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Abstract

The dynamic response of a vehicle–bridge interaction (VBI) system is a noisy,

nonstationary, and multicomponent response with closely spaced spectral

components. Considering the ultimate goal as utilizing the VBI system instan-

taneous frequencies (IFs) for bridge condition monitoring, this paper carries

out a systematic study to investigate the performance of four advanced time-

frequency analysis techniques on a series of VBI responses: Hilbert–Huang

transformation (HHT), continuous wavelet transform (CWT), robust local

mean decomposition (robust-LMD), and wavelet synchrosqueezed transform

(WSST). The novel contribution of this study is the application of the two latter

techniques. The synthesized tests demonstrate that the WSST is the best

method to precisely separate and localize in time the closely spaced reso-

nances. Therefore, the WSST is applied to field measurements obtained from

the Boyne viaduct in Ireland, as well. The results verify the capacity of this

method to deal with time-varying vibrations adequately.
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1 | INTRODUCTION

Structural health monitoring (SHM) is a growing technology that can be used for condition assessment and developing
an efficient maintenance strategy.1 Dynamic properties of a system such as modal frequencies, modal damping, and
mode shapes are key elements towards the application of SHM and damage detection techniques on structures, among
which bridges.2 Among the various dynamic properties, eigenfrequencies can provide a simple high-level condition
assessment using only a limited number of sensors, while mode shapes and their derivatives are more noise sensitive
and require a higher sensor density.3

In order to study the frequency content of the dynamic response of a bridge, as excited by a moving train, the char-
acteristic of the signal should be investigated. The full vibration response of a typical bridge, induced by a moving train
contains the following: (1) the entrance phase response, which corresponds to the time period before the train actually
enters the bridge, (2) the traverse phase response, which corresponds to the time period when a train is either partly or
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completely on the bridge, and (3) the leaving phase response, which is the bridge vibration when the train has left the
bridge. Measuring the entrance phase response enables to measure the true start of the traverse phase signal, that is,
when the train enters the bridge. However, the detailed dynamic analysis of the entrance phase is not included in the
current study, as it does not provide additional insights. The leaving phase is a free decay response and represents a sta-
tionary process, whereas the traverse phase is a nonstationary process due to the time-dependent mass distribution of
the train on the bridge. The traverse phase represents the response of a coupled system of both bridge and train which
is also known as a vehicle–bridge interaction (VBI) response. Since the traverse phase response is characterized by non-
stationarity, time-frequency techniques are required to extract the time-dependent system resonances or instantaneous
frequencies (IFs).

The common input-output modal analysis is developed for linear time-invariant system and is not a proper tool for
a time-variant system.4 There is a vast literature on the output-only identification of a time-varying systems.5

Dziedziech et al6 developed an algorithm for modal identification of time-varying systems excited by a series of random
impacts by applying a wavelet-based frequency response function (FRF) where the excitation signal must be measured.
He et al7 proposed a mass-normalized mode shape identification method to enrich the mode shape resolution for bridge
structures by using a parked vehicle on the bridge under environmental excitation. Lin et al8 identified the modal fre-
quencies of a short-span concrete bridge before and after bridge deck widening by applying frequency domain decom-
position techniques to the bridge under a blocked traffic condition. Spiridonakos et al9 proposed a method to consider
the problem of parametric output-only identification of a time-varying structures based on autoregressive moving aver-
age technique to capture the varying frequencies of a laboratory scaled bridge-like structure. The proposed method was
applied to the random vibration response to capture the varying frequency. Staszewski et al4 proposed a time-variant
FRF based on applying the continuous wavelet transform (CWT) to the random vibration response of a sprung mass
system as well as the same laboratory setup as presented in Spiridonakos and Fassois9 to capture the varying frequency.
The majority of the developed techniques are applicable when the excitation is random vibration that can be considered
as white noise. Moreover, the developed techniques are aimed at identification of general time-varying systems, while it
is known that a VBI response contains closely spaced spectral components due to the vehicle–bridge dynamic coupling.
This feature distinguishes the VBI system from the common time-variant systems. Therefore, the literature review is
further limited to the application of the techniques on the VBI system response and field measurement.

In recent years, signal processing techniques have been widely used to analyze VBI responses in different research
fields. The basic idea of the time-frequency analysis of a bridge vibration is to devise a joint time-frequency distribution
function that describes the energy density of a signal in both the time and the frequency domain.10 The Hilbert–Huang
transform (HHT), as the combination of the empirical mode decomposition (EMD) and Hilbert transform (HT), and
CWT have been widely used for the condition assessment of bridges in many research studies. Many different versions
of these methods have been proposed, each optimized for specific applications. In this work, the intention is not to opti-
mize the parameters but use the default settings of the Matlab built-in functions as the benchmark for each technique
in this study.

The conventional technique to identify the modal parameters of a bridge is using the bridge free vibration or the
leaving phase response. Modal frequencies of Tsing Ma railway bridge in China identified by the spectral analysis of
the bridge acceleration.11 HHT and CWT have been applied on the free vibration response of bridges despite the fact
that this response is a stationary process. The modal frequencies of Donghai bridge in China were identified by applying
a wavelet-based technique on the bridge free vibration. Yan et al12 performed a comparative study of modal parameters
obtained from applying FFT, HHT, and CWT to the ambient vibration response of the Z24-bridge. CWT and HHT were
applied to the bridge free decay to perform output-only modal analysis. The well-separated bridge modal frequencies
were successfully identified by applying both techniques. Similarly, He et al13 applied an EMD-based random decre-
ment (RD) technique on the ambient vibration of the NYR steel truss bridge in China, while Sayed et al14 applied CWT
on the acceleration response of the Kaya bridge in the Seoul–Busan railway induced by a high-speed train. Both were
able to extract the modal parameters from the free vibration response of the bridge. Unlike these cases, the free vibra-
tion response of the Xining Beichuan bridge in China contained closely spaced modes.15 The proposed EMD-based sto-
chastic subspace identification technique was used to identify the bridge modal parameters using the ambient
excitations measured before the opening of the bridge to traffic. Specified intermittency frequencies were used for each
mode while EMD was used to avoid mode-mixing. It can be concluded that for a bridge structure with closely spaced
frequency components, EMD is confronted with the mode-mixing issue, and for the free vibration of a bridge with well-
separated spectral components, both techniques, CWT and HHT, can perform successfully. Apart from the mode-
mixing, there are further limitations to perform SHM based on the bridge free vibration response only. Firstly, the
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identified natural frequencies from the free vibration responses are dependent on the variable environmental conditions
such as temperature.16 Secondly, the extracted modal parameters using the free vibrations are actually global features
which may not be sensitive to damage as a local event.17 Therefore, investigation of the traverse phase response is pro-
posed since the changes in the dynamic properties of the bridge structure due to damage are believed to be amplified by
the presence of a moving vehicle on the bridge. The focus of the current study is therefore finding an accurate method
to extract the time-variant frequencies of the structure by exploiting the traverse phase response as it has the potential
to improve the existing condition monitoring techniques.

