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Abstract

The natural frequencies of coupled vehicle-bridge systems change with vehicle position. These
changes are generally attributed to the contribution of the additional mass of the vehicle.
However, other mechanical properties of the vehicle influence the evolution of the vehicle-
bridge system frequencies, an aspect that has rarely been addressed. The aim of this paper is to
further explore how frequencies vary during a vehicle passage and empirically show that the
frequency shift depends also on the vehicle-to-bridge frequency ratio. The responses of a scaled
model of a vehicle traversing a bridge are measured and analysed. The signals are processed in
the time-frequency domain to assess the non-stationary and non-linear nature of the responses.
The interpretation is supported with the predictions of a coupled vehicle and bridge numerical
model. The results confirm different frequency shifts for vehicles with the same mass but
different suspension properties. Furthermore, the direct (sensor on bridge) and indirect (sensor
on vehicle) methods of extracting the bridge fundamental frequency are compared. The
implications of these findings for indirect or drive-by bridge monitoring techniques are
discussed.

Keywords
Vehicle-bridge interaction; bridge drive-by monitoring, structural health monitoring; non-
stationary system; wavelets; dynamics.

1. Introduction

Recent decades have seen the development and implementation of structural health monitoring
(SHM) approaches for the condition assessment of structures such as bridges [1-4]. Methods
include vibration-based monitoring of bridge modal parameters, which usually involve direct
instrumentation of the bridge with sensors, e.g. accelerometers to measure ambient or traffic-
induced vibration. In recent years, alternative bridge monitoring methods have been proposed
which aim to extract bridge modal parameters from the dynamic response of a vehicle passing
over the bridge [5, 6]. Such methods are referred to as indirect or drive-by bridge monitoring
[7]. All the sensing and data acquisition equipment is contained within the vehicle. The main
advantage of such an indirect method is that the vehicle does not need to stop on the bridge,
avoiding traffic disruption, and the same vehicle can be used to monitor a large stock of bridges.

Bridge natural frequencies have become one of the most commonly measured and monitored
modal parameters in vibration-based SHM due to the relative ease with which they can be
extracted for the purposes of damage detection [1, 8]. Frequencies are used as indicators of
deterioration in structural condition, based on the principle that damage will cause a (global or
local) change in the physical properties of the bridge, such as stiffness or mass, which in turn
will cause a change in the dynamic properties, e.g. natural frequencies. As bridge frequencies
of vibration are considered to remain constant in ideal conditions, any damage leads to changes
in frequencies that should therefore be detectable.



However, bridge frequencies have been found to be sensitive to environmental influences, e.g.
temperature and relative humidity, with relative frequency variations of up to and over 10%
observed [9-12]. Several researchers have investigated these effects in practice [12-15] and
highlight that operational loading conditions due to ongoing traffic also affect the frequency of
the bridge, with an increase in mass generally causing a decrease in frequency. Methods for
the filtering or removal of these environmental and operational influences have been proposed
[11]. These include input-output methods, such as regression models [16, 17], and output-only
methods, such as those derived from principal component analysis (PCA) and factor analysis
[18, 19]. More recently, in [20] an improved independent component analysis method in
frequency domain (ICA-F) was proposed and validated to extract dynamic properties for
structures with either light or high damping.

For environmental influences such as temperature, variations follow diurnal and seasonal
cycles. Reynders et al. [19] note that such changes therefore occur relatively slowly compared
to a short monitoring time period that would correspond to a single vehicle bridge crossing
event (e.g. 1.8 sto cross 40.4 m bridge span, travelling at 80 km/h). Hence, the bridge structure
would be expected to behave in a linear time-invariant fashion with respect to temperature
during this short time period. This indicates that environmental influences are of greater
significance for longer-term bridge monitoring applications than for short-term, such as
indirect bridge monitoring methods. On the other hand, the temperature influence can be
cancelled performing investigations under laboratory conditions where temperature stays
approximately constant.

However, the variation of bridge frequency during the passage of traffic across the bridge needs
to be studied in greater detail, particularly for indirect monitoring methods, which rely on the
response of the vehicle. Indirect methods currently focus on short to medium span bridges for
which vehicle/bridge mass ratios are not insignificant and time-varying interaction between the
vehicle and bridge needs to be considered. For example, Cantieni [21] reports observation of
bridge frequency shifts of up to 0.7 Hz (23%). Most importantly, the author states that in order
to explain these shifts, it is not sufficient to consider only the added mass of the vehicle; the
coupling of bridge and vehicle needs to be considered. More recently, [22] reported frequency
shifts up to 5.4% for a short span and relatively high (vehicle to bridge) mass ratio. Also, Kwon
et al. [23] showed numerically that not only does the frequency of the bridge change while the
vehicle passes, but the damping changes also. Moreover, even the shape of the mode shape
varies with vehicle position, as reported in [24] based on an experimental campaign on an
operational bridge.

