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ABSTRACT 

In order to get natural lighting, some subway station structures design atriums on the waiting hall floor and platform 
floor. There are no columns on the waiting hall floor and on the platform floor. The width/height ratio of columns is 7.5. The 
burial depth of the station is zero. Due to these features, the load transfer mechanisms and failure characteristics of an 
atrium-style metro station are very different from those of traditional subway stations. Under such circumstances, it is 
essential to conduct numerical simulation of seismic characteristics of atrium-style metro station. In this study, dynamic 
numerical analyses were conducted by using equivalent linear model for soil and plastic-damage model for concrete. 
Rayleigh damping was used to simulate the energy dissipation of soil subjected to earthquake ground motions. A series 
of results are obtained. Peak acceleration amplification factor decreases along with the increase of peak acceleration are 
detectable. As peak acceleration of input ground motion increases, the peak acceleration of station, the peak dynamic soil 
pressure and the maximum story drift angles will increase. The peak acceleration of roof is much bigger than those of 
middle plate and baseplate. The largest soil pressure is at the bottom of the sidewall. When the peak acceleration is 0.26 
g, the station has damaged in terms of seismic deformation check. When considering the vertical motion, the amplification 
of soil, the peak acceleration of middle plate and baseplate and peak dynamic soil pressure increase. On the contrary, 
maximum story drift angles of station hall and platform decrease. The amplification of soil produced by El Centro motion 
is larger than that produced by Shanghai artificial or Kobe motions. The peak acceleration of station produced by Shanghai 
artificial and Kobe motions are very close. The results produced by El Centro motion are very different from the former 
two. The peak dynamic soil pressure produced by three motions are different especially at the top and bottom of the 
sidewall. The maximum story drift angles produced by El Centro motion are the largest. The maximum story drift angles 
produced by Kobe motion are the smallest. 
  
 
1 INTRODUCTION 
 
With the rapid development of economy and urbanization, 
the continuing development of city size and increase of the 
urban population, existing urban traffic net is unable to 
meet the traffic demands of city. More and more cities are 
building subways to solve the traffic problems. Taking 
China as an example, many cities in China are building 
subways, like Shanghai, Beijing and Guangzhou. By the 
middle of 2014, Shanghai and Beijing had built 332 and 
231 subway stations respectively. A lot of underground 
subway stations are in plan or under construction. Modern 
underground subway stations are developing toward long 
span, large cross section and deeper structural form, which 
makes the seismic performance of many special subway 
stations unclear (Chen, et al. 2014). Moreover, in recent 
decades, the world has experienced a high incidence of 
earthquakes, and both the magnitude and frequency have 
increased sharply (Chen, et al. 2016). For instance, 
Indonesia was hit by two earthquakes in 2005 and 2007 
and the Richter magnitude is 8.6 and 8.5 respectively. A 
magnitude 8.0 earthquake happened in Wenchuan, China 
in 2008. A magnitude 9.0 earthquake happened in east 
coast of Honshu, Japan in 2011. Two strong earthquakes 
with magnitude 8.8 and 8.2 happened in Chile in 2010 and 
2014 respectively. Many earthquakes caused heavy losses 
of life and property. There was also a great deal of damage 
to above ground or underground buildings and facilities. It 
was worth mentioning that the Hyogoken-Nambu 
earthquake of January 17, 1995 in Japan caused the failure 
of the Daikai subway station and also severe damage to 

Kosaku Nagata and Sannomiya stations, some cut and 
cover structures in the subway system in Kobe (Huo et al. 
2005). During the earthquake more than 30 columns of 
central section of Daikai station completely collapsed over 
a total length of about 110 m, which caused the failure of 
the overlying concrete roof slab and resulted in a 2.5 m 
subsidence on the national road above the subway (Huo et 
al. 2005). As a whole, we can conclude that 1) The demand 
for subway systems is huge 2) A lot of earthquakes happen 
around the world in recent decades 3) The subway stations 
may not be safe when the earthquake strikes 4) It is 
essential to conduct numerical simulation of subway station 
structure to investigate the seismic safety. 

