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Abstract: In view of problems such as closed traffic, the large number of sensors required, and the
labor-intensive and time-consuming nature of previous bridge detection, this paper analyzes the
dynamic response of the vehicle body of the continuous girder bridge under the action of vehicle load.
Based on theoretical analysis and formula derivation, a new method of bridge damage detection based
on coupled vehicle–bridge vibration is conceived. This method can accurately identify the location of
bridge damage and approximately estimate the degree of bridge damage. The method is as follows:
Taking the continuous beam bridge as an example, first, use the tractor inspection vehicle model to drive
over the continuous beam bridge before and after the damage, and collect the acceleration response
of the vehicle body. Then, the acceleration response difference is transformed by wavelet transform.
Furthermore, perform the innovative use of the maximum successive approximation approach to process
wavelet transform coefficients, which can identify the location of the bridge damage. Additionally,
study the impact of vehicle speed, vehicle weight, road surface roughness, and noise on this damage
detection method. In addition, a method for judging bridge damage degree based on wavelet transform
coefficients is proposed, and the judgment error basically meets the requirements.

Keywords: vehicle scanning method (VSM); damage identification; degree of damage; continuous
beam bridge

1. Introduction

With the rapid development of the number of bridges and the speed of bridge con-
struction, bridge destruction or collapse accidents occur from time to time, causing serious
economic losses and negative social impacts. At 8:45 on 14 July 2011, the deck of Fujian
Wuyishan Mansion Bridge collapsed, causing a bus to fall into the riverbank about 8.8 m
below the bridge. The bus driver was killed on the spot and 22 people on board were
injured [1]. If bridges are regularly inspected and repaired, disasters can be avoided. The
use of renewable materials such as tire rubber [2] in bridge damage can effectively improve
its performance. Therefore, bridge damage detection and assessment have gradually be-
come a popular research direction. Damage is the change in the geometrical and material
properties of a structure, resulting in structural deformation, increased vibration, or re-
duced load-bearing capacity, and failure or partial failure of the structure [3]. The overall
detection method of bridge structures can be divided into the static detection method and
the dynamic detection method [4]. The dynamic detection method uses the structural
dynamic response as a measure of the overall state of the structure. When a structural
component is damaged, the stiffness, mass, or damping characteristics of the structural
member will change, and the structural dynamic response will also change accordingly. The
collected structure dynamic response data is processed and analyzed, which can effectively
identify structural damage information [5].
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In 2004, Yang proposed that the dynamic response of vehicles crossing the bridge
contains the modal information of the bridge, which was verified by numerical simula-
tion [6]. In 2005, Yang conducted a field test and successfully extracted the first-order
vibration frequency of the bridge from the corresponding vehicle by using a tractor to tow a
single-axle detection vehicle [7]. When the bridge is damaged, the stiffness will change, so
the identified modal parameters can be used to determine the damage. In addition, when
the vehicle passes through the damage location, its dynamic response signal will suddenly
change, and the time–frequency domain signal analysis method can also be used to locate
the damage. Under the influence of Yang et al., Bu et al. proposed to use the dynamic re-
sponse of a vehicle body for bridge damage identification in 2006, use the stiffness reduction
to simulate the damage element, and use the acceleration of the vehicle body as the index
for damage identification [8]. In 1974, wavelet transform was first proposed by J. Morlet
and applied to petroleum signal processing; as a time–frequency domain analysis method,
wavelet transform can effectively identify the singular points in the signal, and the damage
location can be effectively identified by using the amplification characteristics of wavelet
transform. In 2010, Nguyen and tran carried out wavelet transform on the displacement
response signal of mobile vehicles, which can identify multiple damages of bridges [9]. In
2013, sun Zengshou summarized the damage detection methods based on vehicle–bridge
coupling vibration response [10]. In 2014, Yang’s team and OBrien successfully identified
the modes of the bridge using two different methods simultaneously [11,12]. In 2017,
Obrien decomposed the intrinsic mode functions (IMFs) of each order from the vehicle
corresponding by empirical modal decomposition and identified the damage location by
the IMF before and after the damage [13]. Qian Yao introduced the theoretical solution of
the contact point response in 2018, using empirical mode decomposition and Hilbert trans-
formation to extract instantaneous amplitude squares from the drive component response,
which can identify the damage location [14]. In 2019, Marashi et al. divided the bridge
into multiple sections, measured the short-term transmissibility of the axle acceleration
time–history response, and then used the amplitude modulation program to connect the
local mode shapes of each section in series to obtain the entire mode shape of the bridge [15].
In 2020, Locke et al. established a finite element model for driving recognition of simply
supported girder bridges. Through numerical simulation, they studied the effects of tem-
perature changes, vehicle body speed, accompanying traffic flow, bridge deck roughness,
and different damage on the driving test results of simply supported girder bridges. It
further confirms the validity and application potential of the bridge indirect measurement
method based on vehicle response [16].

