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Abstract: The damage identification method based on macro-strain modality has shown good results
for large-span flexible bridges. However, medium- and small-span bridges have a high stiffness, and
the axle system is embodied. The strong time-varying vibration characteristics, coupled with the
non-stationary characteristics of vehicle loads, make it difficult to accurately determine the stable
strain modes of such bridges. To solve this problem, a damage localization index in the form of
an amplitude vector matrix of the mutual energy density spectrum based on macro-strain was
constructed using wavelet transform de-noising and reconstruction technology and cross-correlation
function. The macro-static strain and macro-dynamic strain data obtained from a vehicle–bridge
coupling experiment were reconstructed through wavelet transform, and the factors influencing the
damage indices were analyzed. The results showed that the proposed indicators could help realize
an accurate damage localization for medium- and small-span bridge systems with different damage
degrees under the action of vehicle–bridge coupling.

Keywords: macro-strain mode; medium- and small-span bridges; wavelet transform; cross-
correlation function

1. Introduction

Transportation is vital to regional economic development, and bridges are key to
maintaining a smooth traffic flow. The normal operation of a transportation system relies
heavily on the health of bridge structures [1,2]. To ensure the safety of bridge operation,
several health monitoring systems have been established. However, existing monitoring
systems are complex, expensive, and mostly applicable to long-span bridges. In highway
and railway bridges, the vast majority of bridges are medium- and small-span bridges
(the middle bridge generally has the total length of porous span between 30 m and 100 m
or the single span between 20 m and 40 m, and the small bridge mostly refers to the
total length of porous span between 8 m and 30 m or the single span between 5 m and
20 m). The medium- and small-span bridges have small span and large stiffness, so the
vehicle–bridge coupling effect is obvious. At the same time, small- and medium-span
bridges are prone to cracks and reduce the structural stiffness of bridges. However, because
of its complex structure and soft structure, long-span bridges are often the key objects of
structural health monitoring and detection, while small- and medium-span bridges lack
attention. In recent years, due to the increase in vehicle load, structural deterioration, and
structural form that do not conform to the current specification, the tilting erosion and
fracture of medium- and small-span bridges have occurred. Throughout the domestic and
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foreign bridge damage accident cases, the proportion of small- and medium-span bridge
damage accidents accounted for the vast majority. Therefore, it is necessary to improve the
real-time monitoring of the damage condition of medium- and small-span bridges, and
develop a simple damage identification technology suitable for practical applications.

With the development of bridge construction and health monitoring technology, the
damage identification method of bridge structure has developed rapidly. So far, many
mature theoretical methods have emerged. The classification of monitoring data based on
damage identification can be divided into a damage identification method based on static
measurement data and a damage identification method based on dynamic monitoring
data. The static-based damage identification method is reliable, but it is time-consuming,
laborious, and expensive to interrupt the traffic in the detection, which is not conducive to
the real-time evaluation of the bridge state. For example, static load test, percussion method,
and millimeter wave radar method [3] based on non-destructive damage detection need to
interrupt traffic for damage identification, which brings great inconvenience to people’s
travel. However, the damage identification method based on dynamic response can not
interrupt the traffic, and only relying on environmental incentives can achieve the goal of
online damage identification for bridges. Different from acceleration sensors, long-gauge
strain sensors can not only reflect the overall information of the bridge, but also represent
the local information of the structure. The strain index is more sensitive to local damage [4],
whereas the displacement index is more effective for overall damage identification [5]. The
sensitivity for local damage identification is arranged from low to high, and local damage
in structures can be more easily identified using the strain index than the displacement
index [6]. With the development of macro-strain measurement technology, the distributed
strain sensing technology realizes the regional sensing, which overcomes the shortcomings
of the traditional ‘point’ sensing that is too local, and overcomes the shortcomings of
the traditional displacement sensing and acceleration sensing that are too macroscopic.
It integrates the local and global information of structures, enables dynamic and static
testing, and has advantages such as accurate damage localization and high quantitative
accuracy [7–10]. Therefore, in this paper, the measured macro-strain data will be used as
the data source for medium- and small-span bridge damage identification.

