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Abstract: The use of an instrumented scanning vehicle has become the center of focus for bridge
health monitoring (BHM) due to its cost efficiency, mobility, and practicality. However, indirect
BHM still faces challenges such as the effects of road roughness on vehicle response, which can be
avoided when the vehicle is in a stationary condition. This paper proposes a baseline-free method
to detect bridge damage using a stationary vehicle. The proposed method is implemented in three
steps. First, the contact-point response (CPR) of the stationary vehicle is computed. Secondly, the
CPR is decomposed into intrinsic mode functions (IMFs) using the variational mode decomposition
(VMD) method. Finally, instantaneous amplitude (IA) of a high frequency IMF is computed. The
peak represents the existence and location of the damage. A finite element model of a bridge with
damage is created. The results show that the method can identify the damage location under different
circumstances, such as a vehicle with and without damping, different speeds of the moving vehicle,
different sizes of damage, and multiple damage. A higher speed was found to provide better visibility
of damages. In addition, smaller damage was less visible than wider damage.

Keywords: contact-point response; finite element method; intrinsic mode functions; instantaneous
amplitude; variational mode decomposition; signal processing; stationary vehicle

1. Introduction

Regular monitoring of bridges is crucial for bridge safety because it provides an early
warning for authorities to take pre-emptive measures to avoid bridge collapse. Aging
bridges, which make up a big portion of the current in-use bridges, pose a high risk of
collapse because they are more susceptible to deterioration and damage [1]. Furthermore,
the increasing traffic loads in the last decades have exceeded the intended design load
capacity of those bridges [2]. Therefore, developing damage detection methods has become
of a great concern to authorities and decision makers.

Vibration-based damage detection methods have been used extensively for bridge
health monitoring (BHM). Bridge vibration signals carry useful information about the
dynamic properties of the bridge. The change in dynamics properties of the bridge indicates
structural damage and deterioration. Direct BHM requires each bridge to be equipped
with a sensory system network of many accelerometers and date loggers in order to record
the vibration data. Thereafter, the collected data go through signal processing to assess
the health state of the bridge [3]. This method is called the direct method because the
sensors are installed directly on the bridge. It is obvious how this method is costly and
impractical to be used for the bridge network in a country [4]. Therefore, another method
called the indirect method has been proposed to overcome the drawbacks of the direct
method. The indirect method first emerged when Professor Yang YB proposed the use of
an instrumented vehicle to record the bridge vibration [5]. They proved the feasibility of
extracting bridge frequency using the scanning vehicle by theoretical derivation and finite
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element (FE) modelling. Soon after, Lin and Yang [6] proved the feasibility of extracting the
bridge frequency from a moving vehicle in a field test. In the last two decades, the research
focus of vibration-based BMH has been shifting towards indirect means that require only an
instrumented vehicle to record the vibration signal of the bridge. It has been demonstrated
that the indirect method is more effective and less costly than the direct method [7,8].
Plenty of research has been conducted to investigate the factors and challenges that are
encountered when a vehicle is used to scan a bridge vibration. Analytical studies such
as FE simulations and experimental studies such as laboratory and field tests have been
widely used to study the indirect method.