The traverse phase signal is a broad spectrum, noisy, nonstationary, and multicomponent response of a vehicle–
track–bridge interacting system. Generally, the vehicle frequencies are distributed in the low-frequency range,
1–10 Hz,18 and it is also known that the first two bending frequencies of a bridge structure are usually in the same fre-
quency range. Therefore, the low-frequency part of a traverse phase response is of great interest for the current study. It
is worth to mention that CWT and HHT have been widely used on the traverse phase response for damage detection
and finding singularities, which do not exist in a healthy bridge and only appear in the response of the damaged
structure.19–25 However, those singularities, abrupt changes, or signal discontinuities typically appear in a higher-
frequency range (i.e., well above 100 Hz), whereas a low frequency (i.e., below 10 Hz) is the target frequency range in
this paper, since for the majority of the railways VBI systems, the fundamental frequency of the bridge as well as the
vehicle frequencies are distributed in the target low-frequency range.

There are few studies on extracting the modal frequencies of a VBI system from a simulated traverse phase
response. Nguyen26 identified the bridge IF from the midspan displacement response of a simulated VBI system with
well-separated modes. Li et al27 modeled a moving vehicle on a simply supported beam and obtained the fundamental
frequency of the bridge numerically by a step-wise solution of the eigenvalue problem at each step of numerical integra-
tion rather than from a time-frequency analysis of the bridge dynamic response. The same approach was used on a
modeled bridge28 to calculate the bridge relative frequency change (RFC) while a vehicle is moving. Roveri et al29 simu-
lated the midspan displacement of a simply supported Euler–Bernoulli beam subjected to a moving constant point load,
so effectively neglecting the vehicle dynamics, and the first IF of the beam was extracted by applying HHT. Yan et al,12

next to extracting the modal parameters of the Z24-bridge using the leaving phase, also performed a comparative study
on extracting the modal parameters of a modeled bridge using the traverse phase by applying HHT and CWT. EMD
was not successful to separate the close spectral components of the simulated signal, and Chebyshev filters were applied
to overcome the issue. The modified Morlet wavelet function was used for the same simulated signal, and the close
modes were presented in a blurred time-frequency representation due to the low-frequency resolution.

As an experimental study, Marchesiello et al30 applied CWT and short-time stochastic subspace identification
(ST-SSI) on the acceleration response of a scaled bridge-like structure under a moving train without any suspension sys-
tems. The bridge time-dependent resonance was successfully extracted with both techniques.

Considering the field measurements, the acceleration response of the Kaya bridge showed that the bridge resonance
frequencies were mixed with other frequency components.14 Cantero et al31 applied the wavelet transform in combina-
tion with the modified Littlewood–Paley method on the response of the Skidtrask bridge in Sweden. The proposed
method was not successful in identifying the bridge resonance from the traverse phase response, and they concluded
that the dynamic interaction between the vehicle and the bridge is complex and highly dependent on the mechanical
properties of the suspension systems and the distribution of the masses within the vehicle.

In the following, the contributions of the current study are presented to fulfill the research gaps. Firstly, a number
of studies were conducted on a modeled bridge midspan displacement response. However, an accurate assessment of a
bridge displacement induced by external action may be currently challenging and costly.1 Moreover, the bridge acceler-
ation signal is more sensitive to damage than the deflection signal.21 Thus, the current study aims for the time-
frequency analysis of the bridge acceleration response. Secondly, in the majority of the studies, only the IF
corresponding to the bridge first resonance has been investigated. Either the vehicle dynamics were not included at all
or the time-dependent resonance originating from the vehicle dynamics was not investigated, which Cantero et al31

showed to be of significant importance. Therefore, the second aim of this study is to include the vehicle dynamics in
the analysis of the VBI system. To fulfill the research gap, the two methods commonly used in literature, CWT and
HHT, are complemented with two recently developed methods, robust local mean decomposition (robust-LMD)32,33

and wavelet synchrosqueezed transform (WSST)34 that are considered. The performance of these methods to extract
the time-variant resonances of the coupled system is assessed by applying them to a series of simulated traverse
phase responses. Robust-LMD is investigated as it is reported by Wang et al35 to outperform EMD, while WSST is con-
sidered because it is reported to overcome some limitations such as mode-mixing and blurred time-frequency
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representations.36,37 The major contribution of this study is the application of Robust-LMD and WSST on the non-
stationary response of the coupled vehicle–bridge system with closely spaced spectral frequencies. A verification with
the field acceleration measurements of the Boyne viaduct in Ireland is performed by using WSST method.

The outline of this paper is as follows. Section 2 presents a brief introduction of the aforementioned time-frequency
analysis techniques. The vehicle–bridge numerical model is presented in Section 3. Various numerical test cases will be
presented in Section 4. Results of and discussions associated with each technique are elaborated in Section 5. Section 6
presents the application of WSST to the field measurement of Boyne viaduct, Ireland. Finally, Section 7 forwards the
conclusions.

2 | TIME-FREQUENCY ANALYSIS TECHNIQUES

2.1 | Hilbert–Huang transform

The EMD and the Hilbert spectrum were proposed by Huang et al38 in order to analyze nonstationary and nonlinear
signals. EMD is aimed for decomposing a nonstationary response of a structure, x(t), with n degrees of freedom into
m intrinsic mode functions (IMFs), where m ≤ n, and a residual rm such that

xðtÞ¼
Xm
j¼1

cjþ rm ð1Þ

in which cj is the jth IMF and the sifting process stops finally when the residue, rm, becomes a monotonic function.
Once all the IMFs are extracted, the HT is applied to each IMF, to define an analytical signal Yj(t) as follows:

YjðtÞ¼ cjðtÞþ iHfcjðtÞg¼ ajðtÞeiθjðtÞ ð2Þ

where H{cj(t)} is the HT of the jth IMF and aj(t) and θj(t) are the instantaneous amplitude and the instantaneous phase
of the jth IMF, respectively. Then, the IF is given by the following:

ωj tð Þ¼ dθj tð Þ
dt

ð3Þ

The definition and application of the IF have been studied elaborately by Huang et al.38–40 There is consensus that
the IF of a nonstationary response of a system only has a physical meaning when the signal is a mono-component fre-
quency signal. Therefore, EMD aims for decomposing a multicomponent signal into a series of mono-component
frequency signals (IMFs). Subsequently, the HT aims for extracting the IF of each of the IMFs and capturing the varia-
tion of these frequency components in time. Therefore, the prerequisite of being mono-component must hold to link
the physics of the system to the extracted IF.

