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Abstract 

Based on the Xianglushan water conveyance tunnel of the central Yunnan water diversion project, a large-
scale finite element numerical model was established to study the lining deformation and failure mechanism of 
the Xianglushan water conveyance tunnel under the action of strike-slip faults. The lining damage law of the 
tunnel was revealed, and the corresponding fortification position was proposed, and the simulation result was 
validated experimentally. The results show that the displacement distribution of cross-fault tunnel under the 
action of strike-slip fault generally presents an elongated S-shaped distribution. In the fault fracture zone, the 
tensile failure is prevented at the arch waist convex from the fault dislocation surface, and the compressive failure 
is prevented at the concave. The range of compressive and tensile strains is mainly concentrated in the fault 
fracture zone ± 0.6 times the width of the fault zone. The shear damage of the top and bottom of the tunnel is 
relatively close. Therefore, combined with the strain distribution law of the left side and right-side walls of the 
tunnel and the maximum shear stress distribution law of the top and bottom of the tunnel, it is considered that 
the left and right-side walls located in the fault fracture zone should prevent tensile and compressive failure, and 
the top and bottom of the tunnel should prevent shear failure. The results of this study can provide a theoretical 
reference for the key vulnerable parts of the tunnel. 
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1. Introduction 

With the arrangement of China's decision to build a strong 
transportation country, tunnel engineering has become one of the main 
ways to implement this major decision (Mei et al., 2021; Sun et al., 2020; 
Yang et al., 2021; Shen et al., 2020; Yang et al., 2020;). As a major 
promotion project of this huge system engineering, a line project in 
Southwest China will play an increasingly important role in the traffic 
networking plan. However, the geological conditions in Southwest China 
are relatively complex, and the terrain is undulating. Large number of 
faults, folds and other underground engineering poor quality occurrence 
environments are widely distributed (Zhu et al., 2021; Baziar et al., 2014; 
Bayati et al., 2017). The tunnel construction in Southwest China will face a 
very severe multiple damage test caused by earthquake, fault dislocation, 
high ground stress and large buried depth (Ryan et al., 2008; Durukal et 
al., 2002; Wang et al., 2001). The problem of the fault of the tunnel has also 
become a very important scientific research topic. 

On January 8, 2022, an earthquake with a magnitude of Ms6.9 
occurred in Menyuan County, Qinghai Province. The highest intensity 
reaches IX degrees (Chen et al., 2023). The earthquake caused serious 
damage to the surrounding bridge and tunnel projects, resulting in the 
interruption of high-speed rail operations from Lanzhou to Xinjiang. The 
epicenter of the earthquake is located on the south side of the fault of the 
Lenglongling fault on the Qinghai-Tibet Plateau, with a coordinate of 
37.77° N, 101.26° E. The fault is a left-lateral strike-slip type with a focal 
depth of about 10 km. More than 20 earthquake events (including 
mainshocks and aftershocks) with M≥3 were recorded before and after the 
earthquake, and the distribution range was mainly concentrated along the 
Lenglongling fault (LLLF) and the Tuolaishan fault (TLSF).  

During the Menyuan earthquake, two rupture zones were formed on 
the surface, with azimuth coordinates of 113 ° and 87 °, respectively, 
located in the western section of LLLF and the eastern section of TLSF. 
According to the post-earthquake survey, the fault structure is almost 
erect, resulting in a maximum surface horizontal displacement of about 2.8 
m, mainly extending along the fault. At the same time, the surface rupture 
extends downward and crosses the beam tunnel, resulting in the 
destruction of the tunnel structure, especially at about 700 m from the 
tunnel entrance. According to the post-earthquake survey, the fault 
structure is almost erect, resulting in a maximum surface horizontal 
displacement of about 2.8 m, mainly extending along the fault. At the same 
time, the surface rupture extends downward and crosses the beam tunnel, 
resulting in the destruction of the tunnel structure, especially at about 700 
m from the tunnel entrance. Influenced by the strong movement of the 
fault, there are different degrees of cracking, local falling block and overall 

dislocation failure in the tunnel. Influenced by the strong dislocation of the 
fault, there are different degrees of cracking, local falling block and overall 
dislocation failure in the tunnel, as shown in Fig. 1.  