In the past two decades, scholars have proposed a large number of structural damage
identification methods based on the overall parameters of the bridge and the response of
the bridge, and have been applied to a certain extent; Clemente P., Bongiovanni G. et al.
obtained bridge parameters through a vibration test of Indiano cable-stayed bridge in
Florence, and used these parameters to establish a finite element model and analyze the
influence of this model on static and seismic loads [17]. Although the results of traditional
detection methods are accurate, there are shortcomings such as inconvenient detection
and a lot of preparation. Bridge damage detection methods based on vehicle response can
overcome the above shortcomings, so this paper combines the existing research results
of predecessors, further explores the bridge damage detection method based on vehicle
response, uses wavelet analysis as the main tool, analyzes and studies the dynamic response
of vehicles when passing through the bridge, and proposes corresponding structural
damage indicators. The method proposed in this paper is applicable regardless of whether
the pile foundation adopts full-scale reinforced concrete piles or reinforced micropiles [18].
Although the detection method proposed in this paper can quickly and conveniently
identify the bridge damage, its detection results are greatly affected by the accuracy of the
sensor. In addition, the experiment using this method has not been carried out yet, and
further research is needed.
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2. Theoretical Research on Indirect Measurement Method Based on
Vehicle–Bridge Coupling

The damage detection method based on vehicle response is based on the vehicle–
bridge coupling vibration system model, as shown in Figure 1, which analyzes the interac-
tion mechanism between vehicle and bridge and obtains the bridge damage information.
This method is a continuation of the damage detection method of multi-point input single-
point output, in the hope that the damage detection can be carried out through the dynamic
response of bridge vehicles, which can greatly reduce the number of sensors and does not
affect the traffic.

Figure 1. Mathematical model for vehicle scanning method.

2.1. Theoretical Research on Vehicle–Axle Coupling Vibration

The whole mathematical model can be regarded as two subsystems; one is the vehicle
subsystem and the other is the bridge subsystem. In the solution of vehicle–bridge coupling
vibration equation [19], bridge mass, damping and stiffness matrices are generally constant
matrices, bridge damping is selected as Rayleigh damping, and differential equations for
bridge and vehicle vibration can be expressed as:

Mb
..
Zb(t) + Cb

.
Zb(t) + KbZb(t) = Pb(t) (1)

where: Mb is the bridge quality matrix, Cb is the bridge damping matrix, Kb is the bridge
stiffness matrix, Zb is the bridge displacement matrix,

.
Zb is the bridge speed matrix, and

..
Zb is the bridge acceleration matrix.

[Mv]
{ ..

uv(t)
}
+ [Cv]

{ .
uv(t)

}
+ [Kv]{uv(t)} = {Pv(t)} (2)

where [Mv], [Cv], and [Kv] are vehicle generalized mass matrix, generalized damping
matrix, and generalized stiffness matrix, respectively,

{ ..
uv(t)

}
,
{ .

uv(t)
}

, and {uv(t)} are
vehicle acceleration vector, velocity vector, and displacement vector, respectively, and
{Pv(t)} is load vector.

In the vehicle–bridge coupling vibration system, the solution process of differential
equation of vehicle–bridge vibration is based on the geometric compatibility and mutual
constraint of force balance at the contact point between wheel and bridge surface, the force
acting on the wheel is obtained by using the relative displacement between the axle, and
the vehicle matrix operation is used to obtain the force of the vehicle on the bridge. The
displacement of the wheel relative to the road surface can be expressed as:

∆i = Zwi − Zi − ri(x) (3)

where Zwi is the vertical displacement of the wheel, Zi is the vertical displacement of the
bridge at the contact point between the bridge and the wheel, and ri(x) is the pavement
roughness at the bridge and point.
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There is a pair of forces with equal size and opposite direction at the contact point
between the wheel and the bridge. The gravity of the vehicle on the bridge should be
considered in calculation and programming. The force balance can be expressed as:

Fwi = −Fbi = cwi
(
∆′i
)
+ kwi(∆i) (4)

where cwi is wheel damping, kwi is the wheel stiffness, and ∆i is the vertical relative
displacement between wheel and pavement.

The equation selects the Newmark-β method for solving the vehicle–bridge coupling
system. The displacement and velocity of vehicles calculated by the Newmark-β method
are used as the initial conditions for the next time interval to solve the vehicle–bridge
coupling system. The differential equation of motion of the vehicle is:

[M]
{ ..

u(t)
}
+ [C]

{ .
u(t)

}
+ [K]{u(t)} = {P(t)} (5)

where
{ ..

u
}

can be represented by linear acceleration interpolation, and
{ ..

ui
}

can be repre-
sented by α control parameters, that is:{ ..

u
}
= (1− δ)

{ ..
ui
}
+ δ
{ ..

ui+1
}
(0 ≤ δ ≤ 1) (6)

{ ..
u
}
= (1− 2α)

{ ..
ui
}
+ 2α

{ ..
ui+1

} (
0 ≤ α ≤ 1

2

)
(7)

In turn, the structural acceleration vector and velocity vector at the ti+1 moment can
be derived: { ..

