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Abstract
At present, specific earthquake motion is often used for analyzing the influence of trains on 
high-speed railway structure; however, the uncertainty of earthquake motion is rarely taken 
into consideration. In this study, on the basis of considering the uncertainty of earthquake 
motion, and taking a simply-supported beam with CRTS II track system and CRH2 high-
speed train in China as the research objects, a finite element analysis model of vehicle-
bridge coupled model was established and verified by tests. The influencing mechanism 
of the trains on structural response under the action of uncertain earthquake was analyzed, 
and the range of the influence levels of trains on seismic response of structure was cal-
culated. The research findings show that under the effect of earthquake, the presence of 
trains decreases the responses of piers and bearings, while increases the response of track 
structure. With increasing peak ground acceleration, the effect of trains on the track struc-
ture deformation increases, while that on the bending moment of piers, shearing force, and 
bearing deformation all decrease. The increase in train speed will not significantly affect 
the seismic response of structures. The ratio of seismic response between the operating 
conditions with and without vehicles was kept within a certain range, so that the demand 
range for seismic response under the operating condition with vehicles can be approxi-
mately simplified.
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1  Introduction

In recent years, the construction of high-speed railway has been gradually extending to 
seismic fault zones in mountainous area and coastal areas with higher seismic intensity. 
There are more and more bridges, with increasingly wider span and deteriorating operat-
ing environment. Besides, the traffic density of high-speed trains is increasing, and there 
is a higher probability that high-speed railway structure is subjected to the joint action of 
trains and earthquakes. Therefore, studying the effect of high-speed trains on the struc-
ture’s seismic response is valuable to ensure the safety of high-speed railway structure and 
has important theoretical significance and practical value in engineering.

Many researchers investigated the effect of train under the seismic action. Fan et  al. 
(2014) studied the vibration of steel truss girder bridges under the joint action of trains 
and earthquakes, indicating that the trains decrease the peak values for lateral and vertical 
seismic acceleration of the bridge and increase the vibration frequency of structure. Zhang 
et al. (2011a, b) conducted seismic response analysis on high-speed railway bridges under 
the operating conditions with and without trains and pointed that the presence of trains 
would increase the lateral shear force acting on piers. Gao et al. (2020) studied the vehicle-
bridge vibration of long-span continuous beams under vertical earthquake, indicating that 
the vertical displacement, velocity, and acceleration of the beam and the longitudinal bend-
ing moment of the pier all fluctuate with the train speed, reaching their maximum values 
at some specific train speed. Wang et al. (2011) calculated the lateral seismic response of 
bridge structure at different train speeds and pointed that the displacement of the pier top, 
the shear force, and bending moment of the pier showed significant nonlinear variation 
with varying train speed. Xia et al. (2006) studied the dynamic response of train–bridge 
system under the action of earthquake and pointed that the maximum lateral displacement 
and acceleration of the beam would vary with the train speed.

Researchers have conducted an in-depth analysis on the influencing mechanism of 
trains. Kim et  al. (2007)studied the seismic response of monorail train, indicating that 
the monorail train on the bridge has the effect of shock absorption and energy dissipation 
on structure, because different natural vibration characteristics of train and bridge struc-
ture led to phase difference, thus reducing response of bridge. Therefore, considering the 
trains as an additional static mass rather than a dynamic system may lead to a relatively 
conservative result. He et  al. (2011) studied the seismic response of vehicle-bridge on 
the Shinkansen and found that trains would reduce the seismic acceleration response of 
structure and verified the damping effects of trains on the structure under the action of 
earthquake. Gong et al. (2020) compared the vibration conditions of cable-stayed bridges 
when the trains pass at different speeds and pointed out that different train speeds would 
lead to different positions of trains on bridges, changing the vibration characteristics of 
the train–bridge system and affecting the vibration frequency and seismic response of the 
bridge and train body. Mu et al. (2016) studied the effects of track irregularity level and 
seismic load on the dynamic response of train–bridge system, indicating that track irregu-
larity would significantly increase the dynamic response of train–bridge system. Xu and 
Zhai (2017) analyzed the random vibration of high-speed trains under the joint action of 
lateral earthquake motion and track irregularity excitation and found that track irregularity 
would aggravate the dynamic response of structure and increase the dispersion situation of 
seismic response. Zhang et al. (2010a, b, 2011a, b) compared the responses caused by track 
irregularity and earthquake excitation and pointed that the train speed had a significant 
effect on the vibration of bridge structure caused by track irregularity, but had only a slight 
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effect on the vibration caused by earthquake excitation. Zhang et al. (2010a, b) pointed that 
compared to track irregularity excitation, earthquake excitation contributed more to seis-
mic response of structure.

