised chhannel was used to asseess various array
con
nfigurations. A number off optimised array
a
layouts were
deteermined for ddifferent turbiine spacing constraints
c
annd the
arraay power outpputs compared with that from
fr
a basic iinline
arraangement. Eneergy capture is computed for each arrayy and
the resulting impacts on currennt velocities used
u
as an indiicator
of th
he hydro-enviironmental im
mpacts.
3.1

3.2

Array Conffigurations

The twelve turbin
nes were deplloyed in the channel basedd on
the following
f
scen
narios:
1.INL: A 4 x 3 inline array wiith ΔSLong=5R
RD and ΔSLat=55RD
2.O
O1: An optiimised array with no minimum
m
spaacing
constraints
c
bettween turbiness
3.O
O2: An optimiised array withh ΔSLong=1RD
D and ΔSLat=1R
RD
4.O
O3: An optimiised array withh ΔSLong=3RD
D and ΔSLat=3R
RD
5.O
O4: An optimiised array withh ΔSLong=5RD
D and ΔSLat=5R
RD
A 5R
RD lateral an
nd longitudinaal spacing waas selected forr the
inlin
ne array as thiss has been shoown to be a deesirable spacinng to
redu
uce adverse turbines intteractions an
nd environmeental
impaacts whilst maaintaining a coompact array.
In all cases, thee same deployyment domain
n extent has been
b
specified outsidee of which turbines caannot be placed
(illusstrated by black rectangl
gle in Figurees 2-4). Sincce a
consstant mean waater depth of 550m is specifiied throughouut the
chan
nnel a minimu
um deploymen
ent depth is not necessary. The
resullting array configurations from Opt_P
P and Opt_P
P&V,
based on scenarios (2-5) desccribed above are presenteed in
Figu
ures 3 and 4 reespectively.
For the O4 arraay determinedd using the veelocity constrraint,
only
y ten turbines are placed. T
This is due to the constrainnt on
the extent
e
of the deployment domain and the large turrbine
spacings specified
d.

Model Sett‐up

Thee optimisationn model was applied to an
n idealised chhannel
3.2k
km long x 0.67km wide with
w tidal flow
ws in an eastt-west
direection. The m
model was set--up with a sp
patial resolutioon of
16m
m x 16m resullting in a com
mputational do
omain of 200 x 42
grid
d cells. Basedd on the rotoor diameter of
o the utility scale
SeaaGen turbine [16], a 16m grid spacing was employyed to
mattch a typical rootor diameter (RD).
The
T western an
and eastern seea boundaries were specifiied as
tidaal elevation booundaries, witth an idealised repeating tiide of
8m amplitude annd 6.25 hour period
p
specifieed at both opeen sea
bou
undaries. The tidal range and
a period aree not realisticc, but
werre used to indduce high peakk current velo
ocities (1.5-2 m/s).
A phase
p
differeence of 10 minutes
m
betweeen the two tidal
bou
undaries was aalso necessaryy to induce strrong tidal curr
rrents.
Thee northern andd southern booundaries were set as landd. A
con
nstant water deepth of 50m was
w specified across the chhannel
and
d fluid densitty was set att 1,026kg/m3. The peak fflows
reacched approxim
mately 1.9m/ss. The model was executedd with
a haalf time-step oof 2.5 seconds and a Chezy
y bed roughneess of
200
0mm.
An
A array of tw
welve turbiness was selected for study. Since
the optimisation model is iterrative, the sim
mulations werre run
untiil all twelve turbines werre deployed; this resulted in a
sim
mulation time oof 156.5 hourss. In all instan
nces, the first three
tidaal cycles of thee simulations were ignored to ensure thatt cold
starrt effects had ddissipated. All model resultts are presenteed for
the final tidal ccycle and for the dominan
nt flood tide.. The
optiimised arrayss are determ
mined based on
o (a) the ppower
optiimisation moddel (Opt_P) and
a (b) the power and vellocity
imp
pact optimisattion model (O
Opt_P&V) and the results from
the two different optimisationss were then co
ompared.
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Figure 2. Inliine array layo
out.
(aa)

(b)

(c)
(

(d)

ure 3. Opt_P array
a
configurrations resulting from scenaario
Figu
(aa) O1, (b) O2, (c) O3, (d) O4.
(aa)

(b)

(cc)

(d)

Figure
F
4. Opt_
_P&V array coonfigurations resulting from
m
scenarrio (a) O1, (b) O2, (c) O3, (d) O4.
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4

RESULTS

(bb4)

Thee optimised aarrays are asssessed with regard to ennergy
capture, array effficiency and resulting imp
pact on veloccities.
Thee results are also compareed to those of the inline aarray.
Imp
pacts on veloocities are dem
monstrated th
hrough peak flood
velo
ocity percentaage difference plots, calculaated as:
Diff =

vturbine -vno tuurbine
vno turbinee

·100%

(7)

Extracted
E
pow
wer is calcuulated for eaach turbine using
Equ
uation 6, and energy captuure per tidal cycle is determ
mined
by integrating
i
a turbine’s extrracted power over a tidal ccycle.
Thee total energy capture of ann array is then
n calculated aas the
sum
m of the energyy captured by each turbine in the array.
Turbines
T
werre modelled to have a power coeffi
ficient
(effficiency) of 0..4, i.e. they would
w
always extract 40% oof the
available power. Array efficieency is determ
mined based oon the
und
disturbed availlable power (i.e.
(
the poweer available foor the
casee where there are no turbinees) using:
mean PExt, T1
(8)
εundis T1 =
m
mean
Pava, T=0

Results
R
for thhe Opt_P andd Opt_P&V optimisationss are
pressented in Figuures 5 and 6 respectively.
r
In
I the figures,, each
turb
bine is represeented by a diffferent colour identified in T
Table
1.
Taable 1. Legendd for turbine co
olours.
Turrbine
#
1
2
3
4
4.1

Bar
Colouur

Turbine
#
5
6
7
8

Bar
Colour

Opt_P Ressults
(b1)

(a1)

(b2)
(a2
2)

(b3)
(a3
3)

(a4
4)

Turbine
T
#
9
10
11
12

B
Bar
Coolour

(bb5)
(a5
5)

Figu
ure 5. (a) % difference in peeak flood currrent velocitiess (b)
turbine efficiency (ɛundis) foor scenarios (1
1-5) INL-O4.
Table 2. Totaal mean energgy capture and
d undisturbed
efficiency off each array.
Arraay
Tottal Energy Caaptured
Scen
nario

Symb
bol

(kWh/cyclee)

ɛUndis

1

INL
L

5445

0
0.33

2

O1

6671

0
0.40

3

O2
2

6239

0
0.37

4

O3

5932

0
0.35

5

O4
4

5920

0
0.36

The results show the energy caapture and effficiency (ɛundis) for
the inline
i
array is lower than that for any of the optim
mised
array
ys. The pooreer performancce of the inlin
ne array is duue to
the positioning of
o downstreaam turbines in
i the wakes of
upstrream turbiness, whilst the performance of the optim
mised
array
ys is enhancced by makin
ing use of accelerated
a
fl
flows
betw
ween turbines.
Th
he array with the
t highest ennergy capturee and efficienccy is
O1 i.e.
i a fence configuration
c
stretched across the channnel.
This agrees with the
t findings off other publish
hed studies which
w
onfiguration iff one
concclude that a fence is the moost efficient co
is intterested in pow
wer extractionn alone (e.g.,[17], [18]). Inn this
form
mation wake effects are not a concern. Th
he second higghest
energ
gy capture iss observed foor O2. The arrray efficiency of
0.37, while lowerr than the 0.44 of O1, is stiill higher thann the
inlin
ne array efficieency of 0.33. The better peerformance off this
array
y (relative to the
t inline) is a result of dow
wnstream turbbines
being
g placed outtside the wakkes of neigh
hbouring turbiines.
Arraays O3 and O4
O capture siimilar amoun
nts of energy and
havee similar efficciencies, this is due to the similar spaacing
consstraints applieed. The redduced perform
mances of these
t
conffigurations com
mpared to O11 and O2 aree a result of some
s
turbiines being plaaced inline, orr almost inlinee, (see Figure 4(c)
and (d)) and thereefore partiallyy within the wakes
w
of upstrream
turbiines.
Fig
gure 5(a) show
ws percentagee changes in peak
p
flood currrent
velocities due to deployment of each arraay. For the innline
conffiguration, thee cumulative effect of energy extractionn by
each
h subsequent downstream
m turbine meeans the veloocity
deficcit increases through
t
the arrray. Looking
g at the optim
mised
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arraays, O1 and O
O2 generate similar wake shapes whicch are
larg
ger in extents than those of
o O3 or O4. This is due tto the
arraay configurations, in O1 all turbines are placed in a ssingle
fencce and O2 com
mprises two fence
f
formatio
ons. This resuults in
greaater changes iin velocities, primarily
p
duee to the mergiing of
adjaacent wakes. O3 generates the strongestt peak deficitts due
to turbine
t
placem
ments being inline, or clo
ose to inline , e.g.
turb
bines 6 and 12. The O4 array resultts in the sm
mallest
chan
nges in veloccities due to the increased
d turbine spaccings,
lead
ding to reducced cumulativve wake imp
pacts and addverse
turb
bine interactioons.
4.2

Opt_P&V Results

Thee array scenariio results obtaained using the Opt_P&V m
model
are now discusseed. The impact on peak flood velocitiess and
und
disturbed turbbine efficienccies for the optimised aarrays
deteermined basedd on the veloocity constrain
nt are presentted in
Figu
ure 6. Since tthe model was only able to
o deploy ten oof the
tweelve turbines in the O4 array,
a
these results have been
excluded from the discussiion as they are not dirrectly
com
mparative to thhe others. Thee total energy
y capture by aarrays
O1,, O2 and O33 are given in Table 3 along with their
efficiencies.
(b1)
(a1)

conssiderably affeccts the magniitudes of velo
ocity changes. For
array
y O1, two tu
urbines have been moved
d from the fence
f
form
mation and placed downsttream. For O2
O a number of
turbiines have beeen re-positionned from the two partial fence
f
form
mations to a mo
ore random laayout. These changes
c
in O1 and
O2 result
r
in a clear reduction iin the impact on velocities due
to less merging off adjacent wakkes. A substan
ntial improvem
ment
is alsso noted for O3.
O Turbines have been mo
oved further apart
a
and the wake downstream
d
oof the array
y is significaantly
redu
uced, with max
ximum changges in peak veelocities droppping
from
m around 15% to approximaately 10%.
Intterestingly, ree-positioning of turbines has a margginal
impaact on the total
t
array en
energy capturre. For all three
t
optim
mised arrays, the reductionn in energy capture whenn the
velocity constraint is introduceed is only of th
he order of 2--4%.
This is further sho
own by the effficiencies of each array (ggiven
in Taable 3). For O1,
O ɛundis is onlly reduced fro
om 0.4 to 0.388, O2
drop
ps from 0.37 to
o 0.36, and O33 is 0.35 in bo
oth cases.
Ap
pplication off the arrayy optimisatiion model has
demo
onstrated that the optimissed arrays deetermined byy the
mod
del are more efficient thann a standard, regularly-spaaced,
inlin
ne array. App
plying the veelocity constrraint is shown to
redu
uce the impactt of energy exxtraction on current
c
velociities,
as deesired, whilst maintaining ssimilar levels of energy cappture
by the
t
arrays to
o those achieeved in the absence of any
envirronmental con
nstraint.
5

(b2)
(a2)

(b3)
(a3)

Fig
gure 6. (a) % ddifference in peak
p
flood currrent velocitiees (b)
turb
bine efficienccy (ɛundis) for sccenarios (1) O1,
O (2) O2, (3)) O3.
Table 3. Tottal mean energy capture and undisturbedd
efficiency for arrray O1, O2 and
d O3.

Sceenario

Arrayy Symbol

2
3
4

O1
O2
O3

Total Energy
y
Captured
(kWh/cycle))
6376
6044
5809

ɛundis
0.38
0.36
0.35

Comparing resuults from Figuure 5(a) and Figure 6 (a) iit can
be clearly seenn that appllying the velocity consstraint
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CONCLUSION
NS

The primary aim of
o this researcch was the dev
velopment of a 2D
hydrrodynamic flo
ow model for optimising tidal turbine arrrays
relattive to both
h power ouutput and potential hyydroenvirronmental im
mpacts. Two optimisation algorithms were
w
deveeloped: the first
f
considerss maximising
g energy cappture
alone and the second incoorporates a velocity im
mpact
consstraint.
Th
he fully dev
veloped modeel was testeed using a high
resollution (16m) model of aan idealised channel dom
main.
Com
mparison of energy
e
capturre and velociity changes from
f
optim
mised arrays with those from a regular inline array
a
high
hlighted the improved perrformances of optimal arrrays,
with
h higher efficciencies and lower hydro
odynamic imppacts
obseerved for eacch optimised case comparred to the innline
conffiguration. Com
mparison of th
the two optimisation algoritthms
that
(i.e. with and without
w
SIF constraint) demonstrated
d
apply
ying the environmental im
mpact constrain
nt indeed reduuced
the impact
i
of eneergy extractionn on current velocities
v
witthout
signiificantly reduccing the energgy capture of the
t array.
Th
his study has identified
i
the fence array to be the optim
mum
conffiguration in regards
r
to ennergy capturee. However, there
t
may be some praactical restricctions to deplloying a fencce of
turbiines; whilst th
he array will ta
take up the sm
mallest area within
the domain
d
it alsso creates thee biggest blo
ockage acrosss the
chan
nnel. This may
y lead to obsttructions for other users off the
wateer body and be
b problematicc if there are shipping lanees to
conssider. Placing turbines closee together willl be more efficcient
for maintenance
m
but
b has the coonsequence off greater blockkage
and increased
i
risk
k of wake mergging.
It can be conclu
uded that the developed op
ptimisation model
m
has the ability to
o determine ooptimised array configurattions
whicch result in high levels of eenergy capturee and low imppacts

CERI-ITRN2018

on current velocities. It has been shown how a velocity impact
constraint can be used to re-position turbines in order to
ensure that hydrodynamic impacts fall below a specified
significant level.
Future work will involve application of the array
optimisation model to a case study site – the Shannon estuary,
to validate the applicability of the developed model to realistic
tidal environments, and subsequent implementation in a 3D
model. The array optimisation model has potential to be an
extremely useful tool when determining the economic
viability of proposed arrays, allowing more realistic and
accurate cost-benefit analyses for tidal energy projects to be
conducted at an early stage in the project, thus saving money
in the long term.
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Challenges modelling near field thermal plumes in the built environment
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ABSTRACT: Conventional modelling for assessing the environmental impact of thermal plumes is based on empirical
formulations of plume behaviour used in conjunction with statistical and probabilistic tools. This approach is particularly useful
when concerned with the off-site and far-field impacts of thermal plumes. Turbulent thermal plumes are encountered in many
industrial applications. Re-entrainment of exhaust air and gases may be a concern for a variety of reasons including occupational
health and safety, reduction in operational efficiency or degradation of plant and equipment. The conventional approach is less
appropriate for predicting re-entrainment as it does not necessarily take full consideration of the local geometry, turbulence or
interaction between thermal plumes. When considering re-entrainment, it would be beneficial to be able to take better account of
the local environment and its effects. This would allow for more accurate assessment of the likelihood and extent of re-entrainment
of heat and emissions. Buoyancy driven flows are challenging to model using computational fluid dynamics (CFD). This paper
attempts to outline the challenges in modelling near field plumes in computational fluid dynamics (CFD).
KEY WORDS: Computational Fluid Dynamics (CFD); pollutant dispersion; Gaussian plume model; OpenFOAM.
1

INTRODUCTION

Air pollution is a concern due to its impact of human health
and well-being. In industrial and commercial environments,
workers may be exposed to contaminants through direct
exposure in the open air or indirectly through a ventilation
system. There is a concern about how the level and duration of
exposure can impact the occupational health and safety of these
individuals [1].
Diesel generator exhaust produces a mixture of gases and
very small particles that can be harmful to an individuals’
health if not properly controlled [2]. Nitrous oxides (NOx), and
nitrogen dioxide (NO2) in particular, are a significant health
concern. Exposure to NO2 can lead to irritation and burning of
skin and eyes [3]. While breathing NO2 can cause irritation of
nose, throat and lungs and it can cause coughing and shortness
of breath. It is reported that “mildly irritating” concentrations
for humans are between 10 and 20 ppm [4]. The Health and
Safety Authority indicate that the occupational short-term (i.e.
15 minutes) and long-term (i.e. 8 hour) exposure limit values
(OELVs) for NOx gases are 5 ppm and 3 ppm, respectively [1].
High concentrations can interfere with the oxygen carrying
capacity of the blood stream, which can lead to headaches,
fatigue, dizziness, methemoglobinemia [3]. Higher exposures
can result fluid build-up in the lungs causing severe breathing
difficulties leading to collapse and even death [3]. Doses in
excess of 150 ppm are considered lethal for the average
individual [5, 6]
In addition, there is the potential for entrainment of hot air
and exhaust gases in mechanical and electrical equipment. The
entrainment of hot gases is a concern as it is can cause them to
operate beyond their design specification and can lead to a
reduction in their overall performance. In addition, exposure to
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certain emissions can lead to corrosion of sensitive or
vulnerable components within the mechanical and electrical
equipment leading to failure or a reduction in the operational
life span of the equipment. [7]. It is necessary to monitor and
control the entrainment of exhaust gases and contaminants to
protect hardware from failures [7]. Minimising the level of
exhaust gases and dust becoming entrained into these facilities
is important to ensure the reliability of the equipment and avoid
costly
replacement
of
hardware
[7].
European
Telecommunications Standards Institute (ETSI) indicate that
short-term and long-term exposure limit values for NOx gases
are 1 mg/m3 and 0.5 mg/m3, respectively, [8].
It is important to be able to predict plume behaviour. The
conventional approach is to model dispersion using the
Gaussian plume dispersion equations. Software packages, such
as AERMOD, encoded with the empirical formula are often
used to understand plume dispersion. The benefit of this
approach is that it can be adopted for more complex problems
with multiple sources. However, the lateral and vertical spread
in the underlying equations have been derived from measured
data, which was captured at distances between 1km to 100km
from the source [9]. This approach does not necessarily take
full account of the local topography and complex building
geometry, freestream turbulence or any thermal interaction
between plumes or other heat sources. As a result, the
conventional approach is more appropriate for modelling far
field dispersion [10].
Computational fluid dynamics (CFD) can offer an alternative
approach to modelling plumes, which is routinely used in
modelling plumes in urban environments [11]. Several
researchers have undertaken studies that replicate pollutant
dispersal in a wind tunnel or in real urban environments [11].
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The benefits of using CFD are that it allows for accurate
representation of complex geometries. In addition, it is possible
to consider the influence of freestream turbulence on the plume
behaviour as well as the impact of other heat sources.
This paper attempts to outline some of the challenges
associated with modelling the near field behaviour of thermal
plumes using CFD, including:





2

Placement of mesh refinement;
Approaching wind speed;
Freestream turbulence intensity;
Plume buoyancy;
Nearby building topography

GAUSSIAN PLUME MODEL

The Gaussian plume model takes account of the emission
strength (i.e. concentration) and the mean wind speed. It
requires the effective plume height (i.e. combined source height
and plume rise) to be estimated separately. It is assumed that
the maximum concentration occurs along the plume centreline
and the emissions are normally distributed across the plume.
The downstream spread is a function of the downstream of the
source. It should be noted that software packages, such as
AERMOD, are based on the Gaussian plume model, however,
they are more sophisticated formulations of this model [10].
The effective plume rise in a neutral atmosphere is calculated
using the following empirical formula:
𝑑𝐻 = 0.35 (

𝑉𝑠 𝐷
√𝑄
) + 2.64 ( )
𝑢̅
𝑢̅

where Vs is the exhaust exit velocity, D is the flue diameter, u
is the mean wind speed and Q is the heat flux.
3

STUDY METHODOLOGY

The study seeks to understand the influence of the placement
of refined mesh on the plume behaviour in the model.
Therefore, two different refinement regions were considered in
the study; local refinement and downstream refinement region.
The local refinement region consists of a spherical zone, which
is 2m in diameter, around the top of the flue. The downstream
refinement zone consists of a bull horn shaped cone, which
begins at the top of the flue before it rises, expands and rotates
as it progresses further downstream. The same level of
refinement has been adopted in both regions (i.e. 0.1m).
An emission source is key element influencing the plume
formation. In this study, the source is taken as a CAT
3516BHD-2500 standby generator set. The key parameters are
summarized in the table below:
In this study, the flue is situated in a flat ‘open country’
topography. The atmospheric boundary layer wind profile (i.e.
10m reference height [zref], terrain roughness of 0.03 [z0]) has
been assumed for the oncoming wind.