Thorough review papers have been published discussing the accomplished progress
of the indirect method [7–9]. Nevertheless, it is essential to view past research discussing
the indirect method and the difficulties encountered when using the scanning vehicle.
For example, in a field test experiment, Oshima, Yamaguchi [10] suggested using a heavy
vehicle to obtain better visibility of the bridge frequency. Yang, Chang [11] proposed
an advanced signal processing technique to detect higher modes of frequency of the
bridge employing numerical simulation and field test experiments. González, O’brien [12]
pointed out to the challenge of road roughness, which corrupts the recorded signal of the
scanning vehicle. They proposed the use of data collected from accelerometers fixed on
specific vehicle types to estimate the road roughness profile of the road. Kim, Isemoto [13]
concluded that a higher vehicle speed would provide larger amplitude frequency peaks,
but at the same time, a higher speed would provide low spectral accuracy due to road
roughness. In fact, several studies have indicated the negative effects on the recorded
signal of the scanning vehicle [8,9,14–16]. Yang, Li [17] proposed the subtraction of the
acceleration spectra from two connected vehicles to remove or reduce the effects of road
irregularities. Malekjafarian and O’Brien [18] proposed the use of frequency domain
decomposition (FDD) as a more accurate alternative to fast Fourier transform (FFT) for
bridge frequency identification in the presence of road roughness. In their review paper,
Yang, Yang [9] emphasized the challenge by the road surface profile on the extraction
of the bridge dynamic properties. They also highlighted the influence of the vehicle’s
own frequency on the recorded signal by the vehicle. The vehicle’s own response could
overshadow bridge vibration, which would misrepresent the dynamic properties of the
bridge. Yang, Zhang [19] derived a formula to compute the contact-point response from
the response of the scanning vehicle. They demonstrated that the contact-point response
could eliminate the vehicle response, which pollutes the recorded signal. Although the
contact-point response has provided a more accurate response for the bridge, it still does
not solve the issue of road roughness. Yang, Xu [20] examined the use of the scanning
vehicle in a stationary condition. They concluded that the stationary vehicle showed a
higher mode of frequency and better visibility of bridge frequency than the vehicle in a
moving condition. They mentioned that a stationary vehicle was not subjected to road
roughness effects, thus providing better visibility than the moving vehicle. Hashlamon,
Nikbakht [21] computed the contact-point response of a stationary vehicle in a numerical
simulation study considering different scenarios. They demonstrated how the contact-point
response of the stationary vehicle was almost identical to the bridge response taken form a
fixed sensor on the bridge. As the scanning vehicle encounters road roughness challenge
while passing over the bridge, it is advised that the scanning vehicle should be investigated
while it is in a stationary position [22]. Therefore, this paper introduces the use of a vehicle
in a stationary condition for damage detection. This paper suggests that when BHM is
conducted using the scanning vehicle, not only should the vibration of the moving be
used, but the vibration of the vehicle in a stationary condition should also be considered.
This paper demonstrates how the scanning vehicle in a stationary position can be used for
bridge damage detection.

When it comes to damage detection, bridge damage can be classified into four levels.
The first level is the identification of damage existence, the second is determining the dam-
age location, the third is determining the severity of the damage, and finally, estimating the
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remaining life service of the bridge [23]. The indirect method has been used extensively
covering different levels of damage detection using a variety of methods. For example,
Corbally, Malekjafarian [24] and Singh and Sadhu [25] used the scanning vehicle to detect
the existence of bridge damage without determining the damage location. Meanwhile,
ElHattab, Uddin [26] and Janeliukstis, Rucevskis [27] employed the indirect method to
determine the damage and its location; however, they did not estimate the severity of the
damage. Bandara, Rajeev [28] were also able to determine the damage location on the
bridge using the scanning vehicle. They attempted to determine the severity of the damage,
but they acknowledged that defect severity cannot be obtained by the proposed method.
Other studies such as Kim, Isemoto [29] used a scale bridge model to examine the efficiency
of using a scanning vehicle for damage detection in short span bridges. They managed to
detect damage location and severity using a method that relies on prior information of the
undamaged bridge. In fact, among the proposed methods, most of the techniques require
baseline information about the healthy state of the bridge to be able to detect damages.
However, prior information about most bridges is usually not available [30]. On the other
hand, there are some proposed techniques that do not require prior information of the
intact bridge, such methods are called baseline-free methods. Baseline-free methods are
based on advanced signal processing techniques to identify damage without the need to
refer to prior response of the healthy state bridge [31], where damage is often identified
as irregularities or peaks at the damage location. In fact, signal processing techniques
have been employed for baseline-based and baseline-free damage detection. For example,
wavelet transform (WT) techniques have been widely used to detect damage while relying
on prior information of the intact bridge [32–34]. Furthermore, OBrien, Malekjafarian [35]
and Kildashti, Alamdari [36] used the empirical mode decomposition (EMD) technique
for a baseline-based damage detection method. Zhang, Qian [37] and Yang, Zhang [38]
proposed the use of instantaneous amplitude squared (IAS) for damage detection using a
moving vehicle. Zhan, Au [39] proposed the use of contact point displacement difference
(CPDD) for a baseline-free method. They found out that the proposed method was not
able to detect damage near the boundary. However, when using a baseline-based method,
such as coordinate modal assurance criterion (COMAC), damage at the boundary could be
detected. This paper proposes the use of a series of advanced signal processing techniques
to detect damage using a stationary vehicle, without relying on previous information of
the intact bridge. The following section explains the proposed method in detail. There-
after, a numerical simulation of a damaged bridge is presented. The proposed method is
implemented to demonstrate how a vehicle in a stationary position can be used for bridge
damage detection.

