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Abstract: Due to the wide railway network and different characteristics of many earthquake zones in China, 
considering the running safety performance of trains (RSPT) in the design of high-speed railway bridge structures is 
very necessary. In this study, in order to provide the seismic design and evaluation measure of the bridge structure based 
on the RSPT, a calculation model of RSPT on bridge under earthquake was established, and the track surface response 
measure when the derailment coefficient reaches the limit value was calculated by referring to 15 commonly used 
ground motion (GM) intensity measures. Based on the coefficient of variation of the limit value obtained from multiple 
GM samples, the optimal measures were selected. Finally, the limit value of bridge seismic response based on RSPT 
with different train speeds and structural periods was determined. 
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1 Introduction 
 

China is located between the circum-Pacific 
seismic belt and the Eurasian seismic belt, which 
are the two major seismic belts in the world. It is 
squeezed by the Pacific plate, India plate, and 
Philippine Sea plate, and the seismic fault zone is 
very active. Earthquakes in China are mainly 
distributed in 23 seismic belts in five regions: 
Taiwan Province, Southwest China, Northwest 
China, North China, and Southeast coastal areas. 

Railway is an important transportation project  
[1−3]. In addition, China’s high-speed railway 
(HSR) planning ranges are wide, and most of them 
are “bridge instead of road” [4−8], and earthquakes 
can damage to the bridge structure [9, 10], such as 
displacement of girder, displacement and 
overtuning of bearing, cracking and spalling of pier 
concrete, and abutment sliding with foundation. 
And relatively strong earthquake will affect the 
safety of train operation and even lead to secondary 
disasters when the train rushes down the bridge. In 
Japan ,  ear thquakes  have a l so  caused  t ra in 
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derailments on bridges [11]. 
    At present, the relevant codes in China have 
set some requirements for the seismic design of 
HSR bridges considering trains. However, they 
mainly consider the seismic performance of the 
bridge itself and enough consideration has not been 
given to the running safety performance of trains 
(RSPT) on the bridge during earthquake [12]; or 
only control the bridge deck deformation to cause 
rail deformation [13], to ensure the RSPT passing 
through the beam end. However, during the 
earthquake, the RSPT is affected by not only the 
rail deformation, but also derailing or overturning 
due to the large amplitude vibration of the track- 
bridge structures. The seismic design requirements 
of HSR bridges for RSPT in China are still 
insufficient, and there is no evaluation standard for 
RSPT on the bridge during earthquake. In addition, 
HSR bridge designer cannot carry out complex 
train-bridge coupling calculation to evaluate the 
safety of trains during earthquake. 
    The RSPT on bridges during earthquake has 
been extensively investigated and significant 
achievement has been made in this direction. JU  
et al [14] thoroughly investigated the RSPT during 
earthquake and proposed an efficient calculation 
method for wheel rail contact. This wheel-rail 
calculation method can simulate the wheel rail 
separation, and based on this method, they analyzed 
the RSPT during earthquake considering 
liquefaction of sand [15], investigated measures to 
improve seismic performance of bridge based on 
RSPT and non-linear dynamic performance of 
train-bridge coupled system during earthquake [16]. 
YAU et al [17] and WU et al [18] used simple 
models to discuss the stability of bridges and trains 
under earthquake. MONTENEGRO et al [19] 
considered the damage of bearing after earthquake 
action by equivalent linearization method and 
evaluated the RSPT on the bridge during 
earthquake. ZENG et al [20], XU et al [21], and 
ZHANG et al [22] analyzed the system response of 
the train-bridge and RSPT based on random 
dynamic theory. ZENG et al [11] took advantage of 
linear complementarity problem to analyze the 
RSPT and bridge dynamics considering nonlinear 
wheel-rail contact. DU et al [23] discussed the input 
method of non-uniform excitation for long-span 
bridges under earthquake. JIN et al [24] discussed 
the effect of vertical earthquake on RSPT on bridge. 