Emission Source
Flue height
Flue diameter
Exhaust flow rate
Exhaust heat flux
Exhaust temperature

CAT 3516BHD-2500
10m
0.5m
8.16m3/s
2.1 MW
457ºC

Table 1: Key parameters of emission source
The influence of the wind on the plume is investigated in the
study. It is envisaged that in calm winds the plume rises
skyward leading to negligible emission concentrations
downstream or near ground. Furthermore, it is anticipated that
very strong winds will act to dilute emission concentrations
downwind and at ground level even though the plume will be
‘knocked over’ in the wind. On this basis, the wind speeds
examined are intermediate speeds where the momentum and
buoyancy act together in the plume formation.
The Richardson number, Ri, which is a dimensionless
number that expresses the importance of buoyancy over
momentum in a flow, was adopted to identify appropriate
intermediate wind speeds. It is as defined as:
𝑅𝑖 =

𝑔𝛽(𝑇𝑓𝑙𝑢𝑒 − 𝑇𝑎𝑚𝑏 )𝐷
𝑈2

where g is gravitational acceleration, β is the thermal
expansion co-efficient of air, Tflue and Tamb is the exhaust and
ambient air temperatures, respectively, D is the diameter of the
flue and U is the freestream wind velocity. Buoyancy
dominates the flow behaviour when Ri > 10 and it is negligible
for values Ri < 0.1. Both buoyancy and momentum are
important for the intermediate values (i.e. 0.1 < Ri < 10). This
study considered Ri values between 0.1 and 1.0. Based on the
generator parameters listed above and an ambient air
temperature of 25C, winds speeds of 2.4 m/s and 5 m/s at 10m
above ground level were investigated in this study.
Turbulence is the fluctuations in the flow that cause mixing
between the plume and the surrounding. It can act to influence
the shape, size and height of the plume. Depending on the
upstream exposure, freestream turbulence intensity can exceed
20%. The study focused on turbulence intensities of 5% and
10%.
The presence of bluff bodies nearby, such as buildings, act to
disturb the flow field and can significantly alter the behaviour
of the plume. This study considered the influence of a nearby
building (i.e. at 10m from the source) or buildings (i.e. at 10m
and 110m from the source) on emission dispersal. The
buildings modelled are low level buildings (i.e. 20m long x
20m wide x 10m high) that do not block the plume but disrupt
the flow around them and they are considered representative of
many industrial units throughout the world. The geometry of
the building(s) was developed in ‘Rhino’ and imported into the
CFD model mesh.
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much closer to the temperature of the surrounding air.
Therefore, both the air and the plume are considered
incompressible in the study.

Fig 2: Position of 10m high flue relative to single building
4

COMPUTATIONAL MODELLING

The turbulence in the flow was modelled using the k-omega
SST turbulence model [12]. This model uses the k-omega
formulation near boundaries and the k-epsilon model in the
freestream. The k-omega SST model was adopted in place of
the k-epsilon model because it is more accurate for boundary
layers for both favourable and adverse gradients, it is more
accurate at predicting spreading rates of free shear flows, it is
better at reproducing turbulent kinetic energy close to solid
boundaries and it does not require special correction for the
viscous sublayer [13]. This model is considered more
appropriate in modelling flows around bluff bodies, such as
buildings in an industrial or urban environment.

The computational model was developed in OpenFOAM,
which is an open source CFD software. A steady state analysis
was carried out to predict the behaviour of the plume. This is
considered a valid assumption when examining the near field
dispersion of continuous emission sources where the time to
concentration downstream is significantly less than the duration
of the emission. The flow field was modelled using Reynolds
Averaged Navier Stokes (RANS) equations. Therefore, the
continuity and conservation of momentum equations take the
following form [13]:
∇. 𝑢 = 0
𝜕(𝜌𝑢
̅𝑖 )
𝜕𝑡

+

𝜕
𝜕

∂p
̅
𝜕𝑢
̅𝑖 𝜕𝑢̅𝑗
′ ′
(𝜌𝑢̅𝑖 𝑢̅𝑗 + 𝜌𝑢̅̅̅̅̅
𝑝+𝜇(
+
)
𝑖 𝑢𝑗 ) = −
𝜕𝑥𝑖

𝜕𝑥𝑗

𝜕𝑥𝑖

In order to take buoyancy into account, the Boussinesq
approximation has been applied. It assumes that the difference
in density are negligible, except in the case of gravity.
Therefore, the momentum equation becomes:
𝜕(𝜌𝑢
̅𝑖 )
𝜕𝑡

+

𝜕
𝜕

′ ′
(𝜌𝑢̅𝑖 𝑢̅𝑗 + 𝜌𝑢̅̅̅̅̅
𝑖 𝑢𝑗 )

=−

∂p
̅
𝜕𝑥𝑖

𝑝+ 𝜇(

𝜕𝑢
̅𝑖
𝜕𝑥𝑗

+

𝜕𝑢
̅𝑗
𝜕𝑥𝑖

) − 𝑔𝛼∆𝑇

While the equation for the heat flow is written as:
𝜕𝑇
𝜕𝑡

+ 𝑢. ∇𝑇 = 𝐾∇2 𝑇 +

𝐽

The computational domain consists of a rectangular wind
tunnel that is 409.6m long, 142.4m wide and 128m high. The
cells in the hexagonal structures mesh range in size between
10.25m for the largest cells and 0.1m for the smallest cells. The
10m high flue 0.5m in diameter is situated on the ground 50m
from the inlet in the centre of the domain. The mesh has been
refined locally in the vicinity of the flue as well as surface
refinement of the flue exhaust vent. The geometry of the flue
and the refinement zones were developed in ‘Rhino’, which is
a 3D computer aided design (CAD) package, and subsequently
imported in to the CFD model mesh. In total, the mesh contains
approximately 18.1 million cells.
Ref.

𝜌𝐶𝜌

where J is the rate of internal heat production per unit volume,
and K is the thermal diffusivity. The Boussinesq approximation
is a valid assumption when the temperature differences are not
large. This assumption is considered to remain valid in this
instance even though there is a large temperature difference
between the exhaust (i.e. 450ºC) and the ambient air (i.e. 25ºC).
It remains valid because the exhaust acts as a forced plume
initially due to the volume flow driven out of the flue. Once the
plume loses its initial momentum, the buoyancy effect becomes
more important. However, much of the heat from the plume has
dissipated at this point and the temperature of the plume is
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Fig 3: Images of local and downstream mesh refinement

01
02
03
04
05
06
07
08
09
10

Refined
Mesh
[-]
local
down
local
local
local
local
local
local
local
local

Wind
Speed
[m/s]
5.0
5.0
5.0
2.4
2.4
5.0
5.0
5.0
5.0
5.0

% Turb
[%]
5.0
5.0
10
5.0
10
5.0
5.0
0.1
5.0
0.1

Exhaust
Temp
[C]
450
450
450
450
450
450
450
450
25
25

Table 2: Summary of Simulation Parameters

Building
[-]
0
0
0
0
0
1
2
0
0
0
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A summary of the different simulations undertaken are
summarised in the Table 2 above.
5

EFFECT OF MESH REFINEMENT AT SOURCE

As expected, the results reveal that the height of the plume
decreases with increasing wind speed. Moreover, the results
predict the centre of the plume at 50m and 29m above ground
level at 100m downstream of source in 2.4m/s and 5m/s winds,
respectively. This result is consistent with the empirical
formulas, which suggest a plume rise of 61mm and 34m under
the same winds in a neutral atmosphere.
It is apparent from the results that the plume is narrower as the
wind speed increases. This is attributed to a higher flow rate of
emissions downstream due the higher speed winds. In
accordance with the conservation of mass, it is necessary for
the size of the plume to reduce.
It is clear that it is important to estimate the wind speed
accurately given that the wind has a significant influence on the
plume. Fortunately, historical wind data is readily available and
there are standard methods for analyzing this data to determine
appropriate mean wind speeds for a specific location.
Therefore, it does not pose a significant challenge to the
accurate modelling of plumes using CFD.
7

EFFECT OF TURBULENCE INTENSITY

Fig 3: Plume contours (1000 ppm) at 100m downstream of
source in 5 m/s wind depending on extent of refinement
As shown in Fig 3 above, the results of the local refinement and
downstream refinement simulations are similar. This reveals
that the model will take some account of buoyancy once the
mesh in sufficiently refined at the source. It is clear that the
plume models in CFD are not overly sensitive to position and
extent of mesh refinement, once it is adequately refined, and
therefore, it does not pose a significant challenge to the accurate
modelling of plumes using CFD.
6

EFFECT OF WIND SPEED

Fig 5: Plume contours (1000 ppm) at 100m downstream of
source in 5 m/s depending on freestream turbulence intensity
The results reveal that turbulence does influence the size of the
plume and its height, although it would appear that it is less
significant the mean wind speed. It would appear from Fig 5
that the plume increase in size with increasing turbulence
intensity. It is anticipated that the higher turbulence causes
greater rate of spreading of the plume.
It is also apparent from Fig 5 that there is a slight reduction in
plume height with increasing turbulence. This is attributed to
more mixing between the cooler freestream and the plume,
which reduces the overall temperature and buoyancy of the
plume leading to the reduction in height.
Fig 4: Plume contours (1000 ppm) at 100m downstream of
source depending on approaching wind speed
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It can be challenging to measure turbulence intensity reliably.
The upstream freestream turbulence intensity is dependent on
the upstream exposure, which is a function of the terrain
roughness, the orography and the topography for considerable
distances upstream. As a result, there is potential for variation
in the assessment of the upstream exposure. There are standard
methods to estimate turbulence, including a methodology
developed by the Engineering Science Data Unit in the UK.
However, acquiring extremely accurate estimates of turbulence
may not be essential for modelling plumes accurately given the
minor influence turbulence on the plume behaviour.
8

with the outer extents of the plume (i.e. < 1000ppm) drawing
emissions down to ground level. It is apparent from Figs 11, 12
and 13 that there is a considerable increase in emission
concentrations at ground level due to the presence of the nearby
buildings. Therefore, it is clear that the presence of buildings
near the emission source can significantly increase emission
concentrations at ground level even if the buildings not
influence the trajectory of the plume.

EFFECT OF BUOYANCY

Fig 7: Plume contours (1000 ppm) at 100m downstream of
source

Fig 6: Plume contours (1000 ppm) at 100m downstream of
source depending emission heat flux
The results of the simulations reveal that buoyancy is important
when modelling plumes. It is clear in Fig 4 that there is
significant rise in the plume height with the inclusion of
buoyancy in the model. In separate study [11], buoyancy is not
considered. In this instance, this simplification may be valid as
the ambient and emission temperatures are much closer.
However, it is clear above that buoyancy should be considered
for large temperature differences. Furthermore, it would appear
that the Boussinesq approximation is valid for modelling
generator plumes given that the plume rise predicted in the
model (i.e. 29m) is consistent with empirical result (i.e. 34m).
Further investigations should be carried out to discover the
critical differential temperature where buoyancy should be
considered in the model. The challenge in taking buoyancy into
account is acquisition reliable information on the exhaust
emission.
9

Fig 8: Emission plume (>1 ppm) without any buildings

EFFECT OF NEARBY BUILDING TOPOGRAPHY

It would appear from Fig 7 that the nearby low level buildings
(i.e. 10m high) at 10m and 110m from the source do not
significantly interfere with the plume. However, examination
of Figs 8, 9 and 10 below reveal that while the centre of plume
continues downstream unaffected by the buildings below, the
shear layers that separate from the low level buildings interact
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Fig 9: Emission plume (>1 ppm) with a single building
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Fig 10: Emission plume (>1 ppm) with two buildings




plume significantly decreases with increasing wind
speed;
The mean speed is relatively easily determined using
standardized methods using historical weather data,
which is readily available around the world;
It is less important to determine the turbulence intensity
accurately as the turbulence intensity has a minor
influence on the height and size of the plume;
It can be challenging to estimate turbulence intensity
reliably, although there are standardized approaches to
do so;
Buoyancy should be considered for thermal plumes
where there are significant temperature differences
between the ambient air and the plume;
Further investigations should be carried out to discover
the critical differential temperature where buoyancy
should be considered in the model.
The presence of buildings near the emission source can
significantly increase emission concentrations at ground
level even if the buildings not influence the trajectory of
the plume.
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 It is clear that the plume models in CFD are not overly
sensitive to the position and extent mesh refinement,
once it is adequately refined around the source;
 It is important to estimate the freestream wind speed
accurately as the height of the plume and the size of the
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ABSTRACT: The shape of the aggregate chipping is an important factor in the design and installation of a surface dressing. A
previous research study, published in CERI2016, led to the development of an analytical surface dressing design method that
was published in Transport Infrastructure Ireland (TII) standard DN-PAV-03074 “Design of Bituminous Mixtures, Surface
Treatments, and Miscellaneous Products and Processes” in June 2017. In the analytical design method, the shape of the
aggregate chipping is assessed using the Average Least Dimension (ALD) parameter to determine the optimum quantity of
binder and chippings to be placed in a surface dressing.
The flakiness index has been used for many years as an aggregate characteristic in surface dressing design in Ireland, but
international practice indicates that the flakiness index alone does not fully capture the required shape properties of the
chippings. Based on best practice in other countries, the ALD, Average Greatest Dimension (AGD) and the AGD/ALD ratio
provide a better overall approach to assessing the impact of chip shape.
The purpose of the research study was to further develop the analytical design method to include the assessment of ALD for
6mm chippings which are used for surface dressing in Ireland. The research also assessed the range of AGD values for 20mm,
14mm and 10mm chippings from Irish quarry sources used in surface dressing. The ALD and AGD data for the study were
collected for different aggregate sizes sampled from eight quarry sources nationwide, and for aggregates sampled from nine
surface dressing sites carried out in six local authorities.
The findings of the research include a method for the assessing the ALD of 6mm chippings, and an analysis of the range of ALD
and AGD values obtained for Irish quarry sources. The analysis will also examine the range of AGD/ALD ratios obtained for
the aggregate sizes commonly used for surface dressing in Ireland. The outcomes of the research will be used to further develop
the analytical surface dressing design procedure outlined in TII standard DN-PAV-03074.
KEY WORDS: Surface Dressing; Shape Properties; Average Least Dimension; Average Greatest Dimension; Analytical
Design.
1

INTRODUCTION

Surface dressing is widely used for road maintenance in
Ireland to improve skid resistance, seal the road surface and to
arrest deterioration. A previous research study led to the
development of an analytical surface dressing design method
which was published in TII standard DN-PAV-03074 [1, 2].
The shape of the aggregate chipping, assessed using the
Average Least Dimension (ALD) parameter, is a critical
factor in the analytical design approach to determine the
optimum quantity of binder and chippings to be placed.
Hanson (1935) found that the average depth of the aggregate
layer after construction and traffic compaction is
approximately equal to the ALD of the aggregate chippings
used as shown in Figure 1 [3]. To ensure that the aggregate
chippings are not submerged in binder during service, the
ALD of the aggregates is used to calculate both the
appropriate design binder application rate and the aggregate
spread rate.
The least dimension of an aggregate particle is defined as
the smallest dimension of a particle when placed on a
horizontal surface [4]. The ALD is the arithmetic mean of all
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the measured least dimensions of a sample of aggregate
particles measured, typically 200 particles [5]. The shape of
an aggregate particle is most stable when lying with its least
dimension vertical as shown in Figure 2 [6]. In the case of
almost cubical aggregates the least dimension may be only
marginally smaller than the other two dimensions, or can be
much less in the case of flaky aggregates.

Figure 1. Orientation of Chippings After Trafficking [4].
The chip sizes commonly used for surface dressing in
Ireland are 14mm (10/14), 10mm (6/10) and 6mm (2/6). The
2/6 is typically used either as a pre-treatment seal before the
main surface dressing, or as the second layer of chippings in a
double or racked-in surface dressing [7]. The previous
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research looked at the ALD of 20mm, 14mm and 10mm
nominal size chippings and recommended the Dumas
approach to calculate the ALD of these aggregate sizes [1, 8,
9]. The purpose of the research study in this paper was to
determine the most practical method of assessing the ALD for
6mm nominal size chippings. The research will also assess the
range of AGD/ALD ratio values for 20mm, 14mm and 10mm
aggregate chippings from Irish quarry sources used in surface
dressing.

Figure 3. ALD Slotted Gauge.
The Australian test involves combining material retained on
the 6.70mm, 4.75mm and 2.36mm sieves and reducing the
sample by quartering to a representative portion of at least 100
chip particles. The particles, oriented with their least
dimension in a vertical plane, are placed through the slotted
gauges. In this way, the particles are separated in to classes of
1mm intervals in size (< 2mm, 2 to 3mm, 3 to 4mm … and so
on to > 9mm). The number of particles is counted for each
class and the ALD is calculated from the following equation

Figure 2. 3-Dimensional Shape of an Aggregate Chipping [6].
X = Xn/n
The ALD and AGD data for the study was collected using
the same aggregates sampled from eight quarry sources
nationwide as part of the 2015/2016 study. In addition,
aggregates sampled on site from nine surface dressing projects
carried out in six local authorities in 2015 and 2016 were also
used in the study.
2

METHODS USED FOR ASSESSING AVERAGE LEAST
DIMENSION OF 6MM CHIPPINGS

Although ALD is generally not determined on aggregates of 7
mm nominal size or less, there are a number of methods
available to assess ALD chipping of this size. In this study,
the assessment of the ALD for 6mm chippings was examined
using three different methods, one gauge measurement
method and two computational methods. The objectives of the
research were to assess the range of ALD values for 6mm
chippings, to compare the three assessment methods, and to
determine the most practical method of determining the ALD
of 6mm chippings.
2.1

Gauge Measurement Method

The most accurate method of measuring the ALD of chippings
is by physically measuring the least dimension of a
representative sample of chippings using a Vernier calipers or
a pedestal mounted digital gauge [5, 10]. However, these
direct measurement methods are extremely slow and tedious,
and are only practical for chipping sizes of greater than 7mm.
In Australia, the ALD can be determined for both larger and
smaller aggregate sizes by measurement using a slotted gauge
device as an alternative to direct measurement. The gauge
measurement method for 5mm and 7mm nominal size
chippings is determined in accordance with the Australian
standard AS1141.20.2 using an ALD slotted gauge as shown
in Figure 3 [11]. The gauge has slots of 2mm, 3mm, 4mm,
5mm, 6mm, 7mm, 8mm and 9mm arranged consecutively.
The tolerance on the slot width is ± 0.05mm.

(1)

where:
X = ALD (mm)
Xn = 1.5n1 + 2.5n2 + 3.5n3 ……. + 9.5n9
n = n1 + n2 + n3 ……. + n9
n1,…, n9 = number of particles in each dimension class
The standard EN (European Norm) test sieves used in
Ireland for the particle size distribution of surface dressing
chippings include the 6.3mm, 4.0mm and 2.0mm sieves [12].
The measurement of ALD for the 6mm chippings using this
group of sieves to prepare the 100 chip particles in accordance
with the Australian test procedure (AS1141.20.2) was also
investigated as part of the research.
2.2

Computational Methods

Two computational methods of estimating ALD were
examined and compared against the results obtained from the
gauge measurement method.
The first computational method uses an equation developed
to replicate the results obtained from the Nomograph for the
determination of ALD as shown in Figure 4 [4]. The
Nomograph equation uses two key input parameters
determined from routine laboratory testing, the median
particle size (Me) and the flakiness index (FI) of the aggregate
in the sample. The median particle size is the theoretical sieve
size through which 50% of the aggregate sample will pass,
and is determined by interpolation from a grading analysis
using a full set of sieves.
The Nomograph equation developed by the Asphalt
Institute in the U.S. is as follows [4]:
ALD = (Me)/(1.139285 + (0.011506 x FI))

(2)

where:
Me = Median Particle Size (mm)
FI = Flakiness Index
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Using the method in TNZ T/5, a representative sample of at
least 100 chip particles of material retained on the 4.75 mm
sieve is obtained. Using the AGD trough the chips are lined
up end to end in their longest dimension. The length of line
and the number of chips are recorded to the nearest 1mm. The
AGD value, expressed to the nearest 0.01, is calculated by
dividing the total length of the line of chips by the number of
chips in the line.
4
4.1

Figure 4. Nomograph [4].
The second computational method investigated was the
Dumas equation developed in South Africa [8, 9]. In the
Nomograph equation, the median particle size is the only
variable which describes the particle size distribution of the
aggregates. The underlying principle of the Dumas method is
that the median on its own cannot fully reflect the
characteristics of the particle size distribution. The approach
taken is to characterise the particle size distribution based on
the percentage passing and the percentage retained on five
sieves, rather than the single interpolated sieve used to define
median particle size.
The Dumas calculation process is quite complex, but has
been developed using a Microsoft Excel spreadsheet, with the
calculated ALD values derived directly from the grading
analysis and flakiness index data. The Microsoft Excel
spreadsheet for Dumas is available on the TII Web
Application Portal at https://web.tii.ie/adt/ [13].
3

METHOD USED FOR DETERMINATION OF AVERAGE
GREATEST DIMENSION OF CHIPPINGS

The AGD test is carried out in accordance with Transit New
Zealand (TNZ) T/5 “Method of Determining Size Shape and
Grading of Grades 1-4 Sealing Chips” using a measuring
trough [14]. Grades 2, 3 and 4 sealing chips correspond to
19mm, 16mm and 14mm max sizes used in New Zealand,
respectively. These sizes are similar to the 20mm, 14mm and
10mm nominal sizes used for surface dressing in Ireland. The
AGD measuring trough should be at least 1.0m in length and
graduated in divisions of 1mm shown in Figure 5.

