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Abstract: The seismic response of underground structures such as subway stations is critical. How-
ever, the complex underground structure experiments under a dynamic centrifuge shaking table are
significantly limited. This study conducts a shaking table test of a two-story three-span underground
structure under 50 g gravitational centrifuge acceleration to investigate soil–structure interaction
effects (SSI). The test is performed on a sand soil-structural model using a laminar shear box with
depths of 2.5 m, and the input motion is a Parkfield wave. The experimental results indicate that the
central column of the two-story three-span underground structure is the weak component during the
earthquake. In addition, the numerical simulations of the soil–structure system are carried out to
study the effect of buried depth and foundation soil type on the seismic response of the underground
structures. The experimental and numerical results proved that the performed centrifuge test can
reproduce the key seismic response characteristics of the SSI in the prototype underground structure
and provided guidelines to design a similar underground structure in the future development of the
urban subway systems.

Keywords: geotechnical centrifuge; underground structure; soil–structure interaction; numerical
simulation; shaking table

1. Introduction

The collapse of critical underground structures such as subway stations and nuclear
reactors due to earthquakes would cause catastrophic loss of life and property damage
to society [1–3]. Their seismic risks have equal importance to the infrastructure above
the ground. For example, the 1995 Hyogo-ken-Nanbu earthquake in Japan caused severe
damage to the reinforced concrete subway structures, particularly the complete collapse
of the Daikai Statio [4]. This earthquake also severely damaged the Kosaku Nagata and
Sannomiya stations in the same line. Furthermore, an underground shopping mall near the
Shinkaichi Station and the Shinkansen (the Japanese bullet train) tunnels were also severely
damaged [5]. Similar seismic failures were also observed in the November 1999 earthquake
in Turkey, which contributed to the failure of the Bolu highway tunnel under construction.
It also contributed to the 1999 Chi-Chi earthquake in Taiwan, which caused severe damage
to underground gas and water pipelines [2]. These failures attracted immediate attention
and later resulted in extensive studies of seismic damage to underground structures.

The general approaches to studying the seismic performance of underground struc-
tures can be investigated by field investigations, model tests, and numerical simulations.
The in situ observations generally reflect the characteristics of soil–structure interaction ef-
fects due to the actual dynamic responses of underground structures during an earthquake.
However, the data obtained through the field is rare and limited. It is unusual to install
instruments before the seismic event at exact locations where the failure occurs [6]. The
other physical approach relies on the model test, which provides a controllable source of
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observation. It allows for well-controlled testing conditions, which is relevant for conduct-
ing parametric studies and investigating failure mechanisms [7–9]. The model test is also
very useful for validating numerical tools, constitutive models, and the boundary-value
problem [7]. In addition, many numerical studies have been conducted on the seismic
failure mechanism of underground structures [10–14], but most studies lack validation by
physical model tests. Therefore, model tests are critical to investigate the seismic response
of complex underground structures.

Dynamic model tests for geotechnical engineering can be generally divided into two
categories, namely those performed under 1 g gravitational field (1 g shaking table tests)
and those performed under n g gravitational field (centrifuge tests). The 1 g shaking table
and centrifuge tests have merits and limitations [8]. The dimension of the model structure
can be large in a 1 g shaking table test so that the foundation soil can be filled, compacted,
and instrumented relatively easily in the model structure. Meanwhile, the 1 g shaking table
tests can conduct multi-axis input motions. The particle size problems and the disturbance
arising from the instruments can be ignored for a larger model. However, the confining
stress in the 1 g shaking table tests is scaled accordingly, and it is generally lower than the
stress in the prototype, which may induce different dynamic behavior for soil between the
model and prototype scale.

