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Article History:  Abstract. The seismic response of the large-space underground structure (LSUS) is significantly influenced by the physi-
cal properties of the surrounding soil media, while the soil owns a strong spatial variability. This study proposes a seismic 
response analysis process of the soil-LSUS interaction system is proposed, which can consider the characteristic of the 
spatially distributed soil properties. The proposed process begins with establishing the spatially random field model of the 
soil properties using the improved latent space method. Then, the model is calibrated based on the real data and Bayes-
ian approach, and the realization of the random field is accomplished. Further, the soil-LSUS interaction finite element (FE) 
model is established, which incorporating the soil physical properties generated from the random field. Finally, the nonlinear 
time-history analysis of the soil-LSUS interaction FE model is conducted. As an illustration of the proposed process, a typical 
LSUS located in Guangzhou is selected as an example, and the seismic mitigation measure which the lead-filled steel tube 
damper (LFSTD) is installed between the intermediate column and the top beam is adopted for the LSUS. The influence of 
the spatial variability of soil properties on the seismic mitigation effect of the LSUS is investigated. Results indicate that the 
spatial variability of the soil properties can cause a minor influence on the force and deformation of the intermediate column 
and the energy dissipation ratio between the LFSTD and structure, while it can bring a significant influence on the maximum 
deformation and force and the shape of the hysteresis loop of the LFSTD.
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1. Introduction
Since the damage of underground structures during the 
1995 Kobe earthquake has been widely reported, the safe-
ty of underground structures under earthquake impact has 
been re-evaluated, especially for the large-space under-
ground structure (LSUS, e.g. underground subway stations, 
parking lots, and shopping malls) (Yamato et al., 1996; Tsi-
nidis et al., 2020). At present, seismic failure mechanism of 
the LSUSs has been revealed, indicating that the interme-
diate column is the key component of the LSUS. Thus, to 
effectively resist the impact of strong earthquakes, differ-
ent schemes have been proposed to upgrade the seismic 
performance of the LSUS (e.g., Ding et al., 2006; Yu et al., 
2013, 2017; Do et al., 2015). Especially in the extension of 
the application of seismic isolation technology or energy 
dissipation devices, the effectiveness of installing seismic 
isolators (e.g., Ma et al., 2018) or dampers (e.g., Chen et al., 
2014; He & Chen, 2021; Wang et al., 2021) within the cen-

tral column has been verified in reducing the structural 
seismic response.

Due to the factors such as the nature of the parent 
rock, erosion, transport process, and depositional condi-
tions, physical properties of the soil are always various in 
spatial domain (Popescu, 1995; He et al., 2022). The char-
acteristic of the strong spatial variability of soils can in-
duce a certain influence on the mechanical behavior of the 
geotechnical system (Popescu et al., 2005). For instance, it 
can lead to the unsynchronized vibrations on the surface, 
and the inherent spatial variability of the shear strength of 
the soil can change its own bearing capacity failure mode 
(Popescu et al., 2005). Moreover, under the seismic load-
ing, the coupling effect of the strong nonlinear character-
istics of the soil and its own variability will further aggra-
vate the variation of the soil, thereby affecting the dynamic 
response of the site furtherly (Popescu et al., 2005).
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However, in the studies of the seismic mitigation 
scheme of LSUSs, soil properties are assumed to be lay-
ered and homogeneous along the horizontal direction, ig-
noring the spatial distribution distinction of soil properties. 
To have a more comprehensive understanding on the ef-
fectiveness of the proposed schemes, the influence of the 
spatial variability of the soil properties should be consid-
ered to further verify the seismic mitigation effectiveness 
of LSUSs. The geotechnical parameters own the spatial 
correlation and variability, while taking these parameters 
as random variables cannot fully reflect the spatial corre-
lation between parameters. For this reason, random fields 
are usually used to capture the spatial distribution charac-
teristics of the soil properties (e.g., Haldar & Babu, 2008; 
Na et al., 2009; Lizarraga & Lai, 2014; Zhang & Liu, 2020), 
and has been applied in dams (Hariri-Ardebili et al., 2019), 
slopes (Huang et al., 2017), and other engineering cases 
(He et al., 2022). 

