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Abstract

This study investigated the impact of a non-causative fault on the dynamic response of a nearby lined tunnel under the incidence of
plane SV waves using the indirect boundary element method. The effects of several critical parameters, such as the incident frequency, the
inclination degree of the fault, the distance between the fault and the tunnel on the hoop stress of the lined inner and outer walls, were
explored intensively. The numerical results indicated that the non-causative fault could significantly change the hoop stress distribution
of inner and outer surfaces of the tunnels. In general, for the vertically incident seismic waves, when the tunnel was located in the foot
wall (under the fault), the hoop stress within the tunnel was significantly greater than that of the tunnels in the non-fault half space, with
an amplification factor of up to 117%. The amplification effect became more pronounced as the fault dip angle increased. However, when
the tunnel was located in the hanging wall (above the fault), the non-causative fault could produce a significant shielding effect on the
dynamic response of the tunnel under high frequency wave incidence, with the reduction of hoop stress being up to 81%. For low-
frequency waves, though, the fault could lead to an increase of the hoop stress of the tunnel of up to 152%. The research results will
provide a reference for the seismic design and safety protection of underground structures in non-causative fault sites.
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1 Introduction

In recent years, large-scale infrastructure construction
has been promoted in many cities around the world. Lined
tunnels are widely used in road and railway engineering.
The high-intensity seismic zone has a great number of
underground lined tunnels, such as the Sichuan–Tibet line
in China. A large amount of earthquake disaster investiga-
tions has shown that underground structures can suffer sev-
ere damage during strong earthquakes, such as the
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Osaka–Kobe Earthquake in 1995, the Taiwan Chi-Chi
Earthquake (Wang et al., 2001), and the Wenchuan Earth-
quake (Li, 2008). Therefore, it is of great practical engi-
neering significance to study the seismic responses and
seismic performances in underground lined tunnels.

The seismic response rule of lined tunnels has been thor-
oughly studied by many researchers in recent years. The
seismic analysis of lined tunnels includes analytical meth-
ods and numerical methods. For analytical methods, wave
function expansion methods have been widely used to solve
the scattering of seismic waves for a tunnel, such as the
solutions for incident SH waves (Gao et al., 2017; Lee &
Trifunac, 1979; Liang et al., 2010) or for P, SV, and
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Rayleigh waves (Liang et al., 2004; Liu & Wang, 2012; Yu
et al., 2018).

However, more efficient numerical methods should be
developed for practical complex models because analytical
methods are usually limited to simple computational mod-
els and ideal seismic inputs. These methods include the
finite element method (FEM) (Lin et al., 2016; Shahrour
et al., 2010; Yu et al., 2017; Zhang & Liu, 2020), finite dif-
ference method (FDM) (Cai, 2008; Manolis et al., 2015;
Pitilakis et al., 2014), spectral element method (Gharti
et al., 2012; Lambrecht & Friederich, 2010), and boundary
element method (BEM) (Alielahi & Adampira, 2018;
Rodriguez-Castellanos et al., 2006).

Compared with FEM and FDM, BEM has certain
advantages among the different methods. The calculation
dimension of the problem is simplified, the infinite radia-
tion condition can be accurately satisfied without introduc-
ing artificial boundaries, and high-frequency numerical
dispersion is avoided. Therefore, BEM has also been
widely used in the dynamic analysis of underground struc-
tures. Stamos and Beskos (1996) numerically calculated the
dynamic response of tunnels buried in viscoelastic or elastic
half space to a body wave and a surface wave via a direct
boundary element method. Parvanova et al. (2014) simu-
lated the seismic response of several tunnels in a half space.
Panji and Ansari (2017) used BEM to research the scatter-
ing of transient SH waves by the lined tunnels. Alielahi
et al. (2015) used BEM to amplify an unlined tunnel with
SV and P waves incident vertically. Liu et al. (2017) used
IBIEM to solve the scattering of plane P1 waves with a
shallow lined tunnel in a poroelastic half space.

