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Abstract 

The probability of a train running over a bridge when an earthquake occurs is increasing with the total mileage of 
China’s high-speed railway network expanding. To study this issue, a three-dimensional train-track-bridge dynamic 
interaction system subjected to seismic excitations is established based on commercial mathematical software. 
Besides, a set of motion equations of the system are derived according to the multibody dynamics, the finite element 
method theory and the bridge seismic theory. Moreover, in order to study the dynamic response of high-speed 
railway bridges under earthquake, a series of experiments are conducted on a scaled high-speed railway simple 
supported bridge model with a ballastless track slab excited by shaking table tests. Meanwhile, the strain of rails, track 
slabs, base plates and girder in various working conditions are measured by quasi-distributed optical fiber sensing 
stuck in bridge members. At last, the dynamic response of each structure member is demonstrated in the time and 
frequency domains. Furthermore, the seismic isolation performance of bridge members, such as fasteners, cement 
asphalt (CA) mortar layer and so on, is explained in details.

Keywords Train-bridge dynamic interaction, Model experiments, Seismic isolation performance, Frequency analysis, 
Earthquake

Introduction
In order to meet the transport demand, high-speed 
railways (HSRs) have been constructed rapidly in China 
[20, 21]. By the end of 2021, the total mileage of China’s 
HSR has exceeded forty thousand kilometers. The bridge 
accounts for a high proportion of the whole HSR lines, 
out of consideration for the train running stability, land 
occupation, environmental protection, foundation 
reliability, etc. [15, 22, 30]. With the increasing operation 
mileage, the scope of HSR lines has expanded to 
earthquake-prone areas. Therefore, it is necessary to 

study the seismic performance of the bridge structure 
when the train-bridge system encounters an earthquake 
to ensure the train running safety.

Many scholars have conducted massive research on 
the dynamic response of trains and bridges in a train-
bridge system under earthquake. Xia et  al. established 
a dynamic model for train bridge interaction based on 
the wheel-rail interaction theory, considering different 
seismic wave inputs [32]. Du et  al. proposed a finite 
element method (FEM) framework for analyzing the 
dynamic behavior of a train-bridge system under non-
uniform seismic excitation [7]. Li et  al. established a 
simply supported bridge model with a China railway 
track system (CRTS) II ballastless track slab and studied 
the influence of isolation bearing’s equivalent radius on 
bridge response under random earthquake excitation 
[23]. Zhang et  al. calculated the random vibration of a 
train-bridge system under a multi-point earthquake 
using the pseudo-excitation method [42]. Ling et  al. 
studied the earthquake’s impact on the dynamic 
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behavior of trains and tracks and proposed safety 
criteria for train running safety [24]. Jiang et  al. used a 
new point estimation method to calculate the random 
dynamic response of a three-dimensional train-bridge 
system [16]. Zhang et  al. proposed an efficient method 
to calculate the seismic response of HSR, considering 
the influence of track longitudinal constraints on bridges 
[41]. Liu et  al. calculated the bridge response limit 
according to the derailment coefficient [25].

In order to prove the validity of numerical simula-
tion results, many train-bridge experiments are intro-
duced in detail. Toyooka et al. compared the dynamic 
behavior of the track structure under the shaking 
table test with the calculation results of a simulation 
model [31]. They calculated and analyzed the influ-
ence of the track structure on the bridge response. 
Nishimura et al. compared the simulation calculation 
and experimental results of the displacement time his-
tory of trains and tracks to verify the performance of 
anti-derailment guardrails [27]. Guo et al. proposed a 
superposition algorithm to calculate the bridge dam-
age caused by an earthquake and the influence on the 
train running safety, and the accuracy of the numeri-
cal value was verified by shaking table experiments 
[12]. Yu et al. summarized the track irregularity defor-
mation pattern under earthquake by calculating the 
simple supported bridge model verified by experi-
ments [39]. In order to study the impact of a train 
on a bridge vibration, Chen et  al. analyzed the seis-
mic response of different piers under different speeds 
[4]. Yu et al. studied the influence of train and ground 
motion on the deformation of the beam, bearing and 
pier based on the simulation model verified by shak-
ing table experiments [37, 38]. Gao et  al. considered 
the incident angle of seismic waves. They calculated 
and analyzed the seismic impact of the train speed 
on the bridge structure, and the results showed that 

the dynamic bridge response reached the maximum 
within a specific range of train speed [9].

