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Abstract: Recently, the ‘drive-by’ or vehicle scanning technique has attracted increasing attention
over the last decade for the purpose of bridge health monitoring. The feasibility of this technique has
been demonstrated by many field tests. In comparison to conventional bridge SHM, the concept of
the drive-by bridge technique shows many advantages in terms of efficiency, economy, convenience,
and mobility. It has been verified that wavelet transforms can successfully identify bridge damage
and its location using the responses of a moving vehicle. However, the validity of this method is
challenged by road roughness. This paper proposes a wavelet-based approach to detect bridge
defects using wavelet energy. In addition, a damage index based on component wavelet energy
is developed to localize the damage. A numerical simulation is modeled to verify the feasibility
of the proposed approach, and the result shows that the proposed approach performs well even
when considering road roughness in the vehicle and bridge interaction. Moreover, the effects of road
surface profile, vehicle velocity, vehicle mass, noise signal, and different damage severity on the
proposed approach are investigated. The proposed approach shows a great potential application in
bridge health monitoring using indirect measurements from a moving vehicle.

Keywords: vehicle–bridge interaction; bridge health monitoring; wavelet transform; indirect
measurements

1. Introduction

As a unique structure, bridges play a vital role in road networks. With the rapid
development of the world economy, bridge structures are increasingly built throughout
the world and their condition is central to ensuring the required safety levels and effective
operation of the traffic networks. Thus, it is essential to periodically implement bridge
condition evaluations for maintaining the structural integrity of the bridges. ASCE [1]
reports that there are more than 617,000 bridges in the U.S., of which over 250,000 bridges
are at least 50 years old. In order to solve the huge labor-intensive problem of all bridge
monitoring under visual/manual inspection, electronic monitoring of bridges has received
increasing attention over the last decade, which is referred to as bridge structural health
monitoring (SHM). In general, bridge SHM has four levels [2]: (1) identify the presence or
absence of damage, (2) localize the damage, (3) determine the extent of the damage, and
(4) assess the bridge’s remaining life.

For bridge SHM, many sensors are usually installed on the structure and the structural
vibration responses are used as input signals for evaluating the bridge conditions [3]. In
addition, this approach requires a continuous power supply, which is expensive to some
extent [4]. As a result, the online SHM system is commonly applied to long-span bridges
or some special/important bridge structures. It must be admitted that short-span and
mid-span bridges make up a significant portion of the road network bridge inventory but
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have no corresponding SHM system. Therefore, it is necessary to develop more efficient
and economical bridge SHM methods for short- and medium-span bridges.

The technique of ‘drive-by’ or vehicle scanning bridge SHM provides a promis-
ing method, namely by using the indirect measurements from a moving vehicle [2,5–9].
Yang, et al. [10] first demonstrated the effectiveness of extracting the bridge frequencies
using vehicle accelerations and proposed the potential application for bridge SHM [11].
Later, field experiments verified the effectiveness of extracting the bridge’s fundamental
frequency using indirect measurements [12,13]. In comparison to conventional bridge
SHM, the concept of drive-by bridge SHM shows many advantages in terms of efficiency,
economy, convenience, and mobility [14]. Therefore, recently, this technology has received
extensive attention and achieved great development. Most related investigations focus
on extracting the bridge dynamic parameters with indirect measurements, i.e., frequen-
cies [6,14–19], damping [5,20–22], and mode shapes [8,23–29]. The change of those modal
properties is frequently used for bridge damage detection.