   
Fig. 1 Daliang tunnel disaster situation subjected to Menyuan 
earthquake 

The relative motion of faults between crustal plates induces the 
occurrence of earthquakes. According to the dislocation mode of relative 
motion of faults, faults can be divided into normal faults, reverse faults and 
strike-slip faults, and can also be divided into stick-slip and creep-slip 
(Uckan et al., 2015; An et al. 2021; Zhong et al., 2020). For many years, the 
movement of faults has caused many underground projects such as 
tunnels to suffer serious dislocation disasters and threats (Kun et al., 
2013), such as lining cracking, dislocation, hole collapse, etc. In the process 
of stick-slipping, faults promote intermittent rapid sliding between plates, 
which in turn leads to earthquakes. The 1971 San Fernando earthquake in 
the United States (Trifunac et al., 2004), the 1976 Tangshan earthquake in 
China (Roy et al., 2016), the 1995 Hanshin earthquake in Japan (Fukuyama 
et al., 2000), the 1999 Chi-Chi earthquake and the 2008 Wenchuan 
earthquake in China (Shen et al., 2014) all showed strong damage to the 
tunnel. 

In view of this, scholars have carried out relevant research on fault 
dislocation and ground motion. According to the active direction of the 
fault, the fault is divided into normal fault, reverse fault and strike slip 
fault. According to the fault dislocation mode, it can be divided into stick 
slip and creep slip (Kiani et al, 2016). The research on the fault mechanism 
of the fault tunnel is mainly carried out through model test and numerical 
simulation. Majid K.et al. explored the influence of tunnel buried depth and 
fault dip angle on the structure of segmental tunnel under the action of 
normal fault through model test (Kiani et al, 2016). Lin et al. (2007) 
studied the deformation and failure characteristics of shield tunnel under 
the action of reverse fault by simulating the scale model test of shield 
tunnel crossing active fault under the action of reverse fault. Liu et al. 
(2015) obtained the response law and influence range of highway tunnels 
with different dip angles under normal/reverse fault stick-slip dislocation. 
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Based on centrifuge test and numerical simulation, Yao et al (2021) and 
Zeng et al. (2021) obtained the analysis results of the influence range of 
cross-fault tunnels under the action of reverse faults and strike-slip faults 
and believed that the influence range of tunnels is about 1.4-4.7 times the 
diameter of tunnels. Wang et al (2023) explored the progressive failure of 
tunnel crossing normal faulting and the anti-dislocation measurement of 
tunnel. Numerical simulation has the advantages of low cost, high 
flexibility, visualization and repeatability. Compared with the numerical 
simulation method, the model test method has higher cost, larger time 
consumption and larger scale limitation. Therefore, two methods are 
usually used in the study to verify the reliability of the results. 

In summary, at present, there are few studies on the influence of 
tunnel under the action of strike-slip fault dislocation. It is necessary to 
carry out research on the forced influence of cross-fault tunnel structure 
under the action of strong earthquake-stick-slip dislocation, and more 
importantly the fortification length was concluded. Based on this, this 
paper establishes a three-dimensional numerical model of the 
corresponding cross-active fault and compares and analyzes the response 
law of the near-fault pulse-type ground motion to the tunnel structure 
under the premise of different dislocations. The simulation corrections 
have been verified based on the reported experimental test results. The 
research results of this paper can provide a research basis for exploring 
the deformation mechanism and failure mechanism of tunnels across 
active faults in the earthquake area and provide a research reference for 
the design of tunnels across faults in southwest China. 

2. Background  

2.1 Engineering introduction 

The total length of the Xianglushan tunnel is 62.5 km. Affected by the 
surrounding topography and geological conditions; the tunnel crosses 
multiple fault zones. The Longpan-Qiaohou, Lijiang-Jianchuan and Heqing-
Eryuan faults are Holocene regional active faults. Xianglushan tunnel is a 
typical tunnel crossing active fault, which is characterized by many active 
faults, frequent earthquakes and high intensity. The tunnel section of 
Xianglu Mountain crosses the watershed between Jinsha River and 
Lancang River. After investigation, the Longpan-Qiaohou fault zone is 
divided into three nearly parallel faults in the study area of Xianglushan 
tunnel. The main fault fracture zone and its influence bandwidth are more 
than 2 km. The Lijiang-Jianchuan tunnel passes through the part along the 
fault to form a trough with a width of 1 ~ 2 km, and the fracture breaking 
bandwidth is large.  

