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Abstract
Seismic dynamic stability is a critical problem in crossing-fault tunnels. A three-dimensional model with a crossing-fault 
tunnel and infinite boundaries is established based on the finite-element method. By combing the results in time and fre-
quency domains, a time–frequency conjoint analysis method is proposed to systematically investigate the seismic response 
characteristics of the surrounding rock and tunnel structures in the crossing-fault tunnel. The propagation of waves in the 
crossing-fault tunnel and its seismic amplification effect are clarified in time domains. In frequency domain analysis, the 
analysis results of Fourier spectrum and modal analysis are integrated to reveal the correlation of the predominant frequency 
of seismic waves, the natural frequency, and the characteristics of dynamic response in the surrounding rock. The results 
show that, as the main wave propagation channel, the fault controls the wave propagation characteristics in the surrounding 
rock. In the crossing-fault section, the dynamic amplification effect of the surrounding rock is significant, and instability 
deformation is most likely to occur. Furthermore, the influences of tunnels on the dynamic response in the surrounding rock 
and crossing-fault are different. In the frequency domain, as a result of the first-order and higher-order natural frequency, 
the overall and local deformation caused have a combined effect on the surrounding rock. This work can be a reference for 
the assessment and prevention of damage in the tunnel under earthquake.

Keywords Wave propagations,·seismic dynamic response · Crossing-fault tunnels · Surrounding rock · Time–frequency 
joint analysis

Introduction

The topographic and geological conditions in western 
China are extremely complicated (Lu and Cai 2019), which 
changes the construction of tunnels. (Song et al. 2020a, b). 

Tunnel engineering is often faced with various disasters, 
such as rock bursts, gas outbursts, water outbursts, and mud 
outbursts, which have adverse effects on the construction, 
operation, and maintenance of tunnel engineering (Li et al. 
2019). The stability of the surrounding rock in the crossing-
fault section is an unavoidable engineering problem in tun-
nel construction, which seriously threatens the safety and 
operation of project construction (Fig. 1) (Yu et al. 2016). 
The coupling of the seismic load and complex geological 
conditions leads to strong dynamic responses in crossing-
fault tunnels, which finally rise up to the generation and 
expansion of cracks and water inrush in the surrounding rock 
(Li and Ma 2009; Li et al. 2014). The mechanism of seismic 
damage in crossing-fault tunnels has to be revealed urgently 
in tunnel engineering.

The seismic response of the surrounding rock in cross-
ing-fault is a scientific problem involving many domains 
(Song et  al. 2021; Yan et  al. 2020). Research on the 
dynamic response of crossing-fault tunnel surrounding 
rock based on the time domain and frequency domain is 
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beneficial for revealing the seismic response characteris-
tics of surrounding rock from multiple perspectives (Fan 
et al. 2020; Shen et al. 2020; Song et al. 2020a, b). In the 
time domain, the seismic response characteristics of the 
rock surrounding a tunnel are investigated from the per-
spectives of mechanics and deformation, and their inter-
action mechanism is intuitively revealed (Cividini et al. 
2010; Huang et al. 2017). At present, time domain analysis 
based on acceleration, velocity, displacement, and strain 
time history has become a common method to evaluate 
the seismic response of crossing-fault tunnels (Aygar and 
Gokceoglu 2021; Sun et al. 2020). Some scholars have 
explored the dynamic response law of crossing-fault tun-
nels surrounding rock under earthquakes based on time 
domain analysis (Geng et al. 2019; Li et al. 2019; Ma 
et al. 2019). The influence of seismic parameters and geo-
logical factors on the dynamic response characteristics 
of tunnels can be well explored by time domain analysis. 
However, due to the complex frequency components of 
seismic waves and the nonuniformity and anisotropy of 
rock‒soil masses, some frequency components of waves 
have a great influence on the dynamic characteristics of 
the surrounding rock (Song et al. 2019). Therefore, it is 
difficult to fully reveal the influence mechanism of the 
frequency components of waves on the vibration character-
istics of the surrounding rock in the time domain. Special 
attention should be given to further investigations in the 
frequency domain.

In the frequency domain, the seismic response of a com-
plex tunnel surrounding rock mass is the result of the joint 
action of different frequency components of waves, sur-
rounding rock, and tunnel structure (Shi et al. 2024; Song 
et al. 2024). Some scholars have studied the dynamic char-
acteristics of tunnels based on the frequency domain. For 
example, (Liu et al. 2012; Pai and Wu 2021; Song et al. 
2019; Wei et al. 2019) explored the dynamic response char-
acteristics of surrounding rock by analysing the spectrum 

characteristics of the acceleration dynamic response of tun-
nels. The results show that frequency domain analysis can 
reveal the relationship between the remarkable frequency of 
waves, the natural frequency of tunnels, and their dynamic 
response characteristics (Geng et al. 2020; Sun et al. 2009). 
In addition, as an important part of the frequency-domain 
analysis, modal analysis can effectively reflect the relation-
ship between the natural frequency of engineering entities 
and their deformation response characteristics (Dou et al. 
2018). However, modal analysis has not been widely used in 
tunnel engineering. Hence, the frequency-domain research 
content can be further improved by incorporating modal 
analysis into the frequency-domain research of tunnel engi-
neering. So, the spectrum characteristics, the mutual veri-
fication, and the supplement of modal analysis results can 
be fully considered. For crossing-fault tunnels, the complex 
geological structure leads to the complexity of dynamic 
characteristics. Therefore, it is particularly necessary to 
carry out frequency-domain research.