On the other hand, centrifuge modeling techniques are increasingly used to investigate
the seismic response of the underground structure. The physical model under the centrifuge
field can reproduce the stress state as in the prototype, and due to its small similitude for
length, the size of the model can be very small [15]. Therefore, the centrifugal model tests
enable considerable cost savings regarding the total quantity of materials, labor, and time
spent in model preparation compared to large-scale shaking table tests [7,16]. However,
most research focused on the effect of input earthquake characteristics or liquefaction sites
on the seismic response of underground structures [17–22]. These tests are mostly limited
to small-scale underground structures such as buried pipes or subway tunnels. The model
tests on the seismic response of large-section underground structures are still rare, and there
is still a lack of research on the additional deformation and internal forces of underground
structures caused by earthquakes [6,16]. In addition, limited studies have been carried out
to investigate the soil–structure interaction (SSI) effects [14,15].

Therefore, this work aims to study the seismic response of a two-story three-span
subway station and its SSI effect by conducting a geotechnical centrifuge shaking table
test at centrifugal accelerations of 50 g. Compared to traditional model tests on pipelines,
this soil structure, an actual structural system of a subway station with a more complex
geometric feature, and its SSI effect under earthquake is mainly unknown. To better
reproduce the actual stress conditions on the structure due to the soil pressure, we take
advantage of our institute’s centrifuge shaking table test facility with an acceleration of
50 g. In addition, we also created a scaled model out of gypsum material with low strength
and elastic modulus such that the failure of the specimen can be induced. Numerical
simulations were carried out to study the effect of buried depth and foundation soil types
on the dynamic response of the underground structure. Based on the experimental and
numerical simulation results, the seismic response in terms of acceleration and strain in the
soil–underground structure system, along with their vulnerability, can be revealed.

2. Method: Centrifuge Shaking Table Test
2.1. Test Equipment and Set-Up

The centrifuge shaking table test is conducted using the shaking table facility at the
Institute of Geotechnical Engineering at Tsinghua University. The effective radius of the
shaking table is 2.4 m, and the area is 0.42 m2. The facility can produce sinusoidal waves or
arbitrary waveform seismic waves, and the frequency of the input motion ranges from 10
to 250 Hz. The centrifuge shaking table with a maximum payload of 100 kg can provide an
acceleration over 20 g and a maximum duration of 4 s. In addition, the system can provide
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precisely unidirectional horizontal vibration at a maximum centrifugal acceleration of 50 g,
as shown in Figure 1.
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Figure 1. Centrifuge shaking table with a maximum centrifugal acceleration of 50 g at Tsinghua.

To minimize the boundary effect resulting from the soil container and more accurately
simulate one-dimensional wave propagation fields, i.e., free-field conditions, the laminar
shear box (also referred to as the stacked ring box) is used in the shaking table system
for centrifuge [23]. The laminar shear box used in the test was designed and fabricated
by Tsinghua University. The height of the shear box is 30 cm, and its horizontal section
dimension is 50 cm × 20 cm. The shear stack weighs approximately 40.6 kg. It is made
up of 15 lightweight rectangular hollow aluminum square tubes with a height of 2 cm
connected by guide tracks with low friction. It is intended that the composite shear stiffness
of the stack is significantly less than that of the contained soil deposit. To prevent the
leakage of the soil from the connections between aluminum frames, there is a rubber
membrane attached to the internal wall of the box. The rubber membrane with excellent
ductility hardly affects the shear stiffness of the stack. Four staff gauges are mounted on
the rubber membrane inside the box to control the filling thickness during the sample
preparation process.

2.2. Similitude Ratio Design

To ensure that the experimental model can accurately simulate the soil–structure
dynamic interaction in the prototype structure, the experimental similitude ratio design
should satisfy the following principles: (1) The stress in the prototype and the test model is
similar; (2) The relative stiffness of the soil and the underground structure in test model is
similar to that of the prototype; (3) The similitude constant of the dynamic displacement re-
sponse is consistent with the geometric similitude constant. (4) The soil–structure interface
properties are similar in the test and the prototype.

