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1. Introduction 
 

With the rapid urbanization and the increasingly serious 

traffic congestion in China, subway stations play a more 

and more important role in alleviating traffic pressure and 

improving people's lives. In recent years, the urban 

underground space has been developed rapidly and many 

subway stations have been built in China. The Yangtze 

River Delta is one of the most developed areas in China, 

with dense subway lines and many subway stations buried 

in the soft soil foundation. In the past, due to the constraints 

of the surrounding soil and rock, the seismic performance of 

subway stations was generally considered to be much better 

than that of ground structures (Lu and Hwang 2019). 

However, several recent severe earthquakes resulted in 

serious damage of underground structures, such as the Kobe 

earthquake (Iida et al. 1996), the 1999 Chi-Chi earthquake 

(Wang et al. 2001), and the 2008 Wenchuan earthquake (Yu 

et al. 2016). In particular, the Daikai station destroyed in the 

Kobe earthquake has attracted many researchers' attention 

to the seismic performance of underground structures. Due 

to the smaller constraint of soft soil, the underground 

structure in soft soil foundation may suffer more serious 

damage under the action of earthquake than that in the hard  
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soil foundation and the rock strata (Gao et al. 2022). 

Therefore, it is necessary to study the deformation and 

failure mechanism of subway stations in soft soil foundation 

under the earthquake action. 

The seismic response of underground structures in soft 

soil sites was studied by many researchers (Zhang and Cui 

2017, Cheng and Sun 2018, Tang et al. 2020, Miao et al. 

2020, Chou and Lin 2020, Wu et al. 2021, Li et al. 2021, 

Huynh et al. 2021, Ebadi-Jamkhaneh et al. 2021, Jiménez et 

al. 2022, Jaber et al. 2023). Cui et al. (2023) investigated 

the seismic response of a shallowly buried subway station 

in an inhomogeneous clay site based on numerical 

simulations and found the damage to subway stations was 

more serious in the inhomogeneous clay site than that in the 

homogeneous clay site under the same seismic wave. The 

soft soil subjected to ground motions showed the 

characteristics of filtering high-frequency waves and 

amplifying low-frequency waves (Chen et al. 2015). 

Besides, the soft soil layer generally strengthened the 

internal forces and deformations induced by earthquakes 

(Sun et al. 2020). Furthermore, the change of physical and 

mechanical behavior of soft soil greatly affects the seismic 

performance of underground structures (Cui et al. 2023). In 

general, the deformation of soft soil sites has a detrimental 

impact on the seismic performance of subway stations. 

The soil-structure relative stiffness was widely regarded 

to be one of the key factors affecting the seismic response 

of underground structures (Wang and Munfakh 2001, 

Tsinidis 2017, Xu et al. 2019, Jiang et al. 2023). In previous  
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studies, the concept of relative stiffness was paid attention 

by many researchers. Wang and Munfakh (2001) defined 

the relative stiffness of soil and structure by the ratio of the 

racking stiffness of the surrounding soil to that of the 

underground structure. Xu et al. (2019) found the horizontal 

relative deformation of the structure decreased 

monotonically with the increase of soil-structure flexibility 

ratio. Huo et al. (2006) found that the ratio of structural 

displacement to free field displacement was determined by 

the soil-structure relative stiffness and the form of the 

structure. Jiang et al. (2023) investigated the effect of 

parameters associated with soil-to-structure relative 

stiffness on seismic fragility curves of subway stations by a 

large number of subway stations with different cross-section 

sizes. The research results revealed the seismic performance 

of the structure with a higher relative stiffness ratio was 

relatively better, while there were special cases where some 

structures with a high relative stiffness ratio were more 

susceptible to failure under earthquake than structures with 

a lower relative stiffness ratio. Many scholars have 

conducted a series of research on the influence of relative 

stiffness on the seismic performance of underground 

structures, and have achieved rich research results. 