In addition to modal properties, some damage indexes associated with the drive-by
concept using signal processing methods are proposed, such as wavelet transform and
Hilbert transforms [30–33]. Wavelet transform is often used in bridge SHM because it
analyzes signals in both frequency and time domains. One of the most critical features of
wavelet transform is that it is sensitive to discontinuity in the signal. Therefore, wavelet
transform can be used to indicate the damage location. Khorram, et al. [34] applied the
wavelet transform to localize the crack of an Euler–Bernoulli beam under a moving force.
In this approach, both the fixed sensor (installed on the beam) and the moving sensor
(installed on the moving force) are studied to detect the defect. The results show that the
wavelet coefficients associated with wavelet Gaussian 4 have the highest magnitude at
the exact location of the crack, and moving sensors are more efficient than fixed sensors.
Later, Nguyen and Tran [35] numerically investigated to identify multi-cracks with wavelet
analysis using indirect measurements from vehicle vibrations. Based on the Shannon
entropy, Tan, Elhattab, and Uddin [9] developed a method to automatically select the
optimal wavelet scale for identifying the damage location when wavelet transform is
applied. In addition, the wavelet transform was used to apply to the identified mode
shapes for detecting bridge damage and even the damage location [36–38]. Furthermore, a
parameter study on localizing the bridge damage using the wavelet transform and vehicle
responses was numerically and experimentally presented [39]. The effect of the bridge
span, damage extent, vehicle velocity and mass, and road surface profile on the accuracy of
the results are studied.

Hester and Gonzalez [40] and Hester and Gonzalez [41] demonstrated that road
roughness has a significant, negative impact on detecting bridge damage using the wavelet
transform. If the road surface profile is considered in the vehicle–bridge interaction (VBI)
model, the wavelet transform fails to detect the bridge defect when the vehicle responses
are applied to the wavelet transform directly. Wavelet-based energy is also used to detect
the bridge defect [2,42]. The bridge frequency can be obtained using the wavelet pseudo
frequency, and the change in pseudo frequency, therefore, can reflect the bridge’s healthy
conditions. However, the pseudo frequency in wavelet analysis cannot provide any re-
source of information for times/locations. In other words, the wavelet pseudo frequency
can only achieve the first level of bridge SHM, namely identifying the presence or absence
of damage.

It is well known that it is sometimes challenging to extract the bridge frequency using
the drive-by technique of bridge SHM [4]. This paper employs the wavelet analysis of
vehicle accelerations to compute the wavelet energy. Instead of extracting the bridge
frequency using the wavelet pseudo frequency, the change of the peak wavelet energy is
used to estimate the bridge conditions. As already mentioned, this only realizes the first
level of bridge SHM. To achieve the second level of bridge SHM, namely finding the damage
location, a damage location index is proposed based on the component wavelet energy.
The bridge span is divided evenly into 10 parts and each corresponding vehicle response is
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used to calculate the component wavelet energy. The validity of the proposed approach is
verified by a numerical simulation and the effects of road roughness, vehicle mass, vehicle
speed, and signal noise are investigated. The result shows that the proposed approach has
a potential application in bridge health monitoring using indirect measurements.

2. Theory Background of Drive-by Bridge SHM

Without losing the generality of VBI, a simple model of the VBI system is introduced
and illustrated in Figure 1, where the bridge is represented as an Euler–Bernoulli beam and
the vehicle is represented as a sprung mass. The mass of the vehicle and the supported
stiffness are represented as mv and kv, respectively. The Euler–Bernoulli beam is simply
supported, with a length of L. The bending rigidity of this beam is EI, and the density
of this beam is m per unit length. The vehicle travels across this bridge with a constant
velocity, v.
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For the VBI system, the equations of motion are

mv
..
qv + kv(qv − u|x=vt) = 0 (1)

m
..
u + EIu′′′′ = fc(t)δ(x− vt) (2)

where qv(t) and u(x, t) represent the vertical displacements of the vehicle and the modeled
beam, respectively, and a dot and a prime denote the derivatives with respect to time t and
with respect to the longitudinal distance coordinate x, respectively. δ(x− vt) represents
the Dirac delta function; fc(t) represents the contact force between beam and vehicle,
expressed as

fc(t) = −mvg + kv(qv − u|x=vt) (3)

where g represents the acceleration due to gravity.
The modal superposition method is used to solve Equation (2) and the result is shown

in Equation (4), where ϕn(x) and qb,n(t) are the mode shapes and modal coordinates of
the bridge.

u(x, t) = ∑
n

ϕn(x)qb,n(t) = ∑
n

sin
nπx

L
qb,n(t) (4)

Assuming that the mass of the bridge is much greater than that of the vehicle, i.e.,
mv/mL � 1, the displacement responses of the bridge to the traveling vehicle can be
approximately calculated as [10]

u(x, t) = ∑n
∆st,n

1− S2
n

{
sin

nπvt
L
×
[

sin
(

nπvt
L

)
− Sn sin(ωb,nt)

