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Abstract  This study proposes a new damage identification method based on a combina-
tion of complete ensemble empirical mode decomposition (CEEMD) and power spectrum den-
sity (PSD) sensitivity analysis to analyze the acceleration signals of bridge structures under
moving loads and achieve damage detection of bridge structures. This paper has achieved the 
ability to accurately identify the location of cracks and the extent of the damage along a girder
with only one acceleration sensor arrangement. The measured data is processed by the
CEEMD method. The damage location is revealed by directly examining the first-order intrinsic 
mode function corresponding to the highest-order pseudo-frequency component, which pre-
sents an abrupt change at the damage location. Secondly, after determining the damage loca-
tion of the bridge, only the power spectrum sensitivity analysis of the crack parameters at the 
damage location is required to obtain the damage level, avoiding the need to blindly solve the
power spectrum for all elements. Finally, the identification method is validated by considering 
environmental noise, damage locations, and crack depths. The numerical simulation results
and experiments for various working conditions show that the method adopted in this paper has
good identification capability in identifying cracks in bridge structures. 

 
1. Introduction   

Long-term exposure of bridge structures to natural and man-made hazards may damage the 
structure over time or even cause sudden collapse. In order to avoid these unexpected events, 
it is particularly important to inspect bridge structures for early damage [1-4]. The presence of 
cracks reduces the bridge's local stiffness, but there is little or no change in the structure's in-
trinsic frequency. Changes in vibration patterns are more sensitive to local damage than 
changes in frequency. However, the detection of vibration pattern changes requires a large 
number of sensors [5, 6]. These reasons lead to the proposed damage identification method 
being hindered in practice [7]. In addition, the presence of cracks accelerates the corrosion of 
the structure by the external environment. Therefore, it is of great practical importance to study 
the damage identification of bridge cracks. 

It is generally accepted that the abnormal changes produced by a damaged structure are 
hidden in the structural vibration data. Information on the damage to the structure can be ob-
tained by processing the vibration data [8, 9]. Several signal processing techniques, such as 
wavelet variation and empirical modal decomposition, have been developed to uncover the 
damaged information in the response. 

The response of a bridge structure under moving loads, which theoretically contains damage 
information of the whole bridge, suggests that damage detection of bridge structures can be 
achieved using fewer sensors [10]. Therefore, many scholars have taken the dynamic re-
sponse of bridge structures under moving loads as the research object to explore the damage 
information hidden in the response. Yu et al. [11] combined the dynamic response of damaged 
bridges under moving loads with wavelet transform. They proposed using a wavelet coefficient 
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greyscale map and wavelet coefficient modal maxima trajec-
tory map to identify the damage location. Zhu et al. [12] pro-
posed wavelet analysis to identify the damage to bridge struc-
tures under moving loads and used the modal superposition 
method to analyze the dynamic characteristics of bridge struc-
tures under moving loads. Huang et al. [13] proposed a new 
signal processing method, the empirical modal decomposition 
method (EMD). This method has a better adaptive capability 
and does not require pre-set basis functions like wavelet trans-
form, which has more potential in real-time signal processing 
[14]. 

Xu et al. [15] modelled the damage by reducing the stiffness 
of the first floor of a three story frame structure and identified 
the damage by empirical modal decomposition (EMD). Roveri 
et al. [16] used the Hilbert yellow transform to study the health 
state of a moving load through a girder bridge structure by 
applying the Hilbert transform to the intrinsic modal function 
corresponding to the first-order frequency of the bridge and by 
observing the first-order instantaneous frequency at the dam-
age. By observing the crest of the first-order instantaneous 
frequency at the location of the damage, it was possible to 
identify the location of cracks in the bridge with just one sensor. 
However, one of the main problems of the EMD method is 
modal confusion. To suppress modal confusion, Wu et al. [17] 
proposed ensemble empirical mode decomposition (EEMD), 
which decomposes the original signal by adding different white 
noise several times and averaging the results of the multiple 
decompositions to obtain the final IMF. Aied et al. [18] used the 
EEMD method to analyze the acceleration response of a 
bridge under vehicular loading on a rough road surface. They 
identified the instant of change in bridge stiffness by IMF1, 
which can quickly identify the change in stiffness. To solve the 
problem that EEMD can change the amplitude and energy of 
the original signal when adding white noise, Yeh et al. pro-
posed complete ensemble empirical mode decomposition 
CEEMD [19], which is an improvement of the decomposition 
techniques EEMD and EMD. Niu et al. [20] developed a com-
bined data analysis method of Chebyshev filter (CF) and 
CEEMD for weakening the influence of the measurement noise. 
The results indicated that the global navigation satellite system 
and real-time kinematic (GNSS-RTK) technique were suitable 
for monitoring the dynamic response of large span bridges with 
reasonable accuracy by Chebyshev filter and complementary 
ensemble empirical mode decomposition (CF-CEEMD) analy-
sis. In addition, the natural frequencies and modal modes of 
vibration experimentally derived by data-driven stochastic sub-
space identification the analysis were in good agreement with 
the predicted values based on the FE model. 