ui+1
}
= a0({ui+1} − {ui})− a2

{ .
ui
}
− a3

{ ..
ui
}

(8){ .
ui+1

}
= a1({ui+1} − {ui})− a4

{ .
ui
}
− a5

{ ..
ui
}

(9)

where a0 = 1
α∆t2 ; a1 = δ

α∆t ; a2 = 1
α∆t ; a3 = 1

2α − 1; a4 = δ
α − 1; a5 = ∆t

2

(
δ
α − 2

)
;

a6 = ∆t(1− δ); a7 = δ∆t.
Then, the equation of motion of the structure at time ti+1 can be written according to

Equation (5):

[M]
{ ..

ui+1(t)
}
+ [C]

{ .
ui+1(t)

}
+ [K]{ui+1(t)} = {Pi+1(t)} (10)

Replace Equations (8) and (9) into Equation (10):

(α0[M] + α1[C] + [K]){ui+1} = {Pi+1}+ [M]
(
a0{ui}+ a2

{ .
ui
}
+ a3

{ ..
ui
})

+ [C]
(
a1{ui}+ a4

{ .
ui
}
+ a5

{ ..
ui
})

(11)

According to Equation (10), the structural displacement vector {ui+1} at ti+1 time can be
obtained by substituting the structural displacement vector {ui+1} into Equations (7) and (8)
to obtain the structural acceleration vector

{ ..
ui+1

}
and the structural velocity vector

{ .
ui+1

}
at

the ti+1 time.

2.2. Theoretical Analysis of Detection Method Based on Vehicle Response

Indirect measurement of bridge damage using vehicle response begins with the bridge
frequency indirect measurement method proposed by Yang and Chang et al., and the first-
order frequency of the bridge can be identified by performing an FFT transformation on the
acceleration response of the vehicle. Yang et al. derived the vehicle acceleration response [20]:

..
qv(t) =

n

∑
i=1

{
Picos(ωvt) + Qicos(2ωcit)+

Xicos[(ωci −ωi)t] + Yicos[(ωci + ωi)t]

}
(12)

where Pi, Qi, Xi, and Yi is a time-independent coefficient, ωi is the i−th natural frequency
of the bridge, ωv is the natural vibration frequency of the vehicle, and ωci = iπv/L is the
vehicle loading frequency.
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The load vector {Pi+1} at the right end of the vehicle vibration differential equation
can be expressed by the bridge displacement and speed, and the load vector {Pi+1} of
1/4 vehicle model is:

{Pi+1} =
(

0
cw1 f ′z(x) + kw1 fz(x)

)
(13)

where cw1 is wheel damping, kw1 is the wheel stiffness, fz(x) is the bridge displacement,
and f ′z(x) is the bridge speed.

With the tractor test truck model, both the tractor and the inspection vehicle can be
reduced to a concentrated force compared to the bridge span, as shown in Figure 2.

Figure 2. Schematic diagram of simplified calculation for tractor inspection vehicle.

The deflection at the position of the detection vehicle can be calculated using the
superposition principle:

fz(x) =
Fcx2(x− l)2

3EIl
+

Fq

EI
·
[
− (l − (x + ∆a))x3

6l
+

(
(x + ∆a)3

6l
+

(x + ∆a)l
3

− (x + ∆a)2

2

)
x

]
(14)

where ∆a is the distance between the tractor and the center of mass of the test vehicle.
Replace Equations (13) and (14) into Formula (11) to detect the displacement vector of

the vehicle at the driving position {ui+1}:

{ui+1} =
1

b2b1 − b2
3

[
b1(b4 + b6) + b3(cw1 f ′z(x) + kw1 fz(x) + b5 + b7)
b3(b4 + b6) + b2(cw1 f ′z(x) + kw1 fz(x) + b5 + b7)

]
(15)

where:

b1 = a0mw1 + a1(cu1 + cw1) + (ku1 + kw1)
b2 = a0mv + a1cu1 + ku1

b3 = a1cu1 + ku1
b4 = mv

(
a0ui1 + a2

.
ui1 + a3

..
ui1
)

b5 = mw1
(
a0ui2 + a2

.
ui2 + a3

..
ui2
)

b6 = cu1
(
a1ui1 + a4

.
ui1 + a5

..
ui1
)
− cu1

(
a1ui2 + a4

.
ui2 + a5

..
ui2
)

b7 = (cu1 + cw1)
(
a1ui2 + a4

.
ui2 + a5

..
ui2
)
− cu1

(
a1ui1 + a4

.
ui1 + a5

..
ui1
)

(16)

Replace Equation (15) with Equation (8) to detect the acceleration vector of the car at
the driving position

{ ..
ui+1

}
{ ..

ui+1
}
=


a0

b2b1−b2
3

(
b1(b4 + b6) + b3

(
cw1 f ′z(x)

+kw1 fz(x) + b5 + b7

))
− a0ui1 − a2

.
ui1 − a3

..
ui1

a0
b2b1−b2

3

(
b3(b4 + b6) + b2

(
cw1 f ′z(x)

+kw1 fz(x) + b5 + b7

))
− a0ui2 − a2

.
ui2 − a3

..
ui2

 (17)