However, the definition of the relative stiffness ratio in 

previous studies only considers the relative stiffness of soil 

and structure in the horizontal direction. For underground 

structures, vertical earth pressure is one of the important 

parameters in the design of underground structures. The 

vertical earth pressure on the underground structure 

undergoes constant fluctuations during earthquakes (Wu et 

al. 2022). Moreover, the underground structure may float up 

 

 

under earthquake motions (Zhuang et al. 2015). Therefore, 

vertical relative stiffness should be considered in the study 

of relative stiffness. Furthermore, the current research on 

relative stiffness rarely takes into account the 

inhomogeneity of soil, and the method of reflecting relative 

stiffness by changing the elastic modulus of the concrete in 

the structure has some limitations due to the constant elastic 

modulus of concrete. 

In this paper, the horizontal and vertical stiffness ratios 

were defined respectively to study the effects of horizontal 

and vertical relative stiffness on the seismic response of 

subway station. A two-dimensional finite element model for 

soil-structure dynamic interaction was established, and the 

relationship between the equivalent elastic modulus of the 

middle columns and the longitudinal spacing of columns in 

the two-dimensional model was derived. Based on the 

numerical simulation results, the deformation and damage 

of the subway station are discussed respectively, 

considering different soil-structure relative stiffness. 

 

 
2. Numerical models 

 

2.1 Soil and station models 
 
A two-dimensional finite element model was established 

by ABAQUS, consisting of a two-story and three-span subway 

station and the surrounding inhomogeneous soft soil site, as 

shown in Fig. 1. To eliminate the influence of truncated 

boundaries on the seismic response of the subway station, the 

width of the site soil should be taken more than 7  

 
(a) Finite element model for the soil-structure interaction system 

 
(b) Cross-sectional dimensions of the subway station 

Fig. 1 Finite element model and cross-sectional dimensions of the subway station 
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times the width of the subway station (Xu et al. 2019). The soft 

soil site is 160 m in width and 50 m in height, and the subway 

station is buried at 4 m in depth, as shown in Fig. 1(a). The 

subway station is 14 m in height and 22 m in width and the 

cross-section of the middle columns is rectangular, with a 

length of 4.85 m and a width of 0.8 m, as shown in Fig. 1(b). 

To consider the inhomogeneity caused by the stratification and 

consolidation of soil under natural conditions, the model site is 

composed of 30 m clay and 20 m sand, in which the maximum 

dynamic shear modulus of clay varies with the buried depth 

according to the formula fitted by Cui et al. (2023), as shown 

in Eq. (1). The water table is assumed to at the ground surface. 

The physical and mechanical parameters of soil layers are 

summarized in Table 1.  

 

 

 

 

dmaxlg 0.46803 0.91772 lgG H    (1) 

where 
dmaxG  is the maximum dynamic shear modulus of 

clay; H is the burial depth of soil. 

In this numerical model, the 4-node bilinear full-integration 

plane strain elements are used to mesh the model site and the 

subway station structure. The rebars are meshed by 2D beam 

elements and embedded into the concrete. The bottom 

boundary of the model is fixed in the normal direction. The 

multi-point constraint (MPC) is assigned in the lateral 

boundaries to simulate the horizontal vibration effect during 

seismic propagation (Bao et al. 2017, Chen et al. 2023, Chen et 

al. 2023). The damage plasticity model is used to simulate the  

Table 1 Properties of soils surrounding the subway station 

Soil profiles Thickness (m) dmaxG (MPa) Density ρ (kg/m3) Cohesion c (kPa) 
Friction angle 

φ (°) 
Poisson’s ratio υ 

Clay 30 1.56~65.60 1840 7.1 27.5 0.499 

Sand 20 217.80 2000 0.0 34.5 0.3 

 

Fig. 2 Variations of the reference shear strain with depth under different PGAs 

  
(a) Gd/Gdmax ~ dγ  (b) D ~ dγ  

Fig. 3 Variations of dynamic shear modulus ratio and damping ratio with shear strain for clay under different buried depths 
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nonlinear behavior of concrete. For the contact relationship 

between soil and structure, the normal direction of the contact 

surface is set as hard contact. When there is tension between 

soil and structure, the contact surface will separate 

immediately. The tangential direction of the contact surface 

follows the Coulomb friction criterion. The critical shear stress 

of the contact surface can be expressed as 

critical    (2) 

where   is the friction coefficient of the contact surface, 

taken as 0.4 in this paper (Huo et al. 2005, Bobet et al. 

