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Two-stage identification of interlayer contact loss for CRTS III 
prefabricated slab track based on multi-index fusion
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Abstract: To accurately identify the potential contact loss of the China railway track system (CRTS) III prefabricated slab track, 
a finite element model with contact loss of self-compacting concrete (SCC) under transient impact was established. Then the 
vertical accelerations near impact points on the track slab surface were extracted to obtain damage-sensitive indices in the time 
and frequency domains. The indices were initially normalized to obtain independent items of evidence before the Dempster-
Shafer (D-S) evidence theory was used to fuse these into one. Finally, a two-stage identification was performed to identify the 
damaged SCC area, comprising a rough identification (Stage I) and a precise identification (Stage II). The research results show 
that the damage indices extracted based on the transient impact response change abruptly at the damage location, and that can be 
used for damage identification. However, the use of a single index to determine the damage of the impact point may be misjudged. 
In Stage I, five damage indices of acceleration were fused to magnify the difference between the damaged point and undamaged 
point, thereby improving the accuracy of finding damage. In Stage II, in the area where more impact points were added, a fusion 
of three indices of acceleration response, that is, the absolute mean of the time domain, the maximum amplitude of the frequency 
domain, and the power density ratio, further narrowed down the area where damage exists. As a result, when the contact loss of 
SCC is greater than 50% along the thickness direction, the identification accuracy can be as high as 70% to 80%. The two-stage 
identification method proposed in this study can greatly improve the efficiency of interlayer damage detection of slab tracks and 
is expected to provide effective technical support for damage identification of track structures in the future.
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1 Introduction 

By the end of 2022, China had possessed over 
155000 km of railway lines, including 42000 km of 
high-speed railway lines (Ye et al., 2023). Slab tracks 
are characterized by high smoothness, steadiness, and 
low-frequency maintenance (Ren et al., 2020). They 
are typically adopted by high-speed railway lines with 
a design speed of 350 km/h and above (Ren et al., 
2021b). In order to break through the technical bar‐
riers and meet the Chinese government’s ‘go global’ 
strategic requirements, the former ministry of railways 

carried out many research projects of slab tracks on the 
Chengdu–Dujiangyan intercity railway line and inno‐
vatively proposed the China railway track system 
(CRTS) III prefabricated slab track in Mar., 2009. It 
is a new type of high-speed railway slab track struc‐
ture developed from China’s independent intellectual 
property and mainly composed of the track slab, self-
compacting concrete (SCC), concrete base, and so on 
(Fig. 1). Currently, CRTS III prefabricated slab track 
has been successfully applied to many routes with a 
total operational mileage of over 4000 km, such as the 
Panjin–Yingkou high-speed railway, the Shenyang–
Dandong railway, and the Harbin–Mudanjiang railway. 
Despite the good service condition of the CRTS III 
prefabricated slab track in China, it is affected by mul‐
tiple factors such as material shrinkage, improper con‐
struction and maintenance, ambient temperature change, 
and train load (Li et al., 2019), which may lead to in‐
terlayer debonding between the track slab and the SCC 
in some service sections (Fig. 2). Over time, debonding 
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can gradually evolve into contact loss that weakens the 
overall stiffness of the track structure and undermines 
its stability threatening the safety of train operations. 

Therefore, it is necessary to carry out research on iden‐
tifying the contact loss of the SCC for an immediate 
and accurate understanding of the interlayer quality and 
of the reasonable maintenance to avoid further damage 
and ensure driving safety.

Researchers have used a variety of detection tech‐
niques and identification methods to analyze common 
damages, such as interlayer debonding (or contact 
loss) and internal cavities, in slab track and other con‐
crete structures. These methods mainly include ground-
penetrating radar (GPR), impact-echo (IE), and tran‐
sient impact methods.

The GPR detection system is mainly composed 
of three functions: data acquisition, signal processing, 
and image interpretation. Based on this method, Ma 
(2015) detected mortar outflow and contact loss be‐
tween the support layer and the subgrade surface in 
the multi-layer substructure of high-speed railways. 
Varnavina et al. (2015) proposed appropriate GPR 
acquisition and processing parameters for use of the 
ground-coupled GPR method for bridge deck assess‐
ment. GPR was also used to detect honeycombing of 
concrete pavement during construction (McCabe et al., 
2021) and air-cavities behind concrete tunnel linings 
(Harseno et al., 2022). Since forward simulation is the 
theoretical basis for the interpretation and inversion of 
GPR detection images, it can prove the propagation 
law of electromagnetic waves in multi-layer structures 
and improve the accuracy of image interpretation. Re‐
searchers adopted 2D forward simulation and test vali‐
dation to better identify mortar defects and subgrade 
settlement problems (Liao et al., 2016; Yang and Zhao, 
2019). However, despite roughly identifying the depth 
of damage, GPR signal interpretation based on 2D 
forward modeling fails to provide accurate information 
on the shape, size, and spatial location of the damage. 
Shu et al. (2021) combined 3D forward modeling and 
physical tests to identify circular cavities in the mortar 
layer of slab tracks, demonstrating how 3D simulation 
can effectively identify the basic orientation and approx‐
imate shape of mortar failures.

The reflection and scattering of electromagnetic 
waves in the multi-layer structure, the uneven material 
distribution, the influence on the echo signal of the rein‐
forcement bar embedded in track structures, plus errors 
during manual image recognition, make the interpreta‐
tion of radar images difficult (Cassidy et al., 2011) and 
lower the accuracy of damage identification.