The acceleration response of the car body is:

av1 =
a0

b2b1 − b2
3

(
b1(b4 + b6) + b3(cw1 f ′z(x)
+kw1 fz(x) + b5 + b7)

)
− a0ui1 − a2

.
ui1 − a3

..
ui1 (18)
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When there is damage somewhere in the bridge and the bridge stiffness decreases, the
deflection of the bridge at the damage location is:

fzθd =
1

1− θd

 Fq

EI


(

(x+∆a)3

6l + (x+∆a)l
3 − (x+∆a)2

2

)
x

− (l−(x+∆a)x3)
6l

+
Fcx2(x− l)2

6l

 =
1

1− θd
fz(x) (19)

where θd is the degree of damage to the bridge.
The vehicle’s body acceleration response at the point of injury is:

av1θ =
a0

b2b1 − b2
3

(
b1(b4 + b6) + b3(

1
1−θd

cw1 f ′z(x)
+ 1

1−θd
kw1 fz(x) + b5 + b7)

)
− a0ui1 − a2

.
ui1 − a3

..
ui1 (20)

From Equations (18) and (20), it can be seen that the acceleration response of the car
body contains bridge deflection and speed response information, and the acceleration
response of the car body through the bridge is processed and analyzed, and the bridge
information can be identified. When a bridge is damaged, the deflection of the bridge
changes accordingly at the location of the damage, and this change will be reflected in the
acceleration response of the car body, so the damage location can be identified by using the
acceleration response of the car body.

2.3. Wavelet Analysis

At the initial stage of structural damage or when the damage is relatively small,
the changes of structural response caused by the damage are also very small. In order
to highlight the damage information in vehicle response, wavelet analysis is applied in
dynamic response signal analysis. As a new method in the field of signal processing,
wavelet analysis can effectively identify the subtle differences in signals. It carries out
multi-scale analysis on the signal in time domain and frequency domain, so that the signal
can be time-refined at high frequency and frequency-refined at low frequency. Therefore, it
is widely used in the field of signal detection.

Wavelet transforms are divided into continuous wavelet transforms and discrete
wavelet transforms, continuous wavelet transform (CWT) can decompose the original
signal into a two-dimensional signal; by adjusting the scale factor m and translation factor
n, the original signal f (s) is analyzed to obtain the signal local detection information. The
original signal f (s) is continuously transformed at the scale factor m and the translation
factor n, because the adjustment factor has continuity, so the wavelet transformation
coefficient will generate a large amount of redundant data, which is not conducive to signal
processing, so a discrete wavelet transform (DWT) is introduced. The scale factor m and
translation factor n are generally calculated as follows:

m = mj
0 (21)

n = kmj
0n0 (22)

where k and j are integers and m0 6= 1.
The discrete wavelet transform function is:

WTf (m, n) = |m0|−
j
2

∫ +∞

−∞
f (s)φ∗m,n

(
m−j

0 s− kn0

)
ds (23)

Discrete wavelet transform effectively reduces the redundant data generated by continu-
ous wavelet transform and improves the calculation efficiency and accuracy. In this paper,
discrete wavelet transform is used to analyze the vehicle dynamic response data and accurately
find the subtle changes in the data, which is conducive to bridge damage identification.



Appl. Sci. 2022, 12, 3743 7 of 19

2.4. Example Verification

In order to verify the accuracy of the program, the vehicle response spectrum obtained
in this paper is compared with reference [7]. When the verification program is correct in
this section, the same bridge and vehicle parameters as those in the literature are selected.
The schematic diagram of the model is shown in Figure 1. The span diameter of the simple
branch girder bridge was 25 m; cross-sectional area A = 2 m2; cross-sectional moment of
inertia I = 0.12 m2; bridge elastic modulus E = 2.75 × 1010 N/m2; bridge unit length mass
of 4800 kg/m; vehicle body mass mv = 1200 kg; wheel stiffness kw = 500,000 N/m; vehicle
speed v = 10 m/s; other parameters of the vehicle were set to 0. The extracted acceleration
response was used as a fast Fourier transform. The spectrum of acceleration response
obtained is shown in in Figure 3.

Figure 3. The response spectrum of this paper.

It can be seen from Figure 3 that the extracted bridge frequency and vehicle frequency
are 2.01 Hz and 3.22 Hz, respectively, which are very close to the bridge frequency and
vehicle frequency of 2.08 Hz and 3.25 Hz in the literature. Input and output are the same,
which proves the correctness of the program. This shows that the dynamic performance of
the bridge can be identified and determined from the vehicle response.

2.5. Influence of Road Roughness

In practical measurement, vehicle response is not only related to vehicle performance
and bridge performance, but also related to road roughness. Additionally, uneven bridge deck
is the main source of motivation that affects vehicle vibration, especially vertical vibration of
vehicles [21], and naturally affects indirect detection methods based on vehicle response.