2. Damage Detection Using a Stationary Vehicle

This paper proposes a baseline-free method utilizing a set of advanced signal pro-
cessing techniques to process the recorded vibration signal of a stationary vehicle. The
first step in the proposed method is to eliminate vehicle’s own frequency, as the recorded
signal contains both the bridge and vehicle vibration signals. By removing the vehicle’s
own vibration, the obtained signal contains only the bridge’s vibration. This is done by
computing the contact-point response of the stationary vehicle. Hashlamon, Nikbakht [21]
have shown good agreement between the contact-point response and the bridge response
under different circumstances. In the second step, the contact-point response is decom-
posed into different mono-component signals, which reflect the state of the bridge. A
new technique was recently proposed, called the variational mode decomposition (VMD),
which has shown good outcomes in decomposing time series signals. Finally, instantaneous
frequency (IA) is computed for high frequency signals to show the damage as irregularities
or as peaks at the damage location. Figure 1 shows the steps of the proposed method. The
next sections elaborate, in detail, each step of the proposed method.
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Figure 1. Schematic representation the proposed damage detection method.

2.1. Contact-Point Response of the Stationary Vehicle

Indirect bridge vibration measurement is conducted by an accelerometer installed
on a scanning vehicle that records the vertical vibration of the vehicle. The contact-point
response of the scanning vehicle refers to the response of the point below the vehicle’s tire,
which is in direct contact with the bridge. By calculating the contact-point response, the
vehicle’s frequency can be eliminated, which would provide a more accurate representation
of the bridge response. Yang, Zhang [19] provided a technique to extract the contact-point
response from the vibration signal recorded by a moving vehicle. The same technique
could be applied for a stationary vehicle vibration response. Figure 2 shows a stationary
vehicle parked at mid-span, where another moving vehicle passes over the bridge as a
source of excitation.
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Figure 2. A stationary vehicle parked in the middle of a bridge while another moving vehicle passes
over the bridge.

The equation of motion of the stationary vehicle can be expressed in terms of the
contact-point displacement response uc, as the following:

ms
..
qs + ks(qs − uc) = 0 (1)
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where ms and ks are the mass and stiffness of the stationary vehicle, respectively.
..
qs and

qs are the acceleration and displacement responses of the stationary vehicle, respectively.
Equation (1) is derived twice with respect to time to obtain Equation (2). By rearranging
Equation (2), the contact-point response can be calculated as shown in Equation (3).

ks
( ..
qs −

..
uc
)
= ms

d2 ..
qs

dt2 (2)

..
uc =

..
qs +

d2 ..
qs

ω2
s dt2 (3)

ωs is the stationary vehicle natural frequency and
..
uc is the contact-point acceleration

response. In practice,
..
qs is the recorded signal by the vehicle and ωs can be measured or

calculated. Finally, the term d2 ..
qs

dt2 can be calculated by the central difference method for the
discrete data of the recorded signal as shown in Equation (4), where ∆t is the sampling
interval and i denotes the ith sampling point.

d2 ..
qs

dt2 =

( ..
qs
∣∣i+1 − 2

..
qs
∣∣i + ..

qs
∣∣
i−1

)
(∆t)2 (4)

