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1. Introduction 
 

Ground deformation caused by sand liquefaction is one 

of the most serious threats to the safety of buildings and 

infrastructures. In the past, underground structures have 

suffered severe damage due to sand liquefaction (Tokimatsu 

and Asaka 1998, Kang et al. 2014). For example, there was 

widespread sand liquefaction during the 1964 Niigata 

earthquake, which led to serious damage of a lot of 

underground pipelines (Hamada et al. 1987). Meanwhile, 

sand liquefaction resulting in the damage of underground 

structures was also detected in some other seismic events, 

such as the 1993 Kushiro-Oki earthquake (Suzuki et al. 

2006), the 1994 Hokkaido Toho-Oki earthquake (Koseki et 

al. 2000) and the 1995 Kobe earthquake (Zhuang et al. 

2015a). With the rapid development and increasingly 

serious traffic congestion in China, a lot of subway stations 

have been built in recent years and many of them are buried 

in the sand foundation. Sand liquefaction can have a serious 

influence on the seismic behavior of subway stations. Thus, 

subway stations buried in the sand foundation are at great 

risk of seismic damage. 

In the past, given the constraints of the soil and rock, 

underground structures were usually considered to have 

greater seismic performance than ground structures (Lu and 

Hwang 2019). Since the Kobe earthquake in 1995, the  
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complete failure of the Daikai station has attracted 

widespread attention to the seismic defense of underground 

buildings all over the world. To inquire about the seismic 

performance of underground structures, plenty of numerical 

research has been carried out in recent years (Hashash et al. 

2001, Dong et al. 2020, Kwon et al. 2020, Sudevan et al. 

2020, Ebadi-Jamkhaneh et al. 2021, Cui et al. 2023a, Jaber 

et al. 2023). The research results demonstrated that the 

middle columns are the parts of subway stations that are 

most susceptible to seismic damage. Compared to the 

deeply buried underground structure, the shallowly buried 

structure is more likely to be destroyed in earthquakes 

(Unutmaz 2014, Cheng and Sun 2018). Ground deformation 

also greatly affects the seismic behavior of subway stations 

(Huo et al. 2005). Therefore, subway stations shallowly 

buried in the sandy soil foundation may suffer more serious 

seismic damage due to ground deformation induced by sand 

liquefaction. In liquefiable sites, soil liquefaction may lead 

to the uplift of underground structures, which will further 

cause large ground displacement (Sudevan et al. 2020, 

Chou and Lin 2020). The site close to the subway station is 

more likely to liquefy than the site further away and the 

seismic behavior of underground stations may be weakened 

by the liquefied soils. (Zhuang et al. 2015a). The uplift 

behavior of subway stations aggravates the liquefaction 

degree of the foundation below the station (Wang et al. 

2019). Meanwhile, seismic intensity plays a critical role in 

the study of seismic response. The seismic response of 

subway stations was commonly studied by applying 

different seismic intensities (Tsinidis 2017, Yoo et al. 2022, 

Xu et al. 2024). The degree of sand liquefaction is usually  
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higher under strong earthquakes than under relatively weak 

earthquakes (Azadi and Hosseini 2010). The increment of 

the PGA of seismic waves leads to a more obvious 

phenomenon of high-frequency filtering and low-frequency 

amplification (Chen et al. 2014). Currently, most of the 

research focuses on the seismic defense of underground 

stations shallowly buried in fully saturated sand 

foundations. However, few studies concentrate on the 

impact of different groundwater levels on the seismic 

behavior of underground stations buried in the sand 

foundation. In natural soil layers, the groundwater level is 

not necessarily at the ground surface. Thus, it is vital to 

explore the seismic behavior of underground stations and 

the surrounding sites with different groundwater levels. 

Herein, the effects of different groundwater levels on the 

seismic behavior of the Daikai subway station were 

investigated by numerical analyses in this paper. A 3D 

numerical model for the dynamic interaction soil-structure 

system was established by applying the fully nonlinear 

finite difference program FLAC3D. The fluid-solid coupling 

was considered in the numerical calculation model. 