According to the mathematical definition, road surface irregularity is a random func-
tion, and the harmonic superposition method can simulate a stationary random process.
The main idea is to express road roughness as the sum of a large number of sine and cosine
functions with random phases. It has the characteristics of fast calculation speed and high
accuracy. The road surface irregularity value at each position is calculated by the harmonic
superposition method, and the calculation formula is as follows

r(x) =
N

∑
k=1

αkcos(ωkx + ϕk) (24)

αk =
√

4Gd(nk)∆n (25)

nk = n1 +

(
k− 1

2

)
∆n k = 1, 2, . . . N (26)
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∆n =
n2 − n1

N
(27)

In the formula: r(x) is the uneven sample waveform; ωk is the circular frequency,
with a value of 2πnk; ϕk is a random phase angle, with a value between [0, 2π]; N is a
sufficiently large integer, which is an equal fraction of the spatial frequency; and Gd(n) is
the pavement power spectrum function.

The harmonic superposition method is used to simulate road irregularity, and MAT-
LAB software is used to simulate the irregularity sample functions of three pavement
grades A–C, as shown in Figure 4.

Figure 4. Three classes of road roughness.

It can be seen from Figure 4 that the pavement irregularity value increases with the
decrease in pavement grade. The peak irregularity values of three pavement grades A–C
are 5.78 mm, 11.49 mm, and 27.86 mm, respectively.

3. Identification of Bridge Damage Location under the Action of Mobile Vehicles
3.1. Theoretical Basis

Before the bridge is put into use and in normal operation, many experiments are
carried out to observe its performance. In this chapter, combined with the vehicle–bridge
coupling vibration analysis algorithm mentioned above, considering the influence of road
roughness, an indirect measurement method based on health data is proposed. The vehicle
response when the detection vehicle passes through the damaged bridge is compared with
the vehicle response data when the bridge is in a healthy state. The acceleration responses
of the two vehicles are subtracted; then, the acceleration response difference is transformed
by wavelet transform, and the bridge damage location is located through the peak value of
wavelet transform.

By subtracting Equations (18) and (20), the acceleration response difference in the
vehicle body can be obtained:

∆avθ(x) =

{
H(x)

a0b3
b2b1−b2

3
(cw1 f ′z(x) + kw1 fz(x)) · θd

1−θd
+ H(x)

Undamaged location
Damage location

(28)
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where:

H(x) = a0ui11 + a2
.
ui11 + a3

..
ui11 − a0ui12 − a2

.
ui12 − a3

..
ui12 +

a0

b2b1 − b2
3

(
b1(b42 + b62 − b41 − b61)
+b52 + b72 − b51 − b71

)
(29)

It can be seen from Equation (28) that the acceleration response difference in the
vehicle body has a large sudden change at the damage position, but the sudden change
point cannot be identified on the acceleration response difference curve of the vehicle body.
The damage position of the continuous beam bridge can be identified by discrete wavelet
transform of the acceleration response difference in the vehicle body.

3.2. Model Establishment and Simplification

Taking the three-span continuous beam bridge with equal sections as an example,
the total length of the bridge is 90 m, the span combination is 30 m + 30 m + 30 m,
the bridge section height is 0.5 m, the bridge width is 3 m, the bridge elastic modulus
E = 3 × 1010 N/m2, and the mass per unit length of the bridge is 3300 kg/m. The beam3
element is used to simulate the bridge element, the division accuracy is 0.1 m, and the
bridge damping adopts Rayleigh damping. The vehicle model adopts the tractor test
vehicle model in the literature [20]; the acceleration sensor is placed at the centroid of
the detection vehicle body, and there is no torque transmission between the two parts
connecting the tractor and the detection vehicle. The tractor is only used as a provider of
forward power of the detection vehicle, therefore there is no torque transmission between
the tractor and the detection vehicle, so the tractor is simplified as a concentrated force
acting on the center of mass of the tractor, as shown in Figure 5. The vehicle model is
symmetrical left and right, so the detection vehicle model uses a 1/2 model for simplified
calculation, and the tractor concentration force is 5880 N.

Figure 5. Simplified schematic diagram of tractor-testing vehicle (unit: m).

Vehicle parameters are set according to the actual vehicle parameters and docu-
ments [22,23], as shown in Table 1.

Table 1. Vehicle parameters of the test vehicle.

Properties Symbol Unit Value

Body mass mv kg 2000
Car suspension and wheel mass mwi (i = 1.2) kg 100

Stiffness coefficient of vehicle suspension kui (i = 1.2) N/m 4.07 × 105

Vehicle suspension damping coefficient cui (i = 1.2) N·s/m 7509
Wheel stiffness coefficient kwi (i = 1.2) N/m 1.56 × 105

Wheel damping coefficient cwi (i = 1.2) N·s/m 1000
The lateral distance between the wheel
and the center of mass of the car body di (i = 1.2) m 1

3.3. Bridge Damage Conditions

In this paper, the bridge damage unit is simulated by using the stiffness reduction in
the bridge damage area, and the damage degree is expressed by θd. Six working conditions
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are preliminarily assumed, and the damage position x is the distance between the damage
center point and the left end of the continuous girder bridge, as shown in the bridge damage
condition Table 2.