Along this line, an improved latent space method 
(ILSA) which considers the non-stationary characteristic of 
the random field is used to generate the spatially varying 
soil properties in this paper, and the random field models 
are updated by the Bayesian approach. On this basis, a 
seismic response analysis process of the soil-LSUS interac-
tion system that can consider the spatially random distri-
bution of soil properties is proposed. As an application of 
the proposed analysis process, a typical LSUS located in 
Guangzhou is selected to study the influence of the spatial 
variability of soil properties on the seismic mitigation ef-
fect of the LSUSs.

The rest of this paper is organized as follows. In Section 
2, we introduce the whole process involving the simulation 
of the spatial random field of soil properties, including the 
proposed equations for modeling the spatial random field, 
Bayesian approach used in model calibration, and matrix 
decomposition method to realize the random field. Sec-
tion 3 introduces the proposed seismic response analysis 
process of the soil-LSUS interaction system considering 
the random distribution of soil properties. The fourth sec-
tion carries out the proposed framework into the mod-
eling and seismic mitigation analysis of a representative 
LSUS. Section 5 summarizes the whole paper.

2. Random fields modelling the spatial 
distribution of soil properties
2.1. Random field formulation
When using random fields to simulate the spatial distri-
bution of the soil properties, it is necessary to discretize 
the formation parameters, and generating a sample of the 
formation parameters at each position in space. In gen-
eral, the spatial random field can be defined as the set of 
random variables in spatial domain under the condition 
considering the spatial correlation (VanMarcke, 1983; Xu & 
Gardoni, 2020). Following Xu and Gardoni (2018), a spatial 
random field is defined as

( ) ( ) ( ) ( )= + + eV M Zx x x x , (1)

where V(x) is the variable to be predicted in the random 
space, corresponding to this study, it represents the physi-
cal properties (e.g. unit weight, shear wave velocity, cohe-
sion, and friction angle) of the soil that need to be simu-
lated;  = … 1, , px xx  is the coordinates in random space, 
where p represents the dimensions of the random space 
which in general is 2 or 3; M(x) is the mean-field; Z(x) is 
a zero-mean, spatially correlated field; e(x) is the white 
noise that varies with space. For Eqn (1), the set of V(x) is 
generally assumed to be a joint normal distribution. If the 
properties of the studied soil are non-normally distribut-
ed, Box-Cox transformation (Box & Cox, 1964) or iterative 
translation approach (Kim & Shields, 2015) can be used to 
achieve normalization.

In Eqn (1), the mean of V(x) is M(x), and its covariance 
is written as

( ) ( ) ( ) ( ) ′=
   = + t   ′ ′ 2Cov , Cov , Ix xV V Z Zx x x x , (2)

where x and x′ represent two different locations in ran-
dom space; t2 is the variance of e(x); = ′Ix x  represents the 
indicator function, which corresponds to 1 when x = x′ or 
0 when x ≠ x′.

In this study, to capture the non-stationarity charac-
teristic of the random field, the Improved Latent Space 
Approach proposed by Xu and Gardoni (2018) is used to 
model the non-stationary covariance Cov [V(x),V(x′)], 

( ) ( ) ( ) ( ) ( )     = σ σ  ′′   Cov , R Q ,Z Z s sx x x x

where ′ ′ ′ ′
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where ( ) σ  xs  and ( )σ ′
 
 xs  represents the stand-

ard deviation of Z(x) and Z(x′), which are functions of 
the regressors at point x and x′; R(Q) is the station-
ary correlation function to the generalized distance Q; 

′
 = − … − ′ ′1 1, , p px x x xxxd  is the Euclidean distance vec-

tor in the spatial dimension; ′  = − … − ′ ′1 1, , m ms s s sssd  is 
the distance vector of the regression variable in the latent 
space.  = θ … θ  1    diag , ,x xpx  

is the scaling factor in the 
spatial dimension;  = θ … θ  1 diag , ,s s sm  is the diagonal 
matrix of high-order dimensional scaling factors.