The abovementioned literature reveals that the effect of trains on the seismic response 
of structure and the influencing mechanism are extensively investigated. However, they 
mainly considered specific earthquake motion for analyzing the effect of trains and rarely 
accounted the uncertainty of earthquake motion. Liu et  al. (2018) compared the single-
bridge model with train–bridge model and found that under the action of different earth-
quake motions, the effects of trains on the structure response show significant differences. 
He et al. (2011) pointed that the response of train–bridge interaction system is remarkably 
dependent on the frequency spectrum characteristics of earthquake motion, and the seis-
mic response obtained through single earthquake motion lacked accuracy and representa-
tiveness; therefore, ignoring the uncertainty of earthquake motion might lead to an unrea-
sonable influencing mechanism analysis. In addition, the abovementioned literature rarely 
clarified the influencing level range of trains on structural seismic response. The modeling 
process of train-track-bridge interaction may be overly complex for seismic design, and the 
determination of the influencing level range may help to simplify the train simulation (Yu 
et al. 2020).

Therefore, the main objective of this paper is to analyze the influencing mechanism and 
the influencing level range of trains on the structural response under the action of uncertain 
earthquake. In this study, through “magnitude-distance bin approach” (Tondini and Stoja-
dinovic 2012), 100 earthquake motions with different characteristics were selected. Then, 
with the simply-supported beam with CRTS II track system and CRH2 high-speed train 
taken as the objects, the finite element model for train–bridge coupling was established 
and experimentally verified. The scientific significance of this paper is as follows: (a) an 
analysis was conducted on the influencing mechanism of trains on the structural response 
under the action of lateral uncertain earthquake. (b) The influencing level range of trains 
on structural response was statistically analyzed. (c) A simplified method was proposed for 
checking calculation on the seismic resistance of bridge structure.

2 � Finite element analysis (FEA) model of high‑speed railway system 
and its verification

2.1 � FEA model of high‑speed railway system

A 5-span simply-supported beam of 8-degree fortification with CRTS II slab ballastless 
track system was selected for analysis, as shown in Fig. 1. A standard prestressed concrete 

Fig. 1   Schematic diagram of the high-speed railway system
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box girder with a span of 32.5 m was used as the beam; round-ended solid piers with a 
height of 14 m were used as the piers; a seismic-resistant pot-type rubber bearing with a 
vertical bearing capacity of 5000 kN was used as the bearing. The dimensions of the base 
plate and track plate were 2.95 × 0. 19 m2 and 2.55 × 0. 2 m2, respectively. The sliding layer 
with a thickness of 6 mm and the CA mortar layer with a thickness of 3 cm were paved 
between the base plate and box girder, and between the track plate and base plate, respec-
tively. CHN60 rail was used as the rail and the fastener type is WJ-8C. Shear grooves were 
laid out on the beam surface above the fixed bearing, and a shear reinforcement was laid 
out between the track plate and base plate on both sides of the beam end, with lateral stop 
blocks laid out with a spacing of 5.74 m. The schematic diagram of each prototype struc-
ture is shown in Fig. 2.