2.2. Decomposition of Contact-Point Response

The vibration signal of the bridge carries information about the bridge properties
that contain damage indications. To separate the contact-point response into several
meaningful mono-component signals, several techniques could be used. Empirical mode
decomposition (EMD) has been used widely for structural damage detection to decompose
the vibration signal of the structure [30]. EMD is an innovative technique that has been
proposed as part of the Hilbert Huang transform (HHT), which is able to preserve the
nonlinear response of the bridge at the damage location [31,40]. EMD decomposes the
signal into several mono-component signals called intrinsic mode functions (IMFs). The
first IMF contains a higher frequency signal, which contains damage information, which is
usually used for damage detection [41–43]. The nonlinear effects of structure damage have
the tendency to be of higher frequencies. Therefore, higher frequency bands are more likely
to contain the damage information. Meredith, González [43] proposed a damage detection
technique employing EMD to detect multiple damage in a simple-beam bridge. However,
the road roughness of the bridge is not considered in their study. OBrien, Malekjafarian [35]
proposed an indirect damage detection technique based on EMD while considering the
road roughness effects. However, the proposed method relies on subtracting the difference
of the IMFs from damage and healthy signals (baseline-based technique). Therefore, it
is necessary to have prior information of the intact bridge to implement the method. In
general, most damage detection EMD-based studies employ baseline-based methods that
require a prior response of the undamaged bridge [31]. In addition, EMD is an empirical
method; being empirical, it fails sometimes to decompose the non-stationary signal into
perfectly narrow-banded mono-component signals.

Recently, Dragomiretskiy and Zosso [44] introduced a new method, called variational
mode decomposition (VMD), to deal with the limitations of the EMD method. The VMD is
fundamentally different from the recursive EMD as it preforms adaptive decomposition of
the signal into its components [44]. VMD has shown a superior performance in decompos-
ing non-stationary signals over the EMD method [31,44]. The method is a generalization of
the classic Wiener filter. The main algorithm and MATLAB code of the VMD method can
be found in Dragomiretskiy and Zosso’s original paper [44]. The number of IMFs in the
VMD method can be controlled, unlike in the EMD method. The ideal number of modes
depends on the knowledge of physics of the non-stationary signal. Therefore, in this paper,
VMD will be used for signal decomposition of the contact-point response for identifying
damage locations.
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2.3. Instantaneous Amplitude of High Frequency IMF

Hilbert transform (HT) is known to be used for exposing the instantaneous attributes
of time-domain signals. The envelope of a time signal, which is known as the instantaneous
amplitude (IA), shows the discontinuity of the signal, which indicates the location of the
damage. Therefore, when the contact-point signal is decomposed into several IMFs, the IA
of the high frequency signal is computed.

The HT of a signal s(t) is defined as its convolution with a unit impulse function
of 1/πt, as shown in Equation (5). The two signals s(t) and h(t) that form the analytical
function z(t) are shown in Equation (6). Where A(t) represents the instantaneous amplitude
(IA) and θ(t) is the instantaneous phase.

h(t) = H[s(t)] =
1
π

∫ ∞

−∞

s(τ)
t − τ

dτ (5)

z(t) = s(t) + ih(t) = A(t)eiθ(t) (6)

IA is the envelope of the original signal, and it varies with time. These parameters
of the instantaneous phase and amplitude are physically meaningful when the signal is
mono-component or narrow-banded as the IMFs that are obtained by the VMD method. IA
is computed as follows:

A(t) = ±
√
[s(t)]2 + [h(t)]2 (7)

3. Finite Element Modulation and Damage Detection

In this section, the proposed damage detection method is implemented on a stationary
vehicle response obtained from a FE model. The FE consists of 2D bridge made of shell
elements in the commercial program of Ls-Dyna. Properties of the bridge are taken from
the study of Yang, Lin [5] which are shown in Table 1. The FE bridge model is divided
equally into 1000 shell elements. Each element is of 0.25 m of length and 0.2357 m of width.
The moving vehicle is modelled as a quarter car of two degrees of freedom, while the
stationary vehicle is parked on the bridge and modelled as quarter car of single degree of
freedom. The properties of the moving and stationary vehicles are shown in Table 2. The
moving vehicle starts moving for an approach distance of 75 m to remove the effects of
vehicle translational vibration effects.

Table 1. Beam Properties.

Property Value

Bridge length 25 m
Elastic modulus 27.5 GN/m2

Moment of inertia 0.12 m4

Bridge length density 4800 kg/m

Table 2. Properties of the moving and stationary vehicles.