ZHU et al [25] analyzed the effect of heavy haul 
train on the dynamic response of cable-stayed 
bridge under earthquake. JIANG et al [26, 27] 
established the train-bridge coupling model for 
discussing the applicability of HSR track bridge 
system in near fault earthquake. NISHIMURA et al 
[28] and TANABE et al [29] proposed and 
developed a calculation method and program for 
evaluating RSPT on bridge during earthquake. 
Some researchers proposed the approach to 
improve RSPT. MIYAMOTO et al [30] and 
MATSUMOTO et al [31] focused on vehicle 
improvement bridge structure improvement, 
respectively. Shaking table tests of train derailment 
under earthquake have been reported in Refs. [32, 
33]. These reports mainly discussed the calculation 
methods of the coupling vibration of the train- 
bridge or the RSPT during the earthquake and do 
not provide a clear evaluation measure of the RSPT 
on the bridge. Calculating the vibration of 
train-bridge system under earthquake action to 
ensure the RSPT is too cumbersome for engineering 
designers, thus greatly affecting the efficiency. 
Therefore, bridge seismic design based on RSPT 
needs a set of relatively simple evaluation measures. 
LUO et al [34, 35] proposed a simple calculation 
theory of RSPT introducing the peak velocity (PV) 
and velocity spectral intensity (SI) on the track 
surface as the bridge design limited measures 
considering the RSPT. 
    This paper aims at providing a convenient 
design measure to evaluate the seismic performance 
of HSR bridge based on RSPT. To choose the 
dynamic limit measure reasonably reflecting the 
bridge dynamic response under the earthquake 
action based on the RSPT, multiple seismic waves 
were selected to calculate the coefficient of 
variation (COV) of bridge limit response measure 
under train derailment condition (according to 
derailment coefficient), and the minimum COV 
measure was used as the optimal measures, and this 
method was used as the evaluation standard of 
optimum measure [35]. Finally, according to the 
track surface response, the seismic measures limit 
of HSR bridge based on RSPT was proposed. 
 
2 Calculation model 
 
    The RSPT on bridges under earthquake action 
was analyzed by a dynamic model train-bridge 
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system, in which the train was simulated by the 
multi-rigid body dynamic theory [36−41]. The train 
was run in a straight line, i.e., the train running out 
of the line or overturning was not considered. Each 
car-body, bogie has five degrees of freedom (DOF), 
including lateral, vertical, roll yaw and pitch; each 
wheelset has four DOFs, including lateral, vertical, 
roll and pitch, as shown in Figure 1, where t1 and t2 
denote the front and rear bogie, respectively; wi 
denotes the i-th wheelset; d1 denotes the half 
spacing between two wheelsets of the same bogie; 
d2 denotes the half spacing between two bogies; h1 
denotes the spacing between the center of gravity of 
the car body and the secondary suspension; h2 
denotes the spacing between the secondary 
suspension and the bogie; h3 denotes the spacing 
between the bogie and and the primary suspension; 
k and c denote the stiffness and damping of spring, 
respectively; and the subscripts p and s denote the 
primary and secondary suspension, respectively. 
According to the energy variation principle [42], the 
dynamic equation of the train can expressed by  
Eq. (1): 
 

V V V V V V V   M X C X K X F                (1) 
 
where MV, CV and KV are, respectively, the mass, 
damping, and stiffness of the train; FV is the force 
vector of the train, including its own gravity, wheel 
rail interaction force and seismic force. 

The bridges were configured as the 32 m 
multi-span simple-supported bridge and simulated 

by the finite element theory. In this study, only the 
input acceleration from the transverse direction of 
the bridge was considered the seismic excitation. 
Because of the high speed of the train and the long 
duration of GM, to reduce the corresponding DOF 
under reasonable circumstances, the pier was 
considered equivalent to a single DOF system along 
the transverse direction of the bridge [43], and the 
mass and stiffness of the track system were 
superimposed on the DOF in the main girder. The 
dynamic equation of the bridge is represented by  
Eq. (2): 
 

B B B B B B B   M X C X K X F                 (2) 
 
where MB, CB and KB are the mass, damping, and 
stiffness of bridge, respectively; FB is the force 
vector of the bridge, including wheel-rail contact 
force and seismic force. 

The wheel-rail contact produces normal force 
and creep force of wheel-rail. The train and track 
bridge structures were coupled into a large system 
through the wheel-rail contact. In this study, the 
knife-edge contact constraints were used to 
overcome the wheel-rail contact problem [11, 44, 
45]. The tread was an ideal cone, and the rail was 
regarded as a hinge point, as shown in Figure 2; the 
lateral clearance between the wheel and rail was  
10 mm, and the lateral contact stiffness kry was 
1.617×107 N/m [45]. 

