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When an earthquake occurs, due to the high operation speed of the train group, there is still a long distance from braking to
stopping, so it needs a large number of bridge spans to calculate the integrated dynamic response, which leads to a large amount of
calculation of the train-track-bridge (TTB) system under a seismic event. In order to reduce the amount of calculation, this paper
proposed an efficient model called closed-loop model for simply supported railway bridge. +e proposed model is realized by
coupling the head and end of the rail-slab-bridge system through the utilization of pseudo-element. Simulation comparison of
TTB response with and without seismic excitation between conventional TTB model and efficient model indicates that, under the
premise of ensuring calculation accuracy, the efficient model shows the advantage of fewer degrees of freedom (DOF) of model
and higher computational efficiency. For instance, under El Centro earthquake excitation, the time cost of proposed model is only
6% of conventional model. Meanwhile, six seismic events with different acceleration amplitudes are imposed on the efficient
model, and the results of car-body acceleration, wheel-rail force, and wheel load reduction ratio are gathered and discussed; it can
be concluded that, except Trinidad earthquake, for other earthquake samples investigated in this paper, with acceleration
amplitude larger than 0.8 g, the train operation is at the risk of derailment.

1. Introduction

With the popularity of high-speed railway (HSR) worldwide
and the rapid development of HSR technology in recent
decades, operation safety of HSR under extreme circum-
stances becomes an issue worthy of attention and research.
As high-speed railway simply supported bridge (HSRSSB)
has better geometry and stiffness irregularity, it is often used
as the infrastructure of HSR line, as shown in Figure 1. In
addition, the fact that China is located between the world’s
two major seismic belts, the Pacific Rim seismic belt and the
Eurasian seismic belt, poses certain challenges to the
earthquake resistance of high-speed railway bridges and the
safety of train operation during earthquakes.

+ere are high-speed train derailments caused by
earthquakes around the world, on October 23, 2004, a 6.8
magnitude earthquake struck Niigata Prefecture, Japan, the
Shinkansen train Ibis 325 was operating at 200 km/h, and the

earthquake directly led to the derailment of train group.
Fortunately, there were no casualties [1]. On March 4, 2010,
a high-speed train was going through Tainan New City when
a 6.7 magnitude earthquake hit Kaohsiung, which caused
two wheels to derail. Due to the vast and scattered nature of
the earthquake area, as well as variable earthquake fre-
quencies, it is inevitable that HRS may be hit by earthquakes
during operation, which shows tremendous significance to
research the railway traffic safety under the earthquake.
Scholars and engineers have also been conducting research
and simulation of high-speed trains operation under seismic
events.

Currently, train-track-bridge (TTB) model analysis is
maturing [2–4]. +ese studies based on finite element (FE)
modeling have formed a relatively complete theoretical
system of the response of TTB system. Xu et al. [5, 6] de-
veloped a TTB model based on coupling strategies and
matrix representations with track irregularity as excitation.
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Zakeri et al. [7] investigated the sensitivity of different
structural parameters and the dynamic response of struc-
tural under different moving-load speed.

+e establishment and investigation of these TTB
models make the original rough model more accurate and
reliable and lead to more realistic simulation results. With
the development of the TTB theory and model, scholars also
began to investigate the operation safety problem under
seismic excitation. Yang and Wu [8] investigated the dy-
namic stability and derailment of train group under
earthquake. Nishimura et al. [9] revealed the relationship of
vehicle speed and wheel slide under seismic through
comparison between full-scale experiment and model
simulation. +e research results of Montenegro et al. [10]
show that, in the design of high-speed railway simply
supported beam bridges, althoughmoderate earthquakes are
not the main threat to structural integrity, it is necessary to
take them into consideration in the design process due to the
risk of rim climbing and derailment. Yu et al. [11] analyzed
in depth the bridge response under near-fault earthquake.
+ese researches provide valuable theoretical basis and
reference for the seismic design of HSRSSB. Chen and Zhai
[12], Liu et al. [13], and Lai et al. [14] analyzed the running
safety and comfort of train passing the bridge considering
the girder deformation of bridge. +e research of Jin et al.
[15] indicates that the ignoration of vertical ground motion
components may lead to overestimation of the threshold
intensity and will severely affect the safety evaluation of
HSRSSB under seismic events. Liu et al. [16] calculated the
dynamic response limit of track-bridge system considered
running safety under earthquake.