Figure 5. AGD Measuring Trough (1m in length).
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SAMPLING AND TESTING OF SURFACE DRESSING CHIPS
Sampling

In 2015, sampling of 6mm, 10mm, 14mm and 20mm nominal
size chippings was carried out nationwide from eight quarry
sources that generally provide chippings for surface dressing
on National routes. The sampling was carried out from
stockpiles in each quarry in accordance with IS EN 932 Part
1. The eight quarry sources were labelled A to H.
In addition, samples of 6mm, 10mm and 14mm aggregates
were sampled on site from nine surface dressing projects
carried out in six local authorities in 2015 and 2016. There
was no 20mm chippings used for the surface dressing sites.
The individual sites were labelled Site 1 to Site 9.
The bulk samples taken in the quarries and on site were
reduced down to obtain a representative sample of chippings
for the laboratory testing in accordance with IS EN 933 Part 2.
4.2

Laboratory Testing

The grading and flakiness index were carried out on the 6mm,
10mm, 14mm and 20mm aggregate samples from the quarries
and the surface dressing sites. The grading analysis was
carried out in accordance with IS EN 933 Part 1, and the
flakiness index was determined in accordance with IS EN 933
Part 3.
The ALD data for the 6mm chippings were determined
with the Australian gauge measurement method specified in
AS1141.20.2 [11]. The test was carried out using both the
6.70mm, 4.75mm and 2.36mm group of sieves used in
Australia, and the 6.3mm, 4.0mm and 2.0mm group of sieves
used in Ireland. The AGD was determined for the 10mm,
14mm and 20mm aggregate samples in accordance with the
New Zealand method TNZ T/5 [14].
5
5.1

ANALYSIS OF RESULTS
AGD/ALD Ratio Results

The ALD, AGD, median particle size (Me) and flakiness
index (FI) results for the 20mm, 14mm and 10mm aggregate
samples are given in Tables 1, 2 and 3, respectively. The
grading and FI values were used to compute the ALD using
the Dumas equation. The range of ALD values for the 20mm,
14mm and 10mm aggregate were within the requirements of
Table 17 of TII publication CC-SPW-00900 “Specification for
Road Works Series 900” [12]. The AGD/ALD ratio for each
aggregate sample are also shown in each table.
For the 20mm chippings, the AGD/ALD ratios ranged from
1.40 to 2.18, with an average of 1.78. For the 14mm
chippings, the AGD/ALD ratios ranged from 1.75 to 2.17,
with an average of 2.01. The grading and FI of the 20mm and
14mm aggregate samples were within specification and
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complied with the requirements of Table 17 of TII publication
CC-SPW-00900 [12].
For the thirteen samples of 10mm aggregate, seven samples
were within specification as per Table 17 of CC-SPW-00900,
and six samples were out of specification due to the FI being
greater than FI20. The ‘out of specification’ samples would
normally be rejected as being unsuitable for surface dressing,
but have been included here for comparison. As shown in
Table 3, the AGD/ALD ratios for the 10mm chippings within
specification ranged from 1.75 to 2.08, with an average of
1.98. The AGD/ALD ratios for the 10mm chippings out of
specification were higher and ranged from 2.19 to 2.46 with
an average of 2.30.
Whereas the FI test assesses the proportion of flaky
particles in a sample, the AGD/ALD ratio looks at the
cuboidal shape of the aggregate chipping. In New Zealand,
chip shape is controlled by a maximum ratio of ALD:AGD of
1:2.25 for Grades 2, 3 and 4 (i.e. 19mm, 16mm and 14mm
sizes) aggregate chippings used in resealing, although typical
ratios of 1:2.0 have been found in practice [6, 15]. These
shapes are preferred as they pack in with maximum shoulderto-shoulder contact. Some aggregate crushing systems can
result in more cubical chip with ratios less than 1:2.0. The
volume of voids, with these more cubical shape of chip, is
higher and the basic binder application rate would typically
need be increased to hold chips with more cubical shape in
place [4].
Table 1. AGD/ALD Ratio Results for 20mm Chippings
Chip
Source
Quarry A
Quarry B
Quarry D
Quarry E
Quarry F
Quarry H

Nominal Median Flakiness
Size (mm) Size (mm) Index (%)
20
20
20
20
20
20

15.8
15.2
15.8
17.4
16.7
16.0

14.2%
11.7%
9.9%
6.6%
8.9%
15.6%

Quarry A
Quarry B
Quarry C
Quarry D
Quarry E
Quarry F
Quarry G
Quarry H
Site 3
Site 4
Site 5
Site 6
Site 7
Site 8
Site 11/16
Site 12/15
Site 12/16

Nominal Median Flakiness
Size (mm) Size (mm) Index (%)
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14

11.6
12.1
11.7
11.7
11.2
12.0
11.5
11.4
11.5
11.9
11.7
11.5
11.6
12.0
11.7
11.9
11.8

8.6%
17.5%
11.6%
11.1%
12.9%
13.4%
13.6%
16.4%
15.7%
7.5%
7.2%
16.2%
12.1%
10.4%
14.8%
15.2%
12.9%

Chip
Source

AGD
(mm)

AGD/ALD
Ratio

11.5
11.6
11.9
13.4
12.6
11.6

25.1
23.5
21.0
24.6
17.6
17.2

2.18
2.02
1.76
1.83
1.40
1.48

ALD
Dumas
(mm)

AGD
(mm)

AGD/ALD
Ratio

8.9
8.6
8.8
8.5
8.2
8.8
8.4
8.1
8.4
9.3
8.9
8.2
8.8
9.0
8.5
8.7
8.8

16.8
18.5
17.3
16.2
16.3
18.9
17.5
16.7
16.8
16.3
16.3
17.1
18.0
17.4
18.4
18.5
18.2

1.89
2.15
1.96
1.91
1.99
2.15
2.09
2.06
2.00
1.75
1.83
2.09
2.04
1.94
2.17
2.13
2.07

ALD
Dumas
(mm)

AGD
(mm)

AGD/ALD
Ratio

13.2%
14.5%
11.0%
14.5%
16.1%
18.1%
15.6%

5.4
5.3
6.0
5.7
5.2
5.9
5.9

9.5
10.3
11.7
11.6
10.6
12.2
12.3

1.75
1.94
1.96
2.04
2.05
2.07
2.08

20.7% *
24.4% *
23.0% *
20.5% *
21.3% *
24.9% *

5.3
5.3
5.3
5.2
4.7
5.3

11.6
11.7
11.8
12.0
11.4
13.0

2.19
2.21
2.23
2.30
2.41
2.46

Nominal Median Flakiness
Size (mm) Size (mm) Index (%)

Quarry D
Quarry H
Quarry A
Site 8
Site 1
Quarry E
Quarry G

10
10
10
10
10
10
10

7.8
7.8
8.0
8.2
7.5
8.3
8.4

Quarry F
10
7.6
Site 9
10
8.2
Quarry B
10
7.8
Site 6
10
7.7
Site 5
10
7.2
Site 10
10
8.2
Note: * FI out of specification (> FI 20 )

The overall range of AGD/ALD ratio values obtained for
the 20mm, 14mm and 10mm aggregates from Irish quarry
sources of 1.40 to 2.17 indicate that in general Irish
aggregates, within the Series 900 grading and FI specification,
typically have good cubical shape characteristics.
Accordingly, the maximum ratio of ALD:AGD of 1:2.25
specified in New Zealand for 19mm, 16mm and 14mm sizes
could be used to further control chip shape for 20mm, 14mm
and 10mm aggregates used in surface dressing in Ireland.
Analysis of 6mm Chip ALD Results

5.2

ALD
Dumas
(mm)

Table 2. AGD/ALD Ratio Results for 14mm Chippings
Chip
Source

Table 3. AGD/ALD Ratio Results for 10mm Chippings

The ALD results for the gauge measurement and
computational methods for the 6mm nominal size chippings
are given in Table 5. The grading, Me and FI values for these
samples were used to compute the ALD values using the
Asphalt Institute Nomograph equation and Dumas equation.
The ALD values obtained for the 12 samples of 6mm
chippings (5 quarry and 7 site) ranged from 2.5mm to 3.3mm
for the gauge measurement method and from 2.9mm to
3.7mm for the Dumas method. This range of values lie within
the current specified range of ALD for 2/6 chippings of
2.5mm to 4.0mm in Table 17 of TII publication CC-SPW00900 “Specification for Road Works Series 900” [12].
Linear regression was used to perform the statistical
analysis of the data from the study. The regression analysis
was carried out using Microsoft Excel.
Table 5. Summary of 6mm Chippings ALD Results.
Chip
Source
Quarry A
Quarry B
Quarry F
Quarry G
Quarry H
Site 1
Site 3
Site 7
Site 9
Site 10
Site 11/16
Site 12/16

Nominal Median Flakiness
Size (mm) Size (mm) Index (%)
6
6
6
6
6
6
6
6
6
6
6
6

4.8
4.3
5.1
4.6
4.7
4.5
4.8
4.5
4.6
4.6
5.1
5.0

13.0
21.9
16.7
31.3
32.4
38.7
19.9
20.5
25.1
21.8
22.8
20.9

Aus Measured IE Measured
ALD (mm)
ALD (mm)
(Aus Sieves)
(IE Sieves)
3.3
2.6
3.3
2.6
2.7
2.6
3.3
2.9
2.9
3.0
3.3
3.3

3.2
2.5
3.2
2.5
2.7
2.5
3.3
2.7
2.9
3.0
3.3
3.2

Asphalt Institute:
Dumas
Nomograph
Equation
Equation ALD
ALD (mm)
(mm)
3.8
3.1
3.9
3.1
3.1
2.9
3.5
3.3
3.2
3.3
3.6
3.6

3.5
2.9
3.7
2.7
2.9
2.7
3.4
3.1
3.2
3.2
3.5
3.5
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5.3

Comparison of the Australian and Irish Gauge
Measured ALD

The ALD values obtained for the 6mm aggregate samples
from the gauge measurement method (AS1141.20.2) using the
Australian 6.70mm, 4.75mm and 2.36mm group of sieves
(‘Aus Measured ALD’) and the Irish 6.3mm, 4.0mm and
2.0mm group of sieves (‘IE Measured ALD’) are given in
Table 5. Figure 6 shows a plot of the Aus Measured ALD (Xaxis) versus the IE Measured ALD.

Figure 7. Plot of Australian Measured ALD vs Nomograph
Equation ALD & Dumas Equation ALD for 6mm Chip.

Figure 6. Plot of Australian Measured ALD vs Irish Measured
ALD for 6mm Chipping Using Gauge Measurement Method.
As can be seen from Figure 6, there is a strong linear
relationship between the ALD values from the gauge
measurements made using the different Australian and Irish
group of sieves with R2 at 97.5%. Accordingly, the 6.3mm,
4.0mm and 2.0mm sieves used in Ireland as part of the
standard grading analysis of surface dressing chippings could
be substituted for the Australian 6.70mm, 4.75mm and
2.36mm sieves to measure 6mm chip ALD as part of the test
method AS1141.20.2.
5.4

Comparison of Nomograph Equation ALD and Dumas
Equation ALD with the Gauge Measured ALD

The main purpose of the research was to determine the most
practical method of determining the ALD for 6mm (2/6)
chippings. The ALD values obtained using the Australian
gauge measurement method (AS1141.20.2) using the
6.70mm, 4.75mm and 2.36mm sieves (Aus Measured ALD)
were used as the baseline data. However, as shown above we
could equally have used the ‘IE Measured ALD’ values
obtained using the 6.3mm, 4.0mm and 2.0mm sieves as a
baseline.
Figure 7 shows a plot of the Aus Measured ALD (X-axis)
versus the ALD computed using the Asphalt Institute
Nomograph equation and the Dumas equation for the 6mm
chipping samples. As can be seen, there is a good linear
relationship between the gauge measured ALD values and the
two computed ALD values. As shown in Table 5, on average
the Asphalt Institute Nomograph equation and the Dumas
equation computational methods overestimated the Australian
measured ALD for the 6mm chip by 0.4mm and 0.2mm,
respectively.
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In the definitive direct measurement method in TMH1
Method B18(a), the particles of the fraction passing the sieve,
half the nominal size of the aggregate, must not be measured
[5, 7]. This fraction not measured (Fr) does have a significant
effect on the measured ALD. When the Fr value is greater
than zero, the median will be additively affected [8]. The Fr
value is taken into account in the Dumas calculation.
However, the Australian gauge measurement test
(AS1141.20.2) does not discard the fraction not measured (F r)
which would lead to lower measured ALD values using this
method compared with the TMH1 B18(a) method or Dumas
approach.
In Figure 7, the Dumas equation yields a higher R2 at
92.9%, versus 88.6% for the Asphalt Institute Nomograph
equation. The two computational methods do give different
results, with a clear separation in the trend lines visible in
Figure 7.
It should be noted that the median particle sizes for 6mm
chips in this study were typically less than 5mm (see Table 5),
which is just outside the lower range of the ‘A’ scale on the
Nomograph for determination of ALD (see Figure 3). This
may be contributing in part to the reduced level of accuracy
obtained using the Nomograph equation to estimate the ALD
of 6mm chippings.
Figure 8 shows the same data as Figure 7, but this time with
a “forced” regression having a zero intercept.

Figure 8. Plot of Australian Measured ALD vs Nomograph
Equation ALD & Dumas Equation ALD for 6mm Chip (no
intercept).
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It is clear from Figure 8 that the Dumas computed ALD
yields a very strong linear relationship with the Australian
gauge measured ALD. The slope of the regression line is
1.066, with a high R2 of 92.9%. The slope of the regression
line between the Asphalt Institute Nomograph equation ALD
and the Australian gauge measured ALD is significantly
higher, at 1.123, and has a much lower R2 value of 86.7%. On
this basis, the Dumas relationship would be preferable.
6

CONCLUSIONS

TII have published a new analytical design method for surface
dressing on National roads in TII standard DN-PAV-03074
(HD300) “Design of Bituminous Mixtures, Surface
Treatments, and Miscellaneous Products and Processes”, June
2017. The shape of the aggregate chipping which is assessed
using the Average Least Dimension (ALD) parameter is a
critical factor in the analytical design approach to determine
the optimum quantity of binder and chippings to be placed.
Based on best practice in other countries, the ALD, together
with the Average Greatest Dimension (AGD) and the
AGD/ALD ratio provide a better overall approach to assessing
the impact of chip shape.
A previous research study, published in CERI2016,
recommended the Dumas approach as the best approach to
determine the ALD for 20mm, 14mm and 10mm chip sizes.
The research study in this paper determined the most
appropriate method of assessing the ALD for 6mm nominal
size chippings used for surface dressing in Ireland. The
research also assessed the range of AGD values for 20mm,
14mm and 10mm chippings, and the AGD/ALD ratios for
these aggregate sizes.
The samples of 6mm, 10mm, 14mm and 20mm nominal
size chippings for this study were sampled from eight quarry
sources nationwide, and from nine in-situ surface dressing
sites laid across six local authorities in 2015 and 2016.
To determine the ALD of 6mm chippings, a total of three
different methods were examined, one direct measurement
method using a slotted gauge device based on Australian
standard AS1141.20.2, and two computational methods using
a Nomograph equation developed in the US and the Dumas
equation developed in South Africa. The gauge measurement
method was carried out using both the 6.70mm, 4.75mm and
2.36mm group of sieves used in Australia, and the 6.3mm,
4.0mm and 2.0mm group of sieves used in Ireland.
The ALD values obtained for the 6mm chippings ranged
from 2.5mm to 3.7mm which were within the current
specified range for 2/6 chipping in TII publication CC-SPW00900 “Specification for Road Works Series 900”.
The analysis of the results showed that there was very good
agreement between the ALD values obtained from the gauge
measurement method using the Australian group of sieves and
the different group of sieves used in Ireland with R2 at 97.5%.
Accordingly, the 6.3mm, 4.0mm and 2.0mm group of sieves
used as part of the standard grading analysis in Ireland could
be substituted for the Australian sieves in the test method.
The Nomograph equation ALD and the Dumas equation
ALD both showed good agreement with the Gauge measured
ALD, with the Dumas equation showing a much better overall
relationship (R2 = 92.9). Based on the regression results, the
Dumas approach could be used to estimate the ALD for 6mm

chippings, as it gives a better relationship to the Gauge
measured ALD. Using the Dumas method, the ALD can be
accurately calculated using standard grading analysis and
flakiness index laboratory test results.
The AGD of the 10mm, 14mm and 20mm aggregate
samples was determined in accordance with New Zealand
standard TNZ T/5 using a 4.75mm screening sieve and a 1.0m
measuring trough. The overall AGD/ALD ratio values ranged
from 1.40 to 2.17, but were more typically in the range 1.8 to
2.1 for 14mm and 10mm nominal size chippings indicating
that in general Irish aggregates which comply with the Series
900 grading and flakiness index specification typically have
good cubical shape characteristics. Accordingly, the
maximum ratio of ALD:AGD of 1:2.25 specified in New
Zealand for 19mm, 16mm and 14mm aggregate sizes could be
used to further control chip shape for 20mm, 14mm and
10mm aggregates used in Ireland. For more cubical chips with
ratios less than 1:2.0 the basic binder application rate for
surface dressing would typically need to be increased to hold
chips with more cubical shape in place.
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ABSTRACT: Irish sod structures in various forms were a common form of construction dating back to prehistoric times up to the
20th Century. Sod houses built in the Irish tradition were used as first generation housing in the settlement of North America and
Australia. From the mid 19th Century, Irish sod houses rapidly disappeared leaving little trace on the ground. There is little evidence
on how these houses were constructed. This research provides a literature review of 18th and 19th Century Irish sod house
construction. A reconstruction of a traditional 19th Century Irish sod cabin was carried out. The purpose of the paper is to assess
the method of construction, material performance and the structural form of a 19th Century Irish sod cabin.
KEY WORDS: Historic structure; Sod; Turf; House; Cabin; Traditional building methods.
1

INTRODUCTION

In Irish terms “sod” refers to a slice of grass and earth and
“turf” is material extracted from peat bogs. Distinctive timber
structures with external sod and turf cladding can be found in
traditional Icelandic turf houses, east European Buredi houses
and Viking long houses.
The use of sods in construction was common in Ireland
dating back to prehistoric times. The best known is Newgrange
of about 3200bc [1].
In the 18th and 19th Century sod houses (cabins) were part of
the Irish rural vernacular. However there are no known Irish
sod cabins standing today, and there is limited physical
information available on how they were built, their appearance,
and how they performed over time [2, 3].
The 2018 National Famine Commemoration was held in
University College Cork. The event organisers commissioned
the construction of a replica 19th Century Irish sod cabin. The
cabin was displayed to the public to demonstrate the living
conditions of the time.
This research was undertaken to review 18th and 19th Century
Irish rural housing. The reconstruction of the Irish sod cabin
gave an opportunity to examine the construction method, assess
materials and review the structural form.
2

19TH CENTURY HOUSING IN IRELAND

The Irish cottage is associated with Irish identity and culture.
However, in the 18th and 19th Century the predecessor of the
Irish cottage was the “cabin” which is associated with poverty
and hardship [4].
18th and 19th Century cabins are rectangular in plan, with
one room and called “Bothán Scóir” in Gaelic. In many cases
there were no windows and an open fire would have been used
for cooking and heating. Smoke from the fire would have been
vented through either a hole in the roof or the door [4, 5].
Cabins were constructed from local materials. Living
conditions inside a cabin is shown in Figure 1. A summary of
Irish vernacular building materials which includes sod
construction is presented in Table 1.
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Figure 1. Photograph of the interior of a cabin, 1898 [6].

Table 1. Vernacular building materials [7].
Material
Sods

Description
The cheapest and most common building
material available – now obsolete

Drystone

Used in parts of the west, nowadays only
used for walling

Mud

The second most common material to be
seen today

Mortared
stone
Timber
Brick

The most common material
Hardly used since the 16th Century
Used in towns but rarely in the country

Where suitable building material was unavailable locally or
cost prohibitive, sod houses were constructed. [2, 7]. The low
cost of sod construction in the 18th Century is demonstrated in
Table 2.

CERI-ITRN2018

Table 2. Comparative costs of an 18th Century cabin [5].
Material
Sod Cabin in Fermanagh
Mud Cabin in Roscommon
Stone and slate cabin in Roscommon

Cost
£2
£5, 5s
£15

In 1836 the Government commissioned “The Poor Inquiry”
which reported of communities living in sod cabins. Extracts
taken from the report are presented in Figure 2.

Figure 3. House classes 1841 to 1901 [9].
Table 4. House classes 1841 to 1911 [11].
Year
House
Class
1st
2nd
3rd
4th
Total
3
Figure 2. Description of sod cabins in 1836 [8].
The 1841 Irish census was the first census to report on housing.
The census categorised houses into four classes as presented in
Table 3. Sod Cabins would have been classified as Class 4
housing [9].

1841
Number
of
families
(x1000)
67
322
567
517
1473

1841
Number
of
houses
(x1000)
40
264
533
491
1329

1911
Number
of
families
(x1000)
110
606
190
5
911

1911
Number
of
houses
(x1000)
84
583
189
5
862

SOD AND TURF CABINS

Irish turf cabins and the more common sod cabins used similar
construction methods [2, 3]. These cabins took different forms
(Figures 4, 5, & 6).

Table 3. 1841 Census, house classes [9].
House Class
Class 4

Description
Lowers of 4th Class were comprised all
mud cabins having only one room

Class 3

Better description of cottage, still of
mud but varying from 2 to 4 rooms
and windows

Class 2

Good farmhouse, or in towns in a
small street, having 5 to 9 rooms and
windows

Class 1

All houses of a better description than
the preceding classes

Figure 4. Sod cabin, Donegal circa 1887 [11].

The 1841 census results indicated that 40% of the rural
population was living in Class 4 housing. Improved social and
economic conditions after the Irish famine brought on the
demise of Class 4 housing. [4]. Census records (Figure 4 and
Table 4) show that Class 4 housing had disappeared by the
1900s [9, 10].
Figure 5. Turf cabin, bog of Ardee, circa 1900 [12].

