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Abstract
Historically, the most common cause of bridge failure has been “scour” – the gradual erosion
of soil around bridge foundations due to rapid water flow. A reliable technique to monitor scour
could potentially guide timely repair and, in turn, mitigate the risk of future scour-induced bridge
failure. Currently, there are various, mostly underwater, techniques employed by bridge
managers to monitor scour, ranging from diving inspections to autonomous underwater
vehicles; however, none have gained wide acceptance. A particular disadvantage of
underwater monitoring techniques is that the equipment underwater is relatively difficult to
install and prone to damage from fast-flowing water and debris.
One possible solution might be to use a vibration-based method to monitor scour indirectly,
using changes in dynamic modal parameters (e.g. the natural frequency of vibration) captured
by sensors mounted on the bridge deck or piers above the water level. There has been
extensive research into the use of vibration-based monitoring methods to identify other causes
of failure, such as cracking and deterioration in bridge superstructures; however, this has
proven to be ineffective in practice, as the expected sensitivities in modal parameters were
only single-digit percentages and therefore insufficient to overcome environmental/operational
sensitivity. In contrast to superstructure damage, scour is a special damage case, which
changes a boundary condition of the bridge in the form of an increase in effective pier height
as a result of the lowering of the ground level and therefore, significant changes in modal
parameters can be expected. Recently, this concept has been studied primarily using
numerical modelling simulations of a hypothetical integral bridge with piled foundations. Only
one modal parameter – natural frequency – was investigated in most of these studies and it
was predicted to change by up to double-digit percentages due to scour. Although such a high
change could potentially overcome environmental and operational sensitivities, a critical
problem is that this has been difficult to observe in practice with experiments on either real
field bridges or small-scale soil-structure models. Another problem is that there is little
knowledge of the applicability of this technique to different types of bridges and forms of scour.
This research proposes a vibration-based technique based on a combination of three vibration
parameters (spectral density, mode shape and natural frequency), which were studied using
first-of-a-kind experiments and numerical modelling simulations on various types of bridges
and forms of scour. A field trial was carried out on a bridge with pre-existing scour, which was
monitored for ambient vibrations throughout a repair process involving controlled scour
ii

backfilling, i.e., “scour in reverse”. The effect of this scour backfilling was captured by
measuring changes in two of these parameters, mode shape and spectral density, derived
from the ambient vibrations. The mode shapes, in particular, showed the potential to localise
the presence of scour to a specific pier. The most commonly measured vibration parameter of
natural frequency was also observed from ambient vibrations, but this did not capture the
effects of backfilling due to high measurement uncertainties.
In order to study all three of these vibration parameters in a controlled environment, a
centrifuge model testing programme was developed. These tests considered small-scale
models representing three full-scale bridges with different bridge deck and foundation
configurations (i.e. integral/ simply supported decks and shallow/deep foundations) and two
forms of scour (i.e. local/global). The observed results of these small-scale centrifuge models
were used to calibrate numerical models of full-scale bridges representative of these centrifuge
models. Numerical simulation techniques were also developed to simulate the experimentally
observed effects of local and global scour.
These centrifuge experiments and the associated numerical modelling found that vibrationbased methods have broad applicability for bridges, although only some parameters showed
sufficient sensitivity to be viable as a monitoring technique in certain types of bridges. For
example, the centrifuge bridge models with a shallow foundation did not show a significant
change in natural frequency or mode shapes, but they did show a significant change in modal
spectral density. This research therefore concludes that a vibration-based scour monitoring
technique, examining the combined effect of natural frequency, mode shape and spectral
density parameters, has significant potential to measure and even localise the change of scour
depths at bridge foundations.
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Chapter 1

Introduction
This chapter provides the background to this research on vibration-based bridge scour
monitoring. The research project is introduced with the problem statement, the list of
objectives, the research methodology adopted, and an overview of the innovative aspects of
the research. Finally, the content of the various chapters is summarised.

1.1 Background
Bridges are the lynchpins of any rail or road network, allowing safe and efficient passage for
people and goods traffic across various physical obstacles. Bridges overcome these obstacles
while providing seamless connectivity for rail or road traffic. Such connectivity, however,
cannot be taken for granted, as bridges can, and sometimes do, fail. There are many potential
causes of bridge failure, such as overloading, earthquakes, fire and corrosion. Nevertheless,
one cause of failure stands out – scour. Recent surveys have indicated that scour and related
hydraulic causes account for more than 50% of bridge failures around the world (Wardhana
and Hadipriono, 2003; Hunt, 2009)
Scour is the result of the erosion of soil around bridge foundations due to the action of fastflowing water. Extensive scour around the foundations results in deep pits, which are
commonly referred to as scour holes. The creation of such scour holes removes soil, which
was previously supporting the bridge foundations. Such loss of soil support, especially during
flooding, can lead to a rapid reduction in bridge support stiffness, and even catastrophic
collapse (Arneson et al., 2012). A large number of such bridge collapses in the past have
resulted in the loss of human lives, severe transport disruption and economic loss
(Construction Industry Research and Information Association (CIRIA), 2015). These collapses
could have been avoided if scour had been detected early and remedial action taken to mitigate
the scour-induced damage.
Vibration-based scour monitoring is an indirect monitoring technique to detect scour at bridge
foundations. It aims to identify changes in bridge vibration properties to detect scour. Vibrations
are typically present in bridges as a result of ambient excitations caused by vehicle and wind
excitation. Bridge vibrations can also be generated artificially. Any bridge will have its own
inherent vibration properties, such as natural frequency. Such vibration-based properties
remain constant under normal circumstances when bridge stiffness, mass and damping are
unchanged. However, scour is an exceptional circumstance, which can result in a reduction in
stiffness due to the loss of soil support around the bridge foundations. Therefore, scour results
in changes in modal properties, for example, natural frequency (Prendergast and Gavin, 2014).
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Hence, simply by monitoring bridge vibrations, any changes in scour depth around the piers
could potentially be captured, in theory at least, as a change in vibration property.
An example set-up of vibration-based scour monitoring is shown in Figure 1.1. Here, vehicles
passing over the bridge generate small ambient structural vibrations, which are continuously
captured by an accelerometer mounted near the top of the pier. The accelerometer
measurements can then be analysed to estimate vibration properties such as natural
frequency, which do not change under normal circumstances, thus indicating the “structural
health” of the bridge. When scour occurs, the vibration properties change as a result of the
change in bridge stiffness, allowing detection of the presence of scour. This method is
particularly appealing for bridges that usually experience a degree of continuous ambient
excitation, which can be measured using continuous real-time remote monitoring techniques.
Additionally, unlike most other monitoring techniques, there is no requirement for
instrumentation to be installed underwater, making vibration-based techniques reliable and
durable even during heavy flooding.

Figure 1.1 An example set-up of the vibration-based bridge scour monitoring technique

Vibration-based techniques have been studied extensively, although the primary focus has
been on the detection of local structural damage (e.g. crack detection of superstructure
beams). However, these studies found insufficient sensitivity of vibration parameters such as
the natural frequency to reliably identify the location or extent of the damage. For example,
even when there was extensive damage, in the form of cracks up to half the depth of a bridge
beam or pier, the resulting changes in fundamental frequency were found to be of the same
order as the expected effects of environmental changes (such as temperature) and operational
load effects (Farrar et al., 1994; Peeters and Roeck, 2001; Kim, Yun and Yi, 2003; Caetano
and Magalha, 2009; Koo, Brownjohn and Cole, 2010; Döhler et al., 2014). Such localised
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structural damage results in only local changes in stiffness and/or damping and therefore
relatively small changes in the frequencies of global vibration modes. Scour, however, is a
special damage case – effectively it causes a change of boundary condition at the bridge
foundations. Such a change of boundary condition would result in a global stiffness reduction
and therefore significantly greater changes in natural frequency of lower-order global modes
of vibration. A simple model of a cantilever column idealising a bridge pier illustrates this
(Figure 2.13); the natural frequencies of the column are inversely proportional to the square of
the exposed length, if it is assumed to be fully fixed at ground level. In practice, the support at
the base of a pier is dependent on the soil stiffness, and this would need to be taken into
account for any vibration analysis.
Vibration-based studies targeting scour have emerged relatively recently and have indicated
much higher frequency sensitivities than those measured as a result of local structural
damage. Several numerical studies have estimated a 30 – 40% change in natural frequency
for a 50% loss of pile embedment (Klinga and Alipour, 2015; Prendergast, Hester and Gavin,
2016a). Such high sensitivity in natural frequency due to scour indicates its potential for use in
early scour indication. Therefore, vibration-based scour monitoring techniques, such as those
using natural frequency, have significant potential to safeguard bridges from scour-induced
failure and make rail and road networks more resilient.

1.2 Problem statement
Bridge scour is a dynamic and complex process that depends on the properties of water flow,
sediments in the bed of the water body and properties of bridge substructure (Deng and Cai,
2010). Hence, the scour depth estimated using empirical formulae could often have a
significant degree of error in the real scenario. Therefore, in situ scour monitoring is vital to
detecting bridge scour and hence indicating when countermeasures or repairs are necessary.
Even during repairs to bridge foundations, the measurement of scour depth can be important.
There are examples where the repairs themselves have led to additional scour (Department
for Transport UK, 2016). These problems could potentially be addressed by a reliable, realtime remote scour monitoring technique.
Various techniques have been used to monitor bridge scour, ranging from scuba divers using
crude depth-measuring instrumentation underwater to high-tech autonomous underwater
vehicles using sonar-based systems. Many of these current techniques only measure scour
depths at a single location and/or are susceptible to damage from debris in the fast-flowing
water, whilst others are labour-intensive and expensive (Prendergast and Gavin, 2014). Only
some provide real-time data or information on the extent and depth of scour. These challenges
hinder the ability of bridge engineers to assess the risk associated with scour-related damage
to the same degree of confidence as is possible with other types of damage. This could
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perhaps be one of the reasons behind a significant number of scour-induced bridge failures
around the world (Melville and Coleman, 2000; Hunt, 2009; Ko et al., 2010; Dikanski et al.,
2016). Hence, there is an immense need for a reliable scour monitoring technique that could
reliably ensure the safety of bridge assets.
A vibration-based scour monitoring technique has significant potential since no equipment has
to be underwater, and it has real-time remote monitoring capabilities. However, there are only
a few field trials on real bridges, and almost all of them have found it difficult to prove the
viability of this technique (Section 2.4.1.2). Testing scour monitoring techniques in practice is
difficult – a monitoring system would need to be installed on a candidate bridge with no
guarantee of measuring any scour within the timespan of the project. On the other hand, fullscale testing of controlled scouring of a bridge is not viable because of the costs involved, and
tests on scaled-down soil-structure models at normal gravity are unable to simulate the real
natural frequencies of a full-scale structure because of the incorrect scaling of the soil
properties (explained in detail in Section 4.2). Centrifuge modelling can be used to eliminate
this problem by allowing full-scale (also referred to as prototype-scale in centrifuge modelling)
stress levels to exist within a small-scale model (Madabhushi, 2014). However, to the author’s
knowledge, centrifuge modelling has not yet been used for vibration-based testing of bridges.
Another important consideration is whether or not vibration parameters of a bridge is less
sensitive to “local scour” than to “global scour” and how to simulate these different effects
numerically, which has not yet been examined (see Chapter 2). As shown in Figure 1.2, local
scour involves only a local lowering of the bed level immediately around the foundation; and
global scour involves lowering of the bed soil level uniformly everywhere (Sumer, Bundgaard
and Fredsøe, 2005; Mohamed, 2012). In global scour, Case (1), the scoured ground level has
no overburden pressure and thus no stiffness provided by the soil at that level; thus, the fullscour profile looks as if it has shifted down by the depth of scour. In contrast, with local scour,
Case (2), the scoured ground level has some retention of overburden stress, and thus some
stiffness, due to the remaining soil surrounding the scour hole. This reduced influence on
stiffness may result in the natural frequencies and other modal parameters being less sensitive
to local scour than to global scour; thus, this aspect requires detailed examination for the
development of this monitoring technique.
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Figure 1.2 Soil-structure interaction change from no scour to global and local scour

According to Bao and Liu (2016), there are significant gaps in research related to the
performance of this monitoring technique for different shapes of scour, different types of
bridges and locations of sensors. Additional research gaps also exist in relation to vibrationbased scour monitoring parameters other than natural frequency, as discussed in Chapter 2.
The research objectives of this project were chosen to answer these research problems.

1.3 Objectives of the research
The main objective of this research was to examine the potential of vibration-based techniques
for monitoring bridge scour. The following sub-objectives have been considered in the
research:
1. To understand the comparative feasibility of vibration-based and other scour
monitoring techniques available in the literature.
2. To evaluate the field viability of vibration-based scour monitoring.
3. To discover vibration-based parameters other than the natural frequencies for
detecting scour.
4. To develop a small-scale centrifuge experimental regime for testing the broad
applicability of the identified parameters for different types of:
a. foundation (piled/shallow pad);
b. bridge deck (integral/simply supported);
c. scour (global/local).
5. To develop numerical techniques for simulating local and global scour in different
bridge configurations.
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1.4 Methodology
The research objectives were achieved by following the methodology shown in Figure 1.3. This
methodology is explained below.
1. Compare scour monitoring techniques
A detailed literature review first compared twelve different scour monitoring techniques,
including sonar, single-use devices and vibration-based methods. The comparative
limitations and advantages of these monitoring techniques indicated that a vibrationbased technique has significant potential for reliable, real-time remote monitoring.
Therefore, a vibration-based technique was chosen for further research.
2. Find research gaps
The state of knowledge of the vibration-based scour monitoring technique was studied
to identify research gaps. A number of research gaps were identified related to the lack
of field studies and small-scale-model experiments, lack of understanding on the
potential of this monitoring technique in different bridge types and forms of scour, the
lack of numerical scour simulation techniques, and relying primarily on only one modal
parameter. The research programme was then planned to address these research
gaps.
3. Examine the feasibility of vibration-based scour monitoring (Nine Wells Bridge)
The feasibility of natural frequency-based scour monitoring was examined next. The
natural frequencies were estimated by creating a numerical model for Nine Wells
Bridge, a three-span semi-integral bridge recently built in Cambridge. This bridge was
studied because its field measurements of natural frequency were already available
from a previous study of Whelan et al. (2010). These field measurements could be used
to validate the numerical model created. This validated numerical model simulated two
hypothetical damage cases: (i) scour damage to two bridge pier foundations; and (ii)
crack damage to the deck. The aim of this feasibility study was to assess whether
natural frequencies based scour damage detection has greater potential than natural
frequency based deck damage detection, which has proven to be ineffective in practice
due to insufficient sensitivity (Section 2.4.1). This feasibility study was an important
step of verification before proceeding to the next experimental steps.
4. Trial in the field (Baildon Bridge)
A field trial was conducted at Baildon Bridge in Bradford, in the UK, to study the
potential of the vibration-based scour monitoring technique in practice. Baildon Bridge
was found to have been scoured under part of one pier, and the scoured region was
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due to be backfilled as part of a repair programme. It thus provided a rare opportunity
to monitor a bridge in both a scoured and a repaired state (“scour in reverse”). The
ambient vibration characteristics of this bridge were measured throughout the repair
period using a set of accelerometers. The foundation-bed profiles were measured
before and after repair using sonar scanning to aid numerical modelling. Three
vibration-based parameters were studied: the common parameter of natural
frequencies, and two parameters that had not been studied in previous research,
namely, mode shape and spectral density. The changes in bridge natural frequencies
and mode shapes due to scour were predicted numerically and compared with
measured experimental findings.
5. Study with small-scale bridge models
The three potentially scour-sensitive parameters, namely, natural frequency, mode
shape and spectral density, needed to be tested in a controlled environment to assess
their potential for different bridge configurations and scour types. As such an
experiment is not feasible in the field or at full-scale, small-scale testing was crucial. A
small-scale testing programme was therefore developed using geotechnical centrifuge
modelling. Centrifuge modelling is an experimental method used to test small-scale
models at the correct stress levels, thus providing a platform to study full-scale dynamic
behaviour changes of the bridge using only a small-scale model (Madabhushi, 2014).
Four small-scale bridge models were constructed in the sand to represent three
different full-scale hypothetical bridges representing shallow/deep foundations and
integral/simply supported decks. Although the possibility of replicating Baildon Bridge
properties in a small-scale laboratory model was initially attempted, uncertainties in the
definition of boundary conditions led to the selection of alternative, hypothetical integral
bridge models, of which boundary conditions were known and could be modelled more
reliably.
Simplified versions of the bridges had to be considered in small-scale as a result of the
space limitation in the standard container used in centrifuge testing, and in order to limit
the number of joints required to fabricate. Only one small-scale model represented the
entire hypothetical bridge (deck and foundations), while all of the others represented
the different standalone foundations (“simplified” versions) of the full-scale bridges.
Corresponding “small-scale simplified" bridge models (i.e. small-scale standalone
foundations) do not represent the “full-scale” bridges but a “full-scale simplified” version
of the bridge (i.e. full-scale standalone foundation). These simplified models were
sufficient to capture changes in dynamic behaviour due to the effects of the scour cases
being modelled, and, in turn, to calibrate numerical models of the simplified bridges.
Two controlled types of scour were considered, namely, local scour and global scour
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(Figure 1.2); and these were simulated in the experiment by vacuum suction of the soil.
Automatic impact hammers were developed to excite the models; however, ambient
vibration was also present during testing. The effect of water in the soil was not explicitly
modelled based on the assumption that natural frequency sensitivities would not
change as a result of soil saturation (see Section 2.4.1.4).
In order to confirm the results of the centrifuge tests and to support numerical
modelling, fixed base tests were conducted for all bridge models providing fixed bases
at the soil surface level of all scour depths considered. At any given scour depth, the
fixed base test provides an upper bound natural frequency estimate to the
corresponding centrifuge test, with soil, since soil provides a lower stiffness than a fixed
base. The sensitivities of the considered modal parameters of small-scale simplified
models were brought to their full-scale (“full-scale simplified”) by applying appropriate
scaling factors.
6. Numerical modelling study
The estimated results for the simplified bridges in the centrifuge test do not directly
represent bridges with bridge decks. Therefore, numerical models were developed to
extrapolate the experimentally observed results from small-scale simplified models to
full-scale simplified models, and then to full-scale bridges with bridge decks. Initially,
numerical models were created for the simplified bridges, both in small- and full-scale,
but with fixed bases (without soil). The accuracy of the scaling of structures could be
confirmed by comparison of the natural frequencies estimated by these two models
with the fixed-based experimental results. Confirming the accuracy of scaling was
important since there were material property changes from full-scale (reinforced
concrete) to small-scale (aluminium), and a number of assumptions were made during
the selection of sections (see Section 4.4.2). Once the scaling from small-scale
simplified bridges to full-scale simplified brides had been confirmed, the full-scale
simplified bridges were included with numerical soil-structure interaction, as explained
in Sections 5.2 and 5.6. These numerical models of full-scale simplified bridges were
calibrated for the estimated full-scale behaviour of centrifuge tests. Once calibrated,
techniques were developed to simulate the effects of local and global scour observed
for different levels of scour depth modelled in the centrifuge tests. These calibrated
numerical models for full-scale simplified bridges were then extended to the
corresponding full-scale bridges by adding the bridge deck elements, and later
simulated for scour using the identified scour simulation techniques. The natural
frequency and mode shape sensitivities of the centrifuge models were estimated using
numerical eigenvalue analysis. All numerical modelling was carried out using
CSiBridge structural analysis software.
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Figure 1.3 Methodology flow chart

1.5 Scope of the research
The research in this thesis focuses on monitoring one cause of bridge failure, namely, scour,
using structural vibrations. Different types of bridge decks and foundations were considered in
this research; however, all the bridges considered were reinforced concrete beam-slab type
bridges. Other bridge types such as masonry arch bridges and suspension bridges are out of
the scope of this research project, although the numerical and experimental methods
developed can be extrapolated to these bridges in future studies. Only granular soils
(sand/gravel) were considered in this research, and therefore, the findings of this research may
not directly reflect the behaviour expected in a bridge with foundations in cohesive soils (clay).
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Experimental studies examined three vibration-based parameters, namely, natural
frequencies, mode shapes and spectral density. The numerical modelling aimed to study
sensitivities in natural frequencies and mode shapes and to develop techniques to simulate
the observed effects of scour. Therefore, numerical eigenvalue analysis was considered, which
only considers undamped free vibration. Damped vibration and more complex soil-bridgevehicle interaction models that consider the input excitation of the vehicles can estimate the
spectral densities; however, such modelling is difficult to validate in practice and thus beyond
the scope of this research. All numerical modelling in this research is validated by the
corresponding experimental observations. The structural models were idealised by different
types of finite elements, and soil-structure interaction was idealised by linear springs based on
a “Winkler spring model” or a “macro element spring model” representation (Section 5.6). Other
forms of modelling soil-structure interaction, such as continuous elastic half-space, are beyond
the scope of this research.

1.6 Innovative aspects of the research
The research in this thesis made innovative contributions to the area of research, in identifying
novel vibration-based scour-sensitive approaches to monitoring bridge scour and in conducting
first-of-a-kind field experiments, laboratory experiments and numerical simulations.
A key innovation in this research is the identification of two modal parameters, separate to the
natural frequency, for detecting scour in bridge foundations. The first is using the spectral
density estimate at the modal peaks, which showed significantly higher sensitivity than the
commonly studied vibration-based parameter of natural frequency according to both field and
laboratory experiments. Another scour-sensitive parameter is mode shape, which was found
to help with both the identification of a change in scour depth and the localisation of which
foundation was undergoing local scour (Kariyawasam et al., 2019b). Other mode-shape-based
parameters, such as mode-shape ratio and mode-shape curvature, were recently proposed by
Malekjafarian et al. (2019) and Elsaid and Seracino (2014) to detect scour (Section 2.4.3).
However, the research in this thesis found that mode shapes alone can detect and even locate
the foundations undergoing local scour.
This research carried out one of the first successful field experiments to showcase the potential
of ambient vibration-based scour monitoring. Such field studies are essential, since the
numerical modelling estimates, on which much of the potential of this monitoring technique
has been based, may not always hold true in the field where there are complex environmental
and operational conditions to consider. Due to the difficulty of validating this technique in the
field, different approaches have been attempted in the limited number of previous studies.
Some studies monitored for scour but unfortunately were not successful in detecting any scour
within the monitoring period (Masui and Suzuki, 2009; Yao et al., 2010b). Two studies had
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some success when indirect techniques were used to study different scour depths in medium
span bridges, one compared the scour levels of different piers using impact vibration (Shinoda,
Haya and Murata, 2008) and another artificially scoured a bridge and studied ambient vibration
(Ko et al., 2010). The research presented in this thesis adopts a new approach of monitoring
ambient vibrations during backfilling of a scour hole, i.e. “scour in reverse” of a short-span
bridge (Kariyawasam et al., 2019c, 2021). This approach was successful in identifying the
potential of using mode shapes and spectral density for monitoring scour.
To the author’s knowledge, this research also developed the first-ever centrifuge experiment
for testing vibration-based methods for measurement of bridge scour (Kariyawasam et al.,
2020a). The limited number of previous small-scale experiments undertaken outside a
centrifuge would have experienced some inevitable inaccuracies of soil stiffness scaling
(Section 4.2). Centrifuge modelling corrects such scaling of soil properties, including stiffness
properties, making the small-scale centrifuge models more representative of the full-scale
structures. This research developed a centrifuge modelling technique involving its own
automatic modal hammer excitation system, which could aid future experimental research on
vibration-based monitoring techniques. This experimental programme also allowed, for the first
time, comparison of multiple bridge foundation and superstructure types, and also different
types of scour in a controlled experimental environment, which helped to identify which
configurations of bridges have the most potential with this scour monitoring technique.
Finally, this research provided further development to existing numerical modelling techniques
used to simulate vibration-based scour monitoring. Previous researchers have mainly adopted
Winkler spring models of deep piled foundations, where scour was simulated by deleting the
springs without distinguishing between the effects of local and global scour (Prendergast,
Hester and Gavin, 2016a). The research in this thesis found that such a “spring deleting”
method is appropriate to local scour simulation, but global scour simulation instead requires
an alternative “spring lowering” approach (see Section 5.1). A research gap was found, in that
previous work on numerical modelling only looked at the scour of deep foundation models;
thus, this research has developed a shallow foundation modelling technique using macroelement models and a Winkler spring model of soil stiffness.
These new contributions support bridge engineers in leveraging the potential of vibrationbased scour monitoring of bridges and encourage further development and practical
implementation of this monitoring technique in the future.
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1.7 Arrangement of the thesis
Chapter 1 introduces this research and the thesis. It provides a background to the vibrationbased scour monitoring technique and highlights other aspects of the research, such as the
objectives and the methodology followed.
Chapter 2 is a detailed literature review of the fundamentals behind scour, the current scour
monitoring techniques, and the vibration-based scour monitoring method, in particular.
Chapter 3 presents two field studies on Nine Wells Bridge and Baildon Bridge. Nine Wells
Bridge was studied for its feasibility in capturing scour and deck damage. This feasibility study
was the deciding step before carrying out the experimental research on Baildon Bridge, where
a field trial was carried out to test the potential of the vibration-based scour monitoring
technique.
Chapter 4 presents the development of a centrifuge experiment to test three hypothetical fullscale bridges with small-scale models. This chapter also discusses the results of the
experiment in terms of the scour monitoring potential of natural frequency, mode shape and
spectral density parameters in all the models.
Chapter 5 presents a numerical modelling study that extrapolates the centrifuge experiment
results to full-scale bridges. It also assesses the scour simulation techniques for local and
global scour.
Chapter 6 – 8 present a discussion based on all the experimental and numerical research
carried out, provide suggestions for future research, and finally, summarise the conclusions
that can be drawn from the findings of this research.
Unless otherwise noted, natural frequency and frequency, in the following sections of this
thesis, refer to the fundamental natural frequency of vibration of a bridge or any other structure,
mode indicates the mode of vibration of a bridge, and scour refers to a certain depth of scour
at a bridge foundation. Fundamental mode refers to the first mode of vibration or the lowestorder mode in a mentioned direction. Longitudinal refers to the direction along the length of an
element, for a horizontal bridge deck, longitudinal is the horizontal direction along the
centreline. Transverse refers to the horizontal direction normal to the longitudinal direction.
Lateral refers to any direction in the plane normal to the length of an element, for a vertical
pile, lateral refers to any horizontal direction. Output-only method refers to a system
identification method that utilises only the output vibration measurements (i.e. without the input
excitation measurements). Spectral density or modal spectral density refers to the spectral
density estimate at a modal peak of a spectral density (e.g. power spectral density) spectrum.
Centrifuge modelling and centrifuge testing refer to the geotechnical centrifuge modelling
technique.
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Chapter 2

Literature review
Highlights
•

Scour has been reported as the most common cause of bridge failure.

•

Based on a detailed review of current scour monitoring techniques, vibrationbased scour monitoring was selected.

•

A comprehensive review of the vibration-based scour monitoring literature
identified the existing research gaps.

Scour is the engineering term that refers to the erosion of soil from around structural
foundations as a result of the action of water (CIRIA, 2015). Higher scour levels around a
bridge foundation can lead to its instability and even, eventual collapse. Scour is a complex
process, and its monitoring and evaluation require inter-disciplinary inputs from hydraulic,
geotechnical and structural engineers.
This chapter initially introduces the different scour mechanisms and the danger of bridge scour.
It follows with a review of the existing scour monitoring techniques, with the intention of
identifying a feasible monitoring technique for further study. The state of knowledge of this
feasible monitoring technique, the vibration-based scour monitoring technique, was studied in
detail at the end of this chapter with the aim of finding key research gaps.

2.1 Scour mechanisms
Scour occurs as a result of the interaction between water and bed materials. A bridge
foundation embedded in any waterbed, a seabed or a riverbed, is therefore prone to scour,
although only some bridges experience extensive amounts of scour. Seabed scour
mechanisms have primarily been categorised as local and global scour, based on the resulting
shape of scour (Sumer, Bundgaard and Fredsøe, 2005; Mohamed, 2012). Riverbed scour
mechanisms have been categorised as local scour, contraction and natural scour (CIRIA,
2015), based on the resulting shape and the relative sizes of the bridge opening and the river
channel.

2.1.1 Local scour
Local scour in both the seabed and riverbed results from the direct impact of water on individual
structural elements. These individual structural elements cause the flow velocity to increase,
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and hence create vortices that exert erosive forces on the adjacent bed. As this flow velocity
increase occurs primarily near the structural element, scour occurs only in the immediate
locality of the structure, as the name implies. Local scour has been researched extensively,
since it can be tested in laboratories with physical models, and scour estimation formulae for
a variety of situations have been developed. Based on these formulae, the maximum local
scour depth near a bridge pier depends on factors such as the width of the pier, flow depth
and erodibility of the bed materials (CIRIA, 2015; Zampieri et al., 2017).
Each of the factors that contribute to scour, such as flow rate, sediment characteristics and
type of structure, has a significant degree of uncertainty or difficulty in making long-term
predictions. For example, flow condition may change as a result of the changes in the
catchment use or climate. Hence, the scour depth reaching a particular depth, and causing
damage to an adjacent bridge, cannot be estimated with the same accuracy as is possible with
structural design (CIRIA, 2015).

2.1.2 Contraction scour
The second type of scour mechanism of riverbeds, namely, contraction scour, occurs because
of increased flow velocity resulting from narrowing of a channel. A significant part of the
contraction is often due to the approach embankments to a bridge, which cause the flow along
the floodplain to join the main channel and pass through the bridge opening, as shown in
Figure 2.1.

Figure 2.1 Contraction scour (CIRIA, 2015)

2.1.3 Natural scour
Natural scour (some researchers call this general scour), in contrast to both of the above
mechanisms, occurs naturally, even without the presence of a structure. This process includes
long-term bed degradation, channel migration through bank erosion and bend scour.
Degradation is the long-term erosion of bed material in a river, perhaps over a decade or a
century, and this affects its longitudinal profile. Bend scour is the additional scour occurring as
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a result of the curvature of a river. Channel migration involves lateral migration of a river
channel across its floodplain (Prendergast and Gavin, 2014; CIRIA, 2015).

2.1.4 Global scour
Global scour, as the name implies, refers to the lowering of the bed level everywhere (Sumer,
Bundgaard and Fredsøe, 2005; Mohamed, 2012), as opposed to bed lowering in the locality
of the foundation (Figure 2.2). In both local and global scour, the scour depth refers to the
maximum depth measured at the foundation surface relative to the initial position of the bed
level (Mory et al., 1999). Although global scour has primarily been used with reference to
structures on a seabed, the shape of global scour is similar to the shape resulting from
mechanisms of natural and contraction scour in riverbeds. Global scour in the seabed occurs
as a result of either the diffraction of sea waves by a large structural foundation or the
morphodynamical changes in the sea bed that are independent of the presence of the
structural foundation (Mory et al., 1999).

Figure 2.2 Shape of a local and global scour

2.2 The danger of scour in bridges
Bed scour at bridge foundations has been identified as the leading cause of bridge failure in
New Zealand (Melville and Coleman, 2000), Taiwan (Ko et al., 2010), the USA (Hunt, 2009),
the UK and around the rest of the world (Dikanski et al., 2016). A study conducted on 500
bridge failures, which occurred in the period between 1989 and 2000 in the United States, has
shown that hydraulic causes contribute to 53% of bridge failures (Wardhana and Hadipriono,
2003). Another two studies in the USA on 823 bridge failures since 1950 (Shirole and Holt,
1991), and 1502 documented bridge failures from between 1966 and 2005 (Hunt, 2009),
identified the same finding, i.e. hydraulic causes are the main reason for bridge failure,
accounting for approximately 60% of the total failures. One survey of 347 bridge failures around
the world over the period from 1444 A.D. to 2004 found that natural hazard is the primary cause
of bridge failures (29.3%), of which flooding/scour accounted for 66% and earthquakes
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contributed to 14% (Imhof, 2004). One more study of 104 bridge collapses in China from 2007
to 2015 found flooding to be the leading cause, which had contributed to 43% of the collapses,
and, unfortunately, killed 101 people (Liu, Liu and Yu, 2017).
The top 10 causes of bridge failures found in Wardhana and Hadipriono (2003) are illustrated
in Figure 2.3. In comparison to the significant number of failures with hydraulic causes, there
remains a small number of failures resulting from other causes, such as steel fatigue,
earthquakes and fire. The hydraulic causes have been further subdivided as flooding (33%)
and scour (15.5%). These authors presume that the causes identified as flooding could also
mostly be the result of scour, although given separately to comply with the original sources
where both terms may have been used interchangeably.

Design,Soil

0.6%

Steel fatigue

1.0%

Ice

2.0%

Construction

2.6%

Fire

3.2%

Earthquake

3.4%

Deterioration
Overload

8.6%
8.75%

Collision

11.7%
52.9%

Hydraulic…
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50.0%

60.0%

Percentage of occurance

Figure 2.3 Top 10 causes of bridge failures in the US during 1989 and 2000: based on the data from
Wardhana and Hadipriono(2003)

Lin et al. (2013) studied 36 bridge failures that occurred as a result of scour in New Zealand,
the USA and Canada. The main scour mechanism for these bridge failures was identified as
local scour (64% of the bridge failures), in contrast to global, contraction or natural scour. The
main component failure was with the bridge piers, as noticed in 61% of the events.
The scour depths measured at most failure sites of Lin et al. (2013) were between 0.5 and 5
m, although maximum scour depths as high as 15 m had been recorded. Another study on
shallow coastal waters has measured scour depths of up to 6.3 m (Rudolph, Bos and
Luijendijk, 2004).
Scour induced bridge failure could occur without any prior warning, putting the lives of those
crossing the bridge in danger. Figure 2.4 shows one of many such bridge failures in the past,
which occurred because of scour. This collapse caused two train coaches to fall into the river,
and they were washed away (Bao and Liu, 2016).
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Figure 2.4 Shi‐Ting‐Jiang Bridge failed because of scour in 2010 (CNTV, 2010)

2.3 Scour monitoring techniques
Scour monitoring can direct bridge engineers to implement timely countermeasures, thus
reducing the risk of bridge failure. Scour depth was historically measured using sounding rods
in shallow waters and lead-weight sounding lines in deeper waters. Today, modern devices
use non-contact sensing techniques and remote technology, with data transmitted to a logger
and then to a central office or an online cloud platform. Scour monitoring methods can be
divided into two main categories based on use, as mentioned below:
1. Portable equipment
These techniques are suitable for occasional readings. They are cheaper but do not
provide a continuous record.
2. Fixed equipment
These are mounted on the bridge or in the riverbed and give a continuous record of
measurements.
Hunt (2009) surveyed fixed scour monitoring equipment in the USA. As shown in Figure 2.5,
sonar was found to be the most common type of fixed equipment, with magnetic sliding collar
coming second. Other equipment, such as tiltmeters, float-out devices, time-domain
reflectometry and piezometric film sensors had a lower presence. In addition to these, a
number of new scour monitoring techniques are currently available.
The following sub-sections explain these scour monitoring techniques, highlighting their
advantages and limitations.
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Figure 2.5 Bridge sites based on the type of fixed scour monitoring instruments present (Hunt, 2009)

2.3.1 Visual inspection
For site inspections, access can be difficult in flood conditions. A simple method is to place
indicator stones wrapped in brightly coloured tape and bury these at specific known depths.
Their appearance or absence can indicate the mobility of the bed material. Alternatively,
cameras (infrared, if night vision is also needed) can be used to monitor water level, the
presence of debris and large bridge movement. These are simple methods to implement, but
they give limited valuable information on scour (CIRIA, 2015).

2.3.2 Single-use devices
There are two common single-use devices, namely, float-out devices and tethered buried
switches. The float-out devices are embedded in a vertical orientation at a desired level. As
shown in Figure 2.6, when the original ground level (Stage 1) reaches the installed depth of
the device (Stage 2), the device simply floats out up to the water surface (Stage 3). When the
device changes from vertical to horizontal orientation after floating on water (Stage 3), an
electrical switch triggers and a wireless signal is sent to a data-acquisition system nearby
(CIRIA, 2015).

Figure 2.6 Simple float-out device
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Table 2.1 Advantages and limitations of single-use devices
Advantages

Limitations

•

Simple

•

Single-use – need to reinstall for further readings

•

Low-cost devices

•

Limited value – only indicates that the depth of embedment has

•

Buried parts do not
require maintenance,

reached but gives no data on further scouring or deposition
•

and are not affected by

Expensive installation, especially in deep water; requires drilling
or coring

ice, debris and

•

Scour depth only at one location

vandalism

•

Power-related issues:
TBS wires are susceptible to damage due to debris
Float-out devices have battery life limitations

(Briaud et al., 2011; Prendergast and Gavin, 2014; CIRIA, 2015)

Tethered buried switches work similarly but are permanently connected to a power source.
Thus, they have three states: “in position”, “device rotated” and “not operational” (Briaud et al.,
2011; Prendergast and Gavin, 2014). In contrast to float-out devices, tethered buried switches
remove the doubt of not knowing whether the device is in position or not operational when a
signal is not sent. When the scour level reaches its embedded depth, this device rotates as a
result of the hydraulic force but not buoyancy. The estimated design life of these switches is
approximately twenty years (CIRIA, 2015). The advantages and limitations of single-use
devices are presented in Table 2.1. While these have the advantages of being simple and lowcost, they also come with the limitations of being single-use and difficult to install. They are
best suited to new bridges or bridges crossing ephemeral watercourses, having only seasonal
water flow, where it is easier to install the devices.

2.3.3 Physical probing
In this method, either a ranging pole or sounding weight on a cable is used to locate the bed
level or depth to the undisturbed soil. Sounding rods or sounding weights can be used from
the bridge, a boat or by a diver (CIRIA, 2015). In the same way the visual inspection is
commonly used for bridge superstructures, underwater inspection is commonly being carried
out by divers (Figure 2.7) rather than by instrumentation. Maintenance engineers often feel
that the most reliable way to measure scour is to use divers (Elsaid and Seracino, 2012). The
advantages and limitations of physical probing are presented in Table 2.2. While there are
advantages related to simplicity and physical sense, there are major limitations related to the
safety of the divers. Furthermore, it does not provide an accurate estimate of the criticality of
scour, since divers cannot be deployed during flooding when the scour is at its peak, and the
resulting scour holes are often refilled when the flood recedes (Prendergast, Hester and Gavin,
2016).
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Figure 2.7 A diver carrying out an underwater bridge inspection (Diving Services Inc., 2017)
Table 2.2 Advantages and limitations of physical probing
Advantages

Limitations

•

Simple

•

Not suitable for deep water

•

Not affected by air

•

High velocities of water and debris can disturb the probing

entrainment or high

method used

sediment loads

•

Does not provide real-time information

•

Low-cost for small areas

•

Expensive and time-consuming for large areas (for each

•

Provides a physical sense

inspection, it is necessary to send divers in with all their

(compared to Sonar)

equipment and/or using a dedicated boat)
•

The accuracy of the measurements is subjective

•

Using divers or boats during flooding is dangerous and
hence not feasible

(Hunt, 2009; CIRIA, 2015)

2.3.4 Sounding rods
Sounding rods are vertical rods with a base plate at the bottom, which can only be used to
locate the bed level. These are rested on the bed of a river with a sleeve at the top to keep
them vertical. The rod moves downwards as scour occurs and stays at the most scoured level
in its history since the deployed time. The displacement at the top of the sounding rod shows
the maximum scour depth experienced since it was installed. To monitor the next scour event,
the rod has to be forcibly raised out. Table 2.3 presents the advantages and limitations of
sounding rods.
These rods are difficult to mount on structures that have inclined piers. Furthermore, if scour
occurs below the foundation level, substantial mountings are needed. Sounding rods are best
suited for coarse bed materials and rip rap. With sand or other fine bed materials, the sounding
rods can settle into the because of their own weight and the vibration caused by the flowing
water. Hence, suitably sized base plates are required (CIRIA, 2015).
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Table 2.3 Advantages and limitations of sounding rods
Advantages

Limitations

•

Simple

•

•

Reliable

•

Not affected by air

length of rod, which can suffer vibration
•

•

If an aggressive groundwater or surface water condition is
prevalent, the sounding rod will be prone to corrosion

entrainment or high
sediment loads

Not suitable for deep water because of the long, unsupported

•

Hydrodynamic forces, ice and debris can damage the
sounding rod

Lower operational cost
compared to using divers

•

Does not provide real-time information

and boats

•

Not suitable for inclined piers or abutments and fine bed
materials

(CIRIA, 2015)

2.3.5 Time-domain reflectometry
Time-domain reflectometry (TDR) is a guided electromagnetic wave technology that measures
reflections along a conductor to derive the electrical characteristics of the surrounding material
(Yu, 2009). The arrangement of a typical TDR system is shown in Figure 2.8. The system
includes a set of measurement probes, the TDR device and a connection cable. The TDR
device sends a fast-rising step impulse to the measurement probe, and when dielectric
permittivity1 changes in the surrounding medium of the probe, part of the energy is returned to
the source via another parallel vertical rod (Hunt, 2009; CIRIA, 2015). There is a significant
difference between dielectric permittivity of water (81) and soil (3 – 7). Hence, the water-soil
interface can be identified with the use of this technique and scour depth can be measured in
real-time (Yu and Yu, 2010; Yu, Zhang and Tao, 2013; Prendergast and Gavin, 2014).
TDR has been extensively researched in the laboratory environment to understand the effect
of different environmental conditions. Also, there are many example applications (Fisher et al.,
2013). However, CIRIA (2015) has indicated that there were no suppliers at the time of the
report. The advantages and challenges of TDR are explained in Table 2.4. While the TDR
technique has the advantage of being robust and real-time, there are limitations related to the
difficulty of installation underwater and the limit of maximum depth.

1

Dielectric permittivity relates to the ability of a dielectric material to resist an electric field. Dielectric is
a material that does not conduct electricity, but an applied electric field displaces its charge rather than
causing the electricity to flow.
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Figure 2.8 The arrangement of a typical TDR (Yu, Zhang and Tao, 2013)
Table 2.4 Advantages and limitations of time-domain reflectometry
Advantages

Limitations

•

Real-time

•

Limit on maximum length of signal reliability

•

Robust – resistant to ice, rapid flow and

•

Suspended sediment, salinity and temperature

debris

can affect the measurement accuracy
•

Underwater installation and cable handling

(Hunt, 2009; Lagasse et al., 2009; Fisher et al., 2013)

2.3.6 Ground-penetrating radar
Ground-penetrating radar (GPR) is a geophysical technique that can determine the bed profile
of a stream. The GPR device, which is placed on, or immediately above, the water surface,
uses a transmitter antenna to emit electromagnetic waves (frequency in the range of MHz) to
the ground (Anderson, Ismael and Thitimakorn, 2007). When these waves encounter a
boundary with different dielectric permittivity, some of the waves are refracted or reflected
back. A receiver antenna in the GPR device records the return signal in order to determine the
depth to the boundary. It can be towed across, or over, the water surface to establish a
continuous profile of the riverbed. The advantages and limitations of this technique are
presented in Table 2.5. This device differs from sonic fathometers and echo sounders in that
it can also create a geophysical map of the subsurface information (Anderson, Ismael and
Thitimakorn, 2007; Prendergast and Gavin, 2014; CIRIA, 2015). However, it involves manual,
time-consuming operations and it does not provide real-time scour monitoring.
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Table 2.5 Advantages and limitations of ground-penetrating radar
Advantages

Limitations

•

•

Gives the geophysical profiles of the
riverbed and subsurface information

•

Requires manual, time-consuming operation and
specialised training

The antennas can be moved rapidly

•

Not practical for water depths of more than 10 m

across (or above) the surface of a

•

Not a real-time monitoring solution

stream, being free of an operator

•

The measurement accuracy is affected by air

•

A continuous record of the riverbed

•

The device does not need to be

entrainment and high sediment loads
•

submerged in water and can be
operated remotely

The reflections and echoes from pier foundations
can add noise to the data

•

Not suitable for saline water or dense, moist clays
since the signal will not penetrate conductive
material

(Anderson, Ismael and Thitimakorn, 2007; Hunt, 2009; Deng and Cai, 2010; CIRIA, 2015)

2.3.7 Driven or buried rod devices
Driven or buried rod devices used for scour monitoring can be broadly categorised as below:
1

Collar-based and other non-vibration-based rod devices

2

Vibration-based rod devices

With collar-based devices, a driven rod, along which a collar, rests on the stream bed and
moves downwards as scour occurs. One of the most common collar-based devices is the
magnetic sliding collar, shown in Figure 2.9. It involves a set of magnetic switches along the
rod, and these switches close with the downward movement of the collar as scour occurs. This
device can measure scour depth up to a maximum of around 3 m (Nassif, Ertekin and Davis,
2002). The advantages and limitations of the magnetic sliding collar are presented in Table
2.6. While these have the advantage of cost-effectiveness and easy installation, there are
limitations related to providing only a localised (point measure) scour depth measurement and
potential jamming of the collar.