It is worth noting that the previous research was mainly
focused on the tunnel model of a general site, while the seis-
mic response of a tunnel in a non-causative fault zone has
rarely been studied. In practice, for a complex local site, a
non-causative fault may have a serious impact on the
ground motion of earthquakes due to the multiple reflec-
tions of waves in a fault fracture zone (Karabulut &
Bouchon, 2007; Li et al., 2012; Wang et al., 2014), in turn
affecting the seismic response of a lined tunnel near a fault
site. Furthermore, since the lined tunnels are close to a
non-causative fault fracture zone, the seismic dynamics is
also influenced by the fracture in the rock mass (Fan
et al., 2018, 2020; Zhou et al., 2017). Therefore, the seismic
response analysis of a non-causative fault fracture zone has
gradually caught attention in the arena of engineering.

However, in the line selection design of a tunnel, it is
inevitable that a tunnel will be close to a non-causative
fault fracture zone. So far, few studies have been conducted
on the seismic dynamic interaction between a non-
causative fault fracture zone and a lined tunnel. Lin et al.
(2006) investigated the influence of a large blind thrust slip
on the safety of lined tunnels. Cividini et al. (2010) studied
the extension of the fault in an alluvial sediment where the
tunnel is located and its influence on the permanent lining.
Wang et al. (2012) analyzed the seismic damage of a cross-
fault tunnel under various loads. Ardeshiri-Lajimi et al.
(2015) explored the influence of a large underground cav-
ern and the fault distribution in the seismic design.
Huang et al. (2017) solved the nonlinear dynamic responses
of a circular lining tunnel near normal fault in half space
under the action of oblique incident P waves via FEM.

For a fault-lined tunnel model, research into the scatter-
ing of SV waves via a non-causative fault–tunnel system
has rarely been published in the literature due to the com-
plexity of researching into the coupling effect of plane
waves.

In this study, the indirect boundary element method
(IBEM) was used to study the seismic response of a lined
tunnel near a non-causative fault site for the incidence of
plane SV waves. Using the proposed IBEM, the diffracted
wave field within the lined tunnel and the surrounding soil
can be accurately calculated in wideband frequency
domain. Because the discretization of the boundary is
merely necessary, the pre-processing is relatively simple
and friendly. The advantage is that the numerical disper-
sion does not appear in the high-frequency and broadband
scattering. In this paper, the effects of important factors
such as the angle of the fault, the horizontal distance
between the fault and the lined tunnel as well as the fre-
quency and angle of the incident wave on the dynamic
interaction between the fault fracture zone and the lined
tunnel were investigated in detail. The dynamic stress con-
centration factors (DSCFs) for the outer and inner surfaces
of lined tunnel were presented in this study. Finally, several
important conclusions were obtained, which were con-
ducive to the anti-seismic design of lined tunnels near the
non-causative fault site.

2 Numerical model

As shown in Fig. 1, there was a non-causative fault and
an infinitely long circular-lined tunnel in the elastic half
space. The long circular tunnel was shallowly buried in
the bedrock half space with depth d. The inner and outer
radius of the lined tunnel were r1 and r2. D1, D2, and D3

denoted the domains of the half space, fault fracture zone,
and lined tunnel, respectively. The interface between
regions D1 and D2 was B1, and the interface between
regions D1 and D3 was B2. Other symbols and descriptions
were summarized in Table 1. The domains of the half
space, fault, and tunnel were assumed to be elastic, isotro-
pic, and homogenous, respectively. The incidences of the
plane SV waves were considered from the bottom half
space, and the problem to be solved was the two-
dimensional scattering of SV waves by the lined tunnel near
a fault site.

3 Calculation method for the seismic response in a tunnel-

fault system

In this research, the IBEM was used to simulate the fluc-
tuation of the bedrock half space, the fault fracture zone,
and the lined cavity. The basic principle of the IBEM



Fig. 1. Numerical model for the tunnel-fault system under seismic waves.
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was based on the single-layer potential theory, which dis-
cretized a boundary with a certain number of elements
and applies virtual loads to a boundary to obtain the scat-
tered wave field. As depicted in Fig. 2, the virtual wave
sources were applied directly to the boundary to construct
a scattered wave field, which was a direct implementation
of the Huygens principle.

According to the continuous displacement and stress
conditions at the interface B1, B2, the zero-stress conditions
on the half space surface, fault fracture zone surface and
Table 1
List of some important symbols.