2.2. Model calibration
A series of unknown parameters need to be estimated to 
establish the soil properties’ random field model. When 
the corresponding data (i.e., the real soil property data 
that vary with space) is obtained, we estimate the un-
known parameters involved in the random field model 
based on the Bayesian approach, achieving the calibration 
of the random field, which is written as

( ) ( ) )= gQ Q Q(f L p , (4)
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where f(Q) is the posterior distribution of Q after being 
updated by the input data; g is the normalization coeffi-
cient; L(Q) is the likelihood function of the objective infor-
mation contained of Q in the input data; p(Q) is the prior 
distribution about Q. The posterior distribution of Q is 
approximated by the Markov Chain Monte Carlo (MCMC) 
approach.

2.3. Realization of the spatial random field
We use the matrix decomposition approach to realize the 
spatially random field of soil properties (Davis, 1987; Xu 
& Gardoni, 2018). This method can deal with anisotropy 
problems in any correlation mode, and can reflect its ani-
sotropy characteristics by establishing a correlation matrix 
(i.e., by selecting a suitable anisotropic correlation function 
and completing the assignment of the corresponding ele-
ments on the correlation matrix). Because of the simplicity 
of this approach, it has been widely used to simulate soil 
spatial variability (e.g., Kim & Santamarina, 2008; Wang 
et al., 2011; Papaioannou & Straub, 2012):

v = m + Lu,                                                     (5) 

where v represents one realization of the random field; m 
represents the mean field obtained from M(×) considering 
all spatial positions x; L is the lower triangular matrix sat-
isfying LLT = S, where S is the covariance matrix, and the 

lower triangular matrix L can be obtained by the Cholesky 
decomposition approach (Deodatis, 1996). u is the realiza-
tion of independent standard normal white noise.

3. Seismic response analysis process 
considering the spatial varying  
soil properties

3.1. FE model 
After generating the random fields of soil properties, the 
following step is to establish the corresponding FE analysis 
model of the soil-LSUS interaction system, and the specific 
modeling process is shown in Figure 1. It has been dem-
onstrated that the seismic response and damage of LSUSs 
are mainly controlled by the lateral deformation of the soil 
layer [1–4]. Therefore, this study only considers the vari-
ability in the horizontal and vertical directions.

The process begins with obtaining the design informa-
tion of site and structure (e.g., drilling data, size of struc-
tural components, material type) according to the engi-
neering project. Then, the calculation domain of the site 
and the coordinate system of the spatial random field are 
determined. Next, the size and element type of the soil 
unit is determined, and the size of the unit will affect the 
number of data points of the random field. Subsequently, 
the spatial random field of different soil properties is real-

Figure 1. Flow chart of FE model development
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ized following Section 1 and embed it into the FE model of 
the soil-LSUS interaction system. The last step is to define 
the properties of the dampers, contact properties between 
the soil and the structure, boundary conditions, and apply 
the whole loadings to the interaction system.

3.2. FE analysis process 
The main steps of embedding the random field into the 
numerical model and conducting the analysis are as fol-
lows (as shown in Figure 2). Step 1, based on the general 
FEA software ABAQUS, the FE model of the soil-LSUS in-
teraction system is developed following Section 2.1, and 
the model is exported as a “S-LSUS*.inp” file, which can be 
modified through a text editor. Step 2, the corresponding 
random fields are generated based on the approach intro-
duced in Section 2, then, the data of the spatial distribu-
tion of soil properties are extracted according to the size 
of the element mesh, and are attributed to the soil unit 
of the FE analysis model. Step 3, using the Python tools, 
the material properties of each element in the “S-LSUS*.
inp” file of step 1 are replaced with the properties gener-
ated in the random field in step 2, and then the non-linear 
time-history analysis of the soil-LSUS interaction system is 
conducted to obtain the structural seismic response. The 
last step, repeat steps 2 and 3, N times of time-history 
analysis are performed, and the analyses results such as 
the structural force and deformation are obtained.