In the centrifuge shaking table test, we adopt the same soil material for the prototype
and model structure, and it ensures that the self-weight stress in the model is the same
as the prototype when the size of the model is reduced to 1/n (n = 50) of the prototype
and the field acceleration of the model is increased to n times the acceleration of gravity.
In this paper, the maximum acceleration of the geotechnical centrifuge is 50 g. Hence, the
similitude ratio corresponding to the length (L) and acceleration (a) in the basic dimension
system is taken as 1/50 and 50 (model/prototype), respectively. The similitude ratio of
the density dimension (ρ) is set to be 1 because the soil in the test model is the same as the
prototype. The similitude relations for other parameters are summarized in Table 1.
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Table 1. Similitude relations used in centrifuge model test.

Type Physical Quantity Similitude Relation Similitude Ratio

Geometric
property

Geometry dimension L 1/N 1/50
Moment of inertia I 1/N4 1.6 × 10−7

Material
property

Density ρ 1 1
Young’s modulus E 1 1
Damping c 1/N2 4 × 10−4

Mass m 1/N3 8 × 10−6

Bending stiffness EI 1/N4 1.6 × 10−7

Dynamic
property

Input acceleration a N 50
Field acceleration g N 50
Line load p 1/N 1/50
Vibration time t 1/N 1/50
Vibration frequency f N 50
Dynamic response-stress σ 1 1
Dynamic response-strain ε 1 1
Dynamic response-displacement d 1/N 1/50

2.3. The Model Soil and Structure

The common sandy soil in the city of Beijing was adopted in the centrifuge model
test. Figure 2 shows the cumulative curve of particle size gradation of sand soil. The P
represents the cumulative content of soil smaller than a certain particle size d. The relative
compactness and confining pressure of sand have a significant influence on the mechanical
properties of sand. During the preparation of the test soil samples, the method of layered
compaction was adopted after adding soil material in layers into the tested model. The
contact surface between each soil layer was continuous and not layered. The relative
compactness and confining pressure are ensured by controlling the mass density of sandy
soil. During the test, the density of sand was 1.65 g/cm3, the average water content was
5%, the relative compactness was 0.403, and the void ratio was 0.671.
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Figure 2. Grain size distribution of sand.

The prototype of the underground structure is a two-story three-span frame structure
with a total width of 12.1 m and a total height of 5.15 m. The cross-section dimensions of the
structure are shown in Figure 3a. The strength grade of the concrete adopted in the structure
is C30. For the model structure, gypsum and low elastic modulus pure aluminum wire are
used to simulate the prototype concrete and steel rebar, respectively. Gypsum has been
used for structural model making for a long time [24–26]. Its properties are relatively close
to concrete, all of which are brittle materials, and the performance is stable, easy to form,
and easy to process. Its strength and modulus of elasticity are small, which can simulate
the destructive behavior of concrete structures. To ensure the synergistic performance of
the gypsum composite material and the steel wire, we used pure aluminum wire with a
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low elastic modulus in the gypsum model to simulate the prototype reinforced concrete
structure. According to the testing of six pure aluminum wires with a diameter of 2 mm,
the average elastic modulus of pure aluminum wire is 70 GPa. It can be found that the
ratio of the elastic modulus of pure aluminum wires to gypsum composite in the model is
similar to the ratio of the elastic modulus of steel reinforcement to concrete in the prototype
structure. In addition, there is good adhesion between the gypsum composite material and
the pure aluminum wire based on the experimental observation. Hence, gypsum and low
elastic modulus pure aluminum wire can well simulate the prototype concrete and steel
rebar, respectively.
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The underground structure’s dynamic response under an earthquake’s action is con-
trolled by its bending stiffness EI. Therefore, the scaling law for the model structure is
calculated based on the structure’s similarity ratio of bending stiffness EI, as shown in
Table 1. The corresponding member sizes of the model structure are calculated according
to the bending stiffness per meter of the member satisfying the similarity ratio. The cross-
section dimensions of the model structure are shown in Figure 3b. The elastic modulus
of gypsum and pure aluminum is 7963 MPa and 70 GPa, respectively. According to the
similitude relations, the thicknesses of the gypsum model’s sidewall, top slab, bottom slab,
and middle slab are 12 mm, 12 mm, 12 mm, and 7 mm, respectively. The side length of
the middle column is 11 mm. The reinforcement ratio of the model structure is consistent
with that of the prototype, which is 1.2% and 1.5% for slab and column, respectively. The
reinforcement scheme of the model structure slab and sidewall components is double-layer
bidirectional reinforcement, except for the middle slab, which adopts single-layer bidirec-
tional aluminum reinforcement. The diameter of aluminum wire is 1.2 mm, and the spacing
is 10 mm. The center column adopts 4 mm × 1.2 mm aluminum bars with a spacing of
5.3 mm.