Symbol Description

d The depth to the tunnel center
r1, r2 The inner and outer radius of the lined tunnel
f Damping ratio
D1, D2, D3 Domain of the half space, the fault fracture zone and the tunn
v1, v2, v3 Poisson’s ratio of D1, D2 and D3

m1, m2, m3 Shear modulus of D1, D2 and D3

q1, q2, q3 Density of D1, D2 and D3

cb1, cb2, cb3 SV waves velocity in D1, D2 and D3

a The fault dip
h Incident angle of SV waves
inner wall of the tunnel, the virtual wave source density
was solved. The scattering field of each part was obtained,
and finally, the total elastic wave field could be determined
by adding together the free field and the scattering field.
The proposed method was applicable to tunnels of any
shape. In order to facilitate the analysis, a circular lined
tunnel was taken as an example in this research.

3.1 Wave field analysis

The wave field in the half space could be divided into a
free field and a scattered field.

3.1.1 Scattered wave field analysis of the bedrock half space
The total displacement field and the stress field of the

elastic half space D1 could be expressed as follows:

u t;1ð Þ
m xð Þ ¼ u f ;1ð Þ

m xð Þ þ u s;1ð Þ
m xð Þ; x 2 D1; ð1Þ

r t;1ð Þ
m xð Þ ¼ r f;1ð Þ

m xð Þ þ r s;1ð Þ
m xð Þ; x 2 D1; ð2Þ

where uðf ;1Þm and rðf ;1Þ
m represented the m-direction displace-

ment and stress of the free field under the incident elastic

wave, and uðs;1Þm and rðs;1Þ
m represented the m-direction dis-

placement and stress of the scattering field, respectively.
It could be determined from the single-layer potential the-
ory that the corresponding displacement and stress in the
scattering field could be expressed as follows:

u s;1ð Þ
m xð Þ ¼

Z
s1

u s;1ð Þ
j y1ð ÞG s;1ð Þ

mj x; y1ð ÞdSy1 ; ð3Þ

rðs;1Þ
m ðxÞ ¼ �0:5uðs;1Þ

j ðxÞ þ
Z
s1

u s;1ð Þ
j y1ð ÞT s;1ð Þ

mj x; y1ð ÞdSy1 ; ð4Þ

where x 2 D1, y1 2 S1. S1 ¼ fL1 [ B1 [ L2 [ B2g was the dis-
crete element surface on the half space as shown in Fig. 2.

uðs;1Þ
j ðy1Þ was the virtual load density at the position y1

applied on the boundary S1. Gðs;1Þ
mj ðx; y1Þ and T ðs;1Þ

mj ðx; y1Þ
were the displacement and stress Green’s functions of the
bedrock half space, respectively, which referred to the m-
direction stress and displacement of the position x by unit
force vector j acting on the position y1.
Symbol Description

S The horizontal distances between the tunnel and the fault
a The length of fault
b The width of fault

el h1 The vertical height of fault
B1 The interface between regions D1 and D2

B2 The interface between regions D1 and D3

B3 The inner wall of the lined tunnel
B Surface of fault fracture zone
f Actual frequency
L1, L2 Half space surface



Fig. 2. Domain division of the tunnel-fault system and boundary discrete elements.
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3.1.2 Scattered wave field analysis of the fault fracture zone

The scattering displacement and the stress of the fault
fracture zone D2 could be expressed as follows:

u s;2ð Þ
m xð Þ ¼

Z
s2

u s;2ð Þ
j y2ð ÞG s;2ð Þ

mj x; y2ð ÞdSy2 ; ð5Þ

rðs;2Þ
m ðxÞ ¼ �0:5uðs;2Þ

j ðxÞ þ
Z
s2

u s;2ð Þ
j y2ð ÞT s;2ð Þ

mj x; y2ð ÞdSy2 ; ð6Þ

where x 2 D2, y2 2 S2, S2 ¼ fB1 [ Bg was the discrete ele-
ment surface on the fault fracture zone as shown in Fig. 2.

uðs;2Þ
j ðy2Þ was the virtual load density at the position y2

applied on the boundary S2. Gðs;2Þ
mj ðx; y2Þ and T ðs;2Þ

mj ðx; y2Þ
were the displacement and stress Green’s functions of the
fault fracture zone, respectively. It should be noted that
there was no free field in domain D2 of the fault fracture
zone, and the scattering field was considered the total wave
field.