Based on macro-strain data, the following damage identification methods have been
developed in recent years. Li et al. [11,12] employed a macro-strain mode vector with a
long gauge as the damage index; it exhibited a high accuracy for damage localization and
quantification with a good application effect for long-span flexible bridges. Wu et al. [8]
proposed a structural damage identification method based on macro-strain modal vector.
The modal parameters were extracted by strain response, and then the two-level strategy
for flexible structure damage detection was proposed. Hong [13] proposed a method of only
output modal macro-strain extraction and a bridge damage identification method under
environmental excitation, and theoretically proved that the modal macro-strain of the strain
sensor was uniquely determined by the peak value of the dynamic macro-strain response
power spectrum density (PSD). Then, this method was applied to the state assessment of a
practical bridge in New Jersey. Xu et al. [14,15] proposed a damage identification method
for long-span cable-stayed bridges based on the residual trend of the macro-strain modal
and the energy of macro-strain frequency response function. This method is clear in theory
and easy to implement. According to the mapping relationship between long strain and
displacement, Zhang et al. [10] deduced the macro-strain frequency response function,
and proposed two structural strain modal identification methods based on it, and verified
the effectiveness of the two methods. Anastasopoulos [16] identified the strain mode and
characteristic frequency of the prestressed concrete beam model by macro-strain data to
identify the damage and damage location of the structure. There are obvious changes in the
amplitude and curvature of the strain mode in the damage area. However, medium- and
small-span bridges have high rigidity. When the vehicle-to-bridge mass ratio is relatively
high, the vibration effect due to vehicle–bridge coupling cannot be ignored. The structural
system will reflect the time-varying vibration characteristics, and the non-stationary charac-
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teristics of the vehicle load will make it difficult to accurately obtain the stable strain mode
of the bridge [15,17]. Clearly, identifying damages in a time-varying bridge based on the
macro-strain modal test method is challenging, and the existing macro-strain theory cannot
be directly applied to the damage identification of medium- and small-span bridges [18,19].
Hong et al. [4] established a static damage identification method based on the difference of
macro-strain influence line area before and after structural damage by using a vehicle mov-
ing load. Li [20] proposed a damage identification method for urban road viaducts based
on the working deformation of the macro-strain in the frequency-domain. This method
can accurately identify damage locations and provides a good solution to the macro-strain
problems encountered in the damage identification of medium- and small-span bridges.
The idea is to advance the application of macro-strain-based damage identification to
medium- and small-span bridges. Razavi and Hadidi [21] proposed a structural damage
identification method based on finite element model correction and wavelet packet trans-
form component energy, and verified the effectiveness and applicability of this method
in structural damage identification by taking a two-dimensional steel truss structure as
an example. The results show that this method can accurately determine the existence,
location, and magnitude of damage, but the method requires the finite element model of the
structure without damage. The performance of damage identification using macro-strain
data is excellent, and the vehicle–bridge ratio of medium- and small-span bridges is large.
When a vehicle passes the bridge, obvious macro-strain data can be measured, which pro-
vides a guarantee for subsequent damage identification. However, the complicated damage
identification theory makes it challenging for ordinary engineers to grasp. Therefore, how
to make the damage identification method based on macro-strain more easily applied in
the damage identification of medium- and small-span bridges has become a research focus.

As a time–frequency analysis method, wavelet analysis has the characteristics of
multiresolution and has a strong ability to represent the local characteristics of a signal,
particularly when dealing with non-stationary signals. It can realize an effective decom-
position and noise reduction of signal data [22]. Yu [23] conducted a modal analysis of a
cracked bridge based on the structural dynamic equation of motion, studied the modal char-
acteristics of the damaged bridge, and realized damage localization through the wavelet
coefficients of the wavelet transform. Liu [24] employed the curvature of the displace-
ment response and the cross-correlation function of the vehicle-excited bridge response
as damage indices and applied the time–frequency analysis method of lifting wavelet
transforms to identify bridge damage under moving loads. This method does not require
damage-free structural response information, and the damage can simply be identified
through the vibration response data of the bridge under different moving loads. Although
it can effectively identify the damage location, the degree of damage cannot be easily quan-
tified. Macro-strain damage identification methods are mostly based on empirical mode
decomposition analysis, while wavelet transform for noise reduction and time–frequency
analysis are rarely used.

Based on the above research, this paper reports a damage localization index in the
form of an amplitude vector matrix of the mutual energy density spectrum based on macro-
strain, constructed using wavelet transform de-noising and reconstruction technology
and cross-correlation function. With the macro-dynamic strain and macro-static strain
experimental data, the accuracy of the proposed damage localization index was verified
in terms of the damage degree, damage location, and vehicle-to-bridge mass ratio. The
experimental results showed that the proposed indicators could achieve precise damage
localization for medium- and small-span bridge systems with different damage degrees
under the action of vehicle–bridge coupling.

2. Theoretical Basis
2.1. Damage Identification Based on Vehicle–Bridge Coupling Theory

For a small-span bridge with a relatively high vehicle-to-bridge mass ratio, the moving
vehicle-mounted action can be approximately considered vehicle–bridge coupling, and the
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vehicle–bridge system has time-varying characteristics [25–27]. This is shown in Figure 1.
P is the force actions on the bridge; t is the vehicle travel time in the bridge; v is the speed
of the vehicle; M1 is the vehicle mass; y(x, t) is the vertical dynamic displacement of the
bridge; x is the distance traveled by the vehicle on the bridge; l is the length of the bridge.
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Figure 1. Vehicle–bridge time-varying system.

When the vehicle–bridge coupling effect is considered, the macro-strain generated
by the moving vehicle-mounted action includes two categories. One is the macro-strain
generated by the vehicle weight, i.e., the static strain. The other is the macro-dynamic strain
due to the vehicle–bridge coupling. Therefore, based on the measured macro-strain data
and wavelet transform, this study reconstructed and separated the macro-dynamic and
static strains, and then used the reconstructed macro-static and dynamic strain data as the
research object to perform an impact analysis on damage localization [19,28].