Table 2. Bridge damage conditions.

Working Condition Description Serial Number Damage Distance (x/m) Degree of Damage (θd/%)

No damage Working condition 1 \ 0

Single damage
Working condition 2 5 20
Working condition 3 20 30
Working condition 4 45 20

Multiple damage

Working condition 5 20 30
45 20

Working condition 6
15 10
45 20
75 40

3.4. Identification of the Damage Location

For some new bridges, there are generally baseline data of the bridge’s intact condition.
The bridge damage detection method based on bridge health data mainly collects the
vertical acceleration response of the car body before and after the damage, and performs
discrete wavelet transformation on the acceleration response difference in the car body
before and after the bridge damage to identify the damage location. A simplified model is
used for calculation in this section. The vehicle driving speed is 72 km/h, the road surface
is uneven using Class A pavement, and the above damage conditions are simulated and
calculated by using finite element software.

The wavelet basis function selects the bior4.4 wavelet and db20 wavelet for discrete
wavelet transformation, and the d1 coefficient in the bior4.4 wavelet transform and the
d5 coefficient in the db20 wavelet is selected to determine the damage position, and the
damage position recognition of the working conditions 2–6 is shown in Figures 6 and 7.

Figure 6. Wavelet transform coefficient (bior4.4–d1) diagram.
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Figure 7. Wavelet transform coefficient (db20–d5) diagram.

It can be seen from the wavelet variation coefficients in Figures 8 and 9 that both
wavelet coefficients have obvious sudden changes near the damage location. However,
there is some interference near the damage location, which is not conducive to the accurate
identification of the damage location and is easy to cause misjudgment. However, through
the maximum successful approximation approach (MSAA) processing on the wavelet trans-
form coefficients, the damage location can be accurately identified and misjudgment can
be reduced. Figures 8 and 9 shows the wavelet coefficients after the maximum successive
approximation processing.

Figure 8. Bior4.4–d1 coefficient after MASS treatment.
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Figure 9. db20–d5 coefficient after MASS treatment.

It can be seen from Figures 8 and 9 that the wavelet transform coefficient of the
acceleration response difference in the detection vehicle has a large mutation at the damage
position, and the damage position can be determined. Using MSAA method to process
wavelet coefficients can accurately locate the damage location and reduce misjudgment.
Under the finite element simulation calculation, the bridge damage detection method
based on health data can accurately locate the single damage and multiple damage of a
continuous beam bridge. In condition 6, it can be seen that the peak value of wavelet
transform coefficient increases with the increase in damage degree.

4. Influence Factors on Damage Location Identification

Bridge damage identification based on vehicle response involves vehicle parameters,
bridge parameters, noise, and other factors, which will have a certain impact on bridge
damage identification. Therefore, studying the influence of various factors on bridge
damage identification will help to accurately locate bridge damage and select parameters.
The following mainly studies the influence of vehicle weight, vehicle speed, road roughness,
noise, and other factors on the damage location identification of a continuous beam bridge.

4.1. Influence of Vehicle Weight on Damage Location Identification

The weight of the inspection vehicle is an important parameter affecting vehicle re-
sponse and bridge response. Considering the actual vehicle situation, the weight of the
inspection vehicle was calculated by taking 1000 kg, 1500 kg, 2000 kg, and 2500 kg, respec-
tively. Other vehicle parameters and bridge parameters were set according to Section 3.2.
In order to study the influence of vehicle weight on damage recognition, we selected
condition 3 in Section 3.3 (single damage; damage location: 20 m; damage degree: 30%)
for calculation, and conducted discrete wavelet transform on the acceleration response
difference in the vehicle body for bridge damage identification. The wavelet transform
coefficients under different vehicle weights are shown in Figure 10.
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Figure 10. Wavelet transform coefficients and partial enlarged diagrams under different vehicle weights.

As can be seen from Figure 10, with the increase in vehicle weight, the bridge damage
can still be accurately identified by using the wavelet transform coefficient of vehicle
acceleration difference, but the coefficient peaks of different vehicle weights are slightly
different at the damage location. At the same time, when the vehicle weight exceeds
1000 kg, there is more interference in the wavelet transform coefficient near 90 m, which is
not conducive to the location of bridge damage. According to the finite element simulation
calculation results, the vehicle weight of the test vehicle shall be 1000 kg as far as possible.

4.2. Influence of Vehicle Speed on Damage Location Identification

The change of the vehicle excitation frequency will affect the dynamic response of
the vehicle–bridge coupling system. Naturally, it will have a certain impact on the bridge
damage identification. When the vehicle speed is within a specific range, the vehicle
acceleration signal changes drastically, and the wavelet transform coefficient peak value
is obvious, which is beneficial to the location of bridge damage. The inspection vehicle
weighed 1000 kg. The parameters of other vehicles and bridges remain unchanged, and the
vehicle speeds were calculated as 10 m/s, 20 m/s, and 30 m/s, respectively, to study the
influence of the speed change of the detected vehicle on the bridge damage identification.
Working condition 3 in Section 3.3 (single damage; damage location: 20 m; damage degree
30%) was selected for calculation, and discrete wavelet transform was performed on
the difference in acceleration response of the vehicle body to perform bridge damage
identification, as shown in Figure 11.