However, some conventional TTB models encounter
issues such as modeling complexity and low computational
efficiency. In some modeling cases, the length of rail, slab,
and girder can be kilometers, in accordance with FE theory,
the degrees of freedom (DOF) could be significantly large,
which leads to huge computational burden, to further op-
timize the model, Zhai [17] proposed a family of explicit
two-step algorithms which are convenient and economical
for large-scale dynamic problems, and Zhu et al. [18] pro-
posed a new hybrid solution algorithm combined with
strongly coupled method and loosely coupled method and
utilized multi-time-step method to enhance the computa-
tional efficiency of TTB coupled model. Tanabe et al. [19]

proposed an innovative computational method which has
the ability to avoid the round-off error during the calculation
of the radical dynamic wheel-rail interaction under seismic
excitation. +ese researches above focused on the contin-
uous creation and innovation of algorithms to improve the
accuracy, stability, and computational efficiency of TTB
system.

In addition to the enhancement of computational effi-
ciency, increasing modeling efficiency and stability is an-
other way for TTB interaction improvement. Yang and
Hwang [20] combined the direct stiffness method and mode
superposition method to improve the convergence. Zeng
et al. [21] divided rail, slab, girder, and piers into different
beam elements and coupled them in accordance with energy
principle. Zhang et al. [22] discussed the influence of bridge
span number and pier heights on the seismic response
sensitivity of HSRSSB. +e research is based on an inno-
vative equivalent model, which is obtained by attaching
springs with equivalent stiffness of adjacent structures to
both sides of the target spans [23].

On top of the contributions mentioned above, some
researches improved the accuracy and computational effi-
ciency of the TTB model through innovation of wheel-rail
interaction [24–26]. Gu et al. [27] proposed a wheel-rail
element to simulate the nonlinear vertical wheel-rail rela-
tionship. +is element regards the wheel-rail displacement
as the form of “additional displacement” to simplify the
complex wheel-rail coupling relationship. Liu et al. [28]
proposed a novel 3D wheel-rail interaction element (WRI)
on the platform OPENSEES. +is WRI element is capable of
being conducted under many nonlinear scenarios such as
nonlinear elements, materials, and algorithms. Moreover,
the significant applicability also allows the WRI element to
be utilized in various finite element models. Xu et al. [29, 30]
analyzed the vehicle-track coupled dynamic system based on
multi-finite-element coupling method and multi-time-step
solution method.

+is paper aims to enhance the TTB interaction effi-
ciency from the perspective of the modeling efficiency and
proposes an optimized TTB model. +e comparison be-
tween this new TTB model and conventional model will
validate the accuracy of the new model; meanwhile, the
efficiency comparison will be discussed as well. Model
performance under seismic excitation will be investigated
through the case analysis of seven earthquakes samples, and
relevant results will be illustrated.

2. Efficient Model of TTB System

2.1. BasicModel(eory. In this paper, the whole TTB system
is consisted with high-speed train model and simply sup-
ported beam bridge system.+e model of high-speed train is
considered as a mass-spring-damping system; the car-body,
bogie, and wheel set are considered as rigid body. According
to the principle of energy variation, the dynamic equation of
train can be written as

Mv
€Xv + Cv

_Xv + KvXv � Fv, (1)

Figure 1: HSR bridge (Xiangtang-Putian Railway line).
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where Mv, Cv, and Kv denote mass, damping, and stiffness
matrix of train, respectively; Fv denotes the force vector of
train, and it includes wheel-rail contact force, the gravity of
the train itself, and earthquake force.