Fig. 2  Debonding between SCC and track slab: (a) schematic 
diagram; (b) site picture

Fig. 1  CRTS III prefabricated slab track: (a) site picture; 
(b) structure composition
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The IE method typically includes the traditional 
method of structure vibration and the air-coupled IE 
method based on a sound signal. The former is widely 
used in identifying honeycomb damage in the track 
slab at different depths (Xu et al., 2018) and interlayer 
debonding (Tian et al., 2018; Bahati et al., 2021) in 
ballastless tracks. To improve the detection accuracy 
of traditional IE in identifying filling layer damage in 
ballastless tracks, multi-channel IE testing equipment 
(Lee et al., 2021) and synchrosqueezing wavelet trans‐
form (SST) (Yang et al., 2022) are also used. Con‐
versely, the air-coupled IE method uses an air-coupled 
sensor to collect the sound signal near the impact point, 
replacing the vibration response obtained by the con‐
tact sensor in the traditional IE method. Some scholars 
have adopted the air-coupled IE method to detect sur‐
face cracking (Kee and Zhu, 2010) and internal debond‐
ing damage (Zhu and Popovics, 2007; Oh et al., 2013) 
of concrete slab. Although this method is not affected 
by the surface flatness of the impact point, it is less com‐
monly used in ballastless track damage because it is 
easily disturbed by environmental noise and has lower 
stability (Xu et al., 2022).

Although the IE method has the advantages of 
single-side detectability, intuitive detection results, and 
low influence by steel bars (Jiang et al., 2020), current 
practice requires a large number of impact points to be 
deployed, resulting in low efficiency.

The transient impact method uses a hammer with 
a low strain rate to strike the structure surface to gen‐
erate local vibration. From this, structural damage can 
be determined by analyzing the vibration response 
obtained by the sensor and data acquisition instrument. 
This method has been widely used in detecting inter‐
layer damage of ballastless tracks (Wu, 2018; Tian 
et al., 2019; Zhan et al., 2020; Hu et al., 2021), tunnel 
lining voids (Davis et al., 2005), concrete pavement 
cavities (Wang et al., 2010), concrete floor cracks (Hoła 
et al., 2009; Zoidis et al., 2013) and dynamic stiffness 
decay in airfield pavements (Khanna et al., 2012), and 
other scenarios. In respect of interlayer damage identi‐
fication of ballastless tracks, as the acceleration re‐
sponses change under different contact loss conditions, 
Wu (2018) used principal component analysis to re‐
duce the dimensionality of damage indices. The sam‐
ple data was then input to the support vector machine 
(SVM)-based identification model to identify the con‐
tact loss between the track slab and mortar layer. Since 

the vibration response of the ballastless track after being 
excited is only associated with the dynamic features and 
excitation properties of the structure itself, the dynamic 
features of the structure can be described by transfer 
functions. Based on experimental and theoretical anal‐
yses, Auersch and Said (2017, 2020) found that the 
changes in the receptance functions under hammer 
impacts can be used to detect track damage such as 
the loss of contact between the sleeper and the track 
slab, between the track slab and the base plate, and be‐
tween the base plate and the base layer. Tian et al. 
(2019) combined the velocity time-history curve, fre‐
quency spectrum curve, and mobility change rule of 
track slab vibration to identify mortar damage. The 
results showed that the method can identify a contact 
loss larger than 0.4 m in the mortar layer, but the con‐
tact loss range was not explored in detail. When the fill‐
ing layer of the ballastless track is damaged, the vibra‐
tion response of the track slab will change abruptly 
under train loads. This is because the deterioration of 
the material properties weakens the substructure and 
further impairs the dynamic stiffness in the damaged 
area; the dynamic stiffness decrease is proportionate to 
the degree of damage and the structural quality can be 
evaluated according to the dynamic stiffness changes. 
Zhan et al. (2020) explored the mapping relationship 
between the variability index of dynamic stiffness of 
the track slab (the change ratio of the dynamic stiffness 
before and after damage) and the damage location and 
degree of the cement asphalt (CA) mortar. They estab‐
lished damage evaluation guidelines for mortar pul‐
verization and local contact loss. Hu et al. (2021) pro‐
posed a Bayesian-based identification method for the 
mortar damage of the CRTS I prefabricated slab track 
by comparing the stiffness distribution of each area of 
the mortar layer. That method was verified via a tran‐
sient impact test on an indoor scale model of the bal‐
lastless track.

The transient impact method is minimally affected 
by steel bars and, through reasonable deployment, the 
number of impact points can be reduced and the detec‐
tion speed can be improved. Therefore, this study pro‐
poses a two-stage damage identification method based 
on the fusion of response indices under transient im‐
pact loading. The study aims to better identify the con‐
tact loss between the SCC and track slab of the CRTS 
III prefabricated slab track. It comprises two stages. 
In Stage I, by analyzing the vibration response of the 

499



|    J Zhejiang Univ-Sci A (Appl Phys & Eng)   2023 24(6):497-515

impact points evenly distributed on the track slab sur‐
face, we found the approximate area of contact loss; in 
Stage II, we added more impact points in the approxi‐
mate area and took the same analytic method as in 
Stage I to narrow the damage range for more accurate 
identification of the contact loss area. In so doing, the 
accurate identification of interlayer damage in slab 
track structure is achieved.

2 Transient impact model of CRTS III 
prefabricated slab track 

When the CRTS III prefabricated slab track has 
contact loss, the stiffness of the track structure in the 
damaged area decreases, and the vibration responses 
under the excitation of external loads differ in different 
locations on the track slab surface. To obtain the vibra‐
tion response of the structure, a numerical simulation 
model of the slab track with SCC damage under tran‐
sient impact load is established in this section.