Based on the modal superposition method and D’Alembert’s principle, a vehicle–
bridge coupling model was established [29], as shown in Figure 2. Ms is the mass of the
car body; Mt1 represents the total mass of suspension device of vehicle front axle and tires;
Mt2 represents the total mass of rear axle suspension device and tires. ks1 and ks2 represent
the spring stiffness of the front and rear axle suspension system of vehicle, respectively;
kt1 and kt2 are, respectively, the stiffness of the front and rear axle tires of the vehicle. cs1
and ct1 are the damping of vehicle front axle suspension system and tires, respectively. On
the contrary, cs2 and ct2 are the damping of vehicle rear axle suspension system and tires,
respectively. ys is the vertical displacement of the car body. θ represents the rotation angle
of the car body. yt1 is the vertical displacement of vehicle front axle suspension system;
yt2 is the vertical displacement of vehicle rear axle suspension system; yc1 and yc2 are the
vertical displacements of the front and rear axle tires, respectively.
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The bridge vibration equations of the vehicle–bridge coupled vibration model shown
in Figure 2 can be expressed as:

[Mv]
{ ..

yv
}
+ [Cv]

{ .
yv
}
+ [Kv]{yv} = {Fv−b}+ {FG} (1)

[Mb]
{ ..

yb
}
+ [Cb]

{ .
yb
}
+ [Kb]{yb} = {Fb−v} (2)

where [Mv], [Cv], and [Kv] are the mass, damping, and stiffness matrices of the vehicle,
respectively; [Mb], [Cb], and [Kb] are, respectively, the mass, damping, and stiffness matri-
ces of the bridge; {yb} and {yv} are the displacement vectors of the bridge and vehicle,
respectively; {Fv−b} and {Fb−v} are, respectively, the combined force components of the
vehicle–bridge coupling acting on the vehicle and bridge; {FG} is the gravity vector acting
on the vehicle.

Based on the dynamic balance and displacement coordination relationship, the follow-
ing matrix can be established:[

Mv
Mb

]{ ..
yv..
yb

}
+

[
Cv

Cb−v

Cv−b
Cb + Cb−b

]{ .
yv.
yb

}
+

[
Kv

Kb−v

Kv−b
Kb + Kb−b

]{
yv
yb

}
=

{
Fv−b + FG

Fb−v

}
(3)

In this formula, Cv−b, Cb−v, Cb−b, Kv−b, Kb−v, Kb−b, Fv−b, and Fb−v are the coupling
terms generated by vehicle–bridge coupling. Generally, Newmark− β is used to solve the
above coupling equation.

After solving for the displacement yb at each point in the bridge using this method,
the angular displacement ϕb of the point can be obtained by differentiating the displace-
ment [30].

ϕb(x, t) = −dyb(x, t)
dx

(4)

ε(Lm, t) =
ϕb(x, t)− ϕa(x, t)

Lm
hm (5)

where ε is the theoretical macro-strain, Lm is the gauge length, hm is the height of the neutral
axis. ϕa(x, t) is the angular displacement of the point a, ϕb(x, t) is the angular displacement
of the point b.

2.2. Reconstruction of Macro-Strain by Wavelet Transform

The measured macro-dynamic response ε′(Lm, t) of the bridge under environmental
excitation and moving load excitation includes complex response signals, such as the
vehicle load and environmental excitation [31,32], as expressed in Equation (6). Therefore,
it is necessary to eliminate the influence of environmental excitation, such as noise, and
extract useful strain signals of vehicle load from the complex macro-dynamic strain signals,
so that the time-varying bridge damage can be effectively identified.

ε′(Lm, t) = ε(Lm, t) + ξ(t) (6)

where, ε′(Lm, t) is the actual measured macro-strain, ξ(t) is the macro-strain response signal
generated by environmental excitation.

In the actual engineering signal acquisition, the signal mostly contains many mutations
and spikes, and the noise signal is not a stationary white noise signal. Therefore, when
de-noising this non-stationary signal, the traditional Fourier transform cannot give the
mutation of the signal at a certain time point, and it is difficult to effectively distinguish the
mutation of the signal in the time domain, which makes it difficult to realize the accurate
de-noising of non-stationary signals by Fourier transform. However, the wavelet transform
is different. It can conduct signal analysis in both time and frequency domains at the
same time, which can effectively distinguish the noise part of the signal and the mutation
of the signal on the time axis, so as to complete the reasonable noise reduction of non-
stationary signals. In the following, the measured macro-strain ε′(Lm, t) is decomposed
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and reconstructed by wavelet transform to remove the influence of environmental noise on
macro-strain.

ε′(Lm, t) = c1 A1 + c1D1 + c2 A2 + c2D2 · · · ciDi (7)

where i is the number of decomposition layers, ci Ai is the approximate part of the decompo-
sition, ciDi is the detailed part of the decomposition, and the noise part is typically included
in ciDi. The de-noise separation can be applied to obtain the reconstructed macro-strain
εcg(Lm, t), as expressed in Equation (8).

εcg(Lm, t) = c1 A1 + c2 A2 + · · · ci Ai (8)

3. Construction of Damage Indices
Damage Localization Index Based on Macro-Strain

The reconstructed macro-strain response curve εcg(Lm, t) can obtain εcg(Lm, ω) by
Fourier transformed.

εcg(Lm, ω) =

∞∫
−∞

ψ(Lm, t)e−jωtdt = Re(ω) + jIm(ω) = |X (ω)| ejφ(ω) (9)

where, the amplitude is |X (ω)| =
√

Re2(ω) + Im2(ω). Re(ω) and Im(ω) are, respectively,
the real and imaginary parts of the Fourier function.

The macro-strain amplitude after Fourier transform was selected to perform a cross-
correlation function calculation among the elements, and the mutual energy density spec-
trum of the macro-strain amplitude corresponding to the frequency ω = 1

t was obtained,
as expressed in Equation (10).

mωω

(n−1)×n,ω = X(ωωω
n−1)× X(ωωω

n ) (10)

where
∣∣X(ωωω

n )
∣∣ and

∣∣X(ωωω
n−1)

∣∣ are the macro-strain response amplitudes at the frequency
of the measuring points of elements n and n− 1, respectively.