2.2 | Robust local mean decomposition

Smith32 developed local mean decomposition (LMD) in 2005 after which it was further optimized by Liu et al33 refer-
ring to it as robust-LMD. It has been reported in literature that robust-LMD outperforms EMD35 regarding
decomposing nonstationary signals into a set of mono-component signals. The LMD algorithm progressively separates
a frequency modulated (FM) signal s(t) from an amplitude modulated (AM) envelope signal a(t). This separation is
obtained in three steps: (1) calculate the local mean, mij(t), and the local magnitude, aij(t), where the i denotes the num-
ber of the product function (PF) and j denotes the number of the iteration. (2) Compute the smooth mij(t) and aij(t).
(3) Calculate the FM signal sij(t), the estimated zero-mean signal, hij(t), and the estimated envelope signal, aij(t). For
PFi, this process continues for p iterations until a purely FM signal, si, is obtained. The corresponding envelope signal,
ai(t), is given by the following:
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aiðtÞ¼
Yp
j¼1

a1jðtÞ ð4Þ

The obtained purely FM signal can be written as follows:

siðtÞ¼ cos θiðtÞ ð5Þ

where θ(t) is the instantaneous phase and the IF is defined by Equation (3). Multiplying si(t) by the corresponding enve-
lope function, ai(t), provides PFi. Similar to the EMD procedure, PFi from the time signal results in a new time signal,
and the whole process is repeated until the residual time signal r(t) contains no oscillation anymore. Then after
m iterations, the original signal can be represented by the following:

xðtÞ¼
Xm
i¼1

PFiðtÞþ rðtÞ ð6Þ

It has been mentioned that each PF is a mono-component AM–FM signal and that the IF can reveal the time-
varying frequency components.32 In the present study, robust-LMD is applied to VBI to investigate to what extent it
outperforms EMD.

2.3 | Continuous wavelet transform

Sadowsky41 introduced CWT as a tool for signal processing. A comprehensive and detailed mathematical description is
provided in Daubechies.42 The basics are briefly explained here.

The definition of the CWT is42 as follows:

Wxða,bÞ¼ ðxðtÞa
�1=2ψ

t�a
b

� �
ð7Þ

where a and b are the translation and the scale variables, respectively, and x(t) is the time signal. The natural sampling
of the scale variable is dyadic, that is,logarithmic to Base 2. The function ψ is called the “mother” wavelet. The basic
idea of the CWT is similar to the short-time Fourier transform (STFT). The signal is windowed in time, and subse-
quently, a Fourier frequency decomposition is performed on the windowed signal as the window slides along the time
axis.42 In STFT the width of the time window is constant, while the width of the time window of a wavelet function is
variable and is adapted to its frequency. At low frequencies, the wavelets have better frequency resolution and at high
frequencies they have better time resolution. The wavelets perform better than STFT in case of a nonstationary signal
since wavelet functions are irregular, of limited duration, and often nonsymmetrical.43 The performance of this trans-
form function depends on the applied mother wavelet which is potentially an inconvenience of this approach.24 To
extract the IF, it has been recommended in Jiang and Suter36 to use “bump” as the mother function because it is band-
limited and performs well for frequency localization. Therefore, in the current study, “bump” is used as the mother
function.

2.4 | The wavelet synchrosqueezing transform

The continuous wavelet transforms the one-dimensional time signal x(t) into a two-dimensional quantity, W(a, b); see
Equation (7). W(a, b) is spread out over a region around a on the time-scale which provides a somewhat blurred time-
frequency picture.44 The synchrosqueezing procedure aims to sharpen the resulting time-scale picture of CWT. During
the time-frequency analysis of audio signals for speaker identification, Daubechies et al44 have observed that, despite W
(a, b) is smeared out in a (scale), the oscillatory behavior of the signal at time b shows the original frequency, ω, regard-
less of the magnitude of a.
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In summary, WSST34 has three steps. The first step is calculating the CWT of a time signal, x(t), by Equation (7).
The second step is calculating the IF by the following:

ωxða,bÞ¼
∂Wxða,bÞ

∂b

2πiWxða,bÞ ð8Þ

where the frequency variable ωx and the scale variable a are binned and computed only at discrete values ak, with
ak�ak�1 ¼ðΔaÞk. The last step is to re-assign the scale variable a to the frequency variable ω by calculating the
Synchrosqueezed transform, Tx, as follows:

Txðωl,bÞ¼ ðΔωÞ�1
X

ak
Wðak,bÞa�3=2

k ðΔaÞk ð9Þ

The transform function Tx(ωl, b) is determined over time, only at the centers ωl of the successive bins
ωl� 1

2Δω,ωlþ 1
2Δω

� �
, with Δω¼ωl�ωl�1.

Daubechies et al34 developed WSST as an EMD-like tool because it provides an adaptive time-frequency decomposi-
tion, which is also the goal of EMD. It has been claimed that WSST overcomes some limitations such as mode-
mixing,36,37 which is the reason to apply this method on the test cases of the current study.

3 | NUMERICAL MODEL

An extended version of a simply supported beam in 2D space is used in the current study to numerically simulate the
traverse phase (the response of a coupled system) and the leaving phase (the response of the bridge only, without
the vehicle). In the current model, entrance and leaving sections have been added to the bridge(beam) to allow for
generating the bridge vibration response corresponding to the entrance and the leaving phase. The entrance and the
leaving sections are modeled by beam elements that are fully constrained at all their nodes, as schematically shown in
Figure 1. The added parts are connected to the bridge at the bridge supports by linking displacement degrees of free-
dom, while the rotational degree of freedom is left unlinked.