The study of the dynamic response of the surrounding 
rock in crossing-fault tunnels has great value in tunnel engi-
neering (Long et al. 2023). At present, tunnel engineering 
construction is mainly in the highly seismic region of China. 
The complex geological structures of surrounding rocks in 
cross-fault sections make the construction and operation 
of tunnel engineering face the problem of complex geo-
logical conditions under earthquakes (Liang et al. 2021). 
The seismic load propagates in the form of waves across 
the fault surrounding rock, which causes the change of the 
original stress field and instability of the crossing-fault tun-
nel. Due to the complex interaction of faults, tunnels, and 
seismic waves, the seismic dynamic response and disaster 
mechanism of the rock surrounding a crossing fault become 
complex (Xu et al. 2021). In addition, many scholars have 
carried out relevant studies and made some progress on the 
dynamic response in tunnels surrounding rock under earth-
quakes (Liu et al. 2021; Xin et al. 2022). However, due to the 

Fig. 1  Earthquake damage in cross-fault tunnels (Yu et al. 2016)
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discontinuity of the surrounding rock and the complexity of 
waves, it is difficult to fully understand its seismic response 
characteristics and disaster mechanism. Most of the previous 
studies have studied the dynamic response characteristics of 
tunnels surrounding rock from the perspective of the time 
domain. However, it is difficult to fully reveal the dynamic 
response law of tunnels only from the analysis of the time 
domain. The present study also does not reveal the rela-
tionship between the seismic wave preeminent frequency, 
the natural frequency, and dynamic response characteris-
tics of tunnel surrounding rock from the frequency domain. 
The modal analysis does not incorporate frequency-domain 
analysis in the research of tunnel dynamic response. The 
characteristics of dynamic response in the across-fault tunnel 
cannot revealed from the frequency domain. In addition, pre-
vious studies have not fully explored the propagation charac-
teristics of seismic waves in intact surrounding rock, faults, 
and lining structures. The interaction mechanism between 
tunnels and surrounding rock is unclear. Therefore, this 
work has carried out in-depth and systematic research on 
the above problems.

In this work, taking a crossing-fault section of a tunnel 
in Fujian Province, China, as an example (Fig. 2), a three-
dimensional finite element model with an infinite boundary 
is established. A time–frequency conjoint analysis method 
combining time and frequency domain analysis is proposed 
to study the dynamic response characteristics of the sur-
rounding rock in a crossing-fault tunnel under an earth-
quake. The influence of the tunnel structure and fault on 
wave propagation characteristics is studied by analysing 
the transmission characteristics of waves in the surround-
ing rock mass. By analysing the characteristics of wave 
propagation, acceleration response, modal shape, and Fou-
rier spectrum response, the dynamic response of crossing-
fault surrounding rock is systematically investigated. The 
influence of faults and tunnels on the dynamic amplification 
effect of the surrounding rock is explored too. Combined 
with modal analysis and Fourier spectrum analysis, the cor-
relation mechanism between the predominant frequency of 
a wave, the natural frequency of crossing-fault surrounding 
rock, and its deformation response characteristics is clari-
fied. This work can provide a new method for revealing the 
disaster mechanism of surrounding rock under earthquakes 
and provide a scientific basis for seismic fortification of 
crossing-fault tunnels.

Numerical modelling

Case study

The tunnel is located in the tectonic erosion geomorphic 
area, and the site mainly passes through the hills and 

mountains, with an altitude of approximately 70–145 m 
(Fig. 3). In the field, the main component of the stratum 
structure is granite and the locally distributed interlayer 
with filling soil. According to the site geological survey, site 
borehole sampling, shear wave velocity test, and geophysi-
cal interpretation, the lithology of the slope is divided into 
strongly weathered granite, moderately weathered granite, 
and breezed granite, from top to bottom. The study area 
is mainly controlled and affected by two fault zones and a 
linear structure, which is characterized by dynamic meta-
morphism and extrusion fracture. Regional neotectonics 
movement is characterized by the differential movement of 
fault blocks. The fractures and fissures were mainly in the 
NNE direction, accompanied by diabase dike intrusion, and 
the movement gradually weakened after the late Pleistocene. 
The proposed tunnel area is mainly controlled by the SE 
fault. Two fault fracture zones (F5 and F6) were found in 
the area. Fault fracture zone F5 is approximately 20 m wide, 
occurrence NE22°/SE∠80° (Fig. 4). Fault fracture zone F6 
is approximately 20–50 m wide, NE30°/SE∠77°. The joint 
inclination angles of F5 and F6 are 30–60° with the axis 
of the hole. Most of the fault zones are closed and have 
poor water conductivity and hydrophilicity, which have little 
effect on tunnel construction. In the proposed tunnel site, the 
surface water system and the water body are not developed, 
and no surface water distribution was observed during the 
investigation. Many earthquakes have historically occurred 
near the study area, and the geological disasters caused by 
earthquakes deserve our attention. To ensure the safe con-
struction and operation of tunnels, it is very important to 
study the dynamic stability of crossing-fault tunnels. The 
tunnel surrounding rock—lining structure system at the 
interface between F5 and tunnel is selected as the research 
object. The surrounding rock of the tunnel is breezed gran-
ite. The tunnel surrounding rock and fault section were sam-
pled and processed into cylindrical rock samples. A series of 
rock mechanics tests were carried out to obtain the physical 
and mechanical parameters of surrounding rock and fault. 
These tests mainly include rock static and dynamic triaxial 
test, Brazil splitting test, ultrasonic test, uniaxial compres-
sive test, etc. They are used to obtain Poisson's ratio, elastic 
modulus, internal friction angle and cohesive force of sur-
rounding rock and fault. The physical and mechanical con-
stants of the surrounding rock are shown in Table 1.