3.1.3 Scattered wave field analysis of the lined tunnel

The scattering displacement and stress of the lined tun-
nel D3 could be expressed as follows:

uðs;3Þm ðxÞ ¼
Z
s3

u s;3ð Þ
j y3ð ÞG s;3ð Þ

mj x; y3ð ÞdSy3 ; ð7Þ

r s;3ð Þ
m xð Þ ¼ �0:5u s;3ð Þ

j xð Þ þ
Z
s3

u s;3ð Þ
j y3ð ÞT s;3ð Þ

mj x; y3ð ÞdSy3 ; ð8Þ
R
S1
u s;1ð Þ

j y1ð ÞG s;1ð Þ
mj x; y1ð ÞdSy1 �

R
S2
u s;2ð Þ

j y2ð ÞG s;2ð Þ
mj x; y2ð ÞdSy2 ¼ �u f ;1ð Þ

m xð Þ; x 2 B1;

�0:5 u s;1ð Þ
j xð Þ þ u s;2ð Þ

j xð Þ
h i

þ R
S1
u s;1ð Þ

j y1ð ÞT s;1ð Þ
mj x; y1ð ÞdSy1 �

R
S2
u s;2ð Þ

j y2ð ÞT s;2ð Þ
mj x; y2ð ÞdSy2 ¼ �r f ;1ð Þ

m xð Þ; x 2 B1;R
S1
u s;1ð Þ

j y1ð ÞG s;1ð Þ
mj x; y1ð ÞdSy1 �

R
S3
u s;3ð Þ

j y3ð ÞG s;3ð Þ
mj x; y3ð ÞdSy3 ¼ �u f ;1ð Þ

m xð Þ; x 2 B2;

�0:5 u s;1ð Þ
j xð Þ þ u s;3ð Þ

j xð Þ
h i

þ R
S1
u s;1ð Þ

j y1ð ÞT s;1ð Þ
mj x; y1ð ÞdSy1 �

R
S3
u s;3ð Þ

j y3ð ÞT s;3ð Þ
mj x; y3ð ÞdSy3 ¼ �r f ;1ð Þ

m xð Þ; x 2 B2;

�0:5u s;1ð Þ
j xð Þ þ R

S1
u s;1ð Þ

j y1ð ÞT s;1ð Þ
mj x; y1ð ÞdSy1 ¼ �r f ;1ð Þ

m xð Þ; x 2 L1 [ L2f g;
�0:5u s;2ð Þ

j xð Þ þ R
S2
u s;2ð Þ

j y2ð ÞT s;2ð Þ
mj x; y2ð ÞdSy2 ¼ 0; x 2 B;

�0:5u s;3ð Þ
j xð Þ þ R

S3
u s;3ð Þ

j y3ð ÞT s;3ð Þ
mj x; y3ð ÞdSy3 ¼ 0; x 2 B3;

8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:

ð10Þ
where x 2 D3, y3 2 S3, S3 ¼ fB2 [ B3g was the discrete ele-
ment surface on the lined tunnel as shown in Fig. 2.

uðs;3Þ
j ðy3Þ was the virtual load density at the position y3
applied on the boundary S3. Gðs;3Þ
mj ðx; y3Þ and T ðs;3Þ

mj ðx; y3Þ
were the displacement and stress Green’s functions of the
lined tunnel, respectively. It should be noted that there
was no free field in domain D3 of the lined tunnel, and
the scattering field was considered the total wave field.
3.2 Boundary conditions and solutions

According to the continuous condition based on the dis-
placement and stress of the boundary, the virtual load den-
sity could be solved by establishing the equations of each
part of the wave field, which were obtained as described
in the previous section of the paper. The boundary condi-
tions could be expressed as follows:

u t;1ð Þ
m xð Þ ¼ u s;2ð Þ

m xð Þ; x 2 B1;

r t;1ð Þ
m xð Þ ¼ r s;2ð Þ

m xð Þ; x 2 B1;

u t;2ð Þ
m xð Þ ¼ u s;3ð Þ

m xð Þ; x 2 B2;

r t;2ð Þ
m xð Þ ¼ r s;3ð Þ

m xð Þ; x 2 B2;

r t;1ð Þ
m xð Þ ¼ 0; x 2 L1 [ L2f g;

r s;2ð Þ
m xð Þ ¼ 0; x 2 B;

r s;3ð Þ
m xð Þ ¼ 0; x 2 B3:

8>>>>>>>>>>><
>>>>>>>>>>>:

ð9Þ

According to Eqs. (1)–(9), Eq. (10) was obtained:
where superscripts 1, 2 and 3 represented the partial wave
sources of the bedrock half space, fault fracture zone and
the lined tunnel, respectively, and Green’s functions that
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were used were full space Green’s functions. Assuming that
/jðyÞ was constant for each element, there was a set of lin-

ear equations:
PN1

l1¼1u
s;1ð Þ
j y1;l1

� �
g s;1ð Þ
mj xn1 ; y1;l1

� ��PN2

l2¼1u
s;2ð Þ
j y2;l2

� �
g s;2ð Þ
mj xn2 ; y2;l2

� � ¼ �u f;1ð Þ
m xn1ð Þ;

�0:5 u s;1ð Þ
j xn1ð Þ þ u s;2ð Þ

j xn1ð Þ
h i

þPN1

l1¼1u
s;1ð Þ
j y1;l1

� �
t s;1ð Þ
mj xn1 ; y1;l1

� ��PN2

l2¼1u
s;2ð Þ
j y2;l2

� �
t s;2ð Þ
mj xn2 ; y2;l2

� � ¼ �r f ;1ð Þ
m xn1ð Þ;PN1

l1¼1u
s;1ð Þ
j y1;l1

� �
g s;1ð Þ
mj xn2 ; y1;l1

� ��PN3

l3¼1u
s;3ð Þ
j y3;l3

� �
g s;3ð Þ
mj xn2 ; y3;l3

� � ¼ �u f;1ð Þ
m xn2ð Þ;

�0:5 u s;1ð Þ
j xn2ð Þ þ u s;3ð Þ

j xn2ð Þ
h i

þPN1

l1¼1u
s;1ð Þ
j y1;l1

� �
t s;1ð Þ
mj xn2 ; y1;l1

� ��PN3

l3¼1u
s;3ð Þ
j y3;l3

� �
t s;3ð Þ
mj xn2 ; y3;l3

� � ¼ �r f ;1ð Þ
m xn2ð Þ;

�0:5u s;1ð Þ
j xn3

� �þPN1

l1¼1u
s;1ð Þ
j y1;l1

� �
t s;1ð Þ
mj xn3 ; y1;l1

� � ¼ �r f;1ð Þ
m xn3

� �
;

�0:5u s;2ð Þ
j xn4ð Þ þPN2

l2¼1u
s;2ð Þ
j y2;l2

� �
t s;2ð Þ
mj xn4 ; y2;l2

� � ¼ 0;

�0:5u s;3ð Þ
j xn5ð Þ þPN3

l3¼1u
s;3ð Þ
j y3;l3

� �
t s;3ð Þ
mj xn5 ; y3;l3

� � ¼ 0;

8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:

ð11Þ
gmj x; yð Þ ¼
Z yþDS

2

y�DS
2

Gmj x; yð ÞdSy ; tmj x; yð Þ

¼
Z yþDS

2

y�DS
2

Tmj x; yð ÞdSy ; ð12Þ

where DS was the unit length; N1, N2, and N3 were the
number of discrete elements of the elastic bedrock half
space boundary surface, the fault fracture zone boundary
surface, and the lined tunnel boundary surface, respec-
tively. Additionally, xn1 2B1, xn2 2B2, xn3 2{L1UL2},
xn4 2B, xn5 2B3, y1;l1 2S1, y2;l2 2S2, and y3;l3 2S3. n1, n2,

n3, n4, n5, l1, l2, l3 represented the numbering of the corre-
sponding boundary discrete element, respectively. x–y,
Eqs. (11) and (12) were used to calculate directly. When
x ¼ y, the expansion of Green’s function was needed for
use to solve the analytic integral:

gmj x; yð Þ ¼ i

8
F 1 þ F 2ð Þdmj; tmj x; yð Þ ¼ 1

2
dmj; ð13Þ
Fig. 3. Comparison of the results of this model for the surface displacement o
waves.
F 1 ¼ DS
kþ 2lð Þ � 1þ 2i

p 1� c� lg h� DS
4

� �� �
( )