2.1 Calculation model

A transient impact finite element model of CRTS 
III prefabricated slab track with SCC contact loss was 
established using the ABAQUS finite element soft‐
ware. Compared with track components under the rail, 
the mass of the rails and fasteners is relatively small, 
and their effect on the vibration response of the track 
structure is also small. Therefore, to simplify the model 
and improve calculation efficiency, rails and fasteners 
are not considered (Tian et al., 2019; Hu et al., 2021). 
The model is mainly composed of the track slab, SCC, 
concrete base, and other components. In the model, tie 
constraints were adopted between the track slab and 
SCC, and contact definition was used between the con‐
crete base and SCC. The stiffness of the subgrade foun‐
dation was taken as 76 MPa/m, and the support was 
converted to fully-restrained grounding springs based 
on the area of the concrete base. The transverse and 
longitudinal displacements at the two longitudinal ends 
of the track slab were constrained. To eliminate the 

influence of boundary conditions, three track slabs were 
established, and the middle one was taken as the re‐
search object. A contact loss area of 1.0 m×1.0 m is 
set in the center of the middle SCC layer, and it was 
assumed that the SCC is completely damaged along 
the thickness direction. The track components were 
all simulated by C3D8R elements, with mesh sizes of 
0.02, 0.02, and 0.10 m for the track slab, SCC, and 
concrete base, respectively. The calculation model and 
relevant parameters are shown in Fig. 3 and Table 1, 
respectively.

Using the structural vibration response to identify 
track damage can only be carried out during the main‐
tenance time window, when there are no trains run‐
ning. Hence, hammer loads, rather than train loads, are 
simulated by exciting transient impact loads in the 
model. The range of load frequency excited by the 
impact hammer varies with the different materials of 
the buffer head (e.g. steel, nylon, and rubber). It is noted 
that the frequency of the excitation force is inversely 
proportional to the contact time (Lin et al., 1990). Com‐
pared with the other hammers, the contact time is the 
shortest and the load frequency is the highest for the 
steel hammer. Therefore, the concentrated force used in 
the finite element model simulates the impact effect of 
a steel hammer. The transient impact load F(t) applied 
in the finite element model can be simulated by a half-
sine pulse, as shown in Eq. (1):

F ( t) =
ì

í

î

ïïïï

ïïïï

Fmax sin ( )πt
tc

    t ≤ tc

0    t > tc
(1)

Fig. 3  Calculation model of CRTS III prefabricated slab 
track

Table 1  Model parameters of CRTS III prefabricated slab track

Component

Slab

SCC

Concrete base

Length×width×thickness (m)

5.60×2.50×0.20

5.60×2.50×0.09

16.94×3.10×0.30

Elastic modulus (GPa)

36.0

32.5

32.5

Poisson’s ratio

0.2

0.2

0.2

Density (kg/m3)

2500

2500

2500

500
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where Fmax is the maximum amplitude of the excita‐
tion force, t is the time, and tc is the contact time of 
the excitation force. Following Tian et al. (2019), we 
took Fmax as 40 kN and tc as 0.001 s. The load curve is 
shown in Fig. 4.

2.2 Load case and impact point arrangement

To analyze the vibration response features at dif‐
ferent locations on the surface of the damaged track 
slab, and to avoid overlapping of impact points with the 
rail bearing platform and rail areas, the impact points 
were arranged in the center between two rail bearing 
platforms at every 0.63 m (longitudinal) and every 
0.25 m (lateral), as shown in Fig. 5. The rails and rail 
bearing platforms in the figure are only used for refer‐
ence and are not considered in the model calculation. 
Due to the symmetry of the model, this study only ana‐
lyzes the vibration response of the impact points in a 
quarter area of the track slab surface. In the actual test 
process, obtaining acceleration signals is easier than 
other signals. To identify whether there is damage at the 
impact points, we collected the acceleration response 

to transient impact load at a longitudinal distance of 
0.05 m from the impact point (Ke et al., 2020) with the 
sampling time interval being 10−6 s, and then extracted 
damage indices.

2.3 Model validation

To verify the accuracy of the above finite element 
model, a transient impact model with three track slabs 
that did not have contact loss in the SCC was estab‐
lished. The impact point and response extraction point 
are arranged according to Wu (2018), as shown in 
Fig. 6a. The mass of the impact object is 10 kg and, 
from the literature, the height of free fall is 0.5 m. The 
load amplitude can be obtained as 62 kN using the 
momentum theorem. The simulation results of the six 
response extraction points were compared with the 
test results in Fig. 6b. The variation trend of accelera‐
tion responses obtained from the simulation model is 
in good agreement with the existing test results. The 
research object in the peer literature was the CRTS II 
prefabricated slab track, whose structural composition 
and material’s mechanical properties differ from the 
CRTS III prefabricated slab track used in our model, 

Fig. 4  Transient excitation load

Fig. 5  Schematic diagram of impact point layout

Fig. 6  Comparison of simulation results in this study with 
test results from other literature (Wu, 2018): (a) arrangement 
of test points; (b) comparison of results
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so the dynamic responses of the track slab obtained 
there are slightly inconsistent with ours.

To further validate the finite element model, we 
conducted a laboratory test on CRTS III prefabricated 
slab track using hammer impacts, as shown in Fig. 7. 
The main instruments are listed in Table 2.