Numerical modelling

The propagation of seismic waves in a rock mass can 
be modelled by assuming that the rock mass medium is 
continuous or discontinuous. In finite element dynamic 
analysis, optimizing the boundary conditions, degree, and 
subdivision size of the finite element model is of great 
significance to accurately simulate the wave propagation 
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(Song et al. 2021). In the continuum model, discontinuity 
construction such as faults, joints, and cracks is treated as 
special joint elements. To simulate rock mass fractures, 
Ngo and Scordelis (1967) proposed a two-node joint ele-
ment to represent rock mass joints. Goodman and Bray 
(1976) proposed the joint element and developed the finite 
element method. The Goodman joint element is a linear 
element suitable for two-dimensional analysis. It has four 
joints without thickness. The stiffness matrix of the joint 
element is derived by the same method as the conventional 
finite element method. Mehtab and Goodman extended 

the Goodman node element to three-dimensional finite 
element calculation (Mahtab 1970). Calculation accuracy 
and efficiency should be considered when grid division is 
carried out. Kuhlemeyer and Lysmer (1973) believe that 
the size of grid cells should not be 1/8–1/10 of the short-
est wavelength, and grid encryption should be carried 
out in key research areas. When the elastic wave passes 
through the surface of the structure, part of the energy is 
transmitted, and part of the energy is refracted, reflected, 
and converted (Kumar and Kaur 2014). Obviously, the 
amplitudes of transmitted and reflected waves are closely 

Fig. 2  Location of the study 
area

Fig. 3  Geological section of the tunnel engineering
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related to their frequency content, weak structural plane, 
length, spacing, thickness, and other geometric charac-
teristics (Kumar and Kaur 2014). In this model, the sur-
rounding rock is set as a quadrilateral grid, and the lining 
is set as a single-layer grid. In the process of dynamic 
analysis, the influence of different physical properties of 
the fault and surrounding rock on wave propagation char-
acteristics is mainly considered. By using the "tie connec-
tion" method, the connection between the fault and the 
complete surrounding rock is set as "nonsurface contact" 
without setting viscous damping. The fault is modelled as 
a material softer than the surrounding rock, with a range 
size larger than the wavelength and a thickness value less 
than the wavelength. When the reflection coefficient of the 
interface between the fault and surrounding rock is large, 
multiple wave reflections should be considered. The main 
effect of faults on incident wave propagation is the decel-
eration and attenuation of incident waves.

The setting of the boundary conditions is the key fac-
tor affecting the dynamic analysis of the tunnel. The actual 
tunnel foundation is infinite, but the boundary size in the 
finite element model is finite. How to use the finite element 
model to simulate the actual infinite boundary and make the 
analysis result more reasonable is an important influencing 
factor in finite element dynamic analysis. In this model, the 

infinite element boundary method is adopted to simulate 
the infinite foundation of the rock surrounding the tunnel, 
and the artificial truncation method is adopted to minimize 
the reflection and scattering of seismic waves on the model 
boundary (Bettess and Zienkiewicz 1977). The infinite ele-
ment boundary is introduced into the finite element model. 
The infinite element boundary condition is applied on both 
the side of the slope and the bedrock of the model. The 
radiation energy of surface waves is absorbed by the infinite 
element boundary to reduce the adverse effects of reflected 
waves in dynamic analysis (Song et al. 2021). The seismic 
load is input into the bottom node of the model to simulate 
ground motion. The seismic wave propagation in the far-
field region is simulated by infinite elements, and the seismic 
wave propagation in the near-field region is simulated by the 
finite element method. Infinite elements can directly absorb 
the reflection and scattering of seismic waves on the bound-
ary, so the removal of high-frequency noise can be consid-
ered without affecting the effective periodic component of 
stress waves near the sliding surface. In the finite element 
dynamic calculation, in the case of an elastic medium, the 
stress generated by damping depends on the following for-
mula (Madsen 1983):

(a)           (b)

Fig. 4  Layout diagram of measuring points of the numerical model: a surrounding rock; b lining structure of the cross-fault tunnel

Table 1  Physical and mechanical constants of the tunnel surrounding rock—lining structure system

Lithology Volumetric weight 
ρ/ kN/m3

Poisson's ratio μ Elastic Modulus 
E/ GPa

Shear Modulus 
G/ GPa

Internal friction 
angle φ/°

Cohesive 
force c/
kPa

Surrounding rock 27 0.23 25 10.16 55 1800
Fault fracture zone 16 0.4 0.5 0.18 10 50
Lining structure 24 0.2 30 12.5 / /
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where 
∙
�
x , 

∙
�
y , and 

∙
�
z represents the vibration speed. σxx, 

σxy, and σxz represent the stress generated by damping. The 
reflection energy of the P-wave and S-wave can be reduced 
by setting the coefficient. The energy reflection of longitu-
dinal wave and shear wave can be slowed down by selecting 
the constants dp and ds.