A limited number of previous centrifuge/shaking table 
test investigations and field observations can provide a 
clear and complete understanding of seismic performance 
regarding subway station structures (Chen et al. 2015). In 
recent years, researchers (Yang and Yang 2003; Tao 2006; 
Chen and Zuo 2008; Jing 2011; Chen G. and Wang Z. 2013; 
Tao 2014; Chen 2014; Chen 2015; Chen 2016) have 
conducted some shaking table tests on subway stations 
with different cross sections. There is evidence that the 
subway stations may damage when they are in seismic 
adverse circumstances like liquefiable sites or strong 
earthquakes. 

In order to get natural lighting, some subway station 
structures design atriums on the waiting hall floor and 
platform floor(see Fig. 1). There are no columns on waiting 
hall floor and the width/height ratio of columns is 7.5 on 
platform floor. The burial depth of the station is zero. Due 
to these features, the load transfer mechanisms and failure 



 

characteristics of an atrium-style metro station are very 
different from those of traditional subway station. The 
atrium-style metro station has a very special cross section 
and its seismic safety has not been studied yet until now. 
In this paper, we will conduct 3D numerical simulation of 
seismic characteristics of atrium-style metro station. Many 
analyses are conducted to study the effect of different peak 
accelerations, different earthquake waves and different 
input directions on the subway station. The research route 
is shown in Fig 2. 
 

 
 

Figure 1. The atrium-style metro station 
 

 

Figure 2. The research route 
 

2 NUMERICAL ANALYSIS  
 
Figure 3 and 4 present the numerical models of both soil-
structure and atrium-style metro station. The boundary 
condition is a crucial problem in the numerical simulation of 
an unbounded site for studying seismic site effects (Chen 
et al. 2015). To ensure computational accuracy, infinite 
element artificial boundary is adopted to minimize the 
boundary effect. Two types of elements available in 
ABAQUS are used: C3D8 (an 8-node linear brick) for 
station and C3D8R (an 8-node linear brick, reduced 
integration, hourglass control) for soil. The finite element 
mesh of soil and station meets the requirements of 
elements size. The interface between the soil and station 
was modeled as the hard contact in the normal direction 
and Coulomb frictional contact in the tangential direction to 
simulate the dynamic soil-structure interaction.  

Figure 5 shows the soil profile with the shear modulus. 
Dynamic numerical analyses are conducted by using 
equivalent linear model for soil and plastic-damage model 
for concrete in ABAQUS. The physical and mechanical 
parameters of concrete is reported in Table 1. The 
equivalent linear model parameters are based on the 
results of seismic responses of the free field. We analyze 
the seismic responses of the free field with a popular 
program EERA. The analysis is done in the frequency 
domain, and, therefore, for any set of properties it is a linear 
analysis. An iterative procedure is used to account for the 
nonlinear behavior of the soils. The equivalent linear 
method enjoys great popularity in the seismic response 
analysis of soil deposits because of its simplicity in 
preparing the input data and the stability of numerical 
calculation (Jiang et al. 2007). This method is based on 
wave propagation theory of one-dimensional shear wave 
and based on following assumptions: (1) The surface of the 
soil is horizontal, and (2) The soil characteristics of each 
soil layer along horizontal direction are the same, and (3) 
Earthquake excitation is perpendicularly incident shear 
wave. The effective values of the shear modulus and the 
damping ratio for each soil layer are adopted to 
approximately calculate the nonlinear responses of the 
site. The former is a reduced shear modulus and the latter 
is an increased damping ratio varied as functions of the 
increasing shear strains in an earthquake. Modulus 
reduction curves and variation of damping ratio with shear 
strain of the soil are shown in Fig. 6 and Fig. 7 respectively. 

To apply equivalent linear model parameters of EERA 
to ABAQUS, the following steps are executed: (1) The soil 
will be divided into 20 layers along the depth both in EERA 
and ABAQUS, and (2) The soil parameters of equivalent 
linear model in ABAQUS are from the results of EERA, and 
(3) Rayleigh damping is adopted in ABAQUS and the 
integral damping ratio is thickness weighted-average one 
from the results of EERA, and (4) The same input motion 
is adopted for EERA and ABAQUS (see Fig. 8).  

Figure 9 shows the node locations to extract the results 
of finite element model. All the nodes are in the middle 
section. The nodes for acceleration of soil are 29m away 
from the sidewall. Three nodes for acceleration of station 
are located at the centre of roof, middle plate and baseplate 
respectively. The nodes for both dynamic soil pressure and 
story drift angle are from the sidewall of the station. 
 