Liberatore et al. [21] estimated the energy by power spec-
trum density analysis and analyzed the degree of structural 
damage using root mean square values, and applied it on a 
simply supported beam, where the energy in the bandwidth 
region most sensitive to the damage was combined with the 
modal vibration pattern, and the damage could be localized. 
Fang et al. [22] combined the power spectrum sensitivity 

method with the substructure reduction technique to achieve 
damage unit localization and damage degree identification of 
frame structures by measuring the partial degree of freedom 
response of the frame structures. 

This paper proposes analyzing an acceleration signal on a 
bridge and performing an overall average empirical modal de-
composition to obtain the highest order pseudo-frequency com-
ponent generated by CEEMD, find the mutation's location and 
determine the damage location. After determining the location of 
the damage, a power spectrum sensitivity analysis is used to 
determine the crack depth at the location of the damage. 

 
2. Methodology 
2.1 Complete ensemble empirical mode decom-

position (CEEMD) method  

The EEMD algorithm adds white noise to the simple EMD 
decomposition so that the decomposed IMF is a single mode 
that optimizes mode mixing but introduces a new problem 
where the white noise does not cancel out completely after set 
averaging; there is residual noise, resulting in a reconstructed 
noise non-negligible. Therefore complete ensemble empirical 
mode decomposition (CEEMD) method is proposed [18]. The 
method reduces the residual amount of noise in the component 
data by adding n sets of the white noise of the opposite sign to 
the original signal to achieve negligible residual white noise, 
and the specific algorithm flow is shown below. 

1) Add a pair of white noise signals with opposite symbols to 
the original signal. Two new signals are formed: 

 
1 1( ) ( )X x t n t+ += +   (1) 
1 1( ) ( )X x t n t− −= + . (2) 

 
( )1n t+  and ( )1n t− : the white noise signal with the same 

amplitude and opposite sign. 
2) 1X

+  and 1X
−  are decomposed by EMD to obtain the 

positive and negative noise integrated average of IMF +  and 
IMF − . 

The final decomposition result is  
 

( ) / 2IMF IMF IMF+ −= + . (3) 

 
2.2 Power spectrum sensitivity  

The full name of the power spectrum is power spectrum 
density (PSD), which refers to the signal power per unit fre-
quency band. It is the most effective tool for studying random 
vibrations, transforming the original description of vibrations in 
the time domain into a description of vibrations in the frequency 
domain. 

The dynamic equation for the forced vibration of a structure 
with multiple degrees of freedom is 

 
( ) ( ) ( ) ( )MX t CX t KX t F t+ + = . (4) 
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By converting the time domain to the frequency domain 
through the Fourier transform, we get 

 
2( )K iC M X Fω ω+ − = . (5) 

 
Then the frequency response function is 
 

2 1
( ) ( )H K iC Mω ω ω −= + − . (6) 

 
The power spectrum function is 
 

* T
ffS H S H= ⋅ ⋅ . (7) 

 
2.2.1 Derivation sensitivity matrix 

Based on the sensitivity of the structural damage identifica-
tion method, the sensitivity matrix of the structural modal pa-
rameters or the dynamic response of the structure to the struc-
tural physical parameters is obtained first. Then the structural 
physical parameters changes are obtained according to the 
changes of the modal parameters or the dynamic response 
changes before and after the structural damage. The sensitivity 
is theoretically a derivative, such as the sensitivity of the re-
sponse power spectrum of the structure to the structural crack 
depth is S / d . In the case of fewer independent variables and 
matrix dimensions, it is relatively easy to obtain the function's 
derivative. However, for complex structures with many ele-
ments, finding the sensitivity directly by the derivative method 
is more difficult and sometimes even infeasible. 