The dynamic response of an elastic system carrying a moving elastic subsystem has no steady-state solution.45 The
mass slides through a node to surface interaction with a hard contact model where no friction is considered. The simu-
lation is performed in ABAQUS, and the applied analysis scheme is the Newmark implicit time integration method
with a fixed time increment of 0.001 s which provided sufficient numerical stability and accuracy and frequency resolu-
tion. Three dynamic analysis steps are implemented, corresponding to the mass approaching, crossing, and leaving the
bridge. The entrance part is not strictly necessary. The dimensions and material properties of the bridge model
(Table 1) are selected such that they are representative for the case study of the current study, Boyne viaduct (see

FIGURE 1 Schematic representation of the numerical model

TABLE 1 Properties of the Bridge model

Length (m) Cross-section area (m2) Young's modulus (GPa) Density (kg/m3) Mass (ton)

50 1.25 210 7860 314.4
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Figure 20). The first two fundamental frequencies of the bridge model obtained by Abaqus are 2.33 and 9.2 Hz. These
frequencies match well with the analytical solution and the first two frequencies of the Boyne bridge, that is, 2.9 and
9.2 Hz (see Section 5). The bridge is modeled with 200 elements. A sprung mass system slides with a speed of 5 m/s over
the bridge. The mass of the vehicle is constant for the all test cases and is 20% of the bridge mass. The mass ratio is
inspired by the mass ratio between a locomotive and the Boyne bridge. The stiffness of the vehicle spring is selected
such that the frequency of the vehicle oscillation (3 Hz) is close to the fundamental frequency of the bridge (2.3 Hz).

Modal analysis simulations are carried out on the coupled system (vehicle–bridge), by moving the vehicle every
5 m. This step-wise analyses are performed to create a trivial relationship between the resonances of the VBI system
and the actual vehicle positions as is displayed in Figure 2. Figure 2 displays the two resonances of the system along a
virtual time axis. The step-wise relocating of the vehicle can be considered as a quasi-static moving. Therefore, the time
is equal to the displacement of the vehicle divided by the its velocity, since the velocity of the vehicle is assumed to be
constant along the bridge. It takes 10 s for the vehicle to pass the bridge with a speed of 5 m/s. In this way, the first two
resonances of the vehicle–bridge interacting system are reconstructed by doing modal analysis. Figure 2 shows that
when the vehicle is on the bridge supports, the resonances are the same as those of the bridge (2.3 Hz) and vehicle
(3 Hz). When the vehicle is located somewhere between the supports, the resonances of the system vary with the vehi-
cle location. For all cases, the first resonance is close to the bridge fundamental frequency and the second one is close
to the vehicle frequency. The result of the step-wise modal analysis creates an underlying behavior which would be
expected to observe once the signal processing will extract the IFs of the coupled system.

4 | RESULTS AND DISCUSSION

This section presents the results in two main parts. First, the simulated signals corresponding to the test cases are pres-
ented and then the application of the time-frequency techniques on the simulated signals is presented. Each of the four
methods is applied to the first test case, and if the results are satisfactory, it proceeds to the next test case which is more
complex. The performance of each method is discussed for each test case it is applied to.

To investigate the performance of the time-frequency analysis techniques, three test cases have been designed. The
bridge structure is subjected to the following:

1. a moving unsprung mass
2. a moving sprung mass
3. a moving sprung mass in a noisy environment

The goal is to investigate the proficiency of each method, (1) in detecting and separating the frequency components
of the coupled system and (2) in localizing each frequency component in time.

The vehicle for the first test case is a mass moving along the bridge, while in the second test case the vehicle
is represented by a mass-spring system. The last test case aims to study the performance of the methods in a noisy

FIGURE 2 The first two resonance frequencies of the coupled system while the vehicle is located at 11 different locations on the bridge
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environment by adding white noise to the result of the second case. As stated in Section 1 mode-mixing occurs due to
closely spaced frequency components.37,46 Thus, to elaborate on that, in the second test case, the spring constant is
tuned such that it has a frequency close to the fundamental frequency of the bridge (3 Hz vs. 2.3 Hz; see Table 2).

4.1 | Simulated acceleration response of the test cases

4.1.1 | Test case 1

Figure 3a displays the simulated bridge full vibration response due to the moving single point mass. The entrance phase
is not included in the results. The signal in the first 10 s corresponds to the traverse phase response when the mass is
moving on the bridge, and the last 10 s corresponds to the leaving phase response, when the mass has left the bridge. A
comparison between the traverse phase and the leaving phase reveals that firstly, the traverse phase is a nonstationary
signal, since the wave length changes with time, while the leaving phase signal represents a stationary process; sec-
ondly, the traverse phase contains numerical noise which appears as small spikes in the response, whereas the leaving
phase is perfectly smooth.

Figures 3b,c shows the power spectral density of the bridge forced and free vibration responses, respectively. The
traverse phase contains a first resonance around 2 Hz, the second resonance of the bridge of 9 Hz, and another

TABLE 2 The eigenfrequencies of the vehicle–bridge coupled system corresponding to different vehicle parking locations

Vehicle parked at 0 L/10 2L/10 3L/10 4L/10 5L/10 6L/10 7L/10 8L/10 9L/10 L

First resonance (Hz) 2.33 2.23 2.06 1.93 1.85 1.82 1.85 1.93 2.06 2.23 2.33

Second resonance (Hz) 3.00 3.09 3.30 3.74 13.74 3.82 3.74 3.54 3.30 3.09 3.00

FIGURE 3 Test case 1: (a) full response of the bridge including the traverse phase (0–10 s) and the leaving phase (10–20 s) response.

(b) The power spectral density of the traverse phase response and (c) the power spectral density of the leaving phase response

8 of 24 MOSTAFA ET AL.



frequency component around 20 Hz. It worth reminding that the acceleration signal has been calculated at the bridge
midspan due to which the second resonance of the bridge (9 Hz) is captured with a very low vibration amplitude. The
last frequency component (20 Hz) is an artificial effect of the numerical simulation referred to as the driving frequency.
This corresponds to the inverse of the time taken by the mass for passing a numerical grid,47 in this case equal to the
speed (5 m/s) divided by the numerical grid size (0.25 m).

4.1.2 | Test case 2

In this test case, the sprung mass has its own dynamics. Therefore, the bridge forced vibration signal contains the
vehicle–bridge dynamic interactions. The traverse phase response and its power spectral density are presented in
Figure 4a,b. Figure 4a shows less distortion in the response due to the presence of a spring and the more moderate con-
tact force in comparison with the case represented by Figure 3a which is reflected by the lower amplitude of the driving
frequency. Figure 4b shows three peak frequencies: (1) the first resonance of the coupled system around 2 Hz, (2) the
second resonance of the system around the sprung mass frequency 3 Hz (see Table 2), and (3) the driving frequency
around 20 Hz.