The existing train-bridge coupling related literature 
mainly studies the seismic response of substructures such 
as beams, bearings and piers. However, research on the 
seismic dynamic behavior of track structures is rare. The 
rail directly contacts the train, and the deformation of the 
track structure directly affects the train running safety. In 
addition, the impact of the train operation on the bridge 
also cannot be ignored. Therefore, the seismic response 
of the track structure is critical to the dynamic response 
of the train and bridge.

In this paper, a series of experiments are performed 
based on a train running test system (TRTS). Meanwhile, 
the TRTS consists of a scaled train model, scaled 
CRTS type II slab ballastless tracks, a scaled 11-span 
simply supported bridge and four shaking tables. In the 
experiments, the strain of the rails, track slabs, base 
plates and beam is measured and analyzed. Furthermore, 
a train-bridge coupled (TBC) system is established 
according to the prototype of the TRTS, based on the 
bridge seismic theory and the finite element theory. 
After verifying the TBC system, the three-dimensional 
dynamic responses of the rails, track slabs, base plates 
and beam under earthquake are discussed and analyzed.

Simulation model
A dynamic model under uniform seismic excitations is 
set up by considering the seismic force boundary of the 
subgrade and bridge. The model consists of a series of 
train models with 38 degrees of freedom (DOFs) individ-
ually, a ballastless track model with three layers of elastic 
point support and a bridge model [11] (Fig. 1). Secondly, 
the trace line method is applied to solve the spatial geo-
metric contact of the wheel-rail. Besides, the Hertz con-
tact theory [18] is adopted to calculate the normal force, 

Fig. 1 Schematic diagram of the TBC model
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and the Kalker linear rolling contact theory [19] is used 
to formulate the creep forces.

Model of train
HSR train is a three-dimensional vibration system with 
an elastic suspension device. It can be assumed that 
the car-body, bogies and wheel-sets are rigid bodies 
to improve numerical efficiency, except for the fatigue 
analysis or high-frequency vibration analysis of the 
train. Besides, the coupler and suspension system of 

the train are simulated with a three-dimensional linear 
spring-damper. And secondly, the train is composed 
of four-axle motor cars and trailers in a certain 
formation. Each vehicle has one car-body with six 
DOFs, two bogies with six DOFs each and four wheel-
sets with five DOFs each. The schematic diagram of 
the vehicle is shown in Fig. 2. Table 1 lists the symbols 
of basic motions, such as longitudinal, lateral, vertical, 
roll, pitch and yaw. Wherein the symbols of train 
vibration DOFs can be expressed as:

Fig. 2 Schematic diagram of train model
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With

Where subscript c, fb and rb denote car-body, front 
bogie and rear bogie, respectively. Subscript wi means 
the ith wheel-set and subscript v means the vth vehicle, 
which is nv in total.

The train’s mass, stiffness and damping matrices can 
be referred to Ref. [43].

Model of track slab and bridge
As reference in Fig.  3, eleven-span prestressed HSR 
two-way simply supported box-girder with concrete 
piers (bridge) and CRTS type II slab ballastless track are 
adopted in this paper, which is modelled based on the 
FEM [10, 35]. The bridge and slab ballastless track are 
modelled based on the FEM [14]. The element parame-
ters of bridge components are listed in Table 2. Besides, 
the earthquake excitations are directly forced at support-
ing points at the bottom of the bridge pier and their effect 
on the bridge is reflected by the influence matrix [1].

The damping dissipation model is so complicated 
that a specific mathematical formula cannot describe 
it. Therefore, in order to avoid excessive calculation, 
some simplified damping dissipation models have been 
used in the TBC system, including the Rayleigh damp-
ing model, the Caughey damping model and so on. Liu 
et  al. compared the influence of the Rayleigh damping 
model and Caughey damping model on the stochastic 
analysis, and concluded that the variation of the damp-
ing ratio of the two models has little influence on the 
TBC stochastic analysis results. Moreover, they indi-
cated that the Rayleigh damping model has enough 
accuracy to show the dissipation of the system [26]. So, 

(1)Xv =

{(
Xc,v ,Xfb,v ,Xrb,v ,Xw1,v ,Xw2,v ,Xw3,v ,Xw4,v

)
v
|1 ≤ v ≤ nv v, nv ∈ Z

}

(2)

Xi,v = xi,v , yi,v , zi,v , θi,v ,ψi,v ,ϕi,v , i ⊆ c, fb, rb

Xj,v = xj,v , yj,v , zj,v , θj,v ,ϕj,v , j ⊆ (w1,w2,w3,w4)

the Rayleigh damping model is adopted in this paper, 
which can be expressed as follow:

Where ωi means the first-order natural frequency of the 
bridge, which is 10.0752 rad/s; ωj means the second-order 
natural frequency of the bridge, which is 11.0096 rad/s; ζb 
represents the damping ratio of the bridge, which is 0.03 in 
this research [17, 36].