The wheel-rail vertical force (Phz) was 
calculated by the Hertz contact theory, which can 
be expressed as following: 

 

 

Figure 1 Train model: 
(a) Side view; (b) Front 
view; (c) Top view 
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Figure 2 Knife-edge contact 

 
1.5 1.5

h wrzP G                              (3) 
 
where G is the contact constant and Δwr is the 
relative compression of the wheel and rail. 
According to the displacement relationship, the 
compression of Hertz spring can be obtained by 
simplified calculation represented by Eq. (4): 
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         (4) 

 
where the subscript i represents the i-th wheelset 
and the corresponding rail position; the superscripts 
R and L represent the right and left rails, 
respectively; zwi denotes the vertical displacement 
of i-th wheelset; L

Riz and R
Riz  are the vertical 

displacement of the left and right rail, respectively 
(Figure 3). 
 

 
Figure 3 Wheel-rail geometric state 

 

    Through the wheel-rail contact, the dynamic 
equation of the system can be obtained by 
combining Eqs. (1) and (2): 
 

V V V V V V V

B B B B B B B

   


  

 

 
M X C X K X F

M X C X K X F
              (5) 

 
    Since Eq. (5) is an implicit system of equations, 
it needs to be calculated by iterative implicit 
step-by-step integration algorithm [46] or by 

explicit integration algorithm [47]. In this study, 
Wilson-θ was used for iterative calculation, and the 
convergence method was used for judgment [48]. 
 
3 Measures on track surface 
 
    In the analysis of RSPT on bridge during 
earthquake, in addition to the train-bridge coupling 
dynamic effect [49, 50], GM is transmitted from the 
bedrock to the pier bottom and then mapped from 
the pier bottom to the track surface, as shown in 
Figure 4. The dynamic response of the track surface, 
which is in directly contact with the wheelset, will 
directly affect RSPT. In order to provide a 
convenient seismic evaluation measure based on the 
RSPT for general simply supported bridges, the 
optimal measures will be selected from the track 
surface response. 
 

 
Figure 4 Ground acceleration mapped to track surface 

 
    Generally, the GM intensity measure can be 
used to evaluate the strength of the GM 
withstanding the structure. For example, the 
optimal measure was selected by evaluating the 
correlation between the GM intensity measure and 
the structure response to analyze the seismic 
fragility of the bridge [51]. For the RSPT analysis 
during the earthquake, peak ground acceleration 
(PGA) was used [17, 52]. The RSPT on the bridge 
during earthquake was evaluated by the PV and VSI 
on the track surface, and some design guidelines 
have been proposed [34, 35]. 
    As shown in Figure 4, in this study, the track 
surface response was used to measure the RSPT on 
the HSR bridges during the earthquake. Using GM 
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intensity measures for reference, 15 commonly used 
GM intensity measures were selected, as listed in 
Table 1, and the specific literature calculation 
method was used [53]. The renamed track surface 
response measures are listed in Table 2. The main  
 