4.1.3 | Test case 3

In this test case, white noise is added to the bridge response of the second test case. Gaussian white noise with a zero
mean and a signal-to-noise ratio (SNR) of 10 dB is generated by the build-in Matlab function awgn and is added to the
traverse phase signal. The chosen SNR of 10 dB corresponds to the noise level of the field measurements of the Boyne
bridge (see Section 6). Figure 5a shows the traverse phase signal including the white noise, while the power spectral

FIGURE 4 Test case 2: (a) full response of the bridge including the traverse phase (0–10 s) and the leaving phase (10–20 s) response.

(b) The power spectral density of the traverse phase response

FIGURE 5 Test Case 3: (a) full response of the bridge including the traverse phase (0–10 s) and the leaving phase (10–20 s) response.

(b) The power spectral density of the traverse phase
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density of the traverse phase response is again shown in Figure 5b. In the following subsection, the four analysis
methods will be applied to these three test cases and the results will be discussed.

4.2 | Hilbert–Huang transform

4.2.1 | Test case 1: Unsprung mass

EMD decomposes the traverse phase response into six IMFs. The first two contain the relevant frequencies of the sys-
tem, the bridge, and the driving frequency, and the remaining four contain spurious modes with a frequency between
0 and 2 Hz. The first two IMFs and their frequency content are plotted in Figure 6a,b.

As expected, it can be seen that the first IMF carries the high-frequency component (20 Hz) and the second IMF
carries the low-frequency component (2 Hz). Moreover, Figure 6b shows that IMF2 is a mono-component signal since
the frequency plot contains a single dominant frequency peak. Therefore, the bridge IF can be extracted by applying
the HT to IMF2. Figure 7 shows the IF plot resulting from the HT. It reveals how the resonance frequency of the bridge
changes during the passage of the mass. There are two important observations: firstly, it can be seen that the beginning
and the end part of the IF are disrupted due to the signal edge effect. Secondly, the IF shows a waviness which is known
as the intrawave frequency modulation.38

FIGURE 6 For Test case 1: (a) IMF1 and IMF2 obtained by applying empirical mode decomposition (EMD) to the traverse phase

response and (b) the frequency content of intrinsic mode function (IMF1) and IMF2

FIGURE 7 The instantaneous frequency (IF) of Test case 1 obtained by applying the Hilbert transform (HT) to intrinsic mode function

(IMF2)
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It can be concluded that for a system without closely spaced frequency components, EMD adequately works when
there is no noise and subsequently no mode-mixing. Furthermore, if the IMF is a mono-component signal, HHT can
reveal the general trend of the time-varying IF, but due to the intrawave modulations, it cannot provide a precise time
sequence of the IF.

4.2.2 | Test case 2: Sprung mass

EMD decomposes the traverse phase signal of the second test case into six IMFs. The first two IMFs and the associated
frequency contents are shown in Figure 8a,b, respectively.

It can be seen in Figure 8b that IMF1 carries two frequency components: the first component is around 2 Hz, and
the second component is around 20 Hz. Moreover, Figure 8b for IMF2 shows two frequency peaks. The first peak is
around the bridge frequency (2 Hz), and the second one is around the vehicle frequency (3 Hz). The two main observa-
tions are as follows: (1) the bridge resonance appears in two IMFs (IMF1 and IMF2) and (2) the bridge and the vehicle
resonances are mixed and both appear in IMF2. Both phenomena are known in literature as mode-mixing.48 When
mode-mixing occurs for a system resonance, the IMFs are not mono-component signals, and as a result, the IF of the
system resonances cannot be extracted by the HT. The presence of either closely spaced frequency components or noise
has been reported as the main cause of mode-mixing.49

Rilling and Flandrini50 extensively investigated the performance of EMD to decompose a signal which is composed
of two closely spaced frequencies by means of experimental studies. They used the most general form for a discrete time
two-tone signal as follows:

x½n� ¼ a1cosð2πf 1nþψ1Þþa2 cosð2πf 2nþψ2Þ ð10Þ

Their results revealed that the performance of EMD to separate a two-tone signal depends on the frequency and the
amplitude ratio of its components. However, decomposing the bridge traverse phase response is even more complex.
The amplitude of the vehicle response measured, that is, at the bridge midspan while it is moving on the bridge is time-
dependent. The contribution of the vehicle dynamics increases as the vehicle approaches the midspan location and
decreases again as it moves away. The largest contribution of the vehicle, as can be observed in Figure 4a, appears
around 5 s as a noisy part. The time-dependent amplitude ratio can disrupt the extrema identification during the sifting
process, which makes that the two resonances are mixed and cannot be extracted as two separate IMFs by the EMD

FIGURE 8 For Test case 2: (a) intrinsic mode function (IMF1) and IMF2 obtained by applying empirical mode decomposition (EMD) to

the traverse phase response and (b) the frequency content of IMF1 and IMF2
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method. As EMD is not capable of detecting the individual frequencies in the second test case, it will not be applied
anymore to the even more complex Test case 3.

4.3 | Robust local mean decomposition

4.3.1 | Test case 1: Unsprung mass

Robust-LMD decomposes the traverse phase response of the first test case into five PFs and the associated FM and
AM signals. Similar to EMD, the first two PFs contain the relevant frequencies of the system (the bridge and the
driving frequency) and the remaining four contain spurious modes with a frequency between 0 and 2 Hz. Figure 9a
shows PF1 and PF2 which should be examined for being a mono-component signal. Figure 9b presents the fre-
quency content of PF1 and PF2. It can be seen that unlike PF2 which has one peak frequency, PF1 contains two
frequency components. The bridge resonance (around 2 Hz) appeared in both PFs which means that mode-mixing
has occurred.

4.3.2 | Test case 2: Sprung mass

Robust-LMD is applied to the traverse phase response of the second test case. The first two PFs and their associated fre-
quency spectral components are presented in Figure 10a,b. It can be seen in Figure 10b that the three frequency compo-
nents of the system appeared in the first PF. Therefore, the first PF is not a mono-component signal. Moreover, it can
be seen that the bridge frequency, a peak around 2 Hz, appeared in both PFs. This observation proves that robust-LMD
is not able to decompose the traverse phase response of the second test case.