854

CERI-ITRN2018

uprights. Where suitable timber was available, pegs or
twigs might be used to peg one course to another;
sometimes the sods were mortared together with clay” [3].
Sod walls have poor load bearing capacity and are not suitable
to support roof loads. The literature and the image in Figure 8,
indicate that a timber frame was used to support the roof load
[3].

Figure 6. Sod cabin with thatch, Antrim, circa 1900 [3].
There are descriptions of travelling farm labourers using sod
houses that could be built in one day and dismantled and
transported after a season [7, 3]. A turf house built in 1890
survived for 50 years. It is reported that the last sod and turf
houses in Ireland disappeared in the 1940s [3]. In the early 20th
Century sod and turf buildings were used as animal shelters [2,
13].
Today there is little physical evidence of the large numbers
of sod and turf buildings which are known to have existed.
Literature on sod and turf house was reviewed to understand
the construction method.
Cutting the sod
Cutting the sods from the ground would have been the first step
in building a sod cabin. Potatoe ridges or “lazy beds” was the
traditional Irish method of cultivating ground. The “loy”
(Figure 7a) is a traditional narrow Irish spade which is designed
for sod cutting [3, 14]. Another traditional tool used to
manually plough fields was the “Flatcher” (Figure 7b).

(a)

Figure 8. Sketch of thatched turf house, 1940 [3].
Roof construction
Thatched roofs were common in the 19th Century [2, 17]. A
thatch roof requires a pitch of 45º to facilitate water runoff [16,
18]. Sods with the grass side facing up, were sometimes
incorporated as an under layer “scraw” in thatched roofs as
shown in Figure 9 [18]. It is thought that the use of scraw is a
survival from a time when sod alone was used as a roof
covering. It is also noted that the scraw gives additional thermal
insulation and provides a firm grip for fixing the thatch [19].
For Class 4 housing, thatch material consisted of what
material was available. Straw, rushes, different type of grass
and potato stalks were used for this purpose [5].

(b)

Figure 7. Use of loy (a) [14], use of flatcher (b) [15].
Sod wall construction
The walls of sod cabins are made of organic material. The
vegetation roots binds the soil together to give the sod structure.
A description of sod cabin construction is as follows:
“A foundation of loose stone was laid and the trimmed
sods, usually about 2 feet by 3 feet in size were piled up to
form the wall. As expected the walls are described as weak
and very apt to subside, even when supported by timber
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Figure 9. Thatching using scraws under layer, 1969 [18].
A less common but more basic form of roof construction used
only scraws [5, 17, 19]. The scraws were usually laid in long
strips running up the roof and overlapping at the ridge. Scraws
of the right quality, with a strong mat of grass roots were
carefully selected. For convenience the scraw strips were rolled
up for transportation to site, Figure 10.
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Construction materials

Figure 10. Harvested scraws [20].
Geometry
The image of the sod cabin in Figure 4 was used as a template
for the reconstructed cabin. A three dimensional (3D) model
was superimposed over the image and adjusted until a best fit
was established, Figure 11.

Figure 11. Three dimensional model imposed on Figure 4.
From the 3D model, the external footprint of the cabin was
estimated to be 4800mm x 2250mm. The height of the walls
from finished floor level to the wall plate was estimated at
1350mm and a roof pitch of 26º Figure 12. The 3D model was
also superimposed on the image in Figure 5 and it was noted
that the roof pitch and gable height were similar.
Once complete the replica sod cabin would form part of a
public exhibition. For public safety, the following structural
measures were incorporated into the timber frame:
 Timbers were secured with screws and cable ties.
 Timber bracing was used.
 The timber frame posts were embedded into the centre of
the walls. Figure 12.

The building materials (sods, timbers, branches and stone) were
sourced locally from the University College Cork estate.
The sods used in the walls were taken from a fallow field
with peaty soil. However the peat sod was found to be
unsuitable to be used as scraw as it broke up at thickness less
than 75mm. A “lawn quality” thin sod, with clay soil and a
dense root structure was selected as scraw instead.
The timbers used in the frame and roof were boughs cut
from ash trees. The boughs used for post were selected with
forks. The forks provided bearing for wall plate and ridge beam
members. Smaller boughs with dense twigs were used as roof
rafters. The dry stone wall was sourced from demolished stone
masonry. Material quantities are presented in Table 5.
Table 5. Construction materials.
Building
element
Timber
frame

Material
description
Ash tree
boughs

Material
dimension
150mm girth up
to 3.8m long

Quantity

Timber
bracing

Ash tree
boughs

100mm girth, up
to 2.0m long

36m

Roof, door
jamb

Ash tree
branches

75mm girth, up
to 2.0m long

70m

Dry stone
stub wall

Locally
limestone

560mm x
300mm high

4220kg

Walls

Field grass,
peaty sod

600mm x
300mm,75 –
100mm thick

288m²

Roof scraw

Clay sods
with dense
root structure

300mm width
2m length, 20 –
30mm thick

30m²

28m

Construction
The sods were removed using a motorised sod cutter. Tree
boughs were cut using handsaws. Once all construction
materials were taken up and delivered to site, construction
works commenced. The construction was as follows
 A 100mm deep layer of soil under the cabin footprint was
removed. Post holes were excavated to a depth of 200mm
and 9No. vertical post installed. The wall plate, ridge beam
and primary rafters were secured to the vertical posts as
shown in Figure 13. Diagonal and horizontal bracing
members were secured to the posts and primary rafters. The
construction of the frame was completed in 30 man hours.

Figure 12. Reconstruction layout.
Figure 13. Timber frame construction.
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 Once the timber frame was complete, a dry stone foundation
wall was constructed. The dry stone wall was 560mm wide
x 300mm high as shown in Figure 14. The dry stone wall
was competed in 24 man hours.

Not including time spent sourcing and transporting
materials, the sod cabin took 112.5 man hours (3No. operatives
working 7.5 hours a day for 5No. days.) to construct.
The sod cabin was completed in early March 2018. It was
observed that vegetation began to grow on external surfaces
Figures 16 (a) and 16 (b).

Figure 14. Timber frame and drystone wall.
 The wall sods were cut into flat blocks and laid grass side
up. The blocks were laid in courses similar to masonry
construction. Each block overlapped the block underneath.
Once laid, the blocks were tamped into place by hand. To
shape the walls excessive sod material was trimmed off
using a handsaw. The sod gable wall was built up to a height
of 2220mm in 30No. courses and took 32 man hours.
 Upon completion of the sod walls, work began on the roof.
75mm diameter branches were laid as secondary rafters and
secured at the ridge and wall plate. Figure 15 show the
rafters boughs being installed. This work took 20 man
hours.

Figure 15. Construction of roof secondary members.
 Finally the scraw layer was installed. The scraw was cut in
strips 2400mm long. The width of the scraw was limited to
300mm wide to reduce its weight for manual lifting. The
scraw was rolled up and lifted manually up to the wall plate.
Using poles, it was unfurled up to the ridge beam. 200mm
of overlap was provided at the ridge and 50mm overlap at
the edges. The roof branches underneath provided uniform
support and grip to the scraw. Excessive scraw lengths were
trimmed using hand saws. The scraw was installed at ease
in 6 man hours
4

OBSERVATIONS

It was noted that the density of the grass roots determined the
depth of the sod and the ground area for cutting.
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(a)

(b)

Figure 16. Cabin upon completion (a), Cabin 18 weeks after
completion (b).
The root structure in the live vegetation bound together the
sod blocks in the wall and the roof scraws.
As expected movement in the structure was observed. After
rainfall, the scraw absorbed water increasing the roof load
resulting in vertical deflection of the ridge timbers. After 6
weeks, 70mm settlement of the walls was observed resulting in
bulging of the walls. To repair settlement the top of the walls
were packed locally with sod.
The clay scraw roof did not provide full waterproofing.
Localised leak drips were observed after rain. A leaking roof
would have been a constant upset for its occupants. This may
explain why thatched roofs were in the majority in the 19th
Century.
The 26º roof pitch also had the advantage of reducing the
height requirement for the gable sod walls. It is noted that the
estimated 26º scraw roof pitch is similar to 25º which is
recommended for a living roof [16].
In comparison, thatched roof construction at a 45º pitch
would have required taller and thus more unstable gable walls.
To overcome this problem hipped roofs were used (Figure 6).
The drystone wall provided a foundation for the sod wall, it
also ensures that the base of the sod wall is not in contact with
saturated ground. The dry stone wall also allows the sod wall
to drain off excessive water.
Sod houses in North America and Australia
The phenomenon of migration from Ireland is well
documented. Countries of destination included the North
America and Australia. A document dated 1650 describes an
Irish sod house constructed by the British in North America
[21].
“An Irish house of posts walled and divided with close
wattle [sic] hedges, and thin turfed above thick turfs
without below”[21].
Following the introduction of the Homestead acts, sod
houses known as “soddies” or “sod shanties” were built as first
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generation houses in the settlement of the prairies of Nebraska
and Dakota. Just as historians trace the iconic “American” log
cabin back to Scandinavian ancestry, the construction used in
the sod shanties were built similar to Irish methods Figure 17
[22, 23, 24].
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ABSTRACT. This study used computational fluid dynamics (CFD) study to investigate the impact of helicopter downwash on
pedestrian comfort. The initial stage of the study involves the development of a helicopter downwash model that was compared
to experimental values which showed some degree of coherence with areas situated downstream of the helicopter rotor. The
initial stage was used to find suitable modelling parameters and an adequate resolution of computational mesh to produce a
reliable helicopter downwash model. The final stage of the study is to integrate a helicopter in a built environment and assess the
impact of downwash on pedestrian comfort. The concluding stage of the study showed that helicopter downwash effects can
impose discomforting conditions in the immediate vicinity of the helicopter along with some minute propagating effects further
downstream. Although its magnitude is smaller compared to effects of prevailing wind a local mitigation must be separately
planned to deal with the effects of helicopter downwash.

KEY WORDS: Computational Fluid Dynamics (CFD); Navier-Stokes; thermal comfort; pedestrian comfort, helicopter
downwash.
1

INTRODUCTION

Helicopter activities within the built environment have
become more commonplace. Helicopters are utilised for
purposes such as life safety, transport and broadcasting. Due
to its relatively small infrastructure demands compared to
airplanes, helipad facilities are commonly found on many
buildings including hotels, stadiums and hospitals.
As the helicopter generates thrust to propel it from the
ground, it induces a downwash effect. Due to the relative
proximity of a helipad relative to the ground, it can adversely
affect the pedestrian’s underneath. Therefore, when making
assessments of the wind microclimate in urban environments,
it is important to account for the interaction between the
helicopter and the built environment.
Urban authorities and councils are beginning to recognize
the importance of pedestrian wind comfort and wind safety.
The Dutch Wind Nuisance Standard [1], to the best
knowledge of the authors, is the first standard in the world to
account for pedestrian wind comfort in the built environment.
As with any computer simulation, the quality of the results
is dependent on the quality of the inputs, the assumptions,
modelling characteristics employed and the equations used to
represent the phenomena. There will inevitably be
approximations, and a robust model validation process is
essential. Expertise and a strong knowledge of fluid
mechanics is required to properly set up a CFD model in order
to reflect the real world situation. In order to capture the
phenomena within the required resolution, large finite volume
models require significant processing power. These large
models generate a vast amount of data, which in turn needs to
be stored and analysed. The advantages of CFD however, far
out-weigh the disadvantages. For this study the phenomenon
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of interest is known as the downwash effect produced by
helicopters.
2

RESEARCH SCOPE

The initial stage of the study involves the development of a
helicopter downwash model that behaves similarly to
experimental values. This is done by emulating the study
performed by the G.W. Leese [2] in a CFD model the
effectiveness of the Virtual Blade Model can be characterised
. Another scope of this section find suitable modelling
parameters and an adequate resolution of computational mesh
to produce a reliable helicopter downwash model in relation to
experimental values. The next stage of the study is to integrate
a helicopter in a built environment and assess the impact of
downwash on pedestrian comfort. This study will use the
Lawson Comfort Criteria which is a scale used to evaluate
pedestrian comfort under different activities. The final stage
will introduce a helicopter with the built environment and
analyse changes to the pedestrian comfort.
3

LAWSON COMFORT CRITERIA

The Lawson Comfort Criteria is a specified range that
quantifies an individual’s experience with a local wind microclimate [2,3]. This. A person’s discomfort is dictated by the
strength of the wind experienced in conjunction with
numerous factors such as clothing, general environment,
expectation, temperature, humidity and sunshine. In general,
the acceptability criteria rely on both comfort and distress.
The Comfort levels show how tolerable is the wind condition
in a specific area and how functional is it for its intended use.
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For instance a public park will have a lower threshold
windspeed compared to a walkway towards a bus stop where
the pedestrians can tolerate a higher wind speed due to the
difference in clothing, posture and expectation. The onset of
discomfort criteria depends on the mean hourly wind speed
which is satisfied if the threshold wind speed is not exceeded
for more than 5 % of the time. Each activity has different
range of exceedance which is outlined in the table below Fig 1
where green is considered acceptable, yellow means the space
will be tolerable and orange will deem it unacceptable. An
“Acceptable “condition means that wind is not felt by
pedestrian , “Tolerable” means that the force of the wind can
be felt on the skin but a pedestrian can adjust to it
correspondingly while unacceptable means that space is not
suitable for occupants to use it for its designed function.
Distress levels indicates the safety criteria of a space and deals
with wind speeds significantly greater than that of comfort.
There are two types of criterion which applies different levels
of infirmity. For the “General Public” the distress criteria is
not satisfied when a mean hourly speed of 15 m/s and a gust
speed of 28 m/s are exceeded more than once a year. For the
“Able- Bodied” the distress criteria is not satisfied when a
mean hourly speed of 20 m/s and a gust speed of 37 m/s are
exceeded more than once a year. Where the distress criteria is
not satisfied pedestrian access should be discouraged as it will
be tremendously difficult to navigate this space and
considerably unsafe for pedestrians. Fig 1 highlights the
distress levels which shows the pink for “General public” and
the red for “Able - Bodied ” pedestrians.
Wind effect
Calm
Felt on face
Leaves move
Dust raised
Felt on body
Hard to walk
Trees moving
Storm
Dangerous

Threshold

Stationary

Strolling

Transit

4.0m/s
6.0m/s
8.0m/s
10m/s
15m/s
20m/s

Fig 1: Lawson Comfort Criteria
Before the Lawson Comfort Criteria , wind engineering used
the Beaufort scale was the first empirical measure that related
wind speed to observed conditions, it has been presented and
incorporated in wind comfort studies [5,6]. Other authors [7]
also proposed the standardising of threshold wind velocities
for pedestrian wind comfort
More detailed comfort criteria reflecting individual opinions
on acceptable frequencies of occurrence of various wind
speeds have been proposed in [8,9 and 10]. Later, grades of
comfort are introduced related to the probability that a
threshold wind speed may be exceeded [9].

4

ADVERESE WIND EFFECTS

Wind effects is heavily considered on building design and as
such all buildings are built to withstand wind loading. Under
extreme circumstances the fluid structure between prevailing
wind and a structure can lead to catastrophically failures.
Although the adverse effect of building and wind interaction
does not stop there, as wind hits a bluff body it navigates
around it and takes the path of least resistance. Translating
this effect to a series of development a particular arrangement
of buildings can impose a local wind microclimate on an area.
As a result different flow phenomenon can be experienced at
different location in a development given a particular building
arrangement. Adverse wind effects are often what causes
discomforting or distressing conditions in a particular space.
One of the common wind effects found in a series of buildings
is the sheltering effect. When buildings of similar height are in
close proximity to each other it provides a sheltered space in
between the gaps of the buildings as each upstream building
allows the wind to pass over it. However, given a sufficient
large gap wind can be invited into this gap due to a presence
of a low-pressure space. This effect is at its strongest when the
spacing formed in between buildings is at 2.5 heights where
the gap is getting filled and emptied cyclically. Another
concerning wind phenomenon occurs when buildings in close
proximity of each other forms a narrow gap it forces a large
volume of wind through it and causes it to accelerate which
brings about discomforting conditions in this space.
Downdraft is another adverse effect that is unique to tall
buildings, if a building is significantly taller to buildings
surrounding it fast high wind speed at higher elevation can hit
the building which directs it to the base of the building. Areas
close to a corner of buildings tend to be windy as this is where
separation occurs when wind hits a bluff body and navigates
its way around it.
5

HELICOPTER DYNAMICS

Downwash is produced due to the production of thrust by the
rotor blades. Most helicopter will contain two sets of rotors
which are the main rotor and tail rotor. The main rotor
generates the thrust required to generate lift. Thrust is
produced under two controls, firstly is the collective control
which increases the pitch angle of the rotor blades that will
subsequently increase drag but also produce more lift as a
result of a higher angle of attack. To sustain all these forces
under a stable RPM the throttle controls are opened in order to
produce a corresponding power output. The tail rotor
counteracts the reaction forces experienced by the helicopter
due to the generated thrust by the main rotor this is controlled
by the anti-torque pedals. The cyclic controls are implemented
to maneuver the roll and pitch angles of the helicopter which
will allow it to move forwards, backwards and side to side.
These components work hand in hand to stabiles and
maneuver the helicopter towards a desired path.
6

HELICOPTER MODELLING

In the past there has been a number of attempts in modelling
helicopter rotor blades. One of the pioneer models is the
mathematical model of an actuator disk which was used by
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Rankine et al. [11]. This method modelled the physical
propeller blades as an actuator disk that is infinitely thin and is
considered a one-dimensional analysis. The actuator disk
supported a pressured difference on either side of the actuator
disk which caused fluid to move across it that varied along the
radius and azimuthally. The model does not incorporate
complex viscous effects such as drag and momentum
diffusion.
The Actuator Disk Theory was considered a coarse analysis as
it completely disregards blade characteristics and interaction
between the blade and surrounding fluid. Alternatively, the
Blade Element Theory (BET) is another form of the rotor disk
model that breaks up the rotor disk into discrete momentum
sources which models a disk volume that is swept by spinning
rotor disk about a rotor shaft plane [12]. This method
calculates the blade forces on each point in the rotor disk
region are calculated by accounting for the local flow field,
the blade geometric angles and through the usage of a lookup
table for the 2D lifting and drag line for a given aerofoil
shape. Calculating the aerodynamic forces acting upon the
blade gives rise to the resultant momentum sources imparted
by the blade to the surrounding fluid for each discrete blade
element. The total forces on the blade is calculated by
integrating over the wing span from root to tip. The blade tip
effect is included in the model to account for the presence of a
relatively strong secondary flow in the form of blade tip
vortices located close to the blade tip [13]. This is accounted
for by specifying a correction factor to indicate the location on
the rotor disk where this is in effect. The part of the rotor disk
under the blade tip effects experience no lift forces but drag
remains accounted for.

helicopter and its blade geometry and blade profile were based
from D. Lednicer ‘s material [14] and Airfoil tools [15].
Similar to the experiment the helicopter will be set up to hover
at heights of 10, 30 and 70 ft. Same 14 number of probes will
be placed at same locations as the transducers used in the
experiment which are positioned at 360 °, 330°, 300°, 270° in
relation to the helicopter nose. The transducers are spaced 4
feet apart and the first six transducers also collect velocity
data at an elevation of 2, 4 and 6 feet above ground.
7.2

Effects of Helicopter Downwash on Pedestrian Comfort

For this section of the research the UH-1H helicopter was
placed in a common built environment with a helipad in the
middle where the helicopter is placed to hover at 18 m above
ground level. Each section of the built environment is
designed to invite an adverse wind phenomenon mentioned in
section 4. Where a tall building is situated north of the site to
promote downdraft, east of the site there is a development that
has a pedestrian tunnel through it to promote downdraft and
south and west of the site includes alleyways of different sizes
to promote wind around corners and sheltering effects. Two
simulations were ran for this section of the research where the
first one involved no helicopter and ran a south-westerly wind
of 9 m/s which is a common wind based on a Dublin windrose
[16]. The second simulation ran a no wind case but
incorporated a helicopter to assess if helicopter downwash
compromised the pedestrian comfort in this built environment
and also its magnitude compared to a prevailing wind. A total
of Probes were placed in the vicinity of the expected adverse
phenomenon and close to the helipad where the wind
conditions are expected to be worst at a typical pedestrian
height of 1.6 m.

The calculated forces induced are instantaneous therefore it is
necessary to account for the blades traversing across the fluid.
Under a time-averaged simulation forces experienced by each
element in the rotor disk model as the blades rotate about the
rotor shaft plane is a fraction of the instantaneous forces
experienced. To consider this the calculated instantaneous
forces is subjected to a scaling factor to convert it to timeaveraged forces. Under the assumption of constant rotational
speed, the time averaging of a rotor over one period is a
similar process as obtaining the ratio between the azimuthal
angle of an element over one cycle.
7

MODEL SET UP

This study will model a UH-1H helicopter in the OpenFOAM
environment and characterize its downwash effects using
Virtual Blade Model.