Since there is no interlayer damage in the indoor 
full-scale slab track model, no interlayer damage is set 
in the simulation model either. The hammer with steel 
buffer head is applied three times at the center of the 
track slab surface, and the difference of each impact 
force is as small as possible to extract the acceleration 
at 5 cm from the impact point. Then the mean values of 

the impact forces (Fig. 8a) and responses were obtained. 
Meanwhile, the mean measured impact load was ap‐
plied at the center of the upper surface of the track slab 
in the calculation model of slab track in Fig. 3. The 
comparison between the simulation responses and test 
results is shown in Fig. 8b. As can be seen from Fig. 8b, 
simulation results show a good agreement with the test 
results, and the difference in the amplitude is small. The 
above comparisons between the model simulations 
and the test results of the existing literature and indoor 
experiments indicate that the finite element model estab‐
lished in this study is correct and can be used for the 
subsequent analysis of SCC damage identification.

3 Analysis of damage indices 

This section analyzes the variation law of the vibra‐
tion acceleration for the impact points, extracts the 
damage indices in the time and frequency domains, and 
prepares for the rough identification of the damaged 
area in the next step.

3.1 Vibration analysis in the time domain

Based on the arrangement of impact points in 
Fig. 5, the impact load was applied to each impact 
point in turn, and the acceleration of each point was 
extracted. The time-history curve of different impact 
points along the longitudinal and lateral directions of 
the track slab is shown in Fig. 9.

It can be seen from Fig. 9 that, in the longitudinal 
direction of the track slab, the vertical acceleration of 
impact point 1, which is in the contact loss area, is sig‐
nificantly higher than that of impact points 2–4, which 
are in the undamaged area. Similarly, in the lateral direc‐
tion, the vertical acceleration of impact points 1 and 5, 
which are in the contact loss area, is significantly higher 
than that of impact points 9 and 13, which are in the 
undamaged area. The results agree with the phenome‐
non observed in the literature (Auersch and Said, 2017, 

Fig. 7  Hammer impact test on CRTS III prefabricated slab 
track in the laboratory: (a) instruments for test; (b) test site

Table 2  Main instruments of test

Instrument

Acceleration sensor

Impact hammer

Acquisition instrument

Laptop

Connection cable

Number

1

1

1

1

2

Type

INV 9828

SALC 05KE

INV 3062

SAMSUNG 450R4E

–

Maximum value

100 m/s2

5 kN

–

–

–

Function

Acquisition of acceleration

Load excitation

Data acquisition

Auxiliary data acquisition

Instrument connection
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2020) that the vibration amplitude of track elements 
changes when interlayer damage occurs for slab track 
under hammer impact or train load.

Liu et al. (2011) expressed the differential equa‐
tion of elastic vibration of the slab as Eq. (2):

Es Is

¶4 ys

¶4 x
+ms

¶2 ys

¶2t2
+CSCC

¶ys

¶t
+KSCC ys =

∑
j = 1

n

Rrs δ ( x - xj )  (2)

where Es Is is the flexural stiffness of the slab; ys is the 
displacement of the slab; ms is the mass of the slab per 
unit length; CSCC and KSCC are the distributed damping 
and stiffness of the SCC distributed along the length 
of the track, respectively; x is the coordinate of slab; 
xj is the coordinate of the jth fastener; n is the number 
of fasteners of one rail on one slab; Rrs is the rail sup‐
porting force; δ is the Dirac delta function.

Assuming the right side of Eq. (2) is 0, the general 
solution is:

ys( x t) =∑
i = 1

n

hi e
li x +wit + δi (3)

where wi =-
KSCC +msl

2
i +Es Isl

4
i

CSCC

 and hi, li, and δ i are 

arbitrary constants.
By calculating the first-order derivative and the 

second-order derivative of Eq. (3) with respect to 
time, the velocity vs and acceleration as of the track 
slab can be obtained as follows:

ì

í

î

ï
ïï
ï

ï
ïï
ï

vs =∑
i = 1

n

hi wie
li x +wit + δi

as =∑
i = 1

n

hi wi
2eli x +wit + δi.

(4)

For the CRTS III prefabricated slab track in Eq. (4), 
it can be seen that when Es Is, ms, and CSCC are taken as 
fixed values, the velocity and acceleration are propor‐
tional to the stiffness of the SCC. Therefore, after the 

Fig. 9  Vertical acceleration of different impact points: (a) 
longitudinal direction; (b) lateral direction

Fig. 8  Comparison of hammer impact test results: (a) 
measured load curve of hammer impact; (b) comparison of 
results
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SCC suffers contact loss, a decrease in its stiffness will 
result in a stronger vibration response of the impact 
points in the contact loss area than of those in the intact 
area.

After performing a sensitivity analysis of the dam‐
age indices of the acceleration response, the peak-
to-peak and the absolute mean values, which are more 
sensitive to the SCC damage, were selected for nor‐
malization. The results are shown in Fig. 10.

As can be seen from Fig. 10, after the normaliza‐
tion of the acceleration indices in the time domain for the 
16 impact points, the values corresponding to points 1 
and 5 in the damaged area are significantly higher than 
those of the other points. For the peak-to-peak value, 
points 1 and 5 are close to 1.0, and the normalized val‐
ues of the other points are all lower than 0.5; the nor‐
malized absolute mean values of points 1 and 5 are 
1.00 and 0.62, respectively, and the normalized values 
of the other points are all lower than 0.2. When the 
threshold for determining damage is set to 0.6 (Ren 
et al., 2021a), both the peak-to-peak value and abso‐
lute mean value of acceleration can be used to accu‐
rately identify points 1 and 5 in the damaged area. How‐
ever, there may be inaccuracies because the normalized 
absolute mean value for point 5 is close to the threshold 
value.