2008, Gomes 2013, Ma et al. 2019);  is the normal 

contact stress on the contact surface. 

To consider the nonlinear behavior of soil, the dynamic 

elastic modulus ratio and damping ratio corresponding to 

the reference shear strain at different depths can be obtained 

by the frequency-domain equivalent linear method. The 

equivalent linear seismic response of a one-dimensional site 

was analyzed by DEEPSOIL to obtain the reference shear 

strain of soil at different depths. The reference shear strain 

along the depth under different peak ground motions is 

 

 
 
shown in Fig. 2. According to Cui et al. (2023), the 
variations of dynamic shear modulus ratio and damping 
ratio with the shear strain for clay under different buried 
depths are shown in Fig. 3. The variations of dynamic shear 
modulus ratio and damping ratio of sand with shear strain 
are shown in Fig. 4 (Seed and Idriss 1970). 

 
2.2 Relative stiffness ratios 
 
Due to the inability of the two-dimensional model to reflect 

the spatial distribution of the columns, the two rows of middle 

columns must be considered equivalent to the two walls along 

the longitudinal direction of the station. According to the 

principle of equivalent stiffness, the equivalent walls are 

required to have the same lateral deformation stiffness as the 

middle columns (Zhuang et al. 2015). Therefore, the 

equivalent elastic modulus of concrete Eeq for the middle 

columns can be calculated by 

c
eq

E b
E

L
  (3) 

where Ec is the elastic modulus of concrete; b is the  

 

Fig. 4 Variations of dynamic shear modulus ratio and damping ratio with shear strain for sand 

 

Fig. 5 Soil-structure relative stiffness ratios 
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longitudinal width of the column section, taken as 1 m in 

this paper; L is the longitudinal column spacing. 

In order to reflect the relative stiffness of soil and 

structure, the relative stiffness ratios are defined as shown 

in Fig. 5. The horizontal stiffness ratio Rh (Wang and 

Munfakh 2001) and vertical stiffness ratio Rv are 

determined by Eqs. (4) and (5), respectively. 

s
h

h

G W
R

HK
  

(4) 

s
v

v

E W
R

HK
  

(5) 

where Gs is the shear modulus of soil; Es is the elastic 

modulus of soil; W is the width of the subway station; H is 

the height of the subway station; Kh is the horizontal 

stiffness of the structure; Kv is the vertical stiffness of the 

structure. 

To meet the actual engineering situation, four types of 

station structures with longitudinal column distances of 6 

m, 8 m, 10 m and 12 m were selected. The equivalent 

elastic modulus of the middle columns of the four station 

structures was calculated by Eq. (3). The horizontal and 

vertical stiffness of four kinds of station structures were 

determined by the numerical calculation. Different soil-

structure relative stiffness models are summarized in Table 

2. Fig. 6 illustrates the variations of horizontal relative 

stiffness ratio and vertical relative stiffness ratio with the 

longitudinal spacing of middle columns. There is a positive 

correlation between the soil-structure relative stiffness ratio 

and the longitudinal column distance. 

 

 

 

2.3 Modal analysis 
 
Modal analysis of soil and structure models was usually 

required before dynamic time history analysis. The damping 
coefficient of the station structure was calculated with the 
modal damping ratio of 3% (Zhuang et al. 2015). The 
equivalent viscous damping ratio of soil at different depths 
was used to calculate the damping coefficient of soil. 
Rayleigh damping was a common and effective damping in 
numerical analysis, which was regarded to be a linear 
combination of mass and stiffness matrices of the system 
with two constants, expressed as 

C M K    (6) 

where C, M and K are the damping, mass and stiffness 

matrices of soil, respectively; α and β are the Rayleigh 

damping coefficients. The Rayleigh damping coefficients 

can be written as 

nm

nm

nm

ωω

2ξ

ωω

ωω2ξ
α

i

i









 (7) 

where 
m  and 

n  are the first and second target 
frequencies, respectively; 

i  is the equivalent viscous 
damping ratio. 