þ DS
l

� 1þ 2i

p 1� c� lg k � DS
4

� �� �
( )

; ð14Þ
F 2 ¼ h2 � DS3

8 kþ 2lð Þ

� 1

12
þ i

2p
� 1

9
� c
3
� lg h� DS=4ð Þ

3

� �� 	

� k2 � DS3

8l

� 1

12
þ i

2p
� 1

9
� c
3
� lg k � DS

4

� �
3

� �� 	
; ð15Þ

where dmj was the Delta function; k and l were the Lame
constants; h and k were the compressional and shear wave
numbers, respectively; and c was the Euler constant, which
was taken as 0.5772.

The equation was established according to the above
boundary conditions, and the virtual load density of each
element was obtained. The scattering wave field was
obtained by multiplying Green’s function and the virtual
load density. The total wave field inside the fault fracture
zone and the lined tunnel was the scattering field. The total
f the fault with the results of Liang et al. (2009) for vertically incident SV
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wave field in the bedrock half space was the sum of the scat-
tered field and the free field. The feature of this method was
that the virtual loads were directly applied to the boundary,
which was a direct realization of the Huygens principle.

4 Accuracy verification

As the study on the lined tunnel in the near-fault site
had no result to compare, the model of the fault-lined tun-
nel was degraded into a single fault (the material parame-
ters inside and outside the tunnel were equal).

Figure 3 shows the displacement amplitudes of the
ground surface compared with the results reported by
Liang et al. (2009) using the IBEM for vertically incident
SV waves. To degenerate the solution to a single fault case,
the calculated parameters were set as follows: damping ratio
f = 0.001, mass density q1=q2=q3 = 1.0/1.0/1.0, SV wave
velocity cb1=cb2=cb3 = 5.0/1.0/5.0, Poisson’s ratio v1 ¼ v2 ¼
v3 = 1/3, the length of half space surface
L1 = L2 = 8000 m, the length of fault a = 1000 m, ratio of
the width to the depth of the fault fracture zone
b/h1 = 0.2, dip of the fault a = 90�, incident angle of SV
waves of 90�, and non-dimensional frequency g = 0.25 (the
influence of the tunnel on the seismic response could be
ignored). The horizontal and vertical displacement ampli-
tudes (Ux, Uy) in the figures have been normalized by the
incident wave displacement amplitude ASV. It was shown
that the degenerated results provided via the proposed
method agreed well with the results from the literature.
Fig.4. DSCFs of the inner and outer surfaces of the lined tunnel at different d
(model 1).
5 Numerical analysis

As shown in Fig. 1, a circular tunnel was shallowly bur-
ied in the near-fault site. The inner radius was r1 = 5 m, the
outer radius was r2 = (10/9)r1 = 5.56 m, and the depth
d = 15 m. The fault fracture zone width was b = 50 m, the
length was a = 1000 m, and the fault was categorized as a
narrow fault. The other calculated parameters were set as
follows: Poisson’s ratio m1 = m2 = m3 = 0.25, mass density
q1 = 2000 kg/m3, q2 = 1800 kg/m3, q3 = 2500 kg/m3, SV
wave velocity cb1 = 1200 m/s2, cb2 = 240 m/s2, and
cb3 = 2400 m/s2 (rigid lining). The damping ratio f = 0.01.

5.1 DSCFs for the inner and outer surfaces of the single-

lining tunnel

Figures 4–9 ploted the DSCFs for vertically incident SV

waves, rhh
0 ¼ jrhh=r0j ¼ jrhh=l1k

2
1j, rhh is the hoop stress of

the lined tunnel, rh ¼ l1k
2
1 was the amplitude of incident

wave stress in half space; l1 and k1were the shear modulus
and the shear wave velocity of the half space, respectively.
The fault dip angles a = 30�, 45�, and 60�, the horizontal
distances between the tunnel and the fault of S = 20, 50,
and 100 m and the actual frequencies of the incident elastic
wave were f = 5.0, 10.0, and 20.0 Hz, respectively.