The interactive stiffness matrices and damping matrices 
of rail and bridge satisfied:

Wheel‑rail interaction
Wheel‑rail contact geometry
The wheel-rail relationship is the bond of train and 
track and keeps updating with each time step of the 
system motion equation. Besides, the wheel-rail con-
tact model is established on the assumption that the 
wheels are rigidly in contact with the rails, and there are 
no compressions between them [34]. Consequently, the 
spatial geometric relationship of wheel-rail contact can 
be calculated, and the schematic diagram is shown in 
Fig. 4.

The coordinate of the  wheel-rail contact point in 
the absolute coordinate system can be deduced as

With

(3)Cbb =
2ωiωjζb

ωi + ωj
Mbb +

2ζb

ωi + ωj
Kbb

(4)Kbr = K
T

br ,Cbr = C
T

br

(5)

⎧⎪⎪⎨⎪⎪⎩

xCR = xB + lxRw tan �R

yCR = yB −
Rw

1−l2
x

�
l2
x
ly tan �R + lz

�
1 − l2

x

�
1 + tan2�R

��

zCR = zB −
Rw

1−l2
x

�
l2
x
ly tan �R − ly

�
1 − l2

x

�
1 + tan2�R

��

(6)







xB = dwlx
yB = dwly + Yw
zB = dwlz

Table 1 DOFs of the train [44]

Vehicle components DOFs

Longitudinal Lateral Vertical Roll Pitch Yaw

Car-body xc yc zc θc ψc φc

Front bogie xfb yfb zfb θfb ψfb φfb

Rear bogie xrb yrb zrb θrb ψrb φrb

Wheel-sets, i = 1 ~ 4 xwi ywi zwi θwi – φwi
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Fig. 3 Schematic diagram of track slab and bridge model



Page 6 of 19Zhang et al. J Infrastruct Preserv Resil            (2023) 4:13 

Where δR means the contact angle of the right wheel 
tread. Rw denotes the rolling radius of wheel. lx, ly, lz 
are the direction cosines of the x-axis, y-axis, z-axis, 
respectively. xB, yB, zB represent the coordinates of 
the wheel rolling circle center. dw means the abscissa of 
wheel rolling circle in the wheel coordinate. The wheel-
rail contact trace line can be formed by changing dw in 
the wheel coordinate.

Wheel‑rail normal force
According to the wheel-rail rigidly contact assumption, the 
wheel-rail normal force can be solved by Hertz nonlinear 
elastic contact theory:

(7)







lx = − sin ϕw cosψw

ly = cosϕw cosψw

lz = sin ϕw

(8)N (t) =

[

1

G
δZ(t)

]3/2

Where N(t) means the time-varying function of 
wheel-rail normal force; G = 3.86Rw

−0.115 ×  10−8(m/N)2/3 
represents the wheel-rail contact constant; Rw is the 
radius of the wheel; and δZ(t) is the normal compression 
displacement between wheel and rail.

A simplified method proposed by Zhai et  al. [40] is 
adopted to deduce the wheel-rail normal compression 
displacement δZ(t). Firstly, the jth wheel-sets vertical 
relative distance between the  wheel and rail at time t 
needs to be obtained according to Eq. (9).

Where Zwj(t) means the vertical displacement of the 
centroid of the jth wheel-set; ΔZLwjt and ΔZRwjt are the 
left and right jth wheel-sets minimum vertical distance 
between wheel and rail at time t, respectively; ΔZLwj0 
and ΔZRwj0 are the left and right jth wheel-sets minimum 
vertical distance between wheel and rail at zero time, 
respectively, which are equal due to the symmetry of 
wheel-sets, that is ΔZLwj0 = ΔZRwj0 = ΔZwj0.