A finite element model was established through ANSYS program. The box girder, 
pier, base plate, track plate, and rail were simulated by elastic beam elements, with the 
element length taken as a fastener spacing of 0.65 m; the sliding layer, CA mortar layer, 

Fig. 2   Structural diagram of high-speed railway system (dimensions in mm)
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fastener, bearing, shear groove, shear reinforcement and lateral block were simulated with 
nonlinear spring elements, and the force–displacement curves of the spring elements are 
listed in Table 1 (Feng et al. 2020; Jiang et al. 2020; Kang et al. 2017; Wei et al. 2018; 
Yan et al. 2017). The elasto–plastic deformation at the base of the pier was simulated by 
moment–curvature relationships (Fig.  2). The interaction between the pile and soil was 
simulated by spring elements. Rayleigh damping was adopted for the bridge with a damp-
ing ratio of 5%. The time step of seismic analysis was 0.01 s. The equation solver, conver-
gence criterion and iteration accuracy were set as default.

2.2 � Train model

The model of the high-speed railway train was CRH2C train, and the main parameters of 
the train are shown in Table 2 (Zhai et al. 2015). The selected train is composed of 2 power 
carriages and 14 passenger carriages. Each carriage was simulated as 8 mass springs with 
the central line at the wheel set, with Mv, Mb, Mw, K1, K2, C1 and C2 as well as mv, mb, 
mw, k1, k2, c1 and c2 denoting the vehicle body mass, bogie mass, wheel set mass, primary 
spring stiffness, secondary spring stiffness, primary spring damping and secondary spring 
damping of each carriage and those distributed on each mass spring, respectively. Rigid 
bars were used to connect mv, mb and mw on the two rails, as shown in Fig. 3. According to 
equivalence principle (Chen et al. 2014), the above physical quantities satisfy the following 
corresponding relationship: Mv = 8mv, Mb = 4mb, Mw = 2mw, K1 = k1, K2 = 2k2, C1 = c1 and 
C2 = 2c2.

In this study, the contact points between the wheel set and rail were assumed to have the 
same lateral and vertical freedom degrees. The feasibility of this method has been verified 
by several literature reports (He et al. 2011; Kim and Kawatani 2006; Kim et al. 2007; Lee 
et al. 2005; Yu et al. 2020). For example, He et al. (2011) found that the structure response 
calculated through this method coincided well with the experimental data. Lee et al. (2005) 
used the field test and verified that the simulation method had enough calculation accuracy 
for the structure.

Table 1   The force–displacement curves of the spring elements

Force–displacement curve Component Fy/kN Fx/kN Dy/mm Dx/mm

-F

-D
D

F

Shear groove 1465 1465 0.12 0.12

Fixed bearing 1000 1000 2.00 2.00
Sliding bearing 100 100 2.00 2.00
Lateral block 453 0 2.00 0.00
CA mortar layer 42 42 0.50 0.50
Fastener 24 9 2.00 2.00
Shear reinforcement 23 23 0.08 0.08
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The train-track-bridge coupling vibration under earthquake action was achieved using 
ANSYS program through the following steps: (1) judging the spatial position of each mass 
spring according to the moving speed of the train, applying longitudinal displacement con-
straint to it and coupling the vertical and lateral freedom degrees of the nodes between 
the moving wheelset and rail; (2) earthquake was used as input acceleration to solve the 
dynamic response of structure; (3) at the next time point, all the couplings were removed 
and Step (1) was repeated. Assuming that earthquake motion was instantly applied at the 
moment when the first carriage left the bridge, and enough carriages were arranged to 
ensure the travel time of the train on the bridge was longer than the action time of earth-
quake motion.

2.3 � Model verification

To verify the validity of the finite element model, driving test was carried out under the 
lateral earthquake. The whole testing system comprises a shaking table system, a scale 
model, and acceleration and deceleration devices of the train, a transition device, and a 
measuring system, as shown in Fig. 4.

Fig. 3   Train model and equivalent mass springs

Fig. 4   The shaking table system and the scaled bridge-track-train model
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The shaking table system comprises four shaking tables with a dimension of 4 m × 4 m. 
The maximum length in the working area of the shaking table system is 55 m, which is 
suitable for seismic-resistant test on the bridge structure.

