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Abstract

In this paper, a seismic and vibration reduction measure of subway station is developed by setting a segmented isolation layer between
the sidewall of structure and the diaphragm wall. The segmented isolation layer consists of a rigid layer and a flexible layer. The rigid
layer is installed at the joint section between the structural sidewall and slab, and the flexible layer is installed at the remaining sections. A
diaphragm wall-segmented isolation layer-subway station structure system is constructed. Seismic and vibration control performance of
the diaphragm wall-segmented isolation layer-subway station structure system is evaluated by the detailed numerical analysis. Firstly, a
three-dimensional nonlinear time-history analysis is carried out to study the seismic response of the station structure by considering the
effect of different earthquake motions and stiffness of segmented isolation layer. Subsequently, the vibration response of site under train-
ing loading is also studied by considering the influence of different train velocities and stiffness of the segmented isolation layer. Numer-
ical results demonstrate that the diaphragm wall-segmented isolation layer-subway station structure system can not only effectively
reduce the lateral deformation of station structure, but also reduce the tensile damage of the roof slab. On the other hand, the developed

reduction measure can also significantly reduce the vertical peak displacements of site under training loading.
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1 Introduction

In recent decades, underground engineering has been
rapidly developed and has become an indispensable lifeline
project for large cities. In the past, it was generally believed
that underground structures, such as subway stations, have
a high seismic ability, and no attention has been given to
the effects of earthquake on underground structures. How-
ever, in many earthquake disasters around the world,
including the 1989 Loma Prieta, 1994 Northridge, 1995
Kobe, and 2008 Wenchuan, it was found that underground
structures were not always unaffected and serious damage
has been incurred. In particular, subway stations and tun-
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nels were severely damaged during the 1995 Kobe earth-
quake in Japan (Parra-Montesinos, 2006; Huo et al.,
2005). The Daikai subway stations even completely col-
lapsed, which aroused widespread attention to the impacts
of earthquakes on underground structures.

Currently, seismic analyses of underground structures
are being carried out, and the seismic design codes of
underground structures have been promulgated. During
this period, seismic analysis methods for underground
structures have also been rapidly developed. Because
underground structures are completely buried in the soil,
the soil-structure interaction (SSI) needs to be considered
in the seismic analysis of underground structures. The
time-history analysis method (Jiang et al., 2024; Li et al.,
2018; Huang et al., 2017; Zhao et al., 2017; Tsinidis
et al., 2016; Abuhajar et al., 2015; Cilingir &
Madabhushi, 2011; Amorosi & Boldini, 2009) is an
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effective tool for the seismic analysis of underground struc-
tures because it can consider the soil nonlinearity, complex
terrain of site and nonlinear contact between the soil and
structure. Moreover, the time history analysis can be imple-
mented to solve the whole dynamic process of the soil-
structure model. However, its calculation cost is high. In
contrast to the ground structure controlled by an inertial
force, the seismic response of the underground structure
is mainly controlled by the deformation of the site, and
the inertial effect of the underground structure is weak.
Based on this understanding, practical pseudo-static analy-
sis methods, such as the free-field deformation method, the
flexible coefficient method, the response deformation
method, and the response acceleration method, have been
developed (Zhu et al., 2021; Hashash et al., 2001). The
above method does not need to solve the whole dynamic
process of the soil-structure system and only gives the seis-
mic response of the structure at the most unfavorable
moment. Thus, it has a high computational efficiency.
Recently, response spectrum method (Sutharshana &
Mcguire, 1988; Singh et al., 2000; Chopra, 2001, 2010;
Berrah & Kausel, 2010) for the seismic analysis of under-
ground structures (Zhao et al., 2019) has been proposed
by using design spectra to consider the uncertainty of seis-
mic loadings. Subsequently, the authors also proposed the
extended response spectrum method (Gao et al., 2021a) to
improve the computational efficiency by using the effective
dynamic characteristics of the soil-structure system and the
generalized response spectrum method (Gao et al., 2021b)
to improve the modeling accuracy by using the viscoelastic
artificial boundary.