 
2.4 Input ground motion 

 

The selection and input of the seismic wave were critical  

Table 2 Different soil-structure relative stiffness cases 

Longitudinal column 

distance (m) 

Equivalent elastic 

modulus of middle 

column (GPa) 

Kh (kN/mm) Rh Kv (kN/mm) Rv 

6 5.00 25.39 1.63 1395.81 0.09 

8 3.75 22.90 1.81 1194.71 0.10 

10 3.00 21.07 1.97 1045.49 0.12 

12 2.50 19.66 2.11 930.65 0.13 

  
(a) Horizontal relative stiffness ratio (b) Vertical relative stiffness ratio 

Fig. 6 Variations of horizontal relative stiffness ratio and vertical relative stiffness ratio with longitudinal spacing of 

middle columns 
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steps in seismic response analysis. Due to the influence of 

noise and other factors, seismic waves were processed for 

the seismic analysis. The seismic waves recorded by Kobe 

University were used in this study. The first 20 s of the 

prototype seismic recording which was processed by 

baseline correction was selected as the input ground motion 

by filtering and scaling to match the peak ground 

accelerations (PGAs) of 0.1 g, 0.15 g, 0.2 g and 0.25 g, 

respectively. The earthquake record from Kobe University 

is shown in Fig. 7. 

 
 
3. Numerical results and discussions 

 
3.1 Displacement of ground surface 
 

Fig. 8 illustrates the variations of ground vertical 

displacement with ground horizontal positions for different 

vertical stiffness ratios under the input PGAs of 0.1 g, 0.15 

g, 0.2 g and 0.25 g, respectively. Under the PGA of 0.1 g, 

the curves of ground vertical displacements are in the type 

of “W”, as shown in Fig. 8(a). There are some extreme 

points in these displacement curves, with four minimum 

points and three maximum points. The minimum points are 

located at 67 m, 73 m, 87 m and 93 m and the maximum 

points are located at 70 m and 90 m, respectively. With the 

increase of the vertical stiffness ratio, the vertical 

displacement above the center of the station is 5.71 mm, 

3.40 mm, 1.01 mm and -1.64 mm, respectively. The upward 

displacement of the ground surface decreases gradually 

with the vertical stiffness ratio increasing. When the vertical 

stiffness ratio is 0.13, the subsidence of the ground surface 

occurs. Under the PGA of 0.15 g, with the increase of 

vertical stiffness ratio, the vertical displacements above the 

station center are 8.34 mm, 3.58 mm, -1.56 mm and -7.37 

mm, respectively, as shown in Fig. 8(b). When the vertical 

stiffness ratios are 0.09 and 0.10, the ground surface upward  

 

 

displacements are 46.06% and 5.29% larger than that under 

PGA = 0.1 g, respectively. The surface subsidence occurs 

when the vertical stiffness ratio is 0.12. The ground surface 

settlement is 4.49 times larger than that under PGA = 0.1 g 

when the vertical stiffness ratio is 0.13. Under the PGA of 

0.2 g, the vertical displacements above the station center are 

11.41 mm, 3.11 mm, -6.92 mm and -44.79 mm, respectively 

as the vertical stiffness ratio increases, as shown in Fig. 

8(c). When the vertical stiffness ratio is 0.09, the ground 

surface displacement continues to increase compared with 

that under the PGAs of 0.1 g and 0.15 g. However, the 

upward displacement of the ground surface begins to 

decrease with Rv = 0.10. When the vertical stiffness ratios 

are 0.12 and 0.13, the ground surface settlements increase 

compared with that under the PGAs of 0.1 g and 0.15 g. 

The curve of the settlement with Rv = 0.13 is in the type of 

“U”. Under the PGA of 0.25 g, with the increase of vertical 

stiffness ratio, the vertical displacements above the station 

center are 13.83 mm, 0.91 mm, -31.6 mm and -82.47 mm, 

respectively, as shown in Fig. 8(d). The changing trend of 

displacements is consistent with that under PGA = 0.2 g.  
The variations of ground vertical displacement above 

the center of the station with the PGA for different vertical 
relative stiffness ratios are shown in Fig. 9. The vertical 
displacement increases linearly with PGA when Rv is 0.09. 
For Rv = 0.10, the variation amplitude of vertical 
displacement is relatively small with the PGA increasing 
from 0.1 g to 0.25 g. When the vertical stiffness ratios are 
0.12 and 0.13, the ground surface settlement develops 
rapidly when the PGA increases from 0.1 g to 0.25 g. The 
variation of land surface settlement with Rv = 0.13 is larger 
than that with Rv = 0.12. It can be concluded from the 
results that the ground surface with higher vertical stiffness 
ratio is more likely to settle than that with lower vertical 
stiffness ratio. The ground subsidence may be caused by the 
loss of the bearing capacity of the subway station columns 
due to the increase of the peak acceleration of ground 
motion. 