Property Value

Stationary vehicle body mass 200 kg
Stationary vehicle spring stiffness 1.2 × 105 N/m

Stationary vehicle frequency 3.98 Hz
Moving vehicle body mass 14,000 kg
Moving vehicle axle mass 1000 kg

Moving vehicle body stiffness 1.2 × 105 N/m
Moving vehicle axle stiffness 2000 N/m

Moving vehicle body damping 5%
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Road roughness is added in the FE model on the track where the moving vehicle is
passing. Road roughness is simulated by the procedures introduced by ISO 8608 [45]. Road
surface roughness can be obtained as follows:

r(x) = ∑
i

di cos(nix + θi) (8)

d =
√

2Gd(n)∆n (9)

Gd(n) = Gd(n0)

(
n
n0

)−2
(10)

where n0 is a constant that is equal to 0.1 cycle/m. The road surface profile Gd(n0), in this
paper is selected for class B of ISO standards, which is 6 × 10−6 m3. ∆n represents the
sampling interval for the spatial frequency, which is selected to be 0.04 cycle/m. The lower
and upper spatial frequencies are selected as 1 and 100 cycle/m, respectively. Figure 3
shows the road surface profile of the class B roughness considering the mentioned values.
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The stationary vehicle acceleration response is taken from the top node of the stationary
single degree of the freedom vehicle model. Then, the contact-point response of the
stationary vehicle is computed using Equations (3) and (4). It is worthy to note that the
bridge response is different from the stationary vehicle response, which is demonstrated
in Figure 4. However, it is also demonstrated that the contact-point response shows good
agreement with the bridge response. Therefore, the stationary vehicle can be used as a
movable accelerometer instead of fixing the accelerometer directly on the bridge following
the conventional method, which has several disadvantages as mentioned earlier.
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The damage on the bridge is modelled as stiffness reduction of shell elements of the
bridge. Throughout this paper, the damage length is 1 m and the speed of the moving
vehicle is 12.5 m/s, unless it is mentioned otherwise. The contact-point response of the
stationary vehicle is decomposed into mono-component signals using the VMD method.
Thereafter, the highest frequency mode is used to compute the IA.

3.1. Stationary Vehicle Location

The premise of the study is that the movable vehicle can be stationed at any location
on the bridge. Therefore, the vehicle can be stationed at several locations until the damage
existence and location are confirmed.

The first location of the vehicle is chosen to be at mid-span and the damage is located
from 7.5 m to 8.5 m from the left side of the bridge. The IA of the high frequency IMF is
shown in Figure 5. The IA amplitude shows irregularity around the stationary vehicle
and damage locations. Irregularities around the stationary vehicle location occur because
added mass is considered as damage [46]. Knowing where the car is parked, it noticed that
the damage occurs around the point of 8 m from the left side of the bridge.
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As there are some other minor irregularities such as between the vehicle at mid-span
and the damage location, it is important to park the vehicle at different locations to examine
the true location of the damage. Therefore, the movable vehicle is stationed now far from
the damage, at 20 m from the left side of the bridge. Figure 6 shows the IA of the IMF of
the stationary vehicle located far from the damage. It still shows irregularities around the
vehicle and damage locations. This again indicates that the damage location is correctly
identified at 8 m from the left side of the bridge.
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Figure 6. IA of the contact-point response of a stationary vehicle parked far from the location of
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When the vehicle is parked at mid-span (12.5 m away from the left side) and when it
is located at 20 m away from the left side of the bridge, the IA results still show the correct
location of the damage. Now, we have an idea where the location of the damage is. To
further investigate the detection process, the vehicle is stationed at the detected damage
location. Figure 7 shows the IA of the contact-point response of the vehicle when it is
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stationed at the damage location (8 m from the left side of the bridge). In this figure, there
is only one peak, which is at the location of the damage and vehicle, unlike Figures 5 and 6.
This confirms the findings in Figures 5 and 6.
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Figure 7. IA of the contact-point response of a stationary vehicle parked at the location of the damage.