Secondly, the wheel-rail normal compression can 
be deduced from the wheel-rail vertical relative 
displacement based on the spatial geometric relationship 
[29]. Therefore, the normal compression displacement of 
left and right wheel-rail contact points satisfy:

In particular, the wheel-rail normal force N(t) = 0, when 
the normal compression displacement between wheel 

(9)
{

δZLj = Zwj(t)−
(

�ZLwjt −�ZLwj0

)

δZRj = Zwj(t)−
(

�ZRwjt −�ZRwj0

)

(10)

{

δZLcj =
δZL

cos (δL+φW)

δZRcj =
δZRj

cos (δR−φw)

Table 2 Element parameters of the bridge model

FEM model Element type Element 
length 
(m)

Rail Beam 0.615

Track slab Plate 0.615

Base plate Plate 0.615

Girder Beam 0.615

Pier Beam 1

Fig. 4 Schematic diagram of spatial wheel-rail contact
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and rail δZ(t) < 0, and the wheel-rai are detached at the 
moment.

Wheel‑rail creep force
The wheel-rail creep force is formulated according to 
Kalker linear rolling contact theory [19]. The longitudinal 
wheel-rail creep force Fx, lateral creep force Fy, and 
rotating creep moment Mz within the linear range can be 
expressed as:

Where ξx, ξy, and ξφ are the longitudinal creep rate, 
lateral creep rate and rotating creep rate, respectively. 
Eq. (11) is suitable for both sides of wheel. fij represents 
the creep coefficient, which can be accurately calculated 
according to Ref. [19]:

Where Er and νr are the elastic modulus and Poisson’s 
ratio of rail, respectively. Cij is a function of ratio of the 
long and short axis of the ellipse a/b. a, b can be obtained 
by inducting parameters ae, be, and ρ,:

Where N means the normal force of the wheel-rail 
contact point. ae and be can be expressed as:

Where ρ satisfies 1
ρ
= 1

4

[

1
Rn

+

(

1
rm

+ 1
rr

)]

 . rw means the 
cross-section profile radius of the wheel tread. rr is the 
cross-section profile radius of rail head. m and n are 
coefficients related to the angle β, where 
β = arccos

(

ρ
4

∣

∣

∣

1
Rw

− 1
rw

− 1
rr

∣

∣

∣

)

 . More details can be found 
in Ref. [19].

(11)







Fx = −f11ξx
Fy = −f22ξy − f23ξϕ
Mz = f23ξy − f33ξϕ

(12)















f11 = 0.5Er(1+ νr)
−1(ab)C11

f22 = 0.5Er(1+ νr)
−1(ab)C22

f23 = 0.5Er(1+ νr)
−1(ab)3/2C23

f33 = 0.5Er(1+ νr)
−1(ab)2C33

(13)







a = ae(NRw)
1/3

b = be(NRw)
1/3

ab = aebe(NRw)
2/3

(14)



































ae = 0.1506m
�

ρ
Rw

�1/3
× 10−3

be = 0.1506n
�

ρ
Rw

�1/3
× 10−3

ρ/Rw ≤ 2

ae = 0.1506n
�

ρ
Rw

�1/3
× 10−3

be = 0.1506m
�

ρ
Rw

�1/3
× 10−3

ρ/Rw > 2

Motion equation under uniform earthquake
The earthquake loads are treated as external excitations 
in the TBC system, and the acceleration input mode is 
adopted. It is assumed that the bridge piers are connected 
to the ground through the supporting nodes. Wherein 
the dynamic equation of the system is partitioned as 
supporting nodes block matrix (supporting nodes) 
and structures block matrix (structure nodes). And the 
dynamic equation can be expressed as follows [44].

Where {Xb} means the enforced displacements of the 
supporting nodes; {Xs} represent the displacements of 
structure nodes; {Mss}, {Css} and {Kss} are mass matrix, 
damping matrix and stiffness matrix of the structure 
nodes, respectively; {Mbb}, {Cbb} and {Kbb} are mass 
matrix, damping matrix and stiffness matrix of the 
supporting nodes, respectively; {Msb}, {Mbs}, {Csb}, {Cbs}, 
{Ksb} and {Kbs} denote the coupling mass matrices, the 
coupling damping matrices and the coupling stiffness 
matrices of the supporting nodes and the structure 
nodes; {fb} is the force of the supporting nodes subject to 
the ground.

The first row of Eq. (15) is expanded based on the 
lumped mass assumption [28], and it can be calculated 
that:

Where {Xs} is decomposed into pseudo-static 
displacement {Ys} and dynamic displacement {Yr} , 
namely:

The pseudo-static displacement {Ys} satisfies static 
equilibrium equation (set all dynamic displacement to 
zero), hence {Ys} can be deduced as follows.