To improve the seismic performance of underground
structures, seismic isolation measures for underground
structures were studied. Some scholars improved the seis-
mic performance of underground structures by setting an
isolation layer between underground structures and soil
(or surrounding rock). Kim and Konagai (2001) set a soft
and thin coating material between the soil and tunnels to
mitigate seismic damage to the tunnels and evaluated the
influence of the coating material parameters on the seismic
mitigation of the tunnels. The large deformation of the flex-
ible layer weakens the seismic energy transferred to the
underground structure. Diaphragm wall is used as perma-
nent wall of underground station structures due to its high
rigidity and strong stability. Zhuang et al. (2019), and
Cattoni and Tamagnini (2020) have studied the influence
of diaphragm wall on the seismic response of subway sta-
tion structures. They indicated that the diaphragm wall will
change the failure modes of the underground structure.
Zhang et al. (2023) first proposed seismic reduction mea-
sures by combining a segmented isolation layer and a
new type of bearing in the middle column. In this analysis,
only a two-dimensional numerical model is used, and the
effect of training loading is not evaluated. This analysis is
different from that studied in this paper.

2 Subway station-segmented isolation layer-diaphragm wall
system

Regarding a subway station structure, the roof slab
under a vertical load is subjected to a large shear force
and bending moment at the joint among the roof slab,
the sidewall, and the column. The seismic study of the Dai-
kai subway station during the Kobe earthquake shows that
the collapse of the subway station was mainly caused by
the failure of the roof slab and center column. The vertical
bearing capacity of the roof slab was lost due to its failure,
resulting in the overburden being completely borne by the
center column. Due to the significant damage to the center
column, the center column and the roof slab completely
collapsed. Therefore, the roof slab and center column are
the key components for the seismic resistance of the under-
ground subway station structure. Some studies have shown
that although the existence of a diaphragm wall improves
the lateral deformation ability of the station structure,
the internal force of the roof slab at the joint of the sidewall
is aggravated by limiting the rotation ability of the side-
wall, which increases the failure risk of the roof slab under
earthquakes. Therefore, reducing the bending deformation
of the structural roof slab and then weakening the damage
of the structural roof slab will be conducive to improving
the overall seismic performance of the station structure.

Based on the understanding of the earthquake failure
mechanism of underground structures, measuring earth-
quake resistances is proposed in this paper by setting a seg-
mented isolation layer between the sidewall of the station
structure and the diaphragm wall. The diagram of the sub-
way station-segmented isolation layer-diaphragm wall sys-
tem is shown in Fig. 1(a). The segmented isolation layer
consists of a rigid layer connected with the joint section
among the structural slab, sidewall and a flexible layer con-
nected with the remaining sections. Regarding the two-
story underground station structure, the structural design
of the segmented isolation layer is shown in Fig. 1(b) and
(c). The segmented isolation layer is mainly composed of
a rigid isolation layer and flexible isolation layer. Three
rigid isolation layers are connected with the roof, middle
and bottom slabs. The rigid isolation layers combined with
the diaphragm wall can effectively reduce the lateral defor-
mation of the station structure. The stiffness of the flexible
layer is relatively small, which can allow bending deforma-
tions of the top and bottom sidewalls to occur within a safe
range during an earthquake. The flexible isolation layers
can prevent excessive bending deformations at the ends
of the top and bottom slabs. Therefore, the segmented iso-
lation layer can reasonably distribute the internal forces of
the key structural components such as slabs and sidewalls
and optimize the seismic performance of the subway sta-
tion structure.