Finite element method is utilized to establish the model
of simply supported beam bridge. +e simply supported
beam bridges are regarded as Bernoulli-Euler beam ele-
ments, and the structural damping of track-bridge (TB)
system is assumed as Rayleigh damping [31]. +e dynamic
equation of the TB system is expressed as

Mtb
€Xtb + Ctb

_Xtb + KtbXtb � Ftb, (2)

whereMtb, Ctb, and Ktb denote mass, damping, and stiffness
matrix of TB system, respectively; Ftb denotes the force
vector of the TB system, which includes force of wheel-rail
contact and earthquake force.

+e train and TB are coupled as a whole system by
wheel-rail contact. Only vertical wheel-rail interaction is
investigated in this paper. +e wheel-rail force is determined
by the amount of vertical compression and calculated in
accordance with Hertz nonlinear elastic contact theory.

Fwi �

1
G
3/2 zwi − zxi + ηi( 


 

3/2
, zwi − zxi + ηi( ≤ 0,

0, zwi − zxi + ηi( > 0,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(3)

where zwi, zxi are the vertical displacement of wheel set and
rail at the x point, and ηi is the track irregularity at x point. G
is the contact deflection coefficient, for the abrasion type
tread:

G � 3.86R
−0.115

× 10−8 m/N2/3
 , (4)

where R is the wheel rolling radius. Linearize the nonlinear
stiffness through equation below:

kw �
3
2G

p
1/3
0 ,

Fwi
′ � kw zwi − zxi + ηi( 


 ,

(5)

where parameter p0 denotes the static load of wheel set.
In consistence with the elastic potential energy con-

servation principle, the dynamic equation of the coupled
train-track-bridge system can be expressed as

Mv
€Xv + Cv

_Xv + KvXv � Fv,Mtb
€Xtb + Ctb

_Xtb + KtbXtb � Ftb.

(6)

2.2. Closed-Loop TTB System Model. Usually, a ground
motion lasts for a long time, and the train runs at a fast speed;
thus, in conventional TTB seismic simulation, a simply
supported bridge model needs a lot of spans to provide
enough operation length for analysis of an integrated process
of ground motion. For example, under the scenario of
300 km/h operation speed and the 15-second ground motion,
the train will run 1250m. If a 32m standard simply supported

bridge is adopted, it would need at least over 40 spans. Such a
numerous number of spans will occupy a large amount of
computer memory and CPU, and the analysis of the whole
process of train safety on bridge under earthquake will bring a
large amount of calculation. +e purpose of this paper is to
propose an efficient model to enhance the efficiency of TTB
system simulation for simple supported bridge under the
premise of accuracy and reliability.

After a train group passes a certain bridge for a certain
distance, the dynamic response of the bridge due to train-
pass will gradually reduce till it disappears; therefore, the
TTB system can form a closed-loop as shown in Figure 2.
When the dynamic response of the bridge span that has
passed disappears, the train group will reenter the bridge
span through the closed-loop model.

+e key principle of the closed-loop TTB model is to
decrease the size of TB matrices and improve simulation
efficiency as much as possible; in order to achieve this,
programming language is utilized to create a pseudoelement
at the end of the bridge model, as illustrated in Figure 2. +e
pseudoelement couples the head and end of bridge together so
the high-speed train group can operate back to the head of the
bridge (NodeA) after finishing one loop of total bridge length.
In this way, the simplification of model simulation is obvious
and significant. For instance, one 40-span bridge can be
replaced by 4 cycles of 10-span bridges, which indicates the
size of TB matrices can be decreased 75%. However, it is
known that the dynamic response of the TB system is a
process of gradual convergence. If the span number set in the
proposed model is too small, the high-speed train group
passes the same span unit before the dynamic response total
convergence, which leads to superposition of vibrations; the
acceleration, velocity, and displacement of the bridge span
will be different from reality; the calculation accuracy of the
model will be affected as well. But if the number of bridge span
is too large, the meaning of simplification is lost.