Thus, the pseudo-static velocity and acceleration can 
be obtained based on Eq. (18).

Where [R] =  − [Kss]−1[Ksb] means the influence matrix.

(15)

⎡⎢⎢⎣
Mss Msb

Mbs Mbb

⎤⎥⎥⎦

⎧
⎪⎨⎪⎩

X ��

s

X ��

b

⎫
⎪⎬⎪⎭
+

⎡⎢⎢⎣
Css Csb

Cbs Cbb

⎤⎥⎥⎦

⎧
⎪⎨⎪⎩

X �

s

X �

b

⎫
⎪⎬⎪⎭
+

⎡⎢⎢⎣
Kss Ksb

Kbs Kbb

⎤⎥⎥⎦

⎧
⎪⎨⎪⎩

Xs

Xb

⎫
⎪⎬⎪⎭
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⎧
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0

fb
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(16)

[
Mss

]{
X ��

s

}
+

[
Css

]{
X �

s

}
+

[
Kss

]{
Xs

}
= −

[
Csb

]{
X �

b

}
−

[
Ksb

]{
Xb

}

(17){Xs} = {Ys} + {Yr}

(18){Ys} = [R]{Xb}

(19)
{

Y ′
s

}

= [R]
{

X ′
b

}

(20)
{

Y ′′
s

}

= [R]
{

X ′′
b

}



Page 8 of 19Zhang et al. J Infrastruct Preserv Resil            (2023) 4:13 

Especially  the damping force is considered to be 
proportional to the dynamic velocity {Yr

′}, so Eq. (16) can 
be transformed into:

Then, According to Eqs. (18) and (20) and ignoring the 
damping force of the supporting nodes [Csb]

{

X′
b

}

 , Eq. 
(21) can be recast as:

Considering 
{

X ′′
b

}

=

{

X ′′
g

}

 and the seismic ground 
motion, hence Eq. (22) can be written as:

Furthermore, the energy variational method is 
introduced to calculate the train subsystem and track-
bridge subsystem. Moreover, a two-step unconditionally 
stable explicit displacement method was employed to 
solve the dynamic response of the system [3].

Rail irregularity
The track irregularities appreciably affect the lateral 
vibration and the short-wavelength irregularities will 
activate a high-frequency vibration in the vertical 
direction. Thus, the influence of primary rail irregularity 
on dynamic train response should be considered. The 
rail irregularity in the TBC system is generated by the 
harmonic synthesis method combined with German low-
disturbance power spectral density (PSD) [13]. which can 
be expressed as.

the rail elevation irregularity:

the rail alignment irregularity:

the rail cross level irregularity:

the rail gauge irregularity:

(21)[
Mss
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Y ��

r

}
+

[
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+
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Y ��

s

}
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[
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]{
X �

b

}
−

[
Kss

]{
Y �

s

}
−

[
Ksb

]{
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}

(22)
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]{
Y ��

r

}
+

[
Css

]{
Y �

r

}
+

[
Kss

]{
Yr

}
= −

[
Mss

]
[R]

{
X ��

b

}

(23)

[
Mss

]{
Y ��

r

}
+

[
Css

]{
Y �

r

}
+

[
Kss

]{
Yr

}
= −

[
Mss

]
[R]

{
X ��

g

}

(24)Sv(�) =
Av�

2
c

(

�2 +�2
r

)(

�2 +�2
c

)

(25)Sa(�) =
Aa�

2
c
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(26)Sc(�) =
Avb
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(27)Sg (�) =
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c
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)

Where Sv, Sa, and Sg are the irregularity PSD function 
of vertical rail profile, rail alignment and gauge 
distance, respectively  [m2/(rad/m)]; Sc is the PSD 

function of rail cross-level irregularity [1/(rad/m)]; Av, 
Aa, and Ag represent the roughness coefficients; Ωc, 
Ωr and Ωs mean the truncation frequency; b denotes 
the half distance between two sides of the rail. The 
detailed parameters of the irregularity PSD function 
are shown in Table 3.

Experimental design
Experiment model
In order to verify the accuracy of the established TBC 
model, the TRTS experiments are performed. The TRTS 
is shown in Fig. 5, and the experiment results are com-
pared with the simulation results.