For vibration loads such as train loads, the flexible iso-
lation layers in the segmental compartments can consume
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Fig. 1. Diagram of subway station-segmented isolation layer-diaphragm wall system. (a) Segmented isolation layer and diaphragm wall, (b) combination
diagram of rigid isolation layer, flexible isolation layer and diaphragm wall, and (c) profile.

vibration energy, thus reducing the impact of train vibra-
tions on the site. The vibration response of the site under
train loading is also studied by considering the influence
of different train velocities and stiffnesses of the segmented
isolation layer in this paper.

3 Numerical models

A time-history analysis is performed to study the influ-
ence of the segmented isolation layer on the structural seis-
mic responses of the station structure and the vibration
response of the site. A three-dimensional finite element
model is built in this section. The material parameters of
the structure and soil, earthquake and train loadings are
introduced in this section.

3.1 Structure and soil parameters

A prototype subway station is used in the investigation.
The cross section geometric size of the subway station is
shown in Fig. 2. The covering thickness of the station
structure is 3.0 m, and the burial depth of the bottom slab
is 16.74 m. The width and height of the station structure
are 20.2 and 13.74 m, respectively. The thicknesses of the
sidewall, top slab, middle slab and bottom slab are 0.7,
0.8, 0.4 and 0.9 m, respectively. The size of the column is
0.8 m x 1.0 m. The constitutive models of the steel rein-
forcement and the concrete used for the subway station
are shown in Fig. 3. A bilinear stress—strain relationship
with kinematic hardening (Guirguis & Mehanny, 2012) is
employed for the steel reinforcements with a modulus of
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Fig. 2. Cross section geometric size of the subway station. (Unit: mm).

elasticity of E = 200 GPa up to a yield stress of 400 MPa,
followed by a subsequent region of strain hardening
(b = 0.02) and failure strain of 0.15. The concrete material
is simulated with the concrete damaged plasticity model
(CDPM) (Lubliner et al., 1989; Lee & Fenves, 1998) in
the ABAQUS material library, which describes the nonlin-
ear behavior of each compounding substance of a multi-
phase composite material. The CDPM simulates the
compressive and tensile stiffness degradation variables rep-
resented by d. and d; in Fig. 4(b), respectively. If the con-
crete is damaged by tensile cracking or compressive
crushing, the slope of the stress—strain unloading path is
reduced to (1 — d))E and (1 — d,.)E, respectively. Two dif-
ferent grades of concrete are used in the subway station
structure in which Grade C50 (with the standard value of
compressive strength of 32.4 MPa) is used for the interme-
diate columns and Grade C35 (with the standard value of
compressive strength of 23.4 MPa) is used for other struc-
tural components. The detailed physical mechanical
parameters of the steel reinforcement and concrete used
in the present simulations are listed in Table 1. Notably,
only elastic deformation is considered when the site vibra-
tion response under train loading is studied.

(a) Steel

The cross-sectional geometric size of the diaphragm
wall-subway station system is presented in Fig. 4(a).
The width and height of the diaphragm wall are 1 and
25 m, respectively. C50 concrete is used for the dia-
phragm wall. The cross-sectional geometric size of the
diaphragm wall-segmented isolation layer-subway sta-
tion system is presented in Fig. 4(b). The width of the
segmented isolation layer is 1 m. The thicknesses of the
rigid isolation layers from top to bottom are 0.8, 0.4
and 0.9 m respectively. The C35 concrete is used for the
rigid isolation layers. Elastic materials with a density,
elastic modulus and Poisson’s ratio of 2500 kg/m?,
300 MPa and 0.2, respectively, are used for the flexible
isolation layers.