In this model, the mesh of the surrounding rock is set 
as quadrilateral, and the mesh of the structural plane is 
set as single-layer. The size of the numerical model is 
200 m (length) × 100 m (width) × 135 m (height). Based 
on the actual engineering situation, a circular tunnel lin-
ing structure with an inner diameter of 15 m and a lining 
thickness of 0.3 m is established. The fault fracture zone 
traversed was set as the normal fault, the angle between 
it and the horizontal direction was 60°, 75°, and 90°, and 
the width of the fault zone was 20 m. In the three numeri-
cal models, faults and linings are connected with adjacent 
surrounding rocks by tie constraints. To avoid the influ-
ence of element size on seismic wave transmission, the 
element size was set as 3 m, and the C3D8 element was 
used for grid mesh. In addition, the "seed edge" method 
is adopted to set the infinite unit for the numerical model 
on the outside. Finally, the total number of 60° model ele-
ments was 127029, including 107010 surrounding rock 
elements, 12915 fault elements, 1105 lining elements, and 
5999 infinite element elements. The total number of 75° 
model elements is 126140, of which 106554 surrounding 

(1)�xx = −dp
∙
�x

(2)�xy = −ds
∙
�y

(3)�xz = −ds
∙
�z

rock elements, 12642 fault elements, 1056 lining elements, 
and 5888 infinite element elements. The total number of 
90° model elements is 123480, of which there are 104,052 
surrounding rock elements, 12,558 fault elements, 1040 
lining elements, and 5,830 infinite element elements.

Because only the dynamic response characteristics of 
the tunnel under small deformation conditions are studied, 
the model material is regarded as elastic in finite element 
dynamic analysis. The dynamic response characteristics 
of the rock mass and lining structure in the online elastic 
domain are considered, and the Mohr–Coulomb criterion 
is used for the rock mass and lining structure materials. To 
avoid the influence of gravity on the tunnel rock mass, the 
stress balance calculation should be carried out before the 
dynamic calculation. The physical and mechanical param-
eters of the model are shown in Table 1. The numerical 
model of the crossing-fault tunnel is shown in Fig. 5. The 
artificial synthetic wave (AS wave) simulations are based 
on past earthquakes and geological structures in the area. 
The acceleration time history of the AS wave and its Fourier 
spectrum are shown in Fig. 6. At the bottom boundary of 
the model, an AS wave (0.01 g) was used for loading. The 
preeminent frequency of the AS wave is 2.5–3.5 Hz, and the 
input holding time is t = 40 s, ∆t = 0.005 s.

Dynamic response characteristics 
in the time–frequency

Wave propagation characteristics

To explore the influence of faults and other discontinuities 
on seismic wave propagation characteristics, a certain accel-
eration propagation process in the surrounding rock under-
ground motion is selected for analysis, as shown in Fig. 7. 

(a)           (b)

Fig. 5  Mesh model of the cross-fault tunnel (unit: m): a FEM model; b profile of the model
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When the acceleration propagates across the surrounding 
rock area of the fault tunnel, it first exhibits layered propa-
gation characteristics in the intact surrounding rock. With 
increasing elevation, the maximum acceleration gradually 
appears in the fault area. In other words, the seismic wave 
mainly concentrates its energy in the fault section and trans-
mits gradually along the fault area. Meanwhile, from Fig. 7a 
to Fig. 7d, the peak ground acceleration (PGA) gradually 
shows an increasing trend. This indicates that the fault has a 
controlling effect on the wave propagation characteristics in 
the tunnel surrounding the rock. In the process of wave prop-
agation, the fault is the main transmission channel of ground 

motion energy and has the effect of amplifying the transmis-
sion process of waves. Wave propagation in the homogene-
ous rock medium is an attenuation phenomenon. However, 
the rock mass in the fault area and the intact surrounding 
rock belong to different media for the propagation of waves. 
When the wave propagates in the fault area, there are many 
refraction and reflection phenomena of seismic waves on 
the contact surface between the fault and intact surrounding 
rock, resulting in the superposition effect of the wave field 
in the fault. This causes the concentration of seismic wave 
energy in the fault area, which leads to the amplification 
effect on the wave field in the fault area as well.

Fig. 6  Input seismic wave: a 
acceleration time history; b 
Fourier spectrum

(a)           (b)

(a)           (b)

(c)           (d)

Fig. 7  Characteristics of seismic wave propagation in rock mass: a t = 0.02 s; b t = 0.05 s; c t = 0.72 s; d t = 1.36 s (Unit: m/s.2)
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In addition, to study the seismic wave propagation 
characteristics of the tunnel lining structure underground 
motion, the lining structure in the model in Fig. 7 is sepa-
rately extracted, as shown in Fig. 8. The PGA of the lining 
structure is mainly concentrated in the crossing-fault seg-
ment during earthquakes. The dynamic amplification effect 
of the tunnel lining structure across fault segments is the 
largest. The fault changes the distribution characteristics 

of the acceleration of the tunnel structure, and the ground 
motion energy is concentrated in the tunnel structure across 
the fault. In addition, Fig. 9a shows that the PGA of the 
surrounding rock in the fault increases with the relative 
elevation during wave propagation, especially in the area 
above the tunnel, and the PGA of the surrounding rock 
in the fault shows a sudden increase. This shows that the 
dynamic amplification effect of the tunnel structure on the 

(a)           (b)

(c)           (d)

Fig. 8  Characteristics of seismic wave propagation in the tunnel lining structure: a t = 0.02 s; b t = 0.05 s; c t = 0.72 s; d t = 1.36 s (Unit: m/s.2)

Fig. 9  Change in PGA during 
the wave propagation process: a 
PGA with the relative elevation 
in the fault; b PGA with the 
wave propagation time

)b()a(
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surrounding rock in fault has an obvious amplification effect. 
Figure 9b shows that the PGA of tunnel lining structures 
across fault segments increases with the duration of ground 
motion. It indicates that the dynamic amplification effect of 
tunnel structures across fault segments gradually increases 
with the duration of ground motion in a certain complete 
wave propagation process. Therefore, the dynamic ampli-
fication effect of the surrounding rock and lining structure 
in the crossing-fault tunnel area is the largest during ground 
motion, and earthquake damage is most likely to occur. It 
is the main reason why this study focuses on the seismic 
dynamic response of crossing-fault tunnels.