The amplitude matrix of mutual energy density spectral between n elements in full
frequency domain (or full-time domain) is obtained by calculating the cross-correlation
function of the measured data of n long-gauge elements. The cross-correlation of a single
element is self-energy density spectrum, and that of different elements is mutual energy
density spectrum. The amplitude matrix has multiple forms. Therefore, to better describe
its dynamic characteristics, all the types of deformations are uniformly named as the
element energy product among the cross-correlated long-gauge elements in the frequency
domain. This product is hereinafter referred to as the cross-correlation element energy
product, which is equivalent to the amplitude vector of the macro-strain mutual energy
density spectrum among the long-gauge elements.

mω1
1,1 mω2

1,2 · · · mωω−1
1,ω−1 mωω

1,ω mω1
1,ω+1 mω2

1,ω+2 · · · mωω−1
1,2ω mωω

1,2ω

mω1
2,1 mω2

2,2 · · · mωω−1
2,ω−1 mωω

2,ω mω1
2,ω+1 mω2

2,ω+2 · · · mωω−1
2,2ω mωω

2,2ω
...

...
...

...
...

...
...

...
...

...
mω1

(n−1)×n,1 · · · · · · · · · mωω

(n−1)×n,ω mω1
(n−1)×n,ω+1 · · · · · · · · · mωω

(n−1)×n,2ω

mω1
n×n,1 · · · · · · · · · mωω

n×n,ω mω1
n×n,ω+1 · · · · · · · · · mωω

n×n,2ω


(11)

where n ∈ Z, and the full-frequency domain is {ω1 , ω2 · · · ωω}.
For 32 long-gauge Bragg grating strain sensors pasted on the bridge, the bridge can

be divided into 32 long-gauge elements, with each element producing a macro-strain,
including macro-static strain and macro-dynamic strain. The data of two types are mixed,
and the above-mentioned wavelet transform de-noising and reconstruction technology can
be used for separating the macro-static strain and macro-dynamic strain. The long-gauge
elements calculated using the cross-correlation function will increase by the square of the
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number and is termed the cross-correlation long-gauge elements, that is, there will be
1024 cross-correlation long-gauge elements. Based on the initial element, each element
superimposed by the total number of elements is called the cross-correlation long-gauge
element group. In order to better display the damage location effect, 1024 cross-correlation
element vectors were presented in the form of matrix coordinates of 32 rows and 32 columns,
as expressed in Matrix (12). When a certain element is damaged, the coordinate of the
corresponding matrix diagonal position changes abruptly. (1, 1) · · · (1, 32)

...
. . .

...
(32, 1) · · · (32, 32)

 (12)

The above damage localization method is summarized as shown in Figure 3.
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4. Experimental Analysis

The span of common small and medium bridges is 24 m. According to the actual
bridge, an aluminum box-type simply supported girder bridge was designed by the scale of
1:7.5. The modulus of elasticity was set to 69 GPa, the Poisson’s ratio was 0.33, the density
was 2700 kg/m3, the dead weight was 13.07 kg, and the first-order natural vibration
frequency was 16.23 Hz. Thirty-two long-gauge fiber Bragg grating strain sensors were
pasted along the span of the upper roof of the beam to measure the compressive strain
(taking the absolute strain value). Subsequently, the beam was divided into 32 long-
gauge elements of 10 cm each. A temperature compensation sensor of the same type
was connected in series. After the bonding was completed, the wavelength of the sensor
was calibrated, and the wavelength of 33 strain sensors with long gauge at the same time
was recorded as the initial value. Figure 4 shows the vehicle–bridge experimental model
and sensor layout. The self-weight of the mobile trolley was 8 kg, and its mass could be
varied by adding weight, as shown in Figure 5. Table 1 lists the damage condition settings.
Figure 6 shows the experimental operation [33–35].
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Table 1. Damage condition table.

Damage Condition
Number

Damage to the
Element Damage Width (cm) Damage Degree (%)

D0 0 0 0
D1 26 0.5 Level 1 damage
D2 26 0.5 Level 2 damage
D3 26 5 Level 3 damage
D4 26 5 Level 4 damage
D5 6, 26 5, 0.5 Level 1 damage Level 4 damage
D6 6, 26 5, 0.5 Level 2 damage Level 4 damage
D7 6, 26 5, 5 Level 3 damage Level 4 damage

Note: The damage degree is the percentage of damage in the entire long-gauge element. Damage width refers
to the length of failure along the bridge direction at the bottom part of the box girder, which is similar to the
crack. The damage location is set in the 26th or 6th long-gauge element of the lower bottom plate of the box girder.
According to the damage length of the bottom plate of the box girder and the degree of damage of the web, the
damage degree is comprehensively set according to the average stiffness reduction method, in which the working
conditions D1 and D2 are the same damage width of the bottom plate of the box girder, and the damage of the D2
web is larger, and the overall stiffness is small. The damage is stronger, so the damage degree of D2 is greater than
that of D1. D3 and D4, D5 and D6 are also set in the same way.
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4.1. Reconstruction and Separation of Macro-Strain by Wavelet Transform

After sorting the macro-strain data obtained from the vehicle–bridge coupling experi-
ment, the overall strain diagram of the moving vehicle while passing through the bridge
was obtained, as shown in Figure 7. The wavelet basis function mentioned above was
used for noise reduction and reconstruction to obtain the time history curve of static strain
generated by the moving vehicle-mounted action on the bridge, as shown in Figure 8a.
Strain separation was then performed to obtain the macro-dynamic strain curve generated
by the vehicle–bridge coupling action, as shown in Figure 8b.
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4.1. Reconstruction and Separation of Macro-Strain by Wavelet Transform