]}
(5)

where

ωb,n = (
nπ

L
)

2
√

EI
m

(6)

Sn =
nπv

Lωb,n
(7)
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∆st,n =
−2ωvgL3

n4π4EI
(8)

Once the displacement response of the bridge, u(x, t), is solved, one can substitute it in
Equation (1) and solve the displacement response of the vehicle by Duhamel’s integral [43]:

qv(t) = ∑
n

∆st,n

2(1− S2
n)

{
A1,n cos

(
(n− 1)πv

L

)
t + A2,ncos

(
(n + 1)πv

L

)
t + A3,ncos(ωvt) + A4,ncos

(
ωb,n −

nπv
L

)
t + A5,n cos

(
ωb,n +

nπv
L

)
t
}

(9)

where the coefficients, A1∼5,n are

A1,n =
1

1−
(

n−1
n

)2
µ2

nS2
n

(10)

A2,n =
1

1−
(

n+1
n

)2
µ2

nS2
n

(11)

A3,n =
4n
(

πv
L
)2

ω2
v

[
1−

(
n−1

n

)2
µ2

nS2
n

][
1−

(
n+1

n

)2
µ2

nS2
n

] − 4
(
1− S2

n
)
S2

nµ2
n[

1− µ2
n(1− S2

n)
2
][

1− µ2
n(1 + S2

n)
2
] (12)

A4,n =
Sn

1− µ2
n(1− S2

n)
2 (13)

A5,n =
Sn

1− µ2
n(1 + S2

n)
2 (14)

in which
µn =

ωb,n

ωv
(15)

ωv =

√
kv

mv
(16)

Therefore, the acceleration response of the vehicle can be obtained by taking two
derivatives of the displacement response of the vehicle, expressed as

..
qv(t) = ∑

n

{
=
A1,n cos

(
(n− 1)πv

L

)
t +

=
A2,ncos

(
(n + 1)πv

L

)
t +

=
A3,n cos(ωvt) +

=
A4,ncos(ωb,n −

nπv
L

)t +
=
A5,ncos(ωb,n +

nπv
L

)t
}

(17)

with the coefficients as

=
A1,n = −

(
(n− 1)πv

L

)2
× A1,n (18)

=
A2,n = −

(
(n + 1)πv

L

)2
× A2,n (19)

=
A3,n = −ω2

v × A3,n (20)
=
A4,n = −(ωb,n −

nπv
L

)
2
× A4,n (21)

=
A5,n = −(ωb,n +

nπv
L

)
2
× A5,n (22)

As shown, the acceleration response of the vehicle contains five frequencies, i.e.,
the vehicle frequency ωv, shifted driving frequencies (n± 1)πv/L, and shifted bridge
frequencies ωb,n ± nπv/L. In addition, which frequencies dominate this response depends
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on the coefficients
=
A1∼5,n, determined by the properties of the VBI. In sum, the bridge’s

dynamic properties affect the vehicle responses when the vehicle travels over the bridge.

3. Method for Bridge Damage Detection

When bridge health conditions change, the dynamic parameters of the bridge will
change to a certain extent. As shown above, the vehicle responses will change as well.
However, due to the limited VBI effect time, FFT-based extracted bridge frequencies
have a low resolution in the frequency domain that cannot reflect the change of the fre-
quencies. This paper proposes to use wavelet energy for bridge damage detection using
vehicle responses.

3.1. Wavelet Analysis

Like Fourier transform, wavelet transform uses a family of wavelet functions to express
or approximate the target signal f (t), defined as

WT(a, b) =
∫ +∞

−∞
f (t)Ψa,b(t)dt (23)

where

Ψa,b(t) =
1√
a

Ψ
(
(t− b)

a

)
(24)

is referred to as the daughter wavelet function derived from the mother wavelet func-
tion Ψ(t), which meets the properties of