3.2 Vibration analysis in the frequency domain

Since certain information about structural vibra‐
tion signals is difficult to obtain in the time domain, 
this study uses Fourier transform to convert the signals 
from the time domain to the frequency domain and thus 
obtains the hidden damage information of vibration sig‐
nals. The distribution law of the frequency spectrum 

of the vibration response in the range of 0 to 10000 Hz 
is shown in Fig. 11.

It can be seen from Fig. 11 that the acceleration 
amplitudes of points 1 and 5 (in the damaged area) 
reach the peak at a frequency of around 1000 Hz, and 
the other points (in the undamaged area) have multiple 
peaks of acceleration amplitude which are significantly 
smaller than those of points 1 and 5 when the frequency 
is within 1000 to 8000 Hz. This is because the SCC 
contact loss has impacted the original conditions of the 
track slab, increasing its vibration acceleration. The 
mean and maximum amplitudes in the frequency do‐
main of the acceleration response for each impact point 
were normalized, and the results are shown in Fig. 12.

In Fig. 12, after the normalization of the accelera‐
tion indices in the frequency domain for the 16 impact 
points, the values corresponding to points 1 and 5 in 
the damaged area are significantly higher than those in 
the undamaged area. The mean amplitudes of points 1 
and 5 are 1.00 and 0.88, respectively, and the normalized 

Fig. 11  Acceleration spectra of different impact points: 
(a) longitudinal direction; (b) lateral direction

Fig. 10  Damage indices in the time domain
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values of the remaining points are all lower than 0.55. 
Meanwhile, the maximum amplitudes of points 1 and 
5 are 1.00 and 0.55, respectively, while those of the 
other points are all below 0.1. When the threshold for 
damage indices is set to 0.6, the mean amplitude can 
be used to accurately identify points 1 and 5 in the 
damaged area. However, the maximum amplitude can 
only accurately identify point 1 and will misjudge the 
damaged point 5 as an undamaged point.

To quantitatively determine whether an impact 
point is in the damaged area, we referred to the method 
proposed by Zhang et al. (2020) and calculated the 
power density ratio of different impact points based 
on the spectrum analysis of acceleration, as shown in 
Eq. (5):

R =

1
N1

∑
i = 1

N1

P 2
i

1
N2

∑
j = 1

N2

Q2
j

 (5)

where R is the power density ratio of the acceleration 
response of the impact point; N1 and Pi are the total 
number of discrete points in the acceleration spectrum in 
the frequency range of 0 Hz to f (0 Hz<f<10000 Hz) 
and the corresponding peak value of each point, re‐
spectively; N2 and Qj are the total number of discrete 
points in the acceleration spectrum in the range of f to 
10000 Hz and the corresponding peak value of each 
point, respectively.

When frequency f was taken as 2000, 3000, 4000, 
and 5000 Hz, the power density ratio of the accelera‐
tion response of each impact point was calculated and 
normalized. The results are shown in Fig. 13.

As can be seen from Fig. 13, the variation law of 
the normalized value of the power density ratio is basi‐
cally the same. When f is 2000 Hz, the difference be‐
tween the values of the impact points in the damaged 
and undamaged areas is large, which is beneficial 
to damage identification. However, when the damage 
threshold is set to 0.6, only point 1 can be accurately 
identified using the power density ratio, while point 5 
will be misjudged as undamaged.

3.3 Accelerance analysis

Damage to the track structure can cause a change 
in its vibration characteristics. Based on structural 
vibration transfer functions, receptance, mobility, and 
accelerance (acceleration divided by force) were used 
as indicators for track structure damage identification 
and vibration performance evaluation in numerical simu‐
lations (Thompson et al., 1999; Auersch and Said, 2020; 
Sun et al., 2020). Therefore, the accelerance of the track 
slab is selected to investigate whether this index can 
be used for the SCC damage identification in the simu‐
lation analysis. It could provide some theoretical basis 
for the next field application of the proposed identifi‐
cation method. To further explore the effect of contact 
loss on the vibration responses of the impact point, 
when the impact load is specified and the vibration 
response in the time domain of the impact point is got, 
the accelerance can be calculated by Eq. (6):

HR( f ) =
GRF( )f

GFF( )f
 (6)

where HR( f ) is the accelerance, GRF( f ) is the cross-

power spectrum of the acceleration response and the 

Fig. 13  Power density ratios of different impact pointsFig. 12  Damage indices in frequency domain
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excitation force, and GFF( f ) is the self-power spec‐

trum of the excitation force. The accelerance curves 
of different impact points along the length and width 
of the track slab in the ranges between 0 to 10000 Hz 
are shown in Fig. 14, and the average accelerance 
values of each impact point are normalized, as shown 
in Fig. 15.

In Fig. 14, the variation law of the accelerance of 
different impact points is similar, and the accelerance 
amplitude of the high frequency is higher than that of 
the low frequency. Fig. 15 shows that when the average 
accelerance is selected as the damage index and the 
damage threshold is taken as 0.6, many undamaged 
impact points will be misjudged as damaged impact 
points (such as impact points 2–4 and 6–8). There‐
fore, accelerance is not considered as a damage index 
for damage identification in the following sections.