After sorting the macro-strain data obtained from the vehicle–bridge coupling experi-
ment, the overall strain diagram of the moving vehicle while passing through the bridge
was obtained, as shown in Figure 7. The wavelet basis function mentioned above was
used for noise reduction and reconstruction to obtain the time history curve of static strain
generated by the moving vehicle-mounted action on the bridge, as shown in Figure 8a.
Strain separation was then performed to obtain the macro-dynamic strain curve generated
by the vehicle–bridge coupling action, as shown in Figure 8b.
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In the case of vehicle–bridge coupling, a time history curve of static strain is generated
by the weight of the vehicle, which is not easily affected by the external environment and
is suitable for quantitative damage identification. However, a macro-dynamic strain is
generated by vehicle–bridge coupling, which has a small value and is easily affected by the
external noise environment, making it suitable for damage localization and identification.
Therefore, in this study, damage localization is performed on the basis of the damage index
and time history curve of the macro-dynamic strain.

Illustration: Based on the change in the wave peak, 32 strain curves generated by the
force of 32 long-gauge elements in the mid-span circuit of the upper roof of the box girder
as shown in Figures 9 and 10.
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Figure 9. Macro-dynamic strain under damage condition for vehicle-to-bridge mass ratios; (a) 1.22;
(b) 3.14.
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4.2. Damage Localization and Identification

Based on the separated and reconstructed macro-dynamic strain data, this section
focuses on analyzing the impacts of damage degree, vehicle-to-bridge mass ratio, multiple
damage locations, and other factors on the damage localization index.

4.2.1. Vehicle-to-Bridge Mass Ratio

When the vehicle-to-bridge mass ratio is high, the evident vehicle–bridge coupling
effect generates a macro-dynamic strain. Therefore, it is of great significance to explore the
influence of the vehicle-to-bridge mass ratio on the damage localization index. Therefore,
we conducted a macro-dynamic strain analysis during the actual vehicle-mounted action
period; this section presents the results. Figure 9a,b show the macro-dynamic strains
under the second-order damage condition with vehicle-to-bridge mass ratios of 1.22 and
3.14, respectively.

Illustration: The figures show 32 macro-dynamic strain curves indicated by different
colors, which are 32 long-gauge elements in the middle span line of the upper roof.

Figure 9 shows that the macro-dynamic strain data of the 32 long-gauge elements
fluctuate around 0. The vibration is most intense at 7.5 s, 10–13 s, and 14–15 s. The actual
movement time of the mobile trolley is 15 s, and the trolley is controlled by a traction motor.
Its speed is set to 0.2 m/s, and it takes 16 s to complete the entire process. Therefore, during
the movement process of the mobile trolley, there is a condition of variable speed, that
is, the 32 long-gauge elements are affected by non-stationary excitation (the process of
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shifting the mobile trolley is equivalent to the impact of non-stationary excitation on the
bridge, making the macro-strain data more complicated). Through the analysis of the actual
damage location, the mobile trolley was found to reach the middle span of the bridge at 7.5
s, reach the damage location in approximately 10–13 s, and completely leave the bridge
after 15 s. The vehicle-to-bridge mass ratios of the two types have evident and sudden
oscillations at 7.5 s and 10–13 s, as shown in Figure 9a,b. However, all the 32 long-gauge
elements vibrate at 7.5 s, whereas in the 10–13 s range, the oscillation is only of a few
long-gauge elements, as indicated by the green line in the figure. Based on the analysis
of the above characteristics and the calculation method of the damage localization index,
the energy product of the macro-dynamic strain cross-correlation element is obtained, as
shown in Figure 10.

A total of 32 long-gauge elements were pasted on the top plate of the beam. Through
the damage localization index calculation, we find 1024 cross-correlation long-gauge el-
ements, including 32 cross-correlation long-gauge groups as shown in matrix (12). The
meaning of this element group is that the mechanical vibration of each long-gauge element
and the first long-gauge element are correlated. If the first long-gauge element is damaged,
the macro-strain response generated by the force will be different from the macro-strain
generated by the other long-gauge elements, and the calculation based on the damage
localization index will make it different from the other elements. Figure 10 shows that the
energy product of the cross-correlation element has an evident mutation in the (26, 26)
cross-correlation long-gauge element group. Therefore, it is possible to locate the damage
in the 26th long-gauge element from the sudden change in the figure.

As the vehicle-to-bridge mass ratio increases, the abrupt value of the energy product
of the cross-correlation element also increases. Under the different vehicle-to-bridge mass
ratios, the macro-dynamic strain generated by the vehicle–bridge coupling can realize
damage location identification based on the damage localization index and the higher the
vehicle-to-bridge mass ratio, the more evident the damage localization effect.

4.2.2. Analysis of the Influence of Multiple Damage Locations

Based on the reconstructed and separated macro-dynamic strain data, an identification
analysis was conducted at multiple damage locations. Through the calculation of the
damage localization index, the energy product values of the cross-correlation elements with
different damage degrees at two damage locations were obtained, as shown in Figure 11.