2.2 Site characteristics 

The Xianglushan tunnel of the central Yunnan water diversion project 
passes through the Lijiang-Jianchuan fault. After investigation, the fault 
zone is divided into several faults in the study area of Xianglushan tunnel. 

The tunnel passes through the part along the fault to form a trough with a 
width of 1 ~ 2 km, and the fracture breaking the bandwidth is large. The 
stratigraphic information of Lijiang-Jianchuan fault is complex and 
diverse, involving multiple geological ages and lithological characteristics 
(Fig. 2). Fault breccia is the main fault breccia in the fault area, covering 
the second member of the Triassic Beiya Formation and the Quaternary 
alluvium. 

3. Simulation analysis model  

3.1 Model establishment 

In this study, the finite difference software FLAC3D was used to 
establish a three-dimensional cross-fault tunnel model. In order to avoid 
the error caused by the size effect, the model size is length × width × 
height: 300m×100m×100mm, and the width of the fault zone is set to 50m. 
The diameter of the tunnel is 11.20 m, and the lining thickness is 1.02 m. 
The model used in the calculation is shown in Fig. 3. 

Based on the pseudo-static analysis method, the ground constraints 
on both sides of the active fault zone are as follows: One side of the ground 
is regarded as fixed. The other side simulates the dislocation of active 
faults by applying forced displacement. In order to simulate the contact 
between the fault surface and the surrounding rock and the lining in the 
rock mass medium, two kinds of rock mass interfaces are set in the model. 
Each interface is composed of a component interface unit, and an interface 
unit is composed of three nodes. Each interface unit allocates the area to 
its three nodes, and each interface has a corresponding representative 
area. The built-in constitutive model in FLAC3D software obeys the 
Coulomb shear strength criterion. The basic principle of the calculation is 
to obtain the normal absolute displacement and tangential relative 
velocity of each node in each time step and calculate the normal force and 
tangential force according to the constitutive model. When the maximum 
tensile stress of the normal spring between contacts exceeds the normal 
tensile strength, the connection between the surrounding rock and the 
lining will be disconnected. Different from normal mechanical behavior, 
tangential mechanical behavior is mainly characterized by that when the 
shear stress is greater than the shear strength, the shear stress remains 
unchanged, and the spring displacement will gradually increase. The 
mechanical parameters of the contact surface in the model are shown in 
Table 1, where the first surface presents the contact face between rock 
mass and tunnel, and the second surface presents the contact faces in the 
fault plane.  

The constitutive model of lining selects the plastic model to represent 
the nonlinear characteristics subjected to strike-slip fault, and the strain-
stress tension and compression relationship of the tunnel follows the 
curves as shown in Fig. 4.  

The mechanism parameters of the simulation model are listed in Table 
2, where the parameters include rock mass, fault and tunnel lining.

 

 
Fig. 2 Lijiang-Jianchuan fault around Xianglu Mountain tunnel site  

(1. Quaternary residual slope layer; 2. Quaternary alluvial-proluvial layer; 3. Neogene basalts; 4. Triassic Beiya Formation second member; 5. 
Upper part of the first member of the Triassic Beiya Formation; 6. The lower part of the first member of the Triassic Beiya Formation; 7. Permian 
basalt; 8. Stratigraphic boundary; 9. thrust fault; 10. limestone; 11. Shale ; 12. Sandstone; 13. Argillaceous limestone; 14. Basalt; 15. Siltstone; 
16. Fault breccia; 17. Fragmented rock) 

 
Table 1. The strain-stress relationship of the contact faces 

Number kn (MPa/m) ks (MPa/m) ft (MPa) c (MPa) φ (°) Bonded slip on/off 
1 2500 2500 0.5 1.8 59.6 on 
2 3000 3000 1.3 1.6 50 off 

Table 2. The strain-stress relationship of the concrete 

Type γ (kN m-3) E (GPa) ν c (MPa) φ (°) 
Rock mass 20 10 0.3 0.85 30 
Fault 19 8 0.35 0.10 20 
lining 25 28.0 0.2 - - 
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Fig. 3 Modelling establishment for fault dislocation analysis                        