Wang et al35 performed a comparative study on the application of LMD and EMD to rotating machinery health
diagnosis and concluded that LMD outperforms EMD. However, for the current study, EMD outperforms LMD, since
LMD encountered the mode-mixing even for Test case 1. The Matlab code for the robust-LMD function used for the
current study is published in Liu et al.33 Possibly satisfactory results could be obtained if the parameters of the robust-
LMD algorithm are tuned differently. Due to the lack of a sufficient body of research for application of LMD to struc-
tures, the cause(s) of failure cannot be further investigated and it is beyond the scope of the current work. However, it
can be concluded that robust-LMD is not a desirable technique since its performance depends on finding the proper
parameters for a specific applied signal and the system dynamics.

FIGURE 9 For Test case 1: (a) product function (PF1) and PF2 obtained by applying robust local mean decomposition (LMD) to the

traverse phase response and (b) the frequency content of PF1 and PF2
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4.4 | Continuous wavelet transform

4.4.1 | Test case 1: Unsprung mass

The previous subsections demonstrated that extracting the IF by applying HHT and robust-LMD includes two
steps: (1) decompose a composite signal into a series of the mono-component signals and (2) extract the IF of mono-
components. Unlike HHT and robust-LMD, CWT is a process of decomposing a composite signal into a weighted sum
of a series of base functions localized in both time and frequency.51 The CWT of a composite nonstationary signal there-
fore shows how the energy is spread in frequency and time.

Figure 11b shows the CWT of the first test case. It can be observed that the frequency is plotted on a logarithmic
scale. Moreover,the gray region outside the dashed white line shows where signal edge effects become significant. It is
worth to remind that the edge effect has already been observed in Figure 7 for EMD. Furthermore, Figure 11b shows
the first resonance of the system around 2 Hz, and it can be seen that the bridge resonance is presented as a blurred fre-
quency ridge as indicated by the colored horizontal bands in the spectrum. In general, the high-frequency wavelets are
very narrow, while the low ones are much broader.42 Therefore, the frequency of a broad wavelet is spread out over a
band of frequencies due to the low time resolution.44 To illustrate this behavior, the distribution of the energy (magni-
tude of the wavelet coefficients) over the frequency at the time instant 5 s is plotted in Figure 11a. The magnitudes of
the different frequencies are shown with markers so this can slightly be seen as the frequency spectrum at 5 s, which is
also represented by the color (intensities) in Figure 11b. The bridge frequency ridge is extracted by picking the peak fre-
quency at each time instant. However, the blurred time-frequency representation can disrupt the peak picking process
and may cause misinterpretation of the signal. Figure 11c shows a decent result, but it is not satisfactory for the purpose
of IF determination because of the low time resolution.

4.4.2 | Test case 2: Sprung mass

Figure 12b displays the CWT of the second test case. The bridge and the vehicle resonances are successfully detected
even though they are rather closely spaced. Again, it can be seen in Figure 12b that CWT provides a blurred time-
frequency representation. Figure 12a displays the spread of the energy over the frequencies at 5 s where the two
frequency peaks are associated to the bridge and the vehicle resonance, respectively. The frequency ridges are extracted
as explained for the previous test case and are presented in Figure 12c. Firstly, the scattered data are from the gray zone
due to the signal edge effects. Secondly, the overall trends of the two ridges match the virtual IF constructed by the
modal analysis (see Figure 2). Once the vehicle reaches the bridge midspan, the first and the second resonance of

FIGURE 10 For Test case 2: (a) product function (PF1) and PF2 obtained by applying robust local mean decomposition (LMD) to the

traverse phase response and (b) the frequency content of PF1 and PF2
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the system reach 1.8 and 3.8 Hz which exactly match with the first two resonances of the system obtained by the modal
analysis as reported in Table 2. CWT works for this test case as well. However, the low time resolution and blurred
peaks (see the distribution of the frequency components as the adjacent circles around peak values in Figure 12a)
remain as a valid intrinsic issue while using CWT to extract the low time-dependent resonances of a system. Therefore,
CWT will not be applied to the noisy traverse phase. As mentioned earlier, the ultimate goal of extracting the bridge IF
is to capture local events such as damage. Therefore, finding a time-frequency technique which provides a higher time
resolution is still demanded.

4.5 | Synchrosqueezed wavelet transform

4.5.1 | Test case 1: Unsprung mass

The synchrosqueezed transform aims to reduce the energy smearing that is observed with CWT and at the same time
preserves the time resolution.44 The time-frequency representation of the traverse phase response of the first test case is
shown in Figure 13b. Firstly, the vertical axis shows a linear frequency scale as defined by the linear scale discretization
of ω in Equation (9). The linear frequency scale provides a higher-frequency resolution for low-frequency components
in comparison with CWT. Secondly, Figure 13b shows a sharp frequency ridge. The sharp frequency ridge illustrates
that WSST reduces the energy smearing as is aimed for. Figure 13a presents the distribution of the energy over the fre-
quency at the time instant 5 s, similar to Figure 13b for CWT. It can be seen that unlike CWT, WSST shows a single
and sharp peak frequency around the bridge resonance. Moreover, it can be seen that the markers in Figure 13a are
dense unlike Figure 11a. This provides higher-frequency resolution of WSST. Finally, the moving mass introduces a
time-varying inertia and stiffness52 and subsequently causes a time-varying resonance of the system which is clearly
visible in Figure 13b,c.

FIGURE 11 For Test case 1: (a) the frequency content of the traverse phase at time instant 5 s obtained by continuous wavelet

transformation (CWT), (b) the time-frequency representation obtained by CWT, and (c) the instantaneous frequency (IF) as a time-

frequency ridge
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FIGURE 12 For Test case 2: (a) the frequency content of the traverse phase at time instant 5 s obtained by continuous wavelet

transform (CWT), (b) the time-frequency representation obtained by CWT, and c) the instantaneous frequencies (IFs) as the time-frequency

ridges

FIGURE 13 For Test case 1: (a) the frequency content of the traverse phase at time instant 5 s obtained by wavelet synchrosqueezed

transform (WSST), (b) the time-frequency representation obtained by WSST, and (c) the instantaneous frequency (IF) as time-frequency

ridge
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4.5.2 | Test case 2: Sprung mass

WSST has been applied to the second case (Figure 14). Figure 15a is the time-frequency representation of the bridge tra-
verse phase response of the second test case. It can be seen that there are two time-varying frequency components. The
first frequency component starts at 2.3 Hz (the natural frequency of the bridge). The IF reaches the minimum value
(1.8 Hz) when the vehicle is at midspan. And then, the IF returns to a value of 2.3 Hz (bridge natural frequency) when
the vehicle is at the end of the bridge.