∫ +∞
−∞ Ψ(t)dt = 0 and

∫ +∞
−∞ |Ψ(t)dt| < ∞. a

represents the scale factor for wavelet transform, which is inversely related to wavelet
pseudo frequency. b represents the shift factor related to the temporal translation of the
mother wavelet function Ψ(t) or its location in f (t). In general, the high value of scale
uses the stretched wavelet to represent the target signal, namely giving a low-frequency
content. Conversely, a low-scale wavelet result implies giving a high-frequency content.
Mathematically, the relationship between the wavelet pseudo frequency, Fp, and scale, a,
is expressed as

Fp =
Fc

a∆
(25)

where Fc denotes the central frequency of the mother wavelet Ψ(t) in Hz and ∆ denotes the
sampling period of the signal. Tan, Elhattab, and Uddin [2] pointed out that a dominated
frequency in a signal can be detected with the wavelet pseudo frequency using the wavelet
coefficient energy. A peak wavelet coefficient energy reflects a dominated frequency in
a signal. Energy is a conventional measurement of a signal. Similarly, it can be used to
measure the wavelet coefficients, WT(a, b), and the mathematical expression is

Eenergy = ∑a ∑b|WT(a, b)|2 (26)

For a particular scale, the wavelet coefficient energy can be calculated as

Eenergy = ∑b|WT(a, b)|2 (27)

3.2. Assessing Bridge Conditions with the Vehicle Response

An instrumented vehicle travels across the bridge at a constant velocity and the
corresponding acceleration response of the vehicle is measured. Then, the signal is applied
to the wavelet transform for calculating the wavelet coefficient energy and the wavelet
pseudo frequency of the VBI system. A peak wavelet energy represents a dominant
frequency in the vehicle’s acceleration and the change of this peak energy can be used to
assess the bridge conditions.
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3.3. Identifying Bridge Damage Location

Compared with a healthy bridge, the change in wavelet energy can be used as an
indicator of the presence of bridge damage. However, it only implements the first level of
bridge SHM. In order to achieve the second level of bridge SHM, i.e., to localize the bridge
damage, the measured acceleration is evenly divided into portions (e.g., ten) as shown
in Figure 2. In fact, each portion signal is the response when the vehicle moves on the
corresponding beam segment. For the sake of clarity, the measured vehicle accelerations
for the undamaged bridge and damaged bridge are labeled as

..
qu

v and
..
qd

v, respectively.
Based on Equation (27), their wavelet energies are calculated as Eu

energy and Ed
energy, respec-

tively. Both signals,
..
qu

v and
..
qd

v, are divided into ten portions, labeled as
..
qu

v,i (I = 1~10) and
..
qd

v,j (j = 1~10). Similarly, those component signals of
..
qu

v,i and
..
qd

v,j can also be used to obtain

the corresponding wavelet energy, labeled as Eu
energy,i and Ed

energy,j, respectively. A damage
location index is proposed and expressed as

IDi+1 = ∆i+1 − ∆i ( i = 1 ∼ 9) (28)

where
∆i =

∣∣∣Ed
energy,i − Eu

energy,i

∣∣∣/∣∣∣Ed
energy − Eu

energy

∣∣∣ ( i = 1 ∼ 10) (29)
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Figure 2. Divide the vehicle acceleration signal.

Theoretically, when a bridge is damaged, all component acceleration responses vary
to some extent, as well as their corresponding wavelet energies. For the bridge damage
at the beam segment No. i, it is found that the change in ∆i is great while this is not
obvious in ∆i−1. Therefore, the bridge damage at beam segment No. i has the maximum
value of IDi. In this way, the index ID can be used to approximately indicate the bridge
damage location.

Figure 3 shows the process of the fast wavelet-based bridge damage detection method.
In this method, a reference acceleration associated with the healthy bridge conditions is
required for a baseline. Based on the description in Section 3.2, the change of wavelet
energy can be used to indicate the bridge conditions. When bridge damage is determined,
Equation (29) is then used to identify the damage location.



Appl. Sci. 2022, 12, 11277 7 of 18Appl. Sci. 2022, 12, x FOR PEER REVIEW 7 of 18 
 

 
Figure 3. A flowchart for bridge damage detection. 