4 Two-stage identification of damaged area 

It can be seen from the above analysis that using 
a single vibration response index may incorrectly deter‐
mine the damage of the impact point. To improve the 
stability and accuracy of identification, a two-stage iden‐
tification method is proposed in this section. In Stage I, 
based on the Dempster-Shafer (D-S) evidence theory, 
the damage indices extracted from the time and fre‐
quency domains were fused to select the damaged points 
from many impact points uniformly distributed on the 
track slab surface. That is, the approximate identifica‐
tion of the contact loss area of the SCC was performed. 
In Stage II, to further narrow the damage scope, more 
impact points were added in a small area consisting of 
damaged points and nearby undamaged points accord‐
ing to the identification results obtained from Stage I. 
The same index fusion theory was used to identify the 
damaged impact points from the added points. Finally, 
the damaged area was clearly visualized using an inter‐
polation method and the identification accuracy was 
calculated.

The steps of evidence fusion in Stage I are as fol‐
lows: normalize the peak-to-peak value and absolute 
mean value in the time domain, the mean amplitude and 
the maximum amplitude in the frequency domain, and 
the power density ratio to construct the basic probability 
assignment and form the five evidences; fuse the evi‐
dences based on the fusion rules of the D-S evidence 
theory; accurately determine whether there is damage at 
the impact point based on the fusion results. The fusion 
process is shown in Fig. 16.

4.1 D-S evidence theory

The D-S evidence theory is a mathematical scheme 
for dealing with uncertainty and has been widely used in Fig. 15  Average accelerance for different impact points

Fig. 14  Accelerance curves of different impact points: (a) 
longitudinal direction; (b) lateral direction
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fault diagnosis, artificial intelligence, decision-making 
systems, and so on (Grande and Imbimbo, 2014). Its 
identification framework is defined as a finite and 
complete set composed of multiple mutually exclusive 
elements. Under the same identification framework, 
the functions of basic probability assignment for two 
independent items of evidence are assumed to be m1 
and m2, respectively, and the corresponding focal ele‐
ments are B1 B2  BN and C1 C2  CH, respec‐
tively. Dempster’s rule of combination is then used to 
obtain the new probabilities of the focal elements after 
evidence fusion. These are expressed as:

ì

í

î

ïïïï

ïïïï

m( )Æ = 0

m( )A =
1

1 - k ∑
Bi∩Cj =A

m1( )Bi m2( )Cj  (7)

where m is the basic probability assignment function; 
m( A) represents the basic probability of the object A; Æ 
is the empty set; Bi is the ith focal element corre‐
sponding to m1; Cj is the jth focal element correspond‐

ing to m2; k = ∑
Bi∩Cj =Æ

m1( Bi) m2( )Cj , which is the con‐

flict coefficient used to measure the degree of conflict 
between evidences. The fusion of multiple evidences 
can be conducted using the above combination rules 
multiple times. To avoid the potential failure of fusion 
due to strong conflict between the evidences, this study 
uses the weighted average fusion method based on the 
evidence correlation coefficient (Jiang et al., 2016) to 
adjust their probabilities.

According to the interlayer contact loss of slab 
tracks, the basic probability of each focal element in 

the evidence is constructed by normalizing the damage 
indices of the vibration response for the impact point. 
This avoids subjective and complex issues of construct‐
ing basic probability assignment functions in evidence 
theory (Suranthiran and Jayasuriya, 2003). The calcu‐
lation formula is as follows:

mN( Ai) =
zN( )Ai

∑
N = 1

5

zN( )Ai

 (8)

where N=1–5, which corresponds to the five items of 
evidence respectively; the focal element Ai (i = 1 2) 
indicates whether the impact point has damage, with 
A1 suggesting there is damage, and A2 no damage; 
mN( Ai) is the basic probability of the focal element Ai 

in the Nth evidence; zN( A1) can be the normalized 

peak-to-peak value and absolute mean value in the time 
domain, the mean and maximum amplitudes in the 
frequency domain, or the power density ratio calculated 
from the acceleration response of the impact point, 
and zN( A2) = 1 - zN( A1).

4.2 Stage I: approximate identification of the 
damaged area

In this section, the acceleration of the 16 impact 
points in Section 2.2 is used, and the D-S fusion theory 
is used to fuse certain values to check whether the 
impact point belongs to the damaged area. These values 
include the peak-to-peak value, absolute mean value 
in the time domain, mean and maximum amplitudes in 
the frequency domain, and power density ratio. This 
approximate identification was performed to prepare 
for accurate identification.

The fusion results of longitudinal impact points 1–
4 and lateral impact points 1, 5, 9, and 13 were ob‐
tained by calculation, as shown in Fig. 17. m(1) and 
m(2) represent the basic probability of impact points 
being damaged and undamaged, respectively. When 
m(1) is between the threshold and 1.0, it indicates that 
the impact point is damaged. When m(2) is between 
the threshold and 1.0, it indicates that the impact point 
is undamaged. The index serial numbers 1–6 corre‐
spond to the peak-to-peak value in the time domain, 
absolute mean value in the time domain, mean ampli‐
tude in the frequency domain, maximum amplitude in 
the frequency domain, power density ratio, and fusion 
index of point 1. Likewise, the index serial numbers 

Fig. 16  Fusion process of damage indices
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7–12, 13–18, and 19–24 correspond to those indices 
of impact points 2, 3, and 4, respectively.