Meanwhile, the impact of input ground motions with 

different seismic intensities on the seismic behavior of the 

subway station and the surrounding soil was explored. 

According to the numerical results, the effects of 

groundwater level on the site liquefaction, ground 

displacement, dynamic soil pressure, ground acceleration 

and structural stress were discussed and analyzed, 

respectively. 

 

 

2. Numerical models 
 

2.1 Soil and station models 
 

The Daikai station was the first underground station to 

be destroyed by an earthquake, which has attracted 

widespread attention to the seismic behavior of 

underground stations. The construction of the Daikai station 

used the cut-and-cover method and the impacts of 

earthquakes were not considered in the structural design 

(Iida et al. 1996). The failure of the Daikai station led to a 

maximum settlement of 2.5 m on the ground surface in the 

 

 

1995 Kobe earthquake (Sun et al. 2019). Therefore, the 

most seriously damaged part of the Daikai station was used 

as the numerical station model. The cross-section size of the 

selected part was 17 m in width and 7.17 m in height, as 

shown in Fig. 1. The middle columns were 3.82 m high and 

were supported by the 1.6 m high upper beam and the 1.75 

m high lower beam. The middle column has a rectangular 

cross-section with a size of 1.0 m×0.4 m. The longitudinal 

distance between the middle columns was 3.5 m. The 

Daikai station was buried around 4.8 m under the surface. 

A three-dimensional numerical model with the size of 

119 m×10.5 m×30 m was established by the finite 

difference program FLAC3D, consisting of the Daikai 

station and the surrounding sand foundation, as illustrated 

in Fig. 2(a). The three spans in the longitudinal direction of 

the subway station were selected, as seen in Fig. 2(b). The 

calculation model has 13441 solid elements and 17217 grid 

nodes. The monitoring plane was located in the center of 

the longitudinal direction of the model. To explore the effect 

of groundwater level, four different depths of the water 

table were considered, as depicted in Fig. 3. The depth of 

the groundwater level (H) was determined to be the distance 

between the ground surface and the groundwater surface. 

The fluid-solid coupling was considered in the calculation 

model. 

In the numerical analyses, the application of the 

boundary conditions was divided into two steps. In the 

static analysis step, the normal displacement constraints 

were applied on the bottom boundary and lateral boundary 

by fixing the nodal velocity of the boundaries. 

Subsequently, the lateral boundary condition was released 

in the dynamic calculation step. The normal displacement 

on the model bottom boundary was constrained considering 

that the numerical model was positioned on the bedrock 

surface. The free-field boundary was adapted to the lateral 

boundary to mitigate the effect of the reflected wave. The 

seismic waves were applied by setting the acceleration time 

history at the bottom boundary. 

The maximum calculation element size was determined 

to satisfy seismic wave propagation calculation accuracy 

requirements, which was expressed as Eq. (1) (Kuhlemeyer 

and Lysmer 1973). 

 

Fig. 1 Cross-section of the Daikai station 
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where sV  is the velocity of the shear wave; maxf  is the cut-

off frequency of the seismic wave, taken as 5 Hz. Therefore, 

the maximum element size adopted in this study was 1.7 m. 

For the soil-structure contact relationship, the slip and 

separation of the contact surface were described by using 

the no-thickness surface element. The contact surface 

consists of a large number of triangular surface elements 

with three nodes, as shown in Fig. 4. The contact surface 

nodes are generated if the contact surface and target surface 

connect. Each node has a corresponding representation area.  

 

 

 

The contact stiffness in the tangential and normal 

directions was determined to be ten times the corresponding 

stiffness of the underground station (Wu et al. 2021). The 

contact surface follows the Coulomb friction criterion in the 

tangential direction. The friction angle and cohesion of the 

contact surface were determined to be 21.8° ( 0.4) =  

(Bobet et al. 2008, Cui et al. 2023b) and 0, respectively. 

 

2.2 Constitutive model and material properties 

 

In the dynamic calculation, the Finn constitutive model 

is usually used to reflect the accumulation of pore water 

pressure in sand, which is shown in Eq. (2). 