In practice, the vehicle-bridge interaction (VBI) system will be time varying due to the
movement of the vehicle along the bridge, evidenced by frequency variations identified in the
literature. Traditionally the material and geometric properties of the vehicle and bridge would
be assumed to remain unchanged during the interaction. However, with the bridge and vehicle
coupled at their contact points, the entire system will change as the contact points of the vehicle
move. This means that the instantaneous frequencies of the bridge will vary with time, i.e. with
the passage of the vehicle across the bridge. This has implications for frequency monitoring
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applications, both direct and indirect, as this range of variation needs to be accounted for, in
addition to that resulting from other environmental sources.

Another level of complexity is that, not only is the response non-stationary, but also structural
behaviour is non-linear. Clear non-linear relations between the vibration amplitude and the
fundamental frequency of full-scale bridges have been reported [25, 26] and explained by the
non-linear behaviour of the supports.

This paper aims at exploring further the variation of bridge frequencies during vehicle passage.
In particular, the ultimate goal is to validate empirically that, not only is the added mass
important, but also other mechanical properties of the traversing vehicle. This is achieved with
a laboratory experiment using a scaled bridge and moving vehicle model. Under these
conditions, there are no temperature variations that influence the results. The same vehicle is
employed with two different suspension configurations. The beam response is investigated in
two manners; directly, analysing the signals from accelerometers attached to the beam, and
indirectly, examining the accelerations recorded on the vehicle. The signal processing is
performed in the time-frequency domain using the continuous wavelet transform, in order to
inspect the non-stationary and non-linear nature of the responses. The signal processing shows
clear energy maps in time-frequency because of the use of one particular wavelet basis and
combined with a convenient normalization strategy. Furthermore, interpretation of the results
is aided with the support of a numerical model.

The paper is organized in the following way: Section 2 introduces the methods used, namely
the experimental set-up, continuous wavelet transforms and the numerical model. Section 3
analyses the free-vibration responses of each of the subsystems separately, i.e. beam and
vehicles. Section 4 examines the acceleration signals from the coupled response to quantify the
frequency shift for each vehicle. This is done separately for direct measurements (sensor on
the beam) and indirect measurements (sensors on the vehicles). The implications of these
results on drive-by monitoring techniques are discussed in Section 5.

2. Methods

This section provides an overview of the experiments and tools used throughout this study.
Section 2.1 describes the experimental set-up, giving details on the tested beam, traversing
vehicle and instrumentation used. Section 2.2 briefly discusses time-frequency analysis of
signals and introduces the continuous wavelet transform. Section 2.3 presents the numerical
model used to evaluate the frequency evolution of the coupled vehicle and bridge system.

2.1.  Experimental set-up
The experimental setup in the laboratory consisted of a scaled vehicle-bridge interaction model,

shown in Figure 1. A two-axle vehicle model was moved across a simply supported beam at
constant speed. Multiple vehicle crossings were measured for two different sets of suspension



properties for the vehicle. The responses of the beam and the traversing vehicle were recorded
simultaneously.
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Figure 1: Experimental bridge and set-up; (a) Laboratory setup (b) Elevation of setup (c)
Beam cross-section (units in mm).

2.1.1 Beam

A simply supported steel beam of span 5.4 m was adopted as the bridge model. This
configuration was achieved using a pinned support at the beam entrance Figure 2(a) and with
the roller (Figure 2(b)) located at the opposite end. All experimental bridge properties are given
in Table 1. The first natural frequency of the beam was identified from free vibration tests as
2.69 Hz and this is discussed in greater detail in Section 3.1.



(b)

Figure 2: Beam support conditions (a) pinned support (b) roller support

Table 1 Beam properties

Property Value Unit
Span length, L 5.4 m
Modulus of elasticity, E 226 x 10" N/m?
Second moment of area, / 577x107 m*
Material density, p 7800 kg/m?®
Cross sectional area, A 6.7x10% m?
2.69 Hz

Frequency of 1% bending mode, .