When the vehicle speed is 10 m/s, 20 m/s, and 30 m/s, the damage can be accurately
identified, and as the vehicle speed increases, the wavelet transform peak value first
decreases and then increases. In theory, the test vehicle can travel at a speed of 10–30 m/s.
However, if the sampling rate of the sensor is considered, it is required to collect enough
sampling signals in a single test run; therefore, it is suggested that the speed should not
be too high; when the speed is at 20 m/s and 30 m/s, the wavelet coefficients near the
support will affect the damage identification. In addition, if the speed is too low it will lead
to insufficient bridge excitation. Considering detection speed and detection effect, a vehicle
speed of 10 m/s is recommended in this article.
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Figure 11. Wavelet transform coefficients at different vehicle speeds.

4.3. Influence of Road Surface Roughness on Damage Identification

During on-site inspection, the uneven road surface will inevitably have a greater
impact on the response of the vehicle, thereby affecting the identification of the bridge
damage’s location. Using random simulation in Section 2.5 to generate grade A–C road
roughness class, the impact of road irregularities on bridge damage identification was
studied. The working condition 3 in Section 3.3 (single damage; damage location: 20 m;
damage degree 30%) was selected for calculation, and discrete wavelet transform was
performed on the difference in acceleration response of the vehicle body to perform bridge
damage identification, as shown in Figure 12.

Figure 12. Wavelet transform coefficients under different road smoothness grades.
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Analyzing Figure 12, it can be obtained that the damage location of bridge can be
accurately identified under different road surface roughness, which shows that the road
surface roughness has little influence on the bridge damage identification method. Under
ideal road conditions, the use of acceleration response difference can effectively reduce the
impact of roughness on the damage results, but it cannot be completely eliminated.

4.4. Influence of Noise on Damage Identification

During the on-site measurement and inspection process, due to the influence of the
measurement environment and the measurement system, noise is inevitable, and the noise
will “contaminate” the measurement data, which will have a greater impact on the later
data processing and analysis. In order to study the effect of noise on the damage recognition
effect of the method, white noise was superimposed on the acceleration response of the
vehicle body, and the expression is as follows:

an = a + EnNoiseσ(a) (30)

where an is the acceleration response with noise, a is the original acceleration response, En
is the noise level, Noise is the noise obeying the standard normal distribution N (0, 1), and
σ(a) is the standard deviation of the original acceleration response.

The noise level was 3%, 5%, and 7% in sequence, and the above Section 3.3 working
condition 3 (single damage; damage location: 20 m; damage degree 30%) was selected as
the damage condition, and the damage identification of the bridge by noise was studied.
The influence of this is shown in Figures 13 and 14.

Figure 13. Wavelet transform coefficient (d1) under different noise levels.
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Figure 14. Wavelet transform coefficient (d5) under different noise levels.

When the sensor records the acceleration of the vehicle body, it will inevitably be
affected by environmental noise. The frequency and energy of these noises will affect the
wavelet transform, which may cause the results of the wavelet transform to be irregular, and
the damage location cannot be identified. It can be seen from Figure 14 that when selecting
the low-frequency area (d5) for damage identification, the wavelet transform coefficients
under different levels of noise are basically the same as those under noise-free conditions,
indicating that selecting the d5 coefficient for damage location identification has good
anti-noise qualities. It can be seen from Figure 13 that when the high-frequency area (d1)
is selected for damage identification, it cannot be identified at all in the presence of noise,
and the amplitude of the wavelet coefficient increases with the increase in the noise level.
This is mainly because the high-frequency energy of noise is higher than the low-frequency
energy, which affects the damage identification of wavelet transform coefficients in the
high-frequency region. However, the original signal can be denoised. The original signal
is first decomposed in multiple layers, high-frequency coefficients are thresholded, and
low-frequency coefficients are retained. Then, the signal is reconstructed through wavelet
inverse transform to reduce the influence of noise on damage identification.

5. Judgment of Damage Degree of Continuous Beam Bridge

In bridge damage identification, it is not only necessary to identify the location of the
bridge damage, but also to determine the degree of damage. This section will be based on
the bridge deflection and deflection difference to judge the damage degree of the bridge.

5.1. Damage Index

The MSAA coefficient is used as the coefficient peak value of the wavelet transform
coefficient at the damage position. By processing the MSAA coefficient, the damage
degree index can be obtained. Compared with the low frequency coefficient (d5), the high
frequency coefficient (d1) has more concentrated energy, and the MSAA coefficient peak
value changes more regularly. Therefore, the bridge detection method based on bridge
health data selects the bior4.4-d1 coefficient to determine the degree of damage.