Generally, when the lined tunnel was located at the
lower wall of the fault fracture zone, the existence of the
fault caused the DSCFs of the lined tunnel to have an
amplification effect. When the tunnel was located at upper
istances between the tunnel and the fault for SV wave incidence (a = 30�)



Fig. 5. DSCFs of the inner and outer surfaces of the lined tunnel at different distances between the tunnel and the fault for SV wave incidence (a = 45�)
(model 1).

Fig. 6. DSCFs of the inner and outer surfaces of the lined tunnel at different distances between the tunnel and the fault for SV wave incidence (a = 60�)
(model 1).
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wall of the fault, the DSCFs of the inner and outer surfaces
of the lined tunnel decreased.

5.1.1 The tunnel in the foot wall of a near-fault site (model

1)

The general rule could be determined from the compar-
ison of the inner and outer wall stresses. The inner wall
stress was greater than the outer wall stress, and the stress
curve characteristics for the inner and outer wall were sim-
ilar. The existence of the fault fracture zone had a certain
amplification effect on the inner and outer wall stresses
when the lined tunnel was in the foot wall of the fault frac-
ture zone.

With the increase of the fault dip angle, the DSCF
amplification effect of the lined tunnel increased gradually.
For the case of S = 50 m, f = 5 Hz, a = 30�, 45�, and 60�,



Fig. 7. DSCFs of the inner and outer surfaces of the lined tunnel at different distances between the tunnel and the fault for SV wave incidence (a = 30�)
(model 2).

Fig. 8. DSCFs of the inner and outer surfaces of the lined tunnel at different distances between the tunnel and the fault for SV wave incidence (a = 45�)
(model 2).

702 Z. Liu et al. / Underground Space 6 (2021) 695–708
compared with the no fault case, the maximum DSCFs
increased 26%, 51%, and 60% at the inner wall of the lined
tunnel, respectively, as can be observed from Figs. 4–6.
When a = 60�, the fault fracture zone had a great influence
on the tunnel, and the DSCF amplification at the outer
wall reached 117%. From the view of engineering, more



Fig. 9. DSCFs of the inner and outer surfaces of the lined tunnel at different distances between the tunnel and the fault for SV wave incidence (a = 60�)
(model 2).
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attention should be paid to the seismic design of the tunnel
near the fault fracture zone with large dip angle.

The amplification effect was more significant at low fre-
quency. For a = 30�, S = 20 m, f = 5, 10, and 20 Hz, the
DSCFs at the inner wall reached 15.50, 24.47 and 31.28,
increasing by 49%, 24% and 19%, respectively, compared
with the no-fault cases (10.39, 19.76 and 26.21).

For fault fracture zones with different dip angles, the
influences of horizontal distance S on DSCF were different.
When the SV wave was incident, a = 30�, with the decrease
of the horizontal distance S between the tunnel and the
fault, the DSCF amplification effect of the lined tunnel
became more and more serious. As offered in Fig. 4,
a = 30�, f = 5 Hz, S = 20, 50, and 100 m, compared with
the no fault case, the peak of the DSCFs at the inner wall
were 49%, 26%, and 19%, respectively.
5.1.2 The tunnel in the hanging wall of a near-fault site

(model 2)

When the lined tunnel was in the hanging wall of the
fault fracture zone, the inner and outer wall DSCFs were
amplified at low frequency and shielded at high frequency.
Due to the multiple scattering and interface effect of SV
waves between the surfaces of the fault fracture zone and
the tunnel, the response characteristic was more compli-
cated. The shielding effect was more pronounced with the
increase of frequency. As illustrated in Fig. 8, a = 45�,
f = 5 Hz, the DSCF amplification effect still existed. The
amplification effect decreased with the increase of distance
S. For example, a = 45�, f = 5 Hz, S = 20, 50, and 100 m,
compared with the no fault case, the maximum DSCF
amplification ratios at the inner wall of the lined tunnel
were 152%, 85%, and 42%, respectively. When f = 10 Hz
and 20 Hz, the shielding effect appeared significantly. For
the case of S = 20 m, f = 10 Hz and 20 Hz, the shielding
effect of inner wall reached 69% and 81%, respectively.

