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Abstract 

This paper introduces a novel two-step multi-scale coupled method for simulating the nonlinear dynamic behavior of a mountain 
tunnel subjected to fault movement. In the first step, the broadband seismic responses within a large-scale mountain-fault model can 
be accurately solved by the indirect boundary element method, converting them into effective input forces around the specified region 
of interest within the mountain. The second step involves finely simulating the nonlinear dynamic response of the tunnel cross-
section in the designated region using the finite element method, with the implementation of a viscoelastic artificial boundary to absorb 
the reflection of scattered waves at truncated boundaries. Two verification processes are employed to validate the accuracy of the multi-
scale coupled method. Furthermore, we illustrate the applicability and efficacy of the new method with an example involving the elasto-
plastic dynamic analysis of a mountain tunnel under the influence of normal fault movement. The presented example highlights the
impact of fault motion parameters, including fault dislocation value and dip angle, on the responses of the mountain tunnel. The results
demonstrate that the proposed multi-scale coupled method can achieve full-process seismic simulation, ranging from kilometer-scale
fault rupture to centimeter-scale mountain tunnel section damage, with a considerably reduced computational expense.

Keywords: Mountain tunnel; Topography effect; Fault movement; Multi-scale coupled method; Nonlinear dynamic response; Damage characteristics
1 Introduction 

In the era of rapidly advancing transportation infras-
tructure, mountain tunnels play a pivotal role in modern 
society, constituting an indispensable component of the 
lifeline system. However, previous studies indicate that
mountain tunnels may experience various severe damage
patterns during strong earthquakes (Fig. 1), such as the 
Menyuan earthquake (Chen et al., 2023), Kumam oto
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earthquake (Zhang et al., 2018), Wenchuan e arthquake
(Li, 2012; Yu et al., 2016), and Chi-Chi earthqua ke
(Wang et al., 2001). Therefore, conducting seismic research 
on mountain tunnels is of significant importance (D. Zhang 
et al., 2022; Han et al., 2022). 

method (Liu et al., 2019, 2023), the finite elem ent me
(Zhou et al., 2021; Yu et al., 2016; Liu et al., 2021), 

The methods commonly used to analyze the seismic 
response of tunnel structures typically include analytical 
method, numerical method, and e xperimental method
(Xu et al., 2016; Guan et al., 2019). The analytical method 
is typically applied to the calculation of simple models (Tao 
et al., 2015; Li et al., 2019; Zhang et al., 2021), and numer-
ical methods primarily include the boundary element
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Fig. 1. Damage patterns of mountain tunnel subjected to earthquakes. (a) Longxi tunnel (reproduced from Yu et al. (2016) with permission, courtesy of 
Elsevier): cracking and spalling of the concrete lining, (b) Tawarayama tunnel (reproduced from Zhang et al. (2018) with permission, courtesy of Elsevier): 
large area vault collapse of the crown, and (c) Daliang tunnel: shear failure (reproduced from Chen et al. (2023) with permission, courtesy of Elsevier).
the finite difference method (Shen et al., 2014). It is worth 
noting that the studies mentioned above primarily focus 
on the incidence of far-field waves, while near-fault ground 
motion may have a more severe impact on mountain tun-
nels. The near-fault ground motions exhibit distinct char-
acteristics compared to far-field ground motions,
including high intensity, rapid attenuation, clear direction-
ality, and long-period velocity pulses (Bray et al., 2004;
Koketsu et al., 2008; Liu & Li, 2009; Zhang et al., 2019;
Qiao et al., 2022). Extensive seismic damage investigations 
have revealed that mountain tunnels endure severe struc-
tural damage under the influence of active faults (Chen & 
Wei, 2013; Yu et al., 2016). 

In recent years, several researchers have undertaken par-
tial research and exploration into the impact of active
faults on mountain tunnels. Liu et al. (2015) conducted 
small-scale model experiments to simulate fault rupture 
propagation with varying normal fault dips and investi-
gated its effects on mountain tunnels. Shen et al. (2020)
analyzed the damage of the mountain tunnel with flexible 
joints through a fault based on a shaking table test.
Zhong et al. (2020) utilized the finite element method to 
establish a numerical model to study the dynamic behavior 
of a mountain tunnel crossing multiple faults under seismic
action induced by strike-slip fault movements. Wang et al.
(2023) simulated reverse fault rupture using cohesive inter-
face elements and investigated the damage mechanism of
the mountain tunnel under reverse fault movement.