Finally, although this method does not rely on previous information from the healthy
bridge, it is worth showing what the IA of the healthy bridge would look like. Figure 8
compares the IA results of a stationary vehicle parked at mid-span from the damaged and
undamaged bridges. It is noticed that for the healthy state bridge, the irregularities only
occur at the vehicle location. It is important to note that irregularities happen at the end
and beginning to the bridge due to the boundary conditions [39]. Therefore, even a healthy
bridge would have irregularities at the boundaries of the bridge. This is considered one of
the disadvantages of the proposed method. If the damage is near the boundary condition,
it is difficult to detect such damage. The authors notice that from the beginning of the
bridge until 6 m, the irregularities do not represent damage, but the boundary condition of
the bridge.
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3.2. Damped Vehicle

In this section, damping of 5% is added to the stationary vehicle. The procedure of the
proposed method is applied on the damped stationary vehicle response. Figure 9 shows
the IA of the IMF signal. There is a peak visible at the damage location when damping is
added. However, the peak looks less visible when damping is considered.
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3.3. Multiple Damages

This case study considers two points of damage on the bridge, with a second damage
modelled from 18.5 to 19.5 m on the bridge. The procedure is applied again on the stationary
vehicle acceleration response. The IA of high IMF in Figure 10 shows the two forms of
damage clearly as peaks at the locations of the damage. The stationary vehicle is also shown
as a peak in the middle of the bridge, that is because the added mass of the stationary
vehicle is also considered as damage.
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multiple damage.

3.4. Smaller Damage

This section considers smaller damage of 0.5 m in length instead of 1 m in length. When
the size of the damage is reduced, there is still a peak at the damage location, as shown in
Figure 11; however, this peak is less significant than for the larger damage. This indicates
that smaller damage might not be visible using the stationary vehicle. Nevertheless, the
purpose of the proposed method in this paper is to introduce the concept of using the
stationary vehicle as a means of damage detection.
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3.5. Moving Vehicle Speed

A higher speed allows for more visibility of the damage in the bridge response [31]. In
this section, the speed of the vehicle is reduced to 5 m/s to provide less excitation to the
bridge so as to examine the proposed method. Figure 12 shows the IA of the high frequency
IMF. It is shown that the peak due to the damage is still visible, despite the lower speed. It
is noticed that the peak due to damage is less visible for lower speeds though.
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4. Conclusions

This paper introduces the use of a vehicle in a stationary position to detect bridge
damage. The proposed damage detection methodology is not based on a healthy bridge
response baseline; therefore, it can detect damage without relying on prior information of
the bridge. The method consists of three steps, which start by computing the contact-point
response of the stationary vehicle, then decomposing the obtained response using VMD
into narrow-banded IMFs, and finally, computing the IA of the high frequency IMF. While
road roughness is considered, the method is examined under different conditions on a
bridge of 25 m. The proposed method was implemented on bridge damage, considering
several conditions such as the followings:

• Considering damage of 1 m in length (from 7.5 to 8.5 m away from the bridge begin-
ning), zero damping of stationary vehicle located at mid-span, and speed of a moving
vehicle of 12.5 m/s, the proposed method was able to detect the location of the damage
accurately. When the location of the stationary vehicle was moved further away from
the damage (20 m away from the bridge beginning), the IA also could show the peak
at the correct location of the damage. After identifying the damage location from
two positions of the stationary vehicle, the vehicle was stationed at the damage to
investigate the response of the vehicle. In this case, only one peak of the IA appeared,
and its amplitude was higher than that of the previous cases.

• When the IA of healthy and damaged bridge were compared, the irregularities at the bridge
boundary remained similar; however, the peak that represents damage in the damaged
bridge did not appear in the healthy bridge IA result. Irregularities at the boundaries
do not represent damage and they occur due to the boundary condition of the bridge.
Therefore, the method cannot detect damage near the boundaries of the bridge.

• When multiple damage was considered by adding another damage of 1 m (from 18.5
to 19.5 m) to the bridge, the proposed method could also detect the damage. Therefore,
by considering the added mass of the stationary vehicle as a damage, the method
could detect up to three points of damage on the bridge.

• When damping of 0.05 was added to the stationary vehicle, the vehicle was still able
to detect the damage, but with less visibility. In addition, when the length of the single
damage case was reduced to 0.5 m (from 8 to 8.5 m), the method could still detect the
smaller damage, but with a lower visibility. Finally, when the speed of the moving
vehicle was reduced to 5 m/s, lower visibility in the peak of IA was noticed.
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