4. Case study: modeling and seismic 
mitigation analysis of a typical LSUS
We perform the proposed seismic response analysis pro-
cess in Section 3 with an example of a typical LSUS. A seis-
mic mitigation scheme, which the Lead-filled Steel Tube 
Damper (LFSTD, i.e., a kind of metallic damper consisting 
of the steel tube, lead core, extrusion head, and connect-
ing end plate, see Figure 3a installed between the interme-
diate column and the top beam (as shown in Figure 4) is 
used in this case, and the effectiveness of this scheme has 
been verified (He & Chen, 2021). The LFSTD can absorb 
the seismic energy through the relative deformation of the 
upper and lower end plates (see Figure 3b), to reduce the 
external input energy subject to the structure. 

In this section, we first introduce the general informa-
tion about the engineering design of this case, including 
details about the structure and the located site. Subse-
quently, in accordance with Section 1, the improved latent 
space approach is adopted to develop the spatial random 
field model of soil properties. Then, the developed model 
is calibrated using the measured borehole data through 
Bayesian approach, and the spatial distribution of the 
soil properties is obtained. Finally, a soil-LSUS interaction 
analysis model with installing the LFSTDs is established, 
which considering the spatial random distribution of soil 
properties, and the seismic response analyses are carried 
out in accordance with Section 2.

Figure 2. FE analysis process

Figure 3. Introduction of the LFSTD

Figure 4. Working mechanism of the seismic mitigation scheme 
of the LSUS using LFSTDs
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4.1. Soil and structural information
A typical LSUS located in Guangzhou is selected, and the 
plan of the research area is shown in Figure 5. The red 
line indicates the location of the drill hole of the project, 
and all the boreholes are aligned almost in a straight line. 
Figure 5 also shows the location of the structure (i.e., the 
light green shaded area) and direction of the structure (i.e., 
the orange line). Figure 6 depicts the stratum composition 
of each borehole, where the X- and Y- axes represent the 
relative position (along the red line) and depth of each 
borehole. The stratum contains soil types includes the co-
hesive backfill, silty clay, sandstone, argillaceous siltstone, 
and fine sand. We can find that the thickness of various 
soil layers is different, indicating an obvious spatial vari-
ability on the stratum. 

It has been revealed that the stratum parameters such 
as the shear wave velocity, Poisson’s ratio, and gravity can 
cause a obvious influence on the seismic response of the 
LSUS (Huang et al., 2015). Figure 7 depicts the distribu-
tion of the physical properties of all boreholes along the 
depth, and the physical properties of each soil layer show 
significant differences along the depth. Based on the stra-
tum information of each borehole, the studied site can be 
classified as Category II according to the Chinese Code 
for Seismic Design of Buildings (GB 50011-2010) (Ministry 

of Housing and Urban-Rural Development of the People’s 
Republic of China, 2010), or correspondingly equivalent to 
Category C site following FEMA 356 (Federal Emergency 
Management Agency, 2000), Zhang and Liu (2020) and 
Category B following the European seismic code EC8 (Eu-
ropean Committee for Standardization, 2005). The drilling 
depth of the boreholes (i.e., 32 to 36 m) meets the re-
quirements for the survey of seismic engineering geologi-
cal conditions (i.e., the selected sites are lying on the stiff 
soil with shear wave velocity greater than 500 m/s based 
on the local Code for Evaluation of Seismic Safety of En-
gineering Sites (GB 17741-2005) (National Standardization 
Management Committee, 2005).