2.4. Instrumentation Configuration

Sensors are used to monitor the dynamic response of soil and structure throughout
the shaking table test. The layout of the sensors in the model structure is shown in
Figures 4 and 5. It includes 17 strain gauges, 13 accelerometers, 3 displacement transducers,
and 4 earth pressure transducers, denoted as S, AH, D, and E, respectively. The strain
gauges are installed near the structural weakness. The earth pressure sensors on the
sidewall are aimed to monitor the influence of dynamic earth pressure on the structural
strain during the vibration.
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The acceleration sensors are arranged along the axis, and the near-field soil layer of the
model structure aimed to measure the variation of acceleration along with the height and
to study the influence of the existence of structure on the near-field soil layer acceleration.
The displacement time history at the top and bottom of the model structure can be obtained
by integrating the acceleration time history acquired by the acceleration sensors. Then, the
correlation between the structural response and the displacement of the soil layer near the
top and bottom slab of the structure was obtained.

3. Numerical Simulation Analysis

An FEA model using the OpenSees program was established to simulate the dynamic
interaction system of the soil–underground structure. The effects of buried depth on
the seismic response of the underground structure were studied according to numerical
simulation. As well, the soil layer conditions that adversely affect the seismic performance
of the underground structure are discussed.

The Description of the Numerical Model

The constitutive model of sand soil in this paper adopted the Press Depend Multi
Yield (PDMY) model implemented into OpenSees by Yang and Elgamal [27,28]. The PDMY
model is an elastic–plastic constitutive model of soil, which can present the mechanical
properties of sand with various constraint pressure. This model also can simulate the
nonlinear hysteretic properties of the stress–strain relationship of sand, the shear dilation
of dense sand, and the shear contraction of loose sand. The parameters of the sandy soil
constitutive model and the soil damping ratio used in the numerical model were calibrated
according to the experimental results. The physical and mechanical parameters of the
model soil are summarized in Table 2.
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Table 2. The parameters of the PDMY model for sandy soil.

Parameters Values Parameters Values

Mass density ρ/(ton/m3) 1.65 The angle of shear dilation ϕPT 4.14
Modulus of shear Gr/kPa 7.86 × 104 Shear contractive parameter c 0.11

Bulk modulus Br/kPa 2.05 × 105 Shear dilation parameter 1 d1 0.22
Friction angle ϕ 34.14 Shear dilation parameter 2 d2 1.08

Peak octahedral shear
strain γmax

0.1 Liquefaction parameter l1 0

Containment pressure/kPa 80 Liquefaction parameter l2 0
Pressure coefficient n 0.5 Liquefaction parameter l3 0

The challenge of considering the mechanical properties of reinforced concrete is a
crucial part of building an accurate numerical model of underground structures. Currently,
the fiber model based on the flexibility method and one-dimensional material constitutive
has a relatively higher accuracy to simulate the nonlinear behavior of reinforced concrete
frame structures [29]. The fiber model uses the uniaxial stress-strain relationship of the
material to describe its mechanical properties. In this paper, the Fiber Section model in
OpenSees was adopted. The constitutive model of concrete adopted the modified Kent–
Park model [30], and the stress–strain curve is shown in Figure 6a. The Menegotto–Pinto
model was adopted for the simulation of steel rebar, and the uniaxial stress–strain curve is
shown in Figure 6b.
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In the FEA model, the underground structure is modeled using a beam element, and
the soil is modeled with a 3D solid element, as shown in Figure 7. Reasonable boundary
conditions for simulating model tests determine the accuracy of the numerical simulation.
In the model test, the side walls of the stacked ring box have the same motion at the same
soil layer depth. Hence, the nodes at the same depth on both sides of the model are coupled
together in the numerical simulation. The boundary condition of the model is simulated
with a “tie boundary” model. Moreover, the dimension and reinforcement ratio of the
underground structure in the numerical model are the same as those of the prototype. The
parameters of concrete in the prototype structure corresponding to the gypsum composite
structural model are shown in Table 3. The elastic modulus (Es) and yield strength (f y) of
steel rebar are 200 GPa and 115 MPa, respectively.