Note that the studies mentioned above are based on 
half-space or full-space models and do not account for 
the influence of mountain topography on the near-fault 
tunnels. In practice, extensive seismic investigations and
theoretical analyses have indicated that mountain terrain
can significantly amplify seismic ground motion (Yuan & 
Liao, 1996; Tsaur & Chang, 2009; Nan & Qi, 2012; Chen
et al., 2011, 2012; Amornwongpaibun & Lee, 2013; Liang
et al., 2019; Liu et al., 2020), consequently impacting the 
seismic response of a mountain tunnel. Moreover, current 
research predominantly focuses on the impact of mountain 
fault movement on tunnel structures, often neglecting the
dynamic effects stemming from the fault source (N. 
Zhang et al., 2022). The combination of local topography
effects and near-fault effects will give rise to more complex
seismic wavefields (Liu et al., 2022). It is therefore neces-
sary to develop an efficient multi-scale analysis method to 
investigate the seismic dynamic interaction among the
active fault, the mountain topography, and the lined
tunnel.

To solve the above problems, this paper considers the 
interaction of fault-mountain-tunnel, combining the indi-
rect boundary element method (IBEM) and finite element 
method (FEM) to propose a multi-scale coupled method 
from kilometer-scale fault rupture to the propagation of 
waves in local site with complex geological and topograph-
ical conditions and then to centimeter-scale lining section 
damage. The pro posed method presents numerous advan-
tages: (i) The IBEM has advantages in reducing the dimen-
sionality of problem solutions, having no high-frequency
dispersion, automatically satisfying the infinite radiation
conditions, and achieving higher accuracy for displacement
and stress calculations (Liang et al., 2021), which can 
productively solve the broadband ground motion in the 
complex mountain topography resulting from fault move-
ments. (ii) The FEM can effectively model the complex geo-
metric shape of the struc ture and consider the nonlinear
property of the local site, aiding in simulating the nonlinear
seismic response of the tunnel structure and its vicinity
(Erhunmwun & Ikponmwosa, 2017). (iii) This novel 
method overcomes the limitations of FEM in computing 
large-scale site effects and also addresses the shortcomings 
of IBEM in simulating structural nonlinear analysis. It 
achieve s a full-process seismic simulation covering
source-path-site-structure, effectively reducing computa-
tional costs throughout the entire process.

The structure of this paper is as follows: Section 2 intro-
duces the theoretical formulations of the multi-scale cou-
pled method. Comprehensive verific ation and a numerical
example are detailed in Sections 3 and 4, respectively. Some 
conclusions are drawn in Section 5. 

2 Methodology 

In order to effectively model the elastoplastic mechanical 
behavior of a mountain tunnel induced by fault movement,
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a multi-scale coupled method is introduced. This method 
aims to simulate seismic wave propagation across a large-
scale region and analyze the seismic response of the tunnel 
within a specific local site near the fault. The methodology 
consisted of two main steps. Firstly, the seismic wave prop-
agation across the entire area, encompassing the finite-fault 
source, propagation media, and complex mountain topog-
raphy, is accurately calculated based on IBEM and is trans-
formed into effective seismic inputs around the region of
interest within the mountain. Following this, the FEM is
utilized to finely simulate the nonlinear seismic response
of the tunnel structure in the designated region, incorporat-
ing a viscoelastic artificial boundary to absorb the reflec-
tion of scattered waves at truncated boundaries. The
detailed description of the multi-scale coupled method is
depicted in Fig. 2. 

2.1 IBEM simulation from fault rupture to site seismic

response

In this subsection, the fundamental principles of IBEM 
are introduced, and subsequently, the method is expanded 
to simulate ground motion within a complex mountain site 
induced by a kinematic finite-fault source. The detailed 
procedures are outlined as follows: First, discretize the 
boundaries of the mountain, fault, and half-space surface, 
and then construct the seismic wavefield resulting from 
fault movement indirectly by applying fictitious loads to 
each discrete element. Next, determine the fictitious load
densities by solving for the pertinent boundary conditions,
thereby obtaining the frequency-domain results of displace-
ment and traction for the four truncated boundaries within
the specific local site. Conclude the process by employing
the inverse fast Fourier transform (IFFT) to obtain the
time-domain response of the four truncated boundaries.
Fig. 2. Schematic flowchart of the
2.1.1 Basic theory and calculation formula s of IBEM
According to the single-layer potential theory, the seis-

mic wavefield can be constructed by directly applying ficti-
tious loads on each discrete element, which can be regarded
as a direct manifestation of Huygens’ principle (Sánchez & 
Campillo, 1991, 1993). The expression for the displacement 
derived from the Somigliana integral formula is as follows:

ui X 
S 
Gij X Y uj Y dSY 

V 
Gij X Y f j Y dV Y 1 

Similarly, according to Hooke’s Law, the traction is:

ri X 
1 
2 
ui X 

S 
T ij X Y uj Y dSY 

V 
T ij X Y f j Y dV Y 2

where uj( ) is the fictitious load density on the boundary 
element; fj(Y) is the body force component; i, j = 1,2 corre-
spond to the x- and  y- directions, respectively; V and S 
respectively represent the volume and boundary of the cal-
culation domain; Tij(X,Y) and Gij(X,Y) represent the full-
space traction and displacement Green’s functions, respec-
tively, which can be expressed as
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multi-scale coupled method.
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where cp and cs are compression wave velocity and shear 
wave velocity, respectively; h and k are compression wave 
number and shear wave number, respectively; l is the shear 
modulus; q is the mass density; i is the imaginary number

unit; n is the unit normal vector; H is Hankel function
of the second kind and order n; dij is the Delta function;

2 2

2 
n 

r 

2.1.2 Frequency domain solution
The entire domain consists of the footwall domain C1 

and the hanging wall domain C2, as illustrated in Fig. 3. 
L1 and L2 denote the discrete boundaries of the footwall 
and hanging wall surfaces, respectively, whi le L3 represents
the discrete boundary of the fault plane.

Referring to Eqs. (1) and (2), the displacement and trac-
tion, without considering body forces, are as follows
(Sánchez & Campillo, 1991, 1993): 

rC 
i X 0 5ui X 

S 
T ij X Y uj Y dS 6

uC i X 
S 
Gij X Y uj Y dS 7 

Solving Eqs. (3)–(7) enables the determination of the 
traction and displacement for each element within distinct 
domains. The boundary conditions employed in the fault-
mountain coupled model are outlined as follows: (i) on 
the mountain surface (free surface), the traction is zero, 
and (ii) on the fault surface. There exists continuity of trac-
tion and a displacement difference parallel to the fault sur-
face with a magnitude of d. These conditions can be
formulated as
Fig. 3. Discretization of boundaries for various domains in the overall
model.
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Substituting Eqs. (6) and (7) into Eq. (8), the expressions 
are as follows:
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where h is the fault dip angle, which refers to the angle 
between the fault and the horizontal direction.

Further, the discrete forms of Eq. (9) can be derived as 
follows:
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where N1–N3 represents the number of discrete elements 
for L1–L3, respectively; gij(Xm,Yn) and t ij(Xm,Yn) can be
expressed as

gij X m Y n 
DS 

Gij X m Y n dS 11 

tij X m Y n 
DS 

T ij X m Y n dS 12 

where DS represents the length of each element.
For Xn ≠ Yn, tij(Xm,Yn) and gij(Xm,Yn) can be solved by

the Gaussian integration in Eqs. (13) and (14): 
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When Xn = Yn, to avoid singularity, tij(Xm,Yn) and gij(Xm, 
Yn ) can be calculated by the analytical method:
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where k is the Lamé constant, and c represents the Euler 
constant (usually c = 0.5772).

2.1.3 Spatiotemporal distribution function of seismic source

The kinematic finite fault model was initially introduced
by Haskell (1964) and can be expressed as

D t D0G t d l v 19

G t 

0 
t T 

1 

t 0 
0 t T

t T

20

where D(t) represents the dislocation value of the fault ele-
ment at distance dl from the nucleation zone (initial rupture 
point) at time t, T donates the rise time, v represents the
rupture velocity of the fault, and D0 symbolizes the final
dislocation value of the fault.

This study assumes that the fault ruptures bidirection-
ally from the nucleation zone towards both sides, with 
the nucleation zone located at the central position of the 
fault. During propagation, the decreasing rupture energy 
gradually reduces the fault dislocation value. Concerning 
the attenuation model for fault dislocation, we simplify it
as a cosine half-wave curve, where attenuation solely
occurs as the fault progresses downward. The correspond-
ing phase differences in the frequency domain can realize
the time differences for the rupture of each sub-fault.

However, the Haskell model has some limitations in 
depicting the rich high-frequency components of accelera-
tion. To address this issue, we adopted white noise follow-
ing a Gaussian distribution with a variance of 1 and a mean 
of 0. It also incorporates a specific attenuation coefficient
to approximate the free vibration generated by the initial
displacement for each sub-fault (damping attenuation),
denoted as G1( t) (Liu et al., 2024). The spatiotemporal dis-
tribution function of the fault dislocation is as follows:

d x t D0 x G t G1 t 21

where G(t) is the kinematic source time function (Haskell, 
1964), and the expression for the dislocation value D 0 of
each sub-fault is given by

D0 x 
1 x c 2 
cos x c 2 p 2 c 2 x c

22

where x represents the distance from the sub-fault to the 
upper boundary of the fault, and c is the length of the fault.