4. Numerically Verification 
To verify the effectiveness of the proposed approach, a quarter-car VBI model is 

adopted as illustrated in Figure 4. The properties of the VBI system are listed in Table 1. 
An approach with 30 m is simulated in this model to ensure the balance of the dynamic 
behavior of the vehicle before entering the bridge. Rayleigh-type damping is considered 
for the bridge in this model, with a damping ratio of 2%. In this case, the 1st natural fre-
quency of the bridge, 𝑓௕ଵ, is 2.17 Hz. The vehicle’s frequencies, 𝑓௩ଵ and 𝑓௩ଶ, are 0.57 Hz 
and 9.89 Hz, respectively. The vehicle travels across the bridge at a constant velocity of 
2.5 m/s. The scanning frequency of the VBI system is 1000 Hz. The damage model of Sinha, 
et al. [44] is used to simulate the bridge damage, assuming that the longitudinal length of 
the damage covers an area three times the beam depth. In this region, bridge element 
stiffness varies according to the degree of damage, which is defined as the ratio of dam-
age/crack depth to intact beam depth. For example, a damage level of 0.4 or 40% means 
that for a beam with a depth of 0.8 m, the crack depth is 0.32 m. 

ms

csks
maka

us

ua

..

..

L
 

Figure 4. The VBI model with a quarter car. 

Table 1. the properties of the VBI model. 

Bridge Properties Vehicle Properties 
Span 20 m ms 14,300 kg 

Density 4800 kg/m3 ks 200 kN/m 
Modulus 2.75 × 1010 N/m2 ka 2500 kN/m 

Depth 0.8 m ma 700 kg 
Width 4.0 m cs 10 kN s/m 

  

Figure 3. A flowchart for bridge damage detection.

4. Numerically Verification

To verify the effectiveness of the proposed approach, a quarter-car VBI model is
adopted as illustrated in Figure 4. The properties of the VBI system are listed in Table 1.
An approach with 30 m is simulated in this model to ensure the balance of the dynamic
behavior of the vehicle before entering the bridge. Rayleigh-type damping is considered for
the bridge in this model, with a damping ratio of 2%. In this case, the 1st natural frequency
of the bridge, fb1, is 2.17 Hz. The vehicle’s frequencies, fv1 and fv2, are 0.57 Hz and 9.89 Hz,
respectively. The vehicle travels across the bridge at a constant velocity of 2.5 m/s. The
scanning frequency of the VBI system is 1000 Hz. The damage model of Sinha, et al. [44] is
used to simulate the bridge damage, assuming that the longitudinal length of the damage
covers an area three times the beam depth. In this region, bridge element stiffness varies
according to the degree of damage, which is defined as the ratio of damage/crack depth to
intact beam depth. For example, a damage level of 0.4 or 40% means that for a beam with a
depth of 0.8 m, the crack depth is 0.32 m.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 7 of 18 
 

 
Figure 3. A flowchart for bridge damage detection. 

4. Numerically Verification 
To verify the effectiveness of the proposed approach, a quarter-car VBI model is 

adopted as illustrated in Figure 4. The properties of the VBI system are listed in Table 1. 
An approach with 30 m is simulated in this model to ensure the balance of the dynamic 
behavior of the vehicle before entering the bridge. Rayleigh-type damping is considered 
for the bridge in this model, with a damping ratio of 2%. In this case, the 1st natural fre-
quency of the bridge, 𝑓௕ଵ, is 2.17 Hz. The vehicle’s frequencies, 𝑓௩ଵ and 𝑓௩ଶ, are 0.57 Hz 
and 9.89 Hz, respectively. The vehicle travels across the bridge at a constant velocity of 
2.5 m/s. The scanning frequency of the VBI system is 1000 Hz. The damage model of Sinha, 
et al. [44] is used to simulate the bridge damage, assuming that the longitudinal length of 
the damage covers an area three times the beam depth. In this region, bridge element 
stiffness varies according to the degree of damage, which is defined as the ratio of dam-
age/crack depth to intact beam depth. For example, a damage level of 0.4 or 40% means 
that for a beam with a depth of 0.8 m, the crack depth is 0.32 m. 

ms

csks
maka

us

ua

..

..

L
 

Figure 4. The VBI model with a quarter car. 