Figure 11 shows mutations in the 6th and 26th cross-correlation long-gauge element
groups, and the mutation rules are the same as those described in Section 4.2.1. More
specifically, (6, 6) has a sudden change in the energy product at both (26, 26) and the
two cross-correlation long-gauge element groups. The mutation becomes more and more
evident as the damage level increases at both damage locations. However, when both
damage levels reach grade four damage, they do not reach the maximum of (6, 6) and (26,
26) at the same time. Therefore, when there are multiple damages, the cross-correlation
element energy product between the two damages will be weakened, which will lead to
the damage localization index. The damage localization effect is reduced, particularly
for minor damages. However, it is still possible to locate the damage at the 6th and 26th
long-gauge elements based on the above rules. The damage localization index can realize
the localization and identification of multiple damages based on the macro-dynamic strain.
The greater the damage, the better the localization effect.
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4.2.3. Analysis of the Influence of the Damage Degree

To further analyze whether the damage degree would affect the positioning identi-
fication of the localization index, damage positioning research was performed with the
localization index based on the macro-dynamic strain under the condition of D0–D4 for a
32 kg mobile vehicle. Through the calculation, the energy product of the macro-dynamic
strain cross-correlation element was obtained, as shown in Figure 12.

Figure 12 shows the damage identification effects of the damage location index under
different damage degrees. As it can be seen from Figure 12a, when the bridge is in the
condition of non-destructive, the maximum value is at (16, 16), where the mid-span element
of the beam is located. By comparison with Figure 12b–e, it can be seen that with the
increase in damage degree, the value at (26, 26) gradually increases, and the value at
(16, 16) gradually decreases. Therefore, it can be seen that damage occurred at the 26th
long-gauge element, and the greater the damage degree, the more obvious the damage
localization effect.
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In conclusion, for the macro-dynamic strain after wavelet reconstruction and separa-
tion, the damage localization index can still be used for damage localization and identifi-
cation. In terms of the vehicle–bridge mass ratio, multiple damage location, and damage
degree, the higher the vehicle-to-bridge mass ratio, the greater the damage degree, the more
evident the positioning effect of the damage localization index. After the reconstruction
and separation, the macro-dynamic strain was not further de-noised by wavelet transform;
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therefore, the damage localization index based on the maximum cross-correlation number
has certain anti-noise performance. Macro-dynamic strain is generated by vehicle–bridge
coupling action; this confirms the feasibility of the damage localization index and identi-
fication method employed for the time-varying bridge based on the damage localization
index under vehicle–bridge coupling action.

4.3. Experimental Error Analysis

The experimental errors mainly come from the following aspects:

1. The pre-tensioning effect of the long-gauge FBG strain sensor is weakened: As the
experiment progresses, the tensile effect is increasingly weakened. Moreover, the sen-
sor attached to the upper roof measures the compressive strain. If the pre-tensioning
effect is poor, it will significantly affect the accuracy of data collection.

2. Influence of track irregularity: because of the lack of advanced processing technology,
an irregularity exists in the upper roof track of the bridge. Consequently, wheel–rail
collision can occur during the movement of the vehicle, producing an effect similar to
percussion excitation and affecting the accuracy of strain data collection.

5. Conclusions and Prospects

In this study, a spatial box bridge was taken as the research object. Based on the macro-
static and dynamic strain data, and the wavelet transform de-noising and reconstruction
technology, a damage identification method for medium- and small-span bridges under the
action of vehicle–bridge coupling was studied. The following conclusions can be drawn
from the results:

1. The damage location index proposed in this paper can effectively reduce the influence
of noise and other factors and accurately identify the location of subtle damage, with
high accuracy. This index is not only effective for single damage location identification,
but also has a good identification effect for multiple damage locations. The proposed
index can provide a good reference for solving the problem that the damage index
based on macro-strain can not be applied to medium- and small-span bridges due to
the obvious vehicle–bridge coupling effect.

2. The proposed method in this paper has high requirements for bridge deck smoothness,
moving vehicle speed and load size. The excitation caused by the collision between the
wheel and the bridge deck will greatly affect the recognition effect, so it is necessary
to maintain the smoothness of the bridge deck. The speed of the vehicle moving on
the bridge deck is also required to be uniform, otherwise the recognition error will
increase due to the excitation of variable speed. The larger the load value of the mobile
vehicle is, the better the recognition effect of the damage index is. Therefore, for subtle
damage, the positioning accuracy of the damage can be improved by increasing the
mobile vehicle value.

3. The vehicle–bridge model designed in this study is relatively simple and lacks in-
depth study under complex mobile vehicle conditions (such as moving speed and
axle number). Therefore, in future research, we will consider the use of a complex
vehicle–bridge coupling model and prestressed concrete beams to further improve
the proposed damage identification method. The damage identification method
proposed in this paper is only verified under laboratory conditions and has achieved
a good damage localization effect. However, in the bridge model experiment, the
scale effect is a very important factor, and this paper does not consider the influence
of scale effect on the damage identification method. In the later study, the author
will conduct a comprehensive analysis of the actual bridge damage and laboratory
verification, in order to further analyze the impact of scale effect on the proposed
damage identification method.