Figure 8 depicts the cross-section of the studied LSUS, 
which is a typical rectangular box structure, with the bur-
ied depth of 4.0 m, the width of 37.4 m, and the height of 
5.45 m. The thickness of the top and bottom plate of the 
structure are 0.6 m and 0.85 m, and the reinforcement ra-
tio are both 1.0%. The thickness of the lateral walls is both 
0.7 m, with the reinforcement ratio of 0.8%. The height of 
the central column is 3.6 m, with a cross-sectional dimen-
sion of 0.7 m×0.7 m, and the longitudinal spacing is 6.0 m 
and the reinforcement ratio is 5.6%. The concrete material 
adopts C40 strength grade (i.e., the standard compres-
sive strength is 40 MPa), and the steel bar adopts HRB335 
strength grade (i.e., the yield strength is 335 MPa).

Figure 6. Relative distance and layer compositions of each borehole
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4.2. FE model
According to the FE model developing process established 
in Section 2, we develop a three-dimensional soil-LSUS 
interaction analysis model based on the FE analysis plat-
form ABAQUS, as shown in Figure 9. For step 2 in Section 
2.1, we determine the depth of the soil domain in the FE 
model based on the deepest borehole (i.e., 36 m) obtained 
from the engineering site data (i.e., the engineering bed-
rock surface). For the consideration of lateral boundary 
conditions, we ignore the scattered and reflected effect on 
the seismic response of the soil-LSUS interaction system. 
To lower the analytical error caused by the wave reflection 
on the artificial boundary, we use 10 times the depth of 
the engineering bedrock as the width of the FE model fol-
lowing He and Chen (2021) and Wang et al. (2017) (i.e., the 
width is taken as 360 m). For the mesh of soil in FE model, 
the maximum size of the vertical grid hmax is is determined 
following Lysmer and Kuhlemeyer (1969), as

≤ l =max
1 1 ,
8 8

s
s

NF

V
h

f  
(6)

where ls is the shear wave wavelength; fNF is the cut-off 
frequency, and herein is 25 Hz following He and Chen 
(2021); Vs is the shear wave velocity, which is determined 
by the minimum value of the shear wave velocity in all ob-
tained borehole data. Following He and Chen (2021), two 
times of the hmax is used as the horizontal mesh of the soil 
element. Moreover, the thickness along the longitudinal 
direction of the structure is taken as 18 m.

The constitutive relationship of the concrete is based 
on the plastic-damage model (Lee & Fenves, 1998). The 
mechanical parameters involved in the model are listed in 
Table 1, and the values of all parameters are determined 
according to the Code for Seismic Design of Buildings (GB 
50011-2010) (Ministry of Housing and Urban-Rural Devel-
opment of the People’s Republic of China, 2010). Figure 10 
shows the uniaxial tension and compression stress-strain 
and damage-strain curves of the concrete. Based on the 
limited obtained soil profile information and considering 
the efficiency of the dynamic response analyses, we use 
the Mohr-Coulomb constitutive model to conduct the 
seismic response analysis of the soil-LSUS interaction sys-
tem. Existing studies have used this constitutive model to 

Figure 7. Distribution of physical properties of soil layers along the depth

Figure 8. Cross-section of the studied LSUS. (unit: m)
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analyze the seismic response of soil. (e.g., Tabatabaiefar & 
Fatahi, 2014). The value of the soil properties (i.e., shear 
wave velocity (Vs), unit weight (ɣ), cohesion (c), and fric-
tion angle (φ)) are obtained through the random field of 
soil properties. Due to the lack of information about the 
Poisson’s ratio of the soil, the Poisson’s ratio (n) is approxi-
mated following Ohsaki and Iwasaki (1973): 

( )n = + − −
2

10
10.2 0.3 1 log 2

16
G , (7)

where = ρ 2
sG V , representing the shear modulus of the soil, 

which corresponds to situations where the soil is in elastic 
state (i.e., small deformation level of ground shaking).