 

(a) 3D FDM model for the soil-structure interaction system 

 

(b) 3D FDM model of the subway station 

Fig. 2 Numerical model for soil and subway station 

 

Fig. 3 Depths of the groundwater level 

319



 

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

 

 

 
 

vd vd
1 2expC C

 

 

  
= − 

 

 (2) 

where 𝛥𝜀vd is the increment of plastic volume strain; 𝜀vd is 

the plastic volume strain; 𝛾 is the shear strain; 𝐶1 and 𝐶2 are 

the constants.  

The detailed numerical calculation parameters of the 

sand are listed in Table 1. The material of the subway 

station was C30 concrete, which was assumed to be 

impervious to water. The concrete in the numerical model 

was considered to be a linear elastic material. The 

numerical parameters of the concrete were a density of 

2450 kg/m3, Poisson’s ratio of 0.2 and Young’s modulus of 

30 GPa. The Rayleigh damping was a common and 

effective damping to model the viscous damping in 

numerical research. It was regarded as a calculation 

function of a mass matrix and a stiffness matrix, calculated 

as Eq. (3).  

𝐶 = 𝛼𝑀 + 𝛽𝐾 (3) 

where 𝛼 and 𝛽 are the constants of Rayleigh damping; C, M 

and K are the damping, mass matrix and stiffness matrix of 

soil. In this study, the Rayleigh damping was applied to the 

site and the subway station with a critical damping of 2% 

and 5% respectively. To reduce the influence of the 

frequency-dependent, the central frequency of the Rayleigh 

damping was determined by selecting the fundamental 

frequency of the site and three times the fundamental 

frequency of the site. 

 

 
 
2.3 Seismic input 
 
The seismic waves next to the Daikai station recorded at 

the Kobe meteorological observatory in the Great Hanshin 
earthquake were used in this study. Fig. 5 shows the 
acceleration and the Fourier spectrum of the earthquake. 
The 1~21 s of the prototype seismic records was taken as 
the seismic input of the bedrock, which includes the intense 
ground motion duration. To eliminate the impact of the 
high-frequency noise, the records were processed by 
filtering the waves with frequencies larger than 5 Hz. The 
baseline correction was used to reduce residual velocity and 
displacement of the model at the end of the dynamic 
calculation. The peak ground acceleration (PGA) of the 
records was scaled to 0.1 g, 0.2 g, 0.3 g and 0.4 g 
respectively to simulate different seismic intensities. 

 
 

3. Numerical results and analysis for the site 
 
3.1 Site liquefaction 
 
The effect of different groundwater levels on the 

liquefaction region of the foundation near the station structure 
during the earthquake with PGA = 0.2 g has been presented, as 
seen in Fig. 6. The liquefaction is commonly described by the 
excess pore water pressure (EPWP) ratio, which can be 
calculated by Eq. (4). 

𝑅u =
𝛥𝑢

𝜎v0
′

 (4) 

 

Fig. 4 Contact surface element 

Table 1 Numerical calculation parameters of the sand 

Parameter Value Parameter Value 

Bulk modulus (MPa) 120 Permeability coefficient (cm/s) 1.25×10-2 

Shear modulus (MPa) 40 Porosity 0.45 

Cohesion (kPa) 0 

Byrne model 

C1 = 0.4299 

Friction angle (°) 35 C2 = 0.9304 

Dry density (kg/m3) 1900 C3 = 0 
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Fig. 5 Kobe earthquake record 

 
(a) H = 1.6 m 

 
(b) H = 4.8 m 

 
(c) H = 8.385 m 

 

(d) H = 15 m 

Fig. 6 Liquefaction region of the site during the earthquake with PGA = 0.2 g 
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where 𝑅u  is the EPWP ratio; 𝛥𝑢  is the EPWP; 𝜎v0
′  is the 

vertical initial effective stress. The sand is generally 

regarded to be liquefied if the EPWP ratio exceeds 0.8 

(Ding et al. 2021). It can be shown that the liquefaction of 

the ground is obviously influenced by the underground 

station. The liquefaction of the surrounding foundation is 

restrained by the station structure, which causes no obvious 

liquefaction around the sidewalls of the subway station. As 

for the inhibition of the structure on sand liquefaction, some 

similar conclusions were drawn in a recent study (An et al. 