Figure 2.9 Magnetic sliding collar (Fondriest Environmental Inc., 2017)
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Table 2.6 Advantages and limitations of magnetic sliding collar device
Advantages

Limitations

•

Widely used, inexpensive and

•

Scour hole refilling is not indicated

simple

•

Provides only a local scour depth measurement

•

Easy to install and operate

•

Jamming of the collar when the rod is tilted; the

•

High scour depth resolution, 0.15 m

intrusion of stones between the collar and the
support; corrosion
•

Excavation required for driving support tube, and
hence high maintenance and repair cost

•

Vulnerable to ice and debris damage, unsupported
length

(Nassif, Ertekin and Davis, 2002; Lagasse et al., 2009; Briaud et al., 2011; CIRIA, 2015)

The vibration-based rod devices correlate the scour depth to the dynamic properties of a
partially buried rod. Zarafshan, Iranmanesh and Ansari (2012) developed a vibration-based
device that measures dynamic strain measurements along a rod. The exposed length of the
rod due to scour results in reduced lateral stiffness of the rod and a lower natural frequency.
The measured dynamic strain history is converted to the frequency domain using modal
analysis. The change in frequency is correlated to the exposed depth by developing a Winkler
spring system for the soil rod system. The advantages and limitations of these techniques are
presented in Table 2.7. This system allows self-calibration: the natural frequency measured at
the installed location and the known depth of embedment can be used to choose an
appropriate modulus of subgrade reaction.
Fisher et al. (2013) also developed a similar device, which has vibration-based turbulent
pressure sensors (VTP) along the length of a driven rod. Each of these sensors has an
accelerometer to measure vibration, and a flexible disc that vibrates as a result of the dynamic
pressure of turbulent water. The energy content of each sensor is calculated as the mean
squared value of acceleration. The sensors subjected to turbulence from water flow have two
to three orders of magnitude higher energy content than those embedded in the soil layer and
at rest. This difference in energy content is used to estimate the water-soil interface, thereby
determining the scour depth.
Table 2.7 Advantages and limitations of vibration-based driven rods
Advantages

Limitations

•

Real-time monitoring

•

Labour intensive and costly installation

•

Not affected by turbid water conditions

•

Provides only a local scour measurement

•

Simple and robust in harsh hydraulic

•

The connection cables to the sensors are prone

conditions

to flood/debris-induced damage

(Fisher et al., 2013; Prendergast and Gavin, 2014)
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2.3.8 Electrical conductivity devices
Electrical conductivity-based scour monitoring devices include multiple electrical conductivity
sensors spaced equally along a rod. The rod is driven vertically into a riverbed, with part of it
exposed to surface water. The bed level is located by the difference in electrical conductivities
measured below the riverbed (saturated soil) and above the riverbed (surface water). When
scour occurs, one or a few previously buried sensors will be exposed to surface water and
measure a different conductivity. This principle can be used to track the scour depth (Hayes
and Drummond, 1995). Table 2.8 shows the advantages and limitations of this technique.
Although this technique has the advantage of real-time, long-term monitoring capability, the
metal rod is prone to corrosion.
Table 2.8 Advantages and limitations of electrical conductivity devices
Advantages

Limitations

•

Allows long-term monitoring

•

•

Real-time measurements

Works only where surface water and saturated sediment
conductivities have a measurable difference

•

The device may pose a hazard to navigation

•

Electrodes are prone to corrosion, and the rod is prone to
damage due to debris

(Hayes and Drummond, 1995; Anderson, Ismael and Thitimakorn, 2007)

2.3.9 Sonar
Sonar refers to sound navigation ranging. Sonar devices work on the principle that a sound
wave reflects part of its energy when propagating through an interface that changes density
such as the soil-water interface. Therefore, the depth of the soil-water interface can be
estimated by recording the time interval between emission and return of a sound wave. Sonar
devices are best suited to bridges in coastal regions (Hunt, 2009). Some proprietary sonar
sensors have shown centimetre-scale depth-measurement accuracies and measurement
ranges of between 0.4 – 200 m water depth (AIRMAR, 2017). Three different types of soundwave-based scour monitoring devices are explained below, and their advantages and
limitations are highlighted in Table 2.9.
2.3.9.1 Sonic fathometers
These sensors are placed below the surface level of the water and emit sound waves through
the water medium to the ground, from where the waves are reflected back. Sonic fathometers
are commonly used in fishing boats to locate fish (Hayes and Drummond, 1995). They can be
mounted on bridge piers to monitor scour depth (Prendergast and Gavin, 2014).
Sonic fathometers are one of the most widely used methods for scour monitoring. The
performance of this device has been assessed by many researchers for scour monitoring, and
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some of the findings are highlighted in Table 2.9 (Falco and Mele, 2002; Nassif, Ertekin and
Davis, 2002; Hunt, 2005; Holnbeck and McCarthy, 2010; Fisher et al., 2013).
Table 2.9 Advantages and limitations of different sonar monitoring techniques
Advantages

Limitations

•

Records infilling; can be built

•

A limited depth tolerance

with off-the-shelf components

•

Interference from debris, high sediment loading

•

Extensively researched: scour

Sonic fathometers

holes of 0.23 – 1.2 m in depth

•

When the sound-wave beam encounters a variable

have been accurately

depth profile at the bed level, only the lowest depth

measured; successfully

is given

operated during hurricanes

•

Often the device is mounted on a bridge pier,
which can settle during scour, leading to an
inaccurate measure of the real scour depth

•

Gives an accurate depth

•

•

Noise with variable streambeds leads to the

structure model of the bed

crossing-over of signals; much manual input is

surface and the subsurface,

needed to obtain measurements

with depths in the order of tens

Reflection seismic profilers

and entrained air present in turbulent flow

•

Both the source and the receiver need to be

of metres

submerged, and hence measurements cannot be

Records infilling

taken continuously over sand bars
•

Multiple reflections and echoes from the pier
foundation, shoreline and channel bed can add
noise to the data

•

Interference from debris, high sediment loading
and entrained air present in turbulent flow

•
•

Gives an accurate depth

•

Compared to reflection seismic profilers, only the

structure model of the riverbed

depth of the sediment-water interface profile can

Records infilling

be measured because of the high attenuation of
high-frequency waves
•

Both the source and receiver need to be
submerged, and hence measurements cannot be
taken continuously over sand bars

Echo sounders

•

Multiple reflections and echoes from the pier
foundation, shoreline and channel bed can add
noise to the data

•

Interference from debris, high sediment loading
and entrained air present in turbulent flow

(Falco and Mele, 2002; Nassif, Ertekin and Davis, 2002; Hunt, 2005; Anderson, Ismael and Thitimakorn,
2007; Holnbeck and McCarthy, 2010; Yao et al., 2010a; Fisher et al., 2013)
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2.3.9.2 Reflection seismic profilers
This method uses a coupled source transducer and receiver transducer positioned just below
the water surface. The sound-wave source transducer produces pulsed waves at regular time
or distance intervals, with frequencies in the range of kilohertz. The signal propagates through
water and soil, with part of it being reflected at the riverbed and other acoustic impedance
interfaces. The reflected waves are captured by the receiver transducer. This device is towed
across the water surface to capture the distributed scour depth profile. Then, the profile of the
streambed can be built by converting time-depth profile measurements to a depth profile using
the estimated seismic interval velocities (Anderson, Ismael and Thitimakorn, 2007;
Prendergast and Gavin, 2014).
2.3.9.3 Echo sounders
Echo sounders work similarly to reflection seismic profilers, but the waves used are of high
frequency (dominant frequency in 100s of kHz). The waves are highly attenuated while
travelling through soil layers, and hence they are only effective in identifying the depth to the
bed level. The depth profile can be obtained by converting time-depth plots to depth plots,
similar to the method used with reflection seismic profilers (Anderson, Ismael and Thitimakorn,
2007; Prendergast and Gavin, 2014).

2.3.10 Vibration- and tilt-based methods
Scour causes erosion of the soil that supports bridge foundations from the side and
underneath. Such loss of support results in a change in the overall stiffness of the bridge.
When this stiffness change is significant enough to cause a measurable shift in natural
frequency or tilt, the parameters themselves can aid in identifying (Prendergast and Gavin,
2014; Bao and Liu, 2016).
Tiltmeters measure rotation, and they can be used to monitor differential settlements of a
bridge that occur because of scour (Lagasse et al., 2009). Experimental research by Briaund
et al. (2010) and Yao et al. (2010a) has found that vibration-based parameters show earlier
scour detection than tilt. Therefore, vibration-based monitoring may have more potential than
tilt.
Table 2.10 highlights the advantages and limitations of vibration- and tilt-based techniques.
These techniques have limitations such as the requirement of an associated FE model and
being an indirect measure of scour. They also have a number of advantages such as costeffectiveness, capability for real-time monitoring and durability of the instrumentation.
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Table 2.10 Advantages and limitations of vibration and tilt-based scour monitoring
Advantages

Limitations

•

Real-time monitoring

•

•

Durable: the sensor can be installed
above the waterline, which avoids most

•
•
•

Does not provide a direct indication of scour
depth

•

Vibration: forced vibration by the impact is not

of the challenges associated with water

suitable for old bridges as no set-up is pre-made

and soil

for impact equipment installation. On the other

Indicates a distributed rather than a

hand, ambient vibration has a low signal to noise

single point measure of scour depth

ratio

Cost-effective and easy to install; low

•

A finite element model is often used to estimate

maintenance required

scour depth; hence, the estimated depth involves

The scour depth measurements by

some inaccuracies inherited from the errors and

other methods do not indicate the effect

variabilities of the input parameters of the finite

of scour on the bridge behaviour.

element model

Hence, bridge owners find it difficult to
assess the risk of scour-related failure.

•

Accelerometers: a high volume of acceleration
data needed; high-power requirement

In contrast, with this method, a shift in
structural response shows a direct
effect on the structure by scour

(Lagasse et al., 2009; Briaud et al., 2011; Prendergast and Gavin, 2014; Bao and Liu, 2016)

2.3.11 Smart rocks
Smart rocks are essentially powerful magnets encased in concrete. Once dropped on to the
bed underwater, smart rocks change the magnetic field nearby, even above water. Measuring
this magnetic field, it has been possible to locate the position of these smart rocks. The idea
is that when scour occurs, the position of the smart rocks changes, as they roll down to the
bottom of the scour hole. The resulting change in the magnetic field above water indicates the
location and depth of the scour hole. The magnetic field can be measured by a magnetometer
placed on either an unmanned flying vehicle (UFV) or a moving platform. Table 2.11 lists some
of the advantages and limitations of smart rocks. A limitation of this technique is that the
measurement accuracy depends on many factors, such as the power of the magnet, the
accuracy of the magnetometer, the direction of the smart rock and the presence of steel bridge
girders (Chen et al., 2018; Tang et al., 2019). A key advantage is that these smart rocks can
also be used as part of rip-rap countermeasures to check its effectiveness (Tang, 2017). The
effective monitoring range of smart rocks has been as high as 12 m, while the depth resolution
has been as high as 0.1 m, although these measurements were taken outside water and the
underwater performance may be different (Tang et al., 2019).
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Table 2.11 Advantages and limitations of smart rocks
Advantages

Limitations

•

Ability to locate the position of the rocks

•

•

Effective monitoring range up to 12 m

direction of the rock and the steel content of the

•

Error of scour depth measurement as low

bridge

as 0.1 m
•

•

Requirement for a magnetometer: only
intermittent measurements

Riprap countermeasure effectiveness
indication ability

Measurement reliability dependence on the

•

Provides only a local scour measurement at the
rock location

•

Washing away during heavy flooding

(Tang, 2017; Chen et al., 2018; Tang et al., 2019)

2.3.12 Underwater surface-water vehicles
Robotic underwater and surface-water vehicles have recently been developed as a
replacement for the use of scuba divers for scour monitoring. These devices often use sonar
to produce 3D images of the bed profile.
Fadool et al. (2012) developed a prototype robotic system that can be operated autonomously.
It is temporarily affixed to the bridge pier or exposed pile underwater with a vertical drive mount,
as shown in Figure 2.10. This device can move to different places along the pile/pier, either
vertically on the vertical drive mount or around it on a circular guide rail. The sonar scanner
can also be directed downwards to various vertical angles, to obtain a 3D image of the whole
bed profile near the foundation. This autonomously operated device was validated in the
laboratory environment and has shown a maximum depth measurement error of 2-2.5 cm.

Figure 2.10 The prototype robotic system (a) 3D rending of the device (b) device in operation

Hill (2016) used unmanned surface vessels (USVs) to carry out bridge inspections. These
USVs can autonomously navigate and operate while collecting underwater acoustic images
and transmitting them to a remote station. The acoustic images can be used to detect
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underwater structural damage, scour and undermining. The USV has also been used to
capture photos of the underside of the bridge above water, which are difficult to capture.
Unmanned vehicles are particularly crucial for bridges crossing marine environments, where
high currents and wind make it difficult to deploy scuba divers (Hill, 2016). According to a
review of autonomous underwater vehicles used in marine geoscience (Wynn et al., 2014),
autonomous underwater vehicles (AUVs) are usually used in conjunction with other types of
surface and underwater vehicle. Initially, vessel-mounted multibeam echo sounders (MBES)
or 3D seismic provides a bed profile with a spatial resolution of 10 – 100s of metres. Then,
AUV mounted MBES provides a more accurate bed profile measurement with a spatial
resolution of 0.5 – 5 m. Finally, remotely operated vehicles (ROVs) are used to get a bed profile
at specific locations of interest, with a spatial resolution of cm scale.
Murphy et al. (2011) present a case study of using underwater and surface-water vehicles
(Figure 2.11) for a successful post-disaster bridge inspection. Table 2.12 highlights the
advantages and limitations of these systems. These have the advantages of being capable of
autonomous and rapid monitoring and are especially suitable to inspect bridges crossing
marine environments. However, they have a number of limitations related to cost, technological
challenges and the environmental sensitivities of the scanning device.
Table 2.12 Advantages and limitations of underwater/surface-water vehicles
Advantages

Limitations

•

•

Autonomous operation – no

AUVs employed in marine environments have limited

operators are required on-site –

speeds (up to 1.5–2 ms-1), and hence they are

and possible to use in harsh

vulnerable to being moved away by tidal currents

weather conditions

•

High military, shipping or fishing activity present can

•

Faster monitoring

cause acoustic interference, collision risk and

•

Can do things that are difficult

entanglement

for divers, if technology permits

•

Areas of significant water turbidity can obstruct camerabased bed mapping

•

Some technological challenges need to be addressed:
human-robot interaction, 3D obstacle avoidance, stationkeeping, handling large data sets, GPS drop-out rates
and uncertain sensor readings

(Bovio, 2005; Murphy et al., 2011; Hill, 2016)
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Figure 2.11 (a) Unmanned surface vehicle (USV) (b) Remotely operated vehicle (ROV) (c)
Unmanned underwater vehicles (UUV)

2.3.13 Common challenges and the way forward
The monitoring techniques explained above possess inherent advantages and limitations
when compared against one another. The most common limitations are as follows:
1. Durability issues, i.e. monitoring device being susceptible to damage by moving
debris;
2. Provides only a local (point) measurement of scour depth;
3. Limited amount of details provided to assess the scour-related risk (do not provide
enough data on the scour depth, scour hole refilling and soil properties);
4. Not feasible during flooding because of inaccessibility, air bubbles and/or rapid flow;
5. No real-time data (this is important, as scour-related damage could occur and
develop rapidly during flooding);
6. Environmental parameters such as salinity, suspended sediment and temperature
can affect the measurement accuracy;
7. High-cost, labour-intensive installation and/or operations required.
Most of these challenges seem to arise as a result of the barriers of water and/or soil and due
to the fact that scour depth is monitored directly. Hence, a comparison study was carried out,
considering four possible locations where scour sensors could be placed to monitor scour
depth directly or indirectly (Figure 2.12). The sensor-location-related constraints and benefits
are highlighted in Table 2.13, with current examples and suggestions for the future.
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Figure 2.12 Different locations studied for placing sensors to measure scour at a bridge foundation

As shown in Table 2.13, if the scour depth is monitored directly using a device in water, there
will be many challenges related to corrosion, durability and debris accumulation, while there is
an opportunity to use the soil-water interface as part of the monitoring technique (e.g. magnetic
sliding collar). If the scour depth is directly monitored using a device in soil, some of the
challenges are installation of the device, its power management and the fact that it is oftentimes
a single-use device, while a key advantage is that the device would be safe from damage by
debris or water flow. If the scour depth is measured directly using a device located anywhere
above water, the method of monitoring has to be through some wave-based remote monitoring
technique. Therefore, wave-transmission-related issues such as sensitivity to salinity and air
bubbles arise. If the scour depth is monitored indirectly by using a structural behaviour
monitoring device located on the structure, but above the water level, most of the challenges
associated with water and soil barriers can be mitigated, although this provides an indirect
measurement of scour. Vibration-based scour monitoring is this type of a monitoring technique,
and it has already indicated some potential based on numerical modelling predictions, although
there has been limited research, according to Prendergast and Gavin (2014) and Bao and Liu
(2016). Therefore, the state of knowledge on vibration-based scour monitoring was studied as
is presented in detail in the next section.
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Table 2.13 A study on the best location for bridge scour monitoring

Challenges
and constraints

Device above water
(direct scour monitoring)

Device in water
(direct scour monitoring)

Device in soil
(direct scour monitoring)

Device on the structure
(indirect scour monitoring)

Should be electromagnetic
wave, sonar or magnetic
based

Can corrode if it is metal,
especially the parts that are at
the air-water interface, because
of the constant wetting and
drying

Installation is costly and labourintensive

If the structural response is
measured, it is an indirect
measurement of scour

Rapid flow speed can affect the
performance of the device

Hard to use wave-based
devices, and hence, unless the
device is halfway in the water, it
is likely unable to monitor the
real-time riverbed level

Air bubbles and suspended
sediments can interfere, and
hence it is not suitable during
flood conditions
Wave refraction at the airwater interface can result in
inaccuracies, and hence
either the device should be on
the waterline or waves should
be sent vertically from above,
in which case the device
needs to be moved to obtain
distributed scour depth profile

Flowing debris can damage the
device

Power and connectivity-related
issues can arise

Environmental parameters such
as salinity, turbidity and
temperature can affect accuracy,
and hence they also have to be
measured and compensated

A good structural response will
need time, and when a
measurable difference is
noticed it can be too late
The response as a result of
scour can be too small and
can interfere with other
responses
Susceptible to vandalism

Susceptible to vandalism
Competitive
advantages

Device is safe from potential
damage by debris and rapid
flow speed

Can use the movement of water
as a way to distinguish water
from the soil bed

Installation and maintenance
are low cost and easy

There is no interference by
water-air interface when wavebased devices locate water-soil
interface

No interference by flowing water
or debris

Scour depth measured does
not give a direct indication of
how much damage is caused
by scour, but structural
response does
Device is safe from potential
damage by debris and rapid
flow speed
provide a global scour
measure
Real-time, remote monitoring
is feasible

(continued on next page)
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Table 2.13 A study on the best location for bridge scour monitoring (continued)

Currently
available
examples

Device above water
(direct scour monitoring)

Device in water
(direct scour monitoring)

Device in soil
(direct scour monitoring)

Device on the structure
(indirect scour monitoring)

Ground-penetrating radar

Devices that use the reflection of
waves at soil-water interface
(sonar-based devices)

Float-out device, tethered buried
switches

Structural vibration and tiltbased methods

Devices that use the physical
barrier of the water-soil interface
(magnetic sliding collar,
sounding rods)
Devices that use the movement of water and static state of soil to
measure scour (vibration-based driven rods
Devices that use the pressure difference between water and soil
layers (piezoelectric film sensors)
Devices that use the electrical properties of water and soil layers
(electrical conductivity probes, time-domain reflectometry)
Suggestions for
the future

Drone with GPR or sonar that
sends signal vertically while
flying above the water
A GPR device that moves on
railings along the deck and
around the pier on railings

A wind turbine type underwater
driven rod – the turbine
generates electricity to power
the sensors (self-powered); shaft
has a mems strain sensor to
measure the strain caused by
water flow; flow speed measured
by the turbine and the strain
value can be correlated to
estimate the scour depth

A combination of acceleration,
tilt and displacement sensors
can give the full response due
to scour, and the pier will not
generally be moved as a result
of causes other than scour or
ship impact

An underwater robot with sonar and an inspection arm: such a
device can use sound waves with different frequencies to identify
the locations of the soil layers and bridge foundation. Furthermore,
the arms can be used to carry out in situ soil tests.

A combination of different
vibration parameters
measured by accelerometers
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Distributed strain sensors in
the piles

2.4 State of knowledge of vibration-based scour detection methods
Several researchers in the past have researched vibration-based methods for scour
monitoring. The primary vibration-based parameter they studied was the natural frequency of
vibration, in addition to several other parameters derived from the mode shapes and
acceleration time histories. The following sections review the existing state of knowledge on
the potential of such vibration-based parameters to detect scour. The identified gaps in
knowledge in the literature will be discussed at the end of this chapter.

2.4.1 Natural frequency as an indicator of scour
Natural frequency-based damage detection has already been studied by multiple researchers,
many with little success in practice as a result of the main focus being on structural damage
such as crack detection rather than scour. Even considerable damage, in the form of cracks
as deep as half a bridge beam or pier, indicated relatively small fundamental frequency
sensitivities of 7% (Döhler et al., 2014), 5.6% (Kim, Yun and Yi, 2003) and 0.4% (Farrar et al.,
1994). These sensitivities are difficult to capture in practice, as they are of the same order of
magnitude as the expected environmental/operational frequency sensitivity of a bridge
(Peeters and Roeck, 2001; Kim, Yun and Yi, 2003; Caetano and Magalha, 2009; Koo,
Brownjohn and Cole, 2010). Such relatively low sensitivity of natural frequency can be
expected since cracks result in only local changes in stiffness and damping, which may not
have much effect on the global modes. Scour, in contrast, is a special damage case –
effectively a change of boundary condition – that results in a global stiffness reduction and
therefore significantly greater changes in natural frequency. A simple cantilever model with
lumped mass illustrates this, as discussed below.
Consider a bridge with its pier and the pile foundations having the same flexural rigidity of 𝐸𝐼.
Assume the mass of the bridge (𝑚) is primarily contributed by the bridge deck rather than by
the bridge pier and foundation. If the bridge deck to abutment connections can be assumed as
roller support like condition and the ground level can be assumed as full fixed, the full bridge
can be idealised as a lumped mass cantilever column, as shown in Figure 2.13(a). This
idealised model can be further simplified to a single degree of freedom system with a mass
and a spring, where the spring stiffness represents the overall stiffness of the cantilever column
(Figure 2.13(b)). Any horizontal displacement of 𝑥 from the stationary position of the lumped
mass leads to a reverse acceleration of 𝑥̈ . Thus, any displacement of 𝑥 generates an inertial
force of 𝑚𝑥̈ (according to Newton’s 2nd law) and a spring force of 𝑘𝑥 (Hooke’s law), as shown
in Figure 2.13(c).
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Figure 2.13 Natural frequency and scour depth relationship of a pier modelled
as a fixed cantilever

The equation of motion for undamped free vibration applicable to the above system is:
𝑚𝑥̈ + 𝑘𝑥 = 0
𝑘

Equation 2.1

𝑥̈ = − 𝑚 𝑥

Undamped free vibration involves simple harmonic motion and hence the displacement is
given as:
𝑥 = 𝐴𝑠𝑖𝑛 (𝜔𝑡 + 𝜑)

Equation 2.2

, where 𝐴 is the amplitude of vibration, ω is the angular velocity and φ is the phase shift.
Double derivative of displacement in Equation 2.2 and combing with Equation 2.2 give:
𝑥̈ = −𝐴ω2 𝑠𝑖𝑛 (ωt + φ)
𝑥̈ = −ω2 𝑥

Equation 2.3

Thus, Equations 2.1 and 2.3 give:
𝑘
𝑚

ω2 =

ω=√

𝑘
𝑚

Thus, natural frequency (f) is given by:
1

𝑘

𝑓 = 2𝜋 √𝑚

Equation 2.4

The fundamental mode involves lateral sway, where the column bends due to the inertial
force at the top of the column. Livermore (2007) gives the stiffness for a similar fixed
cantilever column tip deflection as:
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3𝐸𝐼

𝑘=

Equation 2.5

𝐿3

Equation 2.4 and 2.5 give the natural frequency for the fundamental mode of this idealised
bridge as:
1

3𝐸𝐼

f = 2𝜋 √𝑚𝐿3

f=

0.276
𝐿1.5

𝐸𝐼

√

Equation 2.6

𝑚

For the case of scour, where the ground level at the foundation exposes, the exposed height
(L) increases but all other properties remain the same. Therefore, for initial height above the
ground level of 𝐿0 , initial natural frequency of 𝑓0, scour depth of 𝐿𝑆 , and scoured natural
frequency of 𝑓𝑆 the following equations apply based on Equation 2.6.

𝑓0 =

0.276

𝐸𝐼

√

𝐿1.5
0

𝑓𝑠 = (𝐿

0.276
𝑠 +𝐿0 )

Equation 2.7

𝑚

𝐸𝐼

1.5

√

Equation 2.8

𝑚

Equations 2.7 and 2.8 give:
𝑓𝑠
𝑓0
𝑓𝑠
𝑓0
𝑓

= (𝐿

𝐿1.5
0

1.5
𝑠 +𝐿0 )

=

1
𝐿
( 𝑆 +1)

Equation 2.9

1.5

𝐿0

𝐿

This simple relationship between 𝑓𝑠 and 𝐿𝑆 in Equation 2.9 is plotted in Figure 2.13(d). It shows
0

0

that there is a significant relationship between natural frequency and the scour depth. For
𝐿

example, a scour depth equal to the initial pier height (𝐿𝑆 = 1) leads to a significant natural
0

frequency reduction of 65%

𝑓
(𝑓𝑠
0

= 0.35). While this model predicts significant natural frequency

sensitivity to scour, the soil fixity, free end at the top and lumped mass idealisation are
significant simplifications in this model and need to be considered carefully.
Studies examining bridge natural frequencies as a potential indicator of scour have emerged
only relatively recently and have indicated much higher frequency sensitivities than the
reported natural frequency sensitivities to structural damage. Several numerical studies have
estimated a 30 – 40% change in natural frequency for a 50% loss of pile embedment (Klinga
and Alipour, 2015; Prendergast, Hester and Gavin, 2016). A field study on a bridge, globally
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scoured by 3 m for repair purposes, indicated a 20% change in natural frequency (Ko et al.,
2010). These studies will be discussed in detail in the following sections, mainly under
categories: (1) laboratory tests (2) field deployments, and (3) numerical modelling.
2.4.1.1 Small-scale or full-scale laboratory tests
The laboratory tests that studied natural frequency and scour relationship used small-scale
and full-scale bridge models. Some of these models ignored soil-structure and water-structure
interaction. These laboratory studies are explained in the following sections.
2.4.1.1.1 Small-scale models without soil or water
Elsaid and Seracino (2014) studied vibration-based techniques using a fixed base small-scale
bridge in a laboratory, as shown in Figure 2.14. In this bridge model, scour was simulated by
simply increasing the effective height of piers. The results revealed that natural frequencies of
predominantly horizontal modes are more sensitive to scour than their vertical counterparts.
The first horizontal natural frequency reduced from 18.71 Hz to 14.47 Hz, that is, by 23%, as
a result of 0.6 m of small-scale scour depth. However, soil-structure interaction was neglected
in this study, which could have a significant effect on the dynamic response of the bridge. In
addition, the negligence of the bridge deck removes the stiff horizontal diaphragm effect
typically present in a bridge. This bridge, hence, represents a space frame behaviour, which
may not represent an actual bridge.

Figure 2.14 Experimental setup in Elsaid and Seracino (2014)
2.4.1.1.2 Small-scale models with soil
Several researchers have looked at the natural frequency and scour-depth variation using
small-scale models at normal gravity. When a soil scales down by a length scale factor of N at
normal gravity, the self-weight stress of soil also lowers by a factor of N (Madabhushi, 2014).
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However, the stiffness properties of soil are dependent on stress, and hence the stiffness
properties also scale down as stress level scales down. Therefore, these small-scale soil
models would not have represented the behaviour of the corresponding full-scale structure.
This scaling issue is discussed further in Chapter 4.
Prendergast et al. (2013) tested a small-scale soil-pile model at normal gravity, as an additional
test to a full-scale pile tested in the field. The small-scale pile was a steel rectangular hollow
section buried in the sand. Scour was simulated by removing layers of sand incrementally up
to 200 m depth, as shown in Figure 2.15(b). The natural frequency values found for different
depths are plotted against scour depth in Figure 2.15(a). The natural frequency showed a 50%
reduction as a result of scour depth of 200 mm, which is equivalent to 40% of the initial depth
of pile embedment.

Figure 2.15 (a) Natural frequency variation of the single pile with scour and (b) experimental setup in
Prendergast et al. (2013)

Similarly, Boujia et al. (2017) studied the relationship between natural frequency and scour of
rods embedded in the soil. Two rods of different lengths (60 cm and 80 cm) showed a similar
relationship between the exposed length and natural frequency, suggesting that the frequency
is independent of the embedded depth. The average frequency change resulting from 5 cm of
scour was 15%.
While the natural frequency variations shown in both of the above studies were significant, the
soil-pile interaction provided for a rod does not directly represent a bridge behaviour. A bridge
with a complex superstructure arrangement with added stiffness and mass may have a vastly
different variation with scour. Additionally, this soil-structure model does not represent a fullscale pile because stiffness properties do not scale correctly in small-scale soil models tested
at normal gravity, as explained before.
2.4.1.1.3 Full-scale models
Researchers at Texas A&M University conducted a full-scale bridge model experiment in a
flume to artificially create scour and study the feasibility of different scour monitoring
techniques, including the vibration-based method (Briaund et al., 2010; Yao et al., 2010a). Two
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bridge models were considered, one representing a single-pile deep foundation (Briaund et
al., 2010), and the other representing a single-pile shallow foundation (Yao et al., 2010a); and
the same bridge models were simulated using FEM in this research, as explained in Section
2.4.1.3.2. A precast slab was rested at the top of the pile foundation to model a bridge, as
shown in Figure 2.16. The foundations were embedded in fine, clean silica sand. The speed
of water in the flume was gradually increased until the sand eroded, creating a scour hole large
enough to cause significant foundation tilt when it was declared as failed.
As shown in Figure 2.17, the horizontal natural frequencies of both the deep and shallow
foundation bridge models did not provide early warning of scour. A vertical mode of shallow
foundation did provide an early warning; however, this is an unreliable result, since horizontal
direction modes are typically more sensitive to scour than vertical direction modes (Elsaid and
Seracino, 2014).
This research in Texas A&M University was one of the first laboratory experiments in a flume
to study the natural frequency variation of a bridge due to scour (Briaund et al., 2010; Yao et
al., 2010a). However, the foundation depth considered was a minimal value of around 0.3 m
for a shallow foundation and 0.45 m for a deep foundation, both of which are lower than the
foundation depths of a typical bridge. Additionally, this bridge does not represent a typical fullscale simply supported bridge, since there were only 1.8 m spans with no bearings.

Figure 2.16 Experimental setup of the deep foundation (a) during the experiment (b) schematic
diagram (Briaund et al., 2010)
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Figure 2.17 Change of fundamental natural frequency for (a) shallow foundation, which failed after 7
hours and (b) deep foundation, which failed after 4 hours in the flume (Briaund et al., 2010)

Prendergast et al. (2013) conducted a field experiment with a full-scale single circular hollow
steel pile embedded in a dense sand bed. Layers of sand were removed around the pile in 0.5
m steps using an excavator to simulate scour. At each scour step, impact testing was carried
out to find the natural frequency of the pile. The measured variation of fundamental natural
frequency with the scour depth is shown in Figure 2.18. The experimental natural frequency
lowered from 33 Hz to 2 Hz (94%) as a result of scour of 6 m of the piles initially embedded by
6.5 m. The numerical natural frequency variation estimated is also shown in Figure 2.18, and
it has also estimated a significant reduction in natural frequency (90 – 95% drop for 6 m of
scour depth). This study indicates that a full-scale pile in soil has significant sensitivity in natural
frequency to the depth of scour.

Figure 2.18 Frequency change with scour in the field experiment (Prendergast et al., 2013)
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2.4.1.2 Field sensor deployments in real bridges
Field sensor deployments that have attempted to study natural frequency and scour
relationship can be mainly categorised based on the source of vibration. In one study, impact
vibration was the source of vibration, while all other studies looked at a more practical method
of using ambient vibration as the source of vibration. These studies are discussed in detail in
the following sections.
2.4.1.2.1 Impact vibration tests
One of the earliest mentions of vibration-based scour monitoring of bridges was found in
Japanese Railway Technical Research Institute (Shinoda, Haya and Murata, 2008). These
researchers used impact vibration rather than ambient vibration for exciting the bridge in order
to capture a vibration signal. The impact was generated by an iron ball released to hit a bridge
pier, as shown in Figure 2.19. The bridge considered for this impact test had four piers with a
simply supported steel truss deck. Some of these piers had higher scour levels than others.
Each of these piers was subjected to impact testing. The results revealed that bridge piers with
higher scour depths have lower natural frequencies. The most-scoured bridge pier had a
natural frequency of 7.69 Hz, while the least-scoured pier had a natural frequency of 12.70 Hz,
meaning that there was a significant difference (40%) between the two. The scour depths of
these piers were not explicitly mentioned, but a diagram of the bridge shown in Shinoda, Haya
and Murata (2008) indicates that the difference in scour depths between the least and mostscoured piers was in the order of 3 – 5 m, assuming that it was to scale. Although this study
did not demonstrate the relationship between scour depth and natural frequency of one pier
over time, the correlation between scour depth and natural frequency between similar bridge
piers shows the potential of natural frequency-based scour detection.
Shinoda, Haya and Murata (2008) claim that the impact vibration test has been a standard
method to evaluate the performance of Japanese railway bridges for over twenty years.
However, impact testing of a bridge with an iron ball has practical implementation difficulties,
since it involves dangerous handling of weights, and potential damage to the bridge, and it can
provide only intermittent rather than continuous measurements.
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Figure 2.19 Arrangement of an impact test by Shinoda, Haya and Murata (2008) (a) illustration (b) in
practice

2.4.1.2.2 Ambient vibration monitoring
Masui and Suzuki (2009) attempted to use the ambient vibration of a railway bridge to measure
the scour depth of a bridge pier. Over half a month, a wireless sensor system was captured
ambient vibration of the bridge caused by the impact of turbulent water on the bridge piers.
The natural frequency was successfully captured using the monitored data. An impact vibration
test was also used to verify the natural frequencies of the bridge. However, any change in
natural frequency was not captured as the monitoring lasted less than one month, when there
may not have been sufficient scour to result in a measurable change in natural frequency.
Yao et al. (2010b) presented two case studies on the installation of different scour monitoring
sensors, including vibration monitoring, in real bridges in Texas, USA. Both bridges were
monitored with the expectation of capturing any scour. However, neither of the ambient
vibration-based sensor installations were successful in showing the potential of the monitoring
technique. The main issue was with the modes of the bridge not being sufficiently excited by
the ambient vibration from the traffic, and therefore the frequency domain data were not clear
enough to resolve the modal frequencies. Additionally, in both bridges, practical
implementation difficulties arose, as a result of a large amount of power being drawn by the
accelerometers and also network errors. During that time, some other sensors, including
tethered buried switches (Section 2.3.2), functioned but were not able to show scour
monitoring potential since there was not enough scour to trigger a change in these sensors.
Ko et al. (2010) conducted a field study on Hsinchu Bridge in Taiwan, which suffered from
scour. Retrofitting work involved a further increase of riverbed level due to excavations near
the foundations, as shown in Figure 2.20. The natural frequency was assessed in the pier
before and after retrofitting using ambient vibration measured in both longitudinal and
transverse directions. In the longitudinal direction of the bridge, the frequency of the first mode
43

reduced from 3.6 Hz to 3.4 Hz as a result of the excavation. This difference is not significant
(5%), and the reason for this small difference could be the effect of the longitudinal constraint
by the superstructure. The lateral fundamental natural frequency, however, reduced from 2.0
Hz to 1.5 Hz, a 25% reduction for the 3 m of excavation. The excavation is representative of
the removal of soil due to scour, and hence this case study has shown the potential of
frequency-based techniques to measure the change in bed level in a real bridge. However, the
water was not present during the study and the retrofitting is representative of an extensive
global scour case.

Figure 2.20 Foundation exposure of Hsichou Bridge, Taiwan (Ko et al., 2010)

2.4.1.3 Numerical modelling
A number of researchers have carried out numerical studies to identify the natural frequency
variation in bridges due to scour and to validate laboratory experiments. One study used the
natural frequency measurements for risk analysis of scour induced bridge failure. These
numerical studies are explained in the following sections.
2.4.1.3.1 Numerical modelling without considering soil-structure interaction
Elsaid and Seracino (2014) analysed the laboratory experiment of a small-scale bridge model
with a fixed base (Section 2.4.1.1.1) using an FE model developed with SAP2000 structural
analysis software. The FE model analysis verified the experimental finding that the scour
(increased pile height) causes greater natural frequency changes in horizontal than vertical
modes. Hence, Elsaid and Seracino (2014) suggested that the frequency of vertical mode
shapes could help in assessing the damage resulted from other causes, such as fatigue. The
frequency change was found not to be high in the several higher-order modes, in which there
was no pier excitation in the mode shape. The difference in the natural frequencies of the
numerical model and the experimental model was less than 8%. However, the soil-structure
interaction was ignored in this FE model.
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2.4.1.3.2 Numerical modelling of soil-structure interaction with elastic half-space
The full-scale flume bridge tests conducted by Briaund et al. (2010) (Section 2.4.1.1.3) were
also numerically simulated. These experiments had two bridge models, one with a deep
foundation and the other with a shallow one, tested in a hydraulic flume to study the effect of
scour on the natural frequency of vibration. The numerical 3D FE models were generated by
HyperMesh software and then analysed in the LS-Dyna software program. The soil-structure
modelling was performed as an elastic half-space. The soil modulus of elasticity was taken as
a constant value: this is likely to be a significant error of the FE model, as soil stiffness is depthdependent, as explained in Section 4.12. Scour was simulated by removing a section of the
soil model around the foundation. The eigenvalue analysis was conducted to obtain the mode
shapes and natural frequencies at each of those scour levels. The results of the experiment
and the simulation, shown in Figure 2.21, matched only in some cases. For example, the
experimental and numerical results showed a difference of 10% in the traffic (longitudinal)
direction and about 60% in the flow (transverse) direction. However, both the experiment and
the simulations showed a trend of natural frequency reduction with scour.

Figure 2.21 Natural frequency variation with scour depth observed by Briaund et al. (2010)

2.4.1.3.3 Numerical modelling with soil-structure interaction of a pile by Winkler model
Prendergast et al. (2013) numerically simulated the laboratory-scale pile test (Section
2.4.1.1.2) and the full-scale driven pile test (Section 2.4.1.1.3). The numerical models were
created in MATLAB as shown in Figure 2.22; the structural elements were modelled using
beam FE elements and the soil-pile interaction was modelled by using a Winkler spring model,
which represents the soil as a series of discrete, mutually independent, closely spaced springs
(Winkler, 1867; Dutta and Roy, 2002; Prendergast, Hester and Gavin, 2016a). These springs
were assumed to behave under the small-strain condition, and the stiffnesses were estimated
by two in situ measurements (shear wave and cone penetration tests) and one empirical
estimate, the American Petroleum Institute (API) Code. The scour process was simulated by
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progressively deleting these springs down to the depth of scour below the initial soil surface
level.
The numerical model for the laboratory experiment showed a good match with the experiment
only when a constant stiffness distribution was modelled, but not when a varying stiffness
distribution was modelled as in the API method. As the author states, the compaction
mechanism may have resulted in such a constant stiffness distribution, and hence the
laboratory experiment results may not have replicated a realistic field condition.
Subsequently, the field experiment was also simulated numerically for the effect of scour.
Figure 2.18 shows the natural frequencies obtained in the simulation for different scour levels.
The cone penetration and shear wave-based spring set-ups gave the closest relationship to
the experimental observations. In contrast, the API method estimated a slightly lower
frequency estimate than was observed. All estimates were below the upper bound for the
frequency of a cantilever assumed to be fully fixed at the ground surface. These findings show
that the experimental natural frequency of a full-scale pile with scour can be simulated with a
Winkler spring model.

Figure 2.22 Laboratory experiment (a) test setup and (b) the representative numerical model
(Prendergast et al., 2013)

2.4.1.3.4 Winkler spring model-based vehicle-bridge-soil interaction model
Prendergast, Hester and Gavin (2016a) and Prendergast, Hester and Gavin (2016b) extended
the numerical soil-pile model in Prendergast et al. (2013) to a vehicle-bridge-soil interaction
model shown in Figure 2.23. The bridge was modelled to represent a hypothetical integral
bridge with two spans and piled foundation. The fluid-structure interaction was neglected, since
the reduction of natural frequency due to the presence of water was found to be insignificant
(Section 2.4.1.4). The bridge model was developed using MATLAB. The elements used were
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six degrees of freedom Euler-Bernoulli frame elements, with equivalent properties of the full
deck, pier and pile foundation. Damping ratio of 2% was assumed. Soil spring stiffnesses were
estimated from hypothetical cone-penetration resistance profiles. The vehicle model
considered suspension, body weight and the effect of tyres. However, the effect of braking and
acceleration of the vehicle was neglected. An iterative approach was used to solve this vehiclebridge-soil interaction model.
The bridge model was assumed to be excited by the sudden arrival of the vehicle, which acts
as an impulse load. The vehicle was excited by the presence of a road profile, which causes it
to pitch and bounce. Hence, the forces on the bridge are not constant. Ambient vibration of the
hypothetical bridge was simulated by obtaining the frequency response at the top of the pier
due to the moving vehicle. Then, Fast Fourier Transformation (FFT) was used to identify the
natural frequency of the bridge.
The pile groups in this bridge were combined and represented by a single pile, however one
pile in practice may not adequately account for the behaviour of the pile group. Similarly, the
deck and piers were all represented by single-beam elements in the vertical and longitudinal
directions. This would not therefore estimate the mode shapes in the transverse direction of
the bridge. However, this vehicle-bridge-soil interaction model has the significant benefit of
being able to simulate the vibration-based scour monitoring technique numerically.

Figure 2.23 vehicle-bridge-soil interaction model in Prendergast, Hester and Gavin (2016a)

Prendergast, Hester and Gavin (2016a) carried out a sensitivity study on natural frequency
using the FE model explained above. The following parameters were considered for the study:
1. Signal to Noise Ratio (SNR) in the acceleration signal measured (5 to 20)
2. Vehicle speed (50 kmh-1 to 100 kmh-1)
3. Vehicle properties (front-axle stiffness 400 – 600 kNm-1, gross body mass 9000 –
13000 kg, and body bounce frequency 1.42 – 1.84)
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4. Road surface profile (class A to C)
5. Relative density of sand (loose sand, medium dense sand and dense sand)
6. Scour depth (0 – 10 m)
This study found that there was no significant sensitivity of the bridge natural frequency to the
first four causes listed above. However, the last two causes, relative density of sand and scour
depth, were found to have an effect on the natural frequency. Figure 2.24 shows the high
sensitivity of natural frequency to scour depth for three differently dense types of sand. The
natural frequency versus scour depth graphs were almost parallel to each other for all three
sand types considered. This finding implies that, even if there was an error of the relative
density of sand used in the numerical model, the estimated change in natural frequency due
to a change in scour depth would not differ.

Figure 2.24 Variation of the natural frequency with scour depth for three types of soil

Prendergast et al. (2017) carried out a numerical study to try to identify the location of a scour
hole by monitoring the changes in natural frequencies. The numerical model in this study was
extended from the vehicle-bridge-soil interaction model developed in Prendergast, Hester and
Gavin (2016), as explained above. The soil-pile interaction was provided by a series of lateral
and vertical springs, of which the stiffness was based on the API method. The vertical stiffness
provided here, however, must not have been contributing to the dynamic properties of the
model since the pile bases were assumed fully restrained. The changes in the first five natural
frequencies due to four different scour cases were compared, as shown in Figure 2.25. Local
scour at a pier, or an abutment, was found to result in significant changes in natural frequency
only in the local mode of that pier or abutment, i.e. the mode shape oscillations are local to the
pier or abutment. For example, local scour at the left-hand side abutment (“Location A LHS
scour” in Figure 2.25) results in significant changes in natural frequency of only the local
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vibration mode of the left-hand side abutment, Mode 4 (M4). In contrast, scour across all
foundations, i.e. global scour, was found to cause natural frequency reduction in multiple
modes. Therefore, there is some potential for scour localisation, by comparing the natural
frequency changes of the first five modes, given that these higher-order local modes of
vibration can be captured with sufficient signal to noise ratio in the field.

Figure 2.25 Changes in natural frequencies of the first five modes due to 5 m of scour (Prendergast et
al., 2017)

2.4.1.3.5 Frequency ratio and maintenance requirements
To help identify maintenance priorities, Shinoda, Haya and Murata (2008) and Liao et al. (2016)
discussed the potential to use the frequency ratio between the current natural frequency and
initial natural frequency when no scour was present. One challenge in using this ratio was
finding the initial natural frequency of the bridge when it was first built. For this, Shinoda, Haya
and Murata (2008) referred to a group of equations developed by the Japanese Railway
Technical Research Institute (RTRI), which were based on regression analysis of many field
data. Only highly sensitive parameters to the natural frequencies, such as the weight of the
superstructure, the SPT-N value of soil and the height of the pier, were considered for these
equations, making them easy to use. According to Shinoda, Haya and Murata (2008), the RTRI
design code further provides frequency ratios, at which different maintenance levels are
applicable. The maintenance requirement for different frequency ratios is as follows: (1) less
than 0.7: urgent repair is needed; (2) within 0.7–0.85: careful observation needed; and within
0.85–1.0: only a minor problem is present. If there is a frequency ratio of more than 1.0, no
maintenance measures are required. All of the piers in a case study bridge studied by Shinoda,
Haya and Murata (2008) fall into this category of frequency ratio above 1.0; this is, however,

49

questionable since the experiment was conducted in a scoured bridge, and hence the
frequency ratio should realistically be lower than one.
Liao et al. (2016) studied critical frequency ratio (Rc), which is the frequency ratio of a bridge
reaching failure. The critical frequency is reached when the capacity (lateral resistance) of a
bridge equals its demand (hydraulic force by flood). If the measured frequency ratio of a bridge
is less than Rc, the bridge can be categorised as vulnerable to flood-induced damage. Both
the capacity and demand of Rc depend on the scour depth. For calculating the capacity of the
bridge due to flooding, a similar approach to that used for earthquake analysis was adopted.
The base shear and top displacement of the bridge were plotted for different scour depths by
analysing the bridge with push-over analysis using SAP2000 structural analysis software. After
that, the yield points of the pier were connected to form the capacity envelope. The demand
envelope of the bridge was obtained from the hydraulic pressure equations provided in
Taiwan’s national code of practice. An example capacity envelope and demand envelope are
shown in Figure 2.26. The critical point was taken as the point where demand and capacity
envelopes cross each other. The natural frequency representative of this point was found from
the SAP2000 model. A parametric study was carried out for five different types of bridge. The
parametric study indicated that Rc was in the range of 0.7–0.92 for all of the bridges evaluated.
This implies that the natural frequency reductions of finer than 8 – 30% should be measurable
in these bridges, in order to provide an early warning of scour damage.