 

                 (a) Tension               (b) Compression 
Fig. 4 The strain-stress relationship of the concrete 

3.2 Loading process 

The tunnel is located in two walls and a fault fracture zone, forming a 
three-dimensional analysis model of surrounding rock-fault-tunnel. The 
ground motion and inertial force effect generated during the fault 
movement are ignored in the model. In the generalized model, the fault 
slip surface is in the middle of the fault fracture zone, and its contact 
property obeys the Mohr-Coulomb friction contact constitutive 
relationship. The quasi-static loading method is used to apply the forced 
displacement outside the boundary of the active plate to realize the fault 
dislocation loading. The boundaries in the foot wall of the model wad fixed, 
while the horizontal displacement boundaries were applied on the 
hanging wall. The bottom of the model keeps stability on the vertical 
direction. 

The dislocation momentum input mechanism is based on the 
displacement of the project for one hundred years. The horizontal 
dislocation rate is applied to the node on the side of the tunnel moving 
plate. After completing a certain time step calculation, the dislocation 
results with dislocation momentum of 10 cm, 20 cm, 30 cm, 40 cm and 50 
cm are obtained. As a preset model for ground motion analysis, seismic 
waves are input to the bottom of the model under the premise of 5-level 
dislocation, and the mechanism of tunnel dislocation response under the 
action of cross-active fault dislocation is studied. 

4. Results  

4.1 Tunnel deformation analysis 

In the calculation, the dynamic response characteristics of the near-
fault measured ground motion tunnel are studied under the condition of 
10 cm, 20 cm, 30 cm, 40 cm and 50 cm five-order staggered momentum. 
Vazouras et al. (2010) considered that the axial displacement curve of 
tunnel lining under the action of strike-slip fault should satisfy the simple 
harmonic function relationship related to the two key parameters of fault 
displacement and fault zone width. The specific function relationship was 
listed as Equation 1:  

u(x)=
d

2
cosβ(1- cos

π

L
x )     (1) 

where, d is the fault dislocation momentum, L is the width of the fault 
zone, and β is the angle between the fault plane and the vertical direction 
of the tunnel axis, in which β equals to 0 meaning the tunnel across the 
strike-slip fault, as shown in Fig. 5. 

Fig. 6 shows the distribution nephogram of lining displacement is 
given when the fault displacement is 10 cm, 20 cm, 30 cm, 40 cm and 50 
cm respectively. 

From the distribution cloud diagram of lining displacement with fault 
dislocation momentum, under a certain dislocation momentum, the 

displacement of lining located in the movable plate and the fixed plate 
changes little along the longitudinal direction of the tunnel. The 
displacement increment of the two linings along the longitudinal direction 
of the tunnel is close to 0. The displacement of the lining in the fixed plate 
is small, and it can be considered that no displacement occurs. The lining 
displacement in the active plate changes obviously with the increase of 
fault dislocation momentum. The displacement value of the lining is equal 
to the displacement value of the same instantaneous fault displacement. 
The area where the displacement increment has a large value appears in 
the fault fracture zone, where the lining displacement changes greatly, and 
the overall distribution is 'S' type. Along the longitudinal direction of the 
tunnel, there are two inflection points at the left and right sides of the arch 
waist.  

Fig. 7 shows the comparison of displacement distribution curves 
under different dislocations at the tunnel axis by numerical calculation and 
analytical expression.  

 
Fig. 5 Analytical solution of deformation mode of lining 

 
Fig. 6 The lining displacement contours under different fault 
offsets 

 
Fig. 7 Comparison of simulation result and analytical solution 

From the simulation results of lining displacement, the lining presents 
an S-typed distribution. The displacement value of the lining located at the 
movable plate is equal to the input dislocation value, and the lining 
position in the fixed plate is relatively fixed. The lining displacement in the 
fault fracture zone transits longitudinally along the tunnel and to the active 
plate. The results are in good agreement with the analytical expression 
results of the existing literature. 