2.1.2 Vehicle

A two-axle model vehicle, shown in Figure 3, travelled across the beam at a constant speed,
along the tracks shown in Figure 1(c), controlled by an electric motor and pulley system
(Figure 4). A speed of 0.93 m/s was used in this investigation, equivalent to a full-scale vehicle
speed of 20 km/h for an equivalent 40.4 m bridge. Scaling was based on a dimensionless speed
parameter as outlined in [27]. The vehicle model had an adjustable configuration, enabling the
variation of suspension properties during experiments; the axle stiffness could be adjusted by
changing the suspension springs. The properties of the two vehicle configurations selected for
this experimental programme are given in Table 2. The listed suspension properties correspond
to updated stiffness values of the numerical models (Section 2.3) that best matched the
measured free vibration frequencies of the vehicles (see Section 3.2). The axle spacing and

track width for both models were 0.4 m and 0.2 m respectively.



Figure 4: Vehicle propulsion system (a) Electronic controller (b) pulley wheel (c) motor and
pulley cable (d) cable hook/hitch on vehicle

It is important to note that the total mass (21.35 kg) and distribution to each axle is the same
for each vehicle. Therefore, although the frequencies of vibration for vehicles V1 and V2 will
differ due to the selected suspension spring stiffness, each model has the same mass ratio with
the experimental bridge. Based on mass properties given in Table 1 and Table 2, the mass ratio
can be calculated as 7.6%.



Table 2 Experimental vehicle properties

Property Vehicle VI Vehicle V2 Unit
Mass, m 21.35 kg
Moment of inertia, I, 0.38 kg m*
Wheelbase, d 04 m
Speed, v 0.93 m/s

Front suspension stiffness, k; 2546.0 4075.5 N/m
Back suspension stiffness, k, 4341.5 6944.5 N/m
First frequency, fy 1 2.87 3.61 Hz
Second frequency, fy » 3.83 3.96 Hz

2.1.3 Instrumentation

The beam was instrumented with three Kyowa AS-1GB accelerometers (Figure 5(a)), with
rated capacities of +£9.807 m/s? (+1 g). Two accelerometers of the same model were installed
on the vehicle, one at the centre of each axle, to monitor its bounce and pitching motions, shown
in Figure 5(b). A pair of strain gauges attached to hanging adhesive tape, as indicated in
Figure 5(b), were utilised to identify vehicle entry and exit on the beam. Upon entry or exit of
the vehicle, the tapes collided with a physical obstacle that produced distinct strain signals,
which allowed the precise definition of entry and exit times. Two TML DC-104R dynamic
strain recorder units, fitted with BA104 battery packs, were used for data acquisition and power
supply; one stationary unit for the beam while the second unit was fitted to the vehicle. Vehicle
measurements were monitored remotely during experiments via a wireless LAN connection;
the recorder was connected to a SX-2500CG wireless Ethernet adapter by Silex Technology
for this purpose (Figure 3). DC-7630 Dynamic Strain Recorder measurement software by TML
was used for monitoring and collection of measured data during experimental testing. A
sampling frequency of 100 Hz was used in all experiments.
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Figure 5: Sensors of experimental set-up: (a) accelerometer on beam (b) accelerometers and
strain gauges on vehicle



2.2.  Time-frequency analysis

It is common practice to analyse the responses of dynamical systems using the Fast Fourier
Transform (FFT). However, this approach is inadequate when processing non-stationary and/or
non-linear responses, characterized by significant variations in frequency content during short
periods of time. The Continuous Wavelet Transform (CWT) is a better-suited tool, which offers
a description of the frequency content in the time-frequency plane. It is a widely popular tool
that was developed over three decades ago and many examples of its use can be found in the
literature. For a comprehensive mathematical description of the CWT, the reader is referred to
[28]. In summary, the CWT analysis results in a map of coefficients in the time-frequency
plane derived from comparison of scaled and shifted versions of a basis function with the signal
under investigation. There exists a wide variety of possible basis functions to be used and the
final choice depends on the type of problem and the purpose of the analysis. The Modified
Littlewood-Paley (MLP) basis is used in this study, which was first presented in [29]. This
orthogonal wavelet basis was developed to optimize both the time and frequency localization
properties simultaneously. Therefore, this study uses the CWT together with the MLP basis to
analyse the measured accelerations from the laboratory experiment during free vibration
(Section 3) and forced vibration (Section 4). This particular tool and basis is chosen because of
its capacity for studying vehicle-bridge interaction problems, as shown for numerically
generated responses in [30] and measured accelerations of a railway bridge during train passage
in [31]. An inherent limitation of wavelet analysis is the so-called edge effect, which leads to
unreliable results near the start and end of the signals. This problem can be corrected as
suggested in [32] extending the signals using an autoregressive moving average model.
However, in this study the analysed signals have been zero padded to move the influence of
the edge effect sufficiently far away. This simple approach is deemed sufficient because all the
measurements in this study have negligible energy at start and end of the signal. It is
acknowledged that many other time-frequency tools are available (e.g. Short-Term Fourier
Transform, Hilbert Huang, S-Transform) but these will not be discussed further here.