In this paper, the difference method is used instead of the 
derivative. The crack depth d  is chosen as the damage pa-
rameter, while the crack depth is defined by setting the stiff-
ness of the rotating spring k  during the finite element analy-
sis. iS , 0S  represent the response power spectra of the cor-
responding structures in the damaged and undamaged cases, 
respectively. When there is damage of the structure, i.e., a 
small change in the initial crack depth d, the Taylor series ex-
pansion of iS  at 0d  is given by 

 

0 0 1

2

21 1

( ) ( ) n i
i jj

j

n n i
j kj k

j

SS d S d d
S

S d d
S

=

= =

∂= + Δ
∂

∂+ Δ Δ +
∂

∑

∑ ∑
  (8) 

 
By performing a first-order Taylor expansion for the damage 

parameters only and ignoring the higher-order terms, the 
above equation is written as 

 

0 0 1
( ) ( ) n i
i jj

j

SS d S d d
S=

∂− = Δ
∂∑ . (9) 

 
In this paper, we apply the finite difference method. If the 

value of dΔ  is very small, it is considered that the derivative 
can be replaced by an approximation: 

( ) ( )
A AS S
d d

ω ω∂ Δ
≈

∂ ∂
. (10)

  
Assuming that there are m elements and n degrees of free-

dom in the simply supported beam, and assuming that the i-th 
element is damaged, a very small amount of damage ∆d is 
taken, and the unit parameter matrix after the damage occurs 
is 

 01 0 0[ ]Ti md d d d d= + Δ . (11)

  
The power spectrum difference matrix is calculated as 
 

( ) ( )[ | ]d i d i d pS S SΔ = −   (12)

  
where, ( )d iS  is the response power spectrum of the i elements 
after the occurrence of damage. dS  is the response power 
spectrum without damage, and the subscript p represents the 
location of the measurement point. When there are more struc-
tural elements, the power spectrum matrix is calculated on a 
large scale. To decrease the calculation, the power spectrum 
values of k frequency point are selected to form a new sensitiv-
ity matrix. The sensitivity matrix of the response power spec-
trum variation ( )

( )d iS ωΔ  to the damage parameter d is expressed 

as follows: 
 

( ) ( ) ( )
( ) ( )/ [( | ) / ]d i d i d pS d S S dω ω ωΔ Δ = − Δ . (13)

  
Considering the calculated properties of the matrix, the pow-

er spectrum sensitivity matrix ( )
( ) /d iS dωΔ Δ  is transposed. 

To identify the damage degree, the elements in the power 
spectrum matrix need to be calculated differently for the dam-
age parameters of each element. Because the damage loca-
tion has been determined in the first step of this study, only the 
damage parameters at the damage location need to be calcu-
lated by difference. 

 
1 1 1 1 1 1

2 2 2 2 2 2

( ) ( ) ( ) ( ) ( ) ( )
(1) (2) ( )

( ) ( ) ( ) ( ) ( ) ( )
(1) (2) ( )

( ) ( ) ( ) ( ) ( ) ( )
(1) (2) ( )

| | |

| | |

| | |k k k k k k

d d p d d p d m d p

d d p d d p d m d p

d d p d d p d m d p

S S S S S S
d d d

S S S S S S
d d d

S S S S S S
d d d

ω ω ω ω ω ω

ω ω ω ω ω ω

ω ω ω ω ω ω

⎡ ⎤− − −
⎢ Δ Δ Δ⎢
⎢ − − −
⎢

Δ Δ Δ⎢
⎢
⎢

− − −⎢
⎢ Δ Δ Δ⎣ ⎦

1 1

2 2

( ) ( )
( )

( ) ( )
( )

( ) ( )
( )

|(1)
|(2)

.

|( ) k k

d i d p

d i d p

d i d p

S Sd
S Sd

S Sd m

ω ω

ω ω

ω ω

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎡ ⎤−Δ⎡ ⎤
⎢ ⎥⎢ ⎥ −Δ ⎢ ⎥⎢ ⎥ = ⎢ ⎥⎢ ⎥
⎢ ⎥⎢ ⎥ −Δ ⎢ ⎥⎣ ⎦ ⎣ ⎦

  (14) 

 
The resulting sensitivity matrix /S dΔ Δ  and the power 

spectrum difference ( )
( )d iS ωΔ  matrix form a set of super-static 
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equations, as shown in Eq. (14). By solving this system of su-
per-stationary equations, the variables of damage parameters 
can be obtained, and structural damage identification can be 
realized. 