2.2 Nonlinear dynamic analysis of the mounta in tunnel using

the FEM

It is noteworthy that the IBEM formulation introduced 
in the preceding section outputs seismic responses for the 
four truncated boundaries in the specific local site, encom-
passing the fault-induced node traction (r), node velocity 
(v), and node displacement (u). This section describes the
mechanism of implementing near-fault ground motion
input in the finite element model.

2.2.1 Theory of the viscoelastic artificial boundary
To recognize the infinity of the region of interest, and 

ensure that the scattered waves pass through the truncated 
boundary of the calculated area without wave reflections, 
the introduction of local virtual artificial boundaries is a
common approach. These boundaries typically include
transmitting boundaries (Wolf & Song, 1995), viscous arti-
ficial boundaries (Lysmer & Kuhlemeyer, 1969; Kouroussis
et al., 2011), viscoelastic artificial boundaries (Liu et al.,
2006, 1999; Du et al., 2006), and perfectly matched layer 
boundaries (Berenger, 1994; Chen et a l., 2022; Zhang
et al., 2021), among others. Viscoelastic artificial bound-
aries offer higher accuracy and stability than other artificial
boundary conditions (Liu et al., 2006; Du et al., 2006). This 
study employed the viscoelastic artificial boundary pro-
posed by Du et al. (2006). As illustrated in Fig. 4, a contin-
uous distributed parallel spring-dashpot system is set at the 
artificial truncated boundary. These equivalent springs and 
dashpots have damping coefficient C and stiffness coeffi-
cient K, and their expressions are as follows:

Kbn 
1 

1 a 
k 2G 
2R Cbn bqcp 

Kbt 
1 

1 a 
G 
2R Cbt bqcs

23

where Kbn and Cbn donate the normal spring and damping 
coefficients, respectively; Kbt and Cbt represent the tangen-
tial spring and damping coefficients, respectively; k is the 
lame constant; cp and cs represent the compression wave 
velocity and shear wave velocity of the soil; q and G stand 
for the mass density and shear modulus of the soil; R indi-
cates the distance between the artificial boundary and the 
scattered wave source; a is the modified coefficients for stiff-
ness, set as 0.8; b is the modified coefficients for damping,
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Fig. 4. Schematic flowchart of viscoelastic artificial boundary.
set as 1.1. As depicted in Fig. 4, the viscoelastic artificial 
boundary is applied at the model boundary nodes.

2.2.2 Equivalent node force input mechanism

The near-fault ground motions from Section 2.1 can be 
transformed into time histories of equivalent nodal force, 
which are subsequently applied to the truncated boundary 
nodes of the finite element (FE) model. The equivalent
nodal force Fb(t) of node b can be written as follows (Du 
et al., 2006): 
F b t lb Kbub t Cbvb t rb t 24

where ub(t) denotes the displacement, vb(t) represents the 
velocity, and rb(t) signifies the traction of node b at time
t; lb is the side length controlled by node b.

Within the FE model, the equivalent loads on the left 
and right bounda ries can be represented by the following
equations:

F bx lb Kbnubx Cbnvbx rbxx 

F by lb Kbtuby Cbtvby rb xy
25

The expression for the equivalent loads on the top and
bottom boundaries is as follows:

F bx lb Kbtubx Cbtvbx rbxy 

F by lb Kbnuby Cbnvby rb yy
26
3 Verification 

3.1 Verification of the IBEM

To validate the accuracy and feasibility of IBEM in sim-
ulating near-fault ground motion in the mountai nous
region, we compared our results with the analytical solu-
tion provided by Kara and Trifunac (2014), using the same 
computational model and parameters. For the comparison, 
an arc-shaped fault with a length of a and an angle b 
between its center and the negative x-axis was considered, 
with a fault dislocation value set as D = 1. The ratio of 
the basin radius to the fault radius was a2/a1 = 1/3. The
wave velocity ratio between the half-space and the basin
was c1/c2 = 3, and the dimensionless frequency g = 0.25.
The density ratio q1/q2 = 1.2. Figure 5 shows a good agree-
ment between the two sets of results, confirming the accu-
racy of IBEM in simulating the fault rupture process.