2021). Besides, obvious liquefaction behavior has been 

observed in the site beneath the subway station and the far-

field foundation. When the depths of the water table are 1.6 

m, 4.8 m and 8.385 m, the depths of soil liquefaction below 

the station structure are 26.8 m, 26.2 m and 25.5 m, 

respectively. The liquefaction depth beneath the 

underground station structure declines with the decrease of 

the water table. When the depth of the groundwater level is 

15 m, only slight liquefaction has been observed in the site 

below the subway station. There is no obvious liquefaction 

in the far-field foundation. It can be concluded that the 

decrease of groundwater level can significantly reduce the 

liquefaction range of the foundation near the station. The 

site beneath the station is more likely to liquefy compared 

to other locations of the foundation. The reason could be 

 

 
 
that the uplift behavior of the station causes the rise of the 
EPWP ratio in this area, which agrees with some previous 
numerical research results for the seismic analysis of the 
underground station buried in the liquefiable foundation 
(Wang et al. 2019). 

The measurement point layout of the site is depicted in 
Fig. 7. To further explore the impact of different 
groundwater levels on the liquefaction situation of the 
foundation with the station, the dynamic EPWP responses 
of the site under the structure (measurement point 4) subject 
to the earthquake with PGA of 0.2 g is presented in Fig. 8. 
In general, the EPWP becomes higher with the water table 
becoming deeper. After 10 seconds, the dissipation of 
EPWP when H = 15 m is more significant compared to 
other groundwater levels. Under the earthquake, the EPWP 
ratios at the site below the subway station exceed 0.8 under 
four different groundwater levels, which implies that the 
soil beneath the structure has undergone liquefaction. In 
addition, the EPWP ratio rises first and then declines as the 
depth of the water table increases. The reason for the rise of 
the EPWP ratio could be that the EPWP grows obviously as 
the depth of groundwater level rises from 1.6 m to 8.385 m. 
However, when H = 15 m, the increase in the vertical initial 
effective stress is larger than the rise of the EPWP, which 
causes the reduction of the EPWP ratio at measurement 
point 4. 

 

Fig. 7 Measurement points of the site 

0 5 10 15 20
0

20

40

60

80

100

120

140

160

180

200

220

240

260

280

300

E
x
ce

ss
 p

o
re

 p
re

ss
u
re

 (
k
P

a)

Time (s)

 H = 1.600 m

 H = 4.800 m

 H = 8.385 m

 H = 15.00 m

 

0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

E
x
ce

ss
 p

o
re

 p
re

ss
u
re

 r
at

io

Time (s)

 H = 1.600 m

 H = 4.800 m

 H = 8.385 m

 H = 15.00 m

 
(a) EPWP (b) EPWP ratio 

Fig. 8 Dynamic excess pore pressure responses at measurement point 4 under PGA = 0.2 g 
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3.2 Ground displacement response 
 

The ground displacements for different depths of the 

water table are then discussed and analyzed. The vertical 

displacements of the overall site with different groundwater 

levels under PGA = 0.4 g are presented in Fig. 9. As the 

depth of the groundwater level increases, the area of ground  

 

 

settlement adjacent to the station structure gradually 

decreases. The subway station buried in the foundation with 

a higher groundwater level has a more serious uplift, which 

further causes larger ground vertical displacement. Fig. 10 

illustrates the displacement vector of the overall site when 

the depth of the groundwater level is 1.6 m. It can be seen 

that the liquefied soil flows to the bottom of the station,  

 
(a) H = 1.6 m 

 
(b) H = 4.8 m 

 
(c) H = 8.385 m 

 

(d) H = 15 m 

Fig. 9 Vertical displacement of the overall site under PGA of 0.4 g 
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which intensifies the uplift behavior of the underground 

station. The variation of ground vertical displacement with 

horizontal distance to the station column during the 

earthquake with PGA = 0.4 g are presented in Fig. 11.  