The TRTS consists of four shaking tables, a scaled 
two-way simply supported bridge model, a scaled CRH2 
model train, an acceleration section, a deceleration 
section and a transition section. The bridge model has 
a scale of 1:10 compared with the prototype and eleven 
spans with a span of 3.25 m. Table  4 lists the similarity 
coefficient of the TRTS.

The scaled bridge model and fasteners were made 
of steel for easy installation. Besides, the rails, slab 
tracks, base plates, beam and piers in the TRTS were 
fabricated based on the equivalent bending stiffness of 
the prototype. The shear reinforcement, shear slots and 
block in the TRTS were fabricated based on equivalent 
displacement and force. Furthermore, the sliding layer 
material is the same as the prototype and the CA mortar 
layer is replaced by polyurethane. The four shaking tables 
are all 6-DOF mobile tables, and the maximum bearing 
capacity of each shaking table is 30 tons.

The experiment process is as follows: the model train 
is accelerated to the target speed by the acceleration 
board before entering the transition section. When 
the train enters the scaled bridge model, the transi-
tion device is immediately disconnected, and the four 
shaking tables vibrate according to the input ground 
motion. After the model train enters the deceleration 

Table 3 Parameters of German low-disturbance PSD of rail 
irregularity [33]

Ωc/
(rad/m)

Ωr/
(rad/m)

Ωs/
(rad/m)

Aa/
(m2·rad/m)

Av/
(m2·rad/m)

Ag/
(m2·rad/m)

0.8246 0.0206 0.438 2.119 ×  10− 7 4.032 ×  10− 7 5.32 ×  10− 7
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section, the steel cage captures and slows down the 
train until it stops. In the whole process of the train 
running on the bridge, the train speed is considered to 
be constant.

Measuring equipment
In this experiment, a 3.6 m long optical fiber with seven 
grating points engraved on the steel rail, track slab, base 
plate and beam of the 7th span of the bridge is laid, 
respectively, as shown in Fig.  6. Meanwhile, the grating 
points with an interval of 0.35 m are used to collect the 
strain of the pertinent bridge members under earthquake.

Fig. 5 The train running test system

Table 4 The similarity coefficients of the TRTS (partial data refer 
to [37])

Similarity 
coefficient

Symbol Scaling 
equation

Value Description

Acceleration SA SA =  SA 1/1 Basic parameter

Length SL SL =  SL 1/10 Basic parameter

Stress Sσ Sσ =  Sσ 1/2 Basic parameter

Elastic modulus SE SE =  Sσ 1/2

Force SF SF=Sσ·SL
2 1/200

Stiffness SS SS=Sσ·SL 1/20

Time ST ST =  (Sl·Sa)0.5 0.316

Speed Sv Sv =  SL /  ST 0.316
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Fig. 6 FBG configuration diagram

Fig. 7 Layout of the measuring equipment
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The grating points on the rail, track slab, base plate and 
beam are numbered Ei, Fi, Gi and Hi (i = 1,2,3,4,5,6 and 
7), respectively. Wherein, i mean the same coordinates in 
the train running direction.

The optical signal collected by the FBG sensors trans-
mits to the demodulator through the optical fiber [8]. 
Subsequently, the demodulator inputs the demodulated 
strain data to a computer, which is displayed and stored 
in the computer through a computer program, shown in 
Fig. 7 [6].

Experimental conditions
In this research, the test conditions of the TRTS are listed 
in Table 5. In the experiments, the running speed of the 
model train is set to 9 m/s and 13 m/s (corresponding 
to the running speed of 100 km/h and 150 km/h in 

the prototype), respectively. Besides, a lateral 15 Hz 
sinusoidal wave with different PGAs is input as seismic 
excitation.

Results and discussion
Verification of the TBC model
Considering the similarity coefficients of the TRTS in 
Table  4, the strain time history of the bridge beam is 
measured in the experiment [5]. Wherein the train runs 
at a speed of 150 km/h and a 15 Hz sine wave with an 
amplitude of 0.1 g is input as the external excitation. Fur-
thermore, the strain time history is converted to a PSD 
spectrogram using the fast Fourier transform, compared 
with a PSD spectrogram of the beam in the simulation 
results, shown in Fig. 8.