4.2 Longitudinal stress analysis 

Fig. 8 shows the longitudinal stress distribution curves of the side 
walls on the east and west sides of the lining with the amplification 
deformation coefficient of 50 under the dislocation of 10 cm, 20 cm, 30 cm, 
40 cm, and 50 cm. The longitudinal stress distribution of the eastern wall 
of the tunnel is shown in Fig. 8a, and the longitudinal stress distribution of 
the right wall is shown in Fig. 8b. 

 
 
 
 



 

28  Electronic Journal of Structural Engineering, 2025, Vol 25, No. 1 

 

 
Fig. 8 The longitudinal stress of lining east and west sides under fault offset from 10cm to 50cm (KPa) 

According to the longitudinal stress contours of lining east and west 
sides under fault offset from 10cm to 50cm, local longitudinal stress 
distribution curves at the left and right-side walls of the tunnel under 
different dislocations were presented in Fig. 9. 

 

(a) east side of tunnel 

 
(b) west side of tunnel 

Fig. 9 The local longitudinal stress distribution curves 

From the longitudinal stress distribution given in Fig. 8 and Fig. 9, the 
longitudinal stress of the lining structure of the east and west side walls 
has the property of anti-symmetry. The compression on the west side of 
the lining on the side of the movable plate is more obvious, while the arch 
waist on the west side of the lining on the side of the fixed plate shows 
more serious tensile failure. On the contrary, the tension of the arch waist 
on the east side of the lining on the side of the movable plate is more 
obvious, while the arch waist on the east side of the lining on the side of 

the fixed plate is compressed. The results verify the conclusions of the 
literature.  

With the increase of fault dislocation, the lining structure near the 
fault fracture zone bears compressive stress, and gradually increases with 
the increase of dislocation, but the increase is gradually decreasing. Before 
reaching the ultimate dislocation, the maximum compressive strains of the 
east and west side walls are 7.37 MPa and 6.07 MPa, respectively. The 
extreme point of compression appears at about 2.0D from the fault plane. 
Both are less than the ultimate compressive strength of C35 grade 
concrete. It shows that there is no serious compression damage during the 
fracture. 

On the contrary, the tensile strain distribution of lining shows a 
certain distribution law. From the longitudinal strain distribution law of 
the eastern side wall, the lining structure on the side of the active plate is 
significantly damaged by tension and is greatly affected by fault 
dislocation. When the dislocation is 10 cm, the tensile stress on both sides 
is small, which does not reach the ultimate tensile strength design value of 
the established concrete grade. However, with the further application of 
fault dislocation, the tensile strain on both sides of the tensile area began 
to increase, especially on the tensile side of the western wall. The main 
reason for this phenomenon is that with the increase of the dislocation 
momentum, the surrounding rock void occurs near the tensile side of the 
west side wall. This phenomenon will be more conducive to the continued 
deformation of the lining structure on the tension side, resulting in a 
greater increase in the stress value when the dislocation momentum 
reaches 20 cm. Compared with the large stress increase on the tensile side 
of the west wall, the tensile stress area on the east wall is constrained by 
the surrounding rock pressure on the passive side, resulting in a relatively 
small increase in tensile stress in this area. It is worth noting that the 
distance between the extreme points of compression on both sides of the 
tunnel and the faulty plane is relatively consistent, which is about 1.5 times 
the diameter of the tunnel.  

With the further increase of dislocation, compressive stress gradually 
increases, and the compressive stress gradually increases to the ultimate 
tensile stress value of the established concrete grade of 1.4 MPa. When the 
dislocation reaches 30 cm, tensile cracks caused by tensile deformation 
begin to appear on both sides of the lining structure. After that, the tensile 
stress will not continue to increase when the value of the mis-momentum 
is applied. 

4.3 Shear stress analysis 

The ratio of shear strength to compressive strength of concrete ranges 
from 0.095 to 0.121, and the shear modules are about 40 % of the elastic 
modules of concrete. Therefore, the shear strain value should meet the 
relationship as shown in Equation 2. 

εs=
τ

G
=

0.121σu

0.4Ec
     (2) 

where "τ” is the shear force and G is shearing modulus. "σ" _"u” and 
"E" _"c” represents the compressive strength and elastic modulus of 
concrete. According to the parameters of the selected concrete strength of 
the tunnel engineering, the maximum shear strains are 0.18‰. The cloud 
diagram and curve of shear strain distribution at the crown and invert of 
the lining under different dislocations are shown in Fig.10. 
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Fig. 10 The shear strains contours of tunnel crown and invert 

According to the shear strains contours of tunnel crown and invert, 
local shear strains curves of tunnel crown and invert under different 
dislocations were presented in Fig. 11. 