 

Fig. 7 Kobe motion 
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3.2 Near-field acceleration response 
 
In order to study the effect of the soil-structure relative 

stiffness on the near-field acceleration, observation points 1, 

2 and 3 are assigned around the station, as presented in Fig. 

10. The variations of the maximum horizontal acceleration 

of the observation points along the height under different 

 

 

 

PGAs are shown in Fig. 11. When PGA = 0.1 g, there is no 

obvious difference for the variation of acceleration with 

height among different horizontal stiffness ratios, and the 

acceleration increment of the soil around the upper floor of 

the structure is larger than that of the lower floor, as shown 

in Fig. 11(a). When the PGA is larger than 0.1 g, the 

acceleration decreases first and then increases along the  

  
(a) PGA = 0.1 g (b) PGA = 0.15 g 

  
(c) PGA = 0.2 g (d) PGA = 0.25 g 

Fig. 8 Variations of ground vertical displacement with ground horizontal positions for different vertical relative stiffness 

ratios under different PGAs 

 
Fig. 9 Variations of ground vertical displacement above the center of the station with the PGA for different vertical relative 

stiffness ratios 
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height, as shown in Figs. 11(b)-11(d). The difference among 

the variations of acceleration along height under different 

horizontal stiffness ratios is more obvious with the increase 

of PGA. In this study, the acceleration magnification is 

defined as the ratio of the maximum acceleration value at 

observation point 1 to the maximum acceleration value at 

observation point 3. Fig. 12 shows the variations of 

acceleration magnification with horizontal relative stiffness 

ratio under different PGAs. When PGA is less than or equal 

to 0.15 g, the acceleration magnification is larger than 1, 

which means that the acceleration is amplified. When PGA 

= 0.2 g, the acceleration magnification with the Rh less than 

 

 

 

2.11 is larger than 1, while that with Rh = 2.11 is less than 1. 

When PGA = 0.25 g, the acceleration magnifications under 

four horizontal relative stiffness ratios are less than 1. 

Besides, the horizontal relative stiffness has different effects 

on acceleration amplification under different PGAs. The 

acceleration magnification showed a slowly increasing 

trend when PGA = 0.1 g. However, when PGA is larger 

than 0.1 g, the acceleration magnification decreases rapidly 

with the increase of horizontal stiffness ratio. 

From the above analysis, it can be concluded that under 

strong earthquakes, the acceleration magnification of the 

site around the subway station decreases with the increase  

 

Fig. 10 Location of site acceleration observation points 

  
(a) PGA = 0.1 g (b) PGA = 0.15 g 

  
(c) PGA = 0.2 g (d) PGA = 0.25 g 

Fig. 11 Variations of maximum acceleration of the observation points with height for different horizontal relative 

stiffness ratios under different PGAs 
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of the horizontal stiffness ratio. The increase in ground 
motion causes the acceleration magnification to be less than 
1. The reason for this phenomenon may be due to the 
reduction of station structure stiffness. When PGA = 0.1 g, 
the effect of horizontal relative stiffness on near-field 
acceleration can be ignored in the seismic design of 
underground structures. However, when PGA is higher than 
0.1 g, the relative stiffness has a significant effect on the 
acceleration.  