Materials 2022, 15, 1097 16 of 17

Author Contributions: Conceptualization, H.Z. and Z.Z. (Zhixin Zhong); methodology, H.Z. and
Z.Z. (Zhixin Zhong); formal analysis, Z.Z. (Zhixin Zhong); software, Z.Z. (Zhixin Zhong) and Z.Z.
(Zhichao Zheng); validation, Z.Z. (Zhixin Zhong) and H.Z.; data curation, Z.Z. (Zhichao Zheng)
and G.L.; Writing and original draft preparation, Z.Z. (Zhixin Zhong); Visualization; H.Z. and J.D.;
Investigation, H.Z. and J.D.; language polishing, Z.Z. (Zhixin Zhong) and J.Y.; writing and reviewing,
H.Z. and J.D.; writing and translating, J.Y.; editing, Z.Z. (Zhixin Zhong) and J.Y.; drawing, Z.Z. (Zhixin
Zhong) and J.Y.; reviewing, Z.Z. (Zhichao Zheng) and G.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This study is supported by the following four projects: 1. The Natural Science Foundation
of Hebei Province (E2020210022); 2. Hebei Province key research and development plan project under
grant no.19210804D; 3. Natural Science Foundation of Hebei Province (E2021210099); 4. Natural
Science Foundation for Youths of Hebei Province of China (E2021210055).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This study was supported by the State Key Laboratory of Structural Mechanics
Behavior and System Safety in Traffic Engineering and Structural Health Monitor and Control Institute.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zheng, J.J. Dynamic Response Analysis of Bridge under Moving Load. Master’s Thesis, Jilin Jianzhu University, Changchun,

China, 2019.
2. Yang, Q.W.; Peng, X. Sensitivity Analysis Using a Reduced Finite Element Model for Structural Damage Identification. Materials

2021, 14, 5514. [CrossRef] [PubMed]
3. Han, W.; Wang, Y.P.; Wang, L. Application and Analysis of Two Nondestructive Testing Methods in Bridge Structure Damage

Detection. J. Guiyang Univ. (Nat. Sci. Ed.) 2021, 16, 93–99. [CrossRef]
4. Hong, W.; Cao, Y.; Wu, Z.S. Strain-based damage-assessment method for bridges under moving vehicular loads using long-gauge

strain sensing. J. Bridge Eng. 2016, 21, 4016059. [CrossRef]
5. Cao, P.; Yoo, D.; Shuai, Q.; Tang, J. Structural damage identification with multi-objective DIRECT algorithm using natural

frequencies and single mode shape. In Proceedings of the SPIE Smart Structures and Materials + Nondestructive Evaluation and
Health Monitoring, Portland, OR, USA, 25–29 March 2017.

6. Li, D.B. A general review on several fundamental points of experimental strain/stress modal analysis. Shock Vib. 1996, 15, 13–17.
7. Wu, Z.S.; Zhang, J. Advanced Technology and Theory of Structural Health Monitoring, 1st ed.; Science Press: Beijing, China, 2015.
8. Wu, Z.S.; Li, S.Z.; Adewuyi, A.P. Modal Analysis Based on Distributed Strain Measurements: Theory and Application. Sci.

Technol. Rev. 2010, 28, 94–103.
9. Li, S.Z.; Wu, Z.S. Development of Distributed Long-gage Fiber Optic Sensing System for Structural Health Monitoring. Struct.

Health Monit. 2007, 6, 133–143. [CrossRef]
10. Zhang, J.; Guo, S.; Wu, Z.; Zhang, Q. Structural identification and damage detection through long-gauge strain measurements.

Eng. Struct. 2015, 99, 173–183. [CrossRef]
11. Li, S.Z.; Wu, Z.S. Modal Analysis on Macro-strain Measurements from Distributed Long-gage Fiber Optic Sensors. J. Intell. Mater

Syst. Struct. 2008, 19, 937–946.
12. Li, S.Z. Structural Health Monitoring Strategy Based on Distributed Fiber Optic Sensing. Doctoral Dissertation, Ibaraki University,

Mito, Japan, 2007.
13. Hong, W.; Wu, Z.; Yang, C.; Wan, C.; Wu, G. Investigation on the damage identification of bridges using distributed long-gauge

dynamic macrostrain response under ambient excitation. J. Intell. Mater Syst. Struct. 2012, 23, 85–103. [CrossRef]
14. Xu, Z.D.; Zeng, X.; Li, S. Damage Detection Strategy Using Strain-Mode Residual Trends for Long-Span Bridges. J. Comput. Civ.

Eng. 2013, 29, 04014064. [CrossRef]
15. Xu, Z.D.; Li, S.; Zeng, X. Distributed Strain Damage Identification Technique for Long-Span Bridges Under Ambient Excitation.

Int. J. Struct. Stab. Dyn. 2018, 18, 1850133. [CrossRef]
16. Anastasopoulos, D.; De Smedt, M.; De Roeck, G.; Vandewalle, L.; Reynders, E. Modal strain identification using sub-microstrain

FBG data from a pre-stressed concrete beam during progressive damage testing. Procedia Eng. 2017, 199, 1846–1851. [CrossRef]
17. Li, S.; Xu, Z.D.; Wang, S.J.; Wu, Z.S. Modal macro-strain identification from operational macro-strain shape under changing

loading conditions. J. Southeast Univ. (Engl. Ed.) 2016, 32, 219–225.
18. Zhang, J.; Cheng, Y.Y.; Xia, Q.; Wu, Z.S. Change localization of a steel-stringer bridge through long-gauge strain measurements.