Dynamic amplification effect of the rock 
surrounding the tunnel

To further study the dynamic response characteristics of 
the tunnel surrounding rock, typical measuring points of 
the complete surrounding rock and fault surrounding rock 
are selected for analysis, as shown in Fig. 5b. The accel-
eration-time histories of some typical measuring points 

are shown in Fig. 10. The variation rule of the PGA of 
the surrounding rock measurement points and the distance 
between faults is shown in Figs. 11 and 12. Figure 11a 
shows that with the fault as the axis of symmetry, the PGA 
of the surrounding rock measurement points (A7, A6, A4, 
A2) in the footwall area below the tunnel is larger than 
that of the measurement points (A17, A19, A21, A23) in 
the hanging wall area above the tunnel. This indicates that 
the dynamic response of the rock surrounding the foot-
wall under the tunnel is greater than that of the hanging 
wall. Figure 11b shows that the PGA of the hanging wall 
rock (A20, A22, and A24) at the lower part of the tun-
nel is larger than that of the surrounding rock (A5, A3, 
and A1) at the upper part of the tunnel. This indicates 
that the dynamic amplification effect of the hanging wall 
area at the lower part of the tunnel is greater. The exist-
ence of the tunnel structure influences the dynamic ampli-
fication effect of the surrounding rock of the fault. The 
dynamic magnification effect of the footwall surrounding 
rock above the tunnel is large, while the dynamic magni-
fication effect of the footwall surrounding rock below the 

(a)           (b)

Fig. 10  Acceleration time histories of the surrounding rock above the tunnel: a above the tunnel; b in the fault (Unit: m/s.2)
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tunnel is small. Therefore, the tunnel has a small effect on 
the dynamic magnification effect of the intact surrounding 
rock area except for the fault.

In addition, the ratio of the PGA of the surrounding rocks 
above and below the tunnel is shown in Fig. 12. Figure 12 
shows that except for measurement point A10/A9 (fault 
surrounding rock), the PGA ratio of the intact surrounding 
rock above the tunnel to below the tunnel is less than 1.0. 
While the A10/A9 ratio of the surrounding rock in the fault 
area is greater than 1.0. This indicates that the tunnel has 
a weakened effect on the dynamic amplification effect of 
the intact surrounding rock area but has an amplification 
effect on the dynamic response of the surrounding rock in 
the fault area. This is because the strength parameters of the 
surrounding rock in the fault fracture zone are small, and the 
integrity of the rock mass is poor. The integrity and strength 
of the surrounding rock in the fault area are enhanced by the 
tunnel structure, which magnifies the dynamic amplifica-
tion effect of the surrounding rock. In contrast, the tunnel 
destroys the strength and integrity of the intact surrounding 
rock and weakens the dynamic response of the intact sur-
rounding rock. In addition, by analysing the PGA variation 
characteristics of the tunnel lining structure, the dynamic 
response law of the tunnel structure is studied, as shown in 
Fig. 13. The PGA of the tunnel structure decreases gradu-
ally and tends to a certain stable value as the distance from 

Fig. 11  PGA comparison of the 
surrounding rocks of the upper 
and lower walls of the fault: a 
footwall below the tunnel and 
hanging wall above the tunnel; 
b footwall above the tunnel and 
hanging wall below the tunnel

(a)           (b)

Fig. 12  Ratio of PGA above the tunnel to that below the tunnel

Fig. 13  PGA variation in the 
tunnel lining with distance from 
the fault: a foot wall of the fault; 
b hanging wall of the fault

(a)           (b)
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the fault increases. In the crossing-fault section, the PGA 
of the tunnel arch foot is larger than that of the arch waist. 
The PGA distribution of the surrounding rock and lining 
structure is shown in Fig. 14. The PGA maximum value 
of the surrounding rock is distributed in the fault area, and 
the PGA maximum value of the tunnel structure appears 
in the crossing-fault section. Therefore, compared with the 
intact surrounding rock tunnel structure, the PGA of the 
tunnel across the fault surrounding rock is the largest; and 
the crossing-fault surrounding rock and tunnel structure are 
most prone to instability failure under earthquakes.

Seismic response characteristics 
in the frequency

Modal analysis

The natural frequencies of the tunnel surrounding the rock 
and lining structure are related to the natural characteris-
tics of the system. But it has nothing to do with the initial 
vibration conditions and vibration frequencies. When the 
system vibrates freely according to its natural frequency, the 
displacement of each particle in the system from its original 
equilibrium position satisfies a certain proportion relation. 
Mode refers to the vibration mode of the system when it 
vibrates according to a certain natural frequency, where the 
first mode is the main mode. Modal analysis is an important 
method of structural dynamic analysis and a basic type of 
dynamic frequency domain analysis, also known as natural 
frequency analysis. The finite element method is a common 
method in modal analysis to obtain the natural mode shape 
and natural frequency. Based on the principle of elasticity, 
the dynamic governing equation of modal analysis is as fol-
lows (Lee and Lee 2012; Reale et al. 2016):

where [M], [C], and [K] are the mass matrix, damping 
matrix, and stiffness matrix, respectively. {F} is the load 
function of the external force changing with time, and {Ü} 
and {Û} are the acceleration vector and velocity vector of 
the model, respectively. {U} is the displacement vector of 
the model, which is used to describe the modal analysis of 
the mode shape. In the ideal case, the influence of external 
forces and damping effects are not considered in the modal 
analysis. The dynamic governing equation of modal analysis 
can be expressed as (Lee and Lee 2012; Reale et al. 2016):