To ensure enough observation time, the span number of the scaled bridge model was 
set to be 11, and the geometric similarity ratio SL was set to be 1/10. To avoid the effect 
of gravity distortion on the response of vehicle-bridge system, the acceleration similarity 
ratio Sa was taken as 1. The test specimen’s mass is directly proportional to the material’s 
similarity ratio SE. To control the mass of the test specimen, SE was set as 1/2. Other simi-
larity coefficients (Fig. 5) were determined by dimensional analysis method (Jiang et  al. 
2019; Kang et al. 2017). The box girder, base plate, pier, track plate, rail, and other struc-
tures of the scale model were designed according to the principle of equivalent bending 
stiffness; the structures such as bearing, sliding layer, CA mortar layer, and fastener were 
designed according to the principle of equivalent resistance force; the shear reinforcement, 
shear groove, and lateral stop block were designed to be strong enough because they tend 
to remain intact during earthquakes (Feng et  al. 2020), with the test specimen shown in 
Fig. 5. The train model was customized by the factory according to the similarity ratio.

A VIC-3D high-speed camera system was used as the measuring system, with the maxi-
mum width of the observation area as about 2  m. The high-speed camera shooting fre-
quency was set as 2000 FPS, and the measurement tolerance of displacement is within 
0.01 mm. Considering that the track structure near beam end was more likely to be sub-
jected to deformation and failure under the action of earthquake, the observation areas 
were arranged between #5 box girder and #6 box girder, with the measuring arrangement 
shown in Fig. 6. The artificial wave synthesized from the site response spectra was used as 
the seismic excitation in the test, as shown in Fig. 7.

At the beginning of the test, the model train was accelerated to the test speed (5 m/s) 
in the acceleration area and entered the bridge model through the transition device. At the 
moment when the train got on the bridge, the transition device was disconnected imme-
diately; the testing system started recording and the shaking table started generating the 
seismic excitation until the train left the bridge and entered the deceleration zone. The 

Fig. 5   Schematic diagram of the specimens
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measured data on the measuring points within the beam end area were compared to the 
data provided by the finite element model, with the results shown in Fig. 8 and Table 3. 
The numerical calculation results for lateral displacement and acceleration of the structure 
coincided well with the measured values, with the maximum deformation error of compo-
nents ranging between 9 and 17%. This indicated that the finite element model could accu-
rately simulate the structural vibration under the action of earthquake and could be used to 
study the effect of trains on the seismic response of structures.

3 � Analysis of the influencing mechanism of trains on seismic response 
of structures

3.1 � Earthquake motions

In this study, “magnitude-distance bin approach” (Tondini and Stojadinovic 2012) was 
used to select earthquake motions. The purpose of this method was to cover the ran-
dom characteristics of earthquake motions by selecting the least earthquake motions. 
With M = 6.5 taken as the boundary between large and small earthquake magnitudes and 
R = 30  km as the boundary between near-field earthquake and far-field earthquake, four 

Fig. 6   Arrangement of speckle areas and acceleration sensors

Fig. 7   Lateral acceleration time history of the prototype
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earthquake motion bins with different characteristics were formed. 100 seismic waves were 
selected from the PEER strong earthquake database and evenly distributed to each bin, as 
shown in Table 4.

3.2 � Effect of train presence on seismic response of structures

According to the possibility and intensity of earthquake occurrence, the seismic zones 
in China were divided into 6, 7, 8, and 9-degree fortification areas. The bridge site was 
located in an 8-degree fortification area, and the peak acceleration of the rare earthquake 

Fig. 8   Lateral response of structure under the action of earthquake

Table 3   The maximum deformation of components at the 6# box girder sliding end

Item Test value (mm) Numerical simulation 
(mm)

Error (%)

Deformation of fixed bearing 0.27 0.30 11
Deformation of sliding bearing 0.28 0.30 9
Deformation of sliding layer 0.31 0.26 16
Deformation of mortar layer 0.24 0.20 17
Deformation of rail fastener 0.32 0.28 13
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corresponding to the field was 0.38 g. To study the effect of train presence on the structural 
seismic response under different PGAs, the PGA of 100 earthquake motions was set to be 
from 0.04 to 0.4 g with an interval of 0.04 g; the operating conditions with and without 
train conditions were set. The train speed was set to be 300  km/h. The nonlinear time-
history analysis was carried out for each operating condition, and the seismic response of 
structures was extracted. The maximum seismic response ratio of the structures under the 
operating conditions with and without trains was denoted as � , indicating the effect level 
of trains on the seismic response of structures. The distribution of the scattered � points is 
shown in Fig. 9.