Table 3. Concrete material parameters of the prototype underground structure.

Parameters Values Parameters Values

Elastic modulus/GPa 30 Peak compressive strain 0.0007

Poison ratio 0.25 Ultimate compressive
strength/MPa 3.5

Peak compressive
strength/MPa 7.0 Ultimate compressive strain 0.002
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Figure 7. The FE model of the soil–underground structure.

4. Results and Discussion
4.1. Experimental Results

In this paper, a centrifuge shaking table test of a soil–underground structure system
is carried out. The structure model was built with gypsum and pure aluminum bars and
the buried depth of the structure roof is 2.5 m. The input seismic wave in the test adopts
Parkfield motion, which is recorded in the 1966 Parkfield (California) Earthquake. Figure 8
shows the acceleration records and Fourier spectrum of the input motions in the main
vibration direction of the shaking table. The actual peak vibration acceleration is 0.069 g.
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table surface.

In this section, the dynamic responses including acceleration and strain in the horizon-
tal vibration test of the soil–underground structure system are discussed. All the results
are obtained by converting the model test data into the prototype scales according to the
similitude relations presented in Table 1.

4.1.1. Acceleration Response of the Model Soil and Underground Structure

The acceleration time history and acceleration Fourier spectrum of the model soil
and underground structure is shown in Figures 9 and 10. The acceleration responses
are recorded by accelerometers at points AH1, AH4, and AH5 for the model soil, and
at points AH7, AH9, and AH10 for the structure, with buried depths of 1.5 m, 9.5 m,
and 12 m, respectively. The peak accelerations at points AH1, AH4, and AH5 for the
structure are 0.042 g, 0.032 g, and 0.031 g, respectively. In addition, the peak accelerations
at points AH7, AH8, AH9, and AH10 in the model soil are 0.047 g, 0.039 g, 0.027 g, and
0.032 g, respectively. Comparing the peak accelerations measured by sensors AH4 and
AH9 with the same buried depth of 9.5 m, it can be found that the acceleration response
of AH4 is increased by 19% compared to AH9, due to the existence of an underground
structure. Considering the influence of underground structure on the acceleration Fourier
spectrum from Figure 10, It is found that the structure has a certain attenuation effect on
the high-frequency components of the acceleration.
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In the seismic analysis of underground structures, there is a corresponding relation-
ship between the deformation of the structure and the soil around the structure. The
underground structure is constrained by the surrounding soil and vibrates along with
the soil under seismic motion. Therefore, deformation of the foundation soil is a vital
parameter reflecting the seismic response of the underground structure. To analyze the
relationship between the deformation of the foundation soil and the dynamic response of
the underground structure, the deformation of the foundation soil near the top and bottom
slab of the structure is obtained by integrating twice the acceleration time history, which is
measured by the accelerometers AH1 and AH4 in the structure. Due to the poor accuracy
of the accelerometers to measure the low-frequency components of the acceleration, the
drift of displacement appears. Hence, high-pass filtering is applied to the acceleration time
history in the process of acceleration integration and the cut-off frequency is set to 0.2 Hz.