Its characteristic equation is as follows:

where ωi is the ith natural circular frequency (i = 1,2,3…., n).
The natural frequency fi obtained is as follows:

The eigenvectors corresponding to the eigenvalues are 
{U}i. {U}i represents the mode shape of vibration at natural 
frequency fi. The first mode shape is the main mode shape, 
and the dynamic characteristics of the model are mainly con-
trolled by the lower mode shapes. Only the first few modes 
are considered in the analysis.

The finite-element mode analysis is carried out on the 
numerical model of the surrounding rock of the crossing-
fault tunnel. The modal shapes of the first three natural 
frequencies are shown in Fig. 15. The main mode shape 
under the condition of the first natural frequency vibration 
is shown in Fig. 15a. The first mode mainly causes a sin-
gle deformation of the overall surrounding rock of the fault 
hanging and foot walls, including two torsional modes and 

(4)[M]
{

Ü
}

+ [C]
{

U̇
}

+ [K]{U} + {F} = 0

(5)[M]
{

Ü
}

+ [K]{U} = 0

(6)
(

[K] − �2

i
[M]

)

{U} = 0

(7)fi =
�i

2�

(a)           (b)

Fig. 14  Distribution characteristics of peak acceleration: a tunnel surrounding rock; b tunnel lining (Unit: m/s.2)
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one bending mode. Figure 15b shows that the second-order 
natural frequency vibration mainly causes local single defor-
mation of the footwall surrounding rock, including bending 
deformation and torsion deformation. Figure 15c shows that 
the third-order natural frequency vibration mainly causes 
local deformation in the surrounding rock of the fault hang-
ing wall, including two local torsional deformations and one 
local bending deformation. The main mode corresponding 
to the first natural frequency is mainly characterized by the 
overall torsion and bending deformation characteristics of 
the surrounding rock of the fault hanging and foot walls. 
The modes corresponding to the higher (2nd and 3rd) natu-
ral frequencies are the local deformation characteristics of 
the surrounding rock of the fault. In other words, the first-
order natural frequency mainly causes the overall deforma-
tion of the surrounding rock, while the higher-order natural 
frequency induces the local deformation of the surrounding 

rock. Underground motions, the low-order and high-order 
natural frequencies of the rock surrounding the tunnel affect 
the deformation of the surrounding rock.

In addition, the tunnel lining structure is separately 
extracted from the surrounding rock, as shown in Fig. 16. 
Figure 16a shows that under the first natural frequency 
vibration, the vibration mode characteristics of the tunnel 
structure are the integral single deformation characteristics 
of the tunnel structure (torsion, bending or compression 
deformation). Figure 16b shows that the mode charac-
teristics under the second-order natural frequency vibra-
tion are mainly affected by local single deformation of 
the crossing-fault tunnel structure. Figure 16c shows that 
under third-order natural frequency vibration, it is mainly 
manifested as a variety of combined local deformations 
of crossing-fault tunnel structures, which are specifically 
manifested as bending + compression deformation and 
torsional + bending deformation across fault segments. 
Therefore, the low (1st order) natural frequencies mainly 

1st torsional mode 2nd torsional mode 1st bending mode

(a)

3rd torsional mode 2nd bending mode 3rd bending mode

(b)

4th torsional mode 7th torsional mode 4th bending mode

(c)

Fig. 15  Modal analysis of the model: a First mode; b second mode; c third mode
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cause the overall deformation of the tunnel structure, while 
high (2nd and 3rd) natural frequencies mainly cause the 
deformation of the tunnel across the fault section.

Fourier spectrum analysis

The Fourier transform is the decomposition of seismic waves 
and other signals into a combination of harmonic signals, 
which is widely used in signal analysis and processing. The 
frequency-domain analysis mainly includes Fourier spec-
trum analysis and power spectrum analysis. Signal analy-
sis based on the frequency domain can obtain the spectral 
response of rock and soil masses and the spectral charac-
teristics of seismic waves. Fourier transform can be used to 
analyse the vibration response of the spectral characteris-
tics of rock‒soil masses and can also identify their seismic 
damage through the change in signal frequency components. 
The fast Fourier transform (FFT) has the advantage of good 
frequency location and can identify the different frequency 
components of the signal. The FFT can quickly identify the 
main components of the signal and has become a common 

means of processing seismic wave signals. The essence of 
FFT is to decompose the seismic wave signal a(t) into a com-
bination of multiple sine waves of different frequencies F(a). 
The different frequencies and their amplitudes that make up 
a sine wave can be identified based on the fast Fourier trans-
form. However, the Fourier transform has some limitations 
when processing signals. The short-time Fourier transform 
adds a window to the signal along the time axis and assumes 
that the signal in the window is time-stable to realize the 
segmented Fourier transform of the whole signal. The Fou-
rier spectrum has relatively serious energy leakage and low 
resolution, and it cannot be used for analysing nonstationary 
nonlinear signals. The mathematical expression of the FFT 
is shown as follows (Beylkin 1995):

where a(t) is the acceleration history of the time domain and 
F(a) is the Fourier transform of the acceleration history a(t).