2.3. ProgramImplementation. +e closed-loop TBmodel can
be easily established by coupling the head and end of the TB
system matrix. Take the rail stiffness matrix Kr and the mass
matrixMr of the vertical model for example; it is assumed that
the rails of each span haveNe0 elements, and the rails between
adjacent spans are connected by one element. +e number of
total rail units isNe. +e left node of the last element (theNeth
element) is the last node of the rail model, and the right node
of the Neth element is the first node of the rail model be-
longing to the first span, as shown in Figure 3. By adopting the
matrix “check-in rule,” the rail elements can be assembled
into a closed-loop rail FE matrix as shown in Figure 4. When
the track slab is a longitudinally connected slab, the stiffness
matrix andmass matrix adopt the samemethod; for unit plate
track slab, the stiffness matrix and mass matrix are consistent
with the bridge model. +e damping of the TB system is
obtained by Rayleigh damping.

In the closed-loop TTB model, train group will circularly
operate on the bridge. Take a two-span closed-loop bridge
model and a single-section vehicle model as an example. As
shown in Figure 5, the first wheel set W1 of the train in
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Figure 5(a) enters the last element. As the train continues to
move forward, the wheel set W1 returns to the first element as
illustrated in Figure 5(b). +e track irregularity excitation in
the closed-loop TTB system is set as a time domain sample.

3. Efficient Model Validation

In the efficient model, ICE-3 train group consisting of 2
bullet trains and 6 trailers is simulated with constant speed,
300 km/h (83.33m/s). +e parameters of bullet trains and
trailers are listed in Table 1.

Based on the prototype of standard 32m simply support
beam bridge with CRTS II track slab [32] as mentioned in
Section 2, the TB system is modeled as a multiple-layer
Bernoulli-Euler beam as illustrated in Figure 6. +e element
length for FE analysis is the spacing of fasteners, 0.64m, and
the bridge approach is set as 200m to ensure the carriages
and wheel sets stable operation, while rigid subgrade is
assumed to make the model more accurate and realistic.

Integral step size of the Newmark-β integration method
is set as 10−4 seconds, and the total operation time of the
high-speed train is 15 seconds. +e parameters of TB system
are listed in Table 2.

Closed-loop models with five-span, seven-span, nine-
span, and eleven-span are simulated, and the modeling
results including vertical displacement at midspan of 1st span
are gathered and compared with 30-span simply supported
beam bridge model (comparison group). +e properties of
trains and TB system of all models mentioned above are the
same, which are listed in Tables 1 and 2, the head of the 30-
span bridge is directly connected with bridge approach, and
the end of bridge is connected with rigid subgrade, which is
different from closed-loop models.

Train velocity

FEM

… …

Train velocity

Node A

Node B

Node C

Node A’
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Girder

track
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Figure 2: Closed-loop TTB system model.
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Figure 4: Stiffness assembly of closed-loop rail model.
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Figure 5: Closed-loop model of TTB system.

Table 1: Properties of train group.

Notation Item Unit Trailer car Bullet train
mc Mass of car-body kg 4.40×104 4.80×104

mt Mass of bogie kg 2.40×103 3.20×103

mw Mass of wheel set kg 2.40×103 2.40×103

Jc Mass moment of inertia of car-body kg·m2 2.70×106 2.70×106

Jt Mass moment of inertia of bogie kg·m2 2.20×103 7.20×103

k1z Spring stiffness of the primary suspension N/m 0.70×106 1.00×106

k2z Spring stiffness of the second suspension N/m 3.00×105 4.00×105

c1z Damping coefficient of the primary suspension N·s/m 4.00×104 3.00×104

c2z Damping coefficient of the second suspension N·s/m 5.00×104 4.00×104

Lc Half of longitudinal distance between the centers of front and rear bogies m 8.6875 8.6785m
Lt Half of bogie axle base m 1.25m 1.25m
Lw Longitudinal distance between the center of bogie and the nearest side of car-body m 4.90m 4.90m

Fastener

Rail

CRST II slab
CA mortar layer

Shear alveolar

Girder

Shear bar

Sliding layer

Figure 6: CRTS II TB system.