 
3.3 Damage of subway station 
 
The failure of the structures with different longitudinal 

column spacing was analyzed based on tensile and 

compressive damage factors to study the influence of 

relative stiffness on the damage of the subway station under 

earthquake. Fig. 13 illustrates the tensile and compression 

damage distributed contour diagrams of the subway station 

with different relative stiffness under PGA = 0.1 g. The 

compression damage of the structure is mainly observed at 

the end of the middle columns and the end of the middle 

slabs, especially the former one. Slight compression 

damage is observed at the joints between the sidewalls and 

the slabs. With the increase of the longitudinal column 

spacing of the station, the compression failure areas of the 

middle columns of the structure gradually extend from the 

ends of the columns to the middle, increasing the damage 

areas. This explains that the settlement in section 3.1 first 

appears on the ground surface with a large relative stiffness 

ratio. The tensile damage of the station structure mainly 

concentrates on the ends of the columns, the joints between 

the sidewalls and the slabs, and the ends of the middle 

slabs. The whole station suffers serious tensile damage, 

especially at the column ends. With the increase of the 

longitudinal distance between columns, the tensile damage 

areas at the ends of the column decrease, while the tensile 

damage areas at the joints between the sidewalls and the 

slabs increase.  
In summary, under the same seismic wave, the ends of 

the middle column with a higher relative stiffness ratio will  
suffer more serious compression damage, while suffering  

 
 
less tensile damage. Moreover, the tensile damage at the 
joints between the sidewalls and the bottom slab increases 
with the relative stiffness increasing. 

 
3.4 Horizontal relative displacement of sidewall 
 
Under the action of the earthquake, the station sidewalls 

are subjected to horizontal seismic force and thus produce 
horizontal displacement. Fig. 14 shows the horizontal 
relative displacements of the station sidewalls after the 
earthquake with PGA = 0.1 g. After the earthquake, the 
maximum horizontal relative displacement of the left wall 
of the station occurs in the middle of the upper floor shown 
in Fig. 14(a), while the maximum horizontal relative 
displacement of the right wall of the station occurs in the 
middle of the lower floor shown in Fig. 14(b). With the 
increase of the horizontal stiffness ratio, the horizontal 
relative deformations of the left wall are 12.26 mm, 14.49 
mm, 15.62 mm and 16.89 mm, respectively and those of the 
right wall are 8.41 mm, 10.12 mm, 11.49 mm and 13.13 
mm, respectively. The horizontal relative deformation of 
station sidewalls increases with the Rh increasing. The 
relative deformation of the left wall with Rh = 2.11 is 
37.77% larger than that of the left wall with Rh = 1.63, 
while the relative deformation of the right wall with Rh = 
2.11 is 56.12% larger than that of the right wall with Rh = 
1.63.  

Fig. 15 illustrates the variations of the maximum 
horizontal relative displacements of the station sidewalls 
with the horizontal stiffness ratio under PGA = 0.1 g. The 
maximum horizontal relative displacements increase 
approximately linearly with the horizontal stiffness ratio 
increasing. As shown in Fig. 15, the change slopes of the 
left wall and the right wall are approximately 17.58 and 
15.14, respectively, and the difference between the change 
slopes of the left and right walls is small because the left 
and right sidewalls of the station maintain synchronous 
deformation during the earthquake and the station structure 
maintains a parallelogram shape. In general, the relative  
stiffness has a significant influence on the deformation of 
station sidewalls, which should be considered in the seismic 
design.  

 

Fig. 12 Variations of acceleration magnification with horizontal relative stiffness ratio under different PGAs 
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(a) Longitudinal column spacing 6 m 

  
(b) Longitudinal column spacing 8 m 

  
(c) Longitudinal column spacing 10 m 

  
(d) Longitudinal column spacing 12 m 

Fig. 13 Damage distributed contour diagrams of the subway station with different longitudinal middle column spacing 

  
(a) Left sidewall (b) Right sidewall 

Fig. 14 Horizontal relative displacements of the sidewalls after the action of 0.1 g seismic wave under different 

horizontal relative stiffness ratios 
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3.5 Deformation of middle column 
 

The middle column is the key component of seismic 

resistance in subway stations. In order to investigate the 

horizontal deformation of the middle columns, the left 

middle columns of the subway station were selected for 

analysis. The horizontal relative displacements of the upper 

and lower left middle columns along the height are shown 

in Fig. 16. The left middle column of the upper floor of the 

station is inclined to the right and there exist abrupt changes 

at the ends of the middle column, as shown in Fig. 16(a).  