It is convenient to clarify two aspects of wavelet analysis relevant to the current research. First,
the results from CWT are in terms of shift and scale parameters. While shift is directly
proportional to time, there is no direct relationship between the scale parameter and frequency.
Instead, it is possible to define a pseudo-frequency for each value of the scale parameter [31].
Strictly speaking, frequency and pseudo-frequency are not the same, but in practice these
concepts are equivalent; hence only the term frequency is used throughout the remaining text.
Second, the wavelet coefficients are normalized in terms of the instantaneous energy, which
has been proven to be an effective strategy to improve the interpretation of energy maps [24].
This normalization removes the small variations due to varying levels of energy content in the
signal and provides a clearer picture of how the energy content evolves in the time-frequency
plane.

2.3. Numerical model



The experimental set-up is recreated numerically using a vehicle-bridge interaction model. The
chosen numerical model is portrayed in Figure 6, a planar representation of a vehicle traversing
a simply supported beam. The vehicle consists of a 2-DOF model with dissimilar suspension
stiffness properties, as is the case for the experimental vehicle. The beam is described as an
Euler-Bernoulli beam modelled using a finite element formulation. The equations of motion of
both subsystems are defined separately in matrix form. As the vehicle moves along the beam,
the systems of equations are coupled together accordingly, depending on the vehicle’s position.
Similar numerical models and solution procedures have been extensively used and reported in
VBI literature. [27] provides a detailed description of the equations of motion and coupling
procedure for precisely the same model. The particular numerical values of the model
parameters are listed in Table 1 and Table 2.
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Figure 6: Sketch of vehicle-bridge interaction model

The numerical model is used in this study to estimate the system frequencies evolution during
the vehicle’s passage. In this sense, the model is used only to establish the coupled system of
equations of motion for different vehicle positions. One eigenvalue analysis provides the
“instantaneous” frequencies and, when repeated for each vehicle position, it is possible to
retrieve the system frequencies and monitor their evolution. In order to simplify the
interpretation of the results, damping is neglected in the present study and an un-damped modal
analysis is performed. This assumption is reasonable since the particular damping ratios of the
bridge and vehicles have been shown to be small [27].

3. Free vibration

In this section, analysis of free vibration tests carried out independently on the experimental
bridge and vehicle models is presented. The purpose of this testing was to identify the
properties of each independent dynamic system prior to analysing the effect of vehicle-bridge
interaction on the dynamics of the coupled system. Furthermore, this testing enabled analysis
of the results in the time-frequency domain, providing some important observations, which
have implications for vehicle-bridge interaction/forced vibration presented in Section 4.

3.1. Beam

The free vibration response at mid-span of the experimental bridge is shown in Figure 7(a). As
the focus of this experimental investigation was the evolution of frequency during dynamic
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vehicle-bridge interactions, initially the bridge acceleration free vibration signals such as this,
were studied in the time-frequency domain, as shown in Figure 7(b). This is carried out by
processing the accelerations using the Continuous Wavelet Transform (CWT) with the
Modified Littlewood-Paley (MLP) basis, and normalising the resultant wavelet coefficients by
the instantaneous energy for each point in time. This normalisation is important as it delivers a
better visualisation of the evolution of the frequency content. Note that in Figure 7(b) and
similar figures, the colour white indicates areas equivalent to zero, or low, energy levels while
dark red indicates areas equivalent to high energy levels.

The acceleration signals have been zero padded by a length of 2 seconds at each end.
Figure 7(b) shows grey shaded areas that indicate the regions, or cone of influence, where the
results are not so reliable due to the edge effects associated with the CWT. Note that the high
values observed in the CWT before 5s and after 20 s have no physical meaning. They are
simply artefacts due to the normalization and small magnitude of the signals at those times.
Studying the free vibration in the time-frequency domain, comparing Figure 7(a) and
Figure 7(b), it can be seen that the frequency changes slightly during free vibration, depending
on the vibration magnitude i.e. the frequency increases as the vibration amplitude decreases.
This clearly shows that the beam response on its own is non-linear. The reasons for this might
be material non-linearity, with a larger influence from support non-linear behaviour. Similar
non-linear responses have been reported on full-scale bridges before, for instance in [25] and
[26].