Table 2: Properties of TB system.

Notation Item Value
Er Young’s modulus of rail 2.06×1011N/m2

Ir Mass moment of inertia of rail cross section 2× 3.22×10−5m4

mr Mass per unit length of rail 2× 59.66 kg/m
Es Young’s modulus of slab 3.6×1010N/m2

vs Poisson’s ratio of slab 0.2
Is Mass moment of inertia of slab cross section 1.6×10−3m4

ms Mass per unit length of slab 1.2×103 kg/m
krs Spring stiffness of fastener 2× 5.0×107N/m
crs Damping coefficient of fastener 2× 3.625×104N·s/m
ksb Spring stiffness of CA layer per unit length 1.5×109N/m2

csb Damping coefficient of CA layer per unit length 8.3×104N·s/m2

Eb Young’s modulus of girder 3.45×1010N/m2
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Figure 7(a) demonstrates the comparison of bridge
displacement at midspan of 1st span between 30-span
model and closed-loop model with 5-span; it shows that
the time-history-displacements of the two models show
significant difference from the sixth peak, and the max-
imum value of five-span closed-loop model is 1.58mm,
while the value of thirty-span model is only 0.91mm; the

potential reason for the difference is the vibration
superposition.

As for comparison of other closed-loop models, the time-
history-displacements are basically consistent with the thirty-
span model as illustrated; however, in Figure 7(b), the time-
history-displacement of the convergence part is covered by
the reentry of the train group; to show the complete vibration
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Figure 7: Comparison of bridge displacement at midspan of 1st span. (a) 5-span efficient model. (b) 7-span efficient model. (c) 9-span
efficient model. (d) 11-span efficient model.

Table 3: Natural frequency of vibration comparison.

Model Unit 1st mode 2nd mode 3rd mode 4th mode 5th mode
Nine-span closed-loop model Hz 7.2643 7.2643 7.2651 7.2651 7.2664
+irty-span complete model Hz 7.2642 7.2643 7.2643 7.2644 7.2644
Error % 0.00138 0 0.01101 0.00964 0.02753
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process of the bridge, closed-loop models with more cycle
spans are necessary. In Figures 7(c) and 7(d), closed-loop
models with nine-span and eleven-span can both record the
integrated convergence of bridge vibration, but the DOF of
eleven-span model is larger than nine-span model; mean-
while, the computational time costs of eleven-span and nine-
span model are 390 seconds and 316 seconds. It can be
concluded that, under the operation speed at 300 km/h
(83.33m/s), the nine-span efficient model can guarantee the
precision of calculation and achieve the most efficient model
analysis.

Besides the operation speed and the span-length of the
bridge, other parameters such as the length of the car-body
as well as the number of train-groups also affect the span
number of the closed-loop model. +is paper only analyzes
and discusses the above-mentioned working conditions.

In order to validate the nine-span efficient model and
measure the accuracy of it, further investigation is con-
ducted. In Table 3, the natural frequency of vibration
comparison reveals that the first five modes’ frequencies of
the two models are similar, which leads to similar responses
of the two bridge models under external excitation.

Different from the thirty-span model, the high-speed
train of closed-loop model with nine-span returns back to
the 1st span instead of leaving the bridge; thus, the 1st span
of the closed-loop model can be equivalent to the 1st, 10th,
19th, and (1 + 9 × n)th spans of the thirty-span model; as a
consequence, in this paper, the time-history behaviours of
the 1st span, the 10th span, and the 19th span of the thirty-
span model are gathered and compared with the results of
the 1st span in efficient model, to evaluate the accuracy of
the efficient model. +e comparison time-history
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Figure 8: Responses of bridge displacements at mid span. (a) At the 1st span. (b) At the 10th span. (c) At the 19th span.
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responses of bridge displacements at mid span are shown
in Figure 8.