It can be seen from Fig. 17a that for point 1, the 
basic probability of the first five damage indices fluc‐
tuates around 1.0. After evidence fusion, m(1) of the 
fusion index increases to 1.0, indicating the impact 
point 1 is damaged. For points 2–4, m(1) of the first 
five damage indices fluctuates between 0.0 and 0.5. 
After evidence fusion, the fusion indices are all reduced 
to about 0, indicating that the three impact points are 
undamaged. From Fig. 17b, m(1) and m(2) of the abso‐
lute mean value in the time domain, the mean ampli‐
tude in the frequency domain, and the power density 
ratio of point 5 are all around 0.5, but for other points, 
the first five damage indices show drastic difference 
in their m(1) and m(2). Based on the basic probability 
of being damaged, namely m(1), after evidence fusion, 
it can be identified that points 1 and 5 are damaged, 
and the points 9 and 13 are not damaged.

The damage index fusion results of 16 impact 
points were obtained by further calculation (Fig. 18).

In Fig. 18, after the evidence fusion of the five 
damage indices, for points 1 and 5 in the damaged area, 
m(1) is about 1.0, and m(2) is about 0; for the undam‐
aged area, the fusion result is opposite to that in the 
damaged area, with m(1) about 0 and m(2) close to 1.0. 
When the threshold is set to 0.6, the presence or absence 
of damage at all impact points can be accurately iden‐
tified. Compared with the use of a single damage index, 
the fused index makes full use of the complementary 
information of different damage indices, which can 
amplify the difference of basic probability of damage 
and help improve damage identification.

4.3 Stage II: precise identification of the damaged 
area

The analysis results in Section 4.2 show that only 
impact points 1 and 5 are damaged. To further locate 
the damaged area, more impact points were deployed 
in the area surrounded by impact points 1, 2, 9, and 10. 
There are a total of 42 impact points (Fig. 19), where 
impact points A1–A7 are in the first row, and the other 
impact points are laid out in the same way in the second 
to sixth rows. The accelerations at a longitudinal dis‐
tance of 0.05 m from the impact point were obtained, 
and the damage of the added impact points was judged 
based on the vibration responses.

After analyzing the damage indices of the vibra‐
tion acceleration of 42 impact points, we found that 
the peak-to-peak value of the acceleration in the time 
domain and the mean amplitude in the frequency 
domain are insensitive to the damage of the added im‐
pact points. This section analyzed three indices, namely, 
the absolute mean in the time domain, maximum ampli‐
tude in the frequency domain, and power density ratio. 

Fig. 18  Index fusion results based on the acceleration 
response of impact points

Fig. 17  Fusion results of damage indices at different impact 
points: (a) longitudinal direction; (b) lateral direction
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In addition, considering the small spacing of the added 
points, no major difference in the values of various dam‐
age indices was found. Hence, the change rate of the 
indices between two points was selected as the evalua‐
tion index, and the calculation formula is

rij =
|| xij + 1 - xij

xij

    i = 1 2  6  j = 1 2  6.  (9)

In Eq. (9), xij and xij+1 are the damage index values 
corresponding to the impact points Aij and Aij + 1 in the 
ith row, respectively, and rij is the index change rate 
of point Aij. When the normalized value corresponding 
to rij is greater than the set threshold, the point Aij is 
determined as damaged. Using the change rate of the 
damage indices, the first six impact points in each row 
of this densified area can be identified. In total, there 
are 36 change rate values.

First, we normalized the change rate of damage 
indices of all impact points in the area (Fig. 20) before 
using the D-S evidence theory in Section 4.1 to fuse 
the three damage indices and obtain the fusion result. 
The results are shown in Fig. 21.

From Fig. 20, we can see that, for different damage 
indices, each row of impact points exhibits a similar 
variation trend in the normalized values. When the 
impact point is far from the contact loss center, its nor‐
malized value is smaller. Specifically, in the longitudi‐
nal direction, the value of the left impact point is greater 
than that of the right impact point. In the lateral direc‐
tion, a larger serial row number of the impact point 

corresponds to a smaller normalized value of its index. 
When the damage judgment threshold is taken as 0.6, 
all the impact points in the 5th and 6th rows are wrongly 
identified as not damaged.

In Fig. 21, after the three indices are fused, m(1) 
of the first two impact points in the 1st to 4th rows is 
greater than the threshold of 0.6, indicating there is 
damage. However, because all the impact points in the 
5th and 6th rows have a damage probability of less 
than 0.2, they are judged as undamaged, which is an 
incorrect assessment.

The above analysis indicates that different dis‐
tances from the impact points in the densified area to 
the damage center influence the normalization of the 
damage indices, resulting in inaccurate damage identifi‐
cation at some impact points. Therefore, we normalized 
the change rate of the damage indices corresponding to 
the vibration acceleration of each row of impact points, 
and then fused the three damage indices of each row. 
The normalized damage indices for each row are shown 
in Fig. 22, and the fusion results are shown in Fig. 23.

Fig. 19  Layout of added impact points

Fig. 20  Normalized values of damage indices

Fig. 21  Fusion results of damage indices
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It can be seen from Fig. 22 that the normalized 
values of the change rate of the damage indices in each 
row follow a similar trend. The first two damaged 
impact points in each row can be identified if the nor‐
malized value of a single damage index is known. In 
Fig. 23, after index fusion, m(1) of the first two im‐
pact points in each row is about 1.0, which is greater 
than the threshold of 0.6, indicating that the impact 

points are damaged. The m(1) of almost all the re‐
maining points is less than 0.2, which is less than the 
threshold value, indicating that the points are not 
damaged.

To further clarify the size of the damaged area, 
taking the plane position information of the impact 
points as the X and Y axes, and the probability of dam‐
age as the Z axis, the Kriging interpolation method 
(Martin and Simpson, 2005) was used to image the 
contact loss. The result is shown in Fig. 24a. Then, the 
3D distribution in the densified area was projected in 
two dimensions, as shown in Fig. 24b.