Compared with the experiment, the frequency com-
ponents of the track structures and beam in the simu-
lation results are close enough. Therefore, the TBC 
system established is feasible and accurate. Besides, 
it can be seen from Fig. 8 that the main vibration fre-
quency of the beam corresponds to the sine wave 
frequency. Meanwhile, the track structure has lower 
frequency vibration than the sine wave frequency. 
This phenomenon is because the seismic action is 
transmitted from bottom to top, and the seismic 
vibration energy of the track structures is weakened 
after the beam consumes part of the vibration energy. 
In addition, there are different vibration frequency 

Table 5 Experimental conditions

Vibration direction Frequency PGA Train speed

Transverse 15 Hz 0.1 g 9 m/s

Transverse 15 Hz 0.1 g 13 m/s

Transverse 15 Hz 0.2 g 9 m/s

Transverse 15 Hz 0.2 g 13 m/s

Fig. 8 Comparison of experimental and model frequency results
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component differences between the train and the 
bridge structures. The track structure is also subject to 
the train load except for the sine wave frequency.

Experiment results analysis
Figure  9 shows the strain time history of the span-mid 
with and without the sinusoidal wave excitation when the 
train is running at 9 m/s speed. The maximum strain in 
Fig.  9 is − 112.12με and − 119.66με for the rail, 12.77με 
and 16.30με for the track slab, − 3.03με and 4.31με for the 

base plate, − 2.90με and − 3.41με for the beam, respec-
tively. In the TRTS, the strain response of the track 
structure decreases from top to bottom. The fastener 
resistance and the buffer effect of the CA mortar layer 
play an important role in reducing the strain of the track 
structures.

Table  6 lists the maximum strain of the track struc-
tures and beam under different test conditions. It can 
be concluded that the increase of train speed and PGA 
enhance the structural strain. Wherein the strain of the 

Fig. 9 Strain response of track structure and beam

Table 6 The maximum strain of the track structures and beam (unit:με)

Bridge members Rail Track slab Base plate Box girder

9 m/s, PGA = 0 112.12 12.77 3.03 2.90

13 m/s, PGA = 0 125.63 15.15 3.15 3.01

9 m/s, PGA = 0.1 g 119.66 16.30 4.31 3.41

13 m/s, PGA = 0.1 g 150.82 17.13 4.50 3.69

9 m/s, PGA = 0.2 125.37 18.31 4.88 4.03

13 m/s, PGA = 0.2 152.27 18.48 5.03 4.86
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track structures and beam decreases in turn, indicating 
that fasteners and CA mortar layer can reduce and isolate 
the earthquake.

Simulation results analysis
After verifying the accuracy of the TBC model, a 
ground motion (shown in Fig. 10) is input into the TBC 
system to calculate the three-dimensional accelera-
tion of the track structure (rail, track plate, base plate) 
and beam under earthquake. The bridge site is located 
in the 8-degree fortification zone [38], and the seismic 
wave used in the article is randomly selected from the 
Pacific Earthquake Engineering Research Center earth-
quake database [2, 38]. Besides, the input seismic PGA is 
from 0.1 g to 0.4 g with an interval of 0.1 g, and the train 
speed is from 100 km/h to 300 km/h with an interval of 
50 km/h. Figs. 11 and 12 shows the acceleration and dis-
placement time history curves of the 7th mid-span when 
the train running speed is 100 km/h and the seismic 
PGA is 0.1 g, respectively.

The X, Y and Z directions stand for the  longitudi-
nal, transverse, and vertical directions. According to 
Fig. 11, it can be seen that the track structure and beam 
have the same tendency in acceleration time history 
curves in the X and Y directions. The track and beam 
are significantly affected by train load in the Z direc-
tion, and are hardly affected by earthquake, which is 
reflected in the sharp rise of acceleration time histories 
when the train passes through. The rail acceleration is 
greater than that of other structures, and the accelera-
tion of each track structure decreases from the top to 
the bottom of the track structure. These phenomena 

are caused by the laterally applied earthquake. There-
fore, the acceleration of the track structure and the 
beam is nearly consistent in the Y direction. In the Z 
direction, the fastener resistance weakens the force 
transferred to the lower structures, and the CA mortar 
layer acts as a buffer layer to further reduce the vibra-
tion of the base plate. That explains the acceleration 
decreases from top to bottom.

It can be seen in Fig. 12 that the displacement time 
history curves of rails, track plates, base plates and 
beams are consistent with the acceleration time history 
curves in X and Y directions. The displacement of the 
track structure is mainly caused by the train load. The 
displacement of the track plate, base plate and beam 
is consistent, and the rail displacement is greater than 
these three.