 
2.2.2 Iterative steps of damage degree identification  

After the response signal of the structure is obtained from the 
finite element analysis, the power spectrum function is calcu-
lated, and the sensitivity matrix is obtained from the response 
power spectrum before and after the structural damage. The 
sensitivity matrix can calculate the structural damage parame-
ters obtained from the response power spectrum before and 
after the structural damage, and the whole iterative process is 
illustrated in Fig. 1.  

As shown in Fig. 1, S1, S2  represent the response power 
spectrum functions of the structure before and after damage, 
respectively, d1 and denotes the initial crack depth matrix of 
the structure before the damage. In the figure, S / d∂ ∂  de-
notes the slope of the curve, and / ( / )S S dΔ ∂ ∂  in the figure 
means dΔ . The specific steps are as follows: 

(a) Calculate the difference of damage parameters: 
 

2 ( )) 2 ( )) 1
( ) / 1 ( ) / 1
S S d S S d d
d d d d
− −= = Δ

∂ ∂ Δ Δ
（ （ . (15)

  
(b) The damage parameters are updated according to the 

difference 1dΔ  calculated in step (a) to get d d d= + Δ2 1 1 , 
and the PSD response function ( )S d2  can be obtained. 

(c) Judge whether the difference between ( )S d2  and S2  
satisfies the convergence criteria. Repeat steps (a) and (b) until 
dNΔ  satisfies the allowable value set according to repeat 

steps (a) and (b) until satisfies the allowable value set according 
to the iteration precision and the convergence criterion is met. 

 
2.3 Damage identification process 

The existence of cracks will lead to the abnormal signal ac-
quisition of bridge structure under vehicle load. However, the 
damage information of the bridge structure is hidden in the 

response signal, and the unprocessed acceleration signal can-
not identify the bridge crack location. In this paper, a new 
method based on CEEMD and PSD sensitivity is proposed to 
detect the damage to bridge structures under moving load. 
This method uses a single-point measurement to accurately 
identify the location and depth of bridge cracks: 

Step 1: The acceleration response is decomposed by 
CEEMD, and the damage location is determined from the 
highest-order pseudo-frequency. 

Step 2: The sensitivity matrix of crack depth to power spec-
trum is constructed 

Step 3: After the damage location is determined, the power 
spectrum matrix is reduced, and the rows and columns of the 
power spectrum matrix at the damaged element are selected. 
Finally, the damage degree is determined by an iterative meth-
od. 

 
3. Numerical studies 

To evaluate the performance of the proposed technique in 
detecting structural damage in bridges, a simply supported 
bridge with physical geometric parameters is considered as 
beam length L = 20 m, section width and, height b h= =  
0.2 m; E = 2.0×1011 N/m2; density ρ = 7800 kg/m3; the mag-
nitude of the moving load P = 1000 N and load speed V = 
10 km/h. Where 1L  denotes the crack distance from the left 
end position. d  denotes the crack depth. 

The equation of motion of the beam can be expressed as  
 

2 2 2

2 2 2

( , ) ( , )[ ( ) ] ( ( ))p

w x t w x tA EI x P x x t
t x x

ρ ∂ ∂ ∂+ = Δ −
∂ ∂ ∂

  (16) 

 
and ( )p tx t V=  represents the time history of the moving load 
while crossing the bridge. 

The crack is located at 1L , and its depth is d . Also, the 
crack is modeled with a rotational spring, as shown in Fig. 2. 
According to the fracture mechanics theory [23], the stiffness of 
the rotational spring is defined as k : 

 
1 /k φ=   (17) 

2 2 3 42 ( ) (5.93 19.69 37.14 35.84 13.12 )
1

h
EI

δϕ δ δ δ δ
δ

= − + − +
−

   
(18) 

 

 
 
Fig. 1. Iteration process diagram. 