The detailed soil parameters are obtained from the site
seismic safety evaluation report. A stratified site composed
of seven types of soils used in this investigation is shown in
Table 2. To simulate the nonlinear effect of soil, an equiv-
alent linear model of soil is used in this seismic analysis.
The equivalent linear model considers the modulus attenu-
ation and damping effects through the shear modulus and
damping ratio curve varying with the peak strain, as shown
in Fig. 5. First, the dynamic response of a one-dimensional
site under an earthquake is calculated by the frequency-
domain analysis method. Then, the parameters of the soil
after iterations under a seismic load are given. These
parameters include the attenuation modulus of the soil
and the damping ratio. In the subsequent time-history
analysis of the soil-structure model, the attenuation modu-
lus of the soil and Rayleigh damping model calculated by
the damping ratio are used. The Rayleigh damping matrix
(Clough & Penzien, 1993; Chopra, 2011) is composed of a
linear relation with the stiffness and mass matrix, as shown
in Eq. (1), which is one of the commonly used damping
models in time-history analysis. The coefficients of the
Rayleigh damping model are calculated by the fundamen-
tal frequency of the site and the preeminent frequency of
ground motion.

C = aM + BK, (1)
AC
ﬁ_
(I-d)E AN |
N Y &
3 E (I-d)E
fc_

(b) Concrete

Fig. 3. Schematic diagram of the stress—strain relationship of steel and concrete.
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Fig. 4. Cross section geometric size of the diaphragm wall and segmented isolation layer. (a) Diaphragm wall-subway station, and (b) diaphragm wall-

segmented isolation layer-subway station. (Unit: mm).

where M, K and C denote the mass, stiffness and damping
matrix vectors, respectively; and « and f are the Rayleigh
damping coefficients and can be expressed as follows:

(5)=ara () @)

where w; and o; denote preselected frequencies (Phillips &
Hashash, 2009) and ¢ denotes the damping ratio. The scale
factors of Rayleigh damping are also listed in Table 2.

3.2 Finite element model of the SSI system

To analyze the influence of the diaphragm wall and seg-
mented isolation layer on the seismic response of subway
station structures, three SSI models, namely, without a dia-
phragm wall, with a diaphragm wall and with a segmented
isolation layer, are established in the common finite ele-
ment software ABAQUS. The geometric sizes of the three
SSI models are shown in Fig. 6. The overall model size is
100 m x 60 m x 30 m. Four columns are built in the lon-
gitudinal direction. The column spacing is 6 m. The finite
element model of the soil-structure system with a seg-
mented isolation layer is presented in Fig. 7. The 3D stress
elements in the commercial software element library are
used to discretize the station structure, diaphragm wall,
segmented isolation layer and soil, and the beam elements
are used to simulate the reinforcement. To ensure the accu-
racy of the numerical simulation, the element mesh of the
soil is divided into 1 m, and the element mesh of the struc-
ture, diaphragm wall, segmented isolation layer and rein-
forcement are divided into 0.2 m. The adjacent surfaces
of the structure, the diaphragm wall, the segmented isola-
tion layer and the soil adopt binding contact. The rein-
forcement is embedded in the concrete without

considering the bond slip between the concrete and the
reinforcement. The bottom boundary of the soil-structure
system is fixed, and multi-point constrain (MPC) bound-
aries are applied to the side boundary. In this study, the
subway station and surrounding soil are supposed to be
bonded together without slip or separation.

Because the train load is an internal load, the scattering
field at the boundary is relatively large. Therefore, when
the site vibration response under train loading is studied,
the visco-spring boundaries (Du et al., 2006; Liu et al.,
2006) are used at the side and bottom boundaries to simu-
late the radiation damping effect in the infinite domain, as
shown in Fig. 8. Both the stiffness and damping matrices
can be diagonalized using spatially lumped discretization,
which can be calculated for boundary node i by the equa-
tions listed in Table 3. The subscripts N and T denote the
normal and tangent directions of the boundary, respec-
tively; G, ¢ and ¢, are the shear modulus and the velocities
of the shear and compression waves of the soil, respec-
tively; and r is a constant that is determined based on the
artificial boundary size that is chosen as the height of the
finite element model in this study. The area is
A= (A1 + Ay + A3 + 44) /4.

3.3 Earthquake and train loading

Two actual earthquake records are used to consider the
effect of different seismic loads, as shown in Fig. 9. The
peak accelerations are adjusted to 0.2g. To emulate the
seismic input, the seismic inertial forces are applied to the
whole system.