Figure 11 shows the displacement and displacement difference time history obtained
by integrating the acceleration time history recorded by accelerometers AH1 and AH4
and the peak displacement difference is 5.3 mm. In addition, the deformation of the
near-field foundation is calculated as 7.4 mm, which is obtained by the accelerometers
AH7 and AH9 time history in the model soil with the height close to the top and bottom
slab of the structure. As a result, the deformation of the structure near the foundation is
slightly smaller than that of the foundation soil near the structure in the sand soil–structure
underground system with a buried depth of 2.5 m.
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Figure 11. The displacement response at AH1 and AH4: (a) displacement time history; (b) displace-
ment difference time history.

4.1.2. Strain in the Model Structure

The strain gauges are installed symmetrically on both sides of the measurement point.
According to the recordings of the two strain gauges, the bending moment and axial force
response at the measurement point can be calculated. Figure 12 shows the strain time
history responses of two strain gauges at the measuring point S1 during the test. Under
the input motion, the strain responses caused by the bending moment and the axial force,
respectively, can be calculated according to the strain gauge records. Figure 13 shows
the strain time history at point S1 produced by the bending moment and the axial force,
respectively. It is found that bending deformation dominates in the dynamic response of
the central column. The strain caused by axial force is relatively low in the underground
structure.
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Figure 13. The strain responses at point S1 are caused by: (a) bending moment and (b) axial force.

Under the action of the earthquake, both the structure and foundation soil are subject
to inertial forces. Meanwhile, the sidewalls of the underground structure are subject to
the dynamic earth pressure of the foundation soil and the top and bottom slab are subject
to the shear stress transmitted from the soil to the structure. Therefore, the underground
structural components will be deformed and strained under the action of these forces.
Figure 14 shows the strain time history caused by bending moments at points S4 and S5 in
the structure. The peak additional bending strain at points S1, S4, and S5 on the central
column in the structure are 38 µε, 42 µε, and 56 µε, respectively. It shows that the central
column of the two-story three-span underground structure is the most unfavorable member
during the earthquake.
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The plane section assumption is adopted to calculate the peak bending moment at
the corresponding section of the central column according to the relationship between the
bending normal strain and the bending moment, as shown in Equation (1).

M = εEW (1)

here, M is the calculated bending moment, ε is the measured strain of the prototype
structure converted according to the similitude relationship, E is the elastic modulus
corresponding to the prototype structure, and W is the cross-sectional inertia moment of
the calculated component.

According to Equation (1), the bending moments of the central column at points S1, S4
and S5 are 12 kN·m, 13 kN·m, and 18 kN·m, respectively. It can be found that the bending
moment of the central column in the substructure is smaller than that in the superstructure.
In addition, the additional axial force of the structure is relatively small under the action of
the earthquake, which indicates that the additional axial force does not have a prominent
effect on the underground structure under the action of the horizontal earthquake.

4.2. Numerical Simulation Results
4.2.1. Validation of the Numerical Model

The experimental results of the geotechnical centrifuge shaking table test for sandy
soil–underground structure reported in Section 4.1 are used to assess the accuracy of the
numerical model established herein. In the FEA model, it is assumed that the beam element
and the solid element have the same line displacement at the joint node. Furthermore, the
dynamic contact between the structure and the surrounding soil is not considered. The
input seismic motion in the FEA model has adopted the acceleration corresponding to the
prototype using the acceleration records of the accelerometer AH6 located at the bottom of
the foundation soil.

The comparison of peak acceleration for simulation and experimental results at the
corresponding sensor position and burial depth is shown in Table 4. It is found that the peak
acceleration response at the axis of the structural model (corresponding to accelerometers
AH1, AH3, and AH4) in simulation matches well with that of the experiment results. How-
ever, the relative error of acceleration response in the foundation soil near the sidewall of
the model structure in simulation and experiment is high. It is mainly due to the boundary
condition provided by the stacked ring box in the test is not ideal, which has a certain
impact on the experimental results. Figure 15 shows the simulation and experimental
results of acceleration time history recorded by accelerometers AH1 and AH4. It can be
observed from the figure that the acceleration time history of the simulation results matches
well with that of the experimental results. Generally, it can be concluded that the accelera-
tion response of the sandy soil–underground structure system can be well-simulated by
numerical models.
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Table 4. The comparison of peak acceleration for simulation and experimental results.