 

 

 
Fig. 2. Simply supported beam with an open crack, subject to a moving 
load. 
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where /d hδ =  is the ratio of the crack depth d  to the 
height of the beam. 

 
3.1 No ambient noise identification 

3.1.1 Single damage identification 
As shown in Fig. 3, the acceleration signal in the undamaged 

state is decomposed by the CEEMD method into eight compo-
nents, of which the last one is a residue. The decomposed 
IMF1-IMF7 is arranged successively from high frequency to 
low frequency. IMF1 is a pseudo-frequency component. The 
location and depth of the crack are chosen as follows: 1L = 
0.4 L; d = 0.4 h in Fig. 4. The unprocessed acceleration re-
sponse does not directly determine the damage information of 
the structure. Using the proposed method, the acceleration 
response of bridge structure at 5/16 position under moving load 
is processed by CEEMD method, and IMF1-IMF7 and a resi-
due (R7) are also obtained. Comparing Figs. 3 and 4, we can 
see that the acceleration signal of the damage state is decom-
posed by CEEMD, where the highest order pseudo-frequency 
component, IMF1, produces an abrupt change at the damage 
location. The undamaged state acceleration signal decomposi-
tion result in IMF1 does not have this abrupt change at the 
damage location in Fig. 3. 

Comparing Figs. 4 and 5, it can be found that as the dam-
age degree increases, the sudden change of IMF1 at the dam-
age location becomes more obvious. Higher order frequency is 
more sensitive to the damage, so the highest order pseudo-
frequency (IMF1) will be selected as the feature signal for 
damage location identification afterwards. As the damage de-
gree increases, the change in the magnitude of the intrinsic 
mode function at the damage location can be used to identify 

the damage location in the low-order IMF. 
 

3.1.2 Damage degree identification 
The sudden change of IMF1 position has identified the dam-

age location. Next, the degree of damage is identified using the 

Position of the moving load 
 
Fig. 3. CEEMD decomposition of health acceleration signal. 

 

Position of the moving load 
 
Fig. 4. CEEMD decomposition of acceleration signal at damage state
( .L L=1 0 4  and .d h= 0 4 ). 

 

Position of the moving load 
 
Fig. 5. CEEMD decomposition of acceleration signal at damage state
( .L L=1 0 4  and .d h= 0 6 ). 
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power spectrum sensitivity method. Because the damage loca-
tion has already been identified, we only need to find the power 
spectrum sensitivity part of the rows and columns related to the 
damage location. Fig. 6 shows the acceleration power spec-
trum response curve. The frequency of the structure can be 
obtained from the peak of the power spectrum curve. As can 
be seen from the curves, the power spectrum function is differ-
ent before and after the damage, which also indicates that the 
power spectrum function can characterize the damage. 

The frequency range ω = 40-45 Hz is chosen. The sensitiv-
ity of the power spectrum to the depth of the fracture is ob-
tained in Eq. (13). Then the damage parameters of the struc-
ture after damage are calculated by Eq. (14). After 12 iterations, 
the damage identification results are obtained as shown in Fig. 
7, and the two figures show that the single damage degree of 
the structure can be successfully determined. The detection 
error is 1.25 %. 

Fig. 8 shows the identification results and iteration results for 
a damage degree of 0.6 h. It can be seen that after 14 itera-
tions, the damage degree of 0.59 h is finally identified accu-

rately. The detection error is 1.67 %. 
 

3.1.3 Multiple damage identification 
The damage is assumed to occur at .L L=1 0 4 and 

.d h= 0 4 ; .L L=1 0 75  and .d h= 0 3 . The damage locations 
are identified by direct detection of the highest order pseudo-
frequency component (IMF1), which exhibits mutations at the 
damage locations. As shown in Fig. 9, using the proposed 
method in this paper, multiple damage locations can be accu-
rately identified. 

The corresponding acceleration power spectrum response 
curves are made as shown in Fig. 10, and it can be seen from 
the graphs that the power spectrum functions are different 
before and after the damage, which also indicates that the 
power spectrum functions can characterize the damage to the 
structure. The frequency range ω = 4.9-5.4 Hz is selected to 
identify the damage. After 15 iterations, and the damage identi-

 

 
Fig. 6. PSD curve of measurement point at 5/16 L under single damage 
condition .L L=1 0 4 . 