Figure 9 shows that when PGA was 0.04 g, most scattered � points corresponding to 
the maximum bending moment of pier were distributed above the dotted line ( � = 1), indi-
cating that when PGA was smaller, the eccentric effect caused by the train had a signifi-
cant effect on the bending moment of the pier. With increasing PGA, the scattered � points 
moved downward from the dotted line, indicating that the effect of eccentric effect caused 
by trains decreased with increasing PGA. The scattered � points corresponding to the max-
imum shear force of the pier, the maximum deformations of the bearing, and the maximum 
deformation of the sliding layer, mortar layer and fastener were generally located below 
and above the dotted line, respectively. The comparison between the response time history 
of one earthquake motion with or without vehicles (as shown in Fig.  10) indicated that 
the presence of trains under the action of earthquake decreased the response of the bridge 
piers and bearing, while enhanced the response of the track structure, because the deforma-
tion (Fig. 11) of the train itself and the deformation of track structure caused by the train 
absorbed part of seismic energy.

The mean values of the scattered � points are shown in Fig.  12, showing increasing 
trend regarding the maximum deformation of sliding layer, mortar layer, and fastener with 
increasing PGA, because the increase in PGA increased the acting force of the train on the 
track structure. The mean values of the scattered � points regarding the maximum bending 
moment, maximum shear force of the pier, and the maximum deformation of bearing grad-
ually tended to be 1, indicating that the proportion of seismic energy dissipation caused by 
the train decreased with increasing PGA, and most seismic energy still dissipated by the 
pier and bearing under the action of strong earthquake motion.

3.3 � Effect of train speeds on seismic response of structures

To study the effect of train speeds on the structural seismic response, the train speeds were 
set to be from 50 to 300 km/h with an interval of 50 km/h. Twenty seismic waves were 
selected from the earthquake motion bins, and their peak accelerations were set to be from 

Table 4   Earthquake motion bins

Bin name Magnitude range Epicenter range 
(km)

Number 
of seismic 
waves

LMSR (large magnitude, small distance) 6.5–8 0–30 25
LMLR (large magnitude, large distance) 6.5–8 30–100 25
SMSR (small magnitude, small distance) 5–6.5 0–30 25
SMLR (small magnitude, large distance) 5–6.5 30–100 25
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0.04 to 0.4 g with an interval of 0.04 g. The nonlinear time-history analysis was carried out, 
and the mean values of the scattered � points under different speeds are shown in Fig. 13.

The mean values of the scattered � points regarding the maximum bending moment, 
the maximum shear force of the pier, the maximum deformation of bearing, the maximum 
deformation of the sliding layer, mortar layer, and fastener did not show significant differ-
ences with changing train speed. The above results indicated that the change in the train 
speed would not significantly affect the seismic response of structures.

Fig. 9   Scattered point distribution of � for lateral seismic response of structure
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4 � Range of influencing levels of trains on seismic response 
of structures

4.1 � Range analysis method

The obtained scattered �i(i = 1, 2,… , k) points and all possible scattered �i(i = 1, 2,… ,∞) 
points are considered as samples and population, respectively. To study the range of influ-
encing levels of trains on seismic response of structure, there are three issues that need to be 

Fig. 10   Lateral seismic response of structure (Earthquake: Kobe, PGA = 0.2 g)



2984	 Bulletin of Earthquake Engineering (2021) 19:2971–2992

1 3

addressed (Jiang et al. 2020): (a) what is the statistical distribution model of the population; 
(b) whether the samples represent the population; (c) how to predict the population. They are 
known as three basic tasks in statistics, which can be solved by Jarque–Bera test, Chebyshev’s 
large number theorem and parameter estimation principle, respectively. The flow chart of the 
range analysis method is shown in Fig. 14.