@) 1

(b)

[y}

FPzeudo-Frg (Hz)
o E= m

A

—_

Time (=)
Figure 7: Beam free vibration; (a) acceleration signal; (b) normalised CWT analysis (shaded
areas = edge effects, cone of influence)
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The same bridge acceleration signal can also be studied in the frequency domain only. The
acceleration signal is processed using the Fast Fourier transform (FFT) to give the Power
Spectral Density, which is plotted in Figure 8(a) and indicates that the beam’s fundamental
frequency in free vibration is 2.69 Hz (indicated by dashed blue lines in Figure 8). However,
as can be seen in the time-frequency decomposition in Figure 7(b), the frequency does not
remain strictly constant during free vibration. Thus, studying the signal in the frequency
domain only as per Figure 8(a) would not provide an accurate representation of the bridge
behaviour. Therefore, to further investigate the relationship between the amplitude of vibration
and fundamental frequency, the acceleration signal is analysed with the Hilbert transform; a
description and example of usage of the Hilbert transform can be found in [25].

The original signal is band-pass filtered around 2.69 Hz with a total band width of 4 Hz. Then,
the Hilbert transform is performed. The magnitude of the Hilbert transform provides an
estimate of the instantaneous amplitude of the signal. Figure 8(b) shows the obtained
instantaneous amplitude, to which an exponential curve is fitted (red curve in Figure 8(b)) to
smooth out the result. It is also possible to obtain the instantaneous frequency from the Hilbert
transform. This is shown in Figure 8(c) and a quadratic curve is fitted to the results. Finally,
the non-linear relationship between frequency and amplitude is given in Figure 8(d) based on
the fitted results. As a reference, the extracted frequency from the PSD in Figure 8(a) is also
shown as a blue dashed line. The mass of the system does not change in free vibration, which
indicates that the stiffness of the beam system increases as the vibration amplitude decreases.
This increase is caused by friction at the support (boundary) conditions and is not insignificant
- the frequency range of 2.65 Hz to 2.8 Hz represents a change in frequency of up to 5.7%.
These variations in frequency due to non-linear effects need to be accounted for when studying
the forced vibration in Section 4.
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Figure 8: Beam free vibration; (a) PSD; (b) instantaneous amplitude; (c) instantaneous
frequency; (d) non-linear frequency to amplitude relation (dashed blue line = extracted
frequency; solid black line = Hilbert transform results; solid red line = fitted curves)

3.2.  Vehicles

Following the analysis of the bridge free vibration response, it is beneficial and convenient to
study the acceleration response in free vibration of the experimental vehicle models in the time-
frequency domain, enabling a clear identification of the vehicles system’s frequencies. Similar
to the bridge accelerations, the vehicle’s acceleration signals have been zero padded by a length
of 4 seconds at each end. For the free vibration of the experimental vehicle model V1 (see
Figure 9(a)), if only the acceleration spectrum of the signal is obtained, as shown in Figure 9(b),
then only one single frequency can be extracted, which is 2.88 Hz. However, it is expected that
the experimental model response should exhibit two main frequencies corresponding to bounce
and pitch motions. These two separate frequencies can be clearly identified if the free vibration
response is studied in the time-frequency domain as shown in Figure 9(c). Extracting the
vehicle system’s frequencies based on this figure gives values of 2.87 Hz and 3.83 Hz,
corresponding to bounce and pitch respectively. During the early part of the free vibration (up
to 85s), the first mode (2.87 Hz) dominated the response; this is reflected in Figure 9(c).
Following this period, most of the energy of the signal was dissipated by the inherent
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suspension damping. However, the vehicle continued to vibrate with low amplitude until
around 12 s, with its response dominated by its second mode (3.83 Hz). Due to the low
vibration amplitude, this frequency does not appear in Figure 9(b). However, due to the
normalisation by the instantaneous energy it is possible to see both frequencies clearly in
Figure 9(c).
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Figure 9: Vehicle V1 free vibration: (a) acceleration signal; (b) PSD; (c) normalised CWT
analysis (dashed lines = extracted frequencies; shaded areas = edge effects, cone of influence)