It can be seen from the three-dimensional time 
history curve that the Y direction is mainly affected by 
the earthquake, and the Z direction is mainly caused 
by train load in comparison. The dynamic response of 
rail is stronger than the other structures. In the seismic 
design for the HSR bridge structure, the lateral seismic 
performance should be emphasized, and the vertical 
response of the rail shall not be ignored.

The maximum displacement and acceleration of 
track structures and beam in the Y and Z directions 
under all test conditions are shown in Figs. 13 and 14. 
It can be observed that the maximum displacement 
will not increase with the uplift of train speed in the 
Y direction for the track structures and beam. Dif-
ferently, the increase of PGA will magnify the maxi-
mum displacement of the track structures and beam. 

Fig. 10 Lateral acceleration time history of the input earthquake
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In addition, the maximum rail displacement is always 
greater than the other track structures and beam, and 
the maximum displacement of the track slab, base 
plate and beam are always consistent. When the train 

runs at a lower speed, the maximum displacement of 
the track structures and beam slowly increases with 
the uplift of train speed. However, when the train 
speed exceeds 200 km/h, the maximum displacement 

Fig. 11 Track structure and beam acceleration when V = 100 km/h, PGA = 0.1 g
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of track structures and beam gradually decreases with 
the uplift of train speed. Nevertheless, no matter in 
the Y or Z direction, the maximum displacement of 
the track structures and beam under the same running 
speed and PGA value is basically consistent.

The maximum acceleration of the track structures 
in the Y direction shows no correlation with the train 
speed, but it will increase with the increase of the 
PGA. In the Z direction, the maximum accelerations 
of the track structures and beam decrease in turn 
under the same train speed and PGA. Unlike those 

Fig. 12 Track structure and beam displacement when V = 100 km/h, PGA = 0.1 g
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in the Y direction, the maximum acceleration of the 
track structures and beam increases with the uplift of 
train speed, and it will not be affected by the change 
of PGA. The increasing rate of the maximum accelera-
tion of the track structures and beam also increases 
with the uplift of train speed.

The dynamic response increases with the rise of PGA 
in the Y direction, and the dynamic response increases 
with the uplift of train speed. The conclusion mentioned 
in Section  4.3 is verified again that the track structures 
and beam are mainly affected by the earthquake in the Y 
direction, and are mainly affected by the moving train in 
the Z direction.

Conclusion
In this research, in order to study the three-dimensional 
dynamic response of the bridge track structure and 
beam under earthquake, a scaled bridge model is built 
to obtain the structural strain response through shaking 
table tests. Furthermore, a TBC simulation model is 
established, and it is verified by the experiment results. 
The influence of train speed and seismic effect on track 
structure and beam in three directions is calculated and 
analyzed, and some important conclusions are drawn 
as follows:

1. The train running will also affect the maximum strain 
of the bridge track structure during the earthquake. 
Besides, the strain response of the track structure 
caused by train load will decrease from top to bot-
tom, and fasteners and CA mortar layer significantly 
reduce the transmitted vibration. The train speed and 
seismic intensity will enlarge the dynamic response 
of the track structure.

2. The dynamic response of the bridge beam is mainly 
caused by the earthquake, and the dynamic response 
of the track structure is caused by the train load and 
the earthquake. The shaking table test results verify 
the accuracy of the TBC system, which can be further 
used to study the dynamic behavior of the train and 
bridge under earthquake.

3. The dynamic responses (acceleration and displace-
ment) of the rail, track slabs, base plates and beam 
are mainly subjected to the earthquake in the trans-
verse direction. Besides, it is affected jointly by the 
moving train load and earthquake longitudinally, 
which has limited influence on the bridge. The verti-
cal dynamic responses are excited by the train load, 
so it is necessary to strengthen the isolation effect of 
the rail. In addition, the maximum accelerations of 
the track slab, base plate and beam decrease in turn.

Fig. 13 Maximum displacement absolute values of rail, track plate, base plate and beam
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4. The lateral dynamic responses of the rail, track 
slabs, base plates and beam will increase with the 
uplift of seismic PGA, but they are almost inde-
pendent of the train speed. Besides, the maximum 
vertical displacement increases with the uplift of 

the train speed. The vertical accelerations of the 
rail, track slabs, base plates and beam increase 
with the uplift of the train speed. Wherein the 
increasing rate of the track slabs, base plates and 
beam rises with the growth of train speed.

Fig. 14 Absolute value of the maximum acceleration of the rail, track slab, base plate and beam
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