Figure 2.26 Determining the point corresponding to the critical frequency ratio of the bridge

This study was limited to simply supported bridges with multiple spans located in the Gaoping
River Basin in Taiwan. Further research and analysis would be required to develop
maintenance guidelines based on frequency ratio. This method of comparison of frequency
ratio with the critical frequency ratio can aid as an initial health-investigating tool against
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hydraulic failure. If the ratio is close to the Rc value, further analysis such as push-over analysis
could be carried out to identify the risk of bridge failure.
2.4.1.4 Natural frequency sensitivity to environmental and operational conditions
For reliable scour detection, the measured natural frequency change due to scour should be
sufficiently above the expected variability that results from environmental and operational
changes. Understanding this variability helps in assessing the feasibility of the monitoring
technique.
The natural frequency may vary as a result of environmental and operational causes such as
changes in temperature, water level and the effect of vehicles passing over the bridge. Several
weeks of monitoring two bridges found natural frequency variations of only 0.3% (Caetano and
Magalha, 2009) and 3.5% (Koo, Brownjohn and Cole, 2010). Numerical modelling by
Prendergast et al. (2016) found that natural frequencies have little effect (less than 1%) from
a passing vehicle. However, a field experiment on a rail bridge found the natural frequencies
measured were lower by 8% when the train traversed the bridge (Cantero, Ülker-Kaustell and
Karoumi, 2016).
Monitoring of the Z24-Bridge over a one year period by Peeters and Roeck (2001) found only
around a 5% difference in natural frequencies for a large temperature range between 0 ºC and
30 ºC. However, when temperatures went below 0 ºC, there was a drastic change in natural
frequency (nearly 10%), which was assumed by Peeters and Roeck (2001) to be the result of
freezing of supports or asphalt. Kim et al. (2003) studied a simply supported single-span,
stainless-steel, plate-girder bridge model in a laboratory environment. When the temperature
of the model was changed from -3 ºC to 23 ºC, the natural frequency of the first mode lowered
by 16%, while the second to fourth modes lowered by 6 – 11%, although there was no drastic
change near the freezing point.
There is evidence to suggest that the effect of water level can be negligible on the natural
frequency of a stiff bridge pier. Prendergast et al. (2013) conducted a small-scale laboratory
experiment with three steel cantilever piles with different flexural rigidities. When these piles
were tested in air and water mediums, the natural frequency difference between the two
mediums was as low as 0.3% for the stiffest pile, which was most representative of a realistic
bridge pier. Ju (2013) created an FE model of a bridge considering both soil-structure and
water-structure interaction, which was validated using a field measurement. The natural
frequency estimated by this FE model reduced slightly as a result of the inclusion of waterstructure interaction; however, the natural frequency change for a certain depth of scour had
almost no effect as a result of the inclusion of water-structure interaction (Figure 2.27).
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Figure 2.27 Effect of inclusion of water-structure interaction on scour and natural frequency
relationship of the FE model

2.4.2 Acceleration-time-history-based parameters as indicators of scour
There are several other research that looked into scour-sensitive vibration parameters other
than natural frequency. Fitzgerald et al. (2019) studied the potential of one such parameter; an
indicator derived from drive-by acceleration measurements. This research created a trainbridge-soil interaction model, similar to the model developed by Prendergast et al. (2016), but
a multi-span, simply supported bridge with shallow foundations at bridge piers. The modelling
of the bridge-soil system, however, made several major simplifying assumptions, which may
affect the accuracy of the model. These assumptions ignored the lateral resistance of soil and
the bearing stiffness effects, and simulated scour as a 30% reduction in vertical stiffness.
Simulation of scour in this train-bridge-soil interaction model found that it is possible to identify
the presence of scour and the location of scour based on drive-by acceleration measurements
alone. Drive-by monitoring of a railway bridge involves placing accelerometers on the wheel
boogie of a passing train, without having to place accelerometers on the bridge. The scour
indicator was based on the difference of continuous wavelet transform (CWT) coefficients
between the healthy and the scoured batches of acceleration measurements. Figure 2.28
shows this scour indicator measured by a train passing over a bridge with a scoured pier
located 60 m from the start of the bridge. The scour indicator here peaked when the vehicle
passed over the scoured location, showing the potential for scour localisation. As this peak
intensity increased with a higher percentage of scour, it also showed the potential to capture
the progression of scour. The accuracy of this indicator can be improved by taking averages
over a large set of drive-by acceleration measurements; however, such a large set of
measurements can delay scour identification after a severe event, since more trains have to
pass to provide more averages.
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Figure 2.28 Distance versus the scour indicator, different scour levels were simulated at 60 m from
the bridge start (Fitzgerald et al., 2019)

Several researchers have proposed a vibration-based parameter called the beta factor, which
is the ratio of horizontal and vertical Root Mean Square (RMS) acceleration measurements.
This is a parameter that can easily be derived using acceleration traces without having to carry
out modal analysis. Beta factor parameter considers a ratio between two direction
accelerations, both of which are dependent on the properties of the vehicles passing the
bridge. Hence, Masui and Suzuki (2009) presumed that the beta factor (i.e. the ratio of RMS
accelerations) is independent of the vehicle properties, and it is dependent only on changes in
bridges stiffness, which can be expected during scour.
In order to assess the potential of the beta factor to measure scour, Masui and Suzuki (2009)
ran a scaled-down train over a scaled-down bridge, with one pier modelled with scour and
another pier without scour. The regression lines of the plot of vertical and horizontal RMS
acceleration values of these two piers are shown in Figure 2.29. The plot indicates that the
beta factor (gradient) is higher for the scoured pier, which is to be expected, as scour reduces
horizontal flexural stiffness of a pier more than its vertical axial stiffness.
Masui and Suzuki (2009) attempted to study the use of the beta factor using ambient vibration
monitoring of a real railway bridge. Although the laboratory study found the beta factor to be
sensitive to scour, it was unable to verify this in the bridge as a result of no scour being present
over the monitoring period. Despite the absence of any scour, the beta value increased from
5.18 to 5.57. Hence, consideration of a margin of error was proposed for the beta factor
method; the risk of scour being present should thus be only considered when a limit above the
margin of error is exceeded. Yao et al. (2010b) presented two case studies of installation of
different scour monitoring sensors, including vibration monitoring, in real bridges in Texas,
USA. Both bridges were monitored with the expectation of capturing any potential scour. The
beta factors were studied, but a change was not identified, possibly as a result of no scour
being present during the time of monitoring.
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Figure 2.29 Variation of RMS acceleration values in the small-scale experiment, as shown in Masui
and Suzuki (2009)

2.4.3 Mode-shape-based parameters as indicators of scour
Elsaid and Seracino (2014) studied a fixed base small-scale bridge in a laboratory, as shown
in Figure 2.14 and previously explained in Section 2.4.1.1.1. The modal analysis of the bridge
found three damage indicators, namely, (i) mode shape curvature (ii) flexibility-based
deflections and (iii) flexibility-based curvatures, which were able to determine the location of
scour. The change in flexibility-based curvature was found to be less effective than the other
two indicators. These findings were however based on a fixed base experiment setup which
did not consider the effects of soil-structure interaction; thus, a bridge with its foundations
embedded in soil may behave differently.
Malekjafarian et al. (2019) extended the vehicle-bridge-soil interaction model developed by
Prendergast et al. (2016) to study changes in mode shapes due to scour. The Mode-Shape
Ratio (MSR) between two sensors on the bridge pier was found to be able to indicate scour,
based on numerical modelling predictions. Furthermore, the MSR was found to be more
sensitive to scour than natural frequency. As shown in Figure 2.30, a simulated scour case of
5 m local scour resulted in a natural frequency reduction of 20% of the fundamental sway
mode, but the MSR reduced by almost 50%. However, MSR was not as reliable as natural
frequency under 20% Signal to Noise Ratio (SNR). The authors studied the effect of
temperature on these two parameters by assuming different temperature changes in bridge
elements cause reductions in material elastic modulus. This simulation found that higher
temperatures resulted in an increase in MSR but a decrease in natural frequency, although
both parameters reduced as a result of scour. Therefore, both MSR and natural frequency
reduction could be directly attributed to scour.
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Figure 2.30 Simulation results of local scour at the bridge pier of Malekjafarian et al. (2019)

2.4.4 Research gaps
On the basis of this detailed literature review on the state of knowledge of vibration-based
bridge scour monitoring techniques, the following research gaps have been identified:
1. The main scour monitoring parameter in most studies was the natural frequency of
vibration, while a handful of studies looked at alternative parameters such as drive-by
acceleration, beta factor (RMS value of the acceleration) and mode shape derived
indicators. As these alternative parameters may provide more sensitivity than natural
frequency, identifying and studying these parameters is vital for the development of the
vibration-based scour monitoring technique.
2. It is crucial to establish the types of bridges that show the feasibility of vibration-based
scour monitoring via experiments with realistic bridge arrangements. This feasibility study
would require considering multiple types of foundations, bridge superstructure
arrangements and soil types. The existing experimental studies are either highly simplified
or fail to represent realistic foundation conditions; for example, Elsaid and Seracino (2014)
neglected soil-structure interaction. Also, Briaund et al. (2010) considered the soil-structure
interaction but represented a shallow foundation by part of a column rather than a more
realistic pad foundation, while its deep foundation was not deep enough to represent
realistic conditions.
3. Centrifuge modelling can represent the field condition of the soil in a laboratory
environment, where it is easier to control the foundation exposure level. However, this
testing method has not previously been used to assess the feasibility of a natural
frequency-based scour monitoring technique of bridges.
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4. There is insufficient proof of ambient-vibration-based scour monitoring in real bridges. This
is especially applicable in short-span bridges, which may not get sufficiently excited by
ambient vibration due to high stiffness, although these bridges are more common than
long-span bridges (Kaundinya and Heimbecher, 2011). Ambient vibration monitoring is
more practical than the impact vibration method study conducted by Shinoda, Haya and
Murata (2008) since it provides real-time, continuous measurements without having to deal
with dangerous handling of impacting weights. However, ambient, vibration-based scour
monitoring has proved to be difficult to validate in practice. Two bridges studied by Yao et
al. (2010b) found that the ambient vibration was not high enough to excite the bridge to
find natural frequencies. Masui and Suzuki (2009) saw enough ambient vibration, but no
scour occurred underwater during the monitoring period to validate the technique. Ko et al.
(2010) did capture a significant change in natural frequency in a long-span bridge;
however, the scour was artificially created around the bridge foundation without water
present. Therefore, further proof in practice is essential if this monitoring technique is to be
practically implemented by bridge engineers. Such proof would require measuring scour
depth with another scour monitoring technique as well.
5. The resolution of scour depth measurable by natural frequencies needs more
consideration, rather than the expected change in natural frequency. Bridge engineers
ideally need to know the exact resolution of scour that the natural frequency-based scour
monitoring technique can monitor after compensating for environmental and operational
variabilities.
6. Numerical scour simulation techniques discussed in Section 2.4.1.3 require further
development to consider different shape of scour (e.g. local and global scour); modes of
vibrations in all longitudinal, transverse and vertical directions; and bridges with shallow
foundations.
With the aim of addressing these research gaps, the research programme described in the
next chapters of this thesis performed a series of centrifuge experiments, field studies and
numerical modelling simulations.
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Chapter 3

Field studies

Highlights
•

The potential for vibration-based scour detection was studied on two bridges: Nine
Wells Bridge and Baildon Bridge.

•

Nine Wells Bridge was a feasibility study where a field validated numerical model
simulated a hypothetical scour case.

•

Baildon Bridge was a field trial where ambient vibration was monitored for six
months during scour backfilling, i.e. “scour in reverse”, and compared with
numerical predictions.

•

Natural frequencies showed scour monitoring potential numerically but not in
practice.

•

First field demonstration of the use of mode shape and spectral density for
indicating scour.

This chapter presents a study on the potential to monitor scour using vibration parameters of
two bridges, Nine Wells Bridge and Baildon Bridge. A feasibility study was conducted on Nine
Wells Bridge, for which a field validated numerical model simulated two damage cases,
namely, scour at the foundation and structural damage to the deck. Baildon Bridge, on the
other hand, provided a unique opportunity to monitor a bridge while it was being repaired for
scour. As this scour repair involved controlled raising of the bed level, i.e. “scour in reverse”,
it was an opportunity to study vibration-based scour monitoring in practice. Both these studies
fill significant research gaps for the development of a vibration-based scour monitoring
technique.

3.1 Feasibility study on Nine Wells Bridge
Recent literature has predicted the natural frequencies of bridges to be highly sensitive to scour
depths (Chapter 2); thus, it seems feasible to detect scour by monitoring natural frequencies.
However, a plethora of literature, primarily focused on structural damage detection in practice,
has found natural frequencies of a bridge to be insufficiently sensitive to damage (Section
2.4.1). Therefore, a numerical modelling feasibility study was conducted with the aim of
examining whether natural frequencies of a bridge shows higher sensitivity to scour damage
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than to deck damage. This feasibility study was, therefore, an initial step before deciding on
starting the experimental programme at Baildon Bridge.
Most recent literature has used simplified 2D numerical models to model bridges and study the
effect of scour (Section 2.4.1.3). This section describes the use of a more advanced full 3D
FE model of a real bridge to simulate scour and study changes in natural frequencies in both
longitudinal and transverse directions. The bridge considered here was Nine Wells Bridge in
Cambridgeshire, the UK, shown in Figure 3.1. This is a three-span prestressed-concrete semiintegral bridge with 91.8 m in total length with two piers and two abutments supported on piled
foundations. Figure 3.1 also shows the nomenclature used for each abutment, pier and span.

Figure 3.1 Nine Wells Bridge used for the scour simulation (courtesy of Tina Schwamb)

3.1.1 Numerical Modelling
The bridge was numerically modelled using CSiBridge2017 structural analysis software. A
grillage model was adopted to represent the bridge superstructure. The slight longitudinal
inclination of the superstructure present in the real bridge was neglected in the numerical
model, and the levels of the foundations were changed such that the piers have their correct
heights.
The types of structural elements used in the model are highlighted in Table 3.1, and the FE
model is shown in Figure 3.2. Both bridge bearings and soil-pile interactions were modelled
using elements that provide stiffness at discrete points. The east pier was modelled using shell
elements while all other bridge components were modelled using beam elements. All bridge
elements were made of either reinforced concrete or prestressed concrete and were assumed
to have uniform elastic Young’s modulus of 35 GPa and density of 2450 kgm-3.
The superstructure of Nine Wells Bridge has a skew of about 10%; however, an orthogonal
grillage, with longitudinal and transverse grillage members, was still used since it can represent
the behaviour of the deck better than a skew grillage (Clark and Cope, 1984). The
superstructure of the bridge has prestressed concrete super Y beams with an in-situ composite
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reinforced concrete top slab. The longitudinal members of the grillage were placed at the
prestressed beam locations, and the transverse grillage members were placed at 0.2 m
spacings to allow the piers to be positioned with the skew. The overall section properties of
both the prestress beam and the section of the slab spanning over that beam were used for
the longitudinal members whilst weightless elements were used for the transverse members
to avoid double counting of the mass but represent the transverse stiffness provided by the
bridge deck.
Table 3.1 Details of the structural elements used for the numerical model of Nine Wells Bridge
Component of the
real bridge

Finite
elements
used in the model

Details of the elements

Bearings

One-joint links

Define translational and rotational stiffnesses provided
from a fully restrained ground support (Computers &
Structures Inc., 2016b)

Foundation piles,
West pier and
parapets

Frame elements

Uses a three-dimensional, beam-column formulation
(Computers & Structures Inc., 2016b)

Deck

Frame
elements
(Grillage model)

Orthogonal grillage with members in the longitudinal
and transverse directions

Soil-structure
interaction

Springs

Winkler spring model

Pile caps and East
pier

Shell elements

Define both membrane and plate bending behaviour
(Computers & Structures Inc., 2016b)

Figure 3.2 FE model of Nine Wells Bridge
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The dynamic soil-pile interaction in the transverse and longitudinal directions of the bridge was
represented by a Winkler spring model, which represents soil as a series of discrete mutually
independent springs along the pile springs (Winkler, 1867; Dutta and Roy, 2002; Prendergast,
Hester and Gavin, 2016a). The vertical skin friction of the piles was neglected, and a fully fixed
restraint was provided vertically at their base levels. This restraint results in higher vertical
stiffness than the real bridge. However, it would not affect the accuracy of the estimated natural
frequency of the first few modes: in a typical bridge, horizontal modes account for most lower
order modes of vibration that have low frequency, since the vertical axial stiffness of a bridge
pier is significantly higher than its horizontal bending stiffness. The spring constant was
obtained from soil stiffness properties using Ashford and Juirnarongrit (2003) method, as
explained in detail in Section 5.2.2. All the soil stiffness properties at Nine Wells Bridge were
obtained from Schwamb (2010).
Although this specific bridge does not cross a water body, it was considered to be
representative of a typical semi-integral bridge that crosses a water body and hence prone to
scour. The water around such a bridge pier would, in theory, lower the natural frequency of the
bridge, but this frequency difference is insignificant for a typical bridge that has very stiff piers,
as discussed in Chapter 2, Section 2.4.1.5. Therefore, the effect of water on the dynamic
behaviour of piers was neglected in this model.
The bridge deck is a semi-integral bridge; thus, it has integral connections at pier-deck joints
and bearings at the abutment-deck joints. The bearing properties of this bridge were not
available at the time of modelling, and hence the properties of a representative elastomeric
bearing given in Akogul and Celik (2008) were used. In order to represent the actual behaviour
of the bearings of a typical semi-integral bridge, one of the bearings on the west abutment was
restrained against both longitudinal and transverse translations; another bearing on the middle
of the east abutment was restrained against transverse translations. The two abutments are
highly restrained against horizontal movement by the retained soil and the abutment
foundation. Therefore, the abutments were assumed to provide rigid supports to the bearings.
The natural frequency was found by performing an eigenvalue analysis on the FE model
(Figure 3.2) developed as explained above. Scour was simulated by progressively removing
individual springs along the piles of both West and East pier foundations down to the level of
scour, in order to represent a uniform scour condition (as discussed later in Section 4.1, this
type of spring removal is representative of simulating local scour at the foundations). The
bridge was assessed for the effect of scour around both pier foundations in 1 m thick layers of
soil up to a maximum of 5 m.
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Table 3.2 Natural frequencies estimated by the FE model (before correcting the in-plane deck stiffness)
Natural frequency and mode order
Mode shape

No scour

5 m scour

(before scour)

(after scour)

3.08 Hz

2.13 Hz

(Mode 1)

(Mode 1)

3.97 Hz

3.17 Hz

(Mode 2)

(Mode 2)

4.12 Hz

3.68 Hz

(Mode 3)

(Mode 3)

4.65 Hz

4.37 Hz

(Mode 4)

(Mode 4)

5.01 Hz

4.98 Hz

(Mode 5)

(Mode 5)

Natural
frequency
change

Transverse sway (in phase)

30.8%

Transverse sway (out of phase)

20.2%

East span bending+ Longitudinal sway

10.6%

All spans bending

6.0%

East span twisting
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0.6%

Table 3.3 Natural frequencies estimated by the FE model (after correcting the in-plane deck stiffness)
Natural frequency and mode order
Mode shape

No scour

5 m scour

(before scour)

(after scour)

Natural
frequency
change

Transverse sway (in phase)
3.49 Hz
(Mode 1)

2.57 Hz
(Mode 1)

26.4%

East span bending
4.46 Hz

4.25 Hz

(Mode 2)

(Mode 2)

East span twisting

4.7%

4.88 Hz
4.91 Hz

(Mode 4)
0.6%

(Mode 3)

Longitudinal sway + west span bending
5.09 Hz
(Mode 4)

4.62 Hz
(Mode 3)

5.23 Hz

5.10 Hz

(Mode 5)

(Mode 6)

9.2%

All spans bending
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2.5%

3.1.2 Natural frequency variation due to scour
The natural frequencies of the first five modes, obtained from the analysis of the maximum
scour depth of 5 m, are presented in Table 3.2. A large (over 10%) change in natural frequency
was observed in the first three modes. The order of the natural frequencies of the modes did
not change after scour.
Generally, out of plane bending of the deck becomes the first mode of vibration in a bridge
(Briaund et al., 2010); whereas here both the first and second modes involve in-plane bending
of the deck. This behaviour was later found to be due to the grillage model not providing
sufficient in-plane bending stiffness. O’Brien and Keogh(1998) state that grillage models adopt
inaccurate in-plane stiffness due to the likelihood that the grillage beams tend to bend
individually in a similar manner to a Vierendeel girder. In order to correct this issue, massless,
plane-stress, membrane elements were used to connect the nodes of the grillage. Table 3.3
and Figure 3.3 shows the natural frequency variation estimated by this corrected FE model
with its in-plane bending stiffness of the deck provided by membrane elements. The corrected
FE model has also shown a significant (more than 10%) change of the fundamental natural
frequency due to an assumed scour depth of 5 m, whereas the other modes showed smaller
(less than 10%) change in natural frequencies.
The order of the last three modes have changed, i.e. the order of the third, fourth and fifth
modes, respectively, before scour have changed to fourth, fifth and sixth modes after scour.
Such a change of the order of modes has occurred due to differential natural frequency
sensitivity for scour, i.e. a higher-order mode had reduced its natural frequency significantly
such that it has passed below the natural frequency of the lower-order mode. For example, the
Mode 3 before scour (“East span twisting”) has reduced its natural frequency from 4.91 Hz to
only 4.88 Hz, whereas the Mode 4 before scour (“Longitudinal sway + west span bending”)
had reduced from 5.09 Hz (higher than east span twisting mode before scour - 4.91 Hz ) to
4.62 Hz (lower than east span twisting mode after scour - 4.88 Hz), such that the Mode 4
before scour has become the Mode 3 after scour. This mode order change after scour was the
cause for the inconsistent frequency reduction of third and fourth modes at different depths of
scour (Figure 3.3). For the first mode that did not have a change of its order shows a consistent
frequency reduction for each increase of scour depth. Thus, when comparing different scour
depths, it is important to focus on the same mode shape, rather than the same mode number.
Therefore, the next parts of the thesis will use the mode shape to compare natural frequencies
of two scour cases, and the mode number will always refer to the mode shape corresponding
to the mode number before scour. For example, “East span twisting” mode in Table 3.3 was
the third mode before scour and hence when “Mode 3” will always refer to the “East span
twisting” mode.
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The fundamental mode of vibration of this bridge was experimentally established as bending
of the deck in the east span with a frequency of 4.53 Hz (Whelan et al., 2010). This mode
shape corresponds to any of the bending modes from second to the fourth mode of the
corrected numerical model, which have close natural frequencies in the range of 4.46 to 5.09
Hz. The first mode shape identified with the simulation may not have been captured by the
experiment since the accelerometers were placed on the deck during this experiment only in
the vertical direction and the forced vibration was applied vertically.
There was a limitation on estimating the required thickness of the membrane layer used. Since
the grillage was already providing some resistance against in-plane bending, a membrane of
only 50 mm was used, with the assumption that the natural frequency will be insensitive to the
membrane thickness. However, when the thickness of this membrane was doubled, the
fundamental natural frequency of the bridge (without scour) slightly changed from 3.49 Hz to
3.60 Hz. However, this limitation is unlikely to have a significant effect on the expected natural
frequency change as the magnitude of the natural frequency change due to even doubling the
membrane depth was not significant. This FE model could be further refined using shell
elements for the bridge deck slab and frame elements for the bridge deck beams, as was
attempted for the Baildon Bridge FE model in Section 3.2.3.
Both the uncorrected and corrected models estimated the natural frequency of the fundamental
sway mode to be highly sensitive to scour (26 – 30% change for 5 m of scour).

Natural frequncy reduction (%)

30
Mode 1

25

Mode 2
Mode 3

20

Mode 4
Mode 5

15
10
5
0
0

1

2

3

4
5
Scour depth (m)

Figure 3.3 Natural frequency change with hypothetical scour depths

3.1.3 Natural frequency variation due to deck damage
The significant natural frequency change estimated for scour damage was compared with a
deck damage case. The damage scenario considered in the bridge superstructure was
removing of a 200 mm long, longitudinal grillage element that represents both a section of the
prestressed beam and the composite top slab section spanning over the beam. This damage
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scenario was assumed to represent a full depth flexural crack and hence a significant capacity
reduction of the bridge deck. Table 3.4 shows the change in natural frequencies of the first five
modes noted in both grillage models explained above. The maximum change in natural
frequency was 1.1%, with the overall average being only 0.3%. Hence, the scour induced
frequency changes estimated in the scour simulation can be considered as significant,
especially the near-30% change of the fundamental natural frequency. These results suggest
that natural frequency-based methods show potential for monitoring scour despite the fact that
they have not proved effective for detecting deck damage.
Table 3.4 The natural frequency change of the bridge due to the introduced damage case in the deck

Corrected grillage model (membrane

Grillage model
Mode

Natural frequency (Hz)

providing in-plane deck stiffness)
Natural

Natural frequency (Hz)

Natural

Without

With

frequency

Without

With

frequency

damage

damage

change

damage

damage

change

1

3.08

3.08

0%

3.49

3.49

0%

2

3.97

3.97

0%

4.46

4.41

1.1%

3

4.12

4.11

0.2%

4.91

4.90

0.2%

4

4.65

4.61

0.9%

5.09

5.09

0%

5

5.01

5.00

0.2%

5.23

5.22

0.2%

Average

0.3%

Average

0.3%

This feasibility study at Nine Wells Bridge, therefore, concluded that natural frequencies,
especially of the lower order modes, have the potential to indicate scour at bridge foundations
and it would be worth trialling this method in practice on a full-scale bridge at risk of scour
damage.
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3.2 Field trial at Baildon Bridge
The feasibility study on Nine Wells Bridge and most numerical modelling studies in the
literature (Section 2.4.1.3) indicated that there is significant potential for a scour monitoring
technique that uses the changes in natural frequency as an indicator of scour. However, as
discussed in Section 2.4.1.1.3, there have been very few field trials assessing this technique
on real bridges, none on small-span bridges. Most of these trials have not been able to prove
the scour monitoring potential of this technique; thus, this represents a significant gap in the
existing studies.
Although field trials are essential to identify the real feasibility of this monitoring technique, they
are difficult in practice. This difficulty arises due to the unpredictable nature of scour; a
monitoring system would have to be installed on a candidate bridge with no guarantee that
natural scouring would occur within the typical timespan of a research project. On the other
hand, it is not practical to create scour artificially in a real bridge or construct a full-scale model,
and such trials would also pose significant safety issues. Therefore, a different approach was
taken for a field trial at Baildon Bridge, which had been subjected to extensive scour at one
pier and was due to be repaired by backfilling the scour hole.
As a result of this repair programme, Baildon Bridge provided a rare opportunity to monitor the
bridge in both a scoured state, a repaired state, and at various intermediate states as the
repairs progressed. The repair works allowed for monitoring of the bridge as the riverbed was
raised – in effect, “scour in reverse”. As the repairs involved a controlled variation of the level
of the riverbed, this provided an opportunity to undertake a field trial of the ambient vibrationbased scour monitoring for a real bridge. The lessons learned from this trial, together with the
potential for scour monitoring, are presented in the following sections. The development of the
sensor system, riverbed level scanning and initial and final numerical modelling are also
discussed in detail. Some of the data collected at this bridge is available from the University of
Cambridge Open Data repository (Kariyawasam et al., 2019a).

3.2.1 Baildon Bridge
Baildon Bridge is a three-span reinforced concrete road bridge in Bradford, UK carrying the
four-lane Otley Road (A6038) over the River Aire. An aerial image and a diagram of the bridge
are shown in Figure 3.4 and Figure 3.5. It has an overall length of 23 m, a width of 20 m and
skew angle of 23º. It has two bridge piers, each 4.55 m tall, 0.75 m thick and 21.5 m wide.
Each pier is supported on a row of 11 piles. These piles are 6 m deep with square crosssection dimensions 0.4 m x 0.4 m. This bridge was constructed in 1931 replacing a masonry
arch bridge. The masonry abutments from the original bridge and reinforced concrete
extensions have formed the abutments at the north and the south ends of the bridge
(Waterman, 2016). There was no specific information on the abutment foundations; however,
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the drawings provided by Bradford Metropolitan Council (Figure 3.5) indicate that they are
gravity abutments partially embedded in the banks.

Figure 3.4 Baildon bridge crossing the river Aire © 2020 Bing maps / Blom

Figure 3.5 Elevation of Baildon Bridge. All dimensions in m
(courtesy of Bradford Metropolitan Council)

After a flooding event in 2015, underwater inspection using divers found scouring on one side
of the south pier foundation. Bradford Metropolitan Council planned a repair programme to
backfill this scour hole.
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3.2.2 Riverbed scanning with sonar
Sonar scans were obtained before and after the scour repair works, with the aim of capturing
the riverbed profile change due to scour backfilling. These bed profiles were essential to
correlate any measured change of vibration parameters to the changes in scour depth.
Sonar scanning of the riverbed was carried out by BridgeCat mobile bridge inspection system
shown in Figure 3.6. The BridgeCat system consists of a Unimog all-terrain vehicle fitted with
a crane capable of extending 14.8 m below the level of the crane base (Roberts, 2017). With
the vehicle parked on the pedestrian pavement and one lane of the bridge near the parapets,
the crane was able to reach all locations of interest under the bridge. Once the crane was
extended to the desired location underwater, a sonar scanning head at the end of the crane
captured 2D sonar images. BridgeCat scanning of the whole bridge was carried out over 6
hours during off-peak daytime traffic after 09:00. The traffic management was provided by
Bradford Council to deviate two lanes of traffic in one direction into the middle lane of the bridge
while the BridgeCat was in operation.

Figure 3.6 BridgeCat mobile bridge inspection system scanning the riverbed using sonar

The sonar images captured before and after the repair are shown in Figure 3.7(a) and Figure
3.7(b), which were obtained by overlaying sonar images taken at each of the three bays. These
images have been superimposed in Figure 3.7(c), which shows the scour backfilling at the
most heavily scoured location near longitudinal centreline of the bridge (i.e. mid-width of the
piers). The backfilling predominantly occurred in the mid-span region between the piers and
towards the south pier, while there was little change of bed level below the north pier. The bed
level profile below the south pier was estimated by interpolating the depths found from these
bed scans taken at different widths along the pier. The bed level change below the south bridge
pier and approximate heights of material backfilled are shown in Figure 3.8. The maximum
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scour depth of about 1.8 m under the south pier was backfilled with 1.2 m depth of soil topped
by a layer of concrete-filled bags and a concrete mat.

Figure 3.7 Sonar scans showing the change of the bed profile
(Image courtesy of Jenny Roberts, Gaist Solutions)

Figure 3.8 Scour backfill at the south bridge pier
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3.2.3 Initial numerical scour simulation
Based on the riverbed profile captured before the repairs started, an initial numerical FiniteElement (FE) model was developed. This initial FE model was created to simulate the change
in the dynamic behaviour of the bridge due to the planned scour repair. These initial predictions
helped to identify an appropriate field instrumentation system.
Figure 3.9 shows the finite elements used to represent the bridge. The bridge deck slab was
represented by shell elements that model both membrane and plate bending behaviour. Bridge
deck beams and piles were represented by frame elements, which use a three-dimensional
beam/column formulation. The soil-pile interaction was represented by a Winkler spring model.
The spring stiffnesses were estimated by the American Petroleum Institute (API) method, as
explained in Section 5.2.1.
Bridge deck (slab: Shell elements beams:
Frame elements)

Abutment
connection
(pinned)

Abutment
connection
(pinned)

Soil Pile
interaction
(Winkler spring
model)

Bridge piers
(Shell
elements)
Piles
(Frame elements)

Figure 3.9 Initial Finite-Element model developed to represent Baildon Bridge

The bridge deck slab has two sections: an original 150 mm thick slab; and a 65 mm top layer
that was added in 1995 to strengthen the bridge deck. This top layer was dowelled into the
existing slab using threaded studs, and hence a “no-slip” connection could be assumed. The
deck was therefore considered as a 215 mm composite concrete slab. The beams were offset
from the slab to provide the composite beam slab behaviour. The piers are skewed relative to
the deck, and hence the size of the deck elements in the longitudinal direction was chosen
such that the pier could be connected to the deck while keeping the accurate skew.
The reinforcement arrangement indicated a continuous connection of bridge deck beams over
the piers. These beams are coupled with diaphragm beams which rest on the bridge piers and
abutments. The interface between these diaphragm beams and the top of each pier or
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abutment may have significant friction; hence the connection was assumed to provide full
translational restraint. Although the bridge drawings indicated no reinforcement connecting the
piers to the deck, some bending stiffness would be present at this interface due to friction.
Therefore, an integral (fully fixed) connection was assumed at the beam-pier interface under
low-intensity ambient vibration caused by traffic. The connection at the abutment was assumed
to provide only translational restraint (pinned) since flexural resistance may not develop as
only the end of the deck is resting on the abutments.
Some other properties of the bridge were not available at the time of modelling and
assumptions were therefore made based on engineering judgement. The concrete grade of
the piles, pier and deck beams was assumed to be the same as that indicated for the deck
slab (C40). Underwater inspection and two borehole records from 1930 identified the soil type
up to the pile-driven depth as sandy gravel. The soil was therefore assumed as medium dense
sand with 50% relative density.
The springs representing the soil were estimated based on the API method, assuming smallstrain behaviour. To allow for 3D behaviour, spring stiffnesses were provided for the piles in
both the transverse and longitudinal directions. In the vertical direction, the spring stiffness was
taken as the tangent stiffness based on the large-strain value of soil under the dead load of
the bridge.
A standard, linear eigenvalue modal analysis was conducted to determine the undamped
vibration modes of the system. The repaired bridge after backfilling of the scour hole (“no
scour” condition) was first modelled with soil springs along the full depth of piles. The effect of
the scour (“with scour” condition) was then simulated by removing the springs at the locations
where the scour hole was present in each pile. The effect of the concrete bag wall and the
concrete mat was assumed to be similar to the effect of soil.
Table 3.5 shows the initial analysis results for all vibration modes up to 20 Hz. The first four
modes were predominantly vertical. The first longitudinal mode, Mode 5, was the most scoursensitive, showing a 0.73 Hz (4.3%) reduction in natural frequency due to scour. It was
therefore expected that scour backfilling would show the reverse (0.73 Hz increase in natural
frequency). Instrumentation used in the field test was therefore focused on capturing this mode
of vibration.
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Table 3.5 Mode shapes captured with the initial FE model and the expected frequency shifts due to
scour hole at the south pier
Mode
number

Mode shape

Natural frequency (Hz)
no scour

with scour

change (%)

1

3.78

3.76

0.5

2

5.42

5.30

2.2

3

8.97

8.96

0.1

4

11.05

10.98

0.6

5

17.10

16.37

4.3

6

18.00

17.72

1.6

7

19.27

18.87

2.0

8

19.70

19.55

0.8
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3.2.4 Instrumentation
The initial numerical modelling suggested that the most sensitive mode of vibration to scour
depth would have a relatively high frequency (17.10 – 16.37 Hz) and that the expected natural
frequency variation wound not be significant (only 4.3%). These high-frequency modes may
not get significantly excited by the ambient traffic (Wenzel and Pichler, 2005); thus obtaining
the expected level of measurement accuracy (less than 4.3%) may be challenging without high
accuracy accelerometers. Therefore, high-sensitivity and low-noise accelerometers were
needed. The accelerometers used for the deployment were Epson M-A550 QMEMS devices,
which claim low output noise of 0.5 µg⁄√Hz over 0.5 − 6 Hz frequency band and 60 µg⁄√Hz
noise over 6 − 100 Hz band (EPSON, 2018). An internal filter that uses a Kaiser window with
512 taps and a cut-off frequency of 20 Hz was chosen to avoid aliasing when sampled at 200
Hz. With this setting, there was about 6 dB reduction of power spectral density at 40 Hz, and
140 dB reduction of power spectral density at 100 Hz (EPSON, 2018).
The data-acquisition system, developed by Paul Fidler, comprised a data logger, Raspberry Pi
and power supplies, as shown in Figure 3.10. The data was logged at 200 Hz by National
Instruments NI CompactRIO-9063 system running a custom LabVIEW programme. This data
logger connects to accelerometers through three National Instruments NI 9871 RS-485/RS422 plug-in modules. Each of these modules provided four individually controllable sockets,
allowing up to 12 accelerometers to be connected in total in the RS-422 one-to-one
configuration (National Instruments (NI), 2016). The Raspberry Pi transferred the logged data
to a server located in the University of Cambridge. This data acquisition system was located
at the Contractor’s yard (Figure 3.4), rather than at the bridge, to protect it from vandalism and
sensor cables were run from the data acquisition system to the bridge.
The site conditions required careful consideration in respect of mounting sensors and securing
cables in order to minimise drilling while over water. It is challenging to drill a hole into a bridge
pier while on a boat as the boat tends to move away from the pier. Therefore, drilling was
minimised by running a steel wire between anchor bolts in holes drilled into the two abutments.
The sensor cables were run along this steel wire and secured with cable ties and connected
to the accelerometers, as shown in Figure 3.11 (a and b). The steel wire was tensioned to
avoid it sagging below the soffit level of the bridge beams due to the weight of the sensor
cables. Additional steel wires were fixed across the width of the two piers. The accelerometer
mountings also avoided drilling by using an adhesive baseplate. This baseplate was pre-fitted
with bolts to receive an accelerometer after gluing on to the bridge using high-strength, marinesafe adhesive. These base plates were first glued in place and the following day, once the
adhesive was set, the sensors were simply connected to the base plate with nuts and bolts, as
shown in Figure 3.11(b). This process allowed mounting the accelerometers without drilling
and decommissioning accelerometers by simply unscrewing the nuts.
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Figure 3.10 Data-acquisition system at Baildon Bridge

The sensor arrangement was chosen in order to capture scour-sensitive longitudinal modes of
vibration, as shown in Figure 3.12. Seven M-A550 accelerometers (Nos. 1, 2, 3, 6, 7, 8 and 9)
were placed in one vertical plane at the upstream edge of the bridge. Three M-A550
accelerometers (Nos. 4, 5 and 10) were placed halfway along the transverse width of the pier
for validation, redundancy and to capture additional modes of vibration. Unfortunately, sensors
3 and 4 did not function – possibly due to damage to the sensor cables caused during
installation. The eight remaining sensors provided continuous results throughout the project.
A sampling rate of 200 Hz and a recording period of ten minutes was used for each dataset to
obtain acceptable frequency resolution and enable sufficient averaging during modal analysis.

Figure 3.11 (a) cables run on a pre-tensioned wire (b) an accelerometer mounted on the bridge
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Figure 3.12 Arrangement of accelerometers at Baildon Bridge

3.2.5 Modal analysis
The accelerometer datasets captured from eight different accelerometer channels were preprocessed to remove any datasets with time synchronisation errors of more than 250 µs (5%
of the sampling interval). For these data files, modal analysis was carried out using power
spectral density (PSD) and frequency domain decomposition (FDD) methods.
Figure 3.13 shows one example time history acceleration signal and the corresponding PSD
and displacement estimates. The acceleration time history in Figure 3.13(a) is part of a 10minute-long dataset starting from 16:02 on 25th July 2018, and it was captured by the
accelerometer number 2 in the longitudinal direction. This time history acceleration has a root
mean square (RMS) acceleration of 642 µms-2. The mean square acceleration is equal to the
area under a graph of spectral density (Newland, 1993). Therefore, the PSD curve in Figure
3.13(b) could, in theory, be used to back-calculate the RMS acceleration. The area under the
PSD curve is 4.03 x 10-7 m2s-4. As this is equal to the mean square acceleration, the RMS
acceleration is simply its root, 634 µms-2, which is almost equal to the RMS acceleration of the
time history signal (642 µms-2), verifying the PSD estimates. The small difference between
these two estimates of RMS acceleration arises due to the filtering and averaging used when
estimating the PSD values from the time history signal.
Figure 3.13(c) shows the dynamic displacement derived by double integrating the acceleration
time history signal in the time domain. This displacement time trace has an RMS displacement
of 46 nm, which is extremely low. The displacement corresponding to each mode can also be
derived from the PSD plot assuming the structural response is dominated by a single vibration
mode over the PSD peaks. Over the range of 4.0Hz to 5.0Hz where a peak is present, the
average PSD estimate is -92.6 dB ( 5.5 x 10-10 m2s-4/Hz), and hence this range represents a
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mean square acceleration of 5.5 x 10-10 m2s-4. This corresponds to an RMS acceleration of 23
µms-2. The RMS value of a sine wave, which represents the modal behaviour at a single point,
is equal to 0.71 times the peak value (OpenLearn, 2020). Hence the corresponding peak
acceleration is 32 µms-2. The peak acceleration (𝑥̈ ) of a single location of a mode can be
related to the displacement amplitude (𝑥) and natural frequency (𝑓) using [𝑥̈ = −(2𝜋𝑓)2 𝑥]
based on the double derivative of a sine wave displacement response that represents the
modal displacement variation at a point. Hence the displacement amplitude that corresponds
to this first peak is 40 nm [32/(2xπx4.5)2]. Similarly, over 18.25Hz to 19.25Hz range where
there is a second peak, the PSD estimate is -74.6 dB (3.44 x10-8 m2s-4), which corresponds to
an RMS acceleration of 185 µms-2, peak acceleration of 270 µms-2 and a displacement
amplitude of 19 nm [270/(2xpix18.75^2]. Therefore, nanometre-scale displacement amplitudes
were found to be present at the location of accelerometer 2 based on the amplitudes derived
from both the frequency domain and time domain methods discussed above. The
manufacturer of these accelerometers do not claim a specific amplitude of vibration the
accelerometers can measure; however, there is a claim that the noise density over the
frequency band of 0.5 − 6 Hz to be of 0.5 µg⁄√Hz (EPSON, 2018), which is approximately 4.9
µms−2⁄√Hz near the first peak discussed above, assuming the noise density is uniform. Hence
capturing of 23 µms-2 (> 4.9 µms-2) accelerations and nanometre-scale displacements seems
probable. Such low displacement vibrations can be expected since this bridge is short span
and stiff with its overall length of only 23 m is supported by two 20 m wide bridge piers.
Moreover, the considered sensor is on the bridge pier near the ground level where there can
be lower amplitudes of vibration than at the deck. The other accelerometers showed slightly
higher spectral density estimates in the singular value plot, which provides an average spectral
density estimate of all the sensors (Section 3.2.6). The accelerometer 2 is one of the nearest
accelerometers to the ground level. The below ground level displacements and strains could
be even smaller and hence this verifies the small-strain soil-structure interaction assumption
made for estimating the spring stiffnesses.

76

10

Acceleration (m s2)

4

Acceleration time history
oot mean s uare acceleration

2
0
2
4
100

a

102

104

106

108

110

112

114

116

118

120

60

0

80

90

100

PSD dBref

ms

2 2

Hz

Time (s)
60
80
100
120
140

b

0

10

20

0

40

50

Displacement (m)

Fre uency (Hz)
2

10
Displacement time history
oot mean s uare displacement

1
0
1
c

2
100

102

104

106

108

110

112

114

116

118

120

Time (s)

Figure 3.13 (a) An example acceleration time history trace of a dataset, (b) the PSD plot
corresponding to the full dataset and (c) the corresponding dynamic displacement trace

Modal analysis was carried out for multiple acceleration measurements from all these eight
channels using Frequency Domain Decomposition (FDD) method. FDD requires the Power
Spectral Density (PSD) matrix of datasets from all channels at discrete frequencies; this matrix
has auto-PSD values of individual channels along the diagonal and cross-PSD values of
couple combinations of channels off-diagonal. The FDD method is based on the singular value
decomposition of this PSD matrix 𝐺𝑦𝑦 (𝑓) at discrete frequencies 𝑓, as shown in Equation 3.1,
where 𝑈(𝑓) is the matrix of singular vectors and 𝑆(𝑓) is the diagonal matrix of singular values.
Over the frequency range associated with a peak in the first singular values of the PSD matrix,
the structural response is dominated by a single vibration mode, with the first singular vector
being an estimate of the mode shape and the corresponding first singular value being the autoPSD of the modal contribution found from all sensor channels. The first singular value of the
PSD matrix thus provides a single spectral density estimate for multiple accelerometer
channels, unlike the auto-PSD estimate of individual sensor channels. Singular value of the
PSD matrix is referred to in this thesis as “SVPSD” to differentiate it from auto-PSD of individual
channels, which will be referred to with the commonly used terminology “PSD”. The FDD
method assumes that the input excitation is broad-band (white noise) and that the structure is
lightly damped (Brincker, Zhang and Andersen, 2001; Brincker, Anderson and Jacobsen,
2007).
𝐺𝑦𝑦 (𝑓) = 𝑈(𝑓)[𝑆(𝑓)]𝑈(𝑓)𝑇
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Equation 3.1

FDD was carried out in MATLAB. The transverse direction of the bridge showed lower vibration
and a lower signal-to-noise ratio than the other directions. Therefore, only the longitudinal and
vertical direction sensor channels were taken for FDD analysis. The accuracy of the identified
mode shapes was assessed with the modal assurance criterion (MAC) (Pastor, Binda and
Harcarik, 2012). MAC estimates the similarity between two mode shapes as a value from 0 to
1, 0 being absolutely no similarity and 1 being perfect similarity.
One main assumption made in FDD is that the source of vibration is a broad-band excitation.
The main source of vibration of Baildon Bridge is traffic, which does not provide a perfect
broad-band excitation. However, during peak hours, a large number of vehicles passing over
the bridge was assumed to provide a reasonably broad-band excitation. Therefore, datasets
at peak traffic hours of 16:00-17:00 on were chosen to identify the bridge modes. This onehour period encompasses six 10-minute datasets thus six natural frequency observations,
which should all be ideally same since no significant environmental changes would occur within
a short period of one hour.

3.2.6 Numerical model updating based on initial experimental results
The initial modal analysis studied six datasets between 16:02 to 17:02 on 24 July 2018, before
scour repair started, in order to update the numerical FE models based on the modal
characteristics of the system. These six consecutively-timed datasets of all acceleration
measurements showed the first singular values (SVPSD) shown in Figure 3.14. A peak in the
first SVPSD indicates a potential mode shape when a consistent mode shape is present. Two
prominent peaks with similar mode shape between the datasets were observed. The first peak
near 4.5 Hz (uncertainty ±0.6 Hz) was identified as Mode 1 (a sway mode), but this was not
predicted to exist in the initial FE model. The second peak near 18.75 Hz (uncertainty ±0.8 Hz)
was identified as Mode 2, first bending mode, predicted to be the first mode at 16.37 Hz in the
initial FE model (Table 3.5).
The peaks at Mode 1 and 2 were further confirmed to be real modes by the high MAC (over
98%, see Figure 3.15) observed when the mode shapes were compared for different
consecutively timed datasets measured in the field. The other peaks shown in Figure 3.14,
near 0.58 Hz, 10.95 Hz and 11.95 Hz, were assumed to be spurious (non-physical) modes or
harmonics of vehicle traffic excitations as these peaks did not estimate consistent mode
shapes and natural frequencies at these six consecutively timed datasets. These three peaks
near 0.58 Hz, 10.95 Hz and 11.95 Hz showed the same peak present in higher-order SVPSDs
- which is a property of harmonics (Jacobsen, Andersen and Brincker, 2007). Therefore, only
the two peaks that were near 4.5 Hz and 18.75 Hz were assumed to represent real modes.
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Figure 3.14 First SVPSD of adjacent datasets showing consistent peaks at 4.5 Hz and 18.75 Hz

Figure 3.15 Modal assurance criteria for the dataset combinations at modal peaks near 4.5 Hz and
18.75 Hz

The low-frequency, predominantly vertical, modes of vibration predicted in the initial FE model
were not detected in the real bridge. This suggests that the vertical skin friction and end bearing
at the soil-pile interface was higher than what was assumed with the API design code and 50%
relative density for the soil.
Therefore, the API spring representation and the boundary conditions of the initial numerical
model were updated to improve the FE model, as shown in Table 3.6. The observed mode
near 4.5 Hz was a sway mode which was not detected with the initial FE model. Since the
bridge deck beams are joined by a solid diaphragm wall that had been cast on top of the bridge
abutments, a pinned connection was assumed at this interface in the initial FE model. The
presence of a sway mode in the real bridge indicates that the bridge abutment-to-beam
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connections do not provide significant restraint against longitudinal translation. Thus, the FE
model was changed (update 1 in Table 3.6) by allowing free longitudinal translation (i.e.
assuming a roller support condition) at each of these interfaces, after which, the FE analysis
showed a sway mode matching (95% MAC) to the experimentally observed sway mode.
The FE model was further updated (update 2 in Table 3.6) by preventing vertical movement at
the base of the piles since no predominantly vertical vibration modes were observed. This
change increased the MAC of Mode 2 from 0.3% to 57.8%.
The moment capacity at the pier-deck interface was unclear at the time of initial numerical
modelling. It was assumed that moment resistance was present due to the material interlocking
friction. However, the drawings indicated no reinforcement connecting the bridge beams to
bridge pier and hence one can also argue that there should be no moment capacity at this
interface. The FE model was therefore changed to allow for this (update 3 in Table 3.6) by fully
releasing the rotational restraint at the top of the bridge pier. This change, however, weakened
the MAC of Mode 2 from 58% to 14%, and hence the previous model (update 2 in Table 3.6)
with the integral connection at the top of the pier was reselected as the best fitting FE model.
This integral connection like behaviour may be present at the top of the piers due to the smallstrain levels experienced by vehicle traffic, when interlocking friction may provide moment
resistance.
The FE model with update 2 was further updated (update 4 in Table 3.6) with a hyperbolic
lateral spring stiffness profile, which was found to be a better representation of soil stiffness
than a linear stiffness profile, as explained in Chapter 5 (Section 5.4.2). Similar to Chapter 5,
the hyperbolic stiffness profile was derived from Kloeppel and Glock (Kloeppel and Glock,
1970) and Seed and Idriss (Seed and Idriss, 1970). This stiffness profile assumed a saturated
bulk density of 1920 kgm-3 (50% relative density) and Poisson’s ratio of 0.3. The lateral spring
stiffness profiles of the initial model and the updated models are shown in Figure 3.16. The
API stiffness profile used in the initial model and in FE model updates 1 – 3 in Table 3.6 has a
linear change of stiffness with depth. The hyperbolic stiffness profile derived for FE model
update 4 gives a higher spring stiffness than the initial FE models over the pile depth of 6 m
considered.
The FE model update 4 in Table 3.6, with a hyperbolic soil spring profile, increased the MAC
of Mode 2 between the FE model and the experiment to 68%. This update slightly reduced
Mode 1 MAC, while still maintaining it at 96%. Therefore, the overall mode shape estimation
has improved with the FE model update 4. The natural frequency of the FE analysis has also
become closer to the observed mean natural frequency, i.e. natural frequency difference
between the FE model and the experiment was 18% for Mode 1 and 0.1% for Mode 2.