Subway vehicles have complex structural components
and kinematic equations, so it is very difficult to model
them in accordance with the actual structure. Moreover,
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Table 1
Mechanical parameters of concrete and steel used in the analyses.
Material Density Elastic modulus  Poisson’s Dilation  Eccentricity Invariant stress  Stress Tensile yield stress ~ Uniaxial
(kg/m® (GPa) ratio angle (°) ratio ratio (MPa) compressive
strength
(MPa)
C35 2500 31.5 0.2 30 0.1 0.67 1.16 2.20 234
C50 2500 34.5 0.2 30 0.1 0.67 1.16 2.64 324
Reinforcement 7850 200 0.3 - - - - 400 400
Table 2
Soil parameters.
No. Property Thickness (m) Density (kg/m?) Shear modulus (MPa) Poisson’s ratio o B
1 Backfill 3.0 1750 40.92 0.35 0.813 0.029
2 Silty clay 2.9 1940 90.81 0.36 0.836 0.030
3 Pebble 1.4 2120 134.64 0.23 0.534 0.019
4 Medium-coarse sand 7.7 2030 98.73 0.29 0.674 0.024
5 Pearly silty clay 2.9 1970 127.43 0.31 0.720 0.025
6 Silty clay 2.0 1940 75.33 0.36 0.836 0.030
7 Clayey silt 40.1 2090 87.97 0.33 0.766 0.027
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Fig. 5. Curves of shear modulus ratio and damping ratio varying with shear strain.

the number of degrees of freedom of the refined numerical
model of vehicles is large, resulting in a very long compu-
tational time in dynamic analysis. Therefore, in this paper,
SIMPACK simulation software is used to simplify the
training model. We simplify the subway vehicle into 1 car
body, 2 frames and 4 sets of wheelsets, which results in a
total of 7 rigid bodies. The frame, wheelset, car body and
frame are connected by the first suspension and the second
suspension.

During the operation of a train running on a track, if the
track is assumed to be completely flat and rigid and the
geometric shape of the train wheels is completely ideal,
the force between the wheel and rail should be constant.

However, in practice, the train track is not completely rigid
and straight, and the geometric shape of the train wheels
are not completely ideal. As a result, when the train runs
on the track, the force between the wheel and rail will con-
stantly change, resulting in irregular vibrations of the train.
The deviation of the geometric parameters caused by the
wavy changes of the two rails in the height and left and
right directions relative to the ideal straight track in the flat
line section is called track irregularity. In this paper, the
specific orbital spectrum formula is adopted for simulation,
and the orbital spectrum grade is six. Therefore, the train-
ing model is simplified in this paper. Three kinds of train
loads with velocities of 40, 60 and 80 km/h are generated
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Fig. 6. 3D soil-structure model. (a) Without diaphragm wall, (b) with diaphragm wall, and (c) with segmented isolation layer.

by establishing a train track dynamic model, as shown in
Fig. 10. The track is 1.4 m wide and 1.8-3.2 m from the
outside of the sidewall.

4 Effect of the segmented isolation layer on the structural
seismic responses

In this section, the effect of the segmented isolation layer
on the structural seismic responses is studied. The deforma-
tion of the structure, internal forces of key sections and
damage of the station structure are presented.

4.1 Deformation of main structure

In this section, the effect of the segmented isolation layer
on the structural deformation during earthquakes is stud-
ied by comparing the seismic responses of the three soil-
structure modes, as shown in Fig. 6. Figure 11 shows the
variation curve of the lateral displacement along the struc-
ture height of the three models when the peak relative dis-
placement of the structural roof slab and the bottom slab
occurs. The figure shows that the diaphragm wall can
enhance the overall lateral stiffness of the structure. Com-



Z. Gao et al. | Underground Space 19 (2024) 72-86 79

(©)

Fig. 7. Finite element model. (a) Station, (b) diaphragm wall, (c) SSI system, and (d) segmented isolation layer.
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80

Z. Gao et al. | Underground Space 19 (2024) 72-86

140

Force (kN)
S o
[} [w]
a T

(o]
o
T

Time (s)

@

Force (kN)

o]
(=]
T

Time (s)

(b)

2107
180 [

Time (s)
©

Fig. 10. Time-history curve of training loading with different velocities. (a) v = 40 km/h, (b) v = 60 km/h, and (c) v = 80 km/h.