 

 
Fig. 7. The damage identification results for the damage degree of 0.4 h. 

 

 
Fig. 8. The damage identification results for the damage degree of 0.6 h. 

 

Position of the moving load 
 
Fig. 9. Multiple damage identification. 

 

 
Fig. 10. PSD curve of measurement point at 5/16 L under multiple damage 
condition. 
 

 
Fig. 11. Identification results of multiple damage. 
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fication results are obtained shown in Fig. 11, and the damage 
degree occurred at 1L . This figure shows that the multiple 
damage of the structure can be successfully identified by dam-
age quantification. There is no misidentification phenomenon, 
and the maximum error of damage element detection is 1.5 %. 
The simulation example shows that this method can success-
fully detect multiple damages to the structure. 

 
3.2 Effect of ambient noise 

In vibration tests, ambient noise is inevitable, and noise can 
cause errors in the model analysis results. SNRS of different 
sizes are added to the original acceleration response to con-
sider that the proposed method is not affected by environ-
mental noise, while other parameters remain unchanged so 
that the robustness of the proposed method to noise can be 
evaluated. 

 

1010log s

n

PSNR dB
P

= . (19) 

 
sP - The power of signal; n P  - The power of noise. 

As shown in Fig. 12, the first sub-image represents the iden-
tification result of undamaged; the second sub-graph shows 
the identification result of the damage location at 0.4 L and the 
damage degree of 0.4 h; the third sub-graph shows the identifi-
cation result of the damage location at 0.4 L and the damage 
degree of 0.6 h; the fourth sub-graph shows the identification 
results of the damage location at 0.4 L and 0.75 L, and the 
damage degree of 0.4 h and 0.3 h respectively. It can be seen 
that in the case of SNR = 45, IMF1 can still accurately identify 
the location of cracks by sudden changes in the damage loca-
tion. Compared with the second sub-graph and the third sub-
graph, it can also be seen that with the increase of the damage 
degree, the sudden change in the damage location becomes 
more obvious. As shown in Fig. 13, for the recognition results 

when SNR = 34.25 is added, the damage location can still be 
identified using the proposed method even in the case of large 
noise. Comparing Figs. 12 and 13, it can be found that with the 
increase of noise, there are also small mutations at the un-
damaged location, but the mutation at the damaged location is 
large, and the damage location can still be identified. 

In a single damage condition, the crack depth at the damage 
element is solved by iteration using the power spectrum sensi-
tivity method, and after 16 iterations, the iterative results and 
the iterative process are shown in Fig. 14. The identified dam-
age degree is 0.391 h, and the identification error is 2.25 %; 
similarly, as shown in Fig. 15, after 18 iterations, the identified 
damage degree is 0.585 h, and the identification error is 2.5 %. 
Compared with the identification error without adding noise, it 

Position of the moving load 
 
Fig. 12. Damage location identification results (SNR = 45). 
 

Position of the moving load 
 
Fig. 13. Damage location identification results (SNR = 34.25). 

 

 
Fig. 14. SNR = 34.25, single damage identification ( .L L=1 0 4 ; .d h= 0 4 ).

 

 
Fig. 15. SNR = 34.25, single damage identification ( .L L=1 0 4 ; .d h= 0 6 ).
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shows that the identification accuracy decreases after adding 
noise, but the quantitative analysis of damage identification can 
still be carried out within a certain error allowance. 

As multiple damage locations have been identified, the pow-
er spectrum sensitivity analysis is used to solve parameters at 
the damage locations only by iteration, and the iterative results 
and iterative process are shown in Fig. 16. The damage de-
gree of the identified structure is 0.392 h and 0.293 h, respec-
tively, and the maximum identification error is 2.33 %. Under 
the noise interference, the identification accuracy of the method 
is decreased, but the damage quantification can also maintain 
a certain accuracy, which can achieve better identification re-
sults, indicating that the method of this paper has certain noise 
resistance performance. 

 
4. Experimental study 

An experimental study was conducted on a simply supported 
aluminum beam (Fig. 17) to investigate the effectiveness and 
efficiency of the proposed based on CEEMD and PSD sensitiv-
ity analysis identification method. The plane view, cross section 
and dimensions of the aluminum beam are shown in Fig. 17(b). 
The beam has a uniform cross section of 120×20 mm (width× 
thickness), modulus of elasticity of E = 7.3E10 N/m2, and den-
sity of 2750 kg/m3. 