80

Table 3.6 Experimentally observed mode shapes versus mode shapes estimated by the FE model
Stages of modal updating

Mode 1: Sway mode
(two piers in phase)

Mode 2: Bending mode
(two piers out of phase)

4.50 Hz

18.75 Hz

Target:
Experimentally Observed

16.37 Hz (MAC 0.3%)
FE no update:
Initial FE model

Not detected

2.73 Hz (MAC 95%)

16.31 Hz (MAC 0.03%)

2.77 Hz (MAC 97%)

15.87 Hz (MAC 58%)

1.94 Hz (MAC 98%)

13.11 Hz (MAC 14%)

3.69 Hz (MAC 96%)

18.73 Hz (MAC 68%)

FE update 1:
Releasing the longitudinal translation at
abutments

FE update 2:
Fixing pile base vertical translation +
update 1

FE update 3:
Releasing pier top moment capacity +
update 2

Final FE update 4:
Spring stiffnesses were updated to
hyperbolic profile + update 2

(MAC compares the mode shape similarities of FE estimates with the experimental observations. Mode
shapes: modal amplitudes representing the sensors at the upstream edge are marked in solid lines, and
the sensors at halfway along the piers are marked in dashed lines. Two blue colours indicate two
extreme sides of the mode shapes)
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The FE model with update 4 incorporates a hyperbolic stiffness profile, pile base vertical
translation fixity and free longitudinal restraint at the abutments. This FE model may further
improve if partial fixities due to friction of the abutment interface can be assumed, though such
properties are difficult to predict. Update 4 provided natural frequency and mode shapes that
were considered acceptably similar to the experimentally observed results, so it was adopted
as the final FE model to estimate the natural frequency and mode shape changes due to the
scour repair.

Figure 3.16 Lateral spring stiffness profiles used for the numerical model

3.2.7 Natural frequency change due to scour repair
Despite using high-sensitivity accelerometers in the field study, it proved difficult to track
natural frequencies with high certainty. This was due to a combination of the low
responsiveness of the bridge (as a relatively massive and stiff structure) and the level of
background noise making it difficult to resolve frequency peaks. The natural uncertainty
observed is shown in Figure 3.17, which shows six 10-minute datasets before the repair and
six 10-minute datasets after the repair. The natural frequency of the first mode (sway) was
observed near 4.5 Hz before the repair with an uncertainty of ±0.6 Hz (±13%). This mode
remained in the same frequency range of 4.5±0.6 Hz after the repair. The second mode (pier
and deck bending) natural frequency was near 18.75 Hz before the repair with an uncertainty
of ±0.8 Hz (±4%); however, a clear peak was not present near 18.75 Hz after the repair.
Despite having natural frequency uncertainties, these two peaks near 4.5 Hz and 18.75 Hz
were found to represent real modes due to the high modal assurance between adjacent timed
datasets, as previously shown in Figure 3.15.
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Figure 3.17 SVPSD spectra of six adjacent 10-minute datasets before and after

In comparison to the experimentally observed natural frequency uncertainties, the FE model
estimated changes of 0.35 Hz (9%) for the first mode and 1.11 Hz (6%) for the second mode
due to the scour (Table 3.7). These estimated frequency changes of the bridge were of the
same order of magnitude as the experimentally observed natural frequency uncertainties.
Therefore, scour induced natural frequency changes may have gone undetected.
Table 3.7 Natural frequency change due to scour backfilling: comparison between experiment and FE
simulation with the updated model

Scour case

No scour (after repair)
south pier local scour: 1.8 m max depth
(real profile observed by sonar)

FE model
frequency [Hz]
Mode 1

Mode 2

4.04

19.84

Experiment frequency
[Hz]
Mode 1

18.75 ± 0.8
4.5 ± 0.6

3.69

18.73

Mode 2

not
recognised

The experimental natural frequency uncertainty indicates a limitation of this monitoring
technique that any future monitoring project would have to overcome. Natural frequency would
only indicate a measurable change when its change due to scour is above its measurement
uncertainty. Therefore, for this method to work, a lower uncertainty or high-frequency change
is desired. Frequency measurement uncertainty may potentially reduce in any future
deployment by using higher sensitivity and lower noise accelerometers. On the other hand,
natural frequency change would be greater than the uncertainty if the scour depth present in
this bridge was far more extensive than the relatively narrow region of maximum 1.8 m depth
under the central region of the south pier (Figure 3.8).
With the aim of identifying the depths of scour that would have been potentially measurable in
this bridge, the updated FE model was used to simulate extensive scour cases. Two
hypothetical scour cases were studied with FE models: (1) “full-width local scour under the
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south pier” and (2) “full-width global scour under both north and south piers”. Both these cases
consider more extensive soil loss than the real scour profile, which has only a narrow region
of maximum 1.8 m depth. Numerical simulation results of these two hypothetical cases and
the real scour profile case were compared with the experimentally observed measurement
uncertainties as shown in Figure 3.18(a) for Mode 1 and Figure 3.18(b) for Mode 2.

Figure 3.18 Natural frequency variation estimated by numerical simulations compared with the
experimentally observed natural frequency uncertainty

As shown in Figure 3.18(a), natural frequency measurement uncertainty of Mode 1 was (13%),
higher than the estimated frequency change due to the real scour profile (9%). Therefore, any
change in the natural frequency of the bridge may have gone undetected, as previously
explained. For other cases with more extensive scour, the frequency change becomes higher
than the 13% measurement uncertainty value when the “full-width local scour under the south
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pier” is more than 1.7 m or “full-width global scour under both north and south piers” is more
than 0.5 m.
As shown in Figure 3.18(b), natural frequency change of Mode 2 for the real scour profile was
6% according to the numerical models. Although the experimental uncertainty of natural
frequency (4%) was lower than this predicted change, a change was not experimentally
observed due to the fact that the Mode 2 peak was not recognisable, as this peak was not
prominent (flatter) when no scour was present (after repair in Figure 3.17). Nevertheless, when
there was scour present in the experiment (before the repair in Figure 3.17), the Mode 2 peak
was prominent and recognisable. As shown in Figure 3.18(b), the frequency change became
higher than the 4% uncertainty value when either the south pier local scour is more than 1 m
or global scour is more than 0.4 m. However, as the Mode 2 peak was difficult to resolve when
there was no scour, the scour depth monitoring would only become possible after some initial
scour has occurred making the Mode 2 peak prominent.
Therefore, based on the experimental uncertainties observed, measuring any type of scour
depth below 0.4 m seems unrealistic for this bridge. The realistic potentially measurable scour
depths are global scour depths above 0.5 m (8% of the 6 m pile embedment) or south pier
local scour depths above 1.7 m (28% of the 6 m pile embedment). As these embedment losses
due to scour are unlikely to cause bridge damage, the potential to measure a change in natural
frequencies to indicate scour at these depths would still provide sufficient warning to plan
countermeasures. The numerical scour simulation studies tested scour up to 50% of the pile
embedment depth (i.e. 3 m), which is a significant scour depth and could even pose a risk of
damage to the bridge. For this depth of global scour, natural frequency changes as high as
54% for Mode 1 and 34% for Mode 2 were estimated by the FE models. These high natural
frequency changes indicate that natural frequencies in this bridge have the potential to indicate
extensive scour depths.

3.2.8 Mode shape variation due to scour repair
In addition to the natural frequency, other modal parameters were explored for the potential
indication of scour. Firstly, the change in mode shapes due to the effects of scour was
explored. The mode shapes before and after scour backfilling repair are shown in Figure
3.19(a) for Mode 1 and Figure 3.19(b) for Mode 2. Note that the mode shapes show a side
elevation view of the bridge.
The sway mode, Mode 1, displayed little change between before and after scour repair (MAC
99%), according to the experimental findings. Mode 1 estimated by the FE model was similar
in shape to the experimental Mode 1. The FE model also displayed an insignificant change
(less than 2% change in amplitudes) of mode shape, except below the lowest accelerometer
level (“A” in the Figure 3.19(a)). The experimental mode shape was based on a limited number
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of accelerometer sensor points, of which lowest was at the level “A”, and any changes below
that level were undetected experimentally. In contrast, the FE model gives a finer resolution
for the modal amplitudes based on a large number of points everywhere in the bridge. The FE
model estimated unmeasurably small change at “A” level in Figure 3.19(a) and visible change
near the ground level of the scoured south pier. However, near-ground-level modal amplitude
changes would be difficult to measure as accelerometers would then be underwater, removing
a key advantage of this monitoring technique, i.e. above water instrumentation is note
susceptible to damage by moving debris, fast water flow and corrosion in comparison to
underwater instrumentation.

Figure 3.19 Change of the shapes due to scour
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The pier and deck bending mode, Mode 2, has changed (MAC 74%) according to the
experiment. The change was most noticeable at the south bridge pier (see the magnified view
of Mode 2 in Figure 3.19). The south pier had the local scour hole. Therefore, the backfilling of
this scour hole may have caused the bridge pier to become stiffer and increase in modal mass,
resulting in a reduction of the modal amplitude. The FE model also estimated Mode 2 to have
reduced modal amplitudes on the south pier as a result of scour backfilling. The FE model
showed that the modal amplitude change is most noticeable near the ground level of the
scoured south bridge pier. The experiment modal amplitudes do not show the correct modal
amplitudes near the ground level since there are only a limited number of accelerometers of
which the lowest accelerometer, at “A” in Figure 3.19, was significantly above the ground level.
The FE model also shows that the vertical modal amplitude of the south span increases due
to scour. However, the accelerometer at this location did not function, and therefore, this was
unable to be verified. The accelerometer at the north span, however, did function and showed
a significant reduction in modal amplitude experimentally. This behaviour was not shown in the
FE model; it estimated the modal amplitude increase was limited to the south bridge pier and
south end span. It is unknown precisely why the vertical amplitudes near the northmost span
increased, but part of the repair that involved work at the expansion joints of the deck or
measurement errors are potential causes.
Mode 2 changed in shape near the south pier according to both experimental and numerical
results. This behaviour indicates the potential for using mode shapes of a bridge to indicate its
scour. The modal amplitude increase was primarily near the scoured pier, which demonstrates
the potential to also use changes in modal amplitude to locate the foundations undergoing
scour.

3.2.9 Spectral density variation due to scour repair
Figure 3.17 clearly showed a distinct difference between the first SVPSDs before and after
scour repair. In addition, the most noticeable change of the mode shape was in the middle of
the south bridge pier (shown in Figure 3.19), where accelerometer 2 was located. Therefore,
the variation of the PSD at the modal peaks derived from horizontal direction vibrations
measured by the accelerometer 2 was studied over the whole period of scour repair. The mean
PSD across the range of variation of the modal peaks was used to ensure that the peak was
captured, and thus this parameter is referred to as “mean modal PSD”. Figure 3.20 shows the
variation of the mean modal PSD on every Tuesday from 4 pm to 5 pm during the repair period.
A peak hour traffic time during a weekday (Tuesday from 4 – 5 pm) was used with the
assumption that the traffic level would not significantly differ and thus the effect of changes in
traffic excitation on the estimated PSD would be minimum. The observed trend from 120
datapoints has been highlighted in blue colour, ignoring several outliers. One possible
explanation for the outliers in Figure 3.20 is that they are the result of abnormal excitations
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due to heavy vehicles with vehicle vibration properties in the same frequencies as the bridge
modes.

Figure 3.20 The variation of mean modal PSD of horizontal vibration at the middle of the south bridge
pier (accelerometer 2)

The Mode 1 peaks showed a trend of stable mean PSD for the whole period. Mode 2 peaks,
however, showed an overall trend of mean PSD reduction with the progression of scour
backfilling repair. The mean PSD has reduced from around 4 x 10-8 m2/Hz before repair to
about 1 x 10-8 m2/Hz after repair. It has an uncertainty of around ± 1 x 10-8 m2/Hz before repair,
which represents a significant, 25% uncertainty of measurement. However, this uncertainty
was smaller than the overall change observed, 3 x 10-8 m2/Hz (75%) for 1.8 m of scour
backfilling at the south bridge pier. The scour backfilling process ended with placing concrete
mats at the end of October 2018, after which the mean PSD of Mode 2 has stabilized, as
expected. Therefore, mean modal spectral density measured by an accelerometer on a pier
near the scour hole seems to be able to indicate the change of scour depth at that foundation,
given measurements are considered under similar traffic conditions. Based on the observed
measurement uncertainties (25%) and the change due to scour (75%), modal PSD could
provide a scour depth resolution of approximately 0.6 m for local scour and potentially higher
than that for global scour.
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3.3 Summary
Vibration-based scour monitoring was studied at two bridges, first a feasibility study at Nine
Wells Bridge and second a field trial at Baildon Bridge. The feasibility study at Nine Wells
Bridge attempted to numerically model a bridge subjected to hypothetical cases of scour and
deck damage to see whether the natural frequency sensitivity to scour is higher than the
sensitivity for deck damage, which has already been proven to be insufficiently sensitive in
practice. The fundamental natural frequencies were predicted to be significantly sensitive to
scour damage (26 % change for 5 m scour depth) than to deck damage (less than 0.01%
change for a full depth crack of a prestressed beam). Therefore, the natural frequency showed
significant potential to indicate scour than to indicate deck damage, and that it would be
worthwhile to trial this in practice.
The field trial at Baildon Bridge in Bradford involved monitoring this bridge during a backfilling
process to repair scour damage. Sonar scanning before and after the repair recorded a change
of the bed level up to a maximum of 1.8 m near the south bridge pier. Initial scour simulation
predicted the fundamental longitudinal, pier-bending mode would experience a 4% change due
to scour. This mode was observed in the operational modal analysis results from the
experiment, but with low modal assurance and a sway mode that was not predicted by the FE
model was also observed. Thus, the FE model was updated to improve its predictive capability.
The updated FE models estimated that the natural frequencies of the two observed modes
would change by 9% and 6% respectively due to backfilling. However, it was too difficult to
capture this change with experimental data based on the frequency domain decomposition
technique, as the modal peaks were uncertain with variabilities of the same order of magnitude
as the expected natural frequency changes. This inability to obtain high enough frequency
certainty indicates a potential limitation for monitoring scour of small-span bridges with
vibration-based methods. Numerical modelling found that full-width global scour resolution for
this bridge was potentially about 0.5 m, and local pier full-width scour resolution about 1.7 m,
in order to overcome the experimental measurement uncertainties.
The modal amplitude of the second mode at the south pier of Baildon Bridge showed a clear
reduction after the repair. This could have been anticipated due to the stiffening of the south
bridge pier after repair. In addition, the mean modal power spectral density at the same location
showed a clear reduction with the progression of the repair. Mean modal power spectral
density of Mode 2 reduced by 3 x 10-8 m2/Hz, which was above its uncertainty of 1 x 10-8 m2/Hz.
Therefore, the spectral density and the mode shape which have, to date, had little attention as
scour detection parameters, may have greater potential for vibration-based scour detection
than the more commonly studied parameter of natural frequency.
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Chapter 4

Geotechnical-centrifuge model experimental
programme

Highlights
•

A centrifuge testing methodology was developed to simulate vibration-based bridge
scour monitoring.

•

Four small-scale models, a bridge as well as two deep and one shallow
foundations, were constructed in dense sand and tested with different levels of local
and global scour.

•

The models represented, in full-scale, three hypothetical bridges with various
configurations of bridge deck types (integral and simply supported) and foundation
types (deep piled and shallow pad foundations).

•

Experiments estimated the full-scale natural frequency sensitivities of 3.5 – 11%
and spectral density sensitivities of 40 – 1205% per 1 m depth of scour, which
suggests that this technique has potential for scour monitoring.

•

Mode shape showed potential to identify and localise scour.

This chapter describes the development of a small-scale experimental methodology using
centrifuge modelling to assess the full-scale potential of a vibration-based bridge scour
monitoring technique, which uses the three scour monitoring parameters identified in the field
trial at Baildon Bridge. These parameters were studied for different forms of scour and multiple
bridge types, with the aim of assessing their wider applicability as scour monitoring parameters.
The initial selection of full-scale bridges, the conversion of these to small-scale models, the
construction of the small-scale models in a centrifuge container and the final centrifuge testing
are described in detail. The potential for different vibration-based parameters to detect scour
is evaluated at the end of this chapter. These observations also helped calibrate numerical
models of small-scale and full-scale bridges in the next chapter. The data collected during this
experimental programme is available from the University of Cambridge Open Data repository
(Kariyawasam et al., 2020b).
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4.1 Background
As highlighted in Chapter 2, the literature on vibration-based scour monitoring has centred
around computer simulations using numerical models. These numerical models make a
number of assumptions on the complex soil-bridge interaction before and after scour.
Experiments are essential to validate these assumptions and, most importantly, to assess the
practical viability of this monitoring technique for various types of bridges and forms of scour
in a controlled environment.
Testing small-scale models subjected to scour is one option for assessing this vibration-based
scour monitoring technique. However, previous efforts on testing scaled-down soil-structure
models at normal gravity did not accurately simulate the representative full-scale bridge
dynamics (Section 2.4.1.1). Although material properties of the structural elements (e.g.
steel/concrete beams before yielding) of such scaled models do not depend on the stresslevel, and hence depth, soil strength and the lateral stiffness provided by the soil to the
foundation elements are stress-dependent. A scaled-down model, therefore, provides lower
stress, and hence a lower stiffness, than is realised in practice, and non-linear soil behaviour
may make it impossible to scale up the dynamic properties such as the natural frequency to
equivalent full-scale behaviour, as elaborated in Section 4.2.
Centrifuge modelling can be used to overcome this problem by allowing full-scale stress levels
to exist within a small-scale model (Madabhushi, 2014). Centrifuge modelling thus provides an
ideal platform to establish the expected variation in natural frequency and other dynamic
parameters with scour depth at a real bridge.
The experimental programme was developed with the aim of studying different bridges and
forms of scour in small-scale. The objectives of this experimental programme were:
(1) To develop a scale-model testing methodology for assessing vibration-based scour
monitoring techniques.
(2) To identify the sensitivities of natural frequency, mode shapes and spectral density of
different bridge types to scour.
(3) To study the change of scour parameters and soil stiffness due to local and global scour
around bridge foundations (Figure 1.2).

4.2 Centrifuge modelling
Centrifuge Modelling is a technique used to correct inaccuracies in soil property scaling that is
involved when attempting to model a full-scale (also called prototype-scale) soil mass with a
small-scale (also called model-scale) soil model. To understand this scaling inaccuracy in the
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context of vibration behaviour applicable to this research, consider a 1/N scale model at normal
gravity (1g) attempting to represent a full-scale soil mass, as shown in Figure 4.1.

Any full-scale depth 𝑑𝑓 is represented in the 1/N small-scale model by a corresponding depth
of 𝑑𝑓 ⁄𝑁 . The full-scale self-weight stress (𝜎𝑓 ) at depth 𝑑𝑓 and the small-scale self-weight
stress (𝜎𝑠 ) at the corresponding depth (𝑑𝑓 ⁄𝑁) are simply:
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Figure 4.1 Properties of full-scale and 1/N scale soil models (both at 1g)

Equations 4.1 and 4.2 give 𝜎𝑠 = 𝜎𝑓 ⁄𝑁 which suggests that the small-scale stress levels are
1/N times the full-scale stress levels at representative depths. The level of stress determines
the stiffness properties of soil. For example, the small-strain elastic modulus of soil is directly
related to the effective vertical stress, as presented in Equations 4.8 and Section 5.3 and
illustrated in Figure 4.1. Therefore, in the same way as the small-scale stress level is
lower than the full-scale stress level at a corresponding location, the small-scale elastic
modulus (Es) at 𝑑𝑓 ⁄𝑁 depth is smaller than the full-scale elastic modulus (Ef) at the
corresponding full-scale depth (𝑑𝑓 ). Therefore, the stiffness profile of soil is different in the
small-scale and the full-scale. This type of a small-scale model with inaccurate stiffness profile
would not accurately estimate the vibration behaviour of the full-scale structures.
Accurate stiffness properties will only be observed if the stress levels in the 1/N scale model
and the full-scale match. Equal stress condition, i.e. 𝜎𝑠 = 𝜎𝑓 , in Equation 4.2 is attainable if the
gravitational acceleration in the model is Ng instead of 1g. Centrifuge modelling does this,
replicating full-scale stress-fields within a small-scale model, by increasing the effective
gravitational field strength to compensate for the reduction in length, such that self-weight
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stresses are identical (Madabhushi, 2014). This necessitates testing a 1/N scale model at an
effective gravity of Ng, which is generated by centrifuge rotation such that the centripetal
acceleration produces an increased vertical acceleration in the model.
It is noteworthy that an additional gravity field is not necessary to obtain the accurate dynamic
behaviour of a small-scale structural model, given the material components have a constant
elastic modulus everywhere, unlike soil that changes its elastic modulus with depth. A soilstructure model must be tested under centrifuge acceleration purely to correct the inaccuracies
in the property scaling of the soil but not the structure.
Stress similitude between small- and full-scale at a length scale factor of N allows scaling laws
to be derived for other parameters of interest, including natural frequency (Madabhushi, 2014).
The natural frequencies exhibited by a 1/N scale model can be shown to be N times higher
than the natural frequencies of the full-scale model. Other applicable scaling laws are
discussed in Section 4.4.3.
All tests for this research were conducted using the Turner Beam centrifuge (Figure 4.2) at the
Scofield Centre, University of Cambridge. This is a 10 m diameter centrifuge capable of
subjecting models with a mass of up to 1000 kg to centripetal accelerations of 125 g (Schofield,
1980). This centrifuge testing programme modelled the soil-structure interaction with a
centrifuge model of 434 – 485 kg in mass and it was tested under a 40 g and a 60 g effective
gravitational field.

Figure 4.2 Turner beam centrifuge, where all tests were conducted. Photograph from SERIES (2011)

4.3 Introduction to the experimental method and nomenclature
This section briefly introduces the methodology and nomenclature used; a detailed
methodology is provided in the next sections of this chapter. This experiment attempted to use
small-scale testing to study the expected full-scale sensitivity of natural frequency, mode shape
and modal spectral parameters of different bridges undergoing local and global scour.
Firstly, the properties of the full-scale and small-scale bridges were selected (Section 4.4).
Three full-scale reinforced concrete bridges were considered to represent various foundation
and deck arrangements. These three hypothetical bridges were named as “Bridge 1”, “Bridge
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2” and “Bridge 3”, as shown in Figure 4.3. Bridge 1 is an integral bridge with deep piled
foundations; Bridge 2 is a simply supported bridge with a deep piled foundation; and Bridge 3
is a simply supported bridge with a shallow pad foundation. The properties of Bridge 1, Bridge
2 and Bridge 3 were scaled down to create small-scale aluminium structural models “Model
1”, “Model 2” and “Model 3”, respectively. An extra small-scale aluminium structural model,
“Model 4” was also created to represent one pile of the Bridge 2. Model 1 represented its
complete full-scale bridge with both the bridge deck and piled foundations, while all other
models represented the standalone foundations of the full-scale bridge. Models 1, 2 and 4, all
of which have deep foundations, were scaled down by “60” times. However, the Model 3, which
has a shallow pad foundation, was scaled down by only “40” times in order to maintain a
sufficient depth to the pad footing in small-scale.
Secondly, these four small-scale structural models were constructed in a soil medium in a
cylindrical centrifuge container, as explained in Section 4.5. These structural models in the
centrifuge were excited by two actuators, namely, a piezoelectric actuator and an automatic
modal hammer. The input excitations were measured by load cells located in the actuators.
The output vibrations of the structural models were measured by a set of accelerometers. High
sensitivity piezoelectric (referred to as “P”) accelerometers were mounted at the top of all
structural models, and two types of smaller size and low sensitivity MEMS (referred to as “M”
or “m”) accelerometers were mounted on the piles/columns of the models. The accelerometers
were named with four characters, as for example “M1P2”, where the first two characters refer
to the model name (Model 1) and the last two characters refer to the type of accelerometer
and its number (Piezoelectric accelerometer number 2). Another set of piezoelectric
accelerometers were placed in soil to measure the shear wave velocities; these were referred
to as C01 – C15. Their arrangement is provided in Figure 4.4. Note that the soil in the centrifuge
model was maintained dry, with the assumption that the changes, rather than the absolute
values, in vibration properties of the bridges are independent of the water-soil interaction
effects, as further discussed in the literature review (Section 2.4.1.4).
Thirdly, the constructed Centrifuge Models 1, 2, 3 and 4 were all tested under centrifuge
acceleration. Models 1, 2 and 4 were scaled down by 60 times, and therefore they all were
tested at, “60g”, 60 times the normal gravity acceleration. Model 3 was scaled down by 40
times, and thus this model was tested at the centrifuge acceleration equal to “40g”, 40 times
the normal gravity. Different cases of local scour and global scour profiles were created for
each model. These various steps of scour were named with four characters, as for example
“M1S4”, where the first two characters refer to the model name (Model 1) and the last two
characters refer to the scour step number (Step 4).
Fourthly, two other types of additional tests were performed for all four models and different
levels of scour modelled at normal gravity to help confirm the accuracy of the centrifuge test
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results. The first type of additional test was performed for the same centrifuge model containing
soil but at normal gravity, “1g”; hence, it was referred to as “1g with soil” test. This test provided
a lower bound natural frequency estimate to the 40g or 60g centrifuge tests as soil stiffnesses
were lower at 1g than at 40g or 60g. The second type of additional test was also performed at
normal gravity but with a fixed base representing the ground level (without any soil). The fixed
base natural frequency does not depend on the level of gravitational acceleration; therefore,
this test was referred to as the test “with fixed base”. These fixed base tests provided an upper
bound natural frequency estimate to the centrifuge tests (with soil) at 40g or 60g as soil
stiffnesses were lower than the stiffness given by the fixed base.
Finally, the measured data of the structural models and soil were separately analysed. The
acceleration and input force measurements of the structural models (Models 1 – 4) were
analysed using two modal identification methods, Frequency Domain Decomposition (FDD)
method and the Frequency Response Function (FRF) method, as explained in Section 4.7.
The natural frequencies, spectral densities and mode shapes derived using modal
identification of small-scale experiments were all brought to representative full-scale by
applying appropriate scaling factors given in Table 4.2. The sensitivities of these estimated
full-scale natural frequencies, spectral densities and mode shapes were studied for the
potential to capture scour. The accelerations measured by accelerometers in the soil during
shear wave tests were analysed (Section 4.12) to estimate the change in small-strain stiffness
of soil due to the effects of local and global scour.

4.4 Full-scale and small-scale bridge element selection
The following sections discuss how three different full-scale bridges were selected to represent
different bridge deck and foundation configurations and how these bridges were scaled down
to create small-scale centrifuge models. Note that the constraints in the centrifuge model
container and typical field conditions required iterative selection of the full-scale and smallscale properties. Only the finally selected properties and applicable constraints are given here.

4.4.1 Full-scale bridge selection
Three hypothetical full-scale bridges were selected to compare the viability of the vibrationbased monitoring method in different types of bridges. The key differences and similarities
among these bridges are listed in Table 4.1. All three of these bridges were selected to have
the same material properties and deck arrangement. However, either the type of the bridge
deck or the foundation was kept different between these bridges for comparison purposes. The
Bridge 1 has an integral bridge deck while the Bridges 2 and 3 both have simply supported
bridge decks. The Bridges 1 and 2 both have pile bent (deep) foundations, while the Bridge 3
has a pad (shallow) foundation.

95

Table 4.1 The three types of full-scale bridges considered
Bridge
1
2
3

Deck type
Integral

Foundation

Bridge deck

type

arrangement

Material

Reinforced concrete
Pile bent
(deep)

Simply
supported

Spans

Pad (shallow)

composite deck with

Two

0.2 m thick in situ slab

(15 m

on 8 Y1 precast

each)

Reinforced/prestressed
concrete (C40)

beams

The full-scale Bridge 1 was considered to be an “integral” bridge. Integral bridges have low
maintenance costs because they have a monolithic connection at superstructure-substructure
connections, without any bearings or expansion joints. Highways England recommends
integral bridges as the first option to be considered for bridges with lengths not exceeding 60
m, skews not exceeding 30º, and settlements that are not excessive (Highways Agency, 2001).
There are also a large number of integral bridges in the existing bridge stock (24% of EU
bridges, according to (Kaundinya and Heimbecher, 2011)). Therefore, a two-span integral
bridge with piled foundations was chosen. A flexible support abutment, which is a common
abutment type used by bridge designers for integral bridges, was selected (Steel Construction
Institute, 2018). Flexible support abutments avoid any backfill interaction with the piles by
adding piles through sleeves to create an annular void around the piles. This means that a full
centrifuge model of this type of bridge does not require modelling of the abutment backfill.
The full-scale Bridge 2 and 3 considered were both “simply supported”. A significant portion of
the existing concrete bridge stock around the world also have simply supported bridge decks
(Kaundinya and Heimbecher, 2011). Simply supported concrete bridges were constructed in
the past due to their simplicity, ease of construction and ability to accommodate differential
settlement of the supports. Due to their many joints and bearings, this type of construction is
no longer favoured in practice (O’Brien and Keogh, 1999). However, bridges with simply
supported spans have been found to be the most susceptible to scour failure (Lin et al., 2013),
perhaps due to the lack of redundancy compared to continuous and integral bridges.
The full-scale Bridges 1 and 2 were both selected to have pile bent foundations (a row of piles
from deck level to the bottom of the foundation). This pile bent foundation arrangement
included four piles of 18 m in length, 12 m of which was driven into the soil with the remaining
6 m above ground level. The pier piles were assumed to be 760 mm in diameter. The abutment
piles in Bridge 1, an integral bridge, were selected to be 540 mm in diameter. The abutments
of Bridges 2 and 3, simply supported bridges, were assumed to behave as rigid.
Bridge 3 was considered as a pier with a shallow pad foundation. According to the Wisconsin
Department of Transport (2018), the minimum depth of embedment of shallow foundations for
a bridge should be 1.2 m, and shallow foundations are economically viable only when the
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required soil properties are present within 3 – 4.5 m from ground level. Hence, a shallow
foundation depth of 3 m was assumed. The size of the shallow foundation was chosen as 4 m
x 4 m in plan.
The maximum span of beam-slab type bridges is between 10 and 30 m in the majority of
bridges in Europe (Kaundinya and Heimbecher, 2011). Therefore, a two-span bridge deck,
with equal spans of 15 m, was chosen. The bridge deck was composed of 8 Y1 precast beams,
each with a second moment of area of 1.1 x 10-2 m4 and a cross-sectional area of 0.31 m2. The
spacing between Y1 beams was chosen as 1.5 m and the in-situ slab depth was chosen as
0.2 m, based on the typical details given in a precast beam catalogue by Concast Precast Ltd
(2009).
These full-scale hypothetical bridges were considered to be newly concreted bridges with a
history of low stress levels, without significant cracking. Thus, all full-scale bridge elements
constructed of C40 grade were assumed to have a modulus of elasticity of 35 GPa and a bulk
density of 2550 kgm-3 (European Standard, 2002). The effect of the higher elastic modulus of
reinforcing and prestressing steel was ignored, since these contribute to only a small
proportion (0.13 – 4%) of a typical cross-sectional area of a concrete element (European
Standard, 2004). All foundations were assumed to be in a layer of uniform dense sand with
66% relative density.

4.4.2 The method of scaling down to a simplified model
Every connection in the scaled-down model introduces some imperfections and there was only
a limited space in a typical 850-mm diameter cylindrical centrifuge container. Therefore,
simplified versions of the full-scale bridges were scaled down to create the structural models
for the centrifuge test. Figure 4.3 shows the transition from the three hypothetical full-scale
bridges to four scaled-down centrifuge models. Note that these figures are not to scale, and
the photographs are not the real full-scale bridges but only examples of similar types of bridges.
Figure 4.3(a) shows the scaling down of the full-scale Bridge 1. The full-scale bridge (with 15
m spans) was scaled down to a 1/60 scale (with 250 mm spans), to create Model 1 in the
centrifuge container. Dynamic excitation for Centrifuge Model 1 was generated with an
actuator. The mass of this actuator and other accelerometers (0.5 kg) at small scale was 1.1
x 105 kg in full scale, which was assumed to represent the extra mass of the three diaphragm
beams in addition to the mass of the overlapping deck. The introduction of a concentrated
mass, rather than the distributed superimposed dead load that it represents, was assumed to
have an insignificant effect on the natural frequencies of the fundamental sway modes. The
composite beam-slab deck in the full-scale Bridge 1 was simplified a rectangular-slab bridge
deck having the representative flexural rigidity and mass in small-scale Model 1. The aim of
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this simplification is to use simple-to-fabricate bridge deck in the small-scale bridge but to
ensure that it has the same flexural and sway modes of vibration as the full-scale bridge.

Figure 4.3 Scaling down of three full-scale bridge types to four small-scale centrifuge models

The presence of bearings in full-scale Bridges 2 and 3 complicates the testing of simply
supported bridges in small-scale experiments. Therefore, only the “standalone foundations”
(foundation only models) of the bridge piers of Bridges 2 and 3 were scaled down as centrifuge
models, with the aim of using their results to compare general trend between different
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foundations and use the experimental results to calibrate numerical models of the full-scale
standalone foundation models. Then these calibrated numerical models were included with
simply supported numerical bridge decks numerically, to study the potential of a vibrationbased method of these Bridges 2 and 3, as further explained in Chapter 5.
As shown in Figure 4.3(b), Bridge 2 with pile bent type pier foundation was scaled down to a
1/60-scale standalone pile bent foundation model, Centrifuge Model 2. The scour induced
dynamic behaviour changes of a single pile provide simpler insights into the change of soilstructure interaction. Therefore, an individual pile foundation of Bridge 2 pier foundation was
scaled down to obtain an extra model, Centrifuge Model 4. Model 4 was excited with the same
actuator that was used in Model 1. The small-scale Model 4, with its single pile and the mass
of the actuator, top slab, and piezoelectric accelerometer at the top (0.5 kg), was assumed to
represent a full-scale single pile of 740 mm diameter with a mass of 1.1 x 105 kg at the top.
As shown in Figure 4.3(c), Bridge 3 with a shallow pad foundation was scaled down to a 1/40scale standalone foundation model, Centrifuge Model 3. This foundation was scaled down by
a factor of 40, instead of the factor of 60 used in the other models. A lower scaling factor of 40
was chosen for this shallow-foundation model to avoid the shallow depth of embedment in the
small scale from being too small in order to be able to accurately model for different scour
depths.

4.4.3 Properties of the small-scale simplified bridge models
All model structures were made from aluminium alloy elements with Young’s modulus of 0
GPa and density of 2700 kgm-3. The geometric properties of the scaled-down centrifuge
models were carefully selected to adhere to the required centrifuge scaling laws. The scaling
factor (N) was chosen as 40 for Model 3 and 60 for all other models, as explained before.
Table 4.2 Scaling laws applicable to small-scale centrifuge models (Madabhushi, 2014)
Parameter
Length
Area
Mass
Stress
Strain
Force
Frequency
Pseudo acceleration due to gravity
Flexural rigidity (EI)
Mass per unit length (m0)

Scaling factor (small-scale/full-scale)
1/N
1/N2
1/N3
1
1
1/N2
N
N
1/N4
1/N2
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Units
M
m2
Nm-1s2
Nm-2
N
s-1
ms-2
Nm2
Nm1s2

Table 4.3 Model element selection (shaded properties adhere to the scaling laws)

Soil-structure
dimension (m)
NA
0.009
0.0127
0.0127
NA
0.1
0.0127
NA

0.0325

m0 (kgm-1)
3.43
0.06
(0.12 below
ground level)
0.09
(0.23 below
ground level)
0.09
(0.23 below
ground level)
1.37
1.11

EI (Nm2)
1195
13
40
40
478

6.86

12.7 mmx 40.0
mm rectangular
solid slab section

0.09
(0.23 below
ground level)

four 12.7 mm
outer diameter 0.9
mm thick wall
circular hollow
tube

1.37

one 25.4 mm
deep x100 mm
wide rectangular
solid pad footing

388

one 12.7 mm x
32.5 mm
rectangular solid
column

9560

Model 3

one 12.7 mm x
40.0 mm beam
rectangular solid
beam

40

Model 1
Model 2

NA
1
4

four 12.7 mm
outer diameter 0.9
mm thick wall
circular hollow
tube piles

478

Model

Soil-structure
dimension (m)
NA
0.74

0.56

four 9.0 mm outer
diameter 0.9 mm
thick wall circular
hollow tube
(abutment)
four 12.7 mm
outer diameter 0.9
mm thick wall
circular hollow
tube (pier)

0.74

m0 (kgm-1)
12444
628
1097
1097
4953
1785

EI (Nm2)
1.6 x1010
1.7 x108
5.2 x108
5.2 x108

Element

one 12.7 mm x
100.0 mm
rectangular solid
section

Model 4

one 1.05 m deep
1.85 m wide
rectangular solid
slab section

0.74

one 0.74 m
diameter circular
solid pile

Small-scale (aluminium)

NA

one 1.27 m deep
4.00 m wide
rectangular solid
pad footing

12950

one 1.00 m x 0.70
m rectangular
solid column
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one 1.05 m deep
1.85 m wide
rectangular solid
capping beam

6.2 x 109

four 0.74 m
diameter circular
solid piles

4953

Bridge 2 single pile

Bridge 3 pier foundation

Bridge 2 pier foundation

four 0.74 m
diameter circular
solid piles (pier)

1 x 109

four 0.56 m
diameter circular
solid piles
(abutment)

2.4 x 1010

Bridge 1

eight Y1 beams
and a 0.20 m x
12.00 m top slab
(composite deck)

5.2 x108

Element

6.2 x 109

Bridge

Full-scale (reinforced concrete)

Table 4.2 summarises the general scaling laws applicable to centrifuge testing. All lengths of
the elements were scaled down by 1/N. The flexural rigidity (EI) and mass per unit length (m0)
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should be correctly scaled down by 1/N4 and 1/N2, respectively, to obtain the dynamic
behaviour of the structural elements. Furthermore, to obtain the correct soil-structure
interaction, the foundation width should also be correctly scaled down by 1/N.
Due to the change of material properties from full-scale (concrete) to model (aluminium), not
all of these centrifuge scaling laws could be met at the same time. Only the most critical
parameters required were therefore selected to model the mass and stiffness properties
needed to simulate the dynamic behaviour of the full-scale bridge. The correctly scaled critical
properties are shaded in Table 4.3. For elements in soil (the piles and pad foundation), the
most critical properties were selected as the flexural rigidity (EI) and the soil-structure
dimensions. This selection required the piles to be thin hollow tubes, which leads to the mass
per unit length of the model piles being lower than that required according to the scaling laws.
Therefore, the hollow tubes were kept open-ended to enable the filling of soil mass into the
piles as they were pushed into the soil model. For example, scaling laws require each 12.7
mm diameter pile to have a mass per unit length (m0) of 0.31 kgm-1, but the pile alone provides
only 0.09 kgm-1 (71% error) whereas the pile filled with soil provides 0.23 kgm-1 (25% error).
For the elements above ground level, such as the deck and columns, the flexural rigidity and
mass per unit length were chosen as the main parameters for scaling, as the soil-structure
dimension does not contribute to their dynamic behaviour.

4.5 Centrifuge experimental programme
Based on the small-scale properties derived in the previous section, the bridge Models 1 – 4
were constructed in a soil medium in a cylindrical centrifuge container, as shown in Figure 4.4.
Figure 4.5 shows a corresponding photograph during the experiment. All model foundations
were kept at least 100 mm away from the centrifuge container wall and 50 mm away from the
bottom of the container to limit boundary effects on the soil-structure interaction (Teymur and
Madabhushi, 2003). All four models were placed adjacent to one another in the cylindrical
centrifuge container, and only two models could be tested simultaneously during each
centrifuge test flight due to the number of excitation sources available. All models were
instrumented with accelerometers to measure their vibration response. Accelerometers and
air hammers were also embedded in the soil near the models to measure shear wave velocities
and hence estimate the soil stiffness profiles. The centrifuge rotational speed was set to test
Model 3 at 40g and all other models at 60g. The preparation of the structural models, the soil
and the full experimental setup is discussed in detail in the following sections.
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Figure 4.4 Experimental setups, sensor arrangement and scour levels corresponding to all the models
in the centrifuge container – all dimensions are in mm.
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Figure 4.5 The cylindrical centrifuge container with all four structural models and the excitation setup

4.5.1 Model structure preparation
The model structures were made from aluminium sections and had the small-scale properties
listed in Table 4.3. Aluminium sections were used instead of the full-scale material,
reinforced/prestressed concrete, as aluminium sections can be machined and fabricated to a
high degree of accuracy at small-scale than it is possible to do with concrete. All models were
instrumented with accelerometers, as shown in Figure 4.4. Paper rulers were glued on to all
model foundations with the aim of using them as a reference level when creating scour holes.
4.5.1.1 Material properties
The circular hollow piles in the model structures were made of aluminium alloy 6061-T6, and
the rest of the solid sections were made of aluminium alloy 6082-T6. These aluminium alloys
have Young’s modulus of 0 GPa and density of 2700 kgm-3 (Aalco, 2019b, 2019a).
4.5.1.2 Integral connections
The small-scale model structures were selected to be more simplified, i.e. to have a minimum
number of connections, than the full-scale bridges to reduce the effects of connection
imperfections on dynamic response. However, all of the model structures had at least one
integral connection either at the foundation to deck connection or at the stub column to pad
foundation connection. To obtain these integral connections, sockets of the same diameter as
the column/pile elements were first machined up to half the depth of the slab/pad section. The
columns/piles were then inserted into these sockets and glued in place with a high-strength
retainer adhesive. The connection rigidity of each pile/column was tested by finding the
fundamental sway natural frequency of the piles when the slab/base was fixed. The piles
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without adequate integral connection showed a varying frequency for repeated tests or a lower
frequency than other similar piles. These piles were removed and reconnected to obtain the
desired integral connection.
4.5.1.3 Instrumentation
The accelerometer locations on Model 1 are shown in Figure 4.4(a). The sensor arrangement
was chosen to capture the fundamental sway mode of vibration. Six MEMS accelerometers
were mounted on the piles, and five piezoelectric accelerometers were mounted on the bridge
deck. All accelerometers except M1m6 was in one vertical plane. In order to help verify the
longitudinal sway mode shape, M1m6 accelerometer was mounted on a pile, different from the
pile with all the other accelerometers on the middle pier. This was placed at the level as M1m3;
thus, both these on different identical piles should show should similar modal amplitudes for
the longitudinal sway mode.
The accelerometer locations on Models 2, 3 and 4 are shown in Figure 4.4(b). Piezoelectric
accelerometers were placed at the top of the models. The piles and columns were mounted
with MEMS accelerometers. The arrangement of accelerometers was chosen to capture both
the fundamental sway mode and the pier bending mode of vibration. Similar to Model 1, two
accelerometers (M2M2 & M2m4) were mounted on two out of the four different identical piles
of Model 2 to help confirm the longitudinal mode shapes.
The labelling of the accelerometers on Models 1 – 4 in Figure 4.4(a) and Figure 4.4(b) indicates
the model number by the first two characters (M1, M2, M3 or M4), sensor type by the third
character (“m”= type 1/ADXL78 MEMS, “M”= type 2/ADXL1002 MEMS and “P”=Piezoelectric),
and a unique accelerometer number corresponding to each model by the last character. The
piezoelectric (“P”) accelerometers were DJB A/23/TS accelerometers, with a working
frequency range of 10 – 10,000 Hz (DJB Instruments, 2018). The ADXL78 (“m”)
accelerometers claim 1100 µg √Hz noise density for 10-400 Hz frequency range and a range
of 35g (Analog Devices, 2010). The ADXL1002 (“M”) accelerometers claim far less noise
density of 40 µg √Hz for 1 – 10,000 Hz frequency range and a range of 50g (Analog Devices,
2017). A high acceleration range was chosen since horizontal accelerometers, even with a
slight tilt, may measure part of the effective gravity field (40 – 60g) in the centrifuge.
The MEMS accelerometers measure the static acceleration measurements, and thus they
capture the component of acceleration due to gravity when they are at any inclination. Using
this principle, MEMS accelerometers were calibrated at a special calibration bed with
controllable inclinations. Piezoelectric accelerometers however only measure dynamic
acceleration, and hence those were calibrated by using special calibration equipment,
available at this testing facility, which can provide a sine wave excitation of amplitudes ±1g for
a given mass.
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4.5.2 Soil model preparation
The soil model was prepared in a cylindrical steel container, as shown in Figure 4.6. Paper
rulers were glued on to the inside wall of this container to act as a reference to the level of the
sand fill (Figure 4.7). The cylindrical centrifuge container was 850 mm in diameter and 400 mm
in depth and filled with a 250 mm deep layer of sand. The sand filling was carried out with an
automatic sand pourer (Madabhushi, Houghton and Haigh, 2006).
4.5.2.1 Material properties
The soil used for the centrifuge test was Hostun sand acquired from Drôme in the southeast
of France. This sand type is widely used in centrifuge model tests. It is a high silica (SiO2 >
98%) sand of grain shape varying from angular to sub-angular (Futai et al., 2018). The
properties of Houston sand are given in Table 4.4.
Table 4.4 Geotechnical properties of Hostun sand (Futai et al., 2018)
Property

Value

D10 (particle diameter at 10% finer)

0.286 mm

D50 (particle diameter at 50% finer)

0.424 mm

emin (minimum void ratio)

0.555

emax (maximum void ratio)

1.010

Gs (specific gravity of solids)

2.65

Φcrit (critical state friction angle)

33º

4.5.2.2 Sand pouring
The sand was poured with an automatic sand pourer (Figure 4.6) developed by Madabhushi
et al. at the Scofield Centre centrifuge testing facility (Madabhushi, Houghton and Haigh,
2006). The small container used for calibration, shown here, was replaced with the 850-mm
diameter centrifuge container for final sand pouring. The sand pourer machine pours sand from
a user-specified height while moving in a zig-zag motion to fill a small layer of soil of about 12 mm. Once this layer is filled, the pourer automatically moves up by the depth of the layer
recently completed (pre-specified by the user) to maintain the same drop height. This constant
drop height allows the preparation of a sand sample of uniform density in the centrifuge
container.
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Figure 4.6 Automatic sand pourer during calibration

After a calibration sand-pouring test, shown in Figure 4.6, a drop height of 690 mm through a
5 mm diameter nozzle (no sieve), with a 20 mm spacing between consecutive motions, was
selected to target a relative density of 70%. A 250 mm deep layer of sand was poured with this
setup. The relative density (𝐷𝑟 ) of the final sand layer in the centrifuge container was
determined to be 66% from Equation 4.3 (Lade, Liggio and Yamamuro, 1998). The void ratio
(𝑒) was estimated from the pre-post weight difference and the properties given in Table 4.4.
The bulk density of the soil was found to be 1550 kgm-3 based on the pre-post weight difference
and the volume of the filling.
𝐷𝑟 =

𝑒𝑚𝑎𝑥 −𝑒
𝑒𝑚𝑎𝑥 −𝑒𝑚𝑖𝑛

× 100%

Equation 4.3

The sand pouring was paused to place all instruments and the pad foundation model (Model
3) at their respective heights in the soil, previously shown in Figure 4.4. The Model 3 was also
placed on the soil during the sand pouring, and sand pouring continued to embed the pad
foundation while the sand dropped above the pad was collected using a small container, as
shown in Figure 4.7. The collected sand was vacuumed out, and the collector was removed
when the soil level reached the top of the pad. This collection and removal of soil above the
pad made sure a pile of sand does not form due to uniform sand pouring everywhere in the
container, including over the pad. The paper rulers helped confirm the depth of embedment of
the foundations, as shown in Figure 4.7.
The structural models with pile foundations (Models 1, 2 and 4) were inserted into the soil
model at the end of the sand pouring. The piles were pushed down until the desired
embedment depth of 200 mm had been reached. It was assumed that the piles with open ends
would not cause significant disturbance to the soil when inserted at normal gravity.
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Figure 4.7 Automatic sand pouring around Model 3 – the shallow pad foundation

4.5.2.3 Instrumentation
The variation of soil stiffness due to scour was studied using shear wave velocity
measurements. Shear waves were generated by two air hammers, which were placed when
the sand fill was 23 mm, as shown in Figure 4.8(a). The shear waves travelled vertically and
were captured by accelerometers at different heights above the air hammers (Figure 4.4).
These accelerometers were placed above each other at five different fill heights with the help
of a thin vertical rod driven at a known distance from them. Placing accelerometers at one of
these five different fill heights is shown in Figure 4.8(b). This is a top view of the centrifuge
container during sand pouring. “X” reference mark in both Figure 4.8(a) and Figure 4.8(b)
shows the same location on the container wall. All the accelerometers embedded in soil were
piezoelectric DJB A/23/TS (DJB Instruments, 2018).
Each air hammer has a small brass tube with a metal pellet inside. High-pressure air from one
end of the tube causes the pallet to accelerate and strike the other end creating an impulse.
Some sand particles had been affixed to the external wall of this metal tube to improve its
coupling with the surrounding sand body (Dong, 2016). Thus, each horizontal impulse
generated in the air hammer transfers a shear wave to the sand. This process was repeated
by a relay switch that alternated a single air pressure input between the two ends of the air
hammer tube. Both the air hammers were connected to one relay switch due to the limited
availability of switches.
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Figure 4.8 Instrument placement at different sand fill heights

Near Model 1, a column of accelerometers (C01 – C05 in Figure 4.4(a)) was placed with an
air hammer directly below them.
Near Models 3 and 4, two columns of accelerometers (C06 – C10 and C11 – C15 in Figure
4.4(b)) were placed. An air hammer was positioned in between the models. The two columns
of accelerometers lie close to the two ends of this air hammer. It was assumed that there was
enough coupling between the air hammer wall and the soil to generate a wide shear wave that
travels vertically along both these columns of accelerometers. Note the C09 accelerometer
had to be shifted from the respective column of accelerometers due to the presence of the pad
foundation. Nevertheless, this is unlikely to have affected the measurements, given the shear
wave was vertical and sufficiently wide.
Near Model 2, it was not possible to place such a shear wave monitoring setup due to the
limited availability of air hammers and the concern about the interference of air hammer
signals. As all air hammers were controlled by a single relay switch, even with the two air
hammers used in the experiment, interference of shear waves was observed at certain
instances (see Section 4.12). The shear wave profile at the Model 2 foundation can be taken
as similar to the profile at the Model 1 pier foundation as they have the same setup of piles.