With the increase of the fault dip angle, the DSCF
shielding effect of the lined tunnel increased gradually. It
can be found from Figs. 7–9 that for the case of
S = 20 m, f = 20 Hz, and for a = 30�, 45�, and 60�, com-
pared with the no fault case, the maximum DSCF ampli-
tudes decreased 41%, 53%, and 62% at the inner wall of
the lined tunnel, respectively.
5.2 Stress and displacement cloud diagrams of the lining

tunnel

For a lined tunnel near the fault region, the cloud dia-
gram of DSCF for models 1 and 2 for incident SV waves
were given in Fig. 10. In addition, horizontal and vertical
displacement cloud diagrams of the lined tunnel were
depicted in Figs. 11 and 12 respectively. The distance
between the fault and the lined tunnel was S = 50 m, the
dip angle of the fault was a = 45�, and seismic waves were
vertically incident. The displacement amplitude in the fig-
ures has been normalized by the incident wave displace-
ment amplitude, and the tunnel size has been normalized
by the tunnel outer wall radius r2.

In Fig. 10, the inner wall stresses were greater than the
outer wall stresses. The stress concentrations on the left
and right sides of the lined tunnel as well as the arch shoul-
ders and arch feet were obvious, while the stress factors on



Fig. 10. Circumferential stress cloud diagrams of the lined tunnel in a near fault site.
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the top and bottom of the lined tunnel were smaller. The
incident wave frequency had an important influence on
the wave scattering. When the tunnel was in the foot wall
of the fault fracture zone, the influence on the stress ampli-
tude and spatial distribution characteristics of the lined
tunnel was significant. For the case of f = 5 Hz, the maxi-
mum stress amplitude along the inner wall increased 51%
compared with the no-fault case. When the tunnel was in
the hanging wall of the fault fracture zone, f = 10 Hz
and 20 Hz, the maximum stress amplitude along the inner
wall of the tunnel decreased.

Generally speaking, the horizontal displacements of
lined tunnel were greater than the vertical displacements.
The reason was that the SV waves had a greater influence



Fig. 11. Horizontal displacement cloud diagrams of the lined tunnel in a near fault site.
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on horizontal displacements than vertical displacements.
With the increase of frequency, the spatial distribution of
displacement in the tunnel was more complicated. When
the tunnel was in the foot wall of the fault fracture zone,
the horizontal and vertical displacements increased in com-
parison with that without fault. When the tunnel was in the



Fig. 12. Vertical displacement cloud diagrams of the lined tunnel in a near fault site.
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hanging wall of the fault fracture zone, the horizontal and
vertical displacements were reduced compared with that
without fault. The horizontal displacement of high fre-
quency wave decreased obviously. It could be seen from
Fig. 11 that for the case of a = 45�, S = 50 m, f = 10 Hz,
the peak value of horizontal displacement decreased 78%.

6 Conclusions

The non-causative fault fracture zone had a significant
impact on the seismic response of the underground lined
tunnel. The rule of influence could be summarized from
the incident frequency of the incident waves, the fault frac-
ture zone dip angle, the distance between the tunnel, and
the fault fracture zone. The IBEM was used to study the
overall seismic response of the fault-tunnel (rigid) and the
stress cloud picture was simulated. Comparing the interac-
tion between the fault fracture zone and the lined tunnel
when the tunnel was in the hanging or foot wall of the
fault, several important conclusions could be obtained:

(1) There was an obvious seismic interaction between the
fault fracture zone and the lined tunnel. The fault
fracture zone had a tremendous effect on the soil layer
around the lined tunnel, which caused the ground
motion to be spatially redistributed. According to dif-
ferent parameter conditions, the seismic damage of
the lined tunnel had different changes.

(2) It is worth noting that the hoop stress on the inner sur-
face of the tunnels embedded in the fault area was sig-
nificantly greater than that on the outer surface.
Therefore, in practical engineering, the inner walls
of tunnels near fault area should be strengthened.

(3) When the lined tunnel was in the foot wall of the fault
fracture zone, the stress amplification effect of the
lined tunnel increased with the increase of the inclina-
tion of the fault with an amplification factor of up to
117%. Therefore, seismic fortification should be
strengthened for buried tunnels in a fault fracture
zone of great inclination.

(4) For the lined tunnel structure during the ground
motion near fault site, the extreme value of stress gen-
erally appeared at the arch shoulders and the arch
feet, while the top and the bottom were relatively
safe.
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