Figure 9. Numerical model layout in ABAQUS (unit: m)

Table 1. Material properties of concrete (He & Chen, 2021) 

Parameters Value Parameters Value

−ρ ⋅ 3Density  / (kg )m 2400 σcuLimited compressive yield stress  / MPa 26.8

ψ Dilation angle  / ( ) 30 σ 0Initial tensile yield stress  / MPat 2.39

( )Elastic modulus  / MPaE 32500 ωTensile stiffness recovery parameter  t 0

υPoisson’s ratio  0.2  
ωCompressive stiffness recovery parameter  c 1

σ 0Initial compressive yield stress  / MPac 9.55

Figure 10. Characteristics of the concrete material model
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Although we adopted the Mohr-Coulomb model in 
this study, while it should be noted that, during an earth-
quake, the soil will inevitably suffer reciprocating loads, 
and the hysteresis behavior of the soil could affect its dy-
namic response under earthquake loadings. A constitu-
tive model that can better reflect the real behavior of soil 
under earthquake loadings will be used in further studies.

For the LFSTD, the solid element (C3D8R) is used for 
modeling, and the mesh size is taken as 10 mm. The steel 
adopts the bilinear constitutive model, with a yield strength 
of 254 MPa and ultimate strength of 554 MPa, and the 
post-yielding stiffness is selected as 1% of the initial stiff-
ness. Following Lu et al. (2017), the lead is modeled by 
the ideal elastoplastic constitutive model, with an elastic 
modulus of 1.65e4 MPa, Poisson’s ratio of 0.42, and tensile 
yield strength of 11 MPa. Tie constraint is adopted to com-
bine the steel tube and the two endplates, and the contact 
behavior at the interface between the steel tube and lead 
core is simulated by hard contact. For the dimension of 
the LFSTD used in the analysis, the height of 300 mm,  
the steel tube thickness of 18 mm, and the lead core di-
ameter of 100 mm are selected.

In the example, the shear wave velocity of the soil 
shows the obvious changes with depth. To this end, we 
model the mean field and spatial covariance in Eqn (1) 

using the depth as the regressor s(x). To consider the po-
tential non-linear correlation between the soil properties 
and depth, we use a quadratic function to simulate the 
mean field M(x):

( ) ( ) ( ) ( ) = = θ + θ + θ 
2

,0 ,1 ,2M M MM M s s sx x x x ,  (8)

where  θ θ θ ,0 ,1 ,2, ,M M M  are the model parameters.

For the covariance of the zero-mean field Z(x), the ex-
ponential function is used: 

( ) ( ) ( )′
  = σ θ ′ 

2Cov , xp / ZZ Z e xxx x d . (9)

The parameters to be determined in the random field 
model are estimated through the MCMC approach men-
tioned in Section 1. Base on the matrix decomposition ap-
proach introduced in Section 1, a total of 15 groups (i.e., 
R1~R15) soil property spatial random field is generated. As 
an example, Figure 11 shows the realization of one group 
(i.e., R1). The grid size used to generate the random field 
is the same as the mesh size of the soil element in the FE 
model. Then, we assign the soil properties obtained in the 
random field to the corresponding soil element of the FE 
model. 

There is a clear difference between the LSUS and soil, 
so we use the master-slave surface contact algorithm to 

Figure 11. Realization of spatial varying soil properties
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simulate the contact mechanical behavior among them. 
Hard contact (as shown in Figure 12a) is adopted in the 
normal direction of the contact. That is, when the master 
and slave surface are in contact, the normal force will be 
transferred between these two surfaces, and when the sur-
faces are separated, the constraint relationship will disap-
pear and the force will no longer be transmitted between 
the contact surfaces. For the tangential direction of the 
contact, the Coulomb friction law (as shown in Figure 12b) 
is used, and the friction coefficient is taken as 0.4 following 
Zhuang et al. (2019). The inherent viscous damping of the 
structure and soil is described by the Rayleigh damping 
model, and the corresponding proportional coefficients 
of the damping matrix are determined by analyzing the 
natural vibration characteristics of the soil-LSUS interac-
tion system. Following Castaldo et al. (2013) and Castaldo 
and De Iuliis (2014), 5% is used as an initial damping ratio 
for both soil and structure.