As shown above, the bridge time-history-displacements
of these two models both have 7 peaks and 6 troughs and
gradually converge to 0 when the high-speed train group
passed. +e maximum value listed in Table 4 of bridge
displacements also indicates that the simulation results of
two models are basically consistent and the errors are sig-
nificantly small. In the time-history-displacement curves
shown in Figure 8, differences appeared before the first peak
appears; it is because, in the 30-span model, the bridge
element does not vibrate before the train goes through, while
the bridge element does not have complete convergence
before the train goes through again in the closed-loopmodel.

Time-history wheel-rail force and displacement of ve-
hicle reflect the dynamic response of the vehicle body in the
coupling system; the displacement of 1st vehicle and the
wheel-rail force of 1st wheel set are collected to validate the
vehicle response of closed-loop model, which are shown
below. Figure 9(a) captures the 1st vehicle displacement
when train group operation is stable. In these two models,
the displacements of 1st vehicle oscillate between 1.89mm
and −4.32mm, while in Figure 9(b), the wheel-rail forces of
1st wheel set oscillate between 121.6 kN and 196.1 kN, with
the oscillation axis of static axle load, 156.8 kN. +e con-
sistency of these two models in the time-history response of
vehicle displacements and wheel-rail forces verifies the ac-
curacy of the efficient model.

4. Seismic Simulation of Efficient Model

4.1.ModelComparisonunder SeismicExcitation. In this case,
the efficiency and accuracy of 9-span closed-loop model
under seismic excitation will be compared with the results
obtained by integrated simply supported bridge model.
Figure 10 shows the excitation imposed on the TTB system,
which is based on El Centro vertical earthquake (referring to
PEER Ground Motion Database [33]), the whole earthquake

Table 4: Maximum value of displacement at mid span.

Model Unit 1st span 10th span 19th span
Nine-span closed-loop model mm 0.895 0.904 0.906
+irty-span model mm 0.896 0.902 0.906
Error % 0.11161 −0.22173 0
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Figure 9: Vehicle behaviour. (a) Displacement of 1st vehicle. (b) Wheel-rail force of 1st wheel set.
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period is 35 seconds, and the acceleration amplitudes of
0.1 g, 0.2 g, and 0.4 g are simulated. As illustrated, the
earthquake begins when the last wheel set goes through the
bridge approach and contacts TB system. To observe the
integrated dynamic response of vehicle and TB system, the
total simulation time is 45 seconds. For all results collected
and discussed below, the data of the first second are deleted
due to the instability of the high-speed train operation.

Under the scenario of 300 km/h (83.33m/s) operation
speed and 45-second operation time mentioned above, the
integrated simply supported bridge model has to be set as a
115-span bridge (35270 DOF) to complete the seismic
simulation, while the closed-loop model is only a nine-span

bridge model with 2834 DOF, which is only 8% DOF of the
115-span model. Table 5 lists the simulation time cost of two
kinds of model; the efficiency of efficient model is at least 14
times of 115-span model.

Figures 11–13 demonstrate the simulation results
comparison between these 2 models under the earthquake
acceleration amplitude of 0.4 g. +e acceleration of 1st car-
body oscillates between 1.82m/s2 and −1.74m/s2, while the
error of maximum and minimum acceleration values of 2
models is less than 0.1%. +e wheel-rail forces and wheel
load reduction ratio results of 1st wheel set are consistent as
well; wheel-rail force oscillates between 114 kN and 202 kN.
+e reason for the mutation value (250 kN) is the unstable

Table 5: Simulation time cost.

Unit 0.1 g 0.2 g 0.4 g
Nine-span close-loop model s 1333 1306 1341
115-span complete model s 22084 18956 22016
∗+e computer hardware configuration is Inter(R) Core (TM) i7-9700 CPU with 16.0GB RAM.
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operation of the wheel set when it contacts with the bridge.
+e wheel load reduction ratio oscillates between 0.277 and
−0.289. Case 1 validates that the closed-loop model has
better computational efficiency compared with conventional
model on the premise of accuracy and reliability.