Table 1. the properties of the VBI model. 

Bridge Properties Vehicle Properties 
Span 20 m ms 14,300 kg 

Density 4800 kg/m3 ks 200 kN/m 
Modulus 2.75 × 1010 N/m2 ka 2500 kN/m 

Depth 0.8 m ma 700 kg 
Width 4.0 m cs 10 kN s/m 

  

Figure 4. The VBI model with a quarter car.

Table 1. The properties of the VBI model.

Bridge Properties Vehicle Properties

Span 20 m ms 14,300 kg

Density 4800 kg/m3 ks 200 kN/m

Modulus 2.75 × 1010 N/m2 ka 2500 kN/m

Depth 0.8 m ma 700 kg

Width 4.0 m cs 10 kN s/m
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4.1. The Effect of Road Roughness

Road roughness is one of the main challenges in the application of the drive-by bridge
SHM [4]. To investigate this effect, the road profile is first not considered in the VBI system.
Figure 5 shows the accelerations of the axle and the vehicle body for the healthy bridge
conditions, as well as their spectrums with FFT. As described in the theoretical background
of drive-by bridge SHM, the vehicle responses contain the bridge’s modal information.
Both accelerations are dominated by the 1st natural frequency of the bridge, as well as the
vehicle’s vibration frequencies. Based on the power spectral density–curve, as shown in
ISO 8608 [45], a road profile with a ‘class A’ is then randomly generated. The corresponding
results are illustrated in Figure 6 when this road profile is considered in the VBI system. As
shown, the axle acceleration is more sensitive to road roughness, where the undesirable
frequencies caused by road roughness cover the frequencies of the VBI system. No useful
information can be found from it directly. For the vehicle responses of the vehicle body, the
road profile excites the vibration of the vehicle itself and the spectrum is dominated by the
fv1, but without a clue for the 1st natural frequency of the bridge, fb1. It is demonstrated
that road roughness has an intensively negative effect on the drive-by bridge SHM. The
response of the vehicle body may be more suitable for implementing the drive-by bridge
SHM than the axle response, as it is less negatively affected by road roughness.
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To further present the effect of road roughness in drive-by bridge SHM, another related
study is introduced. Tan, Elhattab, and Uddin [9] proposed a wavelet-based approach to
estimate the bridge damage and its location when the road profile is not considered. For
example, the bridge damage is assumed at 13 m from the left end with a damage level
of 40%. The acceleration of the axle is subjected to the wavelet transform with a wavelet
function of ‘Mexican hat’, and the wavelet scalogram is shown in Figure 7a. The wavelet
function of ‘Mexican hat’ is selected because it has been verified as one of the suitable
functions to detect the bridge defect [40]. Besides the edge effect, there is an “anomaly”
at the location of the bridge damage. In addition, the wavelet coefficient at a particular
scale is illustrated in Figure 7b. As can be seen, a clear peak can be observed to indicate
the damage location. However, when the previous road surface profile is considered in the
VBI system, the corresponding results are shown in Figure 7c,d, where there is no way to
identify the damage and the damage location. It is again demonstrated that road roughness
has a negative effect on damage estimation using indirect measurements.

Because the vehicle body acceleration is more robust to the road roughness, this
signal is used as input for the proposed approach instead of the axle acceleration of the
vehicle. Regarding the previous cases, Figure 8 shows the accelerations of the vehicle
axle at different bridge conditions. As shown, although the bridge has been damaged,
there are no clear changes in the moving vehicle responses. Figure 9 plots the wavelet
scalogram (with ‘Mexican hat’) on the acceleration of the vehicle under damaged bridge
conditions. As shown, no resource of information can be obtained to indicate the bridge
damage. The proposed approach is then used to detect the bridge damage and localize
the identified damage. Both signals are applied to wavelet transform and the wavelet
energies are calculated as shown in Figure 10. As shown, both of the energies have a peak
around scale 493, which means that, based on Equation (25), the wavelet pseudo frequency
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is 0.51 Hz (the central frequency of ‘Mexican hat’ is 0.25 Hz). This pseudo frequency is
close to the frequency of the vehicle fv1, which is consistent with the findings in Figure 6d.
It is worth noting that the bridge’s 1st natural frequency changes to 2.08 Hz from 2.17 Hz
due to the damage, with a change ratio of 3.85%. This change may be hard to detect in
the frequency domain using the indirect measurements because of the short data in the
VBI system. As shown in Figure 10, there is also a clear drop in the peak of the wavelet
energy due to the bridge damage. The change of the wavelet energy can be used to reflect
the bridge conditions.
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Figure 10. Wavelet energy for different bridge conditions.