4.5.3 Excitation sources
Two excitation sources were used to test two structural models together in each centrifuge
flight. At any given “centrifuge flight” (i.e. a centrifuge test, where the centrifuge model is flying
at the end of the rotating centrifuge beam), the piezoelectric actuator was used with either the
Model 1 or 4, and an automatic modal hammer was used with either the Model 2 or 3. The
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piezoelectric actuator was already available from a previous experimental programme that
studied wind turbine vibrations (Futai et al., 2018). It was necessary to be able to test multiple
structural models at the same time in a centrifuge flight due to the fact that each centrifuge
flight cost a significant amount of time and electricity. Therefore, a second excitation setup, an
automatic modal hammer, was developed from an air hammer setup available in the
laboratory. Based on the frequency spectra observed during the centrifuge tests with these
two excitation sources, automatic modal hammer proved to provide stronger external impact
excitations to allow easier modal identification, as further discussed in Section 4.7.
4.5.3.1 Amplified piezoelectric actuator
The amplified piezoelectric actuator (APA) used was an APA400MML (Cedrat Technologies,
2014). As shown in Figure 4.9, this actuator has one end fixed to its base through a load cell
and the other end connected to a brass mass on roller bearings. Excitation of the piezoelectric
material transfers a horizontal inertial force excitation to the APA base, which was fixed on the
top of either Model 1 or 4 during the experiment.

Figure 4.9 Amplified piezoelectric actuator setup (a) in the experiment (b) diagram

4.5.3.2 Automatic modal hammer
Automatic modal hammer developed is shown in Figure 4.10. It generates impulsive excitation
on the structural models by impact of a load cell at the bottom end a free-hanging kicker made
from an aluminium tube. An air hammer, with two high-pressure airlines controlled through a
relay switch, was used to provide an impulse to the kicker. The impulse was transmitted to the
model through the load cell, which measures the force input to the model. A voltage input to
the relay automatically excited the modal hammer every 2 s.
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Figure 4.10 Setup of the automatic modal hammer controlled by air-pressure (a) in the experiment
(b) diagram.

4.5.4 Data-acquisition system
All data acquisition during the centrifuge tests was carried out with the centrifuge dataacquisition system, which uses slip rings to transfer data from the centrifuge container to the
computers in the centrifuge control room. All signals were transmitted through a set of
amplifiers and then through an analogue to digital converter (Madabhushi, 2014). The
digitalised signals were logged by DasyLab software.
The expected fundamental natural frequencies of the structural models were below 2kHz
based on fixed based tests conducted on these structural models outside the centrifuge (See
Section 4.6). Therefore, a sampling of 10 kHz was chosen for the accelerometers on these
model structures to ensure the Nyquist frequency (half of the sampling frequency – 5kHz) was
above the natural frequencies of the structures.
A higher sampling rate of 30kHz was chosen for the accelerometers embedded in the soil.
Such a high sampling rate was required to allow the accelerometers to capture the different
arrival times of a shear wave and its speed with sufficient resolution (e.g. Dong (2016) used
20KHz).

4.5.5 Centrifuge flight programme
Before each centrifuge flight started, the desired scour hole was created using vacuum suction
in order to limit disturbance to the underlying soil. The depths of the scour hole were measured
with reference to the paper rulers that were on all of the structural model foundations. Figure
4.4(a) and Figure 4.4(b) show the maximum local and global scour holes. With global scour,
the soil surface level was maintained horizontal. With all local scour holes, an approximate
inclined angle of 300 was maintained around all sides (Figure 4.11), which was slightly below
the angle of the response of Hoston sand (330). The typical slope of a local scour hole is equal
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to the angle of response of the bed material for the upstream side but could be lower than that
for the downstream side (Hafez, 2016).

Figure 4.11 A 20-mm deep local scour hole created at the pier foundation of Model 1
(M1S1 scour step)

Following the creation of the scour holes, the natural frequencies of the models were measured
at “1g”, to confirm the operation of the excitation sources and data logging before the centrifuge
flights were started. Then the centrifuge beam rotation was initiated. When the rate of rotation
of the beam provided the desired centripetal acceleration (40g or 60g) to the models, natural
frequency test was conducted again, and data was logged while the impulses were provided
by the two excitation sources. Afterwards, the air hammers in soil were activated to create
shear waves while the accelerometers in soil logged the responses. Finally, the centrifuge
flight was stopped, and the next scour step started.
The different steps of scour tested around each centrifuge model are summarised in Table 4.5.
Each step of scour was named with four characters (e.g. M1S1), with the first two characters
referring to the name of the centrifuge model and the last two characters referring to the scour
step number. For example, scour step “M1S1” indicates Centrifuge Model 1 and Scour step 1.
In total, the natural frequencies of Centrifuge Model 1 were tested at seven different scour
depths. Note that all these cases were cumulative. For example, at step M1S5, when 60 mm
(3.6 m in the full-scale) of local scour at the left abutment was introduced, there was already
60 mm of local scour (M1S4) at the middle pier. Model 1 excitation was provided by the
piezoelectric actuator for the case simulating local scour around the middle pier, and also for
the final global scour case.
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Table 4.5 The scour steps around the bridge models
Model

1

2

3

4

Step
name

Centrifuge

Equivalent full-

Location of

Flight

scale scale scour

scour for each

number

case

step

M1S1

1

no scour

M1S2

2

1.2 m local scour

M1S3

3

2.4 m local scour

M1S4

4

3.6 m local scour

M1S5

6

3.6 m local scour

+ Left abutment

M1S6

7

3.6 m local scour

+ Right abutment

M1S7a

8

M1S7b

9

M2S1

5

no scour

M2S2

6

1.8 m local scour

M2S3

7

3.6 m local scour

M2S4

8

3.6 m global scour

M3S1

1

no scour

M3S2

2

0.68 m local scour

M3S3

3

1.36 m local scour

M3S4

4

2.00 m local scour

M3S5

9

2.00 m global scour

M4S1

5

no scour

M4S2

6

1.8 m local scour

M4S3

7

3.6 m local scour

M4S4

8

3.6 m global scour

Middle pier only

Excitation source

Piezoelectric
actuator

Ambient vibration
Ambient vibration

3.6 m global scour

Everywhere

Piezoelectric
actuator

Pier

Column

Automatic modal
hammer

Automatic modal
hammer

Pile

Piezoelectric
actuator

During the initial centrifuge flights, it was found that the Model 1 was experiencing high ambient
vibration, possibly due to the wind created by the centrifuge beam rotation. Therefore, the
Model 1 could be sufficiently vibrated with the ambient vibration of the centrifuge, without
having to rely on the piezoelectric actuator. Hence, some additional tests were conducted with
ambient vibrations in Model 1, and the Model 4 was being tested with the piezoelectric actuator.
To maintain the same mass of the Model 1 in all tests, the mass of the piezoelectric actuator
removed from Model 1 during these additional tests was replaced by a standard metal mass
plate of 0.5 kg. There was an unintended error here since the mass of the actuator was 0.44
kg, not 0.5 kg; 0.5 kg was the mass of the combined mass of the actuator and all the
accelerometers (accelerometers remained in the model, but only the actuator was replaced).
This unintended error in the additional tests, however, was found to have not affected the
natural frequency observations (see Section 4.7.2). These additional tests of Model 1
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simulated local scour at the bridge abutments. Further, one scour case, 60 mm global scour
case, was tested in two centrifuge flights one with the piezoelectric actuator and the other with
ambient vibration (and the 0.5 kg mass replacing the actuator), to confirm whether these two
excitation setups provide the same natural frequencies.
With Model 3, local scouring was introduced in 17 mm steps (0.68 m in the full-scale), with a
final 50 mm (2 m) global scour case; requiring a total of five centrifuge flights. With Models 2
and 4, local scouring was introduced in two 30 mm steps (1.8 m) up to 60 mm (3.6 m), and a
final global scour of the same depth was tested, making a total of four centrifuge flights.
The air temperature during the one-week centrifuge flight programme was measured at the
end of every centrifuge flight. The temperature was stable (12.5 – 16 0C) throughout the
experimental programme, as the centrifuge is located underground. Therefore, it was assumed
that there were negligible temperature effects on the modal parameters of the models, and
they varied entirely due to scour.

4.6 Fixed-base tests
For each scour level, the soil around the piles provides some stiffness to the models. The
maximum soil stiffness, and thus the maximum natural frequency, is reached when the
embedded layer of soil provides full fixity.

Figure 4.12 Fixed base test being carried out for Model 1

Therefore, as shown in Figure 4.12, the models were tested with fixity in order to obtain an
upper-bound natural frequency to help confirm the centrifuge test results. The exposed height
of the models was increased to simulate the scour depths. It is noteworthy that the fixity was
provided using clamps, and therefore the fully fixed condition may not have reached.
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4.7 Modal analysis
The measured vibration data was analysed to find the modal properties. The modal analysis
techniques used for models excited by the piezoelectric actuator and those excited by the
modal hammer are discussed in the following sections. The abnormal conditions observed that
might affect the vibration properties are also discussed.

4.7.1 Models excited by the automatic modal hammer
The models excited by impacts from the automatic modal hammer (Models 2 and 3) were
analysed with a simple frequency-response function (FRF) to find modal parameters. The FRF
quality was improved by segmenting the signals by individual impacts and applying a force
window to each segment of input and an exponential window to each segment of output, as
shown in Figure 4.13 (Brandt and Brincker, 2010). The accelerance FRF estimate was
computed in MATLAB. Example spectra of accelerance FRF magnitude and coherence are
shown in Figure 4.14. Peaks in the FRF with high coherence correspond to vibration modes,
the first of which in this case is 88.5 Hz (2.21 Hz in full-scale). The ratio of FRF magnitudes of
different accelerometers at the modal peaks presents the corresponding mode shape (He and
Fu, 2001).

Figure 4.13 Time histories of Model 3 – scour step M3S5 (a) input force, (b) part of a segmented input
force and (c) corresponding output acceleration of M3P1
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Figure 4.14 Accelerance FRF and coherence spectra of Model 3 during the scour step of M3S5.

4.7.2 Models excited by the piezoelectric actuator
An example input excitation and the corresponding response measured in Model 1 are shown
in Figure 4.15. It is clear that the transient (free vibration) response to the APA was short and
of insufficient duration to determine the frequency content with acceptable resolution.
However, there was sufficient ambient excitation between the APA impulses to perform modal
analysis.
Modal analysis for Models 1 and 4 was therefore carried out in MATLAB using the output-only
system identification method, frequency domain decomposition (FDD), explained in Section
3.2.5. Figure 4.16 shows the first singular value of the PSD matrix (SVPSD) spectra obtained
from FDD of Model 1 acceleration measurements during two centrifuge flights, both having a
global scour depth of 60 mm (equivalent to 3.6 m at the full-scale). One centrifuge flight had
Model 1 excited by the piezoelectric actuator, while the other had purely the ambient vibration
(and the mass of the piezoelectric actuator replaced by a standard mass). As explained in
Section 4.5.5, there was an unintended error in these ambient vibration tests since the mass
of the piezoelectric actuator (0.44 kg) was somewhat different from the mass of the replaced
mass (0.50 kg). Nevertheless, both these tests indicated a sway mode shape of the bridge
(See Figure 4.29(c)) at the same frequency (65.9 Hz – 1.1 Hz at full-scale), which indicates

115

that the error in the replaced mass can be ignored and the ambient vibration alone enables
repeatable detection of natural frequency.

Figure 4.15 Measured input excitation and the response acceleration of one sensor in Model 1 (scour
step M1S7b)

Figure 4.16 First SVPSD of Model 1 response for the same scour depth but with two excitation
sources: no actuator (step M1S7a) and with the actuator (step M1S7b)

4.7.3 Abnormal behaviours observed
The modal analysis showed certain abnormal behaviours in some tests. In Model 1, certain
vibration measurements in the centrifuge showed a spectral peak exactly at 100 Hz while no
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peak was seen at the expected 50 Hz electrical noise. To study whether it was a noise peak
or not, ambient vibration measurements were taken at different levels of centrifuge
acceleration for the same scour step of M1S6. Figure 4.17 shows the first SVPSD spectra for
the tests performed at different centrifuge acceleration levels, given as multiples of the normal
gravity ("g”). SVPSD estimates here were estimated for only M1P1 and M1P5, the two
accelerometers with the highest signal to noise ratio, to reduce the effect of measurement
noise. According to Figure 4.17, the expected mains electrical noise of around 50 Hz was seen
when tests were performed below 10g, but it has disappeared in the tests at higher g levels.
There were two other groups of peaks. One at around 75 – 80 Hz shows a gradual increase
with higher g levels. The other group of peaks only appears when the tests were performed
above 40g and lies precisely at 100 Hz. The natural frequency peak of the sway mode should
gradually increase with higher g levels due to the stiffening of soil. Therefore, it was confirmed
that the 75 – 80 Hz range, in this case, was the natural frequency peak. The peak at 100 Hz
was assumed to be due to noise, caused by either electrical noise moving from 50 Hz to 100
Hz during the centrifuge or mechanical noise in the centrifuge.

Figure 4.17 Variation of first SVPSD spectrum for tests performed at different centrifuge acceleration
levels for the same scour step (M1S6)

In Model 2, the load cell on the automatic modal hammer had not functioned during the test
conducted for the scour step of M2S3. Therefore, the natural frequency and mode shapes
were estimated for this test using the output-only-FDD method, rather than the FRF method.
By way of comparing the frequencies estimated by FDD and FRF for other tests of the model,
it was confirmed that both analysis methods gave the same natural frequency estimates.
In the test conducted with the scour step of M2S1, the automatic modal hammer had jammed
with the Model 2, as shown in Figure 4.18. The load cell was touching a pile wall even after
the impact by the hammer, and hence the free vibration of the model was partially restricted.
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Therefore, the vibration behaviour of the model in this test may have been affected. The
jamming of the load cell was identified and corrected in all the following tests, in which free
vibration can be expected.

Figure 4.18 The jammed automatic modal hammer during no scour case

In Model 3, the vibration measurements taken at normal gravity (1g) did not show clear FRF
peaks, nevertheless, during centrifuge testing (40g) and with fixed based tests, clear natural
frequency peaks were observed. It was assumed that the soil around the pad foundation at
normal gravity might not have provided sufficient fixity to the pad foundation. Another minor
issue was that the M1P5 accelerometer might have either malfunctioned or gone above range
in tests conducted for the scour steps of M3S1 and M3S2. For these tests, the correct modal
properties were estimated using other accelerometers.
In Model 4, no special vibration abnormalities were observed. In all models, Model 1 – 4,
higher-order modes did not show sufficient accuracy, only the fundamental sway mode showed
high accuracy with clear modal peaks. Therefore, only the fundamental mode is studied in the
following sections.

4.8 Natural frequency sensitivity to scour
As the environmental parameters were controlled, any change in natural frequency can be
attributed to the scour itself. Therefore, high sensitivity of natural frequency indicates a high
potential for it to be used as an indicator of bridge scour while a low sensitivity indicates
otherwise.
The natural frequencies found in the modal analysis were plotted against scour depth to
illustrate the natural frequency sensitivity to scour. The fundamental sway mode shapes at
these natural frequencies are given later in section 4.10. All frequency measurements
discussed in the following sections have been scaled to the full-scale using the corresponding
scale factors (40 for Model 3 and 60 for all other models).
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For comparison, the frequencies measured at “1g” in the centrifuge container with soil, and in
the “fixed base” condition, are also plotted. At “1g”, the soil was less stiff than the soil during
the centrifuge test, and therefore the “1g” frequency measurements give a lower bound for the
frequencies measured during the centrifuge test. The fixed condition represented the
maximum stiffness that the soil can provide, and therefore provides an upper bound.

4.8.1 Model 1: Integral bridge
The full-scale natural frequency variation found using the integral bridge model is shown in
Figure 4.19. As expected, the natural frequency measurements at 60g remained between the
fixed base upper bound and 1g lower bound at all scour levels. A centrifuge noise peak was
present at 1.67 Hz (full-scale 100 Hz), as discussed in Section 4.7.3. The natural frequency
of the second scour step at 60g had been overshadowed by this noise peak. It is noteworthy
that there may have been some partial effect of this strong noise peak to the accuracy of the
close-by natural frequency peaks, 1.83 Hz and 1.59 Hz, however such effect was ignored as
these were within the expected range, i.e. between 1g and fixed based tests.

1g with soil

60g with soil

fixed base

2.4
2.2

Natural fre uency (Hz)

2.0
1.8 Hz
1.8
1.59 Hz

1.6

1.5 Hz

1.4

1. 2 Hz

1.2

1.14 Hz

1.10 Hz

1.0
Local scour

0.8
No
scour

1.2m

2.4m

lobal sco .

.6m

middle pier

.6m
left
abutment

.6m
right
abutment

.6m
global
scour

Full scale scour cases

Figure 4.19 Estimated full-scale natural frequency variation of the integral bridge (Model 1) for
different cases of scour
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4.8.1.1 Local scour
As shown in Figure 4.19, 3.6 m of local scouring at the middle bridge pier foundation resulted
in a 16.4% overall reduction in the natural frequency.

This corresponds to an average

frequency sensitivity of approximately 4.6% per metre of full-scale scour.
An additional 3.6 m of local scouring at the left abutment caused a frequency reduction of 0.21
Hz (-14%) from 1.53 Hz. Furthermore, 3.6 m of local scouring at the right abutment resulted in
a 0.18 Hz (-14%) reduction from 1.32 Hz. Both of these local scour cases at the abutments
represent approximately 4% of natural frequency shift for every metre of full-scale local scour
at one of the abutments.
4.8.1.2 Global scour
As shown in Figure 4.19, 3.6 m of full-scale global scour represents a 40% change in natural
frequency, which corresponds to a frequency sensitivity of approximately 11% per metre of
global scour. There was only a small difference between the frequency sensitivities to global
and local scour at all foundations. The overall change in natural frequency due to local scour
at all foundations was 38%, whereas global scour of the same depth represents a 40% change.
Therefore, some effect due to the additional confining pressure remained during local scour,
but this only caused a 0.5% difference in frequency sensitivity per metre of full-scale scour
depth.

4.8.2 Model 2: Pile bent foundation
The full-scale natural frequency variation of the pile bent foundation is shown in Figure 4.20.
As expected, all of the natural frequency measurements at 60g fall between the fixed base
upper bound and 1g lower bound for all scour levels. As explained in Section 4.7.3, the natural
frequency estimate at no scour, 2.95 Hz, may have been affected by jamming of the modal
hammer during the experiment, as shown in Figure 4.18.
4.8.2.1 Local scour
The initial 1.8 m of local scour caused the natural frequency at 60g to fall from 2.95 Hz to 2.22
Hz, which represents a 25% reduction in natural frequency. A further 1.8 m of scour resulted
in a 22% change, which indicates that the frequency sensitivity to local scour has reduced
slightly as the scour deepened.
The total 3.6 m of local scour gave a 41.4% frequency reduction. This reduction corresponds
to an average frequency sensitivity of 11.5% per metre of full-scale local scour.
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Figure 4.20 Estimated full-scale natural frequency variation of the pile bent foundation (Model 2) for
different cases of scour

4.8.2.2 Global scour
The global scour of 3.6 m caused the natural frequency of the model to fall to 1.66 Hz, slightly
lower than the representative local scour value of 1.73 Hz. However, the overall natural
frequency sensitivities due to the local and global scour were not significantly different. The
overall natural frequency sensitivity to global scour of 3.6 m was 43.7%, and due to local scour
of 3.6 m was 41.4% – only a 0.6% sensitivity difference due to 1 m of scour.

4.8.3 Model 3: Shallow foundation
The variation of the natural frequency with scour depth of the shallow foundation is shown in
Figure 4.21. These frequencies are in representative full-scale and were derived from the
small-scale centrifuge (40g) and fixed based experiments. All of the natural frequency
measurements from the centrifuge test (40g) lie below the fixed base upper bound line, as
expected. The lower bound frequencies of the 1g tests were unable to derive from the observed
spectra, as explained in Section 4.7.3.
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4.8.3.1 Local scour
Centrifuge Model 3 was studied for an equivalent full-scale scour depth of 2 m in three equal
steps. The overall 2 m of local scour depth caused the original natural frequency (2.44 Hz) to
fall to 2.27 Hz – on average, a 3.5% frequency shift for every metre of full-scale scour depth.
Similar to Model 2, the natural frequency sensitivity of Model 3 showed reduced sensitivity with
deeper local scour depths. For example, the frequency changed by 4.7% and 2.3%,
respectively, for the first and second metre of local scour depths. In the context of scour
monitoring, this implies that the shallower scour depths are easier to capture with the natural
frequency.

Figure 4.21 Estimated full-scale natural frequency variation of the shallow pad foundation (Model 3)
for different cases of scour

4.8.3.2 Global scour
The natural frequency of Model 3 measured with equivalent full-scale global scour depth of 2
m (2.21 Hz) was slightly lower than the natural frequency measured with 2 m of local scour
(2.27 Hz). The global scour generated an overall frequency shift of 9.4%, which equates to
4.7% per metre of equivalent full-scale scour depth. Therefore, global scour shows 1.2% higher
frequency sensitivity than local scour for every 1 m of full-scale scour. This higher frequency
sensitivity is to be expected, as unscoured soil, slightly distant from the foundation, still
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provides a degree of increased pad foundation fixity, leading to higher stiffness and hence
natural frequency for local scour relative to global scour.

4.8.4 Model 4: single pile foundation
Figure 4.22 shows the full-scale natural frequency variation of the single pile. As expected, all
of the natural frequency measurements at 60g fall between the fixed-base upper bound and
1g lower bound for all scour levels.
4.8.4.1 Local scour
The full-scale local scour of 3.6 m around the single pile has caused the fundamental natural
frequency to fall from 4.15 to 3.24 Hz. This represents a 22% change in natural frequency,
equivalent to approximately 6.1% per metre of full-scale scour.

Figure 4.22 Estimated full-scale natural frequency variation of the single pile foundation (Model 4) for
different cases of scour

4.8.4.2 Global scour
Global scour of 3.6 m at full-scale represents a natural frequency change of 23%, equivalent
to approximately 6.4% per metre of scour. Global scour of 3.6 m caused the natural frequency
to reduce slightly more (0.04 Hz) than the local scour of 3.6 m. However, the difference
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between the global- and local-scour-induced frequency shifts was only 0.3% per metre of
scour.
In all four centrifuge models, the fundamental natural frequencies always reduced with
increasing scour. This is an essential behaviour for a reliable scour monitoring parameter.
Average frequency sensitivities ranged from 3.5 – 11.5% per metre of local scour and 4.112.1% per metre of global scour depth. Therefore, natural frequency reduction was found to
be a reliable and sensitive indicator of scour. See Section 4.11 for further interpretation of
these results.

4.9 Spectral density sensitivity to scour
Another vibration parameter studied for possible sensitivity to scour is the spectral density at
the modal peaks. As explained in Section 4.7, the modal analysis was carried out for the
Models 1 and 4 with the output-only method, Fourier Domain Decomposition. Therefore, the
spectral density considered for Models 1 and 4 was Singular Value of the power spectral
density matrix of multiple accelerometers (SVPSD). The Power Spectral Density (PSD) was
also considered in certain instances to study the spectral density of individual accelerometers.
The modal analysis was carried out for Models 2 and 3 with Frequency response function
(FRF) method, and therefore the spectral density considered was the accelerance FRF. The
SVPSD estimate was also compared with the FRF estimate.
All spectral densities presented in this section are equivalent full-scale values, estimated by
dividing the experimental observations by the respective scaling factors. PSD and SVPSD
have the units of (acceleration)2/frequency while accelerance FRF has units of
acceleration/force. Therefore, based on Table 4.2, both PSD and SVPSD have a scaling factor
of N, and accelerance FRF has a scaling factor of N3, reciprocals of which were applied to
obtain the full-scale estimates from observed small-scale results.

4.9.1 Model 1: Integral bridge
The progression of first SVPSD value at modal peak with scour depth in the integral bridge is
shown in Figure 4.23 in equivalent full-scale. All tests where the piezoelectric actuator was
present showed a gradual increase of the SVPSD with scour depth. The global scour of 3.6 m
caused the spectral density to change by a significant percentage of 254%, which equates to
70% per metre of scour. The local scour of the middle pier caused, on average, a 40% increase
of the first SVPSD per 1 m of scour.
Similarly, all tests with only ambient vibration present also showed a gradual increase in the
SVPSD with scour. The right abutment 3.6 m scour case alone caused the SVPSD to increase
by 75%, which was a change of about 21% for every metre of abutment scour. The difference
124

in natural frequency between the local scour at all foundations, and global scour at all
foundations was about 17% for every metre of scour depth.
Despite such high sensitivity to scour depth, the SVPSD also showed high sensitivity to the
source of vibrations. For example, see the global scour case of 3.6 m in Figure 4.23. Here, the
SVPSD observed from “ambient vibrations alone” and vibrations generated “with piezoelectric
actuator” were different. This difference can be attributed to the additional excitation provided
by the piezoelectric actuator or the additional 60g mass mistakenly added when replacing the
mass during the ambient vibration tests (Section 4.5.5). The first two scour steps may also
have been affected by the strong noise peak that was present at 100 Hz in small-scale (Section
4.7.3). If part of the noise peak has already been superpositioned to these values of the first
two scour steps, the real spectral densities for these initial scour steps might be lower than
what is estimated here; thus, the overall SVPSD sensitives measured could increase even
more than what is reported here.

Figure 4.23 First singular values (SVPSD) at the modal peak vs different scour cases of Model 1
(integral bridge) in equivalent full-scale

4.9.2 Model 2: Pile bent foundation
The accelerance FRF magnitude variation with scour depth of Model 2 is shown in Figure 4.24.
The FRF magnitudes here have been normalised by the maximum magnitude for each
accelerometer channel. The scour step M2S3 (local scour of 3.6 m) was excluded since the
input excitation required to compute FRF was unavailable, as discussed in Section 4.7.3.
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There were also concerns about the no scour case (M2S1) since the FRF magnitudes may
have been affected by jamming of the modal hammer, shown in Figure 4.18. As seen in Figure
4.24, this jamming may have been the reason that the M2S1 case has highly variable scattered
FRF magnitudes as opposed to similar magnitudes shown in other cases.
Therefore, reliable FRF magnitudes were offered only at only two scour steps, i.e., 1.8 m local
scour and 3.6 m global scour. Between these two scour cases, there was an overall increase
of FRF amplitudes by about 90% per 1 m of scour for all accelerometers.

Figure 4.24 The variation of normalised accelerance FRF of Model 2 with scour at its foundation

As the load cell input was measured in one scour case, and some ambient vibration was
noticed in the vibration response, output-only FDD was considered for all data cases, though
the impulsive input was not entirely random as required for the FDD method. Figure 4.25 shows
the spectra of the first SVPSD derived after performing FDD for Model 2 accelerometer data.
A peak in the first SVPSD corresponds to a specific mode (fundamental mode in this case).
The first peak SVPSD (y-axis value) at the fundamental mode increased with every advancing
scour step, unlike the FRF estimate which did not provide reliable results and was limited by
the measurement of the input excitation. The change in the first SVPSD was 9.4 dB for 3.6 m
of local scour and 14.6 dB for global scour of 3.6 m. Corresponding extremely high sensitivities
for scour were 214% for local, and 773% for global scour of 1 m (e.g. 14.6 dB equates to 101.46
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= 28840% in SVPSD ratio; thus, the change per 3.6 m was 27840%, and change per 1 m was
773%).
The reduction of the natural frequency (x-axis value of the peaks) can also be seen in Figure
4.25 (frequency reduction already discussed in 4.8.2). Additionally, the peak width also
reduced, suggesting a potential reduction in damping ratio with increased amounts of scour.
Damping ratio can be estimated by using the half-power bandwidth of the FRF peaks. Damping
ratio (ζ) is related to the natural frequency corresponding to the peak frequency (𝜔𝑛 ), half power
width (𝜔𝑤𝑖𝑑𝑡ℎ ), i.e. width of the FRF peak at the point there is half the power of the peak FRF power

by the equation ζ = 𝜔𝑤𝑖𝑑𝑡ℎ ⁄2𝜔𝑛 (He and Fu, 2001). Based on this relationship, the damping ratio
of Model 2 was estimated, and it was found to have reduced from 2.44% in M2S2 scour step
to 2.11% in M2S4 scour step.
The displacement amplitudes of vibration can be derived by using the spectral density
estimates, similar to the method discussed in detail in Section 3.2.5. For example, M2S3 scour
case has a full-scale singular value spectral density estimate of 0.65 dB (i.e. 100.065 = 1.16 m2s4

/Hz). Hence the small-scale singular value spectral density is 69.7 m2s-4/Hz based on the

appropriate scale factor of 60 (i.e. 1.16x 60 and scale factors for all spectral densities are
introduced at the beginning of Section 4.9). The full-scale frequency at the modal peak is 1.73
Hz and hence the small-scale frequency the modal peak is 103.8 Hz (i.e. 1.73x60). The
behaviour at the modal peak is governed by a single mode and hence the area surrounding
the modal peak is equal to mean square acceleration of corresponding to the mode. As the
same singular value estimate is present over the 1Hz band surrounding 103.8Hz, the mean
square acceleration is equal to 69.7 m2s-4/Hz x 1Hz = 69.7 m2s-4. Hence the root mean square
acceleration is 8.1 ms-2 (i.e. 69.70.5) and the acceleration amplitude for the mode represented
by a sine wave is 11.4 ms-2 (i.e. 8.1/0.71, where 0.71 is the ratio between RMS acceleration
and peak acceleration (OpenLearn, 2020)). The corresponding amplitude is 11.4/(2πx10 .8)2
= 27µm. Hence the average amplitudes of vibration are minute and the amplitudes of vibration
near the ground level could be even lower. Therefore, the soil-structure interaction can be
assumed to have provided the small strain stiffnesses conditions as previously assumed.
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Figure 4.25 Model 2 first singular value (SVPSD) spectra for different scour cases.

4.9.3 Model 3: Shallow foundation
For Model 3, the magnitude of accelerance FRF at the modal peaks varied with scour, as
shown in Figure 4.26. For comparison purposes, these accelerance magnitudes have been
normalised by the maximum magnitude for each accelerometer. Figure 4.26 does not show
channels where a peak in FRF magnitude was not noticed at the modal peak, i.e., M3m1,
M3m2, and last two scour cases of M3M6. As shown in Figure 4.4, these three accelerometers
were either on the pad footing or the oriented to measure vertical acceleration on the centrifuge
structural models. Therefore, these accelerometers measured low signal to noise ratio since
the input excitations were horizontal and near the top of the structural models. As previously
explained in Section 4.7.3, the piezoelectric accelerometer (M3P1) had malfunctioned in the
first two scour cases.
All other accelerometers in Figure 4.26 show a similar pattern of increasing sensitivity to scour
with the first two local scour steps. The average change was between 21 – 44% per 1 m of
local scour. However, the FRF magnitude reduced for both local and global scour cases having
2 m depth. It is not known what has caused this change of pattern after the second local scour
step, but the loss of overlying soil on the pad foundation and resulting rocking or low signal to
noise ratio of input excitation measurement may be suspected. The fact that the accelerance
FRF did not change in a single direction but changed both in an increasing and decreasing
pattern with increasing depths of scour, imply that FRF, in this case, was not a reliable indicator
of scour.
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Figure 4.26 Model 3: Variation of FRF accelerance magnitude with scour depth (FRF normalised on
maximum resulting from local scour at 1.3 m depth)

As Model 2 showed the SVPSD to be a reliable indicator of scour, although FRF did not,
SVPSD was also studied for Model 3. The first SVPSD spectra for different depths of scour is
shown in Figure 4.27. The SVPSD at the peaks increased significantly with each advancing
scour step. With an overall scour depth of 2 m, there was a 9.7dB increase in the local scour
case, and a 14dB increase in the global scour case. Corresponding average changes per 1 m
of scour were 417% for local, and 1205% for global scour (e.g. 9.7dB equates to 100.97 = 933%
in SVPSD ratios; thus, the change per 2 m was 833%, and change per 1 m was 417%). As
was the case with the results for the pile bent (Model 2), the results for this shallow pad
foundation gave extremely high scour sensitivities and a large difference in sensitivities
between the global and local scour cases, and more importantly an increase of modal SVPSD
with every advancing scour step. Therefore, SVPSD seems to be a more reliable indicator than
FRF for both Model 2 and 3.
The reduction of the natural frequency (x-axis value of the peaks) can also be seen in Figure
4.27 (frequency reduction already discussed in Section 4.8.3). Based on the half-power
bandwidth of the FRF peaks, the damping ratio during the scour steps M3S1, M3S2, M3S3,
M3S4 and M3S5 at small-scale were 1.05%, 0.98%, 0.94%, 0.89% and 0.96%, respectively.
Thus, the damping ratio has not consistently reduced in every advancing scour step.
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The displacement amplitudes of vibration can be derived by using the spectral density
estimates as discussed in detail in Section 3.2.5. For example, M3S5 scour case has a fullscale singular value estimate of -1.98 dB (i.e. 10-0.198 = 0.63 m2s-4/Hz). Hence the small-scale
singular value is 0.63x 40= 25.2 m2s-4/Hz, as the scale factor for Model 3 is 40. The full-scale
frequency at the modal peak is 2.21 Hz and the corresponding small-scale frequency is 88.4
Hz (i.e. 2.21x40). The behaviour at the modal peak is governed by a single mode and hence
the area surrounding the modal peak is equal to mean square acceleration of corresponding
to the mode. As the same singular value estimate is present over the 1Hz band surrounding
88.4 Hz, the mean square acceleration is equal to 25.2 m2s-4/Hz x 1Hz = 25.2 m2s-4. Hence
the root mean square acceleration is 5.01 ms-2 and the representative peak acceleration
amplitude is 7.1 ms-2 (i.e. 5.01/0.71, where 0.71 is the ratio between RMS acceleration and
peak acceleration (OpenLearn, 2020)). The corresponding displacement amplitude is
7.1/(2πx88.4)2 = 23 µm. Hence the average amplitudes of vibration measured on Model 3 were
minute (similar to Model 2) and the amplitudes of vibration near the ground level could be even
lower. Therefore, the soil-structure interaction can be assumed to have provided the small
strain stiffnesses conditions as previously assumed.

Figure 4.27 Model 3: the first SVPSD of representative full-scale shallow foundation

4.9.4 Model 4: Single pile foundation
Figure 4.28 shows the variation of the modal spectral density when the single pile foundation
was subjected to local and global scour. Two spectral density types were considered: Power
Spectral Density (PSD) to show the behaviour of individual locations and first SVPSD to show
the overall behaviour. These spectral density values were normalised such that the highest
spectral density measured for each spectral density estimate has unity.
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The normalised PSD level of all the accelerometers increased significantly with increasing
depths of local scour. Additionally, the PSD sensitivity to scour shows a gradual increase from
the top to the bottom level of accelerometers, i.e., average sensitivity per 1 m of scour was
18% for M4P1, 20% for M4m3, 56% for M4M2 and 120% for M4M1, in the descending order
of their heights. The difference in PSD between local and global scour accounts was small (1
– 3% per 1 m) than the significant change observed (18 – 120%) for local scour.
The normalised SVPSD at the modal peaks was also plotted in Figure 4.28. The normalised
SVPSD shows a local scour sensitivity of 44% per 1 m, which was equal to the average of all
the normalised PSD magnitudes of the accelerometers. The SVPSD sensitivity to 1 m global
scour was 46%, i.e. only 2% higher than the SVPSD sensitivity to local scour.
The input force of the piezoelectric actuator was also studied to examine whether the observed
increase in output (accelerometer) modal spectral densities was related to an increase of input
modal content. As shown in Figure 4.28, the PSD of the load cell input force at the modal peaks
show an initial increase from scour step M4S1 to M4S2, and then a gradual decrease from
scour step M4S2 to M4S4. Despite this decrease of PSD, the accelerometer spectral densities
have increased significantly after the second scour step, M4S2. Therefore, the spectral density
increase of the output accelerometer was not related to a change in input force given by the
piezoelectric actuator, and hence this change can be fully attributed to scour. Note that the
input force imposed by the ambient vibration of the wind in the centrifuge was also present
however this can be assumed to be the same strength during testing since all tests were
conducted at the same rotational speed of the centrifuge beam.
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Figure 4.28 Model 4: Relationship between normalised spectral density at first modal peak and fullscale scour

4.10 Mode shape sensitivity to scour
The mode shapes were studied since Baildon Bridge showed potential for mode shapes to
indicate the presence of scour and locate where the scour has occurred due to the spatial
information that can be observed from a mode shape. Therefore, the changes of mode shape
observed in this centrifuge experiment for four models were studied to explore its relation to
scour. All mode shapes were normalised with respect to the modal amplitude derived at the
top accelerometer, except in Model 3 in which the top accelerometer did not function and thus
a lower level accelerometer had to be used for the normalisation. Note that all the mode shapes
(e.g. Figure 4.29), in the followings sections are shown in solid lines with lighter colours
indicating deeper/more extensive scour cases and the corresponding stationary position of the
bridge shown dashed. These mode shapes show the longitudinal elevation view.

4.10.1 Model 1: integral bridge
The change of mode shape of Model 1 for progressively increasing amounts of scour is shown
in Figure 4.29(a – c). The MEMS ADXL78 accelerometers (shown as “m” previously in Figure
4.4) were omitted when calculating these mode shapes due to their low signal to noise ratio.
A key hypothesis that needs investigation was whether local scour at a bridge foundation
causes mode shape amplitude to increase only at that foundation, thus able to allow scour
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localisation, as was observed during the field trial at Baildon Bridge. As there were three
foundations in Centrifuge Model 1, any local scour case would have one foundation undergoing
scour while the two other foundations not undergoing any scour. Thus, if this hypothesis were
to be true for Model 1, the following three requirements have to be true: locally scouring
foundation should increase in amplitude, while the other first and the second foundations not
undergoing any scour should not change in mode shape. Table 4.6 shows the analysis of these
three requirements of the hypothesis for the four different local scour cases, illustrated in Figure
4.29(a – b). The hypothesis was accurate in eight out of the twelve different combinations of
local scour cases and requirements (“Yes” in Table 4.6), which shows that it has some
accuracy. The four outliers (“No” in Table 4.6) may be partly due to measurement inaccuracies.
Table 4.6 Analysis of the hypothesis: a foundation undergoing local scour can be located using changes
of mode shape (Model 1)
The requirement for the hypothesis
Increase in mode

No change in mode

No change in mode

shape amplitudes at

shape at the first

shape at the second

the foundation

foundation not

foundation not

undergoing scour

undergoing scour

undergoing scour

M1S1 – M1S3

Yes

Yes

No

M1M3 – M1S4

Yes

Yes

No

M1S4 – M1S5

No

Yes

Yes

M1S5 – M1S6

Yes

Yes

No

Local scour case
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Figure 4.29 Model 1: integral bridge normalised mode shapes.

Mode shape variation for local scour at all foundations and global scour with different excitation
sources (scour cases M1S6, M1S7a and M1S7b) is shown in Figure 4.29(c). Moving from local
scour at all foundations (M1S6) to global scour case (M1S7a) has slightly reduced the modal
amplitudes at the bridge abutments, in contrast to the expectation that global scour causes
more flexibility of the bridge substructure. Moving from the case where excitation was due to
ambient vibration (M1S7a) to the case where a piezoelectric actuator (M1S7b) excited the
bridge model, even with no change of scour, there was a small increase of the modal
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amplitudes at all foundations. Therefore, the modal amplitudes have shown some sensitivity
to the source of excitation.
Such a high degree of variation in mode shape and the detection of several outliers may be
attributable to the low signal to noise ratio observed in the MEMS accelerometers. For
example, Figure 4.30 shows how PSD spectra of a piezoelectric accelerometer (M1P1), a
MEMS ADXL1002 accelerometer (M1M2) and a MEMS ADSX78 accelerometer (M1m3) vary
in three different scour steps. In all the PSD spectra, there was a strong noise peak at 1.67 Hz
(100 Hz in small-scale), as previously discussed in Section 4.7.3. The other strong set of
peaks, highlighted in a green band in Figure 4.30, represents the fundamental natural
frequency. The PSD value at these fundamental natural frequency peaks represent the power
of the signal measuring the fundamental mode, and the surrounding plateau represents the
sensor noise level that hides that signal. The signal to noise ratios of this fundamental mode
was high in piezoelectric accelerometer (M1P1), but low in MEMS accelerometers (M1M2 and
M1m3). MEMS accelerometers were present at the mid-height of the foundations, where
outliers were observed. Therefore, the cause of these outliers and a high degree of error could
be the low signal to noise measured at these locations.

Figure 4.30 Model 1: integral bridge: Power Spectral Density (PSD) of three different sensor
types with three different scour cases

4.10.2 Model 2: pile bent foundation
The modes shapes identified for different scour cases of the pile bent are shown in Figure
4.31. Mode shapes along one out of the four piles are shown in solid lines, and another
adjacent pile is shown with an “x” mark. As explained in 4.9.2, the scour cases 1 and 3 do not
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represent reliable FRF. Their mode shapes, which are shown in Figure 4.31(a), also did not
show the expected fundamental sway mode shape.

Figure 4.31 Model 2: pile bent mode shape variation with different scour cases.

Figure 4.31(b) shows the mode shapes of two reliable tests. Both these modes show a sway
mode shape with increasing modal amplitude with height and similar modal amplitude (“x”
mark) at the adjacent piles. Additionally, with increased scour, all normalised modal amplitudes
below the top level have increased. This is expected since the removal of soil around the pile
allows free lateral movement for the pile section (near the bottom sensors) that was previously
partially restrained by soil.

4.10.3 Model 3: shallow foundation
The mode shape variation of the shallow foundation model for local and global scour cases is
shown in Figure 4.32. The first two scour cases resulted in almost zero modal amplitude at the
top accelerometer, which malfunctioned during these tests, as explained in Section 4.7.3. All
mode shapes in Figure 4.32 were, therefore normalised by the modal amplitude of the midheight accelerometer (M3M4).
The fundamental sway mode shape remained the same throughout all scour processes with
little change when the malfunctioned accelerometer at the top was ignored. The normalised
modal amplitudes near the top-mid height of the column have shown an overall pattern of initial
reduction with the local scour, and an increase of modal amplitudes with the global scour. This
suggests a change in modal amplitudes was not a reliable indicator of scour for this shallow
foundation.
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Figure 4.32 Model 3: shallow foundation, the variation of mode shape with local and global scour
cases

4.10.4 Model 4: Single pile foundation
The mode shape variation for different scour cases of Model 4 is shown in Figure 4.33. Local
scour resulted in a clear increase of modal amplitudes of the pile, especially near the original
ground level. However, the modal amplitudes at that level did not differ between the local and
the global scour cases of the same depth (M4S3 and M4S4). Therefore, the increase of modal
amplitude may primarily be due to the removing (freeing) of the soil stiffness near-ground as
the case with local scour, rather than due to a reduction of the stiffness of soil directly
underneath that occurs as a result of global scour.