The second frequency component coming from the vehicle dynamics is not clear enough in the time-frequency rep-
resentation of Figure 15a around the edge of the signal. Therefore, the WSST has also been applied to the VBI response
of the coupled system calculated at the moving vehicle. Figure 15c shows that the second frequency ridge starts from
3 Hz (the vehicle frequency) when the vehicle is at the beginning of the bridge; it increases to 3.8 Hz when the vehicle
arrives at midspan and again decreases to 3 Hz when it reaches the end of the bridge. Furthermore, Figure 15b,d shows
the dynamic properties of the two individual systems, that is, the bridge and the vehicle because they refer to the leav-
ing phase response, in which the two do not interact anymore. When the individual systems are coupled and interact
dynamically, the dynamic properties of the coupled system are changing, as shown in Figure 15a,c.

The objective of the study was to find a technique which provides the IF of the system precisely. The result of the
modal analysis reported in Table 2 and Figure 2 is used as th benchmark to verify and compare the results obtained by
WSST. Figure 16 shows the IFs of the second test case extracted by WSST as the thick lines and the first two
eigenfrequencies of the coupled system obtained by the modal analysis as the circles. It can be seen that apart from the
edge of the signal, the IFs match well with the benchmark results.

4.5.3 | Test case 3: Sprung mass with noise

The performance of the WSST for the noisy signal is investigated in this test case. The SNR is 10 (see Figure 17b), and
the result of applying the WSST is presented in Figure 17c. Figure 17a in comparison with Figure 14a shows that the

FIGURE 14 For Test case 2: (a) the frequency content of the traverse phase at time instant 5 s obtained by wavelet synchrosqueezed

transform (WSST), (b) the time-frequency representation obtained by WSST, and (c) the instantaneous frequency (IF) as time-frequency

ridge
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added noise has mainly affected the driving frequency peak which is reflected by its lower amplitude for Test case
3, whereas the bridge resonance frequency is not affected by the noise. Figure 17c shows that the IFs are not affected by
added noise.

4.6 | Concluding remarks of the numerical investigation

The IFs of the first test case extracted by CWT and WSST are shown in Figure 18a as the blue and the red dots, respec-
tively. As presented in Equation (8), to calculate the IF, ωx(a, b), the wavelet transform, Wx(a, b), appears in the

FIGURE 16 The instantaneous frequency (IF) of the coupled system obtained by wavelet synchrosqueezed transform (WSST) compared

with the frequencies obtained with modal analysis

FIGURE 15 For Test case 2: the time-frequency representations are obtained by applying wavelet synchrosqueezed transform (WSST)

on: (a) the traverse phase response calculated at the bridge midspan, (b) the leaving phase response calculated at the bridge midspan, (c) the

traverse phase response calculated at the moving vehicle, and (d) the leaving phase response calculated at the moving vehicle

MOSTAFA ET AL. 17 of 24



denominator. Therefore, CWT and WSST represent the frequency in logarithmic and exponential scales, respectively.
To provide consistency and reproducibility of the results, for both techniques, Matlab functions with default settings
are utilized. For a given signal, the frequency resolution depends on the number of samples, sampling frequency, time
increment, and the product of the number of voices per octave and the number of octaves. This product for the traverse
phase signal is equal to 100 for CWT and 384 for WSST. Therefore, the frequency resolution of WSST is about 3.5 times
higher than that obtained by CWT. It is worth mentioning that even if the frequency discretization for CWT increases,
the blurry issue that arises from the spread of frequencies remains valid. To investigate this issue, the settings of the
CWT function are modified to have a comparable frequency resolution for CWT and WSST for the Test case 1. Figure 19
shows the results of applying the modified CWT. By comparing Figure 12a with Figure 19a, it can be seen that by
increasing the frequency discretization for CWT, the energy distributes over more frequency components. Whereas
Figure 13a shows that for the same signal WSST squeezed, the energy at the time instant 5 s in one frequency

FIGURE 17 For test case 3: (a) the frequency content of the traverse phase at time instant 5 s obtained by wavelet synchrosqueezed

transform (WSST), (b) the time-frequency representation obtained by WSST, and (c) the instantaneous frequency (IF) as time-frequency

ridge

FIGURE 18 The instantaneous frequency (IF) of the first test case extracted by continuous wavelet transform (CWT) and wavelet

synchrosqueezed transform (WSST)
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component. Thus, the blurry issue of CWT is due to the spread of energy over several frequencies instead of a single fre-
quency component. This issue is intrinsic and will not be solved by increasing the frequency discretization.

An evaluation of the four investigated techniques is presented in Table 3. Firstly, EMD did not work for Test case
2 due to the mode-mixing. Secondly, robust-LMD did not work even for Test case 1 due to the same issue. Finally, CWT
and WSST are the two techniques which were able to capture the time-dependent resonances of the system. However,
the accuracy of the obtained IFs is different. Therefore, it can be concluded that WSST is the only method which suc-
cessfully analyses all the test cases. It can accurately capture the time-varying resonances of a noisy multicomponent
signal with closely spaced frequencies. The next section investigates whether WSST also properly performs for the field
measurement of an existing bridge, the Boyne viaduct.

5 | VERIFYING WSST BY FIELD MEASUREMENTS

The Boyne viaduct, a single track railway bridge as it exists today, was constructed in the early 1930s and consists of
15 semicircular masonry arch spans and three simply supported steel-girder spans (Figure 20). The central steel-girder
span is approximately 81 m long and has been instrumented with accelerometers and strain gauges. The strain gauges
data have been used for the response phase separation and identifying the first and the last samples of the traverse
phase. The data from the accelerometer installed at the midspan of the bridge have mainly been used for the bridge
health monitoring. The sampling frequency of the measurements is 2 kHz. The bridge fundamental frequency, 2.9 Hz,
is obtained by a frequency analysis of the bridge free vibration.

The objective of this section is to prove that WSST is able to capture the IF of the coupled system from the train-
bridge acceleration response. A detailed analysis of the IF thus obtained, that is, investigating how the dynamic cou-
pling affects the obtained IF, is beyond the scope of the present paper and will be subject of future work.