A two-axle vehicle with four wheels was used for the test. Five 
sensors were installed on the bridge to record acceleration re-
sponse. An opening of 5 mm in depth was cut in the mid-span 
of the beam to simulate a crack. Then, the vehicle was driven 
by the tractor to pass the beam at a uniform speed of 1 m/s. 

To better investigate the bridge frequency and CEEMD de-
composition ability, first, a sensor signal under random excita-
tion for a period of time was randomly selected, as shown in 
Fig. 18(a). The power spectrum analysis of the collected accel-
eration signal gives the curve, as shown in Fig. 18(b), and the 
first 5 frequencies of the bridge can be seen from the curve.  

The acceleration signal is decomposed by CEEMD, as 
shown in Fig. 19, to study the frequency of each component, 
The decomposition is not complete, but the corresponding 
bridge frequency per IMF can be seen. Fig. 20 is the power 
spectrum curve from IMF1. The IMF1 corresponds to the fourth 
to sixth-order frequencies of the bridge, as shown in Fig. 19. 
IMF2 and IMF3 are 21.75 Hz, corresponding to the second 
frequency of the bridge. Both IMF4 and IMF5 are 5.63 Hz for 

the first frequency of the bridge. 
Fig. 21 is the acceleration signal of the vehicle passing 

through the damaged bridge at the speed of 1 m/s, 1/3 span 
(sensor no. 2). The acceleration response obtained from the 
collection is decomposed to obtain as shown in Fig. 22. IMF1 
contains considerable noise because of the friction of the car 

 
Fig. 16. SNR = 34.25, multiple damage identification. 

 

 
(a) Top view of experiment 

 

(b) Arrangement and configuration of the experimental beam 
 

 
(c) Overall view of the experiment 

 
Fig. 17. Experimental arrangement and testing. 

 

(a) 
 

(b) 
 
Fig. 18. (a) Sensor no. 4 acceleration signal; (b) PSD curve. 
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as it moves and because the actual signal acquisition itself is 
more complex than the numerical simulation. Therefore, the 
IMF1 is decomposed again and filtered to select the signal 
near the fourth-order frequency for study, as shown in Fig. 23. 
In particular, the IMF1 signal changes obviously when the car 
reaches the damage position, and the instantaneous ampli-
tudes of IMF2-IMF5 and R7 suddenly change downwards at 
the damage position, resulting in a trough. This also indicates 
that the damage occurred near the middle of the bridge span. 

Fig. 24 shows that there is an abrupt change in the signal at 

 
Fig. 19. CEEMD decomposition of acceleration signal. 

 

 
 
Fig. 20. IMF1 corresponding to PSD curve. 

 

 
 
Fig. 21. Sensor no. 2 acceleration signal. 

 

 
Fig. 22. CEEMD decomposition of acceleration signal at damage state. 

 

 
Fig. 23. CEEMD decomposition of the original IMF1. 

 

Position of the moving load 
 
Fig. 24. (a) The identification result of undamaged; (b) .L L=1 0 5 ;

.d h= 0 3 ; (c) .L L=1 0 5 ; .d h= 0 6 . 
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the location of the damage in the span and that the abrupt 
change becomes more pronounced as the degree of damage 
becomes greater. Fig. 25 shows the power spectrum curve 
corresponding to a gradually increasing depth of the crack in 
the span with no change in the location of the damage. It can 
be seen that the curve changes significantly as the depth in-
creases. Within the selected frequency band, the curve gradu-
ally shifts upwards as the depth of damage becomes greater. 

To investigate the sensitivity of the proposed method to dam-
age at different locations, three different locations were selected 
for the study. As can be seen from Fig. 26, the damage is suc-
cessfully identified at 0.3 L and 0.8 L. However, the damage is 
not identified at 0.2 L, probably due to the large anomalous 
signal generated when the car first entered, which results in the 
damage near the end of the beam not being identified. 