Accelerometer Buried Depth/m Numerical
Result/g Test Record/g Relative

Error/%

AH1 1.5 0.037 0.042 12
AH3 9.5 0.03 0.032 6.3
AH4 12 0.029 0.031 6.5
AH7 1.5 0.036 0.047 23.4
AH8 5.5 0.035 0.039 10.3
AH9 9.5 0.031 0.027 14.8
AH10 12 0.029 0.032 9.4

Note: The relative error is equal to the difference in peak acceleration between the numerical result and test record
divided by the peak acceleration of test records.
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(b) simulation result.

The verified numerical model is used to study the effect of the buried depth and soil
layer conditions on the seismic response of the underground structure. The buried depth
of 2.5 m and 5.0 m are considered. The foundation soil category adopts sandy soil and two
kinds of layered soil foundation, i.e., layered soil-1 (upper-layer sand–underlayer clay),
and layered soil-2 (upper-layer sand–underlayer clay). The seismic motion used in the
numerical simulation model includes Parkfield motion consistent with the test and Kobe
motion recorded in the Hyogoken–Nanbu Earthquake.

4.2.2. The Effect of Buried Depth

The impact of burial depth on seismic responses to underground structures can be
manifold. On the one hand, the shear effect and soil pressure of the overburden layer on
the underground structure increase with the buried depth, which is unfavorable to the
seismic response of the underground structure. On the other hand, the constraint effect
of the soil layer on the underground structure is strengthened with the increasing buried
depth, which limits the deformation of the structure. Hence, it is beneficial to the seismic
response of the underground structure.

Numerical simulations are carried out to investigate the effect of buried depth on the
seismic response of the underground structure, where the buried depth of the top slab
in the structures is 2.5 m and 5.0 m, respectively. To study the relationship between the
internal force response and the burial depth under the combined action of the self-weight
and seismic load, the simulation results at points S1, S6, S12, and S15 in the model structure
are selected. The peak internal force responses, including bending moment and axial force,
are shown in Table 5.
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Table 5. The peak values of internal force with various buried depths.

Input Excitation Buried
Depth/m

Bending Moment/kN·m Axial Force/kN

S1 S6 S12 S15 S1 S6 S12 S15

Self-weight load 2.5 13 7 1.5 132 384 456 56 150
5.0 9 5 54 170 649 718 233 309

Kobe
2.5 26 20 26 157 393 463 116 245
5.0 22 17 80 200 650 719 251 331

Parkfield
2.5 25 18 24 153 392 464 125 246
5.0 21 15 93 196 650 719 501 330

As can be seen from Table 5, the relationship between internal force response and
buried depth under the action of Kobe and Parkfield waves motion is similar. The bending
moment at the top of the central column (S1) is larger than that of the bottom (S6), but
the bending moment of the central column does not change much with the buried depth.
Yet, the buried depth has a greater effect on the axial force of the central column. As well,
for the sidewall of the structure (S12 and S15), both the bending moment and axial force
become larger with an increased buried depth. According to the internal force response
of the central column and sidewall under different burial depth conditions and seismic
vibrations, it can be found that the buried depth plays a controlling role on the axial force
of the middle column, and also has a significant impact on the bending moment and axial
force of the sidewall.

4.2.3. The Effect of Foundation Soil Type

The influence of foundation soil types on the seismic response of the underground
structure is discussed in this section. The foundation soil type refers to different soil layer
conditions around the underground structure. The foundation soil types considered in the
numerical simulation model include sand, layered soil-1 (upper-layer sand–underlayer
clay), and layered soil-2 (upper-layer sand–underlayer clay). The constitutive model of
clay soil adopts the Press Independ Multi Yield (PIMY) model proposed by Iwan WD [31]
and Mroz Z [32] and implemented into OpenSees by Yang and Elgamal [27,28]. The
parameters of the PIMY model for clay soil are based on the experimental tests and the
recommended values by OpenSees. The physical and mechanical parameters of the model
soil are summarized in Table 6.