Different types of trains pass the Boyne bridge. Among a large data set of field measurements, two types of signals
are identified for two different types of single vehicles crossing the bridge, (1) a locomotive and (2) an engineering/

FIGURE 19 For Test case 1: (a) the frequency content of the traverse phase at time instant 5 s obtained by modified continuous wavelet

transform (CWT) and (b) the time-frequency representation obtained by modified CWT

TABLE 3 Evaluation of the time-frequency analysis techniques for separating and localizing the components of a multicomponent

nonstationary signal

Method Test case 1 Test case 2 Test case 3

Robust-LMD No No -

HHT Yes No -

CWT Yes Yes -

WSST Yes Yes Yes

Abbreviations: CWT, continuous wavelet transform; HHT, Hilbert–Huang transformation; LMD, local mean decomposition; WSST, wavelet synchrosqueezed

transform.
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FIGURE 21 Schematic view of (a) 201 Class locomotive and (b) the engineering train

FIGURE 20 The Boyne Viaduct railway bridge in Drogheda, Ireland

FIGURE 22 Time-frequency representation of the Boyne bridge obtained by wavelet synchrosqueezed transform (WSST) while a single

201 Class locomotive is passing over the bridge and (b) the corresponding frequency ridge

20 of 24 MOSTAFA ET AL.



maintenance train as shown in Figure 21a,b schematically. These cases most closely resemble the numerical cases
investigated.

A 201 Class locomotive has a total weight of 112.5 ton. The mass ratio between the locomotive and the Boyne bridge
is around 20%, which is similar to the mass ratio used in the numerical model. WSST has been applied to the
bridge response, and the IF is extracted. Figure 22a displays the IF in a color density plot, and the corresponding fre-
quency ridge is shown in Figure 22b where the red dashed line separates the traverse phase and the leaving phase
responses. It can be seen in Figure 22b that the IF ridge starts at 2.9 Hz, and it is decreasing as the locomotive is
approaching the bridge midspan. When the vehicle is at midspan, the IF reaches its minimum value, 2.5 Hz. As the
locomotive moves away, the IF returns again to 2.9 Hz. The last second (9–10 s) of the signal corresponds to the leaving
phase which contains the time-invariant bridge natural frequency, 2.9 Hz.

The second example is a kind of maintenance train/truck (Figure 21b). The weight of this vehicle is unknown.
WSST has been applied to the bridge response. Figure 23a displays the time-frequency representation in a color plot,
and the corresponding frequency ridges are shown in Figure 23b where again the red dashed line separates the traverse
phase and the leaving phase responses. The observations are explained in the following.

Firstly, it can be seen in Figure 23b that there are two IFs during the traverse phase. The first IF starts at 2.9 Hz,
decreases to 2.5 Hz, and comes back to 2.9 Hz, which corresponds to the bridge resonance. The second one starts at
2.9 Hz, increases to 3.4 Hz, and comes back to 2.9 Hz. Information of the vehicle is required to prove that this reso-
nance corresponds to the vehicle, but it is not available to the authors. However, considering the observations and the
results obtained from the modeled bridge in Section 4.5.2 (see Figure 15a), the second IF probably corresponds to
the vehicle resonance.

Secondly, it can be seen in Figure 24a,b that the maximum strain for the maintenance truck is less than half of the
maximum strain for the locomotive, indicating that this vehicle has a much lower weight. However, the minimum

FIGURE 23 Time-frequency representation of the Boyne bridge obtained by wavelet synchrosqueezed transform (WSST) while a

maintenance train is passing over the bridge and (b) the corresponding frequency ridges
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value that the IF reaches, for both cases, is 2.5 Hz. It can be concluded that the mass is not the only parameter which
affects the IF. Moreover, through the strain signal, Figure 24b, and the schematic view of the vehicle, Figure 21b, it can
be seen that the axles configuration and the axles distance of this vehicle are different from the locomotive (see
Figures 24a and 21a). This could therefore will be one of the other parameters which affects the time-dependent reso-
nance of the coupled system.

Finally, the overall trend of the IF obtained from the bridge response to the passing maintenance train is different
from the one obtained for the crossing of the locomotive. This is likely to be attributed to the different axles configura-
tion and subsequently, load distribution. Axle distances are identified in Cantero et al31 as an important parameter in
the dynamic response of the bridge, a statement that seems to be confirmed by the results shown here.

6 | CONCLUSION

A VBI has been simulated in ABAQUS to generate a coupled system with closely spaced frequency components and
time-varying resonances. This study aimed at performing a time-frequency analysis and extracting the IF of the system.
To capture the time-varying resonances of the system, EMD, robust-LMD, CWT, and WSST have been applied on the
traverse phase response. It has been observed that EMD is not able to decompose the traverse phase signal into a set of
mono-component signals due to mode-mixing. Although CWT is able to separate the frequency components, it cannot
accurately localize them in time and it can be concluded that:

• Robust-LMD is not able to decompose the traverse phase response into a set of purely FM signals (PFs) even for the
Test case 1 when the spectral components are not close.

• WSST has significantly enhanced CWT and has provided a sharper time-frequency representation by syn-
chrosqueezing the wavelet scale variable into the IF.

• WSST is able to extract the IF of the modeled bridge from the simulated traverse phase response, also when it con-
tains noise and closely spaced frequencies. The obtained IFs by applying WSST are well matched with the resonances
obtained for the coupled system which has been loaded statically.

• WSST is able to extract the IF of the Boyne viaduct from the VBI acceleration response of a single passing vehicle.
The time-dependent resonance of the Boyne bridge extracted from the traverse phase is in agreement with the bridge
fundamental frequency obtained from the leaving phase. It also has been shown that the bridge interacts differently
with a different vehicle, resulting in a different time-frequency representation.

The step-wise modal analysis created a benchmark to discriminate the bridge and the vehicle dynamics (see
Figure 2). The extracted frequency ridges are very well matched with the step-wise modal analysis results. The IFs of
the coupled system yield information about the bridge and the train dynamics, which can ultimately be used for
vibration-based health monitoring of bridges. A bridge is traversed during its service life by different trains with differ-
ent configurations. Although the current study proves that the IF can be extracted, which is an important first step in
the process of VBI based monitoring of bridges, it is not yet clear which train parameters affect the IF and how each of
these parameters influences the dynamic coupling between the train and the bridge. These topics are currently being
addressed in ongoing research, by modeling and analyzing the response of full length trains passing a bridge.

FIGURE 24 (a) The Boyne bridge strain response for the passage of (a) a 201 Class locomotive and (b) a single maintenance train
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