Fig 2 : Built Environment used to quantify effects of
helicopter downwash
8

7.1

Comparison of Experimental and CFD Model

The domain is comprised of a 154 x 154 m domain at 64 m
high. The domain incorporates an inlet at the top to initialise
flow into the setup by having a very low inlet velocity of 1
m/s , the sides are split into two groups where the top half is a
symmetry wall and the bottom half are pressure outlets. The
ground and the helicopter body have a no-slip condition. The
helicopter operation was matched to those of a UH-1H
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8.1

RESULTS AND DISCUSSION
Mesh Refinement

The mesh was initially optimized for the verification of the
model versus experimental to assess the sufficient mesh
resolution to fully account for the effects of helicopter
downwash. The initial run had a cell count of 3 million cells
and had a single refinement region encapsulating half of the
rotor diameter which is extruded down directly beneath the
helicopter body. The results show that the helicopter
downwash was being under predicted throughout except for
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few probe locations that showed very low velocity
measurements for both cases. This offset in velocities was
highly apparent further downstream of the helicopter where
some probes were predicting half of the velocity of what was
recorded in the experiments. To remedy this further
refinement regions were added that followed the general flow
direction of the helicopter downwash which extended up 40 m
from the helicopter rotor. Further refinement was added by
adding an inflation layer from the ground to obtain a cell size
of 0.4 m at ground level which aids in forming a better
solution of the downwash effect the final cell count for the
final iteration of the mesh is at 8 million cells.
Fig 4: Horizontal velocity Measurements at a helicopter
hovering 10 Ft.

Fig 3: Computational Mesh usd in the study
8.2

Comparison of Experimental and CFD Model

A comparison of the recorded velocity of helicopter
downwash was made between model and experimental values.
Although this proved quite difficult due the data missing at
certain locations from the experimental case. Overall from the
CFD model shows a general trend that helicopter downwash
was vertically dominant underneath the helicopter and became
more apparent horizontal velocity away from the helicopter
which holds true for all hover heights. By examining the
graph at Fig 4 it is evident that from velocity pick up points 111 the velocity values do not deviate much from each other at
these locations which are situated away from the helicopter.
However when it comes to the velocity pick up number 12
onwards which is situated approximately underneath the
helicopter the values predicted by the model tend to be more
vertically dominant whereas the experiment records mainly
horizontal flow at these locations. Another thing that was
evident in the model is that the magnitude of helicopter
downwash diminished with higher hovering heights which is
true both for resultant horizontal and vertical velocities as
seen in Fig 5 where the flat line at probes 1 -17 shows vertical
velocities measured at ground level and the experimental data
also follows this trend.

Fig 5: Vertical Velocity comparison between model
helicopters hovering at 30 and 70 Ft.
There are numerous reasons why there are some discrepancies
between the experimental velocity values versus the model
values. From the experiment side of things which was
performed in 1972 making it a fairly dated research. Firstly,
no weather data was provided and given that the experiment
was performed in an open environment the wind may have
some influence on the data obtained. Also, the transducers
used are quite old and most likely not calibrated given the
incomplete data set that was published in the research.
Filtering error could have occurred during data acquisition as
horizontal and vertical velocity measurements were measured
simultaneously and presented separately. A more recent
research could benefit this study with improvements to data
acquisition technology
From a modelling standpoint the Blade Element Model has
some weaknesses. First is by not accounting for wing tip
vortices a large part of the downwash characteristic is
unaccounted. These vortices originate from blade tips which
has a contribution to the overall downwash effect hence the
discrepancies between the model and real world operating
helicopter. The model indicates that this occurs on the last 4%
of the blade span and the model resolves this by introducing
no momentum in this part of the blades when transformed into
the rotor disk region it’s some area that does not provide a
momentum source. The simulation used Reynold Averaged
Navier Stokes (RANS) which timed averaged the effects of
turbulence and helicopter downwash tends to be an unsteady
phenomenon. Although the Blade Element |Theory does a
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good job of the blade interaction with the surrounding fluid
transient modelling techniques such as Large Eddy Simulation
(LES) or Detached Eddy Simulation which is a RANS and
LES hybrid that could benefit this study dues to the
unsteadiness of helicopter downwash by modelling small
turbulent eddies that contribute to the downwash effect.
Although one can consider that the Virtual Blade Model
appropriate for quantifying the effects of helicopter rotor
downwash further mesh study is required to form a fully
integral solution due to the rapid changes in the velocity
profile of a downwash effect.
Other sources of error from the model could be the difference
in the blade profile used since two profile points were only
given on the reference where a real rotor blade of a UH-1H
could have a more intricate profile. Further mesh refinements
could improve data obtained from the model along with
stricter tolerance for the solvers implemented.
8.3

Built Environment

Results were collected from the two built environment
simulation that was ran for this section of the study. First
simulation included the built environment with no helicopter
present that incorporated a south-westerly wind as seen in Fig
6. The results show that the built environment will experience
calm condition for the most part particularly south of the
developments. This shows that majority of the development
are adequately sheltered due to the building blocks being
situated relatively close to each other. There however are few
exceptions to this firstly by examining south-east of the site
high wind speed around the corner of buildings are detected.
Wind speed recorded in this space exceed 10 m/s and would
certainly cause an issue of discomfort to pedestrians
regardless of the activity being undertaken. Funneling is
highly apparent north west of the site as the streets get
narrower due as the space gets tapered by the presence of two
buildings and there is also a light funneling issue east of the
site due to the tunnel although its presence is no that
prominent due to the orientation of the tunnel in relation the
wind passing it. The worst conditions occur north of the site.
This is due to downdraft caused by the tall building where it
hits by the fast free stream wind at a high elevation and it
forces it to descend down to the base of the building. This
induces a prolonged effect north east of the site where the
high wind speed gets funneled furthered into the space in
between the building. Highest recorded wind speed is
recorded at 16 m/s which occurred in the aforementioned area.
This is certainly an area susceptible to pedestrian distress.

Fig 6 : Velocity Contour at 1.6 m AGL for a built
environment with a non operating helicopter
Results were also obtained for the built environment
simulation with the helicopter rotor acting as the sole
momentum source. The site is calmer overall under this
condition. Many of the adverse wind condition detected in the
previous simulation were diminished or reduced to none
which included high wind speed around corners and funneling
issue throughout the site. Since the orientation of the
helicopter downwash is different from the prevailing wind this
produced a distinct micro climate profile. In general the areas
in the immediate vicinity of the helipad will experience
elevated wind speed as seen in Fig 9. This is highly evident to
the immediate west of the helipad facility due to a sufficient
gap in between the helipad facility and the adjacent building
the downwash from the helicopter gets funneled in between
the space as seen in Fig 7. The T- junctions in the vicinity of
the helipad experiences some vortices being diverted at
ground level this is apparent north of the helipad which can be
further examined at Fig 9 and south east of the helipad. It is
notable that the northern vortices formed north of the helipad
are far stronger than those at the south-east. This could be due
to a number of reasons firstly the building at the north is far
taller than the building to the east of the helipad which allows
more wind to be diverted to the ground. Another reason would
be the space north of the helipad is more confined compared
to the t- junction formed in the east. Another observation from
the microclimate obtained from this simulation is that
helicopter downwash has some propagating effect further
away from the helicopter as the wind traverses away from the
helicopter.

Figure 7: Sheltering effect west of the helipad facility
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Fig 8: Downdraft due to helicopter downwash

helicopter downwash . Although that’s not to say the effects
of helicopter downwash is negligible because the immediate
vicinity of the helipad facility will still experience some
degree of discomfort and further contribute to the magnitude
of experienced adverse wind effects. The study also showed
that helicopter downwash will induce different microclimate
profile than that of a prevailing wind which under the subject
of Wind Engineering shows that mitigations geared towards
prevailing winds may not be completely applicable for
alleviating the effects of downwash on pedestrians. Future
work should investigate the combined effects of prevailing
wind and helicopter downwash as amalgamating effects of
both will most likely pose distress and safety issues to
pedestrians . The extent of the adverse effects of helicopter
downwash should be quantified in further studies as this can
aid in amending regulations in relation to planning for helipad
facilities.
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Finally this study pioneered the assessment of the effects of
helicopter downwash on pedestrian comfort. Through a built
environment the effects of a prevailing wind were
independently gauged against helicopter downwash. The
results showed that the adverse effects of the prevailing wind
is greater in magnitude and extent compared to the effects of
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ABSTRACT: On the island of Ireland there are 57 active cathedrals of which 27 are owned by the Roman Catholic Church and
30 by the Church of Ireland, these being the only Christian traditions which own and operate cathedrals. The distribution of the
cathedrals in terms of size, location, age and patronage have strong historic backgrounds, and their usage and levels of expected
thermal comfort today can be quite different from those of many hundreds of years ago: Catholic cathedrals are largely open
every day and primarily allow only religious usage while the Church of Ireland cathedrals are largely open on Sundays only,
except for non-religious events, such as concerts. These circumstances, combined with often antiquated and poorly maintained
heating systems lead to a great diversity of thermal and moisture environments, in which thermal comfort and costs receive
higher attention than the preservation and conservation of buildings and artefacts. Indeed, most cathedrals have organs which
experience extremes of temperature and relative humidity which are not conductive to long term well-being. This paper will
describe the consequences of usage and different heating regimes (from the more conventional low pressure hot water systems,
to underfloor, to radiant and hot air blower systems) on the internal environments and will give examples of typical current
temperature and humidity regimes, taken from over 2 million readings recorded in some 25 of those active cathedrals.

KEY WORDS: Cathedrals, heating, Ireland, conservation, preservation, thermal comfort.
1

INTRODUCTION

Cathedrals and churches in general are unique structures in
that they are still largely used for the purpose for which they
were built, namely the holding of religious ceremonies.
They are also characterized by having complex structures and
uses. They generally have porous building envelopes with
large, open, undivided spaces. However cathedrals in Ireland,
as elsewhere, are faced with many challenges. These include
falling numbers attending services, increased costs of
maintenance, increasing statutory requirements with regard to
heritage type buildings and a lack of expertise when it comes
to the management of the buildings. Many cathedrals owned
by the Church of Ireland have, largely for financial reasons,
started to use the buildings for purposes for which they were
never designed. This has raised the thermal comfort demands
in these buildings. There is a clear distinction between the
way in which the Roman Catholic Church and the Church of
Ireland allow their respective cathedrals to be used, with the
Roman Catholic church only allowing their buildings to be
used for religious services or events which promote religion.
There are 3,884 churches on the island of Ireland and this
figure does not include church buildings which are in ruins or
which have been abandoned, of which there are many. Nor
does it include religious schools or ancillary buildings such as
offices or clergy houses. Of these churches, 57 are classified
as cathedrals and 30 are owned by the Church of Ireland and
27 by the Roman Catholic church; other Christian
denominations do not have cathedrals. A cathedral contains
the cathedra or seat of the bishop and that is what designates it
as a cathedral rather than its size. Ireland is characterized by
having a large number of relatively small cathedrals. The
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Church of England which has 16,000 churches only has 42
cathedrals but they are all considerably larger than those
found in Ireland for the reason that cathedrals in Ireland were
built for purpose and not built, generally, as status symbols.
Another unusual fact about Irish cathedrals is that, for
historical reasons, a large number of cathedrals were built in a
short period of time, as shown in Figure 1.

Figure 1 – Age profile of cathedrals in Ireland
In addition to the need to manage and maintain these
buildings for future generations to enjoy and learn from, there
is an obvious imperative for the owners of these buildings to
reduce their carbon footprint as it is generally acknowledged
that all existing building stock, including heritage type
buildings, must reduce their CO2 emissions and so help in the
fight against global warming and climate change. One of the
unexpected findings of this research was the fact that the
owners of the cathedrals in Ireland are not addressing this
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issue at all and, unlike the Church of England, have set no
targets with regard to reductions in carbon emissions and have
no plans for the introduction of renewables in spite of many of
these buildings have large south facing roofs.
The aims and objectives of this research were to gather as
much relevant information about the 57 active cathedrals in
Ireland to determine if, taking all of the various parameters
into account, recommendations could be made with regard to
optimum heating solutions for various types of buildings. The
data concerning the cathedrals in Ireland was collected in two
primary ways. First, a comprehensive questionnaire was
completed at the time of the researcher’s visits to the
cathedrals. All 57 active cathedrals were visited and so a
100% response to the questionnaire was achieved. Second, 25
of the 57 cathedrals were monitored internally and externally
for a period of at least a month during the heating season and
three when the heating was off during the summer.
Temperature (T) and relative humidity (RH) readings were
taken every five minutes which resulted in over 2.4 million
readings being taken. These were then analysed with
additional data, such as rate per hour increase on T, being
calculated. This type of data for Irish cathedrals had not been
collected before and it added to the existing knowledge pool
concerning these types of buildings.
The locations of the 57 active cathedrals in Ireland are shown
in Figure 2 and it can be seen that they are quite evenly spread
throughout the island.

of heating. Kinsella [3] wrote a PhD thesis on the architecture
of Christ Church cathedral in Dublin but has only one passing
reference to heating. It is likely that the political and religious
instability in Ireland over many centuries has led to a lack of
interest in the detailed recording of architecture of Irish
cathedrals and that certainly is the case in the Church of
Ireland which was for a long time associated with the, not too
popular, English [3].
Heating cathedrals can be divided into those systems which
heat the whole volume of air within the buildings and those
systems which principally heat the people in the building.
Heating systems in cathedrals need to fulfil three main
obligations, namely to provide an adequate level of thermal
comfort for those using the buildings, to conserve the fabric of
the buildings and to preserve the artefacts contained within the
buildings [5]. A compromise between these three factors is
usually necessary. The heating types found in Irish cathedrals
are illustrated in Figure 3.

Figure 3 – Breakdown of heating types in cathedrals in Ireland

Figure 2 – Locations of the 57 active cathedral in Ireland
2. HEATING TYPES FOUND IN IRISH CATHEDRALS
The lack of published material about the utilities in Irish
cathedrals is exemplified in Day and Patton published in 1932
[1] in their otherwise excellent book on the cathedrals of the
Church of Ireland. Galloway more recently [2] produced a
quite detailed book on all of the cathedrals in Ireland but this
was from an architectural point of view and makes no mention

It can be observed that Low Pressure Hot Water (LPHW) is
the type of system most commonly installed (64%) as the
heating system in Irish cathedrals (36 out of 57) although
whether this is the most efficient or appropriate, given the
great changes of use which have taken place in Irish
cathedrals in recent years in these buildings, requires further
research. A number of cathedrals, largely for financial
reasons, do not operate the heating systems as they were
seemingly originally designed. For instance one highly
frequented cathedral which has underfloor heating backed up
with an LPHW system, disconnected the underfloor system in
order to save costs. Most cathedrals use their heating
intermittently, even when they have underfloor heating which
is not an optimum use of this type of heating [6]. Most
cathedrals do not have heating controls within the buildings
and the systems are either all on or all off. Zoning was only
observed in very few cathedrals. Some cathedrals have
completely changed their heating systems in recent years such
as replacing an LPHW or hot air system for a radiant one even
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though radiant heaters seldom provide adequate levels of
thermal comfort for everyone using the buildings. This is
usually because of falling numbers attending events. A very
few cathedrals with high numbers of tourists visiting the
cathedrals, for a fee, can afford to maintain relatively high
levels of T and correspondingly low levels of RH, but this is
not, for economic reasons, possible for the majority of
cathedrals. Details of the fuel used can be observed in Figure
4. What is noticeable is the 100% dependency on fossil fuels
and no cathedrals are using biomass or wood pellets as fuel.

only switched on for two hours each day. This produces a
level of thermal comfort which would be uncomfortable, often
12 - 14°C, for those attending services. The system was
presumably originally designed so that the underfloor system
would be on continuously to provide a conservation level of
heating of around 12°C which could then be boosted by the
LPHW system. This cathedral had not carried out any costings
to see if they were in fact saving money by running the system
in the way in which they do.
Another cathedral, which is used intermittently and which has
an LPHW system and a small hot air blower, produces the
profile as shown in Figure 6.

Figure 6 – An intermittently heated and used cathedral with
LPHW system and small hot air blower.
Figure 4 – Types of fuel used for heating systems in Irish
cathedrals

Figure 7 shows the corresponding RH figures.

The split between gas (39%) and oil (51%) could be for a
number of reasons. For instance, mains gas may not be
available in some remote rural locations or there may not be
space for large storage tanks on the site.
3. HEATING AND COOLING PROFILES
Each heating system produces a different profile even when
the system is not being operated as the original design
intended. For instance a major Irish cathedral which has both
underfloor and LPHW heating disconnected the underfloor
system to save costs producing a profile as shown in Figure 5.

Figure 5 – Typical T in a cathedral with LPHW heating
Whilst the two large modern boilers in this cathedral are
capable of sustaining a reasonable level of T regardless of the
outside T, it is clear that as the outside T reduces, so does the
inside T. This is because, again to save costs, the heating is
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Figure 7- RH figures for LPHW intermittently heated
cathedral
It will be noticed that some of the RH figures are high and
will promote mould growth, which generally occurs above
80% With regard to the T figures it can be seen that, although
a reasonable level of thermal comfort is reached for Sunday
services, a considerable amount of heat is wasted as a result of
thermal mass and thermal lag, during the week as the building
cools down and is not being used.
The fastest heating and cooling was produced by a cathedral
with a hot air blower system backed up with small radiant
heaters attached to the pillars between the nave and the aisles.
The profile for this type of heating is shown in Figure 8. The
air within the building heats up so fast and cools down at a
correspondingly fast rate that the fabric of the building does
not heat up and so thermal mass is not an issue and so no heat
is wasted when the building is not being used. Empirical
research from the questionnaire suggests that the radiant
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heaters are not often used and therefore are not major
contributors to the overall heating effect. Hot air blower
systems are known to produce stratification but air
movements within these buildings were beyond the scope of
this research partly because there is no reliable way of
measuring them.

Figure 11 shows the relevant RH figures for this underfloor
system and a small range of 20% is noticeable.

Figure – 11 RH figures for underfloor system
Figure 8 – Hot air blower system backed up with small radiant
heaters
The corresponding RH figures are shown in Figure 9.

Figure 9 – RH figures for hot air blower system
The internal RH readings are the opposite of the T readings
and are within acceptable ranges for both conservation and
preservation.
A number of cathedrals use underfloor heating although it is
usually used intermittently which is not ideal for this type of
heating. Underfloor heating takes a long time to heat up and is
best left running continuously to provide a low level of
conservation heating. Most underfloor systems also have other
systems as a backup, such as LPHW. One major Irish
cathedral with underfloor heating and insulation in the ceiling
produced the profile as shown in Figure 10.

Figure 10 – Underfloor heating profile

It is noticeable that for the T readings the various loggers
produce similar readings throughout this very large building
and that the variances are small. The gradual increase over the
monitoring period was due to Easter and the increasing
number of services held during that period. This cathedral is
one of the few which could confirm that insulation was
installed. The beneficial effects of insulation in the three
confirmed cases where it was known to be installed, were
most noticeable in the data.It is only installed in the roofs and
floors of a few cathedrals but produces much more uniform
graphs and no doubt saves money from lost heat. This lack of
knowledge concerning the insulation in the buildings and
indeed the lack of local knowledge about the buildings in
general, was one of the unexpected major findings of this
research.
4. THERMAL COMFORT
Thermal comfort is a concept about which much has been and
is being written and researched. The first effort to try to
describe what is both subjective and personal, was made by
Haughton in 1923 and this was to describe thermal comfort in
terms of ‘the environmental variables of ambient air
temperature and relative humidity’. ANSI/ASHRAE Standard
55 states that thermal comfort is ‘that condition of mind that
expresses satisfaction with the thermal environment’ [7].
Cathedrals in Ireland and in general have a particular
problem with the concept of thermal comfort which is caused
by the perception that they are cold and by the changing uses
to which the buildings are put. If the buildings are in constant
use and the operators have the resources to do so, then
keeping the building at a relatively low level of conservation
heating of between 12° to 15°C and then raising the
temperature for a relatively short period for a service, would
seem to be the best policy [8]. As Schellen points out, it was
not until the 1960s that it was realised that heating churches to
acceptable thermal comfort levels would have detrimental
effects on the buildings and their contents [7]. A stable
environmental envelope is what serves these buildings best.
The European funded Friendly Heating Project which was
undertaken between 2002 and 2005 [8] specifically sought to
protect and preserve the cultural heritage within monumental
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churches. However the general recommendation that it is
better to heat the people in the church rather than the church
itself, is not always practicable due to the changing uses to
which these buildings are put which often necessitate
changing the position of the seats. Most cathedrals in Ireland
cannot, for financial reasons, afford to keep the heat running
constantly, even at conservation levels. Consequently
intermittent heating is normally used.
Ireland has an ageing cathedral congregation population
profile and it would be reasonable to think that older people
were susceptible to lower thermal comfort levels. However
research suggest that this is not the case since the lower
metabolism of older people is compensated for by lower
evaporation rates [6].
For over 40 years the standard way of calculating thermal
comfort was to use Fanger’s Predicted Mean Vote (PMV)
model [10]. This system was developed by Fanger and was
based on college-aged students in temperate climates and in
air conditioned buildings [8]. This is not entirely relevant to
cathedrals in Ireland and a more useful approach is known as
the adaptive approach which is based on field studies rather
than laboratory results. Figure 12 is the ASHRAE graph
which shows the temperatures which people find acceptable in
naturally conditioned buildings, such as cathedrals. It should
be noted that the outside temperature is shown in C° while the
inside temperatures are shown in F°. The advantage of the
adaptive approach is that as well as taking into account the
environmental factors of air temperature, radiant temperature,
air velocity and humidity, it also includes the personal factors
of clothing insulation and metabolic heat [13]. The general
concept of adaptive thermal comfort is that people will adapt
or change their own environment until they reach a state of
comfort. People coming to a cathedral may expect to be colder
that they would like and will therefore put on another layer of
clothing, or keep their coats on in winter, for instance. Oleson
and Parsons [15] showed that people were able to accept a
wider range of temperatures in naturally ventilated buildings,
such as cathedrals than was the case in buildings with a
centralised HVAC system.

5.