(8)F(a) = ∫
+∞

−∞

x(t)e−j2�atdt

1st torsional mode 1st bending mode 2nd bending mode

(a)

3rd Bending mode 4th Bending mode 1st Compressive mode

(b)

1st Torsional + Compress mode       1st Bending + Compress mode    2nd Bending + Compress mode

(c)

Fig. 16  Modal analysis of the tunnel lining structure: a First mode; b second mode; c third mode
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To further analyse the tunnel surrounding rock by the 
Fourier spectrum, the Fourier spectrum of different measur-
ing points is shown in Figs. 17 and 18. Figure 17a shows that 
the Fourier spectral characteristics of the measuring points 
in the surrounding rock above the tunnel are relatively sim-
ple, and the spectral characteristics of the measuring points 
on both sides of the fault are relatively similar overall. The 
fault only has a certain influence on the spectral amplitude 
at approximately 10 Hz. Figure 17b shows that the spectral 

amplitudes of the footwall surrounding rock measurement 
points are relatively simple, while the spectral characteristics 
of the surrounding rock on the fault hanging wall are rela-
tively complex. The number of natural frequencies increases 
from two to five, which affects the variation in the spec-
tral amplitudes in some natural frequency segments. This 
shows that the fault has a great influence on the spectrum 
characteristics of the tunnel in the footwall area. The Fou-
rier spectrum of eight typical measuring points in the fault 

Fig. 17  Fourier spectrum of the 
surrounding rock above the tun-
nel: a below the tunnel; b above 
the tunnel
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surrounding rock is analysed. By comparing the spectrum 
characteristics of the tunnel and the area near the tunnel, the 
influence of the tunnel on the dynamic response characteris-
tics of the surrounding rock in the fault is studied. Figure 18a 
shows that the Fourier spectrum characteristics of the meas-
uring points far from the fault are relatively simple, and the 
Fourier spectrum of the measuring points includes three 
excellent frequency segments. Figure 18b shows that in the 
fault surrounding rock, the Fourier spectrum characteristics 
of measuring points in the tunnel area and near the tunnel 
area are more complex than those in the surrounding rock far 
away from the tunnel area. It is obvious that the number of 
excellent frequency segments increases to six, and the ampli-
fication effect appears on more frequency components of the 
Fourier spectrum. The amplitude of the Fourier spectrum 
changes greatly in both high- and low-frequency bands. This 
shows that the tunnel has a great influence on the Fourier 
spectral characteristics of the fault surrounding rock, which 
enriches the frequency components of the spectral charac-
teristics and increases the excellent frequency segment at 
the same time. This is because the interaction between the 
fault and tunnel makes the dynamic response characteristics 
of the surrounding rock more complex. In other words, from 
the perspective of Fourier spectrum analysis in the frequency 
domain, the tunnel makes the dynamic amplification effect 
of the crossing-fault surrounding rock greater. Therefore, its 
dynamic response is the most violent and prone to dynamic 
instability and failure.

To further analyse the influence of the tunnel on the 
Fourier spectrum characteristics of the intact surrounding 
rock and the crossing-fault surrounding rock, the Fourier 
spectrum of five typical sections I-I, II-II, IV-IV, V-V, and 
VIII-VIII (Fig. 4) was selected for analysis, as shown in 
Fig. 19. The spectrum ratio curves of the upper and lower 
measurement points of the tunnel with different sections are 
shown in Fig. 20. Figure 19 shows that the Fourier spectrum 
characteristics of the intact surrounding rock sections (I-I, 
II-II, V-V, VIII-VIII) above and below the tunnel are similar 
on the whole, and only the amplitude changes to a certain 
extent and the spectral peak above the tunnel decreases. Fig-
ure 20a shows that the spectral ratios of the upper and lower 
measurement points of the tunnel with intact surrounding 
rock sections are less than 1.0 on the whole, especially in 
the predominant frequency segment. In some non-excellent 
frequency segments, the spectral ratio is greater than 1.0. 
This shows that the tunnel has little influence on the spec-
tral characteristics of the Fourier segment of the intact sur-
rounding rock, and the tunnel has a weakening effect on 
its spectral amplitude. The tunnel reduces the transfer of 
seismic wave energy in the intact surrounding rock. Com-
bined with the Fourier spectrum (Fig. 18b) and spectral ratio 
curve (Fig. 20b) of measuring points A9 and A10 (sections 
IV-IV) above and below the fault surrounding rock, the Fou-
rier spectrum characteristics of the crossing-fault surround-
ing rock are similar, and the spectral ratio is larger than 1.0 
overall. This shows that the tunnel has little influence on 
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the spectral characteristics in the crossing-fault section. But 
it has an amplification effect on the spectral peak. In addi-
tion, the peak Fourier spectral amplitude (PFSA) of different 
measuring points is selected to study the variation law of the 
surrounding rock with the distance from the fault, as shown 
in Fig. 21. The PFSA of the crossing-fault surrounding rock 
is the largest, which gradually decreases with the increasing 
distance from the fault and tends to a certain stable value. 
This indicates that the dynamic amplification effect of the 
crossing-fault segment is the largest, which is consistent 
with the results of the time domain and modal analysis.