Once the bridge damage is detected, the proposed damage location index is then used
to localize the damage. As mentioned above, the vehicle accelerations are evenly divided
into ten parts and the corresponding component wavelet energies are plotted in Figure 11.
It should be noted that the bridge damage is located at 13 m from the left end, namely
located at the component signal of No. 7. As shown, there are no clear changes in the
wavelet energies for the first few component signals until close to the damage location. The
wavelet energy of No. 6 starts to vary slightly and that of No. 7 and No. 8 varies more.
Based on Equation (28), the damage location index is calculated, and the results are shown
in Figure 12. Obviously, the damage location index has a maximum value where the bridge
is damaged. It is demonstrated that it is feasible to approximately identify the damaged
location of the bridge using the proposed approach.

To further verify the effectiveness of the proposed approach, another case is simulated
where the bridge damage is set at 8 m from the left end, namely located at the component
signal of No. 5. Other properties of the VBI system are kept the same. The results are
illustrated in Figure 13. Similarly, a drop in the peak of the wavelet energy can be clearly
observed due to the change in the bridge’s health conditions. In addition, the proposed
damage location index can accurately indicate the true damage location of the bridge.
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Figure 13. Bridge damage identification. (a) wavelet energy; (b) damage index.
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4.2. The Effect of Vehicle Velocity

A higher velocity of the vehicle is considered in this case, i.e., v = 10 m/s. The bridge
damage remains set at 13 m from the left end with a damage level of 40%. The proposed
approach is used to detect bridge damage and its location. The corresponding results are
illustrated in Figure 14. As shown, the different wavelet energy between the damaged and
undamaged bridge conditions is obvious and even greater than that of the lower vehicle
velocity in Figure 10. In other words, the higher velocity of the vehicle can improve the
feasibility of damage detection using the proposed approach. However, a higher vehicle
means a shorter length of measured data. The proposed approach requires dividing the
data into parts. Therefore, short data brings about less robustness for detecting the damage
location. In this case, the proposed approach identifies the bridge damage location at No. 8
as shown in Figure 14b, i.e., at the location of 14~16 m from the left support. The damage
location identification result is not very accurate.
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Figure 14. Bridge damage identification at higher velocity. (a) wavelet energy; (b) damage index.

The results show that higher speeds can improve the likelihood of successful damage
detection, but damage location identification may be less accurate. To address this issue, it
is recommended to record vehicle responses for undamaged bridges with lower and higher
vehicle speeds as references. For routine inspections, the bridge is scanned using a higher
velocity and the corresponding damage index (change in wavelet energy) is calculated. If
no significant changes were found, the bridge was assessed as “good”. Otherwise, one can
inspect the bridge again using a lower speed and then calculate the corresponding damage
index to localize the damage. In this way, the effectiveness of damage detection and the
accuracy of damage location can be ensured at the same time.

4.3. The Effect of Vehicle Mass

To study the effect of vehicle mass on the proposed approach, two more cases are
considered, referring to a ‘lighter’ vehicle and a ‘heavier’ vehicle, respectively. For the
lighter vehicle, ms = 9300 kg, and for the heavier one, ms = 19, 300 kg. Other properties
of the vehicle are kept the same as in Table 1. For comparison, the vehicle in Table 1
(i.e., ms = 14, 300 kg) is labeled as the ‘regular’ vehicle. The lower vehicle velocity of
v = 2.5 m/s is considered in the VBI system, and the bridge health condition is the same
as in the previous case. The proposed approach is used to analyze these two cases and
the changes in wavelet energy are shown in Figure 15. It should be noted that since the
vehicle mass changes, the vehicle frequency changes as well. As a result, for different
vehicle masses, the peak energy of the vehicle responses is at different scales. It was found
that heavier vehicles can improve the feasibility of the proposed bridge damage detection
method because of the greater variation in wavelet energy. The wavelet energy change
rates for lighter, regular, and heavier vehicles are 1%, 3%, and 4%, respectively. Therefore,
it is recommended to use the proposed method to implement relatively heavy vehicles for
bridge health monitoring.
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Figure 15. Wavelet energy with different vehicle mass. (a) ‘lighter’ vehicle; (b) ‘heavier’ vehicle.