Assuming that the structure is subjected to k earthquakes, each index corresponds to a set 
of scattered points of �i(i = 1, 2,… , k) , and the scattered �i points are regarded as the random 
samples of the population � . Sample skewness S and sample kurtosis K can be expressed as 
(Jarque 2011):

where � denotes the mean value of �i . Statistics J1 and J2 are constructed as follows:

(1)S =

1

k

∑k

i=1

�

�i − �

�3

�

1

k

∑k

i=1

�

�i − �

�2
�

3

2

, K =

1

k

∑k

i=1

�

�i − �

�4

�

1

k

∑k

i=1

�

�i − �

�2
�2

Fig. 11   Lateral deformation of train (Earthquake: Kobe, PGA = 0.2 g, v = 300 km/h)

Fig. 12   Mean value of � for lateral seismic response of structure
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where �2 denotes chi-square distribution. When J2 is 0, it indicates that the population � 
meets the normal distribution, that is:

(2)J1 =
k

6

(

S
3 +

(K − 3)
2

4

)

− 𝜒2(2), J2 =

{

0, J1 < 0

1, J1 > 0

(3)� ∼ N
(

�, �2
)

Fig. 13   Mean value of � for lateral seismic response of structure
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where �, �2 denote the mean and variance of the population � , respectively. The sample 
variance of �i is denoted as s2 . Chebyshev’s law of large numbers led to the following 
equations:

Equations (4) and (5) indicated that with increasing number of samples, the sample mean 
value and sample variance of �i would gradually converge to a certain constant. It could be 
held that �i and � had the same statistical characteristics.

With the significance level denoted as � , the lower boundary �L and upper boundary �U 
were introduced. For the population � , the following equations were obtained:

i.e.,

To make Eq. (5) tenable, �L and �U should satisfy the following equation:

where z denotes the quantile on standard normal function. With the � taken as 0.10, the 
intervals of influence levels 

(

�L, �U
)

 can be calculated.
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Fig. 14   Flow chart of the range analysis method
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4.2 � Example analysis

The scattered �i(i = 1, 2,… , 100) points in Fig. 9 were extracted. Through the combina-
tion of Eqs.  (1)–(3), J2 corresponding to different PGA was calculated (Table 5), and 
on each PGA the value of J2 was 0, indicating that the population � obeyed normal 
distribution.

By taking PGA = 0.2 g as an example, through the combination of Eqs. (4) and (5), 
the change of the sample mean and sample standard deviation for �i of each index with 
the number of samples was counted, as shown in Fig. 15. The differences in the sample 
mean and variance of �i and �i−10 were denoted as Δ�i , with Δ�i corresponding to differ-
ent sample sizes listed in Table 6. Figure 15 and Table 6 show that with the increase in 
k , the mean and standard deviation of the sample gradually tended to be stable, verify-
ing the validity of Eqs. (4) and (5). When k was taken as 100, the Δ�i of each index was 
within 1.3%, indicating that �i had a stable statistical property in this case. The statisti-
cal properties of the population � can be denoted by the statistical property of �i , i.e., 
� = �, � = s . Therefore, in this study, �i(i = 1, 2,… , 100) was used to predict the distri-
bution interval of � under the action of uncertain earthquake.

With the � taken as 0.10, through the combination of Eqs.  (6)–(8), �L , �U and the 
intervals of influence levels were calculated and are shown in Table  7. Under the 
action of earthquake, � for the bending moment of the pier and that for the track defor-
mation reached 1.32 and 2.91, respectively. The results indicated that the train could 

Table 5   J2 of the scattered �i points corresponding to different PGA

Category PGA (g)

0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36 0.40

Maximum bending moment of pier 0 0 0 0 0 0 0 0 0 0
Maximum shear force of pier 0 0 0 0 0 0 0 0 0 0
Maximum deformation of bearing 0 0 0 0 0 0 0 0 0 0
Maximum deformation of sliding layer 0 0 0 0 0 0 0 0 0 0
Maximum deformation of CA mortar layer 0 0 0 0 0 0 0 0 0 0
Maximum deformation of fastener 0 0 0 0 0 0 0 0 0 0

Fig. 15   Sample mean and sample variance of �i
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significantly amplify the seismic response of structure. Accordingly, the train’s influ-
ence should be taken into consideration in earthquake resistant design.