A number of the major findings from this research were
unexpected and could be perceived as being negative in
nature. In fact these findings present oportunities to the
owners of these buildings to professionalise the way in which
the buildings are run and also present oportunities to
potentially save substantial amounts of money. The findings
include the fact that all of the active cathedrals in Ireland are
100% fossil fuel dependent and have no plans to be otherwise.
There is no system of centralised purchasing, unlike the
Church of England. By not using the purchasing power which
such a large property portfolio presents, almost certainly
results in substantial lost oportunities for cost savings. There
is no knowledge sharing between the cathedrals which means
that proven solutions in one building are not being shared.
There is a dysfunctionality in the way the buildings are
managed in that there is little local knowledge about the
buildings. What knowledge there is is held in a number of
different places with seemingly no co-operation between the
various agencies. There is little knowledge or training for
those directly responsible for the operation of the heating
systems with the obvious inefficiencies which this will cause.
No targets or budgets appear to have been set for energy use o
energy use reduction. There is no centralised monitoring over
numbers attending services, costs of heating, energy use or
how the buildings are being used. Heating controls, Building
Management Systems, ability to zone the heating are almost
entirely absent again causing unneccesary increased costs.
Whilst all cathedrals had porches to reduce air movements,
very few had or knew if they had insulation and yet insulation
can have a most positive effect on energy use.
The heating and cooling profiles were as expected even
though the systems are not always used as designed but the
simple and cheap additon of heating controls could benefit the
buildings substantially. The fact that very few Irish cathedrals
were providing adequate levels of thermal comfort and none
were concerned, at a local level, with conservation or
preservation suggests that much needs to change in the
management of these iconic biuildings.
6.

Figure 12. Acceptable operative temperature ranges for
naturally conditioned buildings [13]
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OBSERVATIONS AND CONCLUSIONS

RECOMMENDATIONS FOR FURTHER RESEARCH

Based on the data collected it was possible to make
recommendations for futher research. It is recommended that
a small number of cathedrals should be monitored for a full
year and with more loggers, to gain more information about
them. These cathedrals are those which show the kind of
profiles which one would expect from their heating systems,
that have insulation installed so that they may act as a
template for those cathedrals which may be in a position to
replace or enhance their existing systems. It is recommended
that those cathedrals which do not operate their heating
systems as per the original design brief or because of
changing uses of the building, should carry out detailed cost
benefit analysis to ensure that they are in fact saving money
by running the systems in the way in which they do. Where
mixed systems are in use it is recommended that further
research be carried to find out the contribution of each system
to the whole. Research is required into renewable energy
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sources for Irish cathedrals not just because of the generally
accepted imperative to reduce the carbon footprint of exisiting
buildings but also because there are likely to be oportunites to
save money. The concept of thermal mass in these heritage
type buildings requires further research because, as Reilly and
Kinnane [17] point out, thermal mass may in fact not be
beneficial in intermittently used buildings. Heat loss from
these buildings also requires further research so that the areas
of greatest heat loss can be addresed first when funds are
available. Energy audits need to be carried out in each
cathedral so that the managers of the buildings have the
necessary information to optimise the operation of their
heating systems.

comfort, Sustainable Climate Management Strategies.
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Effectiveness of draught reduction measures at improving building air-tightness
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ABSTRACT: The building sector has a serious detrimental impact on the environment and reducing building energy
requirements is an important environmental priority. Draughts (unmanaged air infiltration and exfiltration in buildings) can
significantly increase building heating demand. Draught reduction measures (stripping building elements and chimneys
balloons) are low cost and suitable for all building typologies and ages. This paper measures the effectiveness of draught
reduction measures on reducing building air permeability for six case study houses; three Victorian and three mid-20th century
houses.
The air permeability of the buildings in this study ranged from 8-16.4 m3/hr/m2 with the chimneys sealed. A combination of
draught reduction measures reduced air leakage from the case study houses by 10-35%. Chimney balloons in unused fireplaces
were the most effective means of minimising air leakage by between c.220-500m3/hr per chimney. The study confirms that
draught reduction measures are a viable and efficient method of eliminating unnecessary heat loss from buildings.

KEY WORDS: Draught reduction measures; building air-tightness
1

INTRODUCTION

The building sector has a serious detrimental impact on the
environment. In the European Union, the building sector
accounts for 40% of the final energy consumption and 36% of
the carbon emissions [1]. European policy such as the 2030
European climate and energy framework is providing targets
to reduce greenhouse emission and improve energy efficiency.
In this context of environmental damage and legislative
obligation, it is essential to reduce building energy
consumption. Currently, approximately 35% of the EU's
buildings are over 50 years old and improving their energy
efficiency could reduce total EU energy consumption by 5-6%
and lower CO2 emissions by about 5% [1].
It is important to eliminate unnecessary heat loss and in
Ireland, the DoEHLG (2011) estimates that easily avoidable
air leakage is responsible for 5-10% of heat loss [2].
Additionally building air tightness becomes proportionally
more important as thermal insulation standards improve [3].
The Irish building regulations relating to conservation of fuel
and energy for buildings (Technical Guidance Document Part L 2011 and revised 2017) identifies an air permeability of
7 m3/hr/m2 as an upper limit for new builds with a lower
value of 5 m3/hr/m2 for buildings with mechanical ventilation
while there is no specified value for upgrading existing
buildings.
Air leakage (air infiltration/exfiltration commonly known as
draughts) are air currents caused by air movement into and out
of a building. In temperate climates, a common problem is the
displacement of warm internal air by cool external air
lowering room temperatures. This air leakage is caused by air
pressure differences between the interior and exterior of the
building. Air tightness has a large effect on heat energy
consumption [4 referring to 5] and air movement can also
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reduce occupant’s thermal comfort [4 referring to 5, 6 and 7].
Furthermore, air leakage can cause moisture transfer and
accumulation within the building envelope with resulting
reduced thermal resistance and material deterioration.
Draught reduction measures are low cost retrofit measures
suitable for all building typologies and ages. They are
particularly suitable for historic building on account of their
low visual impact and reversibility where more invasive
retrofitting options (such as external porches and wall
insulation) may not be appropriate.
There are no definitive proportions of air leakage that can
be attributed to different building components (such as walls,
floors or roofs) due to differing sizes, ages and materials
which make them responsible for producing varying results in
different buildings [8 and 9].
Product manufacturers typically state high potential energy
savings. However, it is difficult to accurately quantify the
effectiveness of draught reduction measures as their success is
dependent on many variables including building typology, age
and condition of building elements, type of draught reduction
measure and the quality of workmanship at fitting the draught
reduction measure.
In relation to previous research that measures draught
reduction, the success of draught proofing and secondary
glazing for sash window was found to reduce air leakage by
86% and 97% respectively [10]. Bell and Lowe (2000)
observed a 2.5-3 times improvement in airtightness following
building works including: new windows and doors with
draught proofing, sealing of suspended timber ground floors
and repair to plaster defects around window frames in a
scheme of 1930-1950s houses in the UK [11]. Hong et al.
(2004) using a model methodology indicates that cavity wall
insulation, loft insulation and draught stripping reduces
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infiltration rates by 24% and the reduction increases to 37%
and 47% if the suspended floor and chimney are sealed [12].
This previous research shows varying improvements in
airtightness following thermal upgrading. This paper intends
to contribute to the field of research and provide measured insitu values for the effectiveness of draught reduction measures
in a number of case study houses.
2

CASE STUDIES, DRAUGHT REDUCTION MEASURES AND
MEASUREMENT METHOD

2.1

Case Studies

Six case study houses comprising of three red brick Victorian
houses (case studies 1-3) and three mid-twentieth century
house (case studies 4-6) in Dublin, Ireland were investigated
in this research. Both typologies are common throughout the
city. The houses were selected considering the retention of
original building features and minimal previous draught
retrofitting work.

The Victorian houses were built between c.1870 – 1890 and
largely retained their original building layout and features as
detailed in table 1. The houses have suspended timber floors
which allow internal warm air to move between the floor
boards into the space beneath the floor and out of the building
through the ventilation brick, permitting the reverse path for
cold air entering the building. The original timber doors had
fanlights. All houses retained their original single-glazed sash
windows with draught stripping brushes in poor condition in
case studies 1 and 2. Fireplaces were present in the two
downstairs reception rooms and also remained in the
bedrooms of case study 1. All the fireplaces had a large bricklined flue. The attic hatches were rectangular ceiling openings
with sheet timber hatch doors.
The mid-twentieth century houses also retained their
original layout with a mixture of original and replacement
features. All floors were likely concrete and carpeted over.
Case studies 4 and 5 retained their original glazed and timber
door with the later addition of an external porch while case
study 6 has a replacement timber door c.1990. Their window
typology varies as original mid-20thcentury windows are
uncommon and mostly replaced. Case studies 4,5 and 6 had
replacement uPVC windows, original timber windows and
replacement timber windows c.1990 respectively. Two open
fireplaces were present in each mid-twentieth century house
and had smaller lined flues than the Victorian houses. The
mid-twentieth century houses also had sheet timber attic hatch
doors.
Table 1. Building features in the case study houses. All houses
had sheet timber attic hatch doors.
Case
Study
1

Figure 1. Representative example of the Victorian houses in
this study.

Figure 2. Representative example of the mid-twentieth
century houses in this study.

Floor

Door

Window

Chimneys

Suspended
timber
floor

Original
timber door
with fanlight

3 large and
1 small
chimney

2

Suspended
timber
floor

Original
timber door
with fanlight

3

Suspended
timber
floor

Original
timber door
with fanlight

Sash windows
with draught
stripping in
poor
condition
Sash windows
with draught
stripping in
poor
condition
Sash windows

4

Concrete
and carpet

5

Concrete
and carpet

6

Concrete
and carpet

Original
glazed and
timber door
with external
porch
Original
glazed and
timber door
with external
porch
Replacement
timber door
c.1990

2 large
chimneys

2 large
chimneys

uPVC
windows

2 medium
chimneys

Original mid20th century
timber
windows

2 medium
chimneys

Replacement
timber
windows
c.1990

1 medium
and 1
small
chimney
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2.2

Draught reduction measures

The draught reduction measures investigated in this research
were selected based on their low cost, low visual impact,
reversibility and relative ease of installation with little
construction expertise as per table 2. It was important that all
measures adhered to the fundamental conservation principles
for historic buildings of minimum intervention and
reversibility.
Suitable draught retrofitting measures were installed in the
houses following discussion with the homeowners (table 3).
Chimney balloons were only installed in fireplaces that were
mostly unused and windows were not stripped in kitchens,
bathrooms or bedrooms in some instances where the
occupants liked the windows to provide fresh air during the
night.
Table 2. Draught reduction measures.
Building
element
Chimney
Door
Window

Attic hatch

Floor

Draught reduction measure
PVC chimney balloon inserted snugly in
flue
Exitex standard door surround, brush
letter flap and keyhole cover
Q-Lon draught stripping around perimeter
of window. Lower sash only of the sash
windows.
E-shaped EPDM rubber
draught strip to windows of case study 5.
Q-Lon draught stripping around perimeter
of hatch and small hooks to fix the hatch
door in place
DraughtEx draught stripping between
floor boards

Table 3. Number of retrofitted features along with their total
approximate perimeter in brackets.
Case Door
Windows Chimneys
study
1
1 (5.3m)
5no.
4 with 1 remaining
(5.1m)
open
2
1 (5.2m)
3no.
2 with 0 remaining
(3.2m)
open
3
1 (7m)
6no.
2 with 1 remaining
(7.6m)
open
4
1 (5m)
3no.
2 with 1 remaining
(3.5m)
open
5
1 (5.1m)
6no
2 with 1 remaining
(4.6m)
open
6
1 (5.1m)
5no.
2 with 0 remaining
(4.6m)
open
2.3

°C. The wind speed was at 3 or below on the Beaufort scale
for all tests. Testing was undertaken between September and
November 2016.
The fan was initially installed in the back door for
measurement of the air permeability of the whole house. The
fan was later installed in different locations in the house
depending on the retrofit measures. An air permeability
measurement of the space was taken before and after each
retrofit measure was applied. For example, when measuring
the effectiveness of door stripping, the fan was located
typically in the door opening between the kitchen and hall and
all the other internal doors closed. A measure of air
permeability would be taken before and after the door was
stripped and the reduction in air permeability between the two
measurements attributed to the ability of the door stripping to
reduce air leakage. In order to avoid measurement errors, the
selection of the location of the fan was intended to ensure that
the air permeability of as small a space as possible was
measured. Measurement errors are related to the size of the
flow rate and smaller areas have smaller flow rates reducing
any associated measurement error.
The data was manually analysed. The measured air flow
rate was corrected taking account of temperature variation
between the interior and exterior. The air flow rate through the
building was plotted against the corresponding pressure
differences on a log-log plot to provide an air leakage graph.
The plot is used to determine the air flow coefficient (CL) and
air flow exponent (n). The air leakage rate at 50Pa is
calculated using these values.
The relationship between pressure and air flow rate is set
out in equation 1.

 =  ()

(1)

Vl = Air leakage rate (m3/hr)
Cl = Air flow coefficient
dP = Induced pressure difference between interior and exterior
(Pa)
n= Air flow exponent
The results are expressed as the air permeability rate (q50) @
50Pa as set out in equation 2.



=  ⁄

(2)

Q50 =Air permeability @ 50Pa
V50 = Mean air leakage rate @ 50Pa
AE = Envelope area (external walls m2)

Air permeability measurement

Airtightness testing (air permeability) was undertaken using
the fan pressurization method in accordance with BS EN ISO
9972:2015. A Retrotec 2000 fan and DM2 Mark II gauge
micromanometer were used to carry out the testing. Data was
manually logged. A five point test (pressurisation) was
undertaken between 40 and 60PA at c.5Pa intervals by
altering the fan speed. The indoor air temperature varied
between 10.1-16.8 °C and the external temperature 1.7-12.3
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2.4

Homeowner perception of the effectiveness of draught
reduction measures

Homeowners were asked to rate their perception of the
improvement in the reduction of draughts for each draught
reduction measures and the total overall improvement in a
short questionnaire, four months after the installation of the
draught reduction measures. They were asked to rate their
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perception of improvement on a five point scale with 1- very
poor, 2 – poor, 3 –average, 4 – good and 5 – very good.
They were also asked if any problems such as dampness or
mould had arisen in the four month period following the
installation of the draught reduction measures.
3

RESULTS

3.1

Effectiveness of the draught reduction measures
overall

Table 5 shows the air permeability of each case study house.
Building air permeability is commonly expressed with
chimney openings sealed. Therefore, these permeability
figures can be used to compare the performance of the case
studies in this research with other buildings in literature and
reports. This project investigates the impact of closing
chimney flues with balloons. It was therefore also necessary
to measure the building air permeability of the houses with the
chimneys open. The results are summarised in Table 5.
The differences between the post retrofitting values
(chimney flue either open or sealed) depend on the number of
fireplaces that were left open (no chimney balloon) following
retrofitting. The houses with the same post retrofitting values
(case studies 2 and 6) have no open flues in the houses while
case studies 1,3,4 and 5 retained one usable fireplace.
Table 5. Building air permeability before and after the draught
reduction measures, including and excluding the chimney
openings.
Case
Stud
y

House
surfac
e area
(m2)

Total
air
flow
rate
(m3/hr
)

Air permeability
(m3/hr/ m2)
Chimney open

Baselin
e
1
2
3
4
5
6

373.1
405.2
433.2
291.6
315.5
252.9

6974.7
7041.0
6558.6
2973.4
5049.4
3102.1

18.7
17.4
15.1
10.2
16.0
12.3

After
retrofittin
g
14.3
13.2
13.5
8.6
11.3
8.0

Air permeability
(m3/hr/m2)
Chimney closed

Baseline

After
retrofittin
g

14.4
16.4
13.1
8.0
13.2
8.6

13
13.2
12.1
7.3
10.1
8.0

Building air permeability in this study ranged from 8.6-16.4
m3/hr/m2 with the chimney sealed (typical requirement for
standard air permeability measurement in buildings). These
results are in line with research by [13] on the Irish building
stock who reported mean air permeability of 7.5 m3/hr/m2 for
houses built between 1944 and 1975 (likewise case studies 4
and 6). Similarly,the results of this study (showing a range
between 8.1-15.1 ACH at 50 Pa) agree with BRE studies
reporting permeability range between 10 and 16ACH at 50 Pa
[8]. The figures differ from Ahern et al. (2013) who calculated
values for detached houses [14].
Following draught reduction measures, the building air
permeability of the case study houses was reduced to 7.3 13.2m3/hr/m2. The Irish building regulations relating to
conservation of fuel and energy for buildings (Technical

Guidance Document - Part L 2011) identifies a performance
level of 7 m3/hr/m2 as an upper limit for air permeability for
new builds (currently, no minimum airtightness standard
when upgrading existing dwellings exists) therefore, all the
case study buildings exceed the upper limit of this standard.
The post retrofit values are also slightly above Broderick et
al. (2017) [15] (5.53-8.61 m3/hr/m2) who undertook a
substantially more intensive retrofit with insulation and
replacement windows and doors.
A larger improvement in the building air permeability
values was observed when including open chimneys. In this
case, the building air permeability ranged from 10.2-18.7
m3/m2hr and reduced to 8-14.3 m3/hr/m2 following draught
reduction measures. The results show that a combination of
draught reduction measures can minimise air leakage from
houses by 10-35%.
No definitive relationship between building age and
building air permeability was observed with the exception of
case study 5, the nineteenth century buildings have a higher
air permeability than the mid-twentieth century buildings. It is
however important to note that only case study 5 of the midcentury houses retains its original windows.
3.2

Effectiveness of individual draught reduction measures

Table 6 shows the reduction in the measured air flow value
following the installation of the draught reduction measures.
Results with an asterix are those within the margin of error of
the measuring equipment (the difference in the air flow
measurement before and after the draught reduction measures
is less than 5% of the air flow measurement).
Chimney balloons in unused fireplaces are the most
effective means of minimising air leakage by between c.220500m3/hr per chimney (measured using the air blower door
test). Chimney balloons reduced house air leakage by
approximately c.3-15% per chimney. The air blower door test
measured a difference in flow rate below 12% (with one
exception) between the air flow rate of the chimney with the
chimney balloon and the fully sealed chimney. This indicates
that, when the balloon is appropriately sized and fitted, it is
effective at stopping most of the air leakage through the
chimney and allows ventilation of the flue.
Stripping the windows and doors yielded small
improvements in air flow leakage typically 1-3%. Despite
many of these readings being within the margin of error of the
measuring equipment, they all show a consistent downward
trend. Furthermore, these results agree with Stephens (1998)
who attributed 2% of building leakage rates to window and
door surrounds [8]. The main exception to the small
improvement in window draught stripping are the original
timber windows in Case Study 5 which had a large number of
openings and were noted by the owners as being particularly
leaky. This indicates that these elements can, in certain
circumstances, significantly contribute to building air leakage.
Stripping attic hatches reduced air leakage by 0.5-4% per
hatch. Stephens (1998) attributed 2% of building leakage rates
to attic hatches so these improvements are in line with his
findings [8].
The results also evidenced that draught stripping suspended
timber floors is a highly effective means of reducing air
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leakage from houses, reducing building air leakage by up to
16% (case study 2). The effectiveness of this measure is
dependent on the level of underfloor ventilation. Two of the
Victorian houses (case studies 1 and 3) have missing/blocked
vent bricks and, consequently, draught stripping the floor had
little impact (c.1.5%) at reducing draughts. Interestingly, in
both cases, the owners noticed a reduction in the cold air
coming from the floor. It is likely that the draught stripping
didn’t reduce cold air infiltration from outside through the
floor boards but minimised the effect of air being cooled by
the ground beneath the house and subsequently rising through
the floor boards.
The measured results do not show similar improvements in
air leakage values for the draught reduction measures of the
building elements (windows, doors etc.) in different buildings.
This is similar to the findings of other researchers who
attributed this to the variety of building components, ages and
finishes.

suspended timber floors and more chimney openings.
However, the percentage improvement in draught reduction
for elements such as windows and door may be viewed as
smaller on account of their larger initial air leakage. The
improvement by each measure also depends on the size of the
opening and condition of the building element.
Table 7. Data from figure 3
Case
Study

Table 6. Effectiveness of individual draught reduction
measures at reducing air flow rate (m3/hr)
Case
Study
1
2
3
4
5
6

Door

Window

Attic

Chimney

Floor

Total

44*
n/a*
144.6*
63.7*
61.1*
n/a*

210
91.9*
144*
29.3*
705
86.8*

140*
n/a
72*
97.3
205.3
62*

1114
445.2
288.5
271.6
502.4
920.0

125*
1136
76*
n/a
n/a
n/a

1633.9
1673.7
725.1
461.9
1473.8
1069.5

% reduction in air leakage

The following chart shows the percentage contribution of each
retrofit measure towards draught reduction in each case study
house.

Attic

Chimney

Floor

Total

0.6

3.0

2.0 (3)

16.0 (3)

1.8

23.6

2

n/a

1.3

n/a (1)

6.3 (2)

16

24.5

3

2.2

2.2

1.1 (2)

4.4 (1)

1.2

11.4

4

2.1

1.0

3.3 (1)

9.1 (1)

n/a

16

5

1.2

14.0

4.1 (1)

9.9 (1)

n/a

28.9

6

n/a

2.8

2.0 (1)

29.7 (2)

n/a

34.5

() Number of elements
Effectiveness of draught reduction measures and
homeowner perception

A short questionnaire rated the perceived reduction in
draughts following the installation of the draught reduction
measures as shown in table 7.
Table 7. Homeowner’s perceived improvement in the
reduction of draughts for each draught reduction measure and
total overall improvement.
Case
Study

Door

Window

Attic

Chimney

Floor

Total

1
5
3
4
3
4
4
2
3
4
4
4
3
3
3
3
4
3
2
3
3
4
2
2
2
2
2
5
4
4
4
4
3
*Five point scale with 1- very poor, 2 – poor, 3 –average, 4
– good and 5 – very good in a short questionnaire four months
after the installation of the draught reduction measures.
**Case study 6 did not complete a questionnaire.