In Fig. 24a, when the longitudinal distance of the 
densified area is 0.0 to 0.1, m(1) is greater than 0.8, 
indicating this area is damaged. As the longitudinal dis‐
tance increases, m(1) gradually decreases, and after the 
longitudinal distance is greater than 0.2, m(1) remains 
basically unchanged below 0.2. Furthermore, at the 
same longitudinal distance, the variation of m(1) along 
the lateral direction is small. It can be seen from Fig. 24b 
that when the curve of damage probability of 0.6 is 
taken as the boundary for damage identification, the 
area where m(1) is greater than 0.6 can be calculated 
to be about 0.075 m2. The identification accuracy η is 
81.1% calculated by Eq. (10), indicating the two-stage 
identification method based on vibration responses 
proposed in this study is accurate and reasonable.

η =
S in

S
-

Sout

S
. (10)

In Eq. (10), S is the area of the actual damaged 
area, which is taken as 0.0925 m2; Sin is the area where 
the predicted probability of damage is greater than 0.6 
within the actual damaged area; Sout is the area where 

Fig. 23  Index fusion results

Fig. 22  Normalized values of the change rate of the damage 
indices: (a) absolute mean value; (b) maximum amplitude; 
(c) power density ratio
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the predicted probability of damage is greater than 0.6 
outside the actual damaged area.

5 Effect of different damage degrees on 
identification 

The above analysis aims to identify the complete 
damage in the whole thickness direction of the SCC. 
To explore the effect of different damage degrees on 
the damage identification, the contact loss thicknesses 
of SCC were taken as 18, 36, 54, and 72 mm. Corre‐
spondingly, their contact loss degrees are 20%, 40%, 
60%, and 80%, respectively. Other settings are the same 
as in Section 2.2. The analysis shows that in the iden‐
tification of Stage I, points 1 and 5 can be identified 
regardless of the degrees of SCC damage. Then, accord‐
ing to the layout scheme of the densified impact points 
in Fig. 19, the accelerations of the densified impact 
points under different damage degrees were calculated. 

According to the identification steps of Stage II intro‐
duced in Section 4.3, the 2D defect images under dif‐
ferent damage conditions were obtained as shown in 
Fig. 25. Then, the damage identification accuracy can be 
obtained according to Eq. (10), as shown in Table 3.

Fig. 25 and Table 3 show that when the degree of 
SCC contact loss is small (20% and 40%), the preset 
contact loss is not easily identified at a position rela‐
tively far from the damage center in the lateral direction. 
In addition, there is a large area of predicted damage 
in the area where damage was not set, resulting in low 
damage identification accuracy below 50%. When the 
degree of contact loss gradually increases (60% and 
80%), contact loss at a position far from the damage 
center in the lateral direction can also be accurately iden‐
tified. Further, in the area where damage is not set, the 
predicted damage gradually decreases, which improves 
the damage identification accuracy to 70.3% and 76.7%, 
respectively.

It is worth noting that the focus of this study is 
to investigate theoretically the effectiveness of the two-
stage identification method for SCC damage identifi‐
cation. The random positions and irregular shapes are 
somewhat simplified by assuming that the contact loss 
is square and possesses different damage degrees. Based 
on the above analysis results, it can be seen that the iden‐
tification accuracy is high when the damage degree is 
greater than 50%, and is greater than 70%. The reason 
is that larger damage can cause significant changes in 
the vibration response of the structures. Hence, it can 
be concluded that the proposed method is more suit‐
able for the identification of a larger degree of inter‐
layer damage. In addition, the proposed identifica‐
tion method is mainly based on the vibration response 
changes of the impact points on the track slab surface, 
so the method is also theoretically suitable for dam‐
age of other shapes and positions but further analysis 
is required.

Fig. 24  m(1) distribution within the densified area: (a) 3D 
distribution; (b) 2D defect imaging

Table 3  Identification accuracy under different damage 

degrees

Damage 
degree (%)

20

40

60

80

100

Sin (m
2)

0.062

0.071

0.090

0.093

0.075

Sout (m
2)

0.029

0.027

0.025

0.022

0.000

Identification 
accuracy, η (%)

35.7

47.6

70.3

76.7

81.1
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6 Conclusions 

This study focuses on the contact loss between 
SCC and the track slab of the CRTS III prefabricated 
slab track. First, we extracted the vibration accelera‐
tions of the impact points on the track slab surface under 
transient impact load. Then according to the variation 
law of the responses in the time and frequency domains, 
we obtained damage indices that are sensitive to con‐
tact loss. These indices were fused by the D-S evidence 
theory and, finally, a more accurate identification of 
the interlayer contact loss in the slab track could be 
achieved using the two-stage identification method. The 
main conclusions are as follows:

(1) Based on the accelerations corresponding to 
the impact points in the damaged area, the five damage 
indices extracted from the time and frequency domains 
can comprehensively represent the damage information 
hidden in the vibration signals. However, it is difficult 
to guarantee the identification accuracy by using only 
a single damage index.

(2) The application of evidence theory can make 
full use of complementary information between multi‐
ple damage indices and reduce the uncertainty of iden‐
tification. For Stage I, the location of the damaged area 
can be roughly identified by fusing five damage indices 
under different degrees of contact loss.

(3) The accuracy of damage identification is posi‐
tively correlated with the damage degree. For Stage II, 
the identification accuracy can reach 70% to 80% when 
the contact loss degree of SCC is greater than 50%. 
The two-stage method proposed in this study offers 
theoretical support for the maintenance and repair of 
slab tracks.
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