From Fig.10 and Fig.11, it can be seen that the shear strain distribution 
at the top and bottom of the tunnel is antisymmetric. The maximum shear 
strain peak is mainly concentrated near the fault plane, and the maximum 
shear strain gradually increases with the increase of fault dislocation. 
According to the shear strain calculation equation, the shear strain value 
is 1.6×10-4, which is obviously smaller than the peak shear strain at the 
top and bottom of the cave. Therefore, the roof and bottom of the lining 
structure at the fault fracture zone are subjected to more serious shear 
failure under the action of strike-slip fault dislocation. 

4.4 Validation with experimental test 

Under the same analysis conditions, Zhou et al. (2021) discussed the 
progressive failure mode of tunnels under the action of strike-slip faults. 
The device used in the study is a self-designed test model box that can 
simulate strike-slip faults by adjusting the dislocation speed of the model 
box. The design size of the box is 72 cm × 50 cm × 40 cm, and the loading 
system of the test device is realized by the jack acting on the outside of the 
movable plate box. By comparing the numerical simulation results with 
the model test results, it is found that the deformation modes of the tunnel 
under the two methods are in good agreement, as shown in Fig. 12. 
Furthermore, it can be found that the stress concentration area in the 
numerical simulation is in good agreement with the failure part of the 
model test tunnel.  

The tunnel structure is seriously damaged when it is subjected to 
strike-slip fault dislocation. The deformation of the lining is mainly 
concentrated on the fault zone. Due to the extrusion of the rock mass, the 
circular section of the tunnel becomes elliptical. The failure mode of the 
lining is the combined action of shear failure and bending failure. 

 

 
Fig. 11 The local shear strains curves of tunnel crown and invert 

 

 
Fig. 12 The validated results and the numerical results 

5. Conclusions 

In this paper, the dislocation response of a real water conveyance 
tunnel crossing strike-slip fault was investigated. A three-dimensional 
numerical model considering the nonlinear feather of tunnel subjected to 
the fault dislocation was built, where the contact relationship of tunnel-
rock mass and fault-rock mass were considered. And the simulation model 
was loaded with a quasi-static loading mode. Based on the simulation 
model, the displacement and shear mechanism of tunnel were deeply 
revealed. The conclusions are as follows:  

[1] Based on the verified results, the displacement distribution of 
cross-fault tunnel under the action of strike-slip fault generally 
presents an elongated S-shape distribution, which can be fitted 
well with harmonic function relationship. The lining displacement 
value located on the fixed plate is about the real-time fault 
dislocation displacement input value. The lining displacement in 
the fixed plate is relatively fixed, while the lining displacement in 
the fault fracture zone is distributed along the longitudinal 
distance of the tunnel.  
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[2] The longitudinal strain of the left and right-side walls: the 
fragmentation is obvious, and the displacement distribution of the 
two plates is uniform. In the fault fracture zone, the tensile failure 
is prevented at the arch waist convex from the fault dislocation 
surface, and the compressive failure is prevented at the concave. 
The range of compressive and tensile strains is mainly 
concentrated in the fault fracture zone ± 0.6Wf (Wf is the width of 
the fault zone).  

[3] The lining roof and bottom of Xianglushan water conveyance 
tunnel located in the fault fracture zone bear large shear stress, 
and the maximum shear stress appears near the fault dislocation 
surface. The maximum yield stress involves the range of-0.5Wf ~ 
0.5Wf, and the shear damage of the top and bottom of the tunnel 
is relatively close. Therefore, combined with the strain 
distribution law of the left and right-side walls of the tunnel and 
the maximum shear distribution law of the top and bottom of the 
tunnel, it is considered that the left and right-side walls located in 
the fault fracture zone should prevent tensile and compressive 
failure, and the top and bottom of the tunnel should prevent shear 
failure. The research results are concluded based on the 
numerical simulation and experimental test, and the further 
verification and anti-dislocation application in the real-world 
tunnel engineering should be the further research target. 
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