
 

 
 

 

 
Buildings 2022, 12, 1521. https://doi.org/10.