Figure 4.33 Model 4: single pile foundation, the normalised mode shapes under different scour cases
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4.11 Overall scour monitoring potential of natural frequencies, modal
spectral densities and mode shapes
If a vibration-based parameter were to be a reliable and simple scour indicator, scour should
cause it to either increase or decrease in only one direction with sufficient sensitivity. When a
potential monitoring parameter shows both increasing and decreasing behaviour with
increasing depths of scour, it will be difficult to relate a measured change of the parameter to
a change in scour depth. Further, when the sensitivity of the monitoring parameter is low, a
change in the parameter due to scour could become insignificant in comparison to the change
of the parameter due to due to the environmental and operational variabilities.
On this basis, the results of this experiment identified the most reliable indicators of scour as
natural frequency and modal spectral density (only output-only estimates such as PSD and
SVPSD). The FRF estimate showed an oscillating pattern with increasing scour in certain
instances and therefore was not reliable. The mode shape showed some potential, especially
to locate a locally scouring foundation, but several outliers were also detected.
All foundation types exhibited a measurable change in natural frequency due to scour. A
summary of the measured natural frequency sensitivities is shown in Figure 4.34. The natural
frequency reduction for global scour was greater than that for local scour. This finding indicates
that some additional confining pressure may be provided to the underlying soil by the overlying
unscoured soil surrounding a local scour hole.

local scour at abutment foundation
local scour at pier foundation

Single pile

local scour at pier and abutments
Pad foundation

global scour

Pile bent
Integral bridge
0
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3

4
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10 11 12 13 14 15

Natural frequency sensitivity to 1 m of scour (%)
Figure 4.34 Summary of frequency sensitivities at the full-scale

As shown in Figure 4.34, local scour at either the bridge pier or the abutment of the integral
bridge model showed a 4 – 5% frequency shift per metre of scour, while the pile bent model
showed a 12% frequency shift. The single pile showed a 6% frequency shift, and the shallow
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pad foundation showed only a 3.5% frequency shift per metre of local scour. Additionally, the
results suggest that the frequency sensitivity to local scour reduces slightly with scour depth.
The depth of embedment of the deep piled foundations of Models 1, 2 and 4 was 12 m in
equivalent full-scale, but the depth of embedment was only 3 m for the Model 3 shallow
foundation. Therefore, the maximum scour depth for deep foundations (3.6 m) in the Models
1, 2 and 4 was nearly a one-third loss of embedment, for which natural frequency reduced by
14 – 44%. In comparison, the maximum scour depth tested for the shallow foundation (2 m)
was a two-third loss of embedment, but the overall change was only 7 – 9%. Despite having a
larger fraction of embedment lost, the shallow foundation scour showed some of the lowest
natural frequency sensitivities. Therefore, a natural frequency-based scour monitoring
technique may be most feasible for deep piled foundations, rather than for a shallow pad
foundation.
The natural frequency errors expected due to environmental and operational variabilities found
in the literature vary in the order of 3.5%, as explained in Chapter 2 and it can be as high as
14% as found during the field trial at Baildon Bridge. Therefore, the minimum scour depth
measurement resolution possible are in metre scale. This reinforces the view that using the
natural frequency as a measure of scour depth is mostly suitable for deep piled foundations
where countermeasures may only be required when the scour depth is several metres.
A summary of modal peak SVPSD variation with scour is illustrated in Figure 4.35. The
sensitivities of SVPSD for local scour of 1 m were near 40% for both the integral bridge and
the single pile and significantly higher for others, i.e. 214% for pile bent and 417% for the
shallow pad foundation. The SVPSD showed 2% higher sensitivity in global scour than in local
scour for single pile, but 30% higher sensitivity in global scour than in local scour for the integral
bridge. For the pile bent and pad foundation, global scour of 1 m caused the SVPSD to
increase by 773% and 1205% respectively. The pad foundation showed the highest SVPSD
sensitivity, though it was the structure with the lowest natural frequency sensitivity.
All the sensitivities observed for these spectral density estimates were much higher than the
sensitives of natural frequency. However, the environmental variabilities of spectral density
estimates can also be high compared to the variabilities expected for natural frequency. For
example, when the actuator (0.44 kg) in Model 1 was replaced with the actuator mass of 0.5
kg and ambient excitations in the centrifuge, the natural frequency did not change but the
SVPSD changed by 13% due to its sensitivity to either the change in mass or the input
excitation. Furthermore, Baildon Bridge instrumentation found 25% error of measurement of
the PSD value measured within a one-hour period, when insignificant changes in
environmental parameters can be expected. With such an error of measurement, SVPSD
could potentially allow measurement of sub-metre scale scour depth changes.

139

global scour
Single pile

local scour at pier foundation

Pad
foundation
Pile bent
Integral
bridge
0

100

200

300 400 500 600 700 800 900 1000 1100 1200
Singular value sensitivity to 1 m scour (%)

Figure 4.35 Sensitivity of SVPSD at the modal peak to scour

The errors related to the load cell led to limited FRF available in Model 2, for which the FRF
magnitude increased for all sensor channels. The FRF magnitudes of Model 3 showed an
initial increase and a later decrease, suggesting little potential to be a reliable indicator of scour.
The reason for the unreliable nature of FRF may be the low signal to noise ratio of the
measured input excitation. In a real bridge, similar low signal to noise ratio could be expected
unless forced vibration is used with a large excitation source. Due to the multiple types of
ambient excitation sources present in a real bridge, it would be difficult to capture ambient
excitations with enough accuracy. Therefore, an output-only method where only the output
acceleration measurements are considered is more practical. In addition to the practicality of
output-only spectral density, the findings of this experiment suggest that it is a reliable and
highly sensitive vibration-based approach to detect scour.
The normalised mode shape variation due to local scour primarily affected the closest part of
the bridge element to the scouring soil. There was no significant change in mode shape
between local and global scour of the same depth. In the single pile and pile bent models, the
part of the piles closest to the ground level had the greatest change due to scour. In the integral
bridge model, local scour near one foundation showed the primary increase of modal amplitude
in that foundation, though several outliers were detected in this model. This local increase of
modal amplitude may primarily be due to the freeing of the near-ground-level pile section,
which was partially restrained by the soil surrounding the pile before local scour was introduced
into the model.
It is noteworthy that the experimental results observed for the Models 2 – 4, all of which have
standalone foundations, were not directly representative of the full-scale bridges with added
stiffness and mass from bridge decks, bearings in addition to the foundation. This aspect will
be investigated numerically in the next chapter.

140

4.12 Small-strain shear modulus of soil
The small-strain shear modulus of soil is an essential parameter for numerical modelling of the
full-scale structures. It was estimated using the shear wave velocities captured during the
experiment. A comparison of these shear modulus profiles against empirical estimates is
presented in this section in representative full-scale. The numerical models in the next chapter
will be developed based on these shear modulus profiles.

4.12.1 Derivation of small-strain shear modulus from the observed shear waves
As explained in Section 4.5.2.3 and illustrated in Figure 4.4, the shear waves generated by the
two air hammers travel vertically through the soil passing the accelerometers C01 – C15
adjacent to the structural model foundations. Figure 4.36 shows such a shear wave captured
by a column of accelerometers C11 – C15 (Figure 4.4(b)), which were embedded in the soil
adjacent to the Model 2. The air hammer and the accelerometer arrangement are shown on
the left side of Figure 4.36 for comparison with the measured acceleration time-history of each
accelerometer shown on the right side. A shear wave causes oscillations of soil transverse to
the direction of propagation. Therefore, the accelerometers pointing in the horizontal direction
capture these shear waves travelling vertically as a short-term oscillation in the observed
acceleration when the shear wave passes the accelerometers. In Figure 4.36, such an
oscillation was first seen in C11 (lowest accelerometer) and last seen in C15 (topmost
accelerometer).

Figure 4.36 A shear wave captured by a column of accelerometers, C11 – C15.
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The shear wave velocity (𝑣𝑠 ) between two adjacent accelerometers is given as follows
𝑣𝑠 =

∆𝑑
∆𝑡

Equation 4.4

where ∆𝑑 and ∆𝑡 are the vertical spacing of accelerometers and time lag in shear wave arrival.
The small-strain shear modulus (𝐺0 ) is related to the bulk density (𝜌) and the shear wave
velocity (𝑣𝑠 ) as given in Cha et al. (2014):
𝐺0 = 𝜌𝑣𝑠2

Equation 4.5

The example in Figure 4.36 has a time lag of 5/30000 s for the bottommost accelerometers
and 23/30000 s for the topmost accelerometers. This suggests 𝑣𝑠 , and hence 𝐺0 , increases
with depth, which is the behaviour expected for a typical soil profile.
It is worth noting that there was a significant error of the 𝑣𝑠 and 𝐺0 values estimated from the
experimental data due to insufficient sampling frequency. The sampling frequency was 30,000
Hz for the accelerometers. Therefore, the time measurements had a resolution of 1/30000 s.
In the above example, the time lag (∆𝑡) was estimated with only five such time resolution points
between the two bottommost accelerometers (e.g. between the peaks “B – B” or valleys “A –
A” in Figure 4.36). Another method, the cross-correlation method used in Dong (2016), also
provided the same ∆𝑡 estimates for these accelerometers. As there can be a maximum error
equal to the measurement resolution, the maximum error in both ∆𝑡 and 𝑣𝑠 was about ±20%
(1/5) and thus the maximum error in 𝐺0 becomes ±44%, according to Equations 4.4 and 4.5.
In comparison, the topmost accelerometers had 23 data points for the time lag suggesting a
±4% error for ∆𝑡 and ±9% error for 𝐺0 estimates. Therefore, there was a significant error in the
𝐺0 estimates, especially at the bottom levels. For future experiments, it is recommended to use
sampling rates higher than 30kHz to reduce this measurement error.
Both the velocity and density have a scaling factor of 1 and hence, the 𝐺0 estimates in the fullscale is the same as the 𝐺0 estimates in the small-scale (Dong, 2016). The shear modulus
estimate between two accelerometers was represented at their mid-depth.
These derived full-scale 𝐺0 values from the centrifuge test were compared against two
published empirical estimates to verify their reliability. Firstly, Hardin and Drnevich (1972)
estimate 𝐺0 (in kPa) for sands as the following:
𝐺0 = 3230

(2.973−𝑒)2 ′ 0.5
𝜎0
(1+𝑒)

Equation 4.6

where 𝑒 is the void ratio (0.71 for this experiment) and 𝜎0′ (in kPa) is the mean principle effective
stress 𝜎0′ is related to the vertical effective stress (𝜎𝑣′ ) by the following equation (Dong (2016)).
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𝜎0′ =

(1+2𝐾0 )𝜎𝑣′

Equation 4.7

3

The coefficient of lateral earth pressure at rest (𝐾0 ) was taken as 0.5. Therefore, Equations 4.6
and 4.7 simplify to the following equation for this experiment,
𝐺0 = 7918 𝜎𝑣′ 0.5

Equation 4.8

The second empirical equation used is given by Seed and Idriss (1970), which estimates 𝐺0
(in kPa) for sands as the following,
𝐺0 = 1000 𝐾2 𝜎0′ 0.5

Equation 4.9

𝐾2 is a constant that depends on the strain level and relative density. For small-strain behaviour
and 66% relative density (Dr) applicable to this 𝐾2 experiment, 𝐾2 is approximately 11.5
according to Seed and Idriss (1970). Note that this 𝐾2 value of 11.5 is derived for 𝜎0′ in units
of kPa (for units of psf, 𝐾2 is 53). This value was also confirmed by the equation of
K2=0.586+16.5Dr given in Futai et al. (2018) for 0% ≤Dr ≤ 90%.
Both these estimates show 𝐺0 is proportional to 𝜎0′ 0.5 and hence to 𝜎𝑣′ 0.5 . The vertical effective
stress 𝜎𝑣′ is directly proportional to the depth from the ground level (𝑑), given the ground level
is flat. Therefore, 𝐺0 is taken as directly proportional to 𝑑0.5 , in order to fit an appropriate curve
to the experimental data. As flat ground level is only available for the no scour and global scour
cases, the curve fitting was carried out only for those two cases.

4.12.2 Estimated small-strain shear modulus profiles
Figure 4.37(a – c) shows the estimated full-scale 𝐺0 profiles derived from both the experimental
shear wave measurements (near Models 1, 3 and 4) and the empirical equations described in
Section 4.12.1.
The experimental observations showed a reduction in 𝐺0 primarily at the shallow depths near
Models 3 and 4, as shown in Figure 4.37(b and c). A reduction in 𝐺0 is to be expected as a
result of the loss of overburden soil due to scour of overlying soil. The 𝐺0 at deeper levels has
not shown a change, and this could be due to the low measurement resolution of 𝐺0 (i.e. a 𝐺0
change above ±44% would be required to change one measurement resolution) (see Section
4.12.1).
Some 𝐺0 measurements, for example 𝐺0 at the shallow depths near Model 1 (Figure 4.37(a)),
were not available due to either accelerometer malfunctioning or interference of multiple shear
waves; interference occurred when shear waves from the two air hammers reached certain
accelerometers at the same time.
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Figure 4.37 Variation of 𝐺0 profiles with scour near the Model 1 integral bridge in equivalent full-scale

As shown in Figure 4.37 (a – c), curves were fitted to the available experimental 𝐺0 estimates
at no scour and global cases, assuming 𝐺0 to be directly proportional to the depth raised to the
power of 0.5 (Section 4.12.1). Empirical estimates were also obtained for these two scour
cases using empirical Equations 4.9 and 4.10 given by Hardin and Drnevich (1972), and Seed
and Idriss (1970). The 𝐺0 estimated by these two empirical equations were higher than the
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curves fitted to the experimental 𝐺0 observations. For these empirical estimates, global scour
(for example M3S5) graphs could be obtained by shifting the no scour (M3S1) curve down by
the depth of global scour; this was expected as global scour represent a case where the ground
level lowers everywhere, thus lowering the stiffness profile as well. However, for experimental
observations, this expected behaviour was not shown with the curves fitted for “no scour” and
“global scour” cases, which indicates there were significant measurement inaccuracies.

4.13 Summary
This chapter described the development of a centrifuge testing methodology to measure
natural frequency sensitivity to scour at the foundations of different bridge types. A scaleddown two-span integral bridge model and three discrete bridge foundation models were
constructed in the sand with 66% relative density to simulate field-scale soil-structure
interactions. These structural models were excited with a piezoelectric actuator and an
automatic modal hammer developed for this test. The modal hammer provided better input
excitation than the piezoelectric actuator. The tests were conducted at the required centrifuge
acceleration to simulate the dynamic behaviour of the full-scale structures. With all four models,
the fundamental mode of vibration was measured successfully. It was found that the natural
frequency measurements during centrifuge testing, for all scour cases of all models, lay
between the upper-bound frequency limit of fixed base tests and the lower-bound frequency
limit of 1g tests, which helped to confirm the frequency measurements during the centrifuge
tests. The most reliable indicators of scour were natural frequency and output-only spectral
density at modal peaks (SVPSD or PSD).
Local scour of 1 m at either the pier or the abutments of the integral bridge model produced a
4 – 5% frequency shift at full-scale. One metre of local scour at the standalone foundation
models produced the highest frequency sensitivity for the pile bent (12%), the second highest
for a single pile (6%) and the lowest for a shallow foundation (3.5%). The natural frequency
reduction for global scour was slightly (0.5-1%) greater than that for local scour in all bridge
types. The frequency sensitivity to local scour tended to reduce as the scour hole deepened.
The sensitivities of SVPSD for scour of 1 m near the models ranged from 40 – 417% for local
scour and 46 – 1205% for global scour. The shallow foundation, which was least in natural
frequency sensitivity, had the highest sensitivity to SVPSD. The normalised mode shape
variation due to local scour primarily affected the part of the bridge element closest to the
scouring soil. The experimental measurements of small-strain stiffness (𝐺0 ) of soil did not show
an acceptable level of accuracy due to low measurement resolution of 𝐺0 at deeper depths
and accelerometer malfunctioning and shear wave interference at shallower depths.
In summary, this experimental study demonstrated that natural frequency, mode shapes and
modal spectral density have significant potential as indicators of scour.
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Chapter 5

Numerical simulation of sensitivities in bridge
natural frequencies and mode shapes to scour
Highlights
•

A numerical scour simulation technique was developed based on the observed
centrifuge test results.

•

The developed numerical scour simulation technique was extrapolated to full-scale
bridge structures the centrifuge tests represent.

•

Fundamental natural frequency sensitivity of the integral bridge with the numerical
model was 11% for 1 m of scour, similar to the centrifuge test, validating its
feasibility to be used as a scour indicator.

•

For simply supported bridges, the fundamental mode was found not to be a
sensitive indicator of scour, but higher order modes showed potential.

•

Mode shape change was limited to the foundations undergoing scour, suggesting
that this has the potential to be used to locate the foundations undergoing scour.

This chapter presents numerical modelling and scour simulations carried out to achieve two
key objectives. The first objective was to develop numerical scour simulation techniques to
simulate the effects observed in centrifuge experiments (Chapter 4). It is anticipated that such
a scour simulation technique would help bridge engineers estimate the expected change in the
dynamic behaviour of a bridge subjected to scour. The second objective was to extrapolate
the results of simple standalone foundation models tested in the centrifuge to the
corresponding bridges, which have a bridge deck and bearings in addition to the foundations.
The initial sections of this chapter introduce the methodology used in this chapter to perform
numerical modelling, the proposed numerical scour simulation techniques and detailed
information on the soil-structure interaction models used for the numerical models. The later
part of the chapter presents the results of the numerical modelling of the small-scale centrifuge
models and their corresponding full-scale bridge structures.
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5.1 Introduction
All the numerical, Finite Element (FE), models presented here represent bridge structures
using various FE elements, and they incorporate a set of linear elastic springs representing
soil-structure interaction. The numerical model for piles and its scour simulation technique
extends from the previous work of Prendergast, Hester and Gavin (2016), where scour of a
single pile foundation was simulated by deleting the springs down to the depth of scour while
maintaining the stiffness of all the other springs. As shown in Figure 5.1, such a simulation
technique is more representative of a local scour case, where the stiffness of underlying soil
is remaining the same due to the overburden pressure given by the soil surrounding the scour
hole. However, a global scour case does not have such overlying soil to maintain the stiffness
of the underlying soil. Therefore, this research proposes another scour simulation technique
based on the lowering of all spring stiffnesses due to ground level lowering, as shown in Figure
5.1. These two techniques will be referred to with the following naming:
1. Top stiffness/springs lowering (proposed to be more representative of global scour case)
2. Top stiffness/springs deleting (proposed to be more representative of local scour case)

Figure 5.1 Change in stiffness profile around a bridge due to local and global scour cases

In addition to the spring-based model for pile foundation, a shallow foundation spring-based
model was also developed and tested for scour simulation. All FE models were created with
the CSiBridge2017 structural analysis software.
The centrifuge experiment discussed in Chapter 4 studied three parameters that were sensitive
to scour: natural frequency, mode shape and spectral density. The numerical modelling in this
chapter will only focus on simulating natural frequency and mode shape variation due to scour,
as they can be simulated by only considering the soil-bridge interaction. Spectral density
simulation of a full-scale bridge would require bridge-soil-vehicle interaction models, which are
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out of the scope of this research. However, the validity of all these three parameters was
studied in the field trial at Baildon Bridge, described in Chapter 3.
As explained in Chapter 4, the small-scale centrifuge tests were aimed at modelling the
behaviour of three full-scale bridges (named as Bridge 1, 2 and 3). All three of these full-scale
bridges were simplified to full-scale simplified bridges (or standalone foundations), which were
easier and small-enough to construct accurately at small-scale (Figure 4.3). Bridge 1 with
composite bridge deck was simplified to a bridge model with a rectangular slab deck with the
same flexural rigidity and mass. The Bridges 2 and 3 with both the deck and foundations were
simplified to standalone foundations without bridge decks. These simplified versions of fullscale Bridges 1, 2, 3 were scaled down to create small-scale Models 1, 2 and 3, respectively.
An additional small-scale single pile model, called Model 4, was also created by scaling down
a pile of Bridge 2 since a single pile provides a simple configuration to study numerically. An
issue with studying simplified models in the experiments is that the experimental results may
not be representative of the more complex bridge behaviour that these models attempt to
simulate. For example, the natural frequencies estimated by the experiments of standalone
foundations may differ from the natural frequencies expected in a realistic bridge with both
foundations and a bridge deck due to the additional mass and stiffness provided by the bridge
deck. Thus, the results of small-scale simplified models were more representative for a fullscale simplified bridge/model than for more complex arrangements expected in Bridges 1 – 3.
Therefore, numerical models were used to extrapolate the experimental results (obtained for
the simplified models) to more complex and more realistic full-scale bridges.
Figure 5.2 summarises the numerical modelling methodology. For each centrifuge model,
initially, the fixed based numerical models were developed for both small-scale and full-scale
simplified bridges to verify the accuracy of scaling. These two numerical models could be
verified using the fixed base experimental results available for different levels of modelled
scour (i.e. lowering of the ground level, which was modelled as fixed). Verification of scaling is
important as the change of material properties from small-scale (aluminium) to full-scale
(concrete) resulted in only a selected number of scaling laws being met (Section 4.4.2). Once
the scaling was verified, the numerical model of the full-scale simplified bridge was extended
to include springs representing soil-structure interaction. This soil-structure model of the
simplified bridge could be calibrated by using the centrifuge test results converted to full-scale
using appropriate scaling factors. For calibration, multiple soil-structure interaction models
were compared to find the one that best estimates the experimentally observed dynamic
behaviour for different levels of scour. The calibrated full-scale simplified bridge with soilstructure interaction was finally extended to a full-scale bridge with a realistic bridge deck
arrangement to estimate the expected natural frequency and mode shape variations.
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Figure 5.2 Methodology followed to create a numerical model for the full-scale bridge using
experiment results

The soil-structure interaction was idealised in the FE model by using springs to represent the
soil-structure interaction. Two types of spring-based methods were adopted. A “Winkler spring
model” was used to represent the pile-soil interaction in all the bridges with pile/stub column
foundations. A “macro element model” represented the pad footing of the bridges with shallow
pad foundations.

5.2 Winkler spring model for piles of Bridges 1 and 2
The Winkler model idealises the soil-structure interaction of a foundation element by a system
of discrete, mutually independent, closely spaced springs (Winkler, 1867; Dutta and Roy, 2002;
Prendergast, Hester and Gavin, 2016a). The Winkler model has been extensively used to
model pile foundations (Ashford and Juirnarongrit, 2003; Prendergast and Gavin, 2016).
Figure 5.3 shows a Winkler spring representation of a pile. It is assumed that the springs along
the length of the pile represent both the vertical shear stiffness (𝐾𝑉 ) and the lateral stiffness
(𝐾𝐻 ) provided by the soil. The high stiffness at the toe (tip) of a pile is represented by a spring
(𝐾𝑇 ) as well.

Figure 5.3 Winkler spring representation of soil-pile interaction
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The following sections present the API method for calculating all 𝐾𝑉 , 𝐾𝐻 and 𝐾𝑇 springs and
other empirical methods to convert the derived small-strain stiffness values in Chapter 5 to 𝐾𝐻
springs.

5.2.1 Lateral spring stiffness from the American Petroleum Institute (API)
method
The API design code estimates the relationship between the lateral soil resistance per unit
length, 𝑃 (kNm-1), and deflection, 𝑦 (m), at any depth below the ground level, 𝑑 (m), along a
pile embedded in sand, as given in Equation 5.1. In this equation, 𝑘𝑖 (kNm-3) is the initial
modulus of subgrade reaction, 𝑃𝑢 (kNm-1) is the ultimate bearing capacity of soil at depth 𝑑 and
𝐴 is an empirically derived factor of 0.9 for cyclic loading.
𝑘 ×𝑑

𝑖
𝑃 = 𝐴 × 𝑃𝑢 × tanh [𝐴×𝑃
× 𝑦]

Equation 5.1

𝑢

Differentiating both sides of the equation and taking the small strain behaviour (𝑦 = 0) gives:
𝑑𝑃
𝑑𝑦 𝑦=0

( )
𝑑𝑃

(𝑑𝑦)

𝑦=0

= 𝐴 × 𝑃𝑢 ×

𝑘𝑖 ×𝑑
{1 −
𝐴×𝑃𝑢

tanh2 [

𝑘𝑖 ×𝑑
𝐴×𝑃𝑢

× 𝑦]}
𝑦=0

= 𝑘𝑖 𝑑

If lateral springs are at a spacing of 𝑠 along the pile, a deflection of ∆𝐿 induces a force of 𝑠𝑃.
Therefore, the stiffness (𝐾𝐻 ) of each spring linearised for small strain behaviour is:
𝐾𝐻 = (𝑠

𝑑𝑃
)
𝑑𝑦 𝑦=0

Equation 5.2

= 𝑠𝑘𝑖 𝑑

Equation 5.2 shows that the stiffnesses of the lateral springs increase linearly with depth. For
dry sand of 66% relative density, as was the case with this centrifuge test, 𝑘𝑖 is given as 6 x
104 kNm-3 (API, 2002).

5.2.2 Lateral spring stiffness from small strain shear modulus
The small strain shear modulus, 𝐺0 (Pa), estimates were found from the experiment and
derived using empirical equations, as given in Section 4.12. For isotropic materials, 𝐺0 can be
related to the small strain elastic modulus, 𝐸0 (Pa), using the relationship given in Equation 5.3
(Sas et al., 2016). 𝑣𝑠 is the Poisson’s ratio, considered as 0. for Houston sand (Futai et al.,
2018).
Equation 5.3

𝐸0 = 2𝐺0 (1 + 𝑣𝑠 )

There are a number of methods given in the literature relating an 𝐸0 profile of soil to a Winkler
spring model idealising soil-structure interaction. Ashford and Juirnarongrit (2003) give an
empirical estimate for the coefficient of subgrade reaction 𝑘𝑠 (Nm-3) of small-strain lateral
vibration of a pile in soil as the following equation.
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1/12

1.0𝐸0
𝐸0 𝐷 4
𝑘𝑠 =
[
]
𝐷(1 − 𝑣𝑠2 ) 𝐸𝑠 𝐼𝑠

Another relationship between 𝐸0 and 𝑘𝑠 is given by Kloeppel and Glock (1970) as
𝑘𝑠 =

2𝐸0
𝐷(1 + 𝑣𝑠 )

where 𝐸𝑠 𝐼𝑠 (Nm2) and 𝐷 (m) are the flexural rigidity and the width (diameter of a pile) of the
foundation structural element, respectively. When the horizontal Winkler springs are at a
spacing of 𝑠 (m) along a pile of diameter 𝐷 (m), each spring stiffness 𝐾𝐻 (kNm-1) is given by
Equation 5.4.
𝐾𝐻 = 𝑘𝑠 × 𝑠 × 𝐷 × 103

Equation 5.4

5.2.3 Soil-pile adhesion spring stiffness from API method
The API design code assumes the maximum soil-pile adhesion in sandy soils is reached after
0.1 inch (2.54 mm) of axial local pile displacement. The soil-pile adhesion, 𝑡 (kPa), and local
pile deflection, 𝑧 (m), relationship is considered linear before reaching the 2.54 mm of local
displacement. Therefore, the 𝑡 - 𝑧 relationship can be represented as
𝑡

(𝑧)

𝑧 ≤ 0.00254

𝑡

(𝑧)

𝑧 > 0.00254

𝑡

= 2.54𝑚𝑎𝑥
×10−3
=

Equation 5.5

𝑡𝑚𝑎𝑥
𝑧

Equation 5.6

where 𝑡𝑚𝑎𝑥 (kPa) is the maximum soil-pile adhesion given by Equation 5.7, where 𝑠 is the
spacing of the springs along the pile of diameter, 𝐷 is the pile diameter. The coefficient of
lateral earth pressure (𝐾0 ) was assumed to be 1.0 for full displacement piles (a closed-end pile
or an open-ended driven pile having soil plugging at the open end). The centrifuge test was
conducted on thin open-ended piles. Therefore, the thin piles were assumed to have sufficient
soil plugged at the open end when driven into the soil. The full-scale reinforced concrete piles
were closed-ended. Therefore, both the centrifuge model piles and the full-scale piles that they
represent have a 𝐾0 value of 1.0. 𝜎𝑣′ (kPa) is the effective overburden pressure, which
increases with depth. The friction angle between the soil and the pile wall (𝛿) is 300 for dense
sand. The API code limits soil-pile adhesion to 95.7 kPa for dense sand (API, 2002).
𝑡𝑚𝑎𝑥 = 𝜋𝐷𝑠 × 𝐾0 𝜎𝑣′ tan 𝛿 , 𝑡𝑚𝑎𝑥 ≤ 95.7 𝑘𝑃𝑎

Equation 5.7

Equations 5.5 – 5.7 can be combined to obtain the stiffness (𝐾𝑉 ) of each spring for small strain
behaviour as given below.
𝑡
𝑧 𝑧<0.00254

(𝐾𝑉 )𝑧<0.00254 = 𝜋𝐷𝑠 ( )
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= 𝜋𝐷𝑠 ×

𝑡𝑚𝑎𝑥
2.54 ×10−3

𝑡
𝑡𝑚𝑎𝑥
(𝐾𝑉 )𝑧>0.00254 = 𝜋𝐷𝑠 ( )
= 𝜋𝐷𝑠 ×
𝑧 𝑧>0.00254
𝑧
𝑡
95.7
(𝐾𝑉 )𝑡𝑚𝑎𝑥 >95.7 = 𝜋𝐷𝑠 ( )
= 𝜋𝐷𝑠 ×
𝑧 𝑧>0.00254
𝑧

5.2.4 Tip resistance spring stiffness from API method
The API design code assumes that the maximum tip resistance of a pile is mobilised at an
axial tip deflection, 𝑧 (m), of 0.1 of the pile diameter, 𝐷. There is a non-linear behaviour between
the mobilised tip resistance, 𝑄 (kPa), and axial tip deflection, 𝑧 (m). Therefore, a spring with
non-linear stiffness of 𝐾𝑇 can be used to represent the tip resistance (end bearing), as shown
in Equation 5.8 given below.
𝐾𝑇 =

𝜋𝐷 2 𝑄
(𝑧 )
4

Equation 5.8

The 𝑄-z relationship is shown in Table 5.1 and it is estimated as secant modulus. 𝑄𝑚𝑎𝑥 (kPa)
is the maximum tip resistance calculated by Equation 5.9. 𝑁𝑞 is a dimensionless bearing
capacity factor, which equates to 40 for dense sand. 𝜎𝑣′ (kPa) is the effective overburden
pressure at the pile tip. The tip resistance is limited to 9.6 MPa for dense sand.

𝑄𝑚𝑎𝑥 = 𝜎𝑣′ 𝑁𝑞 , 𝑄𝑚𝑎𝑥 ≤ 9.6 MPa

Equation 5.9

Table 5.1 The relationship between tip resistance and axial tip deflection of a pile (API, 2002)
∆𝒛⁄
𝑫

𝑸
⁄𝑸
𝒎𝒂𝒙

𝑸⁄
𝒛

0

0

0.002

0.25

125.0 x

0.013

0.5

38.5 x

𝑄𝑚𝑎𝑥

0.042

0.75

17.9 x

𝑄𝑚𝑎𝑥

12.3 x

𝑄𝑚𝑎𝑥
𝑄𝑚𝑎𝑥

0.073

0.9

-

0.1

1

10.0 x

∞

1

1.0 x

𝑄𝑚𝑎𝑥
𝐷

𝐷

𝐷

𝐷

𝐷
𝑄𝑚𝑎𝑥
𝐷
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5.3 Numerical modelling of a single pile of full-scale Bridge 2 using
experimental results for small-scale Model 4: single pile
The extra model tested in the centrifuge (single pile: Model 4) was considered first since it has
the simplest form (one pile) out of the four centrifuge models, though it does not represent the
full foundation of a bridge (Bridge 2 in this case) as the other centrifuge models do. A numerical
model was first created to simulate the fixed based single pile structural model, without any
soil-structure interaction, with the aim of calibrating this numerical model for the fixed based
experimental results. The following sections will discuss some of the challenges faced when
attempting to calibrate the FE model and why Model 4 was not further studied. However, it did
not affect the planned methodology of developing numerical models for the three bridges since
Model 4 was only an extra model but not a key model required to develop numerical models
of Bridges 1 – 3.

5.3.1 Numerical modelling of the single pile foundation with a fixed base
The setup of the fixed base experiment representing the no scour case of Model 4 is shown in
Figure 5.4(a). Fixed based condition is a simple setup that can be used to validate the FE
model of the structure alone without involving any soil-structure interactions. The Model 4 was
modelled using FE as a cantilever beam with lumped mass at the top, as shown in Figure
5.4(b). In this FE model, the pile was modelled using “frame” elements each 5 mm in length.
Frame elements allow beam-column formations in CSiBridge software (Computers &
Structures Inc., 2016a). The top slab and the actuator were idealised as a lumped mass of 0.5
kg at the top of the pile. This FE model estimated a fundamental natural frequency of 78.2 Hz
(sway mode), which was far below the corresponding experimental observation of 288.1 Hz
for the same mode.
To find the cause for the lower estimate of natural frequency of the FE model, a sensitivity
study was carried out on the effect of three of the key input properties, namely, lumped mass,
tube wall thickness and the length of each finite element. These were three properties which
could have small errors due to potential inaccuracies of measurements or the selection of FE.
As shown in Figure 5.5, the natural frequency of the FE model did not show significant
sensitivity to any small errors of these input properties. Therefore, the reason for the
significantly high estimate of 288.1 Hz by this FE model was not the input properties used, but
potentially its idealisation as a lumped mass system.
The lumped mass was completely removed to make the FE model a fixed cantilever column
with a uniformly distributed mass. This change surged the natural frequency estimate to 1166
Hz. The analytical solution to the natural frequency of a fixed cantilever Euler-Bernoulli beam
is shown in Equation 5.10 (Amrita, 2011), where 𝑓 is the principle natural frequency, 𝐿 is the
beam length, 𝐸𝐼 is the flexural rigidity, 𝜌 is the density and 𝐴 is the cross-sectional area.
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Equation 5.10 estimated the analytical natural frequency as 1192 Hz, which was slightly
different from what was estimated by the FE model (1166 Hz). This difference in natural
frequency could be attributable to the more flexible Timoshenko beam that was used in
CSiBridge; Timoshenko beam is more flexible than Euler-Bernoulli beam due to provision of
shear deformations between cross-sectional planes and the neutral axis of the beam elements.
When the shear deformations were restricted, the CSiBridge FE model estimated a natural
frequency of 1191 Hz, which is almost equal to the analytical estimate (1192 Hz). Therefore,
the FE model in the CSiBridge has provided a theoretically accurate estimate when the lumped
mass was completely removed.
𝑓=

1.8752 𝐸𝐼
√𝜌𝐴
2𝜋𝐿2

Equation 5.10

Figure 5.4 Model 4 fixed base (a) experimental setup and (b) FE model
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Figure 5.5 Sensitivity of natural frequency of the FE model to its input properties
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As highlighted above, the FE model with no lumped mass accurately estimated the same
natural frequency as the analytical estimate, and the three main input properties of the FE
model did not show any significant natural frequency sensitivity. Thus, the lumped mass
idealisation was the most probable cause for the difference in natural frequencies estimates of
the FE model (78.1 Hz) and the experiment (288.1 Hz). The lumped mass idealisation in the
FE model assumes the actuator at the top of the model does not provide any stiffness.
However, as the single pile has low stiffness, the relative stiffness of the actuator may be high
compared to the total system stiffness, leading to the stiffness of the actuator making largest
contribution to the system stiffness. Modelling the actuator is complicated as it depends on the
fixity provided by the screws, and it does not represent a bridge deck. Further to that, centrifuge
Model 4 was only an extra centrifuge model studied for its simplicity with a single pile and
centrifuge Model 2 (pile bent) models the foundation of the full-scale Bridge 2. Therefore, the
pile bent model, which does not have the actuator, will be studied to develop the numerical
model of Bridge 2.

5.4 Numerical modelling of full-scale Bridge 2 (simply supported
bridge with a pile bent foundation) using the experimental
results for small-scale Model 2 (pile bent foundation)
This section attempts to develop a calibrated numerical model for full-scale Bridge 2 by
following the method illustrated in Figure 5.2. Bridge 2 was studied before Bridge 1 since the
small-scale model corresponding to Bridge 2 (Model 2) was only a standalone foundation, not
an entire bridge as in the case of the small-scale model of Bridge 1 (Model 1), and hence
Bridge 2 was simpler to study numerically.
First, numerical models were created for the standalone pile bent foundation (Model 2) in both
small-scale and full-scale, and these numerical models were calibrated against the
corresponding fixed-base experimental results, with the aim of verifying the accuracy of
scaling. Second, the fixed base support condition of this verified full-scale numerical model
was replaced with a Winkler spring model representing soil-structure interaction, and this
numerical model was calibrated against the results of the centrifuge experiment. Scour
simulation techniques were also identified to simulate the experimentally observed effects of
local and global scour at these standalone foundations. Finally, this calibrated numerical model
of the full-scale standalone foundation was included with a simply supported bridge deck to
create the numerical model of full-scale Bridge 2, and its vibration parameters were assessed
for the potential to indicate scour.
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5.4.1 Numerical modelling of the pile bent foundation with a fixed base in smalland full-scales
In order to validate the property scaling from small-scale to full-scale, numerical models were
created in both full- and small-scales representing a fixed base support condition (without soil)
and compared with the corresponding experimental results as described in the following
sections.
5.4.1.1 Small-scale behaviour of the aluminium Model 2 (pile bent foundation)
The experimental setup of Model 2 with a fixed base is shown in Figure 5.6(a). The four piles
in this model were firmly clamped at the base to simulate a fully fixed end restraint for the piles.
The scour was simulated by reclamping the model at a base level lowered by an amount
representative of the scour depth.
This experimental setup was modelled with FE, as shown in Figure 5.6(b). The slab at the top
of the Model 2 has a second moment of area of Is = 6830 mm4 and a mass of Ms = 137 g, and
it was idealised using 2.5 mm long frame elements. Each of the four piles with second moment
of area of Ip = 584 mm4 and mass of mp = 9 g was represented by 5-mm-long frame elements.
The two piezoelectric accelerometers of mass Ma = 20 g was assigned as a concentrated mass
at the middle of the top slab. All translational and rotational degrees of freedom were fixed at
the base level. The scour depth was simulated by extending the pile heights by the
representative scour depth.
In order to further support the numerical modelling predictions, a simplified analytical model
was created representing the same fixed base experimental setup (Figure 5.6(c)). This
analytical model represented the piles of Model 2 as one massless column with all the mass
lumped at the top. The equivalent lumped mass for a uniformly distributed mass of a fixed
cantilever beam is 0.24 (33/140) to obtain similar dynamic behaviour (Lasithan, 2014).
Therefore, the lumped mass of the analytical model is the sum of the masses of the top slab,
sensors and the 0.24 component of the distributed mass of the piles (𝑀 = Ms + Ma + 0.24Mp =
166 g). Since all four piles are connected to the same base and the top slab, they act as
parallel stiffness elements when simplified to a single column. Therefore, the massless column
has four times the second moment of area (𝐼 = 4Ip) of one pile. The frequency (𝑓) of this fixed
cantilever beam with lumped mass is given by Equation 2.6, where 𝐿 is the column height
above the level of the fixed base and 𝐸 is Young’s modulus (Section 4.5.1).
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Figure 5.6 The fixed base small-scale Model 2 for the case of no scour

The natural frequency variation observed with the simulated scour depth is shown in Figure
5.7. All three simulations show a similar pattern of decreasing natural frequencies and
decreasing gradient of the natural frequency curve with increased scour depth. The
experimentally observed natural frequencies were lower than both the analytical solution and
FE model results. This is expected as the perfect fixed base condition, idealised in the
analytical solution and the FE model, would not be achieved in real life. The damping present
in the experimental model may also have contributed to the lower natural frequencies observed
in the experiment when compared to the results from the FE models. The difference between
the numerical results and the experimental observations reduced with increased scour depth.
This behaviour is assumed to be due to the reduction of the model stiffness as the pile height
increases and hence the increase of the relative stiffness provided by the clamp fixity (closer
to perfect fixity than before).
The predictions obtained using the simplified analytical model and the FE model showed close
agreement with less than 2% difference in natural frequencies. This small difference in
frequency is attributed to the additional shear flexibility introduced with the Thimoshinko beam
used in the frame elements of the FE model. For example, when shear flexibility was ignored
for the no scour case, the FE model gave a frequency of 273.8 Hz, which is almost equal to
the representative analytical model frequency of 273.9 Hz.
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Figure 5.7 Variation of the fundamental natural frequency with scour depth of Model 2 with fixed base

5.4.1.2 Full-scale behaviour of the reinforced concrete pile bent foundation
corresponding to Model 2
An FE model was created for the fixed base full-scale pile bent foundation using the properties
defined in Table 4.3 in Chapter 4. Figure 5.8(a) shows the full-scale pile bent structural
foundation. The top capping beam of this pile bent has a second moment of area of Ib = 0.179
m4 and a mass of Mb = 29,700 kg. Each pile has a diameter of 0.74 m and an exposed height
of L, which increases with increasing depths of scour. Therefore, the mass of the exposed pile
section also increases with increasing depths of scour. Each of these piles has a second
moment of area of Ip = 0.0147 m4. The stage where there was no scour, each pile has a mass
of Mp = 6580 kg. As shown in Figure 5.8(b), the FE model was created with a top capping beam
and four identical piles. The top capping beam of the FE model was created with frame
elements of 0.15 m in length, and the piles were also created with frame elements of 0.3 m in
length.
To further support the numerical estimates, a simple analytical model was also created, as
previously explained. This analytical model idealised a lumped mass at the top of a massless
cantilever column, as shown in Figure 5.8(c). The magnitude of the lumped mass of the
analytical model (M) was obtained from the addition of the effective mass of the column
(0.24Mp) and the mass of the top beam (Mb) as discussed previously in Section 5.4.1.2. The
second moment of area of the massless column is equal to the sum of the four individual piles
(I=4Ip). The natural frequency of the analytical model is given by Equation 2.6.
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Figure 5.8 The fixed base small-scale Model 2 for the case of no scour

The effect of removing soil around the base of the piles was simulated for the fixed base
models (shown in Figure 5.8) by lowering their fixed base support level by the respective scour
depth. These numerical and analytical models estimated natural frequency variation at
different scour depths, as shown in Figure 5.9. There was a close relationship with the
analytical and FE results of the full-scale model. The natural frequency variations estimated
using the experimental, analytical and FE results for small-scale aluminium pile bent are also
plotted in Figure 5.9. The small-scale natural frequencies were converted to full-scale by using
the scaling factor of 1/N (Table 4.2). There was a good match between the FE and analytical
estimates of natural frequency for both small-scale aluminium model and full-scale reinforced
concrete pile (1 – 5% difference). Therefore, the scaling was accurate between the small-scale
aluminium pile bent, and the full-scale reinforced concrete pile bent. There was a slight (up to
5%) deviation of the full-scale FE model frequencies from the small-scale FE model/N results
with increased scour depth. This deviation can be attributed to the fact that all properties of the
full-scale pile could not be scaled down at the same time, and thus for the piles, the critical
properties such as flexural rigidity and pile diameter were scaled down while the mass could
not be scaled to the expected value, as explained in Section 4.4.2.
The natural frequencies of the full-scale FE model and analytical model have higher
frequencies than the representative experimental estimates. This behaviour is expected as the
perfect fixity idealised in the FE models would not be present in real life. The lower than perfect
fixity and thus, the lower stiffness provided to the model at the base, results in a lower natural
frequency in the experiment. The difference between experimental and FE estimates reduces
with increasing depths of scour. As explained before, this behaviour was assumed to be due
to the relatively higher fixity provided by the base in the model with increased flexibility resulting
when the simulated scour depth increases.
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Figure 5.9 Comparison of natural frequency vs scour depth at full-scale and small-scale (converted to
full-scale) for fixed base pile bent foundation

5.4.2 Inclusion of soil-structure interaction to the full-scale pile bent numerical
model
Previously, the numerical model developed for the full-scale pile bent foundation successfully
simulated the fixed based behaviour while confirming the scaling. Now, the soil-structure
interaction is added to the previously created numerical model of full-scale pile bent, and it is
calibrated against the centrifuge modelling results. The centrifuge model tested is shown in
Figure 5.10(a). The centrifuge Model 2 has 200 mm of the depth of the piles embedded in the
soil. This centrifuge model represents a full-scale pile bent, which has 12 m depth of piles in
the soil, as shown in Figure 5.10(b).
Figure 5.10(c) illustrates the soil-structure FE model developed. The above-ground properties
of the FE model were the same as the fixed base FE model. The piles were extended belowground level by adding 24 frame elements each having 0.5 m in length. The soil-structure
interaction was simulated by the Winkler spring model, which was described in Section 5.2.
The Winkler spring stiffnesses were provided in the FE model using link elements, which
provides stiffness.
The link elements were introduced at 1 m spacings from -0.5 m below ground level to -11.5 m
below ground level. Each link element was assigned with three springs orthogonal to each
other. Two linear springs were provided in the longitudinal and transverse direction of the
model representing the lateral stiffness of soil. One non-linear spring was provided in the
vertical direction representing the soil-pile adhesion. An additional four non-linear springs were
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provided at the toe of the piles in the vertical direction to represent pile-tip resistances. The
stiffnesses of these springs were found using the API method, as described in Section 5.2.

Figure 5.10 Pile bent (with soil) for the case of no scour numerical modelling and experiment setup

Small-strain behaviour can be assumed for horizontal stiffness but not for the vertical
stiffnesses due to the weight of the bridge pier acting vertically. Therefore, vertical stiffnesses
should be considered after the weight of the bridge is introduced. The modal analysis with
CSiBridge with non-linear springs involves an initial non-linear analysis by adding a load case.
Therefore, the dead load due to the self-weight of the top beam and the piles was introduced
to find the effective stiffness of the non-linear springs. These effective stiffnesses of the springs
at the end of the non-linear analysis were used to carry out the eigenvalue analysis required
to obtain the natural frequencies.
According to Winkler spring model, the springs should be closely spaced, and therefore there
was an uncertainty as to whether the springs should be closer than 1 m initially chosen. In
order to estimate how close the springs should be placed, “deflection bowl” concept was
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considered. Deflection bowl is concept typically considered in railway engineering to estimate
sleeper spacing under a rail track. The deflection bowl length (𝐿𝑑 ) referrers to the length of the
deflection region of a foundation element subjected to a point load, as shown in Figure 5.11.
According to Powrie and Pen (2016), deflection bowl length is given by
𝐸𝐼

𝑠 𝑠
𝐿𝑑 = (𝐾/𝑠
)

0.25

Equation 5.11

where 𝐸𝑠 𝐼𝑠 (Nm2) is the flexural rigidity of the foundation structural element (pile), 𝐾 (Nm-1) is
the stiffness of springs, s (m) is the spacings of springs. This model assumes all the springs to
have the same stiffness, which can be assumed to be true over a small depth range of a pile.
Each 740 mm diameter pile of the Bridge 2 pier has a flexural rigidity of 5.2 x 108 Nm2 (from
Table 4.3). The springs should be close enough such that there should be at least one spring
within the deflection bowl such that any point load along the foundation element is supported
by at least one spring. The minimum deflection bowl length is reached when the spring stiffness
is the highest (Equation 5.11), which occurs at the tip of the pile. The spring spacing was first
considered to be 1 m, and for that spacing, the lateral spring stiffness near the pile tip was
found to be 690 MNm-1. This gives, 𝐿𝑑 as 0.93 m from Equation 5.11 and hence the deflection
bowl length is slightly below the considered 1m spring spacing. Therefore, a new set of spring
spacings ranging from 0.3 m - 0.5 m were also considered in addition to the initially considered
spring spacing of 1 m.