Following He and Chen (2021), the combined static-
dynamic loading process is adopted in the analysis, which 
is shown in Figure 13. It is inevitable that the construction 
of LSUSs will disturb the initial stress state of the soil. To 
this end, it is necessary to satisfy the initial equilibrium 
state of the structure and soil before the dynamic analysis 
of the interaction system (i.e., to ensure that the soil and 
structure are on the stress state, and the initial displace-
ment of the structure should be zero). Steps of applying 
the initial state to the soil domain are as follows: 1) con-
strain the degrees of freedom (DoF) in all directions at the 
bottom and the horizontal DoF at the lateral boundary, 

2) obtain the reaction force on the lateral boundary and 
the stress state of all elements under the gravity load-
ing, 3) reverse and apply the reaction force obtained from 
the static analysis to the lateral boundary, and the ele-
ment stress state is simultaneously applied. Based on the 
above steps, the initial conditions of the lateral boundary 
for dynamic analysis can be obtained. During the dynamic 
analysis process, the DoF in all direction at the bottom of 
the model is released and the DoF in other directions are 
constrained. The seismic wave input through the form of 
acceleration, and is applied to each node at the bottom of 
the FE model. Figure 14 shows the seismic motion records 
used in this study, which recorded on the Kobe Port Island 
(recorded at a depth of 32 m, which is consistent with the 
depth of the assumed bedrock of the studied site) during 
the 1995 Kobe earthquake. The corresponding site (i.e., 
Vs30 = 320 m/s) of the selected record is similar to the site 
(i.e., Vs30 = 343 m/s) of the studied case. To balance the 
calculation accuracy and efficiency, a total of 25 seconds 
is set as the analytical duration time.

4.3. Discussion
4.3.1. Lateral deformation of the intermediate column

Figure 15a shows the time-history curves of the lateral 
deformation of the intermediate column under different 
spatial random fields of soil properties. The lateral defor-
mation of the central column shows obvious fluctuations 
under different random fields of the soil. The positive and 
negative lateral deformation of the intermediate column 

Figure 12. Contact definition between soil and underground structures

Figure 13. Boundary condition change process
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is between 7.61 mm and 8.81 mm, and 7.60 mm and 8.60 
mm, respectively. The maximum lateral deformation along 
the positive and negative direction under different spatial 
random fields, and the lateral deformation of the mean 
field are illustrated in Figure 15b. The results based on the 
mean-field are basically consistent with the mean of the 
results based on the random field. The results of multiple 
random response analyses can envelop the mean-field 
analysis results.

4.3.2. Shear force of the intermediate column

Figure 16a shows the time-history curves of the shear 
force of the intermediate column under different spatial 
random fields of soil properties. An obvious fluctuation 
under different random fields of the soil is also observed 
and with consistent the change law of the lateral defor-
mation. The maximum positive and negative shear force 
is between 276.9 and 293.7 kN, and between 265.4 and 

286.4 kN, respectively. Figure 16b shows the peak shear 
force along the positive and negative directions under dif-
ferent spatial random fields and the mean field. The ran-
dom response results fluctuate up and down relative to 
the mean-field, indicating that if the seismic design of the 
LSUS only adopts the mean-field without considering the 
influence of the random field of the formation, the struc-
tural design would present a risk of insecurity.

4.3.3. Performance of LFSTDs

Figure 17 shows the hysteresis curve of the LFSTD under 
various spatial random field of soil properties. Two obvious 
differences could be observed, one is the difference be-
tween the positive and negative deformation of the LFSTD, 
and the other is the difference in the path of the hysteresis 
loop. It is worth mentioning that in cases R4, R5, R7, R8, R9, 
R10, R11, R13, and R14, the peak deformation of the LFSTD  
has exceeded the ultimate deformation (i.e., 20 mm),  

Figure 14. Earthquake recordings at the Kobe Port Island (Nguyen et al., 2020)

Figure 15. Lateral deformation of the intermediate column

Figure 16. Shear force of the central column
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Figure 17. Hysteresis curve of the LFSTD 
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which means the LFSTD will suffer failure. The peak de-
formation of the LFSTD is between 12.1 and 16.4 mm (i.e., 
along the positive direction), and between 18.3 and 22.9 mm  
(i.e., along the negative direction). The peak difference 
ratio of the positive and negative deformations of the LF-
STDs of all cases is 30.2% and 22.3%. The peak deforma-
tion of the LFSTD under the mean-field is 13.5 mm (i.e., 
along the positive direction), and 22.3 mm (i.e., along the 
negative direction).