5 � Simplified method for seismic calculation of structures

According to the current Chinese “Code for Seismic Design of Rail Engineering” 
(Ministry of Railways of People’s Republic of China, 2009), the earthquake resistance 
of bridge should be checked, and considering both operating conditions with and with-
out trains is necessary, and the train is considered as the additional mass right above 
the beam. However, the structural response obtained through this simulation method 
showed greater deviations from the real situations (He et al. 2011; Kim and Kawatani, 
2006; Kim et  al. 2007). Besides, in terms of checking calculation on the earthquake 
resistance of the bridge-track system, considering the role of moving trains would 
greatly increase the computational difficulty and is difficult to realize in design cal-
culation. Table  7 indicate that regarding uncertain earthquake, the seismic response 
ratio under the operating conditions with and without trains was generally kept in the 
interval of 

(

�L, �U
)

 . Therefore, when the demand range for seismic response under the 
operating condition with vehicles was approximately simplified as the product of vehi-
cle-free seismic response and the interval of 

(

�L, �U
)

 , the randomness of earthquake 
motion can be fully considered, and the design workload can be reduced.

Table 6   The Δ�i corresponding to different sample sizes (PGA = 0.2)

Characteristic parameter Category Sample size

20 (%) 40 (%) 60 (%) 80 (%) 100 (%)

Sample mean Maximum bending moment of 
pier

3.6 0.6 − 0.8 − 0.7 0.4

Maximum shear force of pier − 1.5 − 0.5 0.0 0.4 0.3
Maximum deformation of bearing − 0.7 − 0.2 0.0 0.0 − 0.1
Maximum deformation of sliding 

layer
1.2 1.0 0.6 1.0 0.2

Maximum deformation of CA 
mortar layer

4.5 − 0.8 − 0.2 0.6 0.5

Maximum deformation of 
fastener

4.5 − 0.1 − 0.2 0.6 0.5

Sample standard deviation Maximum bending moment of 
pier

8.2 0.6 3.3 − 2.9 0.0

Maximum shear force of pier 64.3 − 4.3 − 2.1 0.9 − 1.3
Maximum deformation of bearing 16.9 8.3 − 3.8 − 2.4 − 0.5
Maximum deformation of sliding 

layer
8.6 15.3 3.0 5.4 1.2

Maximum deformation of CA 
mortar layer

36.6 1.8 − 4.2 6.6 0.9

Maximum deformation of 
fastener

33.4 4.3 − 4.5 5.2 0.4
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6 � Conclusions

On the basis of considering the uncertainty of earthquake motion, the train–bridge coupled 
finite element model was established and verified through tests. The influence mechanism 
of trains on the structural response under the action of uncertain earthquake was analyzed, 
and the interval for the influence level of trains on structure response was counted. For the 
high-speed railway structures and trains described in Sect. 2, this study has the following 
conclusions:

1.	 When the PGA is smaller, the eccentric effect caused by moving trains has a significant 
influence on the bending moment of pier, and the influence of eccentric effect decreases 
with increasing PGA.

2.	 Under the action of earthquake, the presence of moving trains decreases the response of 
the pier and bearing and increases the response of the track structure, because the self 
deformation effect of the train and the interlayer deformation effect of the track structure 
caused by train inertia increase the dissipation of seismic energy. The change in the train 
speed does not significantly affect the seismic response of structures.

3.	 With increasing PGA, the influence of trains on the maximum deformation of slid-
ing layer, mortar layer, and fastener increases, because the increase in PGA increases 
the force of trains on track structure; the influence of trains on the maximum bending 
moment, and maximum shear force of the pier and the maximum deformation of bearing 
gradually decreases, and most of the seismic energy is still dissipated by the pier and 
bearing under the action of strong earthquake.

4.	 For random earthquake motion, the seismic response ratio under the operating conditions 
with and without trains is basically maintained to be in the interval 

(

�L, �U
)

 . When the 
seismic response demand under the condition with trains is approximately simplified 
as the product of seismic response under the condition without trains and �, �U , the 
randomness of earthquake motion can be considered and the design workload can be 
reduced.
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