3.2 Verification of the multi-scal e coupled method

Then, we conducted the numerical analysis of a near-
fault mountain tunnel dynamic response using the multi-
scale coupled method and the IBEM, respectively, to val-
idate the effectiveness of the multi-scale coupled method.
The comprehensive details regarding the dimensions and
material parameters of the mountain and the tunnel
structure are extensively described in Section 4.1. For 
the fault, we set the dislocation value at d = 0.6 m 
and the rupture velocity at v = 3000 m/s. Due to sub-
model size constraints, we only consider ed the minimum
fault-to-tunnel distance df = 2.5d1, where d1 = 13.6 m is
the tunnel diameter. As shown in Fig. 6, the time history 
results for the tunnel crown under a 60° normal fault 
obtained using the multi-scale coupled method are in 
excellent agreement with those from the IBEM. It is 
worth noting that this validation primarily targets the 
multi-scale coupled method, with the entire domain con-
sidered to exhibit linear elastic behavior. Based on the
current validation, we can only confirm that the method
is applicable for a minimum tunnel-to-fault distance of
2.5d1. For smaller fault distances, potential coupling
effects need further investigation, which will be a focus
of our future work.

4 Numerical example 

In this section, we utilize a near-normal fault mountain 
tunnel as a case study for numerical analysis, with the 
mountain exhibiting a G aussian shape, as shown in
Fig. 7(a). The mountain height and half-width are denoted 
as h (500 m) and la (500 m), respectively. Within the moun-
tain is an inclined normal fault characterized by an angle of 
h and a length of b. The distance from the ground surface 
to the center of the tunnel, denoted by hd, is set as 35 m. 
Th e detailed description of the lined tunnel model is pre-
sented in Fig. 7(b).
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Fig. 5. Comparison results between boundary element solution and analytical solution. (a) a = p/12, b = p/24, and (b) a = p/12, b = p/2.

Fig. 6. Crown dynamic response time histories of the mountain tunnel under the influence of a 60° normal fault. (a) Displacement in x direction, (b) 
velocity in x direction, (c) acceleration in x direction, (d) displacement in y direction, (e) velocity in y direction, and (f) acceleration in y direction.
4.1 Numerical model

Figure 8(a) illustrates the finite element model of the 
tunnel and its vicinity. Through sensitivity study, the 
finite element size of the mountain-tunnel computational 
model is determined to be 50 m × 50 m. The simulation 
of the surrounding rock and the lining tunnel employed
the CPE4R plane strain element. In the tunnel, circum-
ferential reinforcing bars were embedded using truss ele-
ments. A tie interaction (no-slip interface) was adopted
between the tunnel and the rock mass. Figure 8(b) 
depicts the layout of tunnel monitoring points. In this 
study, the analysis of nonlinear seismic response in 
near-fault mountain tunnels comprises the following 
three steps: firstly, employing gravity stress as the initial 
stress field; secondly, utilizing stress relaxation method to 
simulate tunnel excavation; and thirdly, using the stress 
field computed in the secon d step as the initial condition
for seismic response analysis (Andreotti & Lai, 20 19;
Bloodworth & Su, 2 018).
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Fig. 7. Sketch of a near-fault mountain tunnel. (a) Mountain-fau lt-tunnel system, and (b) lining tunnel. (Unit: cm).

Fig. 8. Numerical model. (a) Surrounding rock-tunnel FE model, and (b) layout of tunnel monitoring points.
In the inelastic dynamic analyses of a mountain tunnel, 
we utilize the concrete damage plasticity (CDP) model 
from the ABAQUS material library to sim ulate the com-
plex mechanical behaviour of concrete materials during
fault movement. Initially proposed by Lubliner et al.
(1989) and further developed by Lee and Fenves (1998), 
the CDP model can simulate the mechanical response of 
concrete under monotonic, cyclic, and dynamic loading 
conditions. The CDP model is based on the stress–strain 
relationship of concrete under uniaxial tension and com-
pression. It describes the strain-softening behaviour of con-
crete and defines damage variables to quantify the extent of
concrete damage, thereby better reflecting the nonlinear
mechanical behaviour of concrete materials. Following
Sidoroff’s energy equivalence principle (Sidoroff, 1981), 
we calculated the constitutive relationship between plastic 
strain and damage factors in the plastic damage model. 
Otherwise, we adopted the stress–strain and damage evolu-
tion relationship of C40 concrete, as shown in Fig. 9. Con-
cerning the reinforcing bars, we employed an ideal 
elastoplastic constitutive model to characterize their 
mechanical behavior, partitioning the stress–strain rela-
tionship into elastic, hardening, and ideal plastic stages.
The type of the reinforcing bars used in this study is 
HRB40 0, and its stress–strain curve is illustrated in
Fig. 10. The potential of the surrounding rock mass to 
undergo plastic failure is determined by the elastic-
perfectly plastic Mohr–Coulomb constitutive model
(Andreotti & Lai, 2019; Wang et al., 2019; Zi et al., 2021;
Sun et al., 2024), while also considering Rayleigh damp ing.
Please refer to Table 1 for specific material parameters of 
lining tunnel, reinforcing ba rs, and the surrounding rock
mass.