The processed free vibration acceleration responses of vehicle model V2 are shown in
Figure 10. Unlike the spectra obtained for vehicle V1 (Figure 9(b)), here it is possible to
estimate the vehicle frequencies as 3.61 Hz and 3.96 Hz directly from the peaks in the free
vibration acceleration spectra signal (Figure 10(a)). Therefore, for this particular vehicle
model, it is not strictly necessary to show the results in the time-frequency domain. However,
the wavelet analysis still produces some interesting results, shown in Figure 10(b). Comparing
this figure with Figure 9(b), it can be observed that two clear distinct bands, one for each
vehicle frequency, do not appear. Instead, the cancelling points of the beat wave resulting from
closely spaced frequencies can be appreciated. The duration between these cancellation points
is approximately 2.9 s, which corresponds to the inverse of the difference between frequencies,
namely 0.35 Hz.
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Figure 10: Vehicle V2 free vibration: (a) PSD; (b) normalised CWT analysis (dashed lines =
extracted frequencies; shaded areas = edge effects, cone of influence)

The extracted free vibration frequencies of V1 and V2 were used to perform model updating
of the vehicle numerical models. In particular, the suspension properties (listed in Table 2)
were updated to match their corresponding free vibration frequencies.

4. Forced vibration

The dynamic responses of both the vehicle and the bridge during the vehicle crossing, i.e. under
forced vibration, are quite different to those observed under free vibration and are analysed in
this section. As the vehicle crosses over the bridge, there is a dynamic interaction between
them, i.e. their dynamic responses are coupled via the wheel contact points. This results in a
time-varying vehicle-bridge dynamic interaction system, as opposed to the independent
dynamic sub-systems analysed for free vibration in Section 3. It follows that the modal
properties of the overall system will vary as the vehicle changes position as it crosses the
bridge. The observed frequencies of both subsystems (vehicle and beam) will undergo
corresponding changes. In order to analyse these changes, similar to Section 3, vehicle and
bridge acceleration responses under forced vibration due to a vehicle crossing are processed
here using the fast Fourier transform (FFT) and further analysed in the time-frequency domain
via CWT.

4.1. Beam

Examples of the processed spectra for the vehicle-induced bridge mid-span acceleration
response are shown in Figure 11. Figures 11(a) and (b) correspond to one crossing of vehicle
V1, while Figures 11 (c) and (d) correspond to one crossing of vehicle V2. For each vehicle,
the bridge acceleration spectra show a series of peaks that do not correspond to the frequencies
of the Beam (B) and vehicles (V) extracted during free vibration (shown as dashed vertical
lines).
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Studying these signals in the time-frequency domain, the CWT responses illustrate the evolving
energy content. The calculated frequency evolutions obtained from the numerical model
outlined in Section 2.3 are superimposed here using dashed lines. There is no perfect match
between the experimental measurements and the instantaneous frequencies predicted by the
numerical model, but the trend of both with time is similar. In particular, the fundamental
frequency of the bridge clearly changes during forced vibration, and that change follows the
same trend as predicted by the numerical model, with the largest deviation occurring between
5 and 6 seconds when the vehicle is passing over the bridge’s mid-span. It is also of note in the
experimental response that during free vibration, following the vehicle exit from the bridge,
the bridge vibration follows the increasing trend observed earlier in Figure 7(b).
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Figure 11: Beam mid-span response in forced vibration; (a) PSD for V1; (b) normalised CWT
for V1; (c) PSD for V2 (d) normalised CWT for V2.

In the laboratory experiment, each vehicle crossing was repeated five times, providing five
bridge measurement sets for each vehicle model. The acceleration signals of the beam at mid-
span have been analysed in the time-frequency domain via the normalized CWT and are
presented in Figure 12. The CWT was performed exclusively in a frequency range (2 to 3 Hz)
near the bridge fundamental frequency while the number of evaluated scales was increased to
provide a clearer frequency resolution. The CWT coefficients are shown here for the time
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instant when the centre of gravity of the vehicle is at mid-span, which corresponds to the
situation where maximum frequency shifts can be expected. This figure also shows the
smoothed average CWT coefficients for each vehicle. The dashed vertical line in Figure 12
corresponds to the reference fundamental frequency of the beam extracted in free vibration (see
Figure 8(a)), while the shaded area corresponds to the expected possible range of values of the
fundamental frequency according to the amplitude-frequency relation obtained in Figure 8(c).
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Figure 12: CWT coefficients at the moment of maximum frequency shift (thin solid lines =
individual crossing; thick solid lines = smoothed average result for each vehicle; dashed line
= beam’s fundamental frequency in free vibration; shaded area = variability due to non-
linearities)