4.2. Response under Vertical Earthquake. Six vertical ground
motions are chosen as excitation to observe the response of
TTB system under nine-span closed-loop model as listed in
Table 6. For all vertical earthquakes, the acceleration ampli-
tudes of 0.1 g, 0.2 g, and 0.4 g are simulated; the results of 1st
car-body acceleration, wheel-rail force, and wheel load re-
duction ratio of 1st wheel set are also recorded and illustrated.

Figure 14 demonstrates the system response of 9-span
closed-loop model under Kobe vertical earthquake (Fig-
ure 15). +e time-history acceleration of 1st car-body is
similar to the seismic acceleration, and with the acceleration
amplitude increase, the peaks and troughs of time-history-
acceleration of car-body scaled accordingly as well. +e
maximum acceleration of 1st car-body (0.1 g, 0.2 g, and 0.4 g)
is 1.28m/s2, 2.50m/s2, and 4.95m/s2, respectively. It is
obvious that, with the increase of earthquake acceleration
amplitude, the increase of car-body acceleration is linear.

+e time-history records of wheel-rail force and wheel
load reduction ratio are shown in Figures 14(b) and 14(c),
respectively. Wheel-rail force of 1st wheel set under
earthquake acceleration amplitude of 0.1 g oscillates between
113 kN and 198 kN. When earthquake acceleration ampli-
tude increases to 0.2 g, wheel-rail force oscillates between
112 kN and 200 kN, and for 0.4 g, wheel-rail force oscillates
between 98 kN and 213 kN; it is obvious that, with the in-
crease of earthquake acceleration amplitude, the oscillation
amplitude of wheel-rail force increases simultaneously, the
oscillation amplitude of wheel load reduction ratio increased
as well, and the maximum value of wheel load reduction
ratio linearly increased from 0.32 to 0.48.

4.3. Earthquake Comparison and Analysis. In order to in-
vestigate the variation trend of car-body acceleration, wheel-
rail force, and wheel load reduction ratio under different

acceleration amplitudes, for all earthquake samples men-
tioned above, seismic excitations with acceleration ampli-
tudes from 0.1 g to 1.0 g (0.1 g increase interval) are imposed
on the nine-span closed-loop model. +e maximum values
of parameters mentioned above are collected and illustrated.
As shown in Figure 16(a), the increases of maximum ac-
celeration of car-body under these 6 earthquake events are
linear. Under the 1.0 g acceleration amplitudes, the
Northridge vertical earthquake leads to maximum car-body
acceleration, which is 14.0m/s2, and the Trinidad earthquake
leads to minimum value, 11.5m/s2.

For wheel-rail force, except Imperial Velley vertical
earthquake, maximum values of wheel-rail force under other
earthquake events linearly increase. 0.7 g is the slope in-
flection point of Imperial Velley earthquake, and under the
1.0 g acceleration amplitudes, the wheel-rail force under
Imperial Velley earthquake is at least 3.9 times that of others.
Figure 16(c) shows similar situation with wheel-rail force,
when acceleration amplitude is larger than 0.6 g, the wheel
load reduction ratios of Imperial Velley earthquake reach
1.0, while under other earthquake events, wheel load re-
duction ratios linearly increase to maximum value of 0.94.
Overall, the dispersion of these three parameters is relatively
small under low acceleration amplitude but becomes more
and more discrete as the seismic acceleration amplitude
increases.

According to relevant Chinese standard [34], the wheel
load reduction ratio of train operation should not exceed 0.6
for operation safety considerations. Combined with
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Figure 13: Wheel load reduction ratio of 1st wheel set (0.4 g).

Table 6: Earthquake samples.