4.2 Numerical results and analysis

Various factors, such as fault slip value (d) and fault dip 
angle (h), affect the performance of a mountain tunnel sit-
uated near a normal fault. This section will separately eval-
uate the effects of these factors on the seismic response of
the mountain tunnel.

4.2.1 Effects of fault dislocation value

The impacts of different fault dislocation values on 
mountain tunnel performance under normal fault were dis-
cussed in this section. The fault dislocation value d was
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Fig. 9. Stress–strain and damage factor-strain constitutive relations of concrete. (a) Uniaxial tension, and (b) uniaxial compression.

Fig. 10. Stress–strain relationship of reinforcing bars.
increased from 0.4 to 0.8 m at an interval of 0.2 m. The 
fault dip angle h is 60°, and the rupture velocity is
v = 3000 m/s.
Table 1 
Material constitutive models and parameters.

Material Constitutive model

(a) Lining tunnel Plastic-damage model

(b) Surrounding rock Mohr–Coulomb model

(c) Reinforcing bar Ideal elastoplastic model
Figure 11 shows the damage evolution of the near-fault 
mountain tunnel. The damage characteristic is similar 
under different fault dislocation values. Initially, damage 
occurs at the left arch foot. With time increasing, the dam-
age zone appears at the right arch shoulder and right side-
wall, expanding circumferentially and further emerging at 
the crown and invert. The distribution of damage is pre-
dominantly parallel and perpendicular to the fault plane.
Additionally, it is evident that as fault dislocation values
increase, the range of lining damage gradually enlarges,
and the severity of the damage increases progressively.
When d = 0.8 m, large areas of severe damage occur in
the tunnel lining.

The maximum principal stress is taken as an indicator 
of damage and performance of the tunnel because con-
crete materials are generally of weak tensile strength. Fig-
ure 12(a)–(c) depicts the time-history curves of the 
maximum principal stresses at points A, B, C, and D

(Fig. 8(b)) under different fault dislocation values. It can 
be observed that the peak maximum principal stresses at 
points A and C occur in the time range of 3.30 to
Input parameter 

Density q 
Young’s modulus E 
Poisson’s ratio f 
Compress ive yield stress
Tensile yield stress

2500 kg/m3 

32.5 GPa 
0.2 
29.6 MPa
2.95 MPa

Density q 
Young’s modulus E 
Poisson’s ratio f 
Friction angle u
Cohesion c

Dilatancy angle w

2200 kg/m3 

15.9 GPa 
0.25 
40° 
2 MPa
0°

Density q 
Young’s modulus E 
Poisson’s ratio f 
Compressive yield stress
Tensile yield stress
Ultimate stress

7850 kg/m3 

200 GPa 
0.28 
400 MPa
400 MPa
540 MPa
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Fig. 11. Tensile damage contours within the lining tunnel for different fault dislocation value. (a) d = 0.4 m, (b) d = 0.6 m, and (c) d = 0.8 m.
3.32 s, and at points B and D occur in the time range of 
3.74 to 4.46 s, consistent with the lining damage evolution 
process as mentioned above. Under different fault disloca-
tion values, the peak maximum principal stress at each 
monitoring point follows the order of point D > point 
B > point A > point C. It indicates that the right arch 
shoulder and left arch foot experience severe stiffness 
degradation and enter the plastic state earlier under fault 
dislocation. Additionally, the peak maximum principal 
stresses at different monitoring points gradual ly decrease
with increased fault dislocation values. It could be attrib-
uted to increased fault dislocation values, leading to more
significant lining damage and intensified stiffness degrada-
tion. Taking point A as an example, when d = 0.4 m, the
peak maximum principal stress is 2.49 MPa, and it
decreases by 15.66% and 25.30% for fault dislocation val-
ues d = 0.6 m and d = 0.8 m, respectively.

Figure 12(d)–(f) depicts the time-history curves of the 
minimum principal stresses at points A, B, C, and D under 
different fault dislocation values. With an increase in fault 
dislocation values, the peak minimum principal stress at 
different monit oring points of the lining increases. For
instance, at point A, when d = 0.4 m, the peak minimum
principal stress is 9.05 MPa. When the dislocation value
d increases to 0.6 and 0.8 m, the peak minimum principal 
stress increases by 63.65% and 126.19%, respectively, com-
pared to d = 0.4 m. It is worth noting that the compressive
stress at each monitoring point did not reach the compres-
sive strength of the concrete.