40
35
30
25
20
15
10
5
0
1
Chimney

2

3

4

Case Study
Attic hatch Window

5

6

Door

Floor

Figure 3. Percentage reduction in air leakage from each case
study house.
It is difficult to fairly compare the effectiveness of different
draught reduction measures. Case study house 1 and 2
reduced their air flow rate by the greatest quantity (table 3)
but case study 5 and 6 showed the greatest percentage
improvement on account of their lower initial total leakage
rate. Older buildings may also have greater ability to reduce
the total air flow loss (m3/hr) than newer buildings on account
of greater scope for draught reduction measures such as
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Window

1

3.3

*within the margin of error of the measuring equipment

Door

There was a strong disagreement between real and
perceived effectiveness of draught reduction measures by
homeowners. The chimney balloons are the most effective
means of minimising draughts yet they were consistently
considered by homeowners as less effective than window and
door retrofitting which had a significantly lower impact.It is
possible that the chimney balloons reduced the stack effect in
the houses and consequently reduced air infiltration around
the windows and doors.
No homeowner identified any new problem (such as damp
or condensation) arising following the installation of the
draught reduction measures.
4

CONCLUSIONS

The results show that a combination of reversible, draught
reduction measures with low visual impact, suitable for all
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building typologies can minimise air leakage from houses by
10-35% significantly improving the air tightness of buildings
and therefore are a viable, low-cost option for eliminating
unnecessary heat loss from buildings.
Following draught reduction measures, the building air
permeability of the case study houses was reduced to 7.3 13.2m3/hr/m2, getting closer to the upper limit for air
permeability for new builds (7 m3/hr/m2) of the Irish building
regulations.
Chimney balloons in unused fireplaces are the most
effective means of minimising air leakage lowering
infiltration by 3-15% per chimney.Stripping the windows and
doors yielded small improvements in air flow leakage
reduction, typically 1-3% while stripping attic hatches
reduced air leakage by 0.5-4% per hatch. The results also
evidenced that draught stripping suspended timber floors is a
highly effective means of reducing air leakage from houses,
reducing building air leakage by up to 16%. The effectiveness
of this measure is dependent on the level of underfloor
ventilation with little improvement (c.1.5%) seen in houses
with blocked ventilation bricks.
There are factors that determine the improvement in draught
reduction for different building elements such as their initial
air leakage, the size of the openings and the condition of the
building element.
Furthermore, there was a strong disagreement between real
and perceived effectiveness of draught reduction measures by
homeowners.
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Analysis of the effectiveness of mechanical ventilation in controlling humidity in
sealed dwellings
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ABSTRACT: In a temperate climate, energy can be conserved by making buildings airtight but airtightness effects the indoor air
quality. Proper and adequate ventilation is needed to supply fresh air and remove indoor pollutants. If the ventilation strategy is
not appropriate, it can lead to a toxic and hazardous environment which impacts badly on occupants’ health and well-being. Thus,
with a known required air permeability rate for adequate ventilation, airtightness should be designed in conjunction with a proper
ventilation strategy. To achieve a low air permeability rate in near zero energy buildings, it is most likely that mechanical
ventilation will be required to maintain adequate indoor air quality conducive to occupant’s good health. Research has shown that
the air quality of mechanically ventilated homes is better than natural ventilated homes because the recommended air change level
is not fully controlled by occupants. However, mechanical ventilation systems perform less efficiently than the design targets.
Despite the advantages of forced ventilation, it is still not widely used or accepted, principally due to perceived problems with
noise, actual air freshness achieved, costs of running/maintenance and a reluctance to take control of the system. It is still perceived
that air from an open window is fresher than mechanical ventilation systems. The prediction of human behaviour, be it active or
passive, is a challenge for designers. Studies showed that inhabitants switch off their mechanical ventilation system or change its
setting inappropriately leading to a risk of health issues in these airtight dwelling. User actions and the ventilation design strategy
are frequently contradictory. This research project, which is in its infancy, involves monitoring very well sealed A2-rated dwellings
which have an automatic humidity sensor on the forced ventilation. Temperature, humidity and CO2 levels are to be monitored
in similar dwellings with different family profiles to establish the influence of user behaviour on the indoor air quality. As an
example, this paper describes a single apartment’s environment which is monitored to identify the efficacy of natural and forced
ventilation in dissipating relative humidity concentrations after a prolonged shower.
KEY WORDS: Energy and IEQ monitoring; Energy performance gap; Occupancy; User behaviour
1

INTRODUCTION

With the advent of the European Performance of Buildings
Directives [1][2] and the mandated increases in energy
efficiency, the need to reduce the overall energy usage of
buildings has become an imperative best encapsulated in the
most recent Nearly Zero Energy Buildings guidance [3].
Currently, design of high performance buildings is focussed on
reduction of energy consumption with highly specific standards
that require significant care in design, construction and
operation to ensure user comfort. Now that buildings are well
designed and insulated and effectively sealed by regulations,
there is need for ventilation systems that provide the
appropriate amount of air for good indoor air quality (IAQ) [4].
Ventilation systems now need to incorporate mechanical
ventilation (MV) for best energy performance. However, an
increase in energy efficiency and airtightness has brought about
a rise of IAQ issues that leads to health hazards such as mould
formation due to high humidity levels, rise in indoor air
pollutants (such as VOC, CO2 and other typical pollutants) that
are generated by human activities which result in an adverse
impact on user wellbeing [5]. Indoor air quality issues have
been reported in literature in a variety of high performance
buildings across the world, including offices, schools, and
residential buildings, going back to the introduction of sealed
buildings coupled with air-conditioning [6] [7]. Consequently,
these issues have often led occupants to operate the buildings
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in a way that improves their comfort, for example by opening
windows and ventilation grids. However, this has a direct
impact on the energy performance which is in turn worsened
by increased air exchanges and related heating loads in winter.
In these cases, campaigns aimed to educate the users to
encourage a better use of their building tend to result in poor
uptake, as the proposed measures do not address the root issue
of comfort levels being lower than acceptable by the occupants
[8]. Research shows that control of the indoor climate and the
perceived effect of intervention has a significant impact on
comfort and satisfaction [9]. There is a lack of research on the
correlation between the actual indoor air quality and the
interaction between users and the installed ventilation system,
as designed [10-13]. The aim of the current study, as part of a
much wider programme, was to analyse the temperature and
relative humidity regime under controlled conditions in an
airtight newly constructed dwelling for domestic use with an
MV system.
2

EXPERIMENTAL STUDY
Overview

The prototype case study reported on in this paper was an
apartment of a 7-storey residential building (Figure 1) which is
comprised of 88 apartments. The building is located in the city
centre of Dublin city and was constructed in July 2017 with an
A2 Building Energy Rating (BER). The apartment under study
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Placement of equipment and data collection
The layout of the apartment is given in Figure 3. The loggers
were placed in one of the bedrooms and the on-suite bathroom
to measure temperature and RH movement. The devices were
placed at four different locations on a dry surface where the
position of the sensors is shown in Figure 3. As bathrooms with
a shower/bath are a main cause of humidity in dwellings, two
units were placed in the on-suite at different heights of 2.2 m
and 1.0 m. Two other units are placed in an adjoining bedroom,
one near the window and one near the entrance of the bathroom.
To analysis the effectiveness of the mechanical ventilation
system (which existed in the bathroom), the hot shower was

Figure 1: Façade of building where study is conducted
is located on 4th floor with all the windows facing east
overlooking a courtyard. The study, involving measuring
temperature and humidity before, during and after occupant
activity (simulating taking a shower), was conducted in the
month of October 2017.
Equipment used
To record temperature and humidity, the equipment used was a
wireless temperature and relative humidity (RH) data logger
namely, OM-ELUSB-2 (Figure 2). This uses calibrated internal

Figure 3: Position of sensors in room
turned on for 15-20 minutes and data collected under different
ventilation conditions, forced, natural and none.

Figure 2: Equipment used for internal
temperature and relative humidity monitoring
sensors which measure temperature and humidity between -35
0
C to +80 0C and 0 to100% RH. The accuracy of data loggers
is ±0.3 0C, ±2.0% RH with a resolution of 0.5 0C and 0.5% RH
respectively [14]. These units can store up to 16,000 readings
with a battery life of one year, require no installation and are
light and small. These were set to take readings every minute
in this study.

Data was analysed in the different cases where Table 1 shows
the regimes which were chosen for this study.
2.3.1

Case 1

In Case 1, the bathroom door was kept closed during the shower
and for 30 minutes after turning the shower off. This case is
without any mechanical ventilation. The graph in Figure 4
shows the RH level in the room with the door closed during the
experiment. The data was collected from 9pm where initial
humidity was 53% and the temperature in the bedroom was
constant at 23oC. In this case, the shower was turned on for
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2.3.3

Case 3

This case study was conducted an hour after Case 2, here with
the bathroom door open to analyse the movement and level of
RH transfer between rooms. Thus, in this case, the door was
kept open and RH changes were again analysed without
mechanical ventilation. Figure 6 shows the RH levels with the
adjoining door open. The shower was turned on at about
10:05am for 15 minutes. The RH level was raised to 85%
within 15 minutes where it stayed at its peak for the next 5
minutes and then started to drop down relatively slowly when
the shower was turned off.
2.3.4 Case 4
Here, the data was collected with the door open and MV in the
bathroom on (Figure 7). In this case, the door into the bedroom
was opened at about 6:35am and the shower was on at about
6.50. The initial RH in the bedroom was 44%. There was no
significant change in RH level in the bedroom during the time
when the shower was on. There was a rise in the on-suite at
6:50am when the RH rose sharply to 81% and it dropped
immediately in the next 5 minutes when the shower was turned
off, where moisture was very effectively extracted by the MV.
There was no noticeable change in RH level in the bedroom
throughout and, again, the RH near the window was higher due
to external temperature effects.
3

about 25 minutes and the RH level rose to between 90-92%
during peak conditions. RH started rising immediately when
the shower was turned on and it stayed at its peak until
10:10pm. The shower was turned off at 10:00pm.
2.3.2

Case 2

A similar case was monitored in Case 2 but with mechanical
ventilation (see Figure 5). This data was collected between
8:00am to 8:50am the next day when the initial humidity level
in the room was 54% and air temperature was 23 0C. When the
shower was turned on there was a sharp rise in humidity level
from 54% to 78%. Humidity was at its peak at about 8:30 am.,
whereupon the shower was turned off and the RH gradually
came to its equilibrium level in the next 10 minutes, a much
faster rate than the last case. As the door of the bathroom was
kept closed, there was no measurable change in humidity level
in the bedroom. Humidity near the window was nearly 68%
because it was inversely affected by the lower outside
temperature.
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RESULTS AND DATA ANALYSIS

Results of Case 1 as presented in Figure 4 shows that there was
maximum relative humidity from 21:45 to 22:00 hrs. which
dropped to its equilibrium level after 20 min i.e. at 22.20 hrs.
However, in Case 2 (Figure 5), the RH came to its equilibrium
level in 10 minutes, which is much faster than the last case. In
Case 3, it took 20 minutes for the RH to drop from 84% to a
normal level. In this case, the RH level in the bedroom was
raised from 58% to 68% as humidity diffused from the shower
area to the bedroom through the open door. This is a scenario
likely to cause damp and mould growth if prolonged over an
extended period. In Case 4 the effect of the MV is to expunge
the elevated moisture and lower RH quickly (in less than 10
minutes) despite the open door.
Figures 4 to 7 show RH plots provided by four sensors
corresponding to the start and stop of the shower (within the
time scale of data collection) for all the cases. Time taken to
reach equilibrium level of RH from the respective peak levels
follows the order: Case 1 > Case 3 > Case 2 > Case 4 as per
the data provided by sensors. Case 2 is considered the best
response in terms of a faster drop in relative humidity in 10
minutes, where keeping the door closed contains the high RH
and the MV is very effective at expunging the contained
moisture. Case 1, however, is considered as the worst response
for it took a maximum time to restore equilibrium as there was
nowhere for the moisture to diffuse and would probable
condense on tiles etc, (keeping the RH high for a given
temperature). Soft furnishings (or blinds, if any) will be
susceptible to mould growth. For Case 3 and Case 4, the
relative humidity dropped from peak to equilibrium in 20
minutes and 5 minutes respectively, the former due to a gradual
RH increase in the bedroom in the absence of MV.
It was noticed that, in both Cases 1 and 3, a roughly
equal amount of time was taken for the RH to reach its normal
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Figure 4: Case 1 - Room closed and no ventilation (Shower on 21:36-22:00)

85

Relative Humidity

80
75
70
65
60
55
50
45

08:50

08:48

08:46

08:44

08:42

08:40

Sensor 3

08:38

08:36

08:34

08:32

Sensor 2

08:30

08:28

08:26

08:24

08:22

08:20

08:18

08:16

08:14

08:12

08:10

Sensor 1

Sensor 4

Figure 5: Case 2 - Room closed and forced ventilation (shower on 8:25-8:30)
equilibrium level. This is reduced by 50% in Case 4 with both
the adjoining door opened and MV. Although Case 4
corresponds to the fastest drop (moisture being expunged by
the MV and diffusing into the bedroom simultaneously), still
the scenario is not considered suitable because it may lead to
the occupants observing mould growth in the bedroom in due
course due to condensation.
This apartment did not have a window to the exterior
in the bathroom, unfortunately. A further study was also carried
out in a similar apartment with only natural ventilation and no

MV to see the effect of opening a window after a shower. The
shower was turned on at 10:36am for 17 minutes. The RH was
raised from 50% to 80% in 20 minutes with the bathroom
window and door closed and in 10 minutes, after the shower
was turned off; it came back to normal when the window was
opened. This demonstrates that window opening can be as
effective as MV with the drawback of being both thermally
inefficient and also it has a risk that the user intervention may
lead to heat loss for a prolonged period of time if the window
is accidentally left open.
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Figure 6: Case 3 - Adjoining door open and no ventilation (shower on 10:00 – 10:15)
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Figure 7: Case 4 - Adjacent door open and MV on (shower on 6:44 to 6:54)

4

FUTURE RESEARCH TO BE UNDERTAKEN

Although this is a very rudimentary study at the early stages of
this research project, it clearly shows the different effects due
to different human interventions. With this knowledge, the next
stage of research is to monitor the moisture and CO2 conditions
in A2 rated houses having first established their airtightness.
By gathering data on almost identical houses, which are being
lived in by families with different habits and lifestyles, it will
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be possible initially to identify the consequences of their
decisions in the absence of knowledge and advice on the
moisture and CO2 prevailing in the different rooms. Thereafter,
with the benefit of this information and with suitable computer
modelling, directed advice will be given to the occupants to
improve their IAQ and the consequence of these interventions
will be monitored over an extended period to establish whether
or not behavioural changes are maintained. Ultimately, this
should lead, for the first time, to better informed occupant
behavioural modelling in the available computer software. The
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research project aims to provide a set of guidelines to minimise
the performance gap in A-rated buildings, complemented by
design best practices and user comfort and wellness
recommendations. These guidelines will support compliance
policies to ensure that design, construction and operation of Arated buildings achieve high energy efficiency while supporting
high levels of user comfort. The project aims to collect BER
and sensor data from up to 50 domestic A-rated buildings to
monitor power loads and indoor environmental quality at 5minute resolution for one year in each building, considering the
differences in use and operation of different dwellings
depending on family behaviour and lifestyle.
IEQ data will be reviewed to generate
recommendations to expand consideration of user wellness in
the BER methodology. Finally, a set of guidelines will be
developed to support the holistic consideration of energy
efficiency in all design aspects. The final package of
recommendations will be developed for maximum
reproducibility within the Irish context through feedback loops
across the value chain and disseminated at national and
European level to generate a step change in the current design
and construction practice of A- rated buildings.
The research aims to determine from the monitored IEQ
and occupant surveys if best practice designer guidance can be
developed to ensure the A-rating methodology of domestic
buildings leads to energy efficiency and the enhanced use of
renewables. From the data collected, it will be possible to
provide operational guidance to ensure the A-rating does not
adversely affect occupant comfort nor create long-term health
issues. The collected data will also facilitate the identification
of constraints which may be placed on the design process
required by an A-rating or NZEB building.
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ABSTRACT: Multibody dynamics is a popular tool in the analysis of dynamical systems such as robotic manipulators, spacecraft,
and complex mechanical devices. It generally deals with a set of rigid members forming a holonomic or non-holonomic system.
Although flexibility of the members is often neglected due to their relatively smaller dimension and high rigidity, literature is also
available that include flexible members in the system. For systems like multi-MW wind turbines, the members are of larger
dimensions and it becomes necessary to include the flexibility of the members under consideration. Classical energy methods, like
Euler-Lagrangian method, is the most popular tool used to derive equations of motion of any dynamical system. This paper
demonstrates the use Kane’s method to derive equations of motion for a wind turbine taking into account the flexibility of the
members. Kane’s method, which emerged recently, reduces the labour needed to derive equations of motion that are simpler and
readily solved by computer. This paper compares and contrasts Kane’s method with classical energy methods in deriving equations
of motion of a system focusing on the advantages offered by Kane’s method. The wind turbine model derived using Kane’s method
is compared with a lower fidelity model available in the literature to investigate the loss of dynamics arising from the model
reduction. The results show that there is considerable loss of dynamics in the coupled degrees of freedom.
KEY WORDS: Flexible multi-body dynamics; Wind turbines; Kane’s method.
1

INTRODUCTION

The rapid increase in wind energy from 59.1 GW [1] GW in
2005 to 432.9 GW [2] in 2015 has been due to the installation
of a large number of wind turbines all over the world. With
increasing popularity of wind turbines, researchers over the
world have worked actively to study the dynamic behaviour of
these large rotating structures. It is necessary to develop
dynamic models of wind turbines for applications such as
structural control, health monitoring, fatigue analysis, etc.
Computer-aided engineering tools like FAST [3] and
HAWC2 [4] has been developed by researchers for dynamic
analysis of wind turbines. While these tools were primarily
used to analyse the dynamic behaviour of the wind turbine
researchers have also used simplified models for structural
control, smart rotor control, damage detection, power
optimization etc. The degree of fidelity of the wind turbine
model used depended mainly on the purpose it was used for.
Vibration control of wind turbine blades by Fitzgerald et al.,
[5], Staino et al., [6] was investigated by a simplified reduced
order model. Sarkar & Chakraborty [7] used a similar approach
to mitigate along wind turbine tower vibrations. These studies
were focused on on-shore wind turbines. Floating offshore
wind turbines were analysed by Dinh et al., [8] for passive
vibration control. Apart from structural vibration control, smart
rotor control approaches were used to optimize power and
reduce structural loads on wind turbines. Barlas and Van Kuik
[9] presents a state of the art review on smart rotor control
approaches.
Fatigue analysis of wind turbines is another important field
of research as these devices are subjected to constant vibration.
Ragan and Manuel [10] compares rainflow counting technique
with spectral methods such as Dirlik’s method to estimate wind
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turbine fatigue loads. The most recognized approaches to
estimate the damage caused by fatigue are discussed and
compared in Berglind and Wisniewski [11], with a special
focus on their applicability for wind turbine control.
Dynamics of wind turbines was investigated with various
degrees of accuracy for various purposes. Different approaches
have been used by researchers for dynamic modelling of a
flexible multi-body wind turbine and its foundation ranging
from simple lumped mass models to sophisticated finite
element models. In this paper, the two most popular methods,
i.e., Kane’s method and the Euler-Lagrangian formulation are
reviewed and discussed.
2

WIND TURBINE FLEXIBLE MULTI-BODY DYNAMICS

The wind turbine has been modeled as a flexible multi-body
dynamical system. The various components of importance are
the tower, the nacelle, the generator, the gearbox, the low-speed
shaft, the hub and the blades. The tower, the blades and the lowspeed shaft are the flexible components of the wind turbine.
Modal analysis is often used to study the dynamics of flexible
members. To model the tower the first two modes in fore-aft
and side-to-side directions are used. First two modes in
flapwise direction and the first mode in edgewise direction is
used for the blades. It is assumed that since the members are
highly flexible the first few modes will capture the dynamics
with sufficient accuracy. The degrees of freedom that define the
motion of a full-scale wind turbine is the tower vibrations, the
nacelle yaw motion, the torsional motion of the low-speed
shaft, the generator azimuth angle and the elastic deformations
of the three blades. Therefore the degrees of freedom for a 3
bladed wind turbine are
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𝒒𝒒 = [𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇1 , 𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇2 , 𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇1 , 𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇2 , 𝑞𝑞𝑦𝑦𝑦𝑦𝑦𝑦 , 𝑞𝑞𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑞𝑞𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ,
𝑞𝑞𝐵𝐵1𝐹𝐹1 , 𝑞𝑞𝐵𝐵1𝐸𝐸1 , 𝑞𝑞𝐵𝐵1𝐹𝐹2 , 𝑞𝑞𝐵𝐵2𝐹𝐹1 , 𝑞𝑞𝐵𝐵2𝐸𝐸1 , 𝑞𝑞𝐵𝐵2𝐹𝐹2 ,
𝑞𝑞𝐵𝐵3𝐹𝐹1 , 𝑞𝑞𝐵𝐵3𝐸𝐸1 , 𝑞𝑞𝐵𝐵3𝐹𝐹2 ]𝑇𝑇

(1)

Therefore 16 degrees of freedom will be used to derive the wind
turbine model. The degrees of freedom are defined in the
appendix.
Coordinate systems
As required by a multi-body system, every separate sub-system
is defined in its local coordinate system. With this in view,
separate coordinate systems are assigned to every sub-system
as shown in Fig. 1 through Fig. 5. To establish the
transformation relationship between the coordinate systems
Euler rotation matrix is used where the relationship can be
described by a simple rotation. Otherwise, when there is
simultaneous rotation about more than one axis small angle
approximation is used which makes the Euler rotation matrix
independent of the order of rotation. Since this reduced rotation
matrix is not orthogonal, SVD (singular value decomposition)
is used to derive the nearest orthonormal transformation matrix.
The difference coordinate systems defined for the wind turbine
are as follows: tower, tower element fixed, tower-top/baseplate, nacelle, low-speed-shaft, azimuth, blade, coned, pitched,
and blade element fixed coordinate systems.