 

Figure 3. Numerical model of soil-structure 
 



 

 

Figure 4. Numerical model of atrium-style metro station 

 

 

 Figure 5. Soil profile with the shear modulus 
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Figure 6. Modulus reduction curve G/Gmax with 

shear strain γ 
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Figure 7. Variation of damping ratio λ with shear strain γ 
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Figure 8. Acceleration time histories of input motions: (a) 
El Centro; (b) Kobe; (c) Shanghai artificial 



 

 

 

Figure 9. Node locations for extracting the results 
 
Table 1. Plastic-damage parameters of concrete 

Parameters Values Parameters Values 

Density 

（kg/m
3

） 
2500 Eccentricity 0.1 

Young's modulus 

（N/mm
2

） 
3.15×10

4

 
f
b0

/ f
c0

 1.16 

Poisson's ratio  0.2 K 0.667 

Dilation angle (°) 30 
  Viscosity 
parameter   5×10

-4

 

Compression 
variable ω

c
 1 

Tension 
variable ω

t
     0 

 
2.1 Different peak accelerations 
 
To investigate the effect of different peak accelerations on 
the subway station, El Centro ground motion is selected, 
which is presented in Fig. 8a and adjusted to 0.08 g, 0.18 
g and 0.26 g respectively. The peak acceleration 
amplification factor is defined as the ratio of peak horizontal 
acceleration at any point to peak horizontal acceleration of 
the input motion. The peak acceleration amplification factor 
of soil is depicted in Fig. 10. Peak acceleration 
amplification factor decreases along with the increase of 
peak acceleration are detectable. That means when the 
peak acceleration is small, the rigidity of soil is relatively 
larger and the damping of soil is relatively smaller. Then 
the amplification of soil with the propagation of the seismic 
wave is relatively stronger. On the contrary, when the peak 
acceleration is large enough, the amplification of soil is 
relatively weaker. We can find only at the surface is the 
amplification factor more than one (e.g. 0.26 g). Fig. 11 
illustrates the peak acceleration of three floors in the 
station. We can see that as peak acceleration of input 
ground motion increases, the peak acceleration of station 
will increase. The peak acceleration of roof is much bigger 
than those of middle plate and baseplate. The peak 
acceleration of baseplate is bigger than those of middle 
plate for input motions with PGAs of 0.18 g and 0.26 g. 
Instead, the opposite happens for input motion with PGA of 
0.08 g. Fig. 12 shows the peak dynamic soil pressure. As 

peak acceleration of input ground motion increases, the 
peak dynamic soil pressure will increase. The largest soil 
pressure is at the bottom of the sidewall. The soil pressure 
in the middle is smaller than those at the top of the sidewall. 
Maximum story drift angles of the station are reported in 
Table 3. As peak acceleration of input ground motion 
increases, maximum story drift angles will increase at a 
near-liner trend. When the peak acceleration is 0.26 g, the 
maximum story drift angles of station hall and platform 
reach 1/230 and 1/218 respectively. According to Chinese 
code for seismic design of urban rail transit structures, they 
have exceed the limit of 1/250 for elasto-plastic storey drift 
rotation of reinforced concrete rectangular structure 
(Chinese code GB50909). That means the station has 
damaged in terms of seismic deformation check. 
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Figure 10. Peak acceleration amplification factor of soil 
with different peak accelerations 
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Figure 11. Peak acceleration of station with different peak 
accelerations 

 
Table 3. Maximum story drift angles of different PGA. 
 

Position Maximum story drift angle 

 0.08 g 0.18 g 0.26 g 

station hall 1/878 1/352 1/230 

platform 1/789 1/346 1/218 
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Figure 12. Peak dynamic soil pressure with different peak 
accelerations 
 