 

 

 

 

When PGA = 0.4 g, the peak ground vertical 

displacements are 665.02 mm, 314.37 mm, 93.02 mm and 

2.21 mm respectively under four different depths of 

groundwater level from 1.6 m to 15 m. The decrease of  

 

Fig. 10 Displacement vector of the overall site under PGA of 0.4 g 
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Fig. 11 Variation of ground vertical displacement with horizontal distance to the middle column for the input PGA of 

0.4 g 
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Fig. 12 Time-history curve of vertical displacement at measurement point 5 under PGA = 0.4 g 
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groundwater level greatly reduces the ground vertical 

displacement above the subway station after the earthquake. 

To further illustrate the ground subsidence, Fig. 12 

illustrates the time history of vertical displacement at 

measurement point 5. It can be stated that the seismic 

subsidence of the ground next to the underground station 

decreases with the decrease of groundwater level. After the 

earthquake, the final settlements are 210.15 mm, 127.20 

mm, 52.68 mm and 35.30 mm respectively as the depth of 

the groundwater level rises from 1.6 m to 15 m. The final 

settlement at H = 1.6 m is about 6 times that at H = 15 m. It 

can be illustrated that the ground subsidence is significantly 

affected by the groundwater level. 

 

3.3 Ground acceleration response 
 

The variation of peak ground acceleration with the depth of 

the water table at measurement point 1 under different PGAs 

are presented in Fig. 13. Obviously, the peak ground 

acceleration rises as the depth of the water table increases. The 

development tendency of the ground peak acceleration is 

approximately consistent under different PGAs. When the 

input PGAs are 0.1 g, 0.2 g, 0.3 g and 0.4 g, the ground peak 

acceleration at H = 15 m is 42.85%, 52.78%, 62.48% and 

70.79% larger than that at H = 1.6 m, respectively. It can be 

concluded that the variation amplitude of the peak ground 

acceleration rises with the increment of seismic intensity. The 

reason could be that when the groundwater level is relatively 

high, the liquefaction of the site is more serious under strong 

earthquakes, which leads to the stronger seismic isolation of 

the liquefied soils. 

 

3.4 Dynamic soil pressure 
 

To explore the influence of the different groundwater 

levels on dynamic soil pressure near the sidewall of the 

underground station, the variations of dynamic soil pressure 

with time at measurement points 2 and 3 are presented in  

 

 

Fig. 14. The buried depth of measurement point 2 is 

between 4.8 m and 8.385 m. Therefore, when the depths of 

the water table are 8.385 m and 15 m, measurement point 2 

is above the groundwater level. Similarly, the measurement 

point 3 is above the groundwater level when H = 15. The 

results reveal that the variation amplitude of dynamic soil 

pressure below the water table is larger than that above the 

water table during earthquakes. The dynamic soil pressure 

decreases smoothly from 0 s to 3.4 s and then fluctuates 

after 3.4 s. In general, the dynamic soil pressure next to the 

sidewall of the underground station increases with the 

increment of seismic intensity. Meanwhile, the dynamic soil 

pressure decreases with the decrease of the groundwater 

level under the same input PGA. Therefore, there are 

apparent differences in dynamic soil pressure response near 

the sidewall under different groundwater levels, which 

could be adopted in the structural seismic design. 

 

 

4. Numerical results and analysis for the structure 
 
4.1 Structural displacement response 
 
Fig. 15 indicates the variations of vertical displacement 

at the central point of the ceiling slab of the subway station 

with time subject to earthquakes with different seismic 

intensities. The general development tendencies of the 

vertical displacements of the station are approximately 

identical, while the differences in the displacement 

amplitude are significant under different depths of the water 

table. The development tendency of the vertical 

displacement can be divided into three stages. Specifically, 

the displacement curve drops slowly from 0 s to 3.4 s, while 

it fluctuates dramatically from 3.4 s to 10 s. Finally, the 

advance of the vertical displacement slows down and the 

curve develops smoothly after 10 seconds. Under PGA = 

0.1 g, the station structure mainly reflects the state of 

settlement due to the low degree of site liquefaction, as seen  
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Fig. 13 Variation of peak ground acceleration with depth of the water table under different input PGAs 