Discussions

This work uses the finite-element method to study the seis-
mic response characteristics of crossing-fault tunnels. From 
the time-domain perspective, the characteristics of wave 
propagation in the cross-fault tunnel under an earthquake 
are identified. The dynamic amplification effect of the cross-
ing-fault tunnel and surrounding rock is explored, and the 
influence of the tunnel on the dynamic response of the sur-
rounding rock is also analysed. Furthermore, modal analysis 

and Fourier spectrum analysis are included in the analysis 
framework of the dynamic response frequency domain of the 
crossing-fault tunnel. Modal analysis intuitively illustrates 
the relationship between natural frequency and dynamic 
deformation of the cross-fault tunnel characteristics. Fou-
rier spectrum analysis can be used to study the seismic 
response characteristics of rock surrounding a tunnel under 
earthquakes based on changes in spectral features. Fourier 
spectrum analysis and modal analysis results are mutually 
verified and supplemented, making the analysis results of the 
dynamic response in the frequency domain of the crossing-
fault tunnel more comprehensive and reliable. In addition, 
the combination of time-domain and frequency-domain 
analysis reveals that the dynamic response of the cross-fault 
tunnel is quite different from the intact surrounding rock. 
Due to the refraction and reflection of seismic waves, in the 
surrounding rock across the fault, the local amplification is 
present. This also makes the deformation of the surrounding 
rock and lining structure across the fault section more obvi-
ous. This is also the reason why instability is more likely to 
occur across fault segments when it is subjected to seismic 
action. The shaking table model test results carried out by 
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Xin et al. (2022) verified the results of the numerical simula-
tion (Fig. 22).

In general, time-domain analysis mainly studies the 
dynamic response of crossing-fault tunnels in mechani-
cal deformation. In contrast, frequency-domain analysis 
mainly studies the dynamic response of cross-fault tunnels 
in natural characteristics. The analysis results of the time 
and frequency domains are mutually verified and supple-
mented, which improves the systematic and comprehensive 
understanding of the dynamic response of the crossing-fault 
tunnel. However, this work also has shortcomings. The sur-
rounding rock of the crossing-fault tunnel is usually rich in 
fissure water. The dynamic response of the rock surrounding 
the crossing-fault tunnel is more complex under the coupling 
effect of earthquakes and fissure water. It is more critical 
to study the mechanism of hydrodynamic coupling disaster 
in crossing-fault tunnels surrounding rock, which will be 
researched in future work. In addition, the finite element 
method adopted in this work cannot be used to study the 
seismic damage evolution process in crossing-fault tunnels 
with strong earthquakes. In the future, the continuous-dis-
continuous medium coupled mechanical numerical method 
and shaking table model tests will be applied to study the 
damage of surrounding rock with water-bearing faults under 
earthquakes.

Conclusions

In this work, the finite-element numerical method is used to 
study the dynamic response characteristics of crossing-fault 
tunnels, and the main conclusions are shown as follows:

 (1). A joint analysis method of time and frequency 
domains is proposed for the dynamic response of 
crossing-fault tunnel surrounding rock, and the anal-
ysis results of the time and frequency domains are 

mutually verified and complemented. By analysing 
the wave propagation and PGA variation, the dynamic 
response characteristics of the crossing-fault tunnel 
are analysed from the perspective of mechanics in 
the time domain. Combined with modal and Fourier 
spectrum analysis, the correlation mechanism of the 
wave's predominant frequency, the natural frequency 
of the surrounding rock, and its dynamic response 
characteristics are revealed. Modal analysis is more 
intuitive and concise, and the results were verified 
with the Fourier spectrum analysis method in spectral 
characteristics. Modal and Fourier spectrum analysis 
constitute a perfect frequency domain analysis frame-
work for characterizing the dynamic response of sur-
rounding rock in crossing-fault tunnels.

 (2). The tunnel structure influences the characteristics of 
dynamic response in a crossing-fault tunnel, and the 
influences on the intact surrounding rock and cross-
ing-fault section are different. The tunnel structure can 
influence the amplitude of the surrounding rock. How-
ever, it has little influence on the wave and Fourier 
spectrum characteristics of the surrounding rock. The 
dynamic amplification effect of the tunnel structure on 
the surrounding rock in the fault is obvious, and the 
dynamic amplification effect of the crossing-fault tun-
nel structure increases gradually with the duration of 
ground motion during wave propagation. The dynamic 
amplification effect of the intact surrounding rock is 
weakened by the tunnel, and the dynamic amplifica-
tion effect of the intact surrounding rock above the 
tunnel is small.

 (3). Faults have a controlling effect on the wave propaga-
tion characteristics in the rock surrounding the tun-
nel. During wave propagation, the fault is the main 
transmission channel of ground motion energy, which 
has the effect of amplifying wave transmission. Dur-
ing ground motions, the dynamic amplification effect 

Fig. 22  Shaking table model test results (Xin et al. 2022)
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of the crossing-fault tunnel surrounding the rock and 
lining structure is the largest, and the earthquake dam-
age is most likely to occur first. In the crossing-fault 
section, the dynamic amplification effect of the tunnel 
arch foot is larger than that of the arch waist, and that 
of the vault is the lowest.

 (4). The dynamic deformation characteristics of the 
crossing-fault tunnel are clarified via modal analysis. 
The first natural frequency mainly causes the overall 
deformation of the surrounding rock, while the higher 
natural frequency induces the local deformation of 
the surrounding rock. The lower and higher natural 
frequencies of the surrounding rock have a joint effect 
on the deformation of the surrounding rock's under-
ground motion. Low natural frequencies mainly cause 
the overall deformation of the tunnel structure, while 
high natural frequencies mainly cause the deformation 
of the tunnel in crossing-fault section.
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