Figure 3. Low speed shaft and azimuth coordinate systems

Figure 4. Cone coordinate systems

Figure 1. Tower coordinate system
Figure 5. Blade coordinate system
Kinematics

Figure 2. Tower-top and nacelle coordinate systems

The kinematics of the wind turbine can be described by
defining important points that describe the motion of the overall
system. The important points are the centre of masses of
various components and are as follows: Z (tower-base), T
(tower node), O (tower-top/base-plate/yaw bearing mass
centre), U (nacelle centre of mass), Q (apex of conning angle),
C (hub centre of mass), S1 (blade nodes for blade 1), S2 (blade
nodes for blade 2) and S3 (blade nodes for blade 3). The various
reference frames of importance are denoted as: E
(earth/inertial), X (tower base), F (tower body element), B
(tower-top/base-plate), N (nacelle), L (low speed shaft on rotor
end), M1 (blade 1 element body), M2 (blade 2 element body),
M3 (blade 3 element body) and G (high speed shaft/generator).
To define the complete kinematics of the system the
displacement, velocity and acceleration of every important
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point must be defined and the angular velocity and angular
acceleration of every rigid body must be defined. Due to the
limited scope of this paper, as an example, the position vector
of just one point (tower top) and angular velocity of one rigid
body sub-system (tower top/base plate) will be defined.
The position vector from tower base to tower top is given as
𝑇𝑇𝑇𝑇𝑇𝑇 2
�𝟏𝟏 + (𝐻𝐻𝐻𝐻 − 0.5(𝑆𝑆11
𝒓𝒓𝒁𝒁𝒁𝒁 = (𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇1 + 𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇2 )𝒂𝒂
𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇1
𝑇𝑇𝑇𝑇𝑇𝑇 2
𝑇𝑇𝑇𝑇𝑇𝑇 2
𝑇𝑇𝑇𝑇𝑇𝑇
+ 𝑆𝑆22 𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇2 + 2𝑆𝑆12 𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇1 𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇2 + 𝑆𝑆11
𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇1
𝑇𝑇𝑇𝑇𝑇𝑇 2
𝑇𝑇𝑇𝑇𝑇𝑇
�𝟐𝟐
+ 𝑆𝑆22
𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇2 + 2𝑆𝑆12
𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇1 𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇2 )𝒂𝒂
�𝟑𝟑
+ (𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇1 + 𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇2 )𝒂𝒂

(2)

� is the tower coordinate system, 𝐻𝐻𝐻𝐻 is the height of the
Where, 𝒂𝒂
tower and 𝑆𝑆𝑖𝑖𝑖𝑖 are the axial deflection shape functions. The
position vector of all other important points can be described in
a similar way. Once the position vectors are defined the
velocity can be found using the equation
𝑨𝑨 𝑷𝑷

𝒗𝒗 =

𝑨𝑨 𝑸𝑸

𝒗𝒗 +

𝐸𝐸

𝑑𝑑 {𝒑𝒑𝒙𝒙 }
= 𝑨𝑨𝒗𝒗𝑸𝑸 + 𝑨𝑨𝝎𝝎𝑩𝑩 × 𝒑𝒑𝒙𝒙 + 𝑩𝑩𝒗𝒗𝑷𝑷
𝑑𝑑𝑡𝑡

(3)

Where, velocity of a point 𝑃𝑃 on reference frame 𝐵𝐵 in reference
frame 𝐴𝐴 can be obtained from the cross product of the position
vector of point 𝑃𝑃 from 𝑄𝑄 given as 𝒑𝒑𝒙𝒙 with the angular velocity
of 𝐵𝐵 in 𝐴𝐴 ( 𝑨𝑨𝝎𝝎𝑩𝑩 ) and the velocity of the point 𝑃𝑃 in 𝐵𝐵 where
𝑨𝑨 𝑸𝑸
𝒗𝒗 is the velocity of 𝑄𝑄 in 𝐴𝐴. Further, the accelerations of the
important points can be found from time derivatives of the
velocity vectors using equation (3).
Again, as an example, the angular velocity of tower top/base
is shown below.
𝑨𝑨

𝑑𝑑𝜑𝜑1𝑇𝑇𝑇𝑇𝑇𝑇
𝑑𝑑𝜑𝜑2𝑇𝑇𝑇𝑇𝑇𝑇
�
�
𝑞𝑞̇ 𝑇𝑇𝑇𝑇𝑇𝑇1 +
�
𝑞𝑞̇
� 𝒂𝒂
𝑑𝑑ℎ ℎ=𝐻𝐻𝐻𝐻
𝑑𝑑ℎ ℎ=𝐻𝐻𝐻𝐻 𝑇𝑇𝑇𝑇𝑇𝑇2 𝟏𝟏
𝑑𝑑𝜑𝜑1𝑇𝑇𝑇𝑇𝑇𝑇
𝑑𝑑𝜑𝜑2𝑇𝑇𝑇𝑇𝑇𝑇
�
− �
�
𝑞𝑞̇ 𝑇𝑇𝑇𝑇𝑇𝑇1 +
�
𝑞𝑞̇
� 𝒂𝒂
𝑑𝑑ℎ ℎ=𝐻𝐻𝐻𝐻
𝑑𝑑ℎ ℎ=𝐻𝐻𝐻𝐻 𝑇𝑇𝑇𝑇𝑇𝑇2 𝟑𝟑

𝝎𝝎𝑩𝑩 = �

𝑬𝑬

𝝎𝝎𝑵𝑵𝒊𝒊 (𝑞𝑞̇ , 𝑞𝑞, 𝑡𝑡) = �
𝑵𝑵

𝑘𝑘=1

𝑬𝑬 𝑵𝑵𝒊𝒊
𝝎𝝎𝒌𝒌 (𝑞𝑞, 𝑡𝑡)𝑢𝑢𝑘𝑘

+

𝑬𝑬 𝑵𝑵𝒊𝒊
𝝎𝝎𝒕𝒕 (𝑞𝑞, 𝑡𝑡)

𝑿𝑿

𝑿𝑿

𝒗𝒗 (𝑞𝑞̇ , 𝑞𝑞, 𝑡𝑡) = � 𝑬𝑬𝒗𝒗𝒌𝒌 𝒊𝒊 (𝑞𝑞, 𝑡𝑡)𝑢𝑢𝑘𝑘 + 𝑬𝑬𝒗𝒗𝒕𝒕 𝒊𝒊 (𝑞𝑞, 𝑡𝑡)
𝑘𝑘=1

𝑿𝑿

(6)
𝑿𝑿

Where 𝑬𝑬𝒗𝒗𝒌𝒌 𝒊𝒊 are the 𝑘𝑘 𝑡𝑡ℎ partial linear velocities and 𝑬𝑬𝒗𝒗𝒕𝒕 𝒊𝒊 (𝑞𝑞, 𝑡𝑡)
contains all other terms that cannot be written in terms of the
generalized speeds (in this paper the choice of generalised
speeds renders these terms as zeros). Then, the angular
acceleration of every 𝑁𝑁𝑖𝑖 body in the wind turbine system can
be obtained as
𝑬𝑬 𝑵𝑵𝒊𝒊
(𝑞𝑞̇

𝜶𝜶

𝑛𝑛

𝐸𝐸

𝑛𝑛

𝑵𝑵

, 𝑞𝑞, 𝑡𝑡) = � 𝑬𝑬𝝎𝝎𝒌𝒌 𝒊𝒊 (𝑞𝑞, 𝑡𝑡)𝑞𝑞̈ 𝑘𝑘
𝑵𝑵

𝑘𝑘=1

𝑵𝑵

𝐸𝐸
𝑑𝑑 � 𝑬𝑬𝝎𝝎𝒌𝒌 𝒊𝒊 (𝑞𝑞, 𝑡𝑡)�
𝑑𝑑 � 𝑬𝑬𝝎𝝎𝒕𝒕 𝒊𝒊 (𝑞𝑞, 𝑡𝑡)�
+�
𝑞𝑞̇ 𝑘𝑘 +
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(7)

𝑘𝑘=1

And lastly, the linear accelerations can be written as
𝑬𝑬 𝑿𝑿𝒊𝒊
(𝑞𝑞̇

𝒂𝒂

𝑛𝑛

𝑛𝑛

𝑿𝑿

, 𝑞𝑞, 𝑡𝑡) = � 𝑬𝑬𝒗𝒗𝒌𝒌 𝒊𝒊 (𝑞𝑞, 𝑡𝑡)𝑞𝑞̈ 𝑘𝑘
𝑿𝑿

𝐸𝐸

𝑘𝑘=1

𝑿𝑿

𝐸𝐸
𝑑𝑑 � 𝑬𝑬𝒗𝒗𝒌𝒌 𝒊𝒊 (𝑞𝑞, 𝑡𝑡)�
𝑑𝑑 � 𝑬𝑬𝒗𝒗𝒕𝒕 𝒊𝒊 (𝑞𝑞, 𝑡𝑡)�
+�
𝑞𝑞̇ 𝑘𝑘 +
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(8)

𝑘𝑘=1

(4)

(5)

Where 𝑬𝑬𝝎𝝎𝒌𝒌 𝒊𝒊 are called 𝑘𝑘 𝑡𝑡ℎ partial angular velocities of 𝑁𝑁𝑖𝑖 rigid
𝑵𝑵
body and 𝑬𝑬𝝎𝝎𝒕𝒕 𝒊𝒊 (𝑞𝑞, 𝑡𝑡) contains all the terms that cannot be
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𝑛𝑛

𝑬𝑬 𝑿𝑿𝒊𝒊

Here, the time derivatives of the partial angular velocities and
partial linear velocities are required to be estimated.

Where, 𝜑𝜑𝑖𝑖 are the mode shapes of the respective degrees of
freedom. The angular acceleration of all other rigid bodies can
be constructed similarly from the time derivatives of the
angular velocities. To find the angular accelerations for every
rigid body equation (3) can be used.
Once the linear velocities and accelerations for every flexible
point and angular velocity and acceleration for every rigid body
in the wind turbine has been defined these terms are rewritten
as functions of generalised speeds. According to Kane [12],
writing the linear and angular velocities as functions of
generalized speeds brings them into particular advantageous
form while deriving the equations of motion. The choice of the
generalized speed is arbitrary; in this paper, the time derivatives
of the generalized coordinates are used as generalized speeds
(i.e. 𝑢𝑢𝑘𝑘 = 𝑞𝑞̇ 𝑘𝑘 ). Hence, the angular velocities are rewritten as
𝑛𝑛

written in terms of generalized speeds (in this paper the choice
of generalised speeds renders these terms as zeros). Similarly,
the linear velocities can be written as

Kane’s equations
By a direct result of Newton's law of motion, Kane's equations
of motion for a simple holonomic system with 16-DOFs can be
stated as [12]
𝐹𝐹𝑘𝑘 + 𝐹𝐹𝑘𝑘∗ = 0

for 𝑘𝑘 = 1 to 16

(9)

Where 𝐹𝐹𝑘𝑘 are the generalized active forces given as [12]
𝑛𝑛

𝑿𝑿

𝐹𝐹𝑘𝑘 = �� 𝑬𝑬𝒗𝒗𝒌𝒌 𝒊𝒊 ∙ 𝑭𝑭𝑿𝑿𝒊𝒊 +
𝑖𝑖=1

𝑬𝑬

𝑵𝑵

𝝎𝝎𝒌𝒌 𝒊𝒊 ∙ 𝑴𝑴𝑵𝑵𝒊𝒊 �

(10)

Where, 𝑭𝑭𝑿𝑿𝒊𝒊 is the force acting on the centre of mass point 𝑋𝑋𝑖𝑖
and 𝑴𝑴𝑵𝑵𝒊𝒊 is the moment acing on the 𝑁𝑁𝑖𝑖 rigid body. The
generalized inertia forces are given as [12]
𝐹𝐹𝑘𝑘∗

𝑛𝑛

𝑿𝑿

= �� 𝑬𝑬𝒗𝒗𝒌𝒌 𝒊𝒊 ∙ �𝑚𝑚
𝑖𝑖=1

𝑁𝑁

𝑁𝑁𝑖𝑖 𝑬𝑬 𝑵𝑵𝒊𝒊

𝜶𝜶 � +

𝑵𝑵
𝝎𝝎𝒌𝒌 𝒊𝒊 ∙ 𝑬𝑬𝑯𝑯̇𝑵𝑵𝒊𝒊 �

𝑬𝑬

(11)

Where 𝑚𝑚 𝑖𝑖 is the mass of the 𝑁𝑁𝑖𝑖 body, 𝑬𝑬𝑯𝑯̇𝑵𝑵𝒊𝒊 is the time
derivative of the angular momentum of rigid body 𝑁𝑁𝑖𝑖 about its
center of mass point 𝑋𝑋𝑖𝑖 . For the wind turbine model the mass
of the tower, yaw bearing, nacelle, hub, blades, generator
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contribute to the total generalized inertia forces. Generalized
active forces are the forces applied directly to the wind turbine
system, forces that ensure constraint relationships between the
various rigid bodies and internal forces within flexible
members. Forces applied directly on the wind turbine system
include aerodynamic forces acting on the blades and tower;
gravitational forces acting on the tower, yaw bearing, nacelle,
hub, blades; generator torque, high-speed shaft brake. Yaw
springs and damper contribute to forces that enforce constraint
relationship between rigid bodies. Internal forces within
flexible members include elasticity and damping in the tower,
blades, and drivetrain.
Once the contribution from all the components of the wind
turbine for every degree of freedom is assembled together the
final equations of motion of the complete system is obtained. It
is important to note that the steps required to derive the
equations of motion involve vector multiplications only. Unlike
traditional methods, like Euler-Lagrangian formulation, that
require the evaluation of partial derivatives with respect to
generalized coordinates, the vector multiplications required in
Kane’s method can be performed directly by a computer.
Therefore, the equations of motion can be directly formed and
evaluated simultaneously by a computer. This advantage of
Kane’s method where partial derivatives are replaced by vector
multiplications with partial velocities has been emphasized in
this paper.
3

Figure 7. Blade in-plane displacement

BENCHMARKING WITH FAST

In this section numerical results are presented to benchmark the
derived model with FAST v8 [3] distributed by NREL using a
5MW baseline wind turbine [13]. The wind turbine is simulated
under steady wind at rated wind speed. The aerodynamic loads
are calculated using Blade Element Momentum Theory
(BEMT). In this study the improved method of solving the
BEMT equations are proposed by [14] has been used. Time
histories and Fourier spectrum of blade out-of-plane motion, inplane motion, tower fore-aft motion, tower side-to-side motion,
nacelle yaw angle and low-speed-shaft speed are shown in Fig.
6 through Fig. 11 respectively. The numerical results compare
satisfactorily with FAST which numerically verifies the
developed multi-body model using Kane’s method.

Figure 8. Tower top out-of-plane displacement

Figure 9. Tower top in-plane displacement

Figure 6. Blade out-of-plane displacement
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•

Figure 10. Nacelle yaw rotation

Figure 11. Low speed shaft tip speed
4

MODEL REDUCTION AND LOSS OF DYNAMICS

The Rotational speed of the generator is assumed to be
constant and hence it is removed from the list of degrees
of freedom.
• Rotation of the tower and blades due to elastic deformation
are neglected.
• Axial deformation due to lateral deflection is neglected in
all flexible components.
• Only two sets of reference frames are used to define the
wind turbine model.
• Blades are assumed to be neither coned nor pitched.
• Shaft tilt and skew are neglected.
• It is assumed that the center of mass of the nacelle, hub,
and blades all lie along the center line of the tower.
• Aerodynamic loads are estimated and returned in the blade
global coordinate system instead of blade local coordinate
system.
• Inertial effect of the generator is neglected.
• Since the structural twist angle of the blades are very small,
especially towards the tip, and the blades are not pitched,
it is assumed that the shape of deflection in the out-ofplane and in-plane directions of the blades can be
described by the flapwise and edgewise mode shapes
respectively with sufficient accuracy, which is reasonable
when only the first mode is considered.
Due to the limited scope of the paper, only the tower side-toside motion is shown in Fig. 12 where the model reduction
results in significant loss of dynamics. The rest of the structural
responses show little loss of dynamics as hence is not shown
here. It can be observed from the figure that the mean of the
response is completely different and the damping in the
response is lost. The loss of dynamics in the side-to-side motion
of the tower demonstrates that simplified models fail to capture
the highly coupled dynamics of the wind turbine system.
Hence, a detailed model is required for proper dynamical
analysis of the system. For a detailed model obtaining the
equations of motion using Euler-Lagrangian formulation is
incredibly complicated and Kane’s method can immensely
reduce labor.

The wind turbine model derived in the previous chapter is a
highly coupled non-linear system. The complexity of the model
makes it impossible to express the analytical equations of
motion in closed form. This is where the advantage of Kane’s
method was also utilized. But, under certain circumstances, an
analytical model of the system is desirable as it provides
physical insight into the dynamics. Also, in problems like that
of control theory, a simple model is beneficial. In this section,
the wind turbine model is reduced to match those available in
the literature [5], [6]. The reduction results from the following
assumptions.
Assumptions:
• Only the first mode in fore-aft and side-to-side direction
has been used for the tower. Similarly, for the blades, the
first flapwise mode is considered to reduce the total
numbers of degrees of freedom.
• Nacelle yaw, driveshaft torsion degrees of freedom are
neglected.

Figure 12. Tower top in-plane displacement
5

CONCLUSIONS

This paper demonstrates the use of Kane’s method of deriving
equations of the motion for an onshore wind turbine the steps
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of which are applicable to any multi-body system. The derived
model was further benchmarked against FAST [3]. Comparison
with a reduced order model was performed to judge whether a
reduced order model is capable of capturing the dynamics with
sufficient accuracy. The conclusions drawn from the study are
• The powerful vector approach brought about by Kane’s
method vastly reduces the labor needed to derive equations
of motion. This is due to the fact that the resulting
equations of motion are obtained in the form of an ODE
(rearrangement of terms not required) and the required
vector multiplication can be performed directly on a
computer. This leads directly to the equations of motion
without human intervention which is desirable when
working with a large number of variables.
• Unlike energy methods, checks and updates are performed
on the kinematic and kinetic equations of each subsystem
at a time. These equations are usually a lot simpler and
physically intuitive which in turn makes the process
quicker and more reliable.
• Comparison with a reduced order model showed that it is
not always desirable to use a simplified model as important
dynamics may get lost in the process. In those situations,
Kane’s method has considerable advantages over energy
methods when modelling a detailed multi-body system as
has been demonstrated in this paper.
• When the physical system under consideration is simple or
has been simplified to study certain aspects of its
dynamical behavior the computational effort of both the
methods are similar and either can be used based on user
preference.

[12] Kane TR and Levinson DA. Dynamics, theory and applications. McGraw
Hill, 1985.
[13] Jonkman JM, Butterfield S, Musial W et al. (2009). Definition of a 5-MW
reference wind turbine for offshore system development. National
Renewable Energy Laboratory Golden, CO.
[14] Ning SA. (2014). A simple solution method for the blade element
momentum equations with guaranteed convergence. Wind Energy; 17(9):
1327–1345.

APPENDIX
Degrees of freedom used to model the wind turbine
𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇1
𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇2
𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇1
𝑞𝑞𝑇𝑇𝑇𝑇𝑇𝑇2
𝑞𝑞𝑦𝑦𝑦𝑦𝑦𝑦
𝑞𝑞𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
𝑞𝑞𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝑞𝑞𝐵𝐵1𝐹𝐹1
𝑞𝑞𝐵𝐵1𝐸𝐸1
𝑞𝑞𝐵𝐵1𝐹𝐹2
𝑞𝑞𝐵𝐵2𝐹𝐹1
𝑞𝑞𝐵𝐵2𝐸𝐸1
𝑞𝑞𝐵𝐵2𝐹𝐹2
𝑞𝑞𝐵𝐵3𝐹𝐹1
𝑞𝑞𝐵𝐵3𝐸𝐸1
𝑞𝑞𝐵𝐵3𝐹𝐹2

Tower fore-aft first mode
Tower fore-aft second mode
Tower side-to-side first mode
Tower side-to-side second mode
Nacelle yaw
Generator azimuth angle
Drive train torsion
Blade 1 first flapwise mode
Blade 1 first edgewise mode
Blade 1 second flapwise mode
Blade 2 first flapwise mode
Blade 2 first edgewise mode
Blade 2 second flapwise mode
Blade 3 first flapwise mode
Blade 3 first edgewise mode
Blade 3 second flapwise mode
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