Table 1 GM intensity measures 

No. Intensity measure Description Unit

1 PGA Peak ground acceleration g 

2 PGV Peak ground velocity m/s

3 PGD Peak ground displacement m 

4 Sa0.2 
Acceleration response 

spectrum at 0.2 s 
g 

5 Sa1.0 
Acceleration response 

spectrum at 1.0 s 
g 

6 SaT1
 

Acceleration response 
spectrum at fundamental 

period of the structure 
g 

7 SvT1
 

Velocity response spectrum 
at fundamental period of

the structure 
m/s

8 SdT1
 

Displacement response 
spectrum at fundamental 

period of the structure 
m 

9 PSA 
Peak acceleration of 
response spectrum 

g 

10 PSV 
Peak velocity of response 

spectrum 
m/s

11 PSD 
Peak displacement of 

response spectrum 
m 

12 AI Arias intensity m/s

13 CAV Cumulative absolute velocity m/s

14 VSI Velocity spectrum intensity m 

15 HI Housner intensity m 

 
Table 2 Track response measures 

No Type 
GM intensity 

measure 
Track response 

measure 
Unit

1 

Peak 

PGA PA g 

2 PGV PV m/s 

3 PGD PD m 

4 

Spectrum 

Sa0.2 Sa-0.2 g 

5 Sa1.0 Sa-1.0 g 

6 SaT1
 SaT1 g 

7 SvT1
 SvT1 m/s 

8 SdT1
 SdT1 m 

9 PSA PSA g 

10 PSV PSV m/s 

11 PSD PSD m 

12 

Comprehensive 

AI AI m/s 

13 CAV CAV m/s 

14 VSI VSI m 

15 HI HI m 

idea of this method is adjusting the GM intensity, 
and inputting the GM samples into the system. 
When the GM intensity just reaches the 
corresponding GM intensity of the train derailment 
limit state, the corresponding track acceleration 
time history response is recorded, and the new 
“GM” (Track response measures) can be used to 
calculate the corresponding measures. One of the 
advantages of this method is that it can focus on the 
response of the track surface, without paying too 
much attention to the structure under the rail, 
including the track-slab type and the non-linear of 
the bridge structure. 
    When analyzing the RSPT and bridge response 
during earthquakes, selecting random GM samples 
is necessary. The impact of different GM samples 
on structures and trains may be very different. In 
order to avoid obtaining results with tropism, the 
cloud chart method [54] was used to select 108 GM 
samples from the PEER website [55]. In this 
method, the epicenter distance and magnitude are 
each divided into two regions: a total of four 
regions, and the selected GM samples are evenly 
distributed in four regions in order to consider the 
randomness of seismic samples. Since near fault 
earthquakes were not considered in this study, the 
epicentral distance was considered in the range of 
10−60 km, which is divided into two regions 10− 
30 km and 30−60 km. The magnitude of the 
earthquake was in the range of 5.0−8.0, which was 
divided into 5.0−6.5 and 6.5−8.0. In the PEER 
website, 27 seismic samples were randomly 
selected from each region according to the input 
filtering conditions. The selection result is shown 
Figure 5. It can be seen that the selected samples  

 

 
Figure 5 Cloud chart method for selection of GM 

samples 
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are evenly distributed in the four blocks, and the 
randomness of the samples can be fully considered. 
 
4 Measure evaluation 
 
    In order to obtain the threshold value of the 
track surface response measure for the RSPT on the 
bridge during the earthquake, the dichotomy 
method can be used to approximate the amplitude 
of the GM sample when the train reaches the 
derailment limit, as shown in Figure 6. The 
calculation indicates that a sufficiently accurate 
solution can be obtained through 8 times dichotomy 
method. Input each GM sample into the model of 
the train-bridge system under earthquake, adjust the 
amplitude of the GM acceleration, and record the 
track response of the GM sample under the  
 

 
Figure 6 Dichotomy method to obtain driving safety 

limit calculation 

acceleration amplitude, and then obtain the 
corresponding measure values through calculation. 
    The coupling vibration of the train-bridge is 
more complicated to simulate the actual derailment 
of train. Usually, some evaluation indexes can be 
used to determine whether the train is derailed, such 
as derailment coefficient, wheel load reduction rate 
and wheel-rail relative displacement [50, 56]. 
Derailment coefficient is the most commonly used 
evaluation index [16, 23, 45]. In this study, the 
derailment coefficient was used to judge the 
derailment limit. According to the Chinese code 
[57], the derailment coefficient is defined as 0.8, the 
limit value of RSPT, and it is calculated by Eq. (6): 
 

/ max( / )i iQ P Q P                         (6) 
 
where Q and P denote the lateral and vertical force 
of wheel-rail, respectively; and the subscript i 
denotes the i-th wheelset. 
    The COV was used for evaluating the optimal 
measures from the 16 track surface response 
measures. In probability theory and statistics, COV 
is a normalized measure of the dispersion of 
probability distribution and is defined as the ratio of 
standard deviation to mean value, which can be 
written as: 
 
COV                                (7) 
 
where  and  are the standard deviation and mean 
value of sample value, respectively. 
    The smaller the COV, the smaller the 
dispersion of the results and the better the 
measurement method. In the calculation, the lateral 
period of the bridge from 0.1 to 1.9 s was 
considered, and this range of natural vibration 
period basically covers all situations of the simply 
supported bridge structure of the HSR. The train 
speeds were considered to be in the range from 100 
to 400 km/h with an interval 50 km/h. In each 
working condition, the same track irregularities 
(converted from China’s HSR spectrum [58]) were 
applied in calculation. The train used the Chinese 
HSR EMU CRH2. The parameters of CRH2 are 
shown in Table 3, where m and I denote the mass 
and moment of inertia, respectively, and other 
symbols can be found in Figure 1. 