J. Bridge Eng. 2015, 21, 4015057. [CrossRef]

http://doi.org/10.3390/ma14195514
http://www.ncbi.nlm.nih.gov/pubmed/34639906
http://doi.org/10.16856/j.cnki.52-1142/n.2021.01.019
http://doi.org/10.1061/(ASCE)BE.1943-5592.0000933
http://doi.org/10.1177/1475921706072078
http://doi.org/10.1016/j.engstruct.2015.04.024
http://doi.org/10.1177/1045389X11430743
http://doi.org/10.1061/(ASCE)CP.1943-5487.0000371
http://doi.org/10.1142/S021945541850133X
http://doi.org/10.1016/j.proeng.2017.09.108
http://doi.org/10.1061/(ASCE)BE.1943-5592.0000802


Materials 2022, 15, 1097 17 of 17

19. Wu, B.T.; Wu, G.; Yang, C.Q. Parametric study of a rapid bridge assessment method using distributed macro-strain influence
envelope line. Mech. Syst. Signal Process. 2019, 120, 642–663. [CrossRef]

20. Li, S. Macro-Strain Based Damage Identification Method for Municipal Highway Viaduct. Doctoral Dissertation, Southeast
University, Nanjing, China, 2018.

21. Razavi, M.; Hadidi, A. Structural damage identification through sensitivity-based finite element model updating and wavelet
packet transform component energy. Structures 2021, 33, 4857–4870. [CrossRef]

22. Zhao, Y.; Zhu, X.Q.; Wang, H.L. Bridge damage identification based on wavelet packet transform under moving loads. J. Tianjin
Cheng Jian Univ. 2019, 25, 94–97, 124.

23. Yu, Z.; Xia, H. Bridge damage detection based on moving load induced structural response and wavelet analysis. J. Beijing Jiaotong
Univ. 2014, 38, 55–61.

24. Liu, X.J.; Wang, Z.F.; Zhang, S.X. On the damage identification method of simply-supported girder bridge based on vibration
response correlation. J. Exp. Mech. 2019, 34, 29–37.

25. Wu, B.; Wu, G.; Lu, H.; Feng, D.-C. Stiffness monitoring and damage assessment of bridges under moving vehicular loads using
spatially-distributed optical fiber sensors. Smart Mater. Struct. 2017, 26, 035058. [CrossRef]

26. Wu, B.; Wu, G.; Yang, C.; He, Y. Damage identification method for continuous girder bridges based on spatially-distributed
long-gauge strain sensing under moving loads. Mech. Syst. Signal Process. 2018, 104, 415–435. [CrossRef]

27. Chen, S.-Z.; Wu, G.; Feng, D.-C.; Zhang, L. Development of a Bridge Weigh-in-Motion System Based on Long-Gauge Fiber Bragg
Grating Sensors. J. Bridge Eng. 2018, 23, 04018063.1–04018063.18. [CrossRef]

28. Chen, Z.W.; Cai, Q.L.; Lei, Y.; Zhu, S.Y. Damage detection of long-span bridges using stress influence lines incorporated control
charts. Sci. China Technol. Sci. 2014, 57, 1689–1697. [CrossRef]

29. Zhang, J.; Wu, Z.S. Impact Vibration Test and Rapid Evaluation of Bridges—Theory, Technology and Engineering Applications, 1st ed.;
China Architecture & Building Press: Beijing, China, 2018.

30. Wang, X.M. Structural Dynamic Analysis and Application with ANSYS, 1st ed.; China Communications Press: Beijing, China, 2014.
31. Cheng, Y.Y. Research on Structural Health Monitoring Method Using Long-Gauge Optical Fiber Sensing Technology. Doctoral

Dissertation, Southeast University, Nanjing, China, 2019.
32. Zhang, X.J. The Applied Research Based on Wavelet Analysis in Dynamic Strain Healthy Indicator of Bridges. Master’s Thesis,

Zhejiang University of Technology, Hangzhou, China, 2016.
33. Xu, H.; Li, F.; Zhao, W.; Wang, S.; Du, Y.; Bian, C. A High Precision Fiber Bragg Grating Inclination Sensor for Slope Monitoring.

J. Sens. 2019, 2019, 1354029. [CrossRef]
34. Zhang, L.; Wu, G.; Li, H.L.; Chen, S.Z. Synchronous Identification of Damage and Vehicle Load on Simply Supported Bridges

Based on Long-Gauge Fiber Bragg Grating Sensors. J. Perform. Constr. Fac. 2020, 34, 04019097. [CrossRef]
35. Liu, G.Y.; Liu, X.J.; Zhang, S.X.; Wen, L.P. Damage Identification of Simply Supported Beam Bridge Based on Wavelet Analysis

and Variation Coefficient. J. Appl. Mech. 2020, 37, 1915–1922, 2313–2314.

http://doi.org/10.1016/j.ymssp.2018.10.039
http://doi.org/10.1016/j.istruc.2021.07.030
http://doi.org/10.1088/1361-665X/aa5c6f
http://doi.org/10.1016/j.ymssp.2017.10.040
http://doi.org/10.1061/(ASCE)BE.1943-5592.0001283
http://doi.org/10.1007/s11431-014-5623-0
http://doi.org/10.1155/2019/1354029
http://doi.org/10.1061/(ASCE)CF.1943-5509.0001376

	Introduction 
	Theoretical Basis 
	Damage Identification Based on Vehicle–Bridge Coupling Theory 
	Reconstruction of Macro-Strain by Wavelet Transform 

	Construction of Damage Indices 
	Experimental Analysis 
	Reconstruction and Separation of Macro-Strain by Wavelet Transform 
	Damage Localization and Identification 
	Vehicle-to-Bridge Mass Ratio 
	Analysis of the Influence of Multiple Damage Locations 
	Analysis of the Influence of the Damage Degree 

	Experimental Error Analysis 

	Conclusions and Prospects 
	References