325



 

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

 

  

0 5 10 15 20
-300

-250

-200

-150

-100

-50

0
D

y
n
am

ic
 s

o
il

 p
re

ss
u
re

 (
k
P

a)

Time (s)

 H = 1.600 m

 H = 4.800 m

 H = 8.385 m

 H = 15.00 m

Measurement point 2

 

0 5 10 15 20
-500

-450

-400

-350

-300

-250

-200

-150

-100

-50

0

D
y
n
am

ic
 s

o
il

 p
re

ss
u
re

 (
k
P

a)

Time (s)

 H = 1.600 m

 H = 4.800 m

 H = 8.385 m

 H = 15.00 m

Measurement point 3

 

(a) PGA = 0.1 g 
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(b) PGA = 0.2 g 
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(c) PGA = 0.3 g 
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(d) PGA = 0.4 g 

Fig. 14 Time-history curves of dynamic soil pressure near the sidewall under different PGAs 
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in Fig. 15(a). After the earthquake, the final vertical 

displacements are 5.86 mm, 0.12 mm, -6.18 mm and -15.70 

mm respectively with the H increasing from 1.6 m to 15 m. 

When the H is 1.6 m and 4.8 m, there is a slight uplift 

behavior for the subway station after the earthquake. The 

final displacement gradually reduces with the decrease of 

the groundwater level. When subject to the PGA of 0.2 g, 

compared to the PGA of 0.1 g, the higher liquefaction 

degree of the surrounding soil results in the more serious 

uplift behavior of the underground station, as seen in Fig. 

15(b). After the earthquake, the final vertical displacements 

are 87.02 mm, 53.91 mm, 23.36 mm and -12.72 mm 

respectively with the H increasing from 1.6 m to 15 m. The 

results demonstrate that the subway station buried in the 

sand foundation with a higher groundwater level is more 

likely to uplift than that with a low groundwater level. The 

conclusion is also true when the PGAs are 0.3 g and 0.4 g, 

as illustrated in Figs. 15(c) and 15(d). 

Fig. 16 shows the variations of horizontal displacement 

of the station structure with time subject to different input 

PGAs. When subject to PGA = 0.1 g, the curves of 

horizontal displacement fluctuate back and forth around the 

zero scale. The horizontal displacement is weakly 

 

 

influenced by the groundwater level. However, there is a 

large residual displacement of the underground station as 

the PGA rises from 0.2 g to 0.4 g. Besides, it can be 

concluded from the curves that the difference in the residual 

displacements is obvious under different groundwater 

levels. The reasons for the residual displacement of the 

subway station could be attributed to the unrecoverable 

deformation of the foundation after liquefaction during 

strong earthquakes. Similar unrecoverable lateral 

deformation of liquefied ground was also observed in a 

previous study (Zhuang et al. 2015b) 

 

4.2 Structural stress response 
 

The column is the weakest part of the Daikai station 

during an earthquake. The destruction of the station column 

led to the complete damage of the Daikai station in the 

Great Hanshin earthquake. Therefore, the axial stress and 

shear stress of the middle column are discussed and 

analyzed in this paper. Fig. 17 shows the measurement point 

layout of the station column. The peak axial stress of the 

station column subject to different PGAs is shown in Fig. 

18. In general, the groundwater level has little influence on  
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(c) PGA = 0.3 g (d) PGA = 0.4 g 

Fig. 15 Variations of vertical displacement of the subway station with time under different seismic intensities 
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the peak axial stress of the middle column. The peak axial 

stress at the upper end of the middle column is generally 

consistent with that at the lower end of the middle column. 

The peak axial stress decreases first and then increases as 

the groundwater level decreases. The peak axial stress is the 

largest among the four different groundwater levels when 

the depth of the water table is 15 m, which is unfavorable to 

the compressive resistance of the station column. 