14 — 14 § |
‘. (a) g = (b)
12+ o ; 12+ =
» R -
10+ B 10+ o
= B ¥ = u
é 8+t a é 8F @
frn a = o
XTI 6 o
o o o | g
T 4L T 40 =
Y, #— Without diaphragm wall @ Without diaphragm wall
2 : - With diaphragm wall 2 :}' - With diaphragm wall
0 8- Segmented isolation layer 0 8- Segmented isolation layer
0 10,01 002 0 1001 0.02
Lateral displacement (m) Lateral displacement (m)

Fig. 11. Variation curve of structural lateral displacement along structure height. (a) Loma record, and (b) Kobe record.



Z. Gao et al. | Underground Space 19 (2024) 72-86 81

— 24 with the model with only the diaphragm wall, the seg-
g/ Ll @) mented isolation layer can further enhance the overall lat-
E eral stiffness of the structure and thus reduce the lateral
E 0 displacement of the structure. In addition, the ground
ks _1.9 f—— Without diaphragm wall motion influences the earthquake mitigation effect of the
o < |- — With diaphragm wall . . . . .
-‘Qﬁ N — Segmented isolation layer | | segmented isolation layer. Figure 12 shows the time history
_2'40 3 6 9 12 curve of the relative displacement of the structural roof
Time (s) slab and the bottom slab. The segmented isolation layer
12 combined with the diaphragm wall can effectively reduce
g the lateral deformation of the station structure.
‘g 0
§ 4.2 Internal forces of key sections
s 1.2 H—— without diaphragm wall
o |- — With diaphragm wall . . .
& 5 4|z Scgmented isolation layer | , | , In this section, the structural internal forces of key sec-
0 3 Ti Ige ® 12 tions of the three soil-structure models are provided under

the two ground motions. Figures 13 and 14 show the max-
Fig. 12. Time history curve of relative displacement of the structural roof ~ imum section bending moments of the three models under
slab and the bottom slab. (a) Loma record, and (b) Kobe record. the two earthquakes. Figures 15 and 16 show the maximum
section shear forces of the three models under the two

600 5 600 S
[ ] without diaphragm wall YT [ ] without diaphragm wall i
@ [~/ /) With diaphragm wall € |~/ ) With diaphragm wall
- EZ25] Segmented isolation layer " > EZ23] Segmented isolation layer i
:\4/400 i ﬂ w3 1,\: 1>1 a400 | " w s s
= g 327
b5 3 327 ]
g g 7
S S %
g g
a0 o0
200 - 187 =200 | 184 193
;é ,é 167 166
CG'Q) 116 cqa
69 6] 66 4
20
0
Wi W2 W3 S2 S3
(@) Section Section
Fig. 13. Moment of critical section of structure under Loma earthquake. (a) Sidewalls, and (b) slabs.
800 S 900 =
| | Without diaphragm wall Vi [ | Without diaphragm wall Wi
z /] With diaphragm wall 2 ) With diaphragm wall —
~ 600 |EZ22] Segmented isolation layer Vit - £33 Segmented isolation layer "
~ — wa3| ‘s: js: v 600 __ wils2 s
= 489 = 557
= e | 2 %
£ 400 o M= 450177 446
) o I 384
g 317 RXXS =)
= 297 5o l DN 312
g o =300+
5 29| =5 233 230 oug
£200 - < | 8 R0
K P XA
3 129 128 | R o
81 oo <
S7 200050 letese
2 X3 050559
0 | 5 0 e
() Wl w2 w3 (b) S1 S2 S3
Section Section

Fig. 14. Moment of critical section of structure under Kobe earthquake. (a) Sidewalls, and (b) slabs.