Therefore, Figure 12 can be used for the purposes of analysing the maximum deviations from
the reference bridge fundamental frequency. It can be seen from this figure that each vehicle
produces a different frequency shift despite their masses being the same. The average results
indicate that the bridge’s frequency is 2.43 Hz for V1 and 2.48 Hz for V2 at the time instants
when the vehicles are crossing the mid-span. The vehicle V1 produces the larger frequency
shift (a decrease of 9.69 %) compared to vehicle V2 (a decrease of 7.84 %). This can be
attributed to the frequency ratio, defined as the ratio of the lowest vehicle frequency to the
bridge’s fundamental frequency in free vibration. As shown in a previous numerical study [30]
for a 1-DOF vehicle crossing a beam, larger shifts in the bridge frequency are expected for
frequency ratios closer to one. In other words, when there is a closer match between bridge and
vehicle frequencies, there exist larger frequency shifts due to the coupling of the two
subsystems.

In order to assess the influence of the frequency ratio for the particular configuration of this
experiment, the results from the numerical model and the experimental results are compared in
Figure 13. Firstly, the figure shows the beam’s fundamental frequency in free vibration as
obtained in Section 3.1. This is the reference frequency and the target for the drive-by system
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analysing the vehicles’ accelerations. However, due to the coupling effects between bridge and
vehicle the process is non-stationary and leads to varying frequencies for every new vehicle
position. The maximum frequency shifts were obtained experimentally for each vehicle and
plotted in Figure 13 in terms of each vehicle’s frequency ratio. Additionally, the maximum
frequency shift is calculated numerically using the model presented in Section 2.3. The
suspension properties of the vehicle are scaled within a range of values, while keeping the ratio
between front and back suspension stiffness constant. By doing so, the resulting numerical
models included the two particular models that described vehicles V1 and V2.
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Figure 13: Comparison of experimental and numerical results

The direct comparison of experimental and numerical results in Figure 13 shows poor
agreement but a similar trend. The disagreement between results can be attributed to the relative
simplicity of the numerical model and to minor discrepancies with the numerical properties
used for modelling the physical beam and vehicles. For these reasons, the numerical results
should be regarded only as indicative on how the frequencies might change with frequency
ratio.

4.2.  \Vehicle

Figures 14(a) and (b) show the CWTs of vehicle V1 and V2 accelerations respectively,
recorded over axle 2 for one bridge crossing each. These responses correspond to Figures 11(b)
and (d) respectively for the numerical model. The results show that during forced vibration,
these acceleration signals contain some information about the bridge’s frequency, with a clearer
match observed between the numerical model and experiment for vehicle V1. In addition, it
could be argued that some frequency shift is observed for the vehicle frequencies. However,
the results in general are not so clear, with occurrence of some frequencies in the CWT response
that were not observed in earlier tests. These can be attributed to the effects of the surface
profile, the propulsion system on the vehicle and other sources of noise. After the vehicle has
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left the bridge, the propulsion system is shut off and the vehicle abruptly comes to rest. The
corresponding time histories after 12 s in the CWTs for each vehicle show clear bands
indicating the free vibration frequencies of the vehicles, observed earlier in Figure 9 and
Figure 10.
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Figure 14: CWT of vehicle acceleration; (a) V1; (b) V2
5. Discussion

The frequency evolutions in time and frequency observed in the results presented in this paper
highlight important aspects that should be considered in the field of vehicle-bridge interaction
(VBI) dynamics. It is most relevant for vibration-based bridge monitoring approaches that rely
on vehicle excitation. Although there is an awareness of the time-varying nature of VBI, this
is generally attributed to the contribution of the added mass of the vehicle on the bridge.
However, this study has shown that vehicles of the exact same mass passing over the same
bridge at the same speed but with different suspension properties will cause different frequency
shifts of the bridge’s fundamental frequency. Hence, frequency shifts depend, not only on the
mass, but also on other mechanical properties of the vehicle. In this study, the magnitudes of
these shifts are also greater than those frequency shifts expected due to the driving frequency
(xv/2L in Hz) [5]. Therefore, any indicator of structural performance based on dynamic
properties needs to be more sensitive to the bridge condition than to the variation in system
dynamics highlighted by these frequency shifts. Furthermore, different vehicles or variation in
the total number of vehicles on a bridge will change the frequency shift, with the measured
bridge frequency falling within a potential range of shifted frequencies around the bridge’s
fundamental frequency. However, if this range can be identified for a particular bridge, it may
be possible to overcome the effect of the shift. Further work is required in this regard.