The 108 GM samples were sequentially input 
into the train-bridge system with different train 
speeds and different structural periods to obtain the 
limit values of each track surface measures, and  
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Table 3 Parameters of CRH2 

Parameter Value 

h1 0.569 m 

h2 0.39 m 

h3 0.185 m 

2b1 2.0 m 

2b2 2.0 m 

2d1 2.46 m 

2d2 17.5 m 

kpy 9.8×105 N/m 

kpz 1.176×106 N/m 

cpy 0 

cpz 1.96×104 N/m 

Rw 0.46 m 

ksy 1.66×105 N/m 

ksz 1.764×105 N/m 

csy 5.88×104 N/(mꞏs) 

csz 9.8×103 N/(mꞏs) 

mc 28.8×103 kg 

mt 2.6×103 kg 

mw 1.97×103 kg 

Icx 93.3×103 kgꞏm2 

Icy 1411.2×103 kgꞏm2 

Icz 1331.7×103 

Itx 2.106×103 

Ity 1.424×103 

Itz 2.60×103 

 
they were sorted to obtain the corresponding COV, 
as shown in Figure 7. The COV is a measure used 
to evaluate the sample dispersion, and the larger the 
COV, the greater the discreteness of samples. The 
COV of a certain measure is different at different 
speeds, and with increasing structural period, the 
variation is more obvious and will increase with 
increasing train speed, indicating that the 
discreteness of the measure limit varies with the 
speed of the train, and will increase with increasing 
speed. In addition, the COVs of most measures are 
greater than 0.25, and many of them are greater 
than 0.5, or even more than 1.0, indicating that the 
dispersion of most measure limits is large. 
    During different bridge structure periods, the 
COV of each measure limit is also different. For 
example, in the interval from 0.1 to 0.5 s, the COV 
of HI is the smallest; but when the period of the 
structure is larger than 0.5 s, the COV gradually 

increases. Among the types of response spectrum 
measures, except for PSA, the variability of other 
measure limits decreases with increasing structural 
period. Among them, SvT1

 and PSD have smaller 
variability in medium and long-period bridge 
structures. Therefore, the advantages of different 
evaluation measures are different under different 
natural vibration periods. 
    The smaller the COV, the smaller the 
discreteness of the sample, indicating the 
superiority of the measure. In order to more 
intuitively show the superiority of each measure in 
different structural periods, the method of ranking 
the measure superiority by sorting the COV from 
small was adopted. The result is shown in Figure 8. 
The HI and PD have a higher occurrence rate in the 
first four structural periods. In the period of 0.1− 
0.5 s, the HI is the optimum, followed by PD; in the 
periods of 0.7 s and 1.3−1.9 s, PD has the best 
advantage, whereas in the period of 0.9−1.1 s, PSD 
has the best advantage. 
    It is suggested that HI should be used in the 
period range from 0.1 to 0.5 s; for the case of 0.5 s 
period, PSD ranks the fourth in the superiority; for 
the case of 0.7 s period, although the COV of PD is 
smaller than that of PSD, the two are very close. 
For the case of structural period of 1.3 s, PSD has 
the second advantage. Therefore, from the 
perspective of continuity, PSD is recommended to 
be used as measure in the range of 0.5−1.3 s period; 
PD is recommended as a measure when the 
structural period is more than 1.3 s. The details are 
as follows:  

0.1 0.5 s :  

Vibration period 0.5 1.3 s :  

1.3 1.9 s :  

HI

PSD

PD


 
 

             (8) 

 
5 Measure limit 
 
    According to the discussion in Section 4, the 
minimum value of the track surface response 
threshold corresponding to different speeds and 
different structure natural vibration periods was 
calculated through 108 GM samples as the safety 
limit value of HSR train on the bridge during 
earthquake, as shown in Figure 9. Figure 9(a) 
shows the RSPT measure considering the period of 
0.1−0.5 s. It can be seen that the limit measure HI 
decreases with the increase of speed. In addition, 
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to be continued 
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Continued 
 

  
Figure 7 COV of each measure under different structure periods and different speeds: (a) T1=0.1 s; (b) T1=0.3 s;      

(c) T1=0.5 s; (d) T1=0.7 s; (e) T1=0.9 s; (f) T1=1.1 s; (g) T1=1.3 s; (h) T1=1.5 s; (i) T1=1.7 s; (j) T1=1.9 s 

 

  
Figure 8 Different structure periods corresponding to each measure superiority rank 
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the measure limit value increases with increasing 
structural period. 