Figure 5.11 Deflection bowl of a foundation element on springs
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In addition to the spring spacing, there were several other uncertainties behind the modelling
assumptions. The first uncertainty was regarding the use of non-linear springs. As the
experimental first mode of vibrations involves only horizontal vibration, the vertical non-linear
springs may not be necessary. Therefore, the non-linear vertical springs may be ignored by
restraining the vertical translation at the bottom tip of the piles. Second uncertainty was
whether the shear flexibility introduced by Thimoshinko beams change the results of the FE
model. Third uncertainty was regarding which of the spring stiffness estimates discussed in
Sections 5.2.1 – 5.2.4 were most suitable.
To address the uncertainties behind these modelling assumptions, a sensitivity study was
performed by creating eight different FE models (referred to as analysis Case 1 – 8) with the
assumptions shown in Table 5.2. Case 1 was the default case, and its spring arrangement is
illustrated in Figure 5.10(b). This case has non-linear springs vertically, shear flexibility of the
FE models was allowed, there was a 1 m spacing between springs and the spring stiffnesses
were obtained from the API method. Cases 1 – 4 maintained the same spring stiffnesses given
by the API method, but other assumptions were changed one at a time. Cases 5 – 8 checked
different spring estimation methods other than the API method, the lateral spring stiffnesses
values of which are given in Figure 5.12.
Table 5.2 Eight numerical analysis cases with different modelling assumptions
1

2

Spring
stiffness
estimation
method

Shear
flexibility
allowed for
the piles

4

API (2002)

Spacing
between
springs
The vertical
translation
was fixed at
the pile tip

3

1

No

0.5

Yes

5

6

Go profile from
centrifuge
experiment + ks
profile from
Ashford and
Juirnarongrit
(2003)

Go profile from
Seed and Idriss
(1970) + ks profile
from
Ashford and
Juirnarongrit
(2003)

1

0.5

No

7

8

Go profile from
Seed and Idriss
(1970) + ks
profile from
Kloeppel and
Glock (1970)

0.3

Yes

No

Assumption

Yes

Case

Yes

These spring stiffnesses were estimated from the equations presented in Section 5.2. The API
method has a uniform variation of lateral spring stiffness (KH) with depth, whereas the other
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methods provide a parabolic variation of KH with depth. The spring locations are shown with a
circular or triangular marker in Figure 5.12. When the spring locations are closer to each other,
the estimated spring stiffnesses increases based on the equations in Section 5.2. For example,
for API method, the springs were located at 1 m spacing in Cases 1,2 and 4, but the springs
were located only at 0.5 m spacing in Case 3, and hence a larger KH value was estimated for
the Cases 1,2 and 4 in comparison to the Case 3. This is expected since the same spring
stiffness estimation method should provide the same overall stiffness, although the spring
spacings were different.
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Figure 5.12 Lateral spring stiffness (KH) profiles used in different FE numerical analysis cases

5.4.2.1 Natural frequency variation due to local and global scour
Local scour was simulated in the FE models by deleting the springs which lie above the new
level of the soil surface after the loss of soil due to scour (i.e. the “spring deleting” technique
previously discussed in Section 5.1). With this technique of simulation, the stiffnesses of the
remaining springs below the scour level were unchanged, assuming there is a significant
overburden pressure provided by the remaining soil around the local scour hole. Figure 5.13
shows the natural frequency sensitivity to scour simulated by the eight different modelling
cases. Cases 1 and 2 provided the same frequencies at all different scour levels. Therefore,
the lateral stiffness of soil is the only parameter which would have affected the fundamental
natural frequencies of this pile bent FE model. The Cases 3 and 4 with the same spring
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stiffness profiles also have frequencies close to Cases 1 and 2. Hence, the spring spacing and
the shear flexibility of the piles provided in the FE model have shown little sensitivity to the
frequency estimates.
The API based FE models (Cases 1 – 4) showed a much lower frequency sensitivity to scour
at shallow scour depths, especially at shallow depths, in comparison to the experimental
observations (see Figure 5.13). This suggests that the stiffness provided by the lateral springs
at shallow depths should have been higher than what was recommended by the API design
code. The small strain spring stiffness (KH) derived from the API design code increases linearly
with depth, as shown in Figure 5.12. At shallower depths, the KH estimate by the parabolic
stiffness variation (Cases 5 – 8), estimates were higher than the API estimates (Cases 1 – 4).
Therefore, the natural frequency sensitivities at shallower depths of Cases 5 – 8 were also
higher and closer to the experimental observations. Therefore, these parabolic variations were
better suited to simulate the observed experimental conditions.
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Natural frequency (Hz)

3.0

FE case 1 & case 2
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FE case 3
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Figure 5.13 Natural frequency variation with scour depth: Experimental observations and FE
estimation for local scour simulated by using spring deleting method

The natural frequencies estimated experimentally were higher than the estimates from all the
eight numerical analysis cases (by about 7 – 17%). This can be attributed to the inability to
scale down the mass of the piles when the other properties such as the diameter and the
flexural rigidity were scaled down (see Section 4.4.2); as the small-scale aluminium tubes used
in the experiment had lower mass than they should have according to the scaling laws, their
natural frequencies in the experiment should be slightly higher than what was expected with
perfectly accurate scaling. The natural frequency estimates for Cases 7 and 8 were almost the
same (difference less than 0.5%), suggesting that changing the spring spacing in a parabolic
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variation of soil stiffness also do not affect the estimated natural frequencies. The natural
frequency estimations in the FE models were highest in the order of Case 5, 6, 7(= 8), which
was the same order of KH variation in these cases (Figure 5.12). Although KH differs significantly
among these cases (55 – 150% at 11.75 m depth), the natural frequencies do not differ as
significantly (5 – 12%). With no scour, the difference between experimental observations and
FE model Cases 5, 6, 7(or 8) were only 17%, 13% and 7% respectively.
The overall sensitivity of natural frequency per 1 m of scour was 9.5% for Cases 1 – 4 which
used the API model for spring stiffness, and 10.2%, 10.5% and 11% respectively for Cases 5,
6 and 7(or 8) which used a parabolic spring stiffness profile.

The overall experimental

sensitivity was 11.5% per 1 m of local scour. Cases 7 and 8 provided the closest overall
sensitivity and closest natural frequencies to the experimental observations. Case 8, in
particular, has a smaller spring spacing as well. Therefore, Cases 8 was selected as the FE
model calibrated to best describe the centrifuge experimental observations.
The sensitivity study described above only studied the “spring deleting method” assuming local
scour behaviour. As explained in Section 5.1, the global scour could potentially be simulated
better by the “spring lowering method”, which lowers all the springs of the model.
Figure 5.14 shows the variation of natural frequency estimated on spring deleting method and
spring lowering method to estimate local and global scour, respectively. The limited natural
frequency data points observed experimentally were fitted to an exponential curve. Similar to
the natural frequency being higher sensitive to global scour than to local scour, spring lowering
method gave lower natural frequencies and thus higher frequency sensitivity estimates than
spring deleting method. The difference between experimental observations and FE Case 8 at
no scour was 7%. The difference between spring deleting method FE estimate and local scour
of 3.6 m experimental observation was 6%, whereas it was 9% for FE spring lowering method
and global scour of 3.6 m. Further, the average sensitivity of experimental local and global
scour per 1 m were 11.5% and 12.1%, respectively. The average sensitivities of the FE model
with scour simulated by spring deleting method and the spring lowering method were 11.0%
and 11.9%, respectively. Therefore, it was assumed that the spring lowering method has
simulated global scour like behaviour, while the spring deleting method has simulated local
scour like behaviour.
Note the difference between natural frequency values of the experimental observation and the
FE model was assumed to be due to the inability to scale down the mass of the piles according
to the scaling laws when other critical parameters were scaled down as previously explained.
This was verified by correcting the mass scaling inaccuracy in the full-scale structure, i.e.
adding a hollow aluminium pile above ground gave the full-scale frequency at no scour as 2.93
Hz, which was closer to the experimental observation (2.95 Hz). However, the previous full-
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scale model, with the concrete piles, which give 7% difference to the experimental
observations, was still used as it represents a typical full-scale field structure.
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Figure 5.14 Comparison of natural frequency variation estimated by two simulation techniques and
experimentally observed for local and global scour

5.4.2.2 Mode shapes variation due to local and global scour
The fundamental sway mode shape corresponding to the natural frequencies discussed above
was also studied for different levels of simulated scour. Figure 5.15 shows the variation of
mode shape with simulated cases of scour in the FE model and the experiment. All these mode
shapes were normalised by the modal amplitude at the top of the pile bent. At +3 m above
ground level, pairs of experimental modal amplitudes can be seen (i.e. two “*” or two “o” in
Figure 5.15), which corresponds to amplitudes at two identical adjacent piles out of the four
piles, and hence they should have the same amplitude for the fundamental sway mode shape
Any difference between the pair of amplitudes is, therefore, an error of the measurement.
There was a difference of 2% between the pair of measurements in 1.8 m local scour case
and a difference of 12% between the pair of measurements in a 3.6 m global scour case.
Therefore, measurement errors of the modal amplitudes ranged 2 – 12% according to the
experiment.
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Figure 5.15 Change of mode shape with scour – FE simulation and experimental observations

Both the experiment and FE simulation results show the scour causes the normalised
amplitudes to increase, with the highest increase (27% per 1 m) being near the original ground
level. The global scour case shows higher normalised modal amplitudes than the local scour
case (higher by 12% – 0% between 0 – 6 m above the original ground level). The experiment
had only two scour cases providing reliable mode shapes, as discussed in Section 4.10.2. The
normalised modal amplitudes estimated by FE for both these, 1.8 m and 3.6 m of scour, were
similar in shape and reasonably similar (20% difference) in modal amplitudes to the
corresponding experimental observations. The maximum difference between experimental
and FE models lie at +3 m above the original ground level; it was thought that the low accuracy
accelerometer (M2m4) used at this level have contributed to this error.
Based on these observations, the FE model and the two scour simulation techniques used
have estimated the experimentally observed mode shape variation. Similar to the experimental
observations, the FE model estimated the mode shape amplitudes to increase with scour
depth. The increase in modal amplitudes due to increase of scour depth was sufficiently large
(27% per 1 m scour depth) in comparison to the measurement errors observed (2 – 12%).
However, the change in modal amplitudes between the local scour and global scour of the
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same depth would have been difficult to capture (less than 12%), as it was in the same order
of magnitude as the expected measurement errors (2 – 12%).

5.4.3 Extension of the calibrated pile bent FE model to represent Bridge 2
Although variations of the natural frequency and mode shape were observed with the FE model
and the experiment for a pile bent foundation (Model 2), it does not entirely represent Bridge
2, which has the pile bent, bridge bearings and a simply supported deck. The bearings and the
deck mass and stiffness may change the overall natural frequencies and mode shapes.
Therefore, the FE model of the pile bent foundation, which was already calibrated for soilstructure interaction, was extended to represent Bridge 2, a simply supported bridge with deck
and bearings, as shown in Figure 5.16.
The properties of Bridge 2 were previously described in Section 4.4.1. The Bridge 2 had a
simply supported bridge deck. Each simply supported span has 8 Y1 precast beams, which
were modelled using frame sections in CSiBridge software program. The deck slab of 0.2 m
depth was modelled with area elements. Two simply supported deck spans connect to an
abutment at one end and the middle at the other end. Each of these spans had a diaphragm
beam at the top of the abutments and at the top of the pier. At the top of the abutments, a 1.85
m wide 1.05 m deep, transverse diaphragm beam was added to the deck using frame sections.
A similar diaphragm beam with half the width was placed at the top of the pier such that the
deck arrangement remains the same in Bridge 1, 2 and 3, as initially proposed in Section 4.4.1.
The mass of the diaphragm beam was partially reduced to account for the mass of the
overlapping composite beam slab sections of the deck, which would otherwise have
contributed to double counting of mass at the overlapping locations.
The bridge abutment was assumed to be rigid. Each precast beam rests on an elastomeric
bearing, which was modelled with link elements on top of abutments and the pier. The bearing
stiffnesses were obtained from the literature; the bearing stiffnesses against horizontal
translation, vertical translation and horizontal rotation were respectively 1.76 MNm-1, 1.14
GNm-1 and 16.3 MNmrad-1 (Akogul and Celik, 2008). The bearings were assumed to be fixed
against torsion. Eight link elements with these bearing properties were placed at each end of
the spans, as shown in Figure 5.16.
Local scour was simulated by “spring deleting” method and global scour was simulated by
“spring lowering” method, both of which were previously explained in Section 5.1 and verified
against experimental results in Section 5.4.2.
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Figure 5.16 FE model developed to simulate simply supported bridge with deep pile bent in full-scale
(Bridge 2)

5.4.3.1 Natural frequency variation of Bridge 2
Figure 5.17 shows the change in natural frequency due to local and global scour simulated by
the FE model. For Mode 1 (longitudinal sway mode shape) the natural frequency sensitivity in
the FE model of Bridge 2 was lower than what was previously estimated for the standalone
pile bent FE modelling and the centrifuge experiment (Section 5.4.2). The local and global
scour of 1 m of the simply supported bridge showed the first mode frequency sensitivities of
2% and 2.3%, respectively. The same scour cases in the previous standalone pile bent FE
model showed 11% and 11.9% sensitivities, which were similar to the experimental
observations. This suggests that the bearing translational stiffness and the mass of the deck
that are involved in the simply supported bridge have caused a significant reduction in natural
frequency sensitivity to scour. This is an undesirable condition for vibration-based scour
monitoring since the fundamental (first) mode shape usually is easiest to capture with a high
signal to noise ratio, especially using ambient vibrations (Wenzel and Pichler, 2005).
Nevertheless, several other higher-order modes have shown significant natural frequency
sensitivities to scour. Highest overall sensitivity was shown by Mode 19 (pier and deck
bending), which showed sensitivities of 8.1% and 9.7% for local and global scour of 1m. This
mode showed a gradually rising sensitivity until 1.5 m of scour depth that was followed by a
significantly higher and uniform sensitivity. The transverse modes generally showed slightly
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higher natural frequency sensitivities than their longitudinal counterparts. Mode 2, transverse
sway mode, has 4.2% and 4.7% natural frequency sensitivity for local and global scour. Mode
6, pier only transverse sway mode, has 6.4% and 7.1% frequency sensitivities. The pier only
longitudinal modes showed 4.2%, and 4.7% sensitivities for local and global scour. These
higher-order modes could potentially aid as scour monitoring indicators.

Figure 5.17 Change in frequency with scour depth for the simply supported bridge with deep pile bent
foundation (Bridge 2) estimated by the FE model

5.4.3.2 Mode shape variation of Bridge 2
Figure 5.18 shows the variation of three longitudinal direction mode shapes due to simulated
local and global scour. All mode shapes have been normalised by the maximum modal
amplitudes. Mode 1 (Figure 5.18(a)) shows the highest modal amplitude on the bridge deck
and some deformation of the pier bearings. As scour depth increased, the modal amplitudes
of the bridge pier have significantly increased (8% amplitude increase near the top of the pier
per 1 m of local scour). This behaviour may be due to the fact that increased scour depths
result in a smaller relative stiffness of the soil-pier system with respect to the stiffness provided
by the deck and bearings; thus, increased scour depths result in relatively higher modal
amplitudes in the pier and lower modal amplitudes in the deck and bearings. There was a
difference of 3% in modal amplitudes between local and global scour of the same depth, but
this difference was too small compared to the measurement uncertainties (2 – 12% Section
5.4.2.2).
The Bridge 2 pier vibration in the Mode 5 (Figure 5.18(b)) was similar to that estimated for the
standalone pile bent foundation (Section 5.4.2.2), though the boundary conditions in Bridge 2
and the standalone foundation were not similar and thus some differences were expected. The
FE simulation shows an increase in the modal amplitude with increased local scour depth,
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especially near the mid-height level of the bridge pier (9% modal amplitude increase per 1 m
of scour depth at +3 m above the ground level). Global scour has caused only a slight (about
1% per 1 m scour at +3 m above the ground level) increase in modal amplitude than the local
scour of the same depth.

Figure 5.18 Change in mode shape with scour depth for Bridge 2 (two-span simply supported bridge
with piled foundation)
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Mode 19 (Figure 5.18(c)) is a bending mode with significant vibration of the deck when no
scour was present. However, the deck vibration diminished with increased scour. This
phenomenon may also be explained by the relative stiffness effect, as explained for Mode 1.
The relative stiffness of the pier with respect to the deck reduces with increased scour, and
therefore the pier has higher modal amplitudes than the deck with increased scour.
In three of these modes of vibration, the change in mode shape of the pier showed potential
to indicate the change of scour depth. Mode 1 and Mode 5, in particular, have the changes in
modal amplitudes due to scour limited to the pier, thus, in a multi-span bridge, these two modes
may potentially help localise scour depth to the piers that are undergoing scour.

5.5 Numerical modelling of full-scale Bridge 1 (integral bridge with
pile bent foundations) using the experimental results for smallscale Model 1 (integral bridge with pile bent foundations)
This section attempts to develop a calibrated numerical model for full-scale Bridge 1 by
following the method illustrated in Figure 5.2. First, a numerical model was created for the
small- and full- scale bridge models (Model 1 and Bridge 1: integral bridge), and it was
compared with the fixed base experimental results to verify the accuracy of the scaling.
Second, the scaling-verified full-scale numerical model of Bridge 1 was included with soilstructure interaction and it was calibrated against the observed centrifuge test results. The soilstructure model previously calibrated for pile bent foundation of Bridge 2 was adopted here in
Bridge 1 since both these bridges have similar foundations. Finally, this numerical model of
Bridge 1 was analysed to identify numerical scour simulation techniques for local and global
scour cases and to assess the potential of vibration-based scour monitoring.

5.5.1 Numerical modelling of the Integral bridge with a fixed base in small- and
full-scales
As explained in Section 4.4, the small-scale aluminium Model 1 in the centrifuge container
aimed to simulate the behaviour of a full-scale reinforced concrete integral bridge. Due to the
change of material properties in the two scales, only certain selected properties could be
scaled, and it may have influenced the vibration behaviour. Therefore, it was essential to verify
the accuracy of the scaling, and this was done using FE models at both small- and full-scales.
As a fixed base experiment involves only the structural properties (i.e. no soil-structure
interaction), it was an ideal experiment to simulate in both scales and compare the natural
frequency estimates to verify scaling.
The numerical FE model for the small-scale fixed base Model 1 experiment is shown in Figure
5.19 and its experimental setup is shown in Figure 4.12. The properties of Model 1 were
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previously given in Section 4.4.2. The 12.7-mm-deep rectangular slab (aluminium plate) deck
of Model 1 was modelled in FE by 2.5 mm x 2.5 mm shell area elements having the same
depth (12.7 mm). The deck spans of 250 mm and width of 100 mm were also maintained to
be the same as the real Model 1. All piles were modelled using 5 mm long frame elements.
The pier piles were 12.7 mm outer diameter circular hollow piles with 0.9 mm; the abutment
piles were 9.0 mm outer diameter with 0.9 mm wall thickness. The original ground level before
scour was set to give 100 mm of exposed height for the piles when no scour was present.
Young’s Modulus of 70 GPa and a density of 2700 kgm-3 were used for all sections (deck and
piles). The mass of the piezoelectric actuator and the accelerometers together weighing 0.5
kg were added as a concentrated mass at the middle of the plate deck.
The full-scale Bridge 1 was also modelled with FE, as shown in Figure 5.20. The piles were
modelled with 0.3 m long frame elements. The pier and abutment piles were 0.74 m and 0.56
m in diameters, respectively. Each pier and abutment has four piles at 3 m spacing and a 12
m long diagram capping beam at the top. The diaphragm beam was modelled with 0.15 m
frame elements with cross-section properties of 1.05 m depth and 1.85 m width. The composite
deck was modelled using two different elements for the Y1 beams and top slab. The Y1 beams
were modelled using 0.15 m long frame elements over the full length of the bridge deck. Eight
such precast beams were placed at their respective locations (i.e. at 1.5 m spacing). The top
slab was modelled with area elements each 0.15 m x 0.15 m in plan and 0.2 m in depth. Such
area elements were provided over the full deck of 12 m width and 31.2 m length. The required
offsets were provided to the deck elements in the software to obtain the composite element
properties. Where the composite beam crosses the diaphragm beams (sections A – A, B – B,
C – C) in Figure 5.20, there could be double counting of mass and, therefore, to account for
the mass of the composite beam, the diaphragm beam mass was reduced to 0.613 times its
original value. This FE model was initially assigned with fixities for the bottom 12 m of all piles,
to simulate the fixed based test with the aim of replacing these later with a Winkler spring
model. The reinforced/prestressed-concrete (C40 concrete) modulus of elasticity of 35 GPa
and a bulk density of 2550 kgm-3 were used for the numerical FE model.
Scour in these FE models was simulated by releasing the fixities down to the level of scour
depth in any selected bridge pier or abutment, similar to how scour was simulated in the fixed
based experiments. The natural frequencies of the models for different scour cases are shown
in Figure 5.20. The small-scale natural frequencies have been converted to the full-scale
equivalent values by applying the scale factor (1/N Table 4.2). The FE models of the smallscale and full-scale bridges show similar frequency estimates and variations, with differences
below 3%. This suggests the assumptions related to scaling were reasonable. Further, it
suggests the aluminium integral bridge model of 250 mm spans was able to simulate the
dynamic behaviour of the concrete integral bridge with 15 m spans.
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Figure 5.19 FE model developed to represent small-scale Model 1 (two-span integral bridge with piled
foundations) with a fixed base

Figure 5.20 FE model developed to represent full-scale Bridge 1 (two-span integral bridge with piled
foundations) with either fixed base or soil-structure interaction

As shown in Figure 5.21, the FE model estimates of natural frequency for the fixed base were
higher than the corresponding experimental observations, which is similar a behaviour
observed for Model 2 (Section 5.4.1). This behaviour was expected since the ideal fixity
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assumed in the numerical FE model would not be present in real life. A real-life experiment
with clamps provides a lower stiffness than the ideal fixity (i.e. infinite stiffness) and therefore
results in lower natural frequency. The magnitude of the difference between experimental and
FE estimates reduces with increased scour, as was also observed for Model 2. This behaviour
could be assumed to be due to the fact that clamps provided a finite amount of fixity, and its
relative stiffness magnitude became higher with increased scour as the bridge model becomes
more flexible for longer pile heights.

Figure 5.21 FE models with fixed base simulating scour at all different scales

5.5.2 Inclusion of soil-structure interaction to the full-scale Bridge 1 numerical
model
This FE model of the full-scale bridge verified for accurate scaling was combined with the
Winkler spring arrangement calibrated for the standalone pile bent of Bridge 2 in Section 5.4.2.
The pier piles of the integral bridge (Bridge 1) are of the same arrangement and size as this
standalone pile bent foundation of Bridge 2. The abutment piles of Bridge 1 also have the same
pile arrangement but with smaller diameter piles than the pile bent of Bridge 2. As explained
in Section 5.2.1, the lateral spring stiffness used here is independent of the pile diameter
according to Kloeppel and Glock, (1970) equation. Therefore, the same spring stiffness profile
was considered applicable to both pier piles and abutment piles. This calibrated lateral spring
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arrangement of the pile bent is shown in Figure 5.12 as case 8, and it was obtained using
(Seed and Idriss, 1970) and (Kloeppel and Glock, 1970). The Bridge 2 FE model with Winkler
spring model simulated the effects of local scour by using the “spring deleting” method and
global scour by “spring lowering” method, explained previously in Section 5.1.
5.5.2.1 Natural frequency variation of Bridge 1
The natural frequency variations estimated by the numerical scour simulation is shown in
Figure 5.22. When there was no scour, the FE model estimated the natural frequency to be
remarkably close (3% difference) to the experimental observations. Both FE model scour
simulation techniques for local and global scour have shown similar sensitives to that observed
in the experiment. Average frequency sensitivity for 1 m of local scour at the middle bridge pier
was 4.6% in the experiment, while it was 5.1% and 5.6% for FE with the spring deleting method
and the spring lowering method, respectively. For 1 m of local scour at the abutments, the
average frequency sensitivity was 3.7 – 3.8% for the experiment and the spring deleting
method gave 3.2 – 4.1%, and the spring lowering method gave 3.5 – 4.7%. The overall
frequency sensitivity experimentally observed for 3.6 m of local scour and 3.6 m of global scour
was 37.8% and 40.0%, respectively. The FE models showed changes of 38.5% for 3.6 m scour
simulated by spring deleting method, 42.4% for 3.6 m of scour simulated by spring lowering
method. Therefore, the spring deleting method has closely simulated the effects of local scour,
and the spring lowering method has closely simulated the effects of global scour, as expected.

Figure 5.22 Scour simulation with the FE model and the centrifuge experiment
177

5.5.2.2 Mode shape variation of Bridge 1
Figure 5.23 shows the mode shapes of Bridge 1 (with no scour) estimated by the FE model
and the experiment. The FE model provided a fine spatial resolution for the mode shape,
whereas the experimental mode shape was measured at only ten locations by seven horizontal
accelerometers and three vertical accelerometers. Although the experimental mode shapes
drawn using straight lines between the measured points, the real mode shape in the
experiment would be curved (similar to FE estimate) rather than straight between the
measurement points, as expected for a typical continuous element.
The mode shape amplitudes at all foundations (pier/abutments) differ significantly between the
experimental observations and the corresponding FE estimates. This means there is some
inaccuracy in either the FE model or the experimental measurements. The properties of the
FE model were rechecked and was confirmed to be accurate. Further, the FE model accurately
predicted the natural frequencies. The mode shape estimated by FE model showed no
significant difference between the amplitudes at the same point, as expected, but the
experimental mode shape showed a sudden change of amplitudes at the top of the middle
pier, where the amplitudes at the bridge deck and the amplitude at the top of the pier were
significantly different, although they should be the same. The modal amplitudes at the top of
the bridge deck were measured by piezoelectric accelerometers, while the modal amplitudes
at all pier and abutment foundations were measured by MEMS accelerometers. Therefore, it
was assumed that the calibration factors applicable to the MEMS accelerometers were
overestimated. Therefore, all amplitudes found by MEMS accelerometers were reduced (by
0.56 times) such that the two modal amplitudes at the same level at the top of the pier were
equal. After this correction, there was a better match between the experimental and FE derived
mode shapes, as shown in Figure 5.23.
The experimental mode shape at +3 m level of the middle pier was measured by a pair of
accelerometers (“x” and “x” or “∇” and “∇” symbols in Figure 5.23), which were on two out of
the four adjacent piles of the pier foundation. Though these amplitudes of adjacent piles should
be the same for the sway mode shape observed here, they were found to be different, perhaps
due to low signal to noise ratio of the type of accelerometers used at that level (M1m3 and
M1m6). This implies that there was significant uncertainty (49%) involved when attempting to
derive mode shapes experimentally using M1m3 and M1m6 accelerometers, although the
lower-noise accelerometers used at the other locations may provide a lower uncertainty. Any
change of mode shape due to scour should be more than these uncertainties to reliably detect
the scour case.
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Figure 5.23 Comparison of the mode shapes estimated by the FE and the experiment for the case
where there was no scour present

The experimental mode shapes corrected for MEMS accelerometer outputs were compared
with the FE estimates of different scour cases. At each scour level, the two scour simulation
techniques were compared (i.e., the spring deleting method simulating local scour and the
spring lowering method simulating global scour).
Figure 5.24 shows the change of modal amplitudes for local scour at the middle bridge pier.
The mode shapes given by FE match closely with the corrected experimental observations,
though the FE model estimates a greater change of mode shape than the experimental
observations. The amplitudes at +3 m level of the pier show high variability. As discussed
previously, this is potentially due to low signal to noise ratio of the type of accelerometers used
at that level.
Similar to the experimental observations (Section 4.10.1), the FE model also shows that local
scour at a foundation causes mode shape changes only near that foundation. During the
course of three steps of scour simulation used at the pier using the spring deleting method
(local scour) and the spring lowering method (global scour), only the modal amplitudes at that
pier has changed while almost no change occurred at the other foundations or at the deck.
Further, the largest change of amplitude was seen near the ground level (39% per 1 m of local
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scour), where the effect of the loss of soil due to scour may have been directly affected the
local stiffness. According to the FE model, the change of modal amplitude at mid-height of the
pier (+3 m above the original ground level) was 6% per 1 m of local scour depth. The mode
shapes show a sway mode shape with almost zero amplitude -1.2 to -6 m below ground. This
level of zero modal amplitude seems to lower as scour depth increases at a foundation. The
FE models show that the spring lowering method causes a higher increase in modal amplitude
(by 2.5% at + 3 m above the original ground level per 1 m of scour) than the spring deleting
method.
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Figure 5.24 Mode shape variation with pier scour (FE estimates vs experiment observations).

The mode shape variation for scour cases involving abutments are shown in Figure 5.25. The
experimentally observed modal amplitudes match closely with the FE estimates, except for
several outliers previously discussed in Section 4.10.1. All FE simulations and the
experimental mode shapes without the outliers support the previous finding that local scour at
a foundation causes modal amplitude to change mainly near the foundation. When scour was
simulated at the left abutment in the FE model using the two simulation techniques for local
and global scour, only the left abutment changed in mode shape while the other foundations
showed almost no change of mode shape. Similar behaviour was seen when local scour was
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simulated in the right abutment. This important finding indicates that any foundation
undergoing local scour can be identified by studying the local changes in mode shapes.
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Figure 5.25 Mode shape variation for abutment scour cases (FE estimates vs experiment
observations).

As shown in Figure 5.25, scour simulation in with “spring lowering” method (global scour) has
resulted in higher modal amplitudes than the amplitudes estimated by the “spring deleting”
method (local scour). This higher modal amplitude was expected as the global scour results in
a lower soil stiffness in the bridge soil system compared to a local scour case of the same
depth. However, the difference in mode shape between local and global scour cases was not
significant (less than 0.6% at mid-height of the pier per 1 m of scour) compared to the change
in amplitude due to increase of the scour depth (7% of modal amplitude change at +3 m at the
mid-height of the left abutment per 1 m depth of scour). Similar to the FE estimates, the
experiment has not shown much variation between local and global scour cases.
Both the local scour at the pier and the abutment show the modal amplitude increase was
highest near the ground level. Therefore, sensor placement to capture this variation should be
as close to the ground level as possible on the pier. However, the accelerometers should
ideally be above the water level in order to maintain the advantages of this technique, such as
easy installation and durability.
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Overall, the Bridge 1, the integral bridge with pile foundations, showed significant changes in
both fundamental natural frequency and mode shape due to the effects of local and global
scour.

5.6 Macro and Winkler spring element soil-structure interaction
representation for shallow pad foundation of Bridge 3
The Bridge 3 has a shallow pad foundation, and thus this section will create a spring element
representation to simulate the effects of soil-shallow pad foundation interaction. A shallow pad
foundation of a bridge has a stub column and a pad footing at the base, both of which are in
contact with soil. Therefore, soil-structure interaction of both these elements has to be
incorporated into the FE model. However, many spring-based shallow foundation-soil
interaction models available in the literature tend to ignore the embedment of the pad footing
(API, 2002; Harden et al., 2005; Chatzigogos, Pecker and Salencon, 2008). These consider a
pad on the surface of the soil, and thus only the soil-structure interaction of the base of the pad
with soil is considered. The models that consider the embedment consider the soil structure
interaction of a pad footing element without a stub column. Therefore, two separate springbased models were used to model soil-stub column interaction and soil-pad footing interaction.
As shown in Figure 5.26, the soil-stub column interaction was idealised by the Winkler spring
model, as explained in Section 5.2, while the soil-pad footing interaction was idealised by using
a macro element spring model.

Figure 5.26 Types of soil-structure interaction models used to represent a pad foundation

A macro element spring model idealises the whole pad footing-soil interaction by a single
element (Chatzigogos, Pecker and Salencon, 2008). For the scope of this research, only the
linear undamped soil-structure interaction was considered. In such a setting, the microelement
model element has six mutually independent springs. As shown in Figure 5.27, three
translational springs provide the overall translational stiffness of the pad in longitudinal (x),
transverse (y) and vertical directions (z). Three rotational springs provide stiffnesses against
bending about both x and y axes and torsion about the z-axis. Two empirical spring stiffness
estimates, Gazetas Method and API method will be discussed in the following section.
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Figure 5.27 Micro-element model representation of a soil-pad footing interaction

5.6.1 Gazetas Method for determining the stiffnesses of the macro element
model for modelling soil-pad footing interaction
Gazetas (1991) provides empirical equations for stiffnesses for microelement representation
of an embedded shallow foundation that is rigid but massless. As shown in Figure 5.27,
consider a pad foundation of 2L in length, 2B in width, D in sidewall depth, and d in the
embedment. Its translational stiffnesses 𝐾𝑥 , 𝐾𝑦 and 𝐾𝑧 and the rotational stiffness 𝐾𝑟𝑥 , 𝐾𝑟𝑦
and 𝐾𝑟𝑧 , are given as follows.
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where 𝐺 is the shear modulus of soil, 𝐴𝑏 is the area of the bottom of the pad, 𝑣𝑝 is the Poisson’s
ratio of the soil, 𝐴𝑤 is the sidewall contact area and 𝑋𝑎 = 𝐴𝑏 ⁄4𝐿2 . Additionally, 𝐼𝑏𝑥 , 𝐼𝑏𝑦 and 𝐼𝑏𝑧
are second moment of areas of the bottom of the pad about x, y and z axes, respectively.
While these equations have considered the embedment of the foundation, note that the soil
contact with the top of the pad has been ignored. Additionally, the static stiffness has to be
multiplied by a dynamic stiffness coefficient to obtain the stiffness under dynamic input
excitations. This dynamic stiffness coefficient is dependent on input excitation frequency but is
unity for low-frequency input excitations. Assuming low-frequency input excitation, the
stiffnesses under dynamic conditions were taken as equal to the static stiffness give here. This
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assumption may be valid for low-frequency modes of vibrations, which are the focus of this
research.

5.6.2 API method for determining the stiffnesses of the macro element model
for modelling soil-pad footing interaction
The

American Petroleum Institute (API) provides deformation-force relationships for

translation and rotation of a shallow foundation in all degrees of freedom (API, 2002). These
equations were rearranged as translational stiffness = force/deformation and rotational
stiffness = moment/rotation to obtain macro element stiffnesses. As shown in Figure 5.27,
consider a pad foundation of 2L in length and 2B in width. The translational stiffnesses 𝐾𝑥 , 𝐾𝑦
and 𝐾𝑧 and the rotational stiffness 𝐾𝑟𝑥 , 𝐾𝑟𝑦 and 𝐾𝑟𝑧 , are given as follows.
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where 𝑅 is the radius of the pad, 𝐺 is the shear modulus of soil, 𝑣𝑝 is the Poisson’s ratio of the
soil. These equations do not consider the embedment effect and are for a circular footing. API
(2002) states that the equations are approximately valid for a square base of equal area.
Further, these equations are for short term static deformations but were considered for
dynamic behaviour, assuming that static and dynamic stiffnesses are similar for low-frequency
input excitations, as explained in Gazetas Method.

5.7 Numerical modelling of full-scale Bridge 3 (simply supported
bridge with a shallow pad foundation) using the experimental
results for small-scale Model 3 (shallow pad foundation)
This section attempts to develop a calibrated numerical model for the full-scale Bridge 3 (simply
supported bridge with shallow pad foundation) by following the method illustrated in Figure 5.2.
First, numerical models were created for the standalone shallow pad foundation (Model 3) in
both small-scale and full-scale, and these numerical models were calibrated against the
corresponding fixed-base experimental results, with the aim of verifying the accuracy of
scaling. Second, the fixed base support condition of this verified full-scale numerical model
was replaced with a macro element and Winkler spring model representing soil-structure
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interaction as discussed in Section 5.6, and this numerical model was calibrated against the
results of the centrifuge experiment. Scour simulation techniques were also identified to
simulate the experimentally observed effects of local and global scour at these standalone
foundations. Finally, this calibrated numerical model of the full-scale standalone foundation
was included with a simply supported bridge deck to create the numerical model of full-scale
Bridge 3, and its vibration parameters were assessed for the potential to indicate scour.

5.7.1 Numerical modelling of the shallow pad foundation with a fixed base in
small- and full-scales
Initially, a fixed based experiment was modelled numerically, without the presence of soilstructure interaction, to confirm the accuracy of scaling. Figure 5.28 shows the fixed based
experiment and the corresponding FE models of the shallow pad foundations that simulate the
small- and full-scale behaviour. The pier column was fixed at the base during the experiment,
and therefore, only the pier column was modelled with FE. Frame elements, having the
properties of small-scale (12.7 mm x 32.5 mm cross-section) and full-scale (0.7 m x 1 m), were
adopted for the respective models. The fixity in the experiment was provided by clamps, which
provided fixity everywhere below ground level. Scour was simulated in the experiments by
lowering the top location of fixity. Similarly, scour in the FE models was simulated by releasing
the fixities where scour was introduced such that exposed length of the pier increases. The FE
model in the small-scale was introduced with 25 g of the mass of the accelerometer and its
holder, which was found to cause a change in frequency. Its equivalent full-scale mass of 1.6
kg was added at the top of the full-scale FE model.
The natural frequencies estimated by these FE models and the experiment are shown in Figure
5.29. Here, the natural frequencies estimated by the small-scale experiment and the FE model
have been brought to the equivalent full-scale by applying scale factors (1/N). The FE models
at small-scale with scale factors gave almost the same natural frequencies to the full-scale FE
model estimates. This confirms the accuracy of scaling of the column. Both these FE frequency
estimates were higher than the experimental estimates, as was seen in Models 1 and 2
(Sections 5.3.1 and 5.4.1). The difference between experimental observations and FE
estimates range from 3.5 – 8%. The higher natural frequencies found in the FE models of
Model 3 (similar behaviour to Models 1 and 2) were expected since the ideal fixities provided
in these FE models would not be attainable during the experiment. Since the range of
difference observed was considered not significant (less than 8%), the full-scale FE model was
extended to include soil-structure interaction.
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Figure 5.28 The fixed based experiment and the FE models simulating it at small-scale and full-scale
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Figure 5.29 Natural frequency variation simulated by the fixed based experiment and the FE models
at small-scale and full-scale

5.7.2 Inclusion of soil-structure interaction to the full-scale shallow pad
foundation
A numerical spring-based model was previously developed in Section 5.6 to represent the soilstructure interaction of a shallow pad foundation. This model uses different soil-structure
interaction representations for two key elements of the shallow foundation (i.e. the stub column
and the pad footing). The stub column can be assumed to behave as a pile in the region where
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it is below ground level. Therefore, the soil-stub column interaction was represented by a
Winkler spring model as was used for piles. The soil-pad foundation interaction was given by
a macro element at the centroid of the pad, having translational and rotational stiffnesses in all
three directions (vertical, longitudinal, and transverse). Figure 5.30(b) shows the FE model of
the shallow foundation combining the pad foundation macro element model and the stub
column Winkler spring model. The structural FE model was the same as the fixed base FE
model for the shallow pad foundation (Figure 5.28).
The soil-stub column interaction was represented by the validated elastic modulus distribution
for the piles in Model 2 (the spring stiffnesses were however different due to the smaller spring
spacing here). Since this elastic modulus distribution is based on Seed and Idriss (1970) and
Kloeppel and Glock (1970), both of which are independent of the pile diameter, the change of
cross-section from pile bent piles (0.74 m diameters circular) to the column of the shallow
foundation (0.7 m x 1.2 m rectangular) was ignored.
The soil stiffness properties of the shallow pad foundation were modelled using two
techniques, the API method and the Gazetas method, which were explained in Section 5.6.
The API method assumes the pad is on the ground surface while the Gazetas method
considers the embedment of the pad footing in the soil as well. Therefore, Gazetas method
gave significantly higher stiffness estimates than the API method. The shear modulus of soil
at the level of embedment (bottom of the pad) was considered for both methods when
calculating the stiffnesses.

Figure 5.30 FE model for the structure of the shallow foundation combined with a Winkler model and
a macro element model representing soil.
187

The numerical FE model developed incorporating soil-structure interaction was simulated for
scour using the two methods explained in Section 5.1. The “spring deleting” method was used
to simulate local scour, and this method deletes the top springs down to the depth of scour,
while maintaining the lower springs at the same stiffness. The global scour was simulated by
“stiffness lowering method”, which considers the lowering of the entire ground level due to the
global scour case. It is noteworthy that the phrase “stiffness lowering” is more appropriate than
“spring lowering” for this shallow foundation FE model as the location of the macro element
does not lower but only its stiffness value reduce due to the lowered ground level, unlike the
case of pile foundations. In the context of deep foundations, “stiffness lowering” due to scour
also results in the “springs lowering” down.
Though the experimental global scour data points were only available at 2 m and when there
was no scour, the FE model considered local and global scour depths of 0.67 m, in order to
understand the progression of modal parameters with the increase of the scour depth.
5.7.2.1 Natural frequency variation of shallow pad foundation
The scour simulation with the FE model and the experimental scour simulation results are
shown in Figure 5.31. With no scour, the frequency estimate using the API approach has a
difference of 7%, whereas with Gazetas method the frequency estimate has a difference of
4% to the experimental observations, both of which were acceptably low. With 2 m of local and
global scour the experimental natural frequency reduced by 7.3% and 9.9% respectively. The
numerical FE model with API method estimated 4.2% and 10% frequency sensitivity for
simulating 2 m of scour using the “spring deleting” method and the “stiffness lowering” method.
The numerical FE model with Gazetas method simulated with the “spring deleting” method and
the “stiffness lowering” method showed natural frequency sensitivities of 2.3% and 5.7%,
respectively. Therefore, the numerical FE model with API method gave closer prediction to the
experimental estimates than the Gazetas method, although it does not consider the
embedment effect. As the API method gave close enough (difference of 3.1% for local and
0.1% for global scour) sensitivities to experimental natural frequency estimates as well, it was
selected as the most suitable macro element representation for this shallow foundation.
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Figure 5.31 Natural frequency estimated by the FE model and the experiment

5.7.2.2 Mode shape variation of shallow pad foundation
The mode shapes estimated by these FE models and the experiment are compared in Figure
5.32. All these mode shapes have been normalised by the modal amplitude at the top of the
pier. The experimental mode shapes of the first two scour cases (no scour and 0.33 m local
scour) are not shown here since their modal amplitude at the top was inaccurate due to
accelerometer malfunctioning, as discussed in Section 4.10.3.
In the previous chapter, Chapter 5, the mode shapes were normalised by a top mid-level
accelerometer and found the experimental mode shapes of the shallow foundation does not
show much variation due to scour. The same behaviour of mode shapes is confirmed by the
results of the FE models, which showed that scour cause only small changes in modal
amplitudes of this shallow foundation (e.g. 1.5% modal amplitude change at mid-height of the
column per 1 m of local scour).
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Figure 5.32 Experiment and FE estimate of the fundamental mode shape (shallow foundation)

The experimental modal amplitudes at the four levels shown were similar to the FE estimates.
The higher experimental amplitude near +5 m level above ground (15% difference) and lower
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amplitude near +9 m level (11% difference) were thought to be due to the low signal to noise
ratio of the accelerometers or due to the limitations of the idealisations used in the FE model.
Both FE models showed the normalised amplitudes increase with scour, the highest increase
(around 12% per 1 m of local scour) being near the ground level, similar to the Models 1 and
2. However, this increase was small at higher levels of the column (e.g. mid-height has only
1.5% change per 1 m local scour). The FE model with the macro element stiffnesses from the
API method showed higher amplitude increase than the FE model with Gazetas method macro
element (e.g. 1.5% vs 0.45% per 1 m of local scour). The global scour showed a greater
change of mode shapes than local scour (e.g. 3.1% vs 1.5% change at the mid-height per 1 m
of scour). As the API method gave similar mode shapes to the experiment and better natural
frequency sensitivities than Gazetas method, the API method was adopted for the Bridge 3 as
well.

5.7.3 Extension of the calibrated shallow foundation FE model to represent
Bridge 3
Although a natural frequency variation was observed with the FE model and the centrifuge
experiment Model 3, they represented a standalone shallow pad foundation but not the Bridge
3 with bridge bearings and deck as well. The mass and stiffness of the bearings and the deck
may significantly change the overall natural frequencies and mode shapes that were estimated
for the standalone pad foundation. The FE model of the shallow foundation, which was
validated for soil-structure interaction, was therefore extended to a simply supported bridge
with deck and bearings to obtain an FE model for Bridge 3.
The FE model of the Bridge 3 is shown in Figure 5.33. Bridge 3 has the same simply supported
bridge deck used for Bridge 2 (in Section 5.4.3). The numerical model of the bridge pier
foundation was the same as the calibrated shallow pad foundation model with springs
estimated by API method (Section 5.7.2).
As previously verified in Section 5.7.2, local scour was simulated by “spring deleting” method
and global scour was simulated by “stiffness lowering” method.
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Figure 5.33 FE model of the Bridge 3 (a two-span simply supported bridge with the shallow
foundation: view from the bottom of the bridge)

5.7.3.1 Natural frequency variation of Bridge 3
Figure 5.34 shows the natural frequency sensitivities for increasing depths of scour simulated
using the FE model of Bridge 3. The local deck bending modes and other scour insensitive
modes have not been plotted. The natural frequency variation indicates a significantly higher
sensitivity to global scour than to local scour.
The Mode 1 (longitudinal sway) gave 0.08% and 0.15% variation of natural frequency for 1 m
of local and global scour. The centrifuge experiment, which also captured the fundamental
longitudinal sway mode of the pier, showed that the standalone shallow foundation of Bridge
3 has low sensitivities in natural frequency to scour (3.5 – 4.5% per 1 m); however, the FE
model of the entire Bridge 3 has estimated even lower frequency sensitivities.
Nevertheless, the natural frequencies of the higher-order modes show high sensitivities to the
depth of scour. Mode 7 (pier vertical translation) shows 7% frequency sensitivity to 1 m of
global scour. Mode 16 (pier only bottom and top sway longitudinal) shows 6% and 15%
frequency sensitivities to local and global scour depth of 1 m. Although these higher-order
modes show higher frequency sensitivities than typical environmental variations, they may be
difficult to capture in a real bridge using ambient vibration (Wenzel and Pichler, 2005).
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Figure 5.34 Natural frequency sensitivity to scour of the Bridge 3 (a two-span simply supported bridge
with the shallow pad foundation)

In this FE model, both the bridge bearings and the effect of the soil were modelled with springbased elements (Figure 5.33). There was a question as to whether the natural frequency
sensitivities significantly change if the bearing stiffness differs from what was assumed
(referred to as “normal bearing stiffness”). In order to study the effect of the bearing stiffness,
most extreme cases of bearing stiffness were studied as a sensitivity study. The most
extremely high stiffness of the bearings is infinite stiffness (“fully stiff condition”), which would
result in the bridge deck to be connected to both pier and abutments with full fixity. The most
extremely low bearing stiffness possible is zero stiffness (“fully free”), and it would mean the
bridge deck movement is completely independent (free) from the pier and abutment
foundations movement. These two extreme cases of bearing stiffness, “fully stiff” and the “fully
free” conditions, and the “normal bearing stiffness” were used in three different FE models,
and all these models were simulated for local and global scour of 2 m depth. The results are
shown in Figure 5.35.
The “fully stiff” bearing condition does not allow any translational or rotational stiffness; thus, it
results in an integral connection at the bridge piers and fully fixed at abutments. Therefore, the
sway modes (Mode 1 and 2), where the bride sways over the abutment bearings, were not
present in a fully fixed bearing condition, as shown in Figure 5.35. The “fully free” bearing
stiffness allows independent vibration between the pier foundation and the deck. Therefore
this condition should be equivalent to the behaviour of the standalone foundation studied
previously (Section 5.7.2). The sensitivity of natural frequency of Mode 1 for the fully free
condition in Figure 5.35 is 10%, the same as the previous FE estimate for the standalone
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foundation (Section 5.7.2). The changes in natural frequency of sway modes (Mode 1 and 2)
were highly sensitive to the stiffness of the bearings; the frequency change has fallen
significantly as the bearing stiffness increases (from around 10% to almost 0%). Therefore,
sway modes of this shallow foundation are only suitable as scour indicators if the bearings are
not stiff. Mode 20 showed that the normal bearing condition provides a lower change in natural
frequency than the two extreme bearing condition cases. The natural frequencies of Mode 7
and Mode 16 were significant (more than 10%) across all bearing conditions. Therefore, the
natural frequency change as an indicator of scour has shown the most potential in Mode 7 and
16.