The abrupt change amplitude of displacement increases 

with the horizontal stiffness ratio increasing, resulting from 

arching outward of the column surface due to the 

compression failure. With the increase of the horizontal 

stiffness ratio, the amplitude of the column tilting to the 

right decreases, resulting in less tensile failure, as concluded 

in Section 3.4. The middle column on the left side of the 

lower floor of the station is inclined to the left and the 

variations of the horizontal relative displacement with the 

 

 

 

height are the same as that of the left middle column of the 

upper floor, as shown in Fig. 16(b). 

It is concluded that the increase of the horizontal 

stiffness ratio leads to greater compression failure at the end 

of the column and less tilt amplitude of the column under 

the same seismic wave. Therefore, the relative stiffness has 

a significant effect on the deformation of the column. 

 

3.6 Horizontal relative displacement between slabs 
 

Fig. 17 shows the time-history curves of horizontal 

relative displacements between the ceiling and the bottom 

slab with different horizontal stiffness ratios under PGA = 

0.1 g. The maximum horizontal relative displacements with 

the Rh of 1.63, 1.81, 1.97 and 2.11 are 52.83 mm, 55.57 

mm, 57.90 mm and 60.29 mm, respectively. The horizontal 

relative displacement increases 14.12% with the soil-

structure horizonal relative stiffness ratio increasing from 

1.63 to 2.11. Similar conclusions were drawn in a recent 

study (Xu et al. 2019). The maximum inter-story drift  

 

Fig. 15 Maximum horizontal relative displacements of the sidewalls with different horizontal relative stiffness ratios 

  
(a) Left column on the upper floor (b) Left column on the lower floor 

Fig. 16 Horizontal relative displacements of the left middle columns after the action of 0.1 g seismic wave under 

different horizontal relative stiffness ratios 

177



 

Min-Zhe Xu, Zhen-Dong Cui and Li Yuan 

 

 

 

 

 

angles between the ceiling and the bottom slab are 

3.77/1000, 3.97/1000, 4.14/1000 and 4.31/1000, 

respectively. The maximum inter-story drift angle with Rh = 

2.11 is 14.32% larger than that with Rh = 1.63. According to 

Zhuang et al. (2019), the seismic performance levels of 

subway station is summarized in Table 3, in which the inter-

story drift angle (IDA) is used as a quantitative criterion. 

The subway station is moderately damaged with the Rh of 

1.63 and 1.81. When the Rh increase to 1.97, the station  

 

 

 

 

structure will be severely damaged. It can be illustrated 

from the results that the damage degree of subway station is 

related to the horizontal relative stiffness between soil and 

station structure. 

 
3.7 Vertical displacement of structure 
 

Fig. 18 illustrates the variations of the vertical 

displacements of the ceiling slab with its horizontal  

 
Fig. 17 Horizontal relative displacements between the ceiling and bottom slab with PGA = 0.1 g under different horizontal 

relative stiffness ratios 

 

Fig. 18 Vertical displacements of the ceiling with PGA = 0.1 g under different vertical relative stiffness ratios 

Table 3 Seismic performance levels of subway station 

Seismic performance level Structural behavior Ultimate IDA 

Level 1 Undamaged θmax ≤ 1.2/1000 

Level 2 Slightly damaged 1.2/1000 < θmax ≤ 2.5/1000 

Level 3 Moderately damaged 2.5/1000 < θmax ≤ 4.0/1000 

Level 4 Severely damaged 4.0/1000 < θmax ≤ 6.0/1000 

Level 5 Destroyed θmax > 6.0/1000 
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locations for different vertical stiffness ratios under the 

PGA of 0.1 g. The curves of the vertical displacements of 

the ceiling are in the type of “W”, which are approximately 

the same as those of the ground surface shown in Fig. 8, 

indicating that the ground surface settlement is mainly 

affected by the deformation of the ceiling of the station. The 

curves arch upward in the mid-span ceiling and depress 

downward in the left and right spans. The vertical 

displacements of the mid-span ceiling are 7.77 mm, 5.36 

mm, 2.82 mm and -0.09 mm respectively as the Rv 

increases under the earthquake of PGA = 0.1 g. The 

maximum deformations of the side spans of the ceiling are -

7.76 mm, -10.34 mm, -11.89 mm and -13.44 mm, 

respectively. The higher the vertical stiffness ratio, the 

smaller the vertical displacement of the ceiling. However, 

the maximum displacements of the ends of the ceiling 

increase with the vertical stiffness ratio increasing, which 

are 4.47 mm, 4.96 mm, 5.48 mm and 6.29 mm, respectively, 

resulting in the increase of the relative deformations of the 

ceiling, which are 12.23 mm, 15.30 mm, 17.37 mm and 

19.73 mm, respectively. The relative deformation of the 

ceiling with Rv = 0.13 is 61.32% larger than that of the 

ceiling with Rv = 0.09. The results indicate that the increase 

of the vertical stiffness ratio results in the higher relative 

deformation of the ceiling. 