Figure 9(b) shows the RSPT measure 
considering the period of 0.5−1.3 s. In this range, 
PSD is used as the measure. In addition, for 
different speeds, when the period of bridge structure 
is in the range of 0.5–1.1 s period, the PSD limit of 
measure increases with increasing period. When the 
period is larger than 1.1 s, the limit value will 
decrease with increasing period. 

Figure 9(c) shows the RSPT measure 
considering the range of 1.3−1.9 s period, and in 
 

 
Figure 9 Track surface response measure limit based on 

RSPT: (a) 0.1 to 0.5 s; (b) 0.5 to 1.3 s; (c) 1.3 to 1.9 s 

this range, PD is used as the measure. When the 
train speed is 100, 150 and 200 km/h, the measure 
limit is relatively close; and when the train speed is 
300 and 350 km/h, the measure limit is relatively 
close. When the period of structure is larger than 
1.7 s and the speed is smaller than 400 km/h, the 
measure limit is independent with train speed. 
 
6 Conclusions 
 
    In conclusion, based on the finite element 
theory, multi-rigid body dynamics and simplified 
wheel rail contact model, the calculation model of 
train running safety on bridge under earthquake was 
established in this study. The track surface response 
limits in the case of train derailment with different 
bridge structure natural vibration periods and train 
speed were calculated, leading to the variation 
coefficient of 15 track surface measures, in order to 
select the optimal measures. According to the 
optimal measures, the limit value of seismic 
response measures of bridge based on RSPT with 
different structural periods was calculated, and the 
results are as follows: 
    1) The discreteness of the limit value with 
different speeds is different, and the dispersion 
increases with increasing train speed, but the 
change trend of each measure is relatively close; 
most of the measure limits have large dispersion, 
and some even exceed 1.0, belonging to strong 
variation. 
    2) In the period of 0.1−0.5 s, the COV of HI is 
the smallest, but when the period of structure is 
larger than 0.5 s, the COV gradually increases; in 
spectrum type measure, except PSA, the variability 
of other measure limits decreases with increasing 
structural period, in which SvT1 and PSD have small 
variability in medium and long-term bridge 
structures. 
    3) In the period of 0.1−0.5 s, the H/I is 
optimum; in the period from 0.5 to 1.3 s, PSD is the 
optimal; in the range of 1.3−1.9 s period, PD is the 
optimal measure. 
    4) The response measure HI in the range of 
0.1–0.5 s period will increases with increasing 
structural period and decrease with increasing train 
speed. 
    5) PSD is suggested for response measure of 
RSPT within the range of 0.5−1.3 s period. For 
different speeds, when the period of bridge structure 
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is in the range of 0.5–1.1 s period, the PSD limit of 
measure increases with increasing period. When the 
period is larger than 1.1 s, the limit value will 
decrease with increasing period. 
    6) PD is suggested for response measure of 
RSPT considering the range from 1.1 to 1.9 s.  
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中文导读 
 

考虑列车行车安全性能的地震下高速铁路桥梁动力响应限值 
 
摘要：由于我国铁路网广、地震带多等特点，在高速铁路桥梁结构设计中，考虑列车运行安全性能是

十分必要的。为了提供基于桥上高速列车行车安全性能的桥梁结构抗震设计和评估方法，本文建立了

地震作用下桥上高速列车行车安全的计算模型，参考 15 种常用的地震动强度指标计算脱轨系数达到

极限值时的轨面响应指标。根据多个地震动样本得到指标极限值的变异系数，并选择最优指标。最后，

根据所选的最优指标确定了不同列车速度、不同结构周期下基于列车行车安全性能的桥梁地震响应指

标极限值。 
 
关键词：高速铁路桥梁；抗震设计；行车安全；指标限值 