Figure 13(a) and (b) depicts the time-history curves for 
horizontal and vertical accelerations at point C, respec-
tively. The parameter |PGA| represents the maximum accel-
eration response during ground motion. Overall, with an 
increase in fault dislocation values, the peak accelerations 
continuously rise, and the oscillations of the curves gradu-
ally intensify. Compared to d = 0.4 m, the horizontal peak 
acceleration increased by 29.84% and 49.21% for d = 0.6 m 
and d = 0.8 m, respectively, while the vertical peak acceler-
ation increased by 61.67% and 72.92%, respectively. Addi-
tionally, the overall horizontal acceleration response is 
smaller than the vertical acceleration, attributed to the ver-
tical effects of near-fault ground motions. Furthermore, 
these vertical effects become more pronounced with 
increased fault dislocation values. Compared to the hori-
zontal peak acceleration, the vertical peak acceleration
increased by 25.65%, 56.45%, and 45.61% for fault disloca-
tion values d = 0.4 m, d = 0.6 m, and d = 0.8 m,
respectively.
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Fig. 12. Principal stresses time history at point A–D within the lining tunnel for different fault dislocation values. (a)–(c) Maximum principal stress time
histories, and (d)–(f) minimum principal stress time histories.

Fig. 13. Acceleration time history at point C within the lining tunnel for different fault dislocation values. (a) Acceleration in x direction, and (b)
acceleration in y direction.
4.2.2 Effects of fault dip angle

In this section, we explore the effects of different fault 
dip angles (h) ranging from 30° to 90° on the dynamic 
response of the mountain tunnel induced by a normal fault.
The dislocation value is d = 0.6 m, and the rupture velocity
is v = 3000 m/s.

Figure 14 presents the contours depicting tensile damage 
in the lining tunnel for different fault dip angles. It is evi-
dent that, across different fault dip angles, the damaged
zones in the lining are mainly distributed both parallel
and perpendicular to the fault plane, with comparatively 
less damage occurring in positions parallel to the fault 
plane than those perpendicular. This phenomenon may 
be attributed to a tensile-shear failure caused by the normal 
fault. Particularly in the direction perpendicular to the 
fault plane, the concentration of strain and stress caused 
by shear effects makes the tunnel structure more prone to 
damage. At h =  30°, severe damage occurs at the left arch 
foot and crown, with a maximum damage coefficient of
0.91. At h = 45°, severe damage occurs at the left arch foot
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Fig. 14. Tensile damage contours within the lining tunnel for different fault dip angles. (a) h =  30°, (b) h = 45°, (c) h = 60°, and (d) h = 75°.
and right arch shoulder, with a maximum damage coeffi-
cient of 0.89. At h =  60°, significant damage is observed 
at the left sidewall and right arch shoulder, with a maxi-
mum damage coefficient of 0.85. At h =  75°, extensive 
damage appears on both left and right sidewalls, with a 
maximum damage coefficient of 0.87. According to the 
damage patterns of tunnel structures under varying fault
dip angles, positions perpendicular to the fault plane are
identified as the seismic vulnerable zones of the mountain
tunnel. In the seismic design of mountain tunnels, enhanc-
ing seismic defenses at these locations is essential.

Figure 15 illustrates soil equivalent plastic strain 
(PEEQ) contours around the tunnel at various fault dip 
angles. Notably, at h =  60°, the plastic strain concentrates
in zones perpendicular to the fault plane, forming an
Fig. 15. Soil equivalent plastic strain distributions around the tunnel under diff
inverted triangular distribution. Peak strain occurs at the 
left arch foot and right arch shoulder. At h =  30° and 
h =  45°, the plastic strain primarily appears in zones paral-
lel and perpendicular to the fault plane, forming an 
inverted triangular distribution, with the peak strain 
appearing at the left arch foot. Compared to h =  60°, the 
peak strain increases by 136.74% and 63.33%, respectively, 
for h =  30° and 45°. When h =  75°, the plastic strain is pre-
dominantly distributed in the left and right sidewalls, form-
ing a butterfly-shaped distribution extending to both sides. 
Compared to h =  60°, the peak strain increases by 86.67%. 
Analysis indicates that the plastic strain of the surrounding 
soil decreases initially and then increases with the increase
in fault dip angle. For h = 60°, the plastic strain in the sur-
rounding soil reaches its minimum. When the surrounding
erent fault dip angles. (a) h =  30°, (b) h = 45°, (c) h = 60°, and (d) h = 75°.
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Fig. 16. Velocity time history at point C within the lining tunnel for different fault dip angles. (a) Velocity in x direction, and (b) velocity in y direction.
soil of the tunnel yields and undergoes plastic strain, the 
constraint ability on the tunnel lining decreases, resulting
in damaged zones in the tunnel.