In Fig. 27, it can be seen that the power spectrum curve (2) 
of the damage at the 0.2 L position is different from the no-
damage curve (1), which also implies that we need to pay spe-
cial attention when we are unable to determine the location of 
the damage using the proposed method, but there is a change 
in the power spectrum curve indicating that the damage oc-
curred at the end of the beam. Comparing (4) and (6) shows 

that the damage locations are the same, and the greater the 
damage, the greater the value of the power spectrum in the 
selected region. Curve (5) shows the power spectrum curve for 
the sensor at mid-span without damage. Comparing curves (1) 
and (5), it can be seen that the power spectrum curves for the 
undamaged case are different for signals collected at different 
locations. 

It can be seen from the power spectrum curve that the fre-
quency before and after damage changes little, but the differ-
ence in the amplitude of the curve is very large, which also 
shows that the power spectrum function can be used to deter-
mine the damage degree. Since the damage location has been 
determined, only the parameters at the damage location need 
to be iterated. The sensitivity of the power spectrum to the 
fracture depth is obtained from Eq. (13), and the damage pa-
rameters of the damaged structure are calculated from Eq. (14). 
After 19 iterations, the damage identification results, as shown 
in Fig. 28, are obtained. Both figures show that the single dam-
age degree of the structure can be determined successfully. 
The detection error was 3.2 %. Similarly, the degree of damage 
occurring at 0.8 L can be identified in Fig. 29. 

Because of the complexity of multi-damage, there are many 
interference signals in IMF1, so it is difficult to extract the dam-
age feature. However, the proposed CEEMD and PSD combi-
nation method has successfully identified the single experimen-
tal damage. Next, we will continue to study the experimental 

 
 
Fig. 25. PSD curve at different damage levels. 

 

Position of the moving load 
 
Fig. 26. Damage location identification results: (a) .L L=1 0 3 ; .d h= 0 4 ;
(b) .L L=1 0 3 ; .d h= 0 5 ; (c) .L L=1 0 2 ; .d h= 0 4 ; (d) .L L=1 0 8 ;

.d h= 0 4 . 

 

 
 
Fig. 27. PSD curve in different cases: (1) is the undamaged state (sensor no. 
2); (2) .L L=1 0 2 ; .d h= 0 4 ; (3) .L L=1 0 8 ; .d h= 0 4 ; (4) .L L=1 0 3 ;

.d h= 0 6 ; (5) is the undamaged state (sensor no. 3); (6) .L L=1 0 3 ;

.d h= 0 4 . 

 

 
Fig. 28. Single damage identification ( .L L=1 0 5 ; .d h= 0 4 ). 
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extraction of multi-damage features and the separation of 
damage-sensitive signal components. 

 
5. Conclusions 

A new approach, based on CEEMD and PSD sensitivity 
analysis, has been developed for monitoring the health safety of 
beam bridge structures under moving loads. The acceleration 
response is decomposed by CEEMD to obtain the natural fre-
quency components and pseudo-frequency components of the 
structure. The highest-order frequency component is more sen-
sitive to damage, so it is selected as the characteristic signal of 
the damage location. Damage positions are identified by direct 
observation of the highest-order pseudo-frequency components 
(IMF1), which presents an abrupt change in the damaged posi-
tion. With the increase of damage degree, the abrupt change of 
damage location becomes more obvious, and obvious changes 
of left and right amplitude at the damage location can be ob-
served in the low-frequency components. After the damage 
location is determined, only the power spectrum sensitivity 
analysis of the parameters at the damage location is needed, 
which greatly reduces the amount of calculation. Numerical 
results show that the proposed method can accurately identify 
the location of single and multiple damage, and the damage 
quantification can maintain a certain degree of accuracy, which 
can achieve good identification results. In addition, the method 
has been used to identify the single damage through experi-
ments. The results show that the method can be used to identify 
single damage with a certain degree of accuracy. 
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Nomenclature------------------------------------------------------------------ 

M   : Mass matrix  
C   : Damping matrix 
K   : Stiffness matrix  

*H  : Conjugate of the frequency response function 
TH  : Transpose of the frequency response function 

ffS  : Excitation spectrum 
L  : Beam length 
B  : Section width 
h  : Section height 
ρ  : Density 
P  : Magnitude of the moving load 
V  : Load speed 

1L  : Crack distance from the left end position 
d  : Crack depth 
ρA  : Mass per unit length 
EI  : Flexural stiffness 

( , )w x t  : Displacement of the beam 
∆  : Dirac delta function 
k  : Stiffness of the rotational spring 
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