Fig. 19 illustrates the variations of the vertical 

displacements of the bottom slab with its horizontal 

locations for different vertical stiffness ratios under the 

PGA of 0.1 g. The vertical displacement curves of the 

bottom slab show the shape of “M”. The maximum vertical 

displacements occur in the right span of the bottom slab, 

which are 3.60 mm, 3.75 mm, 3.95 mm and 3.98 mm, 

respectively with the vertical stiffness ratio increasing. 

Moreover, the relative deformations of the bottom slab are 

5.97 mm, 6.31 mm, 6.51 mm and 6.30 mm, respectively. 

Therefore, the relative stiffness has little influence on the 

relative deformation of the bottom slab. 

 

 
4. Conclusions 

 

In this paper, the soil-structure relative stiffness ratios 

were defined from the horizontal and vertical directions, 

respectively. The effect of relative stiffness on the seismic 

response characteristics of two-story three-span subway 

stations in inhomogeneous soft soil was investigated by the 

numerical simulation. In addition, the influence of the 

inhomogeneity of soil and the intensity of input ground 

motion were considered and quantitatively analyzed. The 

numerical results demonstrate that the soil-structure relative 

stiffness has a significant influence on the deformation of 

the structure and surrounding field. The main conclusions 

drawn from this study are as follows. 

(1) The ground surface with higher soil-structure 

vertical stiffness ratio is more likely to settle than that with 

lower vertical stiffness ratio. When the PGA is less than or 

equal to 0.15 g, the curves of the ground vertical 

displacements exhibit a “W” shape. However, for the PGA 

greater than or equal to 0.2 g, the ground surface with the 

vertical stiffness ratio of 0.13 is in the type of "U". 

(2) Under strong earthquakes, the acceleration 

magnification of the site surrounding the subway station 

decreases as the horizontal stiffness ratio increases. The 

difference among the accelerations under different 

horizontal stiffness ratios is more obvious with the PGA 

increasing. The influence of horizontal relative stiffness on 

near-field acceleration under strong earthquakes is greater 

than that under small earthquakes. 

(3) When subjected to the same seismic wave, middle 

columns with higher relative stiffness ratios endure more 

severe compression damage but less tensile damage. 

Additionally, the relative stiffness affects the extent of 

tensile damage at the joints between the sidewalls and the 

bottom slab. 

(4) The horizontal relative deformation of station 

sidewalls increases with the horizontal stiffness ratio 

 

Fig. 19 Vertical displacements of the bottom slab with PGA = 0.1 g under different vertical relative stiffness ratios 
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increasing, with the left wall experiencing a 37.77% greater 

deformation at Rh = 2.11 compared to Rh = 1.63, and the 

right wall showing a 56.12% larger deformation at Rh = 2.11 

compared to Rh = 1.63. In addition, the maximum horizontal 

relative displacements of the sidewalls increase 

approximately linearly as the horizontal stiffness ratio 

increases. 

(5) After the earthquake, the left middle column of the 

lower floor is inclined to the right, while the middle column 

on the left side of the upper floor is inclined to the left. The 

increase of the horizontal stiffness ratio leads to greater 

compression failure at the ends of the column and less tilt 

amplitude of the column. 

(6) Under PGA = 0.1 g, the curves of the vertical 

displacements of the ceiling exhibit a “W” shape and those 

of the bottom slab show a “M” shape. The increase of the 

vertical stiffness ratio results in higher relative deformation 

of the ceiling. However, the relative stiffness has little 

influence on the relative deformation of the bottom slab. 

Besides, the maximum horizontal relative displacements 

between slabs and maximum inter-story drift angles 

increase with the increase of the horizontal stiffness ratio. 
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