Figure 16 illustrates the velocity–time history curves in 
the x and y directions at point C on the left arch foot for 
various fault dip angles. The parameter |PGV| represents 
the maximum velocity response during ground motion. 
Generally, the velocity–time history curves under different 
conditions exhibit unidirectional or bidirectional pulse phe-
nomena. With the increase in h, the peak accelerations in 
the x direction gradually decrease, while those in the y 
direction gradually increase. Compared to h = 30°, when 
the dip angles are increased to 45°, 60°, and 75°, the peak
horizontal velocities decrease by 15.79%, 47.37%, and
64.91%, respectively, and the peak vertical velocities
increase by 36.36%, 57.57%, and 63.64%, respectively.
Additionally, it is noticeable that as the fault dip angle
increases, the vertical effects become more pronounced.
5 Conclusions 

This paper proposes a multi-scale coupled method 
aimed at precisely evaluating the impact of fault movement 
on the nonlinear seismic response of mountain tunnels. The 
entire computational domain was divided into two parts: 
an external domain consisting of the fault and mountain, 
and an internal domain comprising the tunnel and specific 
surrounding rock. The IBEM accurately simulated the rup-
ture of mountain fault and the propagation of seismic
waves within the mountain, while the FEM finely calcu-
lated the nonlinear mechanical behavior of the tunnel
cross-section under seismic action. To validate the accuracy
of our method, we conducted two verifications. Addition-
ally, we performed a numerical example analysis, focusing
on the nonlinear seismic response of a mountain tunnel 
subjected to normal fault movement. It can be seen that 
this method is capable of comprehensively simulating the 
entire process from fault rupture, to seismic wave propaga-
tion and scattering in complex mountain topography, and
then to the nonlinear destruction of the tunnel cross-
section. Derived from the outcomes of this numerical
example, the subsequent conclusions can be drawn:

(1) Under the influence of normal faulting, the damage 
to the mountain tunnel is primarily concentrated in 
directions parallel and perpendicular to the fault, 
with more severe damage occurring in positions per-
pendicular to the fault. According to the varying 
damage patterns of the lining tunnel under different
conditions, positions perpendicular to the fault plane
are identified as seismic vulnerable zones in the
mountain tunnel, strengthening seismic defenses at
these locations is crucial.

(2) As the fault dislocation value increases, the extent of 
lining damage gradually expands, accompanied by an 
increasing severity of damage. It is worth noting that
large areas of severe damage to the lining tunnel
occur when the fault dislocation value d = 0.8 m.

(3) Within the range of normal fault dip angles from 30° 
to 75°, the equivalent plastic strain in the surrounding 
soil of the mountain tunnel exhibits a trend of ini-
tially decreasing and then increasing. With a fault 
dip angle of 60°, the plastic strain of the surroundi ng
soil is minimized. Compared to the 60°, the peak
strains increase by 136.74%, 63.33%, and 86.67%
for fault dip angles of 30°, 45°, and 75°, respectively.

The proposed multi-scale coupled method serves as a 
bridge between physics-based ground motion simulation
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and the nonlinear dynamic analysis of a mountain tunnel. 
This method enables the simulation of seismic responses in 
tunnels near the fault, simultaneously considering fault 
movement, seismic wave propagation in a large-scale region,
and the fine dynamic analysis of the mountain tunnel, result-
ing in a substantial reduction in computational effort.

Additionally, there are some limitations in this study. To 
better illustrate the method and conduct parameter analy-
sis, we assume that both the surrounding rock near the tun-
nel and its external rock mass are homogeneous materials. 
Despite adopting this assumption, the method is equally 
applicable to variations in external rock material, namely 
utilizing IBEM for scattering field construction and cou-
pling solutions in different computational domains. In 
addition, this study adopts the Mohr–Coulomb constitu-
tive model to describe the nonlinear characteristics of rock 
masses. In the future, we will consider using other constitu-
tive models that incorporate softening properties to more 
accurately describe the dynamic behavior of ro cks. For
computational simplicity, this study assumes that the
nucleation zone is located at the center of the fault. Future
research can investigate how varying nucleation zone loca-
tions impact the results. We also plan to extend the current
methodological framework and technical approach to the
simulation of three-dimensional tunnels crossing faults.
To achieve this, we will further develop new algorithms
and establish more complex true 3D models to address
more complicated scenarios.
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