The MSAA coefficient is the peak coefficient of the damage location obtained after
the discrete wavelet transformation of the vehicle body acceleration response difference.
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Therefore, the MSAA coefficient is closely related to the vehicle body acceleration response
difference. It can be seen from Equation (28) that the sudden change point of the vehicle
body acceleration response difference at the damage location is mainly related to the healthy
bridge deflection fz(x), so the MSAA coefficient at the damage location is divided by the
healthy bridge deflection fz

(
xθd

)
at the same location. The D1 coefficient of continuous

beam bridge damage detection method based on bridge health data is:

D1 =
wm

fz
(
xθd

) (31)

fz
(

xθd

)
=
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EI
·

 −
(
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(
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))
xθd

3

6l

+

(
(xθd

+∆a)3

6l +

(
xθd

+∆a
)

l
3 − (xθd

+∆a)2

2

)
xθd

+
Fcxθd

2(xθd − l)2

3EIl
(32)

where wm is the MSAA coefficient at the damage location, fz
(
xθd

)
is the healthy bridge

deflection value at the damage location, and xθd is the distance from the damage location to
the left end of the span.

The MSAA coefficients of the same degree of damage vary greatly in different positions.
The change trend in MSAA coefficient is similar to that of healthy bridge deflection. Under
the same damage degree, the MASS coefficient of the mid span is the largest, and it
gradually decreases from the middle of the span to the support, approximately in the shape
of a parabola. Therefore, damage location adjustment factor D2 should be introduced, so
that the damage degree index of each position of the same damage degree is kept within a
certain range as in Formula (33)

D2 = xd
0.5 (33)

where xd is the distance between the damage location and the nearest support of the span,
xe1 is the distance between the damage location and the left end of the span, xe2 is the
distance between the damage location of the side span and the nearest bridge end, and lb is
the length of the side span.

From Formulas (27) and (29), the damage degree index D of the continuous beam
bridge damage detection method based on bridge health data is:

D = D1 · D2 =
wm

fz
(

xθd

) · xd
0.5 (34)

The MSAA coefficient of the same damage position increases as the damage degree
increases, and the change trend is in the form of a power function. Multiple damage degree
indicators at a certain point of the bridge are used to fit the damage degree function S(x),
and the damage degree function Sd1(x). Multiple damage degree indexes at 20 m from the
damage position are selected for fitting, and the damage degree is 10%, 20%, 30%, 40%,
50%, and Matlab is selected for function fitting. Substituting the damage degree index D
into the damage degree function S(x), the damage degree function Sd1(D) is expressed as:

Sd1(D) = 10.49× D0.4519 − 0.1707 (35)

where D is an index of the degree of damage.

5.2. Judgment of Bridge Damage Degree Based on Health Data

Corresponding data processing was performed on the MSAA coefficients of each
bridge damage condition in Table 2 to obtain the damage degree index D. Substituting
the damage degree index D into the damage degree function Sd1(D), the bridge damage
degree can be determined, as shown in Table 3.
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Table 3. Judgment of Bridge Damage Degree.

Damage Conditions Damage
Position (x/m)

Degree of Damage
(θd/%)

MSAA
Coefficient

Damage
Index D

Degree of
Damage

(Sd1(D)/%)

Judgment Error
(Rd/%)

Working condition 2 5 20 9.44 × 10−7 4.57 × 10−4 18.17 −1.83
Working condition 3 20 30 1.89 × 10−6 9.06 × 10−4 29.95 −0.05
Working condition 4 43 20 1.42 × 10−6 4.86 × 10−4 19.08 −0.92

Working condition 5 20 30 1.80 × 10−6 9.08 × 10−4 29.99 −0.01
45 20 1.89 × 10−6 4.90 × 10−4 19.21 −0.79

Working condition 6
15 10 8.55 × 10−7 2.56 × 10−4 10.71 0.71
45 20 1.90 × 10−6 4.85 × 10−4 19.06 −0.94
75 40 4.64 × 10−6 1.43 × 10−3 40.07 0.07

It can be seen from Table 3 that the above-mentioned data processing method can be
used to determine the degree of damage at each position of the bridge, with a maximum
error of 2.81%, which is relatively small. The bridge damage degree determination is based
on the MSAA coefficient through data fitting, and the MSAA coefficient is derived from the
wavelet transform coefficient, so the accuracy of the damage degree determination is also
affected by environmental noise, sensor accuracy, and road surface roughness.

6. Conclusions

(1) Using the maximum value successive approximation method to process the wavelet
transform coefficient can accurately identify the damage location, and the identifica-
tion accuracy is affected by vehicle speed, vehicle weight, road surface roughness,
and noise. The recommended speed is 10 m/s, and the recommended vehicle weight
is 1000 kg.

(2) This damage detection method has good noise immunity. The vehicle response signal
needs to be processed by wavelet noise reduction when the noise is greater. When the
noise level is not higher than 5%, the location of the bridge damage can be identified
successfully.

(3) The corresponding damage degree index D and the damage degree function Sd1(D)
are put forward. According to this, the damage degree of the bridge can be judged,
and the judgment error of the damage degree basically meets the requirements, which
is suitable for continuous beam bridges with different span combinations.
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