Change in natural frequency for 2m global scour

Mode 16
(longitudinal pier
Mode 1
Mode 2
Mode 7 (pier
only sway at top
(longitudinal sway) (transverse sway) vertical translation)
and bottom)

Mode 20
(longitudinal pier
only bending)

0%
-5%
-10%
-15%
-20%
-25%
-30%
-35%
bearings fully stiff

normal bearing stiffness

bearings fully free

Figure 5.35 Sensitivity study on the effect of change in bearing stiffness on the natural frequency
change resulting from scour.

5.7.3.2 Mode shape variation of Bridge 3
The potential to capture scour using mode shapes was also studied using the FE model of
Bridge 3. Mode shapes 1, 7 and 16 were studied to examine the variation of mode shapes
due to scour and are shown in Figure 5.36. It shows an elevation view of the bridge modes.
As shown in Figure 5.36(a), Mode 1 (longitudinal sway) did not show much variation of mode
shape due to local scour; the simply supported spans have not shown any mode shape
variation due to scour, whereas the pier has about 2% modal amplitude change at the midheight for 1 m of local scour. Global scour has caused higher modal amplitude increases than
local scour (5% modal amplitude change at the mid-height of the pier for 1 m of global scour).
The experimental modal shape corresponding to the standalone foundation model (centrifuge
Model 3) is similar to the Mode 1 numerically predicated for Bridge 3. The experiment modal
amplitudes did not show a progressive increase of modal amplitudes with increasing scour
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depth (as estimated numerically). This could be since the modal amplitude increases were too
small to capture using the types of accelerometers used.

Figure 5.36 Variation of mode shapes for local and global scour, as simulated by the FE model of the
simply supported bridge with shallow foundation (Bridge 3).
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Figure 5.36(b) shows the variation of Mode 7 (vertical pier translation) with scour depth. Local
scour did not show any modal amplitude increase. Global scour showed the vertical pier
translation amplitude has increased with higher global scour depth (the deck just above the
pier has increased modal amplitude by 10% per 1 m). The bridge deck amplitude also varied
in conjunction. Therefore, this mode shape can be captured with sensors only on the bridge
deck.
Figure 5.36(c) shows the variation of Mode 16 (pier bending) with scour depth. This is a local
mode shape of the bridge pier with the soil and the bearings excitations as well but without any
vibration of the deck. With increasing scour depths, the modal magnitude of pier reduced near
the ground level and increased near the top of the pier. At +8 m above the original ground
level, the local scour of 1 m depth has increased the modal amplitudes by 13%, and global
scour of the same depth has increased the modal amplitudes by 35% mid-height of the pier.
Therefore, Mode 16 of Bridge 3 has significant change due to scour.

5.8 Summary
This chapter developed numerical FE models to examine vibration-based scour monitoring
potential of three full-scale bridges (Bridges 1, 2 and 3), which were represented by the smallscale models tested in the centrifuge (Models 1, 2 and 3, respectively).
The previous chapter, Chapter 4, discussed how all three of these full-scale bridges were
simplified to full-scale simplified bridges (or standalone foundations) and then to small-scale
simplified bridges. The methodology followed in this chapter went back in the same path by
developing small-scale FE models first and then gradually build these numerical models up to
the full-scale bridges, as illustrated in Figure 5.2. The scaling between Models 1,2 and 3 in
small-scale and their full-scale simplified bridges (standalone foundations) was found have
been accurately scaled, based on the results of numerical and experimental study with fixed
bases. All these scaling-verified full-scale bridges were included with soil-structure interaction
models; a Winkler spring model was used to represent soil-pile/column interaction, and a
macro element model was used to represent the soil-pad footing interaction. All these FE
models representative of simplified bridges were successfully calibrated against the centrifuge
test results for Models 1, 2, 3 with appropriate scaling factors. Then these calibrated FE models
were extended to the Bridges 1,2 and 3 with composite bridge deck and bearings in addition
to the foundations.
Two scour simulation techniques were studied to represent local and global scour cases when
soil-structure interaction was represented by Winkler and macro element spring models
(Figure 5.1). Numerical modelling and comparison with experimental results found that global
scour can be simulated by “spring/stiffness lowering” method, which lowers the stiffness profile
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by the same depth as the depth of scour; local scour can be simulated by “spring deleting”
method, which deletes the springs down to the depth of scour without changing the stiffness
of the springs below the scoured ground level.
The final FE model of the Bridge 2, simply supported bridge with piled foundations, estimated
the fundamental natural frequency sensitivity of 2 – 2.3% per 1 m of scour, which was
undesirably lower than the corresponding experimental estimate for standalone pile bent
foundation, Model 2 (11.5 – 12.1% per 1m of scour). Nevertheless, the higher-order modes
provided high scour sensitivities in the ranges of 4.2 – 9.7% per 1 m of global scour. The mode
shape of the fundamental mode and several higher-order modes were also found to show high
sensitivity to scour (8 – 10% change in modal amplitudes at the mid-height of the pier per 1 m
of scour depth).
The final FE model of Bridge 1, the integral bridge with piled foundations, showed a remarkable
similarity of natural frequency sensitivities between the experimental local (10.5% per 1 m) /
global scour (11.1% per 1 m) cases and numerical local (10.7% per 1 m) / global scour (11.8%
per 1 m) cases. These significant sensitivities of the fundamental mode to scour demonstrates
that the natural frequency could become a reliable scour indicator. The mode shape
amplitudes at the mid-height of the pier/abutments changed by 6-7% because of local scour.
The global scour cases were found to result in only slightly higher modal amplitudes than local
scour (0.6-2.5 % at mid-height of the column per 1 m of scour). A key finding was that local
scour of a single foundation causes amplitude increase primarily on that foundation. This
finding was in line with the experimental observations when minor outliers were ignored.
Therefore, there is potential for scour localisation to a specific pier that is undergoing scour.
The final FE model of Bridge 3, simply supported bridge with shallow pad foundation, estimated
drastically lower sensitivities of natural frequency, 0.15 – 0.3% per 1 m of scour, than the
already lower estimate in the experiments of standalone shallow pad foundation. Nevertheless,
higher-order modes showed sensitivities in the order of 7 – 15% per 1 m of global scour. Similar
to the natural frequency, the fundamental sway mode shape showed insufficient sensitivity to
scour, but higher-order modes did show high sensitivity (up to 35% modal amplitude change
at the mid-height of the column per 1 m of scour).
In conclusion, the fundamental natural frequency of the integral bridge was sensitive to scour.
The fundamental frequency sensitivities were significantly lower for the simply supported
bridges, for which high natural frequency sensitivities were observed for higher-order modes,
though there is a practical challenge of capturing these in real life as only high energy input
forces excite these higher-order modes. The mode shape variation of all three bridges showed
potential for indicating the location of a foundation that is undergoing local scour.
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Chapter 6

Discussion
This research was initiated with the primary objective of examining the potential of a vibrationbased technique for monitoring bridge scour. Such a technique has the benefit of helping
bridge owners safeguard their bridges from scour, the leading cause of historical bridge failure
(Melville and Coleman, 2000; Hunt, 2009; Dikanski et al., 2016). In order to develop this
monitoring technique, five sub-objectives were initially identified. The first sub-objective was to
evaluate the comparative feasibility of vibration-based, and other scour monitoring techniques.
Based on a detailed literature review of current scour monitoring approaches (Chapter 2), the
vibration-based scour monitoring technique was found to have significant potential, and the
research gaps were identified. The second sub-objective, evaluating the field viability of
vibration-based scour monitoring, was achieved with a feasibility study on Nine Wells Bridge
and a field deployment trial at Baildon Bridge (Chapter 3). The third sub-objective, discovering
vibration-based parameters other than natural frequency, was successfully realised with the
demonstration of scour-sensitive behaviour of mode shapes and modal spectral density
(Chapters 3 to 5). The fourth sub-objective, developing a small-scale centrifuge experimental
regime, was also successfully achieved with the geotechnical centrifuge modelling of different
bridge and scour types (Chapter 4). Based on the results of the centrifuge test, the fifth and
last objective, developing a numerical technique for simulating the effects of local and global
scour, was also achieved (Chapter 5). Therefore, all the research objectives were successfully
attained, as discussed below.

6.1 Comparative feasibility of vibration-based scour monitoring
A key question at the start of this research project was how vibration-based scour monitoring
compares with other techniques. The literature review in Chapter 2 found that most scour
monitoring techniques have limitations related to: (1) non-durability; (2) measurement of scour
depth at only a single point; (3) not being able to carry out remote and real-time monitoring; (4)
measurement inaccuracies; and/or (5) costly installation and operation. The field trial at
Baildon Bridge (Section 3.2) found that vibration-based scour monitoring does not have the
first three limitations but does have the last two listed above, as discussed below, with
reference to each limitation.
(1) The monitoring instrumentation at Baildon Bridge could be considered durable, as the
accelerometers and the data-acquisition system functioned continuously during the six-month
monitoring period. A key advantage of this monitoring technique is that the required
parameters could be derived without having any instrumentation underwater. (2) The scour
depth indication with vibration-based techniques is not a point measurement of scour depth
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since there should be sufficient scour around the whole bridge pier to cause a measurable
change in vibration parameters, unlike magnetic sliding collar and other monitoring devices
that measure scour depth at a single point (Section 2.3.7). (3) The vibration measurements
could also be acquired remotely and analysed in real time when required. The real-time modal
analysis at Baildon Bridge was performed by manual download and processing of data;
nevertheless, fully automated real-time monitoring is also possible, as explained in Caetano
and Magalha (2009). (4) High measurement inaccuracies were, however, observed with
vibration-based scour monitoring; and (5) the instrumentation at Baildon Bridge was costly
since extremely low noise accelerometers had to be used (EPSON M-A550, each £1,430 in
May 2018), and this short span bridge had low levels of ambient vibrations. The
accelerometers used in the centrifuge tests were cheaper (Analog Devices ADXL1002, each
£40 in March 2019) but had higher noise density.
Another limitation is that vibration-based scour monitoring could only indicate the changes in
scour depth, but not the absolute scour depth immediately after sensor deployment, as is
possible with sonar-based scour monitoring. One could argue that FE models could be used
to estimate the absolute depths of scour. Although modal parameters can be estimated before
the sensor deployment by using an FE model, such estimates often have errors that are of the
same order of magnitude as the expected changes due to significant depths of scour.
Therefore, it is challenging to estimate the absolute depth of scour by comparing FE and initial
experimental results. Nevertheless, such FE models could be used to predict the changes in
modal parameters due to scour after performing model updating based on the initial
experimental results (Section 3.2.6).
Therefore, vibration-based scour monitoring overcomes some key limitations present in the
other monitoring techniques, while it still has several limitations, which needs to be taken into
consideration when a bridge engineer plans to use this technique in practice.

6.2 Scour sensitivity of the three scour indicators
Let us now revisit the scour monitoring potential of the three parameters considered in this
research. The first parameter, the natural frequency, based on all experiments and numerical
modelling, showed the potential to indicate extensive scour depths. The natural frequency
reduction due to scour can be attributed to the loss of stiffness provided by the soil, and
perhaps to the loss of mass participation and damping of soil. The soil stiffness effect was
verified by the numerical simulations using Winkler and macro element spring models, which
modelled soil as springs representing stiffness. Even though these models did not consider
the damping and mass participation of soil, the reduction of natural frequency estimated by
them closely matched the experimental results (Chapter 5), demonstrating that the natural
frequency reduction caused by scour was primarily due to the loss of the stiffness given by
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soil. According to the laboratory experiments and numerical modelling performed in this
research and the literature, natural frequency is a reliable indicator of scour, with its maximum
sensitivity as high as double-digit percentages (Ko et al., 2010; Klinga and Alipour, 2015;
Prendergast, Hester and Gavin, 2016a). Therefore, natural-frequency-based scour detection
showed significantly higher potential than natural-frequency-based detection of other damage,
such as cracking, which have shown sensitivities only as high as single-digit percentages
(Farrar et al., 1994; Kim, Yun and Yi, 2003; Döhler et al., 2014).
A natural frequency reduction, however, was not observed in the field trial because its expected
change due to scour was in the same order of magnitude as the observed measurement
uncertainties. Overcoming measurement uncertainties is, therefore, likely to be a key
challenge in using natural frequency as an indicator of scour in practice. The same challenge
was faced in previous field trials in two bridges studied by Yao et al. (2010b), but not in Ko et
al. (2010). The success of Ko et al. (2010) could be attributed to the significant global scour
depth of 3 m, whereas Baildon Bridge had local scour with a maximum depth of 1.8 m, limited
to a narrow section of one bridge pier. Numerical modelling simulations of more extensive
scour cases at Baildon Bridge found that the measurement uncertainties observed would limit
local and global scour depth resolutions at this bridge to 1.7 m and 0.5 m, respectively. In
comparison to the pile embedment depths of 6 m, these local and global scour depth
resolutions would still provide sufficiently early indications of scour damage. However, these
metre-scale depths are significantly coarser than the centimetre-scale scour depth resolutions
of sonar, as claimed by manufacturers such as AIRMAR (2017) and observed in the sonar
scan images of the riverbed below Baildon Bridge. Therefore, the natural frequency is more of
a severe scour damage indicator, unless its measurement uncertainty is lower than what was
observed at Baildon Bridge. There is a potential that typical bridges that are less bulky and stiff
than Baildon Bridge may have lower natural frequency uncertainties. For example, several
weeks of monitoring natural frequency of a long span bridge by Caetano and Magalha (2009)
produced maximum measurement uncertainties and operational variabilities of 0.3%, which
would have provided significantly finer scour depth resolutions with the natural frequencies.
The second parameter, mode shapes, showed significant potential as an indicator of the
presence and location of scour. When scour occurred at a bridge pier, the mode shape
amplitudes increased only at that pier, while little change was seen elsewhere. The largest
increase was seen near the part of the pier that lost the soil support/restraint as a result of
scour. Therefore, such a mode shape change can be attributed to the loss of the partial
restraint previously provided by the scoured soil. With this loss of partial restraint, the mode
shape of the part of the pier near the scoured location increases in amplitude. However, as the
stiffness of the elements elsewhere in the bridge remains the same, this amplitude increase
remains local to the bridge elements near the scoured region, paving the way for scour
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localisation. While such an amplitude increase was seen in the majority of scour cases in the
centrifuge experiments, there were several outliers, which were not observed in the associated
numerical modelling. These outliers were assumed to be due to measurement inaccuracies
resulting from the low signal to noise ratio of the vibration signal measured by the
accelerometers. Despite such outliers, the fact that the performance of the mode shapes was
better than the natural frequency in the field trial demonstrates that mode shapes have
significant scour monitoring potential.
Third, the output-only spectral density at the modal peaks also showed significant scour
monitoring potential, both in the field trial and in the centrifuge modelling experiment. One issue
with the output-only spectral density is its dependence on the input excitation. Therefore, the
frequency response function (FRF), which removes the effects of input excitation, was
considered. However, FRF did not produce a reliable correlation to scour in the experiments.
The output-only spectral density showed a good correlation to scour, either as the power
spectral density (PSD) of an individual accelerometer or as the first singular value of PSD
matrix (SVPSD) of all accelerometers. The scour-induced change of PSD at the modal peaks
was greatest for the accelerometers near to the scour location, while the first SVPSD provided
an average change to all the individual accelerometer PSD changes due to scour. The
spectral-density-based methods have an added benefit over mode-shape-based methods
since the spectral-density-based methods can work even with only one accelerometer on a
pier. For example, accelerometer 2 alone in Baildon Bridge indicated the gradual reduction in
the scour level as a gradual reduction of the mean modal PSD value (Figure 3.20). In
comparison, mode-shape-based methods require at least two, and preferably several,
accelerometers to derive the mode shapes. The

modal peak displacement PSD (𝑆𝑦 (𝜔𝑁 ))

estimate of a single degree of freedom system is inversely proportional to the second power
of natural angular frequency (𝜔𝑁 ) and the second power of damping factor (𝑐), given that the
input is constant broad-band excitation (Newland, 1993, p.75). The acceleration PSD
discussed in this thesis can be obtained by multiplying the displacement PSD by the fourth
power of 𝜔𝑁 (Equation 2.3). And the damping coefficient (𝑐) is equal to (2ζ√𝑘𝑚), where 𝑘 is
2
the stiffness, 𝑚 is the mass and ζ is the damping ratio (Pathak and Pathak, 2018). As 𝜔𝑁
=

𝑘/𝑚, all the above equations give acceleration PSD to be inversely proportional to the second
power of mass and second power of damping ratio. There may have been some reduction in
mass participation of soil due to scour and hence the mass of the system would be lost,
however mass participation of soil was not considered in the numerical models. A reduction in
damping ratio is also a potential cause; however, experimental results did not show a
consistent and clear reduction in damping ratio. For example, based on the narrowing of the
half-band-width of FRF modal peaks, a reduction in damping ratio was seen in Centrifuge
Model 2 but not in Centrifuge Model 3, although both models showed significant increases in
spectral densities (Sections 4.9.2 and 4.9.3). Therefore, an increase in spectral density could
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be attributed to either reduction in the mass participation or reduction in damping ratio;
however, this aspect needs further investigation in the future. Nevertheless, significant
changes in spectral density were observed in both the field trial and the centrifuge tests.
Despite the spectral density being more uncertain than the natural frequency in Baildon Bridge,
the uncertainty had been compensated for by the significant sensitivity of the spectral density
to scour. Therefore, spectral density was found to be a reliable indicator of scour.

6.3 Assumptions
A key assumption made by the output-only system identification techniques such as frequency
domain decomposition was that the input ambient excitation is broad-band. The ambient
excitations were present at Baildon Bridge, mainly as a result of traffic excitations. Traffic
excitations often have the vibration properties of the vehicles, which differ from one vehicle to
another. Therefore, broad-band input excitation could be assumed only during peak hour traffic
or when there are a large number of different vehicles passing over the bridge. This would limit
the time window when scour monitoring could be carried out. However, when there is a flooding
event, the ambient vibrations will also be generated as a result of the impact of the turbulent
water on the surface of bridge piers and abutments (Masui and Suzuki, 2009). Additionally,
other bridges with longer spans would also experience significant amounts of wind-induced
ambient vibrations, which would increase the potential to identify the scour-sensitive modal
parameters of a bridge in real-time.
Centrifuge modelling was assumed to correct the inaccurate scaling of stiffness and other
properties of small-scale soil-structure models. Since natural frequency is highly sensitive to
the stiffness of soil (Prendergast, Hester and Gavin, 2016a), an inaccuracy in soil stiffness
scaling can have a significant effect, resulting in natural-frequency estimates that are not
representative of full-scale bridges. The accuracy of the natural frequency estimates during
the centrifuge tests was confirmed by comparing with the natural frequencies observed at
normal gravity and with fixed base instead of soil. Although the centrifuge modelling corrects
the scaling inaccuracies, It involves complicated designs of impacting techniques to excite the
structure, a technique to remove soil to simulate scour, and vibration measurement techniques
that are functional under high centrifuge acceleration of up to a hundred times the normal
gravity on the earth’s surface. This research outlined techniques and tools that can be used
for centrifuge modelling of vibration-based bridge models. For example, the automatic modal
hammer device that uses air pressure successfully excited the models during the centrifuge
testing. Furthermore, the assumptions that were made during the scaling process to choose
only the critical parameters required were found to be valid in the numerical model simulations
in Chapter 5. The successful centrifuge experimental programme carried out in this research
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demonstrated the potential of centrifuge modelling to assess the feasibility and applicability of
this monitoring technique in the future, using only small-scale models.
The full bridge model tested in the centrifuge, Model 1, showed a strong noise peak at 100 Hz
in small-scale (Section 4.7.3). This noise peak was examined at different centrifuge
accelerations and was found not to be different in different centrifuge accelerations, in contrast
to a typical vibration mode, and was only present when 50 Hz electrical noise was not present,
and centrifuge acceleration was high. Therefore, it was assumed to be either electrical or
mechanical noise in the centrifuge. Although this was investigated further, the exact source of
the noise could not be found. The presence of this strong noise peak may have affected the
accuracy of the modal characteristics determined from the modes with natural frequencies
close to 100 Hz in small scale.
Much of the modal analysis in this thesis was based on peak picking of SVPSD and PSD plots.
Peak picking method assumes a single vibration mode dominates the structural response over
a peak. However, this assumption may not be valid if closely spaced modes are present. The
modes were therefore examined by comparing mode shapes derived at different times, and
they were found to be similar for the peaks suggesting a single mode dominated the behaviour
near the modal peaks. If closely spaced modes are present, modal discrimination methods
such as that described for singular values in Brincker, Anderson and Jacobsen (2007) and for
stochastic subspace in Wu et al. (2018) can be used.
Several assumptions were made during initial numerical modelling of Baildon Bridge. For
example, simple properties were assumed for the joint connectivity, material properties and
boundary conditions, and these could be verified and updated where necessary after obtaining
the modal characteristics of the bridge from the experimental vibration signals. In a typical
bridge with some uncertain properties, this is a likely process for implementing this monitoring
technique – an initial numerical model would have to be developed with a number of
assumptions, and it can be updated based on the experimental observations. Once updated,
this model can aid in estimating the scour depths corresponding to the experimentally
observed changes in modal characteristics.
The numerical models developed in Chapter 5 also examined the validity of assumed global
and local scour simulation techniques. Global scour involves ground-level lowering
everywhere; thus, the soil stiffnesses of springs below the ground level should, in theory, be
reduced to account for the new ground level. Therefore, Chapter 5 studied two simulation
techniques: “spring deletion”, a method similar to the previous research (Section 2.4.1.3); and
“spring lowering”, a new method that calculates the soil springs for the changed ground level,
which represents the global scour better in theory. The comparison of these two scour
simulation techniques with the experimental results found that global scour is indeed better
represented by the “spring lowering” method. The “spring deleting” method was more
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representative of the local scour type of behaviour, as expected, although it estimated a slightly
lower natural frequency sensitivity estimate than the experimental local scour. Therefore,
future scour simulations using spring-based models could adopt these two techniques based
on the type of scour considered.
Various other assumptions were made for the stiffness variation with depth, small-strain
condition of soil and effect of water-soil interaction and these assumptions are discussed in
detail next in Section 6.4.

6.4 Nonlinearities
This thesis either observed or assumed several types of nonlinear and linear behaviour of
material and vibration properties. For example, based on the levels of stress/strain expected,
linear and nonlinear elastic springs were considered to represent the soil-pile interaction.
Shear modulus of soil was considered to vary with depth linearly in some cases and nonlinearly
in the other cases. Certain nonlinear behaviour was however ignored such as that due to pore
water pressure effects, damping, gapping effects of soil, temperature variations and cracking
on the structure. These nonlinear behaviours of material and vibration properties will be
discussed in the following section.
The soil-structure interaction of piles was represented by Winkler spring model, which provided
closely spaced elastic springs along the length of bridge piles springs (Winkler, 1867; Dutta
and Roy, 2002; Prendergast, Hester and Gavin, 2016a). Initially, the springs were provided in
both horizontal (to model lateral soil-pile interaction) and vertical directions (to model soil-pile
adhesion and tip resistance). The horizontal spring stiffness was determined, assuming smallstrain linear elastic behaviour. The experimental observations showcased this assumption to
be accurate, as the horizontal vibration amplitudes measured were minute. The amplitudes of
vibration observed at Baildon Bridge was in the range of 40nm (Section 3.2.5), and the
amplitudes of vibrations of the centrifuge models were in the range of 23-27 µm (Sections 4.9.2
and 4.9.3). While these are significantly low amplitudes, capturing of the corresponding
accelerations was verified by the fact that the sensor noise claimed by the manufacturer was
lower than the accelerations measured, as elaborated in Section 3.2.5. These minute
amplitudes of vibration were measured on the pier above the ground level. Hence for a typical
fundamental sway mode, which involves lower amplitudes of vibration with lower height, the
amplitudes of vibration on the pier foundation underground could be even lower than the 40nm
for Baildon Bridge and 23-27 µm for centrifuge models. Therefore, small-strain linear elastic
behaviour can be considered accurate for horizontal soil-structure interactions.
While small-strain linear behaviour was considered for horizontal springs of the piles, the
vertical springs representing the soil-pile adhesion and tip resistance were considered to be
nonlinear in the initial set of analysis in Section 3.2.3 and Section 5.4. The small-strain
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assumption is not applicable for the vertical spring stiffnesses as a significant dead load of the
bridge is imposed vertically. Therefore, the numerical models considered the secant modulus
of elasticity of soil that is applicable when the dead load was applied. And this secant stiffness
was used for calculating the eigenvalues using the numerical models. It was however found
that there is little effect of this non-linear assumption since the vertical stiffness of the bridge
was significant. Hence, the non-linear assumption had little effect on the lower order horizontal
modes of vibration.
If the strains were large, the stiffnesses provided by soil would show nonlinear behaviour. This
is perhaps a behaviour that can be expected when a significant amount of scour occurs,
especially under a shallow foundation. The shallow foundation soil-structure interaction
estimates used for numerical models in Section 5.6 are based on empirical equations
developed for massless foundations. Hence, the small-strain stiffness should have been
assumed in these empirical estimates. However, the removal of soil, especially under a shallow
pad foundation could lead to significantly higher stresses and strains exerted on the unscoured
region of soil. Higher stress and strain levels exerted on soil lead to lower secant modulus of
elasticity (Figure 6.1(a)) and lower shear modulus of soil (Figure 6.1(b)). The highest stiffness
is provided in the small-strain range, and beyond this range, the stiffness shows a nonlinear
degrading pattern with higher strain. Thus, significant scour depths may lead to lower stiffness
and thus lower natural frequency estimates after scour. This implies that the sensitivities in
natural frequencies due to scour could be even higher than the numerical estimates in this
thesis if the soil goes into large strains after scour occurs. This is desirable for vibration-based
scour monitoring as a larger natural frequency (or any other modal parameter) change is easier
to detect.

Figure 6.1 Reduction in stiffness properties due to increased strain caused by scour
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This research considered two different small-strain soil stiffness representations. API (2002)
method estimates the stiffness to increase linearly with depth. Seed and Idriss (1970)
estimates stiffness to increase nonlinearly (hyperbolically) with depth, as shown in Figure 5.12.
The nonlinear stiffness profile estimated in Seed and Idriss (1970) provided a better prediction
of the natural frequency variations observed in the experiment. This non-linear behaviour
arises due to the fact that Seed and Idriss (1970) assumes the small-strain shear modulus of
sands to be proportional to the 0.5 power of the effective stress, given the relative density
remain the same, and the strains are small.
Saturated conditions can also provide some nonlinearity. At the same depth, self-weight
effective stress under saturated conditions (typical for a bridge crossing a water body) is lower
than the self-weight effective stress under dry condition (considered for the centrifuge model).
As discussed above, the small-strain shear modulus of soil is directly dependent on the
effective stress. Therefore, lower effective stress of saturated soil leads to a lower shear
modulus of soil and thus lower natural frequency of the bridge. Additionally, the presence of
water around bridge pier in the field could further reduce the natural frequency of bridges due
to the added mass of water the bridge piers submerged in water have to displace when
vibrating. However previous research has found that the natural frequency sensitivity to scour
does not depend significantly on the level of saturation of the soil and the water level, given
the bridge piers are stiff (Ju, 2013; Prendergast et al., 2013) (further discussed in Section
2.4.1.4).
Vibration behaviour observed in the models also showed some nonlinearity. For example, the
natural frequency reduction due to scour was nonlinear. For the simple lumped mass fixed
cantilever in Section 2.4.1, the natural frequency sensitivity was found to have a negative
power relationship with the exposed height of the pier (scour depth + initial pier height). Similar
nonlinear behaviour was observed for the four centrifuge models, where the natural frequency
sensitivity to scour reduced slightly with the depth of scour. Another nonlinear vibration
behaviour was observed in the PDS estimates. The shape of the PSD values over the peaks
in Figure 4.25 showed some asymmetry – peaks leaned more towards higher frequency suggesting there may have been nonlinear “stiffening spring” effect (Gui et al., 1998;
Benedettini, Zulli and Vasta, 2006). Stiffening spring effect refers to the increase of the effective
stiffnesses provides by the spring of a system represented as a spring-mass system. This may
be a behaviour that happens in soil-structure interaction, where the soil may have become
stiffer due to ratcheting, i.e. accumulation of strain (Houlsby et al., 2017), however, it is difficult
to pinpoint this stiffening behaviour to the soil since the amplitudes of vibration of soil-structure
interaction were found to be minute (lower than 23-27 µm).
Other nonlinearities could be present in a bridge under special circumstances. When the
amount of cracking on the superstructure is significant, the overall stiffness of the bridge
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elements would be lower than the uncracked state, and thus the natural frequencies would
reduce and mode shape amplitudes would increase. However, previous research has found
that natural frequencies of a bridge are not significantly sensitive to cracking, as discussed in
Section 6.2. Additional nonlinearities could arise when the temperature and other
environmental effects on the modal parameters change significantly. However, these changes
have also not been found to be significant (Section 6.2), although they could add some
nonlinearities to the observed changes in the modal parameters. Gapping effects could also
add some nonlinearity since the gaps around a pile add some discontinuity up to the depth of
the gaps, however gapping is mainly a concern only for high amplitudes of vibration in cohesive
soils (Pranjoto and Pender, 2003).
As discussed above, nonlinear behaviour of soil, structure, soil-structure interaction and
vibration behaviour could be expected, and these should be carefully considered when
attempting to use vibration-based scour monitoring techniques in practice.

6.5 Potential behaviour in cohesive soils
The primary scope of this research has been on non-cohesive soils such as sand and gravel.
Cohesive soils (clay and silt) would differ to a certain extent in their scour mechanisms and the
stiffnesses provided.
Non-cohesive soil most commonly forms the bed of a channel whilst finer and cohesive
sediments generally form the floodplain (Arneson et al., 2012). In the case of non-cohesive
sediments, individual particles are prone to scour when the fluid forces are higher than the
combined force of gravity and contact friction of the bed particles. In the case of cohesive
sediments, most fine-grained sediments possess some cohesion, the clay content being of
great importance. Also, submerged fine-grained soil can become cohesive due to biological
action like the growth of algae. While granular soil erodes particle by particle, cohesive soil
erodes in clumps. Cohesive sediments typically require relatively large forces to initiate
movement, but relatively small forces to transport the particles away. The maximum scour
depth is comparable to that of non-cohesive soils, and therefore, there may be little effect of
the scour mechanism to the potential to implement vibration-based scour monitoring. The
difference in scour mechanism is in the rate of erosion and location of where the maximum
scour occurs (around cylindrical bridge piers, cohesive soils develop the deepest scour at the
sides of piers whereas non-cohesive soils develop the deepest scour in front of the piers)
(CIRIA, 2015). This research considered only two shapes of scour, local scour along the full
width of the bridge piers with all sides with a 300 inclination and global scour where the full
ground level reduces by the depth of scour. However, there was little effect of the shapes of
scour on the sensitivities of natural frequency and mode shapes. Therefore, natural frequency
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and mode shapes are unlikely to be affected by the differences in the scour mechanisms of
cohesive and cohesionless soil.
In both sands and clays, the small-strain shear modulus (G0 ) can be related to the effective
stress (σ′0 ) by the following power law: G0 ∝ σ′0m. For a given void ratio, the exponent m has
been found to be 0.5 for sands and 0.7-1.0 for clays (Benz, 2007). This means the small-strain
stiffness variation with depth is more linear in clay than in sand. And this exponent m for clay
increases with higher liquid limit or plasticity index. Sands show the same G0 for a given
effective stress (σ′0 ), irrespective of the level of saturation, that is, whether it is dry or fully
saturated sand (Benz, 2007). However, saturation has a major impact on G0 of clays. If the
water content in clay is close to the liquid limit, G0 reduces significantly. On the other hand, the
large strain shear modulus is highly dependent on the plasticity index, the higher the plasticity
index, the closer the large strain stiffness of clays to the small-strain value (Vucetic and Dobry,
1991). Therefore, the changes in water content could vary the modal parameters of the bridge
significantly.
With cohesive soils, large strain vibrations could result in gapping as a result of plastic
deformations (Pranjoto and Pender, 2003). For horizontal vibrations of a pile, the gaps may
form in both vibrating sides of the piles. However, these types of gaps form primarily during
large strain vibrations that result from, for example, earthquakes, but not during traffic and
other ambient vibrations that are of interest to vibration-based scour monitoring.
Another aspect that affects the properties of clay is the level of overconsolidation. G0 increases
with higher overconsolidation ratio (𝑂𝐶𝑅) according to the relationship G0 ∝ 𝑂𝐶𝑅 𝑘 (Hardin and
Black, 1969). 𝑘 exponent is near 0 for sands (G0 is independent of 𝑂𝐶𝑅) but it is near 0.5 for
high plasticity clays. Therefore the effect of OCR (ratio between maximum past vertical
effective stress and current vertical effective stress) on G0 is mostly seen in clays as opposed
to sands. This implies that the “spring shifting” assumption made for the global scour (Section
2.4.1.3) may be valid for sands, but it would have to be improved for clays as the new ground
after scour is overconsolidated due to the released confining pressure of the overlying layer of
soil that was scoured away. However, G0 for clays depend on the effective stress as discussed
above and hence the new ground level after scour should, in theory, have zero stiffness.
Therefore, the global scour case for clay riverbeds is also unlikely to be close to the existing
“spring deleting” since that method assumes the new ground level has some residual stiffness
at the new ground level after scour. Therefore, numerical simulation of global scour of cohesive
soil requires a case in between “spring deleting” and spring shifting” assumptions.
Therefore, vibration-based scour monitoring of bridges on cohesive beds, rather than on
cohesionless beds, require additional considerations of the effects of soil-structure interaction
due to gapping, saturation and overconsolidation.
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6.6 Scour monitoring potential in different types of bridges and
forms of scour
Comparisons of the two foundation types (deep and shallow) studied with centrifuge modelling
and associated numerical modelling (Chapter 4 and 5), found that bridges with deep
foundations have scour monitoring potential with any of the three vibration parameters
considered. In contrast, spectral density was the only parameter that exhibited a significant
change in shallow foundations undergoing scour. For example, for a metre of local scour, the
fundamental natural frequencies showed greater changes in the deep foundation (12.1%) than
in the shallow pad foundation (3.5%). The mode shapes showed almost no change in the
shallow foundation model but exhibited some changes in the deep pile bent. The spectral
density for the same scour case showed a greater change in the shallow foundations (417%)
than the deep foundations (214%). Therefore, spectral density seems to be the best, and
perhaps only, feasible parameter for evaluating the effects of scour for bridges with shallow
foundations. This means that vibration-based scour monitoring can be used in bridges with
both deep and shallow foundations; however, it has the most potential in bridges with deep
foundations.
Comparison of the two different scour types found a greater change in all modal parameters
for global than for local scour, although the difference was only significant for spectral density.
For example, the integral bridge model showed 40% and 70% spectral density changes for
local and global scour, respectively, a significant difference between the two scour types.
However, natural frequency and mode shapes in the same bridge model did not show a
significant difference between global scour and local scour in all foundations. One can argue
that local scour of the pier causes a much smaller frequency change (4.6% per 1 m) than global
scour (12.1% per 1 m) in the integral bridge (Section 4.8.1).

However, this significant

difference is due to the global scour case involving scour in all foundations, including the
abutments, while the local pier scour case does not include abutment scour. Once abutment
local scour is also considered, which is a more reasonable comparison to global scour, local
and global scour show only a 0.5% difference in frequency change for each 1 m of scour. For
the shallow foundation considered, there was a slightly higher, but still not significant, natural
frequency difference between local and global scour (about 1% for 1 m of scour). Such a
different behaviour between the two scour cases is to be expected, as unscoured soil, slightly
distant from the stub column, still provides a degree of increased pad foundation fixity, leading
to higher stiffness and hence higher natural frequency for local scour relative to global scour.
Therefore, the scour type considered for the same bridge foundations has a significant effect
on the spectral density only out of the three vibration-based parameters considered.
Comparison of the deck type found more vibration-based scour monitoring potential in the
integral than in the simply supported bridge. A full-scale integral bridge and a simply supported
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bridge were studied, with all bridge deck and pier elements having similar properties (Chapter
5). The integral bridge showed an approximately 5% change in fundamental natural frequency
for 1 m of local scour, while the simply supported bridge showed only a 2% change for the
same scour case. It is noteworthy that the simply supported bridge showed a high natural
frequency change in the higher-order modes. For example, Mode 2 and Mode 19 of the simply
supported bridge showed changes of approximately 4% and 8%, respectively, in natural
frequency for local scour of 1 m. There would be, however, practical limitations to capturing
significantly higher-order modes such as Mode 19 in the field, as they would not be sufficiently
excited by ambient vibrations (Wenzel and Pichler, 2005). The mode shapes, however,
showed potential in both simply supported and integral bridges.
In summary, vibration-based techniques have significant scour monitoring potential, especially
when all three vibration-based parameters highlighted in this research are integrated. The first
parameter, natural frequency, is a reliable indicator of scour; however, the measurement
uncertainties in the field would limit the measurement resolution to extensive, metre-scale
scour depths. The other two parameters, mode shapes and spectral densities, showed the
potential to indicate scour earlier than natural frequency. Mode shapes also showed the
potential for scour localisation, which is certainly beneficial for bridge engineers in
understanding where the scour repair is needed. These parameters can be derived with
ambient vibration data measured by accelerometers on the bridge above water level.
Therefore, this monitoring technique is safe from damage due to debris and rapid water flow
and is easily implementable as a real-time monitoring solution, unlike most other scour
monitoring techniques. Therefore, when the parameters of natural frequency, mode shape and
spectral density are combined, vibration-based methods provide a powerful approach to detect
extensive scour at bridges, irrespective of the type of bridge or scour present.
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Chapter 7

Limitations of this research and suggestions
for future research and practice
Several aspects that were not addressed in this research and were limitations of this research
require attention in the future for further development of vibration-based bridge scour
monitoring techniques.

7.1 Recommended further research areas
The findings of this research are based on a limited number of beam-slab type bridges. Other
types of bridges, such as masonry arch bridges and suspension bridges, were not considered
in this research. Additionally, other bridges with similar bridge types, but different dimensions
and material properties, may not behave exactly the same as those considered in this
research. Therefore, more experimental and numerical research is needed as sensitivity
studies on different bridge types and configurations.
One main assumption in the centrifuge experiments and numerical models was that the waterbridge interaction is negligible. Based on this assumption, the centrifuge test was conducted
in dry soil, but this assumption may not hold entirely true in a typical field-scale bridge. Boujia
et al. (2019) and Prendergast et al. (2013) found that natural frequency change is not sensitive
to water level or soil saturation. However, it is unknown whether the mode shapes and spectral
density are sensitive to the water-structure interaction, and therefore this assumption needs to
be investigated in the future. It is likely that the water-bridge interaction would not prevent the
vibration-based scour monitoring, as the field trial was successful at capturing the effects of
scour even when water-soil interaction was present.
The field trial and centrifuge experiments were on bridges that are situated on sand and gravel
beds. Further experimental research is required to study the natural frequency sensitivity of
bridges with foundations in clay and saturated sand layers. Additionally, the soil model in the
centrifuge experiment was of uniform density, whereas, in practice, density and material
properties may vary with depth in different layers of soil. It is not clear to what extent this may
be significant, especially in the case of piles where the pile-soil stiffness is dominated by the
soil restraint around the pile head (top interface at the surface of the soil), rather than the
restraint offered at depth. A gradual reduction in frequency sensitivity with scour depth may
not be noticed with a real bridge on layered or non-uniform soil. This aspect needs further
investigation, with enhanced models to represent layered soils.
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The spectral density parameter was studied with field and laboratory experiments but not with
numerical models. It is recommended that future research could study this parameter, with
vehicle-soil-bridge interaction models that consider damping for different bridge configurations.
The mode shape variation of a bridge pier undergoing scour was found to be highest near the
ground level. If the greatest changes in mode shape amplitude were to be measured, the
accelerometers would need to be on the part of the pier underwater, although instrumentation
durability issues might arise when they are underwater. Such an accelerometer may also
measure noise due to the turbulence of water around the accelerometer, in addition to the
structural vibration that it intends to capture. This aspect requires further research.
Future centrifuge modelling experiments attempting to derive the changes in the small-strain
shear modulus of soil underlying a scoured region should use significant sampling rates (above
100 kHz) for the accelerometers embedded in soil to capture shear waves. This research used
a sampling rate of 30 kHz, which provided insufficient measurement resolutions. Furthermore,
if multiple air hammers were to be used, it is recommended to use multiple relay switches
rather than one switch to control the pressure to the air hammers, in order to avoid interference
of multiple shear waves reaching an accelerometer at the same time from different air
hammers.
Future research on scour monitoring techniques could potentially benefit from the locationbased categorisation and the new scour monitoring solutions suggested in Table 2.13.
In summary, while this research demonstrates the significant potential of a vibration-based
scour monitoring method, further research involving multiple full-scale bridges in the field,
centrifuge experimental research considering water-bridge interaction, and numerical
sensitivity studies on spectral density could provide valuable additional insights into the
applicability of this approach to monitoring scour.

7.2 A recommended approach for using this vibration-based scour
monitoring method in practice
As a result of the field trial carried out in this research, the author has identified a set of
recommendations for how this approach can be used in practice to monitor bridge scour. The
recommended first step is collecting information on the bridge properties and the history of
underwater scour. Scour monitoring can be planned if the bridge is found to be scoursusceptible based on the collected information and risk analysis using standard guidance such
as Highways Agency (2012). The second step is studying whether the three vibration-based
parameters proposed are feasible for the specific bridge. For such a feasibility study, an initial
numerical model should be developed, as was done for Baildon Bridge (Chapter 3). If the
numerical model indicates sufficient modal parameter changes due to scour, field deployment
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can then be planned. The third step is developing a method statement for the instrumentation.
To develop this method statement, the initial numerical model can aid by establishing the
scour-sensitive mode shapes. For example, the natural frequencies of the scour-sensitive
modes indicate the bandwidth of the required accelerometers. Furthermore, the mode shapes
of the scour-sensitive modes can help in determining the sensor arrangement; in other words,
sensor locations with high modal amplitudes are preferable. The fourth step is preparing all
parts of the instrumentation system that can be pre-built and pre-tested before being taken to
the site. For example, the data-acquisition system was pre-built and pre-tested before visiting
Baildon Bridge.
The fifth step is instrumenting the planned system at the bridge, which would take between
one and several days, depending on the complexity of the instrumentation and the size of the
bridge. In Baildon Bridge instrumentation, the use of special techniques minimised drilling and
reduced the time spent on a boat over the water, while also improving safety. Once the ambient
vibration measurement system is up and running, the sixth step is using the initial vibration
measurements to update the initial numerical model. In the initial numerical model of Baildon
Bridge, several errors in boundary condition estimates could be identified and corrected based
on the first experimental observation of natural frequencies. Such model updating allows selfcalibration of the numerical model, similar to the self-calibration explained in vibration-based
rod devices (Zarafshan, Iranmanesh and Ansari, 2012). This updated numerical model would
help in estimating the relationship between scour depth and scour-sensitive parameter, similar
to the graph of natural frequency versus scour in Figure 3.18 and mode shape versus scour in
Figure 3.19. The last, but most crucial, step is continuous ambient vibration monitoring, ideally
with real-time modal identification, until a change in the scour-sensitive modal parameter is
observed. Bridge engineers or technicians can interpret the changes in natural frequency,
mode shape and spectral density using the pre-prepared graphs, or the trends suggested in
this research, to determine the corresponding scour depth. These steps would help future
deployments of vibration-based scour monitoring techniques, as they helped in the deployment
at Baildon Bridge.
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Chapter 8

Conclusions and recommendations
This research describes an experimental and numerical study developed to investigate the
potential for using vibration-based scour monitoring techniques to monitor scour at bridge
foundations. The experiments involved small-scale bridge models tested in a centrifuge and a
full-scale road bridge (Baildon Bridge) monitored during a scour backfilling repair programme.
The small-scale centrifuge models attempted to simulate the dynamic behaviour of three fullscale bridges with different bridge deck and foundation configurations (i.e. integral/ simply
supported decks and shallow/deep foundations) and two forms of scour (i.e. local/global).
Numerical modelling examined these bridges using various finite elements representing the
bridge structure and Winkler and macro element spring models representing the soil-structure
interaction. Based on these experiments and the associated numerical modelling, the following
main conclusions are drawn:
1. A vibration-based scour monitoring technique examining the combined effect of three
vibration parameters (modal spectral density, mode shape and natural frequency) has
the potential to identify and locate changes in scour depth at bridge foundations to a
resolution of approximately 0.5 m for global scour and 0.6 m for local scour. Such a
vibration-based technique has several advantages over existing methods for
monitoring scour. These include the ability to remotely monitor bridges in real-time
using ambient vibration, including during flood events; the durability and robustness of
the sensor system as it is located above the water level on the bridge piers and
superstructure; and it is not restricted to giving a scour depth measure at a single point
location.
2. A novel vibration-based scour monitoring parameter – modal spectral density – showed
significant sensitivity to scour depth. The field trial at Baildon Bridge demonstrated the
potential of this parameter to capture the progressive scour backfilling of a 1.8 m local
scour hole, with a change of 75% (measurement uncertainty ± 25%); thus it provided a
scour depth measurement resolution of approximately 0.6 m. The centrifuge
experiments with different bridge and scour types estimated significant modal spectral
density changes, ranging from 40% to 1200% per 1 m of scour. Furthermore, this
parameter showed significantly more sensitivity to global scour than to local scour. This
parameter was the only reliable indicator of scour (out of the three parameters
considered) for the shallow pad foundation model studied in the centrifuge.
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3. A vibration-based parameter that has received little attention as a scour monitoring
parameter – mode shape – showed significant scour monitoring potential, according to
both the field trial at Baildon Bridge and the centrifuge experiment. Mode shapes
showed a localised increase in modal amplitudes, primarily on the pier near the location
of scour, allowing scour localisation to the specific bridge pier undergoing scour. The
study on different bridge configurations found that mode-shape-based scour monitoring
techniques are best suited to bridges with deep foundations, and not to bridges with
shallow foundations, unless higher-order (difficult to measure in practice) modes are
considered. Mode-shape-based scour monitoring showed potential for both integral
and simply supported bridges. The mode shape sensitivity to global scour was only
negligibly higher than it was to local scour.
4. The commonly used vibration-based scour monitoring parameter – natural frequency
– also has the potential to indicate metre-scale scour depths. The natural frequency
change in the field trial was not captured because of its high measurement uncertainty.
Numerical modelling of more extensive scour cases found that this uncertainty limits
the scour depth resolutions to 0.5 m of global scour and 1.7 m of local pier scour. The
centrifuge experiment and numerical modelling found natural frequency reductions in
the range of 4 – 8% per 1 m of scour for the most scour-sensitive mode. The naturalfrequency-based methods using the fundamental mode were found to be most suitable
for bridges with the integral deck and deep piled foundations, rather than for bridges
with a simply supported deck and/or shallow foundations. The fundamental natural
frequency reduction due to global scour was only slightly (less than 1% per 1 m) higher
than that caused by local scour.
5. The centrifuge modelling experiment programme and the methodology developed in
this research successfully simulated full-scale bridge scour and the resulting vibration
behaviour using small-scale models. The tools and techniques developed would be
beneficial for future experimental research on vibration-based scour monitoring.
6. Winkler spring models and macro element model representations closely simulated the
global and local scour using the “stiffness/springs lowering” method and
“stiffness/springs deleting” method, respectively (see Section 5.1).
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