4.4. The Effect of Noise Signal

To investigate the effect of measurement noise, artificial noise is added to the measured
response of the vehicle, using the following equation

{S} = {Scalc}+ Ep{Nnoise}σ (30)

where S is the polluted response of the vehicle acceleration, Scalc denotes the generated
clean signal of the vehicle acceleration and σ is its standard deviation, Nnoise is a standard
normal distributed vector with unit standard deviation, and Ep denotes the level of the
noisy signal. In most studies, the measurement noise level is under 5% [46,47]. Thus, 5%
noise is considered in this study.

As suggested, two velocities (v = 2.5 m/s and v = 10 m/s) are simulated here, where
the higher and lower velocities are used to access the bridge health and detect damage
locations, respectively. The regular vehicle mass is used in this case, and the bridge damage
status is the same as above. The noise signals for different vehicle accelerations are different
but at the same noise level. The polluted accelerations are plotted in Figure 16. The
corresponding results using the proposed approach are shown in Figure 17. Apparently,
the results are not sensitive to the noise signals. The bridge damage and its location can be
clearly identified with the proposed approach.
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Figure 16. Vehicle acceleration with noise. (a) v = 10 m/s; (b) v = 2.5 m/s.
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Figure 17. Bridge damage identification with noise signal. (a) wavelet energy; (b) damage index.

4.5. Different Damage Severity

In this section, different damage levels are considered in the VBI model. The higher
velocity, i.e., v = 10 m/s, is used to detect the presence of bridge damage. The wavelet
energy change ratio compared to the health condition of the bridge is calculated and the
result is illustrated in Figure 18. It is obvious that the wavelet energy change rate increases
with the damage degree, and this increase is roughly linear. For bridge damage with a 60%
damage level, the change in wavelet energy is over 7%. The rate of change in wavelet energy
can provide a reference for quantitative assessment of damage severity. The proposed
approach has potential applications for realizing bridge SHM in level 3.
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Figure 18. Energy change ratio versus different damage levels.

5. Conclusions

This paper developed a wavelet-based approach to rapidly access the bridge health
conditions using the measured signals of a moving vehicle. Vehicle responses are applied to
wavelet transform and the wavelet energies are then calculated. Compared to the reference,
the change in wavelet energy can be used to assess the bridge conditions. In addition, a
damage index based on component wavelet energy is developed to approximately identify
the damage location.

In this work, the VBI system is first derived and the solution to the vehicle response
is found to contain information about the bridge’s dynamic parameters. The numerical
simulation is then used to demonstrate the feasibility of the proposed approach. It is
confirmed that the wavelet-based method using the signal discontinuity properties is
limited by road roughness, while the proposed approach is robust to the road surface
profile. In the end, the effects of vehicle velocity, vehicle mass, noise signal, and different
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damage severity on the proposed approach are investigated. It is found that the wavelet
energy change rate increases with the damage degree, and this increase is roughly linear. For
bridge damage with a 60% damage level, the change in wavelet energy is over 7%. The rate
of change in wavelet energy can provide a reference for quantitative assessment of damage
severity. In addition, the proposed method is found to be very robust to noisy signals. A
relatively heavier vehicle is recommended with the proposed approach for bridge health
monitoring, due to having a greater change in wavelet energy. The higher velocity can also
improve the likelihood of successful damage detection but damage location identification
may be less accurate. Therefore, both lower and higher velocities are recommended to scan
the test bridge. The higher velocity is used to determine whether the damage happened.
The lower velocity is used to localize the damage. The result shows that the proposed
approach has a great potential application in bridge SHM using indirect measurements
from a passing vehicle.
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