2.2 Different input directions 
 
To study the effect of different input directions on soil and 
subway station, El Centro ground motion is selected and 
adjusted to 0.08 g, which is presented in Fig. 8a. The input 
direction H means the cross-section direction and H+V 
means both cross-section and vertical directions. The peak 
acceleration in the vertical direction is two-thirds of that in 
cross-section direction according to Chinese code 
GB50909. The results are illustrated in Fig. 13. The 
amplification of soil shows significant difference, especially 
for the buried depth less than 30 m. As a whole, the 
amplification of soil increases when considering the vertical 
motion. When considering the vertical motion, the peak 
acceleration of middle plate and baseplate increases 
significantly (see Fig. 14). However, the opposite happens 
for roof. The peak dynamic soil pressure also increases 
remarkably when considering the vertical motion except in 
the area adjacent the baseplate (see Fig. 15). Unlike the 
pattern of those above, maximum story drift angles of 
station hall and platform decrease by 15.9% and 8.9% 
respectively when considering the vertical motion (see  
Tab. 4). 
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Figure 13. Peak acceleration amplification factor of soil 
with different input directions 
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Figure 14. Peak acceleration of station with different input 
directions 
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Figure 15. Peak dynamic soil pressure with different input 
directions  

 
Table 4. Maximum story drift angles of different inputting 
directions. 
 

Position Maximum story drift angle 

 H H+V 

station hall 1/878 1/1044 

platform 1/789 1/866 

 
2.3 Different motions 
 
To explore the effect of different motions on soil and 
subway station, three records are selected, which are 
presented in Fig. 8 and adjusted to 0.08 g. The 
amplification of soil produced by El Centro motion is larger 
than that produced by Shanghai artificial or Kobe motions 
(see Fig. 16). The significant difference among three 
motions happens in the area of buried depth less than 30 
m. The peak acceleration of station produced by Shanghai 
artificial and Kobe motions are very close (see Fig. 17). The 
results produced by El Centro motion are very different 



 

from the former two. The peak acceleration of roof and 
middle plate produced by El Centro motion is larger than 
that produced by other two motions. The opposite happens 
for baseplate. The peak dynamic soil pressure produced by 
three motions are different especially at the top and bottom 
of the sidewall (see Fig. 18). Compared with Kobe motion, 
the maximum story drift angles of station hall and platform 
produced by El Centro motion increase by 153.5% and 
149.9% respectively (see Tab. 5). Compared with Kobe 
motion, the maximum story drift angles of station hall and 
platform produced by Shanghai artificial motion increase by 
39.6% and 35.4% respectively. 
 

70

60

50

40

30

20

10

0
0 1 2

 

S
o
il 

d
e

p
th

 (
m

)

 Shanghai artificial

 El Centro

 Kobe

Amplification factor

 

Figure 16. Peak acceleration amplification factor of soil 
with different motions 
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Figure 17. Peak acceleration of station with different 
motions 
 
Table 5. Maximum story drift angles of different waves. 
 

Position Maximum story drift angle 

 Shanghai artificial El Centro Kobe 

station hall 1/1595 1/878 1/2226 

platform 1/1456 1/789 1/1972 
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Figure 18 Peak dynamic soil pressure with different 
motions 

 
3 SUMMARY AND CONCLUSIONS 
 
Aimed at atrium-style metro station, numerical simulation 
of seismic characteristics are conducted. Dynamic 
numerical analyses were conducted by using equivalent 
linear model for soil and plastic-damage model for 
concrete. Rayleigh damping was used to simulate the 
energy dissipation of soil subjected to earthquake ground 
motions. A series of results are obtained. 

Peak acceleration amplification factor decreases along 
with the increase of peak acceleration are detectable. As 
peak acceleration of input ground motion increases, the 
peak acceleration of station, the peak dynamic soil 
pressure and the maximum story drift angles will increase. 
The peak acceleration of roof is much bigger than those of 
middle plate and baseplate. The largest soil pressure is at 
the bottom of the sidewall. When the peak acceleration is 
0.26 g, the station has damaged in terms of seismic 
deformation check. 
     When considering the vertical motion, the amplification 
of soil, the peak acceleration of middle plate and baseplate 
and peak dynamic soil pressure increase. On the contrary, 
maximum story drift angles of station hall and platform 
decrease. 

The amplification of soil produced by El Centro motion 
is larger than that produced by Shanghai artificial or Kobe 
motions. The peak acceleration of station produced by 
Shanghai artificial and Kobe motions are very close. The 
results produced by El Centro motion are very different 
from the former two. The peak dynamic soil pressure 
produced by three motions are different especially at the 
top and bottom of the sidewall. The maximum story drift 
angles produced by El Centro motion are the largest. The 
maximum story drift angles produced by Kobe motion are 
the smallest. 
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