82 Z. Gao et al. | Underground Space 19 (2024) 72-86

800 5 400 5
Without diaphragm wall w Without diaphragm wall w
V/ ] With diaphragm wall V] With diaphragm wall
600 | 55553 Segmented isolation layer w2 B Segmented isolation layer W
P 455 449 P 223
2400 L 401 2900 L 7
8 400 8 200 170 o
= =
g 254 8
= 224 212 <=
200+ s 50 p22 g 89
112 119
0 Wl W2 W3 0 S1 S2 S3
(@) Section (b) Section

Fig. 15. Shear force at key section of structure under Loma earthquake. (a) Sidewalls, and (b) slabs.

800 5 600 —
| | Without diaphragm wall Wit | | Without diaphragm wall .
| Z | With diaphragm wall Z With diaphragm wall
@l Segmented isolation layer W @ Segmented isolation layer .
~0600 rigsesd (k=
Z Wi ls2 ‘\‘w z 400 i 39" ix: s
=< i
S 400 = - 399 387 P g’
- %%
) XA ) 276
P 2 260
g 264 A | S 20
2z $sd | =200 F 181 o
050 156 K
n R n 152 botete%
200 32335 020 0%
' 12
it 60 -
5255 44 CXKA
S0o0%ed %0oss
0 Q0 0 %
W1 W3 b S1 S2 S3
(a) - (b) .
Section Section

Fig. 16. Shear force at key section of structure under Kobe earthquake. (a) Sidewalls, and (b) slabs.

OHNWWALOON®Y
NanoNnRNoNanN G

0000000000000

Damage
factor

(@) (b) ©

Fig. 17. Cloud chart of tensile damage of station structure. (a) Without diaphragm wall, (b) with diaphragm wall, and (c) with segmented isolation layer.



Z. Gao et al. | Underground Space 19 (2024) 72-86 83

14 -
I v
12t " 5
I i
AIO- ) e
g/ &t [ 22 l
S 6 "
T o4l
F o + 200 MPa
2: 300 MPa
ok #- 400 MPa
0 0.01 0.02

Lateral displacement (m)

Fig. 18. Variation curve of structural lateral displacement along structure
height.

earthquakes. As seen from the figure, compared with the
model without a diaphragm wall, the subway station-
diaphragm wall system significantly reduces the internal
forces of the sidewall but amplifies the internal forces of
the slabs. The diaphragm wall-segmented isolation layer-
subway station structure system can reduce the internal

force of sidewalls and slabs. Therefore, the diaphragm
wall-segmented isolation layer-subway station structure
system can reasonably distribute the internal forces of
key structural components, such as slabs and sidewalls,
and optimize the seismic performance of the subway sta-
tion structure.

4.3 Damage of the station structure

In this section, the structural tensile damage cloud of the
three soil-structure models under the Kobe ground motion
is presented. To avoid the boundary effect, the structure
between 10 and 20 m along the Z-axis is selected for anal-
ysis, as shown in Fig. 17. As seen from the figure, compared
with the model without a diaphragm wall, the diaphragm
wall-station system can reduce the tensile damage at the
connection between the structural sidewall and the roof
slab and the connection between the structural middle slab
but amplifies the tensile damage at the bottom of the side-
wall and the bottom slab. Compared with the diaphragm
wall-station system, the diaphragm wall-segmented isola-
tion layer-station system can reduce the tensile damage at
the bottom of the sidewall and the bottom slab. Therefore,
the segmented isolation layer combined with the dia-
phragm wall can not only effectively reduce the lateral
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Fig. 19. Bending moment of key section of structure

under Kobe earthquake. (a) Sidewalls, and (b) slabs.
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Fig. 20. Shear force of key section of structure under Kobe earthquake. (a) Sidewalls, and (b) slabs.
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Fig. 21. Cloud chart of tensile damage of structure. (a) 200 MPa, (b) 300 MPa, and (c) 400 MPa.
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Fig. 22. Schematic diagram of extracted nodes of soil.

deformation of the station structure but also reduce the
tensile damage of the roof slab.