Table 6. The parameters of the PDMY model for clay soil.

Parameters Values

Mass density ρ/(ton/m3) 1.65
Modulus of shear Gr/kPa 1.16 × 104

Bulk modulus Br/kPa 3.03 × 105

Friction angle ϕ 0
Peak octahedral shear strain γmax 0.1

Cohesion c/kPa 56
Pressure coefficient n 0

The internal force response of the underground structure under various soil foundation
types is shown in Table 7. It can be seen that the internal force of the structure varies with
the change of the soil types under the seismic vibrations. The internal force response of
structures in the sand and upper-layer sand–underlayer clay foundation is lower than
that of the upper-layer sand–underlayer clay foundation. Due to the shear modulus of
the upper-layer sandy soil being higher than that of the underlayer clay soil in the upper-
layer sand–underlayer clay soil foundation, it is equivalent to the existence of a soft soil
underlying stratum in the foundation, which is not conducive to the seismic resistance
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of the underground structure. In addition, the bending moment and axial force of the
structure under seismic vibrations are found to be lowest in the sandy soil foundation,
but highest in the upper layer of the sand–underlayer clay soil foundation. Overall, the
condition of the soil foundation has a significant effect on the internal force response of
underground structures and the presence of a soft soil underlying stratum in the foundation
should be avoided.

Table 7. The peak values of internal force with various soil foundation types.

Input Excitation Foundation
Soil Type

Bending Moment/kN·m Axial Force/kN

S1 S6 S12 S15 S1 S6 S12 S15

Self-weight load
Sand 13 7 1.5 66 384 456 56 150

Layered soil-1 37 23 34 200 460 557 73 247
Layered soil-2 14 6.2 7.3 125 360 432 54 238

Kobe
Sand 26 20 26 157 393 463 116 245

Layered soil-1 48 42 296 458 468 570 276 474
Layered soil-2 39 26 38 155 377 440 119 245

Parkfield
Sand 25 18 24 153 392 464 125 246

Layered soil-1 49 42 85 448 471 574 247 417
Layered soil-2 36 23 56 150 376 441 124 247

5. Conclusions

In this paper, the centrifuge shaking table test of a two-story three-span sand soil–
underground structure is carried out to investigate the soil–structure dynamic interaction
(SSI) effect. The acceleration and strain response of the soil–underground structure system
is analyzed based on the experimental results. According to the dynamic response of the
soil–underground structure system, it is found that the central column of the two-story
three-span underground structure is the weakest component under seismic motion. The
peak additional bending strain at the top end of the column is greater than that of the
bottom end, with a similar axial force. Hence, the top end of the column may be damaged
earlier than the bottom end in the underground structure under seismic motion.

Special attention should be paid to the top of the column when performing seismic
design. The strain responses in the two representative cross-sections are consistent, indi-
cating that the integrity of the seismic response of the structural model is well and the
sealing measures taken at the ends of the structural model work well. In addition, numer-
ical simulations of the soil–structure system are carried out to study the effect of buried
depth and foundation soil type on the seismic response of the underground structure. The
experimental and numerical results showed good agreement. The validated numerical
model revealed that the buried depth and foundation soil type has an important impact on
the seismic response of the underground structure. The internal force of the sidewall in
the underground structure is increased with the increase of the buried depth. The founda-
tion soil condition with soft soil underlying stratum should be avoided, which harms the
performance of the underground structures under seismic loads.

This study provides useful experimental data for designing critical underground
structures (such as subway stations). However, there are some limitations to this research.
The centrifuge shaking table test of soil–underground structure in this study was carried
out under unidirectional vibration. Further research should be done to investigate the
response of soil-subsurface structures in centrifugal shaking table tests under multidi-
rectional seismic action. In numerical simulations, advanced computational techniques
such as machine learning should be considered to accelerate the prediction as well as
consider the uncertainty of the problem. In addition, the seismic response of multi-layer
and multi-span underground structures considering the soil-foundation interaction should
be further investigated.
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