Earthquake
name Date Station name Earthquake

magnitude
Kobe 1995.01.16 Kakogawa 6.90
Imperial Valley 1979.10.15 USGS 6.53
Loma Prieta 1989.10.18 CDMG 6.93
Northridge 1994.01.17 CDMG 6.69
Tabas Iran 1978.09.16 Dayhook 7.35
Trinidad 1980.11.08 CDMG 7.20
∗All earthquake samples were taken from PEER [33].
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Figure 14: System response under Kobe vertical earthquake. (a) Acceleration of 1st car-body. (b)Wheel-rail force. (c) Wheel load reduction
ratio of 1st wheel set.
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Figure 16(c), under Kobe, Imperial Valley, Loma Prieta, and
Tabas Iran earthquake events, acceleration amplitudes ex-
ceeding 0.6 g may lead to derailment due to overweight
reduction on one side wheel.+e threshold for Northridge is
0.8 g, and for Trinidad earthquake, when acceleration am-
plitude is larger than 1.0 g, the train operation may be at risk
of derailment.

5. Conclusion

+is paper proposes an efficient model called closed-loop
model for TTB system simulation under seismic excitation.

+e TB system is modeled as three-layer Bernoulli-Euler
beam in accordance with finite element theory, and the
simplification of the model is obtained by coupling the head
and end of TB system with pseudo-element. ICE-3 high-
speed train group containing 2 bullet trains and 6 trailers
with linear suspension are modeled as a mass-spring-
damping system. A comparison between nine-span closed-
loop model and thirty-span without simplification is set to
validate the accuracy of the model and the consistency of
maximum displacement of bridge at midspan, acceleration
of car-body, and wheel-rail force verifies the reliability of this
new efficient model. Simulation under El Centro vertical
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Figure 16: Maximum value comparison of different vertical earthquake. (a) Acceleration of car-body. (b) Wheel-rail force. (c) Wheel load
reduction ratio.
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earthquake proves that the closed-loop model has calcula-
tion accuracy under seismic excitation. Investigation and
analysis under six earthquake events reveal that, under
different acceleration amplitude of different earthquakes, the
variation of car-body acceleration, wheel-rail force, and
wheel load reduction ratio are basically linear. All investi-
gation could be concluded as below:

(1) +e closed-loop model is reliable and accurate, re-
gardless of whether the seismic excitation is simulated.
When compared with conventional model, the errors
of maximum value bridge displacement at midspan
are less than 0.2%; the time-history records of car-
body acceleration and wheel-rail force are consistent
as well. However, in this paper only one working
condition is discussed; if the model parameters such
as train operation speed change, the span number of
closed-loop model should be adjusted as well.

(2) +e closed-loop model has high computational ef-
ficiency. For instance, under the scenario of 45 s
operation time, the total DOF of efficient model is
only 8% that of conventional model. Meanwhile, the
computational time cost is one-fourteenth that of
conventional model.

(3) +e acceleration amplitude directly affects the re-
sponse of train group. Take the Kobe vertical
earthquake for example; with the increase of
earthquake acceleration amplitude, the oscillation
amplitudes of time-history 1st car-body acceleration,
wheel-rail force of 1st wheel set, and wheel load
reduction ratio of 1st wheel set changed
simultaneously.

(4) As for different earthquake samples, with the in-
crease of earthquake acceleration amplitude, the
maximum values of train operating indicators
mentioned above linearly increase simultaneously.
When the earthquake acceleration amplitude ex-
ceeds 0.7 g, the maximum wheel-rail force under
Imperial Velley earthquake increases with a signif-
icantly larger slope, and the wheel load reduction
ratio reaches 1.0. According to relevant Chinese
standard [34], except the Trinidad earthquake, with
other earthquake events with larger than 0.8 g ac-
celeration amplitude, the train operation is at the risk
of derailment.

(5) +ough the closed-loop model proposed in this
article is mainly focused on vertical TTB interaction
response, it provides newmodeling ideas for the TTB
coupling system and puts forward relevant conclu-
sions for vertical seismic as well; with reference to the
closed-loop modeling theory of this article, the re-
search on the model aimed at longitudinal and
transverse direction seismic is also ongoing.
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