5 Effect of the material stiffness of the flexible isolation layer
on the structural seismic responses

In this section, the impact of the material stiffness of the
segmented isolation layer on the structural seismic
responses is discussed. Only the Kobe earthquake is consid-
ered. Three different elastic moduli of the flexible isolation
layer, 200, 300 and 300 MPa, are used. The density, elastic
modulus and Poisson’s ratio of the flexible isolation layer

are the same. Moreover, the material parameters of the iso-
lation layer are the same. Figure 18 shows the variation
curve of the structural lateral displacement along the struc-
ture height. The lateral displacement of the structure is
affected by the material stiffness of the flexible isolation
layer. With an increasing material stiffness, the lateral dis-
placement decreases gradually. Figures 19 and 20 show the
bending moment and shear force of the key section of the
structure during the Kobe earthquake, respectively. The
results indicate that with an increasing material stiffness,
the bending moment and shear force of the sidewall
increase, and those of the slab gradually decrease. Figure 21
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shows the cloud chart of the tensile damage of the struc-
ture. The change in structural tensile damage is not obvious
for the three material stiffnesses.

6 Effect of the segmented isolation layer on site vibration
under train loading

In this section, the effect of the segmented isolation layer
on the site vibration during train loading is studied by
changing the material stiffness of the flexible isolation layer
and train velocities. The displacement, internal forces of
key sections and damage of the station structure are pre-
sented. To study the effect of the segmented isolation layer
on site vibration under train loading, the response of these

30
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Fig. 23. Vertical displacements of site considering different material
stiffness of flexible isolation layer.
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Fig. 24. Displacements of site considering different train velocity.

nodes at the ground surface and a column of nodes that are
1 m from the diaphragm wall are output. These nodes are
represented as A and B, respectively, as shown in Fig. 22.
Three different elastic moduli of the flexible isolation layer,
with values of 30, 300 and 3000 MPa, are used. Figure 23
shows the vertical displacements of the site considering dif-
ferent material stiffnesses of the flexible isolation layer. As
seen from the figure, compared with the model without a
diaphragm wall, the subway station-diaphragm wall system
significantly reduces the vertical displacements of the site.
The smaller the material stiffness of the flexible isolation
layer is, the better the vibration mitigation effect of the site
is. The vertical displacement of the site under different train
velocities is shown in Fig. 24. The vertical displacement of
the site under train loading with different velocities is rela-
tively close.

7 Conclusions

In this paper, a seismic and vibration reduction measure
of subway station is developed by setting a segmented iso-
lation layer between the sidewall of structure and the dia-
phragm wall. The seismic and vibration control
performance of the diaphragm wall-segmented isolation
layer-subway station structure system is evaluated by
detailed numerical analysis. The numerical results demon-
strate that the diaphragm wall-segmented isolation layer-
subway station structure system can effectively reduce the
lateral deformation of the station structure. Moreover,
the developed reduction measure can also reduce the inter-
nal force of sidewalls and slabs. Therefore, the developed
reduction measure can reasonably distribute the internal
forces of key structural components, such as slabs and side-
walls, and optimize the seismic performance of the subway
station structure. With the increase in the material stiffness
of the flexible isolation layer, the lateral displacement of
subway station gradually decreases. With the increase in
the material stiffness of the flexible isolation layer, the
bending moment and shear force of the sidewall increase,
while the bending moment and shear force of the slab grad-
ually decrease. Moreover, the diaphragm wall-segmented
isolation layer-subway station structure system can signifi-
cantly reduce the vertical peak displacements of the site
under training loading.
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