4.3.4. Energy dissipation of the structure and LFSTD

The time-history curves of energy dissipation of the LFSTD 
and structure are shown in Figures 18a and 18b, and the 

peak energy dissipation of the LFSTD and structure are 
shown in Figures 19a and 19b. Whether for the LFSTD or 
LSUS, the peak energy dissipation shows obvious fluctua-
tions. The maximum energy dissipation of the LFSTD is 
between 31.1 and 56.5 kJ, with a maximum difference ratio 
of 44.9%, while the peak energy dissipation of the LSUS is 
between 362.8 and 917.4 kJ, with a maximum difference 
ratio of 60.4%. Table 2 lists the ratio of the energy dis-
sipation between the LFSTD and LSUS, and the range is 
between 6.2% to 8.6%, indicating that the spatially varying 
soil properties cause minor difference in energy dissipa-
tion ratio. 

Table 2. Ratio of the energy dissipation between the LFSTD and LSUS

Random field 

R1 R2 R3 R4 R5 R6 R7 R8

ELFSTD (kJ) 56.5 56.1 56.0 52.2 34.9 55.9 51.2 37.6 
ELSUS (kJ) 917.4 819.9 884.1 648.5 419.3 852.8 633.0 449.4 
e (%) 6.2 6.8 6.3 8.0 8.3 6.6 8.1 8.4 

Random field

R9 R10 R11 R12 R13 R14 R15 Mean-field

ELFSTD (kJ) 47.1 53.6 31.1 55.7 52.9 48.8 55.6 45.7
ELSUS (kJ) 568.1 677.8 362.8 838.5 663.3 598.8 860.0 586.8
e (%) 8.3 7.9 8.6 6.6 8.0 8.2 6.5 7.8
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Figure 18. Time-history curves of energy dissipation

Figure 19. Peak energy dissipation
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The obtained results above do not show obvious rules, 
and this mainly attributed to that the spatial random field 
of different soil properties will have a certain influence on 
the propagation of seismic waves, which is a very complex 
process. Therefore, the coupling effect of the spatial vari-
ability of ground motions and the spatial variability of soil 
physical properties should be further studied.

5. Conclusions
This paper applying an improved latent space approach to 
simulate the spatially distribution of soil properties, con-
sidering the non-stationary characteristic of the spatial 
random field. A seismic response analysis process of the 
soil-large-space underground structure (LSUS) interaction 
system considering the spatial random distribution of soil 
properties is proposed. The influence of the spatial vari-
ability of soil properties on the seismic reduction effect of 
the LSUS is studied. Main conclusions are summarized as 
follows:

1. The proposed seismic response analysis process can 
be used in the seismic response analysis of the soil-
LSUS interaction system for the situation considering 
the spatial variability of soil properties.

2. The spatial variability of the soil properties will have 
a minor influence on the force and deformation of 
the intermediate column and the energy dissipation 
ratio between the LFSTD and structure, while will 
cause a significant impact on the maximum defor-
mation, maximum force, energy dissipation, and the 
shape and path of the hysteresis loop. 

3. For the seismic mitigation design of LSUSs, the influ-
ence of the spatial variability of the soil properties 
can be ignored provided only the performance of 
the structure (such as the deformation and force of 
the intermediate column) are concerned. While it is 
necessary to consider the spatial variability of the 
soil properties if it is necessary to accurately obtain 
the performance of the LFSTD.
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