This also highlights a significant challenge for indirect (or drive-by) bridge monitoring
approaches that aim to identify the bridge frequency or bridge dynamic parameters from the
vehicle’s acceleration responses. Similarly, different instrumented vehicles will cause different
frequency shifts, even before considering the effect of additional traffic (i.e. more than one
vehicle) on the bridge. If a priori information about the bridge or free vibration measurements
are unavailable (before the initial pass over the bridge), a drive-by monitoring system would
have difficulty in extracting bridge parameters without some additional form of excitation. The
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authors believe that the cost of additional excitation, or the time-related cost required in
obtaining information about the bridge dynamic response, starts to become prohibitive for
drive-by approaches relative to periodic visual inspections and thus the benefit of a fast,
preliminary bridge condition screening may be lost. However, a drive-by system using a single
calibrated vehicle could potentially be used to monitor changes in a coupled VBI dynamic
response. This is done for instance in [33, 34] by monitoring the vehicle response before, during
and after a bridge crossing. Another promising solution is the development of the analytical
formula, as suggested in [35], for a vehicle passing over the bridge in order to remove the
effects of the frequency variation caused by VBI.

The results presented here confirm the effect of the vehicle suspension properties on the bridge
frequency. However, the direct applicability of the results is limited because of the site-specific
nature of the problem and the chosen scaling of the experimental models. For these reasons,
the numerical values cannot be simply extrapolated to any vehicle-bridge system. Nevertheless,
the findings are still valid and relevant. The effect of suspension properties is case specific, but
strongly correlated to the mass and frequency ratios between vehicle and bridge. The
experimental results ratify that larger frequency shifts can be expected for frequency ratios
closer to one, as the theoretical and numerical analysis had indicated. On the other hand, the
particular results presented here are based on scaled models. The scaled beam represents a
40.4 m long steel bridge described in [36], with a total bridge mass of 305 tonnes and
fundamental frequency of 2.33 Hz. With this information, it is possible to obtain the properties
of an equivalent full-scale vehicle maintaining the mass and frequency ratios of the scaled
experiment. The equivalent full-scale vehicle would correspond to a 23 tonnes 2-axle vehicle
with frequencies 2.49 and 3.32 Hz. This vehicle might be unrealistic in terms of gross vehicle
weight but not far from a plausible worst-case scenario vehicle.

Finally, future investigations should further explore the non-linearity of bridge vibrations. It
might be desirable to widen the extent of amplitudes in which the non-linear relation is defined.
In other words, to increase the maximum amplitude of the accelerations of the beam in free
vibration, obtaining a broader definition range of the bridge non-linearity.

6. Conclusion

This paper investigated, in a laboratory experiment, the evolution of bridge frequencies during
the passage of a vehicle. The results validate and quantify the effect of the vehicle to bridge
frequency ratio on the shift of the fundamental frequency of the beam. This was achieved by
investigating the responses for two different vehicle stiffness configurations while maintaining
the same mass ratio. The results confirm that it is not only the added mass that is important in
the coupling of vehicle-bridge systems, but also the mechanical properties of the traversing
vehicles. The experimental results show that the vehicle with a frequency ratio closer to unity
produces larger shifts of the bridge’s frequency. This conclusion is in line with the predictions
and trends observed in numerical simulations.
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Furthermore, it has been argued and shown that the responses are not only non-stationary, but
also non-linear. It has been demonstrated that such a response must be analysed in the time-
frequency domain. Here, the processing of the measured signals provided clear representations
of evolution of the energy content that resembled the numerical predictions. This was
accomplished using the continuous wavelet transform with the Modified Littlewood-Paley
basis, together with a normalization strategy in terms of the instantaneous energy.

Moreover, the experimental responses were investigated in free-vibration (uncoupled system)
and forced-vibration (coupled system), as well as directly (beam responses) and indirectly
(vehicle responses). It was shown that time-frequency signal processing of the signals in free
vibrations aids extraction of the system frequencies and offers valuable information about
possible non-linearities. On the other hand, the analysis of the direct measurements offered
much clearer frequency evolution descriptions compared to the indirect measurements. This
highlights the difficulties faced by any technique that aims at extracting the bridge frequency
from a passing vehicle.

The results are particularly relevant for indirect or drive-by monitoring techniques. Further
investigations are required in order to understand how the frequencies change and to propose
correction strategies on the inferred modal properties extracted by traversing vehicles.
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