 

 

 

Fig. 19 illustrates the peak shear stress of the middle 

column under different PGAs. The peak shear stress in the 

upper part of the station column is generally consistent with 

that in the lower part of the station column. When the 

depths of the water table are 1.6 m and 4.8 m, the peak 

shear stress increases as the PGA rises from 0.1 g to 0.3 g 

and then decreases when PGA = 0.4 g. The reduction of the 

peak shear stress could be attributed to the seismic isolation  
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(c) PGA = 0.3 g (d) PGA = 0.4 g 

Fig. 16 Variations of horizontal displacement of the subway station with time under different seismic intensities 

 

Fig. 17 Measurement points of the column 
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of the liquefied soils around the station under strong 

earthquakes. However, the decrease of groundwater level 

can significantly reduce the liquefaction scope of the 

foundation next to the station structure, as concluded in 

Section 3.1. Therefore, when the H is 8.385 m and 15 m, 

the peak shear stress rises as the PGA increases even under 

the PGA of 0.4 g. Moreover, the peak shear stress rises as 

the depth of the water table increases. For the upper end of 

the middle column, when PGA = 0.1 g, as the H rises from 

1.6 m to 15 m, the peak shear stress is 0.97 MPa, 1.03 MPa, 

1.23 MPa and 2.05 MPa, respectively. It can be concluded 

from the results that the decrease of groundwater level is 

unfavorable to the shear resistance of the station column. 

The conclusion is also true for other seismic intensities. 

 

 

5. Conclusions 
 

In this paper, the seismic response of the subway station 

buried in the sand foundation with different groundwater levels 

was studied by numerical analyses. The results indicate that the  

 

 

 

groundwater level has a great impact on the site liquefaction, 

ground displacement, dynamic soil pressure, ground 

acceleration and structural stress during and after earthquakes. 

The effects of different groundwater levels should be taken into 

account in the design of underground structures. The main 

conclusions are summarized as follows. 

(1) There is no obvious site liquefaction around the 

sidewalls of the station. The underground station can constrain 

the liquefaction of the surrounding soil. The decrease of 

groundwater level can significantly reduce the liquefaction 

range of the foundation next to the station structure. Compared 

to other locations of the site, the foundation beneath the 

subway station is more likely to liquefy due to the uplift 

behavior of the underground station. The EPWP of the soil 

below the underground station becomes stronger as the water 

table becomes deeper. However, the EPWP ratio increases first 

and then decreases as the groundwater level declines because 

of the increment of the vertical initial effective stress. 

(2) The area of ground settlement near the station reduces 

gradually with the decrease of groundwater level. The liquefied 

soil flow to the bottom of the station intensifies the uplift 
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(a) Upper end of the column (b) Lower end of the column 

Fig. 18 Peak axial stress of middle column under different seismic intensities 
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(a) Upper end of the column (b) Lower end of the column 

Fig. 19 Peak shear stress of middle column under different PGAs 
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behavior of the subway station. The decrease of the 

groundwater level significantly reduces the ground vertical 

displacement above the underground station after earthquakes.  

(3) The seismic response of dynamic soil pressure below 

the water table is stronger than that above the water table 

during earthquakes. The dynamic soil pressure near the 

sidewall of the underground station increases as the seismic 

intensity increases. When subject to the same input PGA, the 

dynamic soil pressure with a higher water table is larger than 

that with a low water table. In addition, the ground peak 

acceleration increases as the groundwater level decreases under 

earthquakes. 
(4) The development process of vertical displacement of 

the underground station is divided into three stages during an 
earthquake, including slow decline, dramatic fluctuation and 
smooth development. The subway station buried in the sand 
foundation with a higher groundwater level is more likely to 
uplift than that with a relatively low groundwater level under 
earthquakes. There is a large residual horizontal displacement 
of the subway station after strong earthquakes. 

(5) The impact of different groundwater levels on the peak 
axial stress of the middle column can be ignored. With the 
decrease of groundwater level, the peak axial stress of the 
middle column decreases first and then increases. The decrease 
of groundwater level is unfavorable to the shear resistance of 
the station column. The peak shear stress rises as the depth of 
the groundwater level increases. When the groundwater level is 
relatively low, the peak shear stress rises as the PGA increases. 
However, the peak shear stress of the station column decreases 
with PGA = 0.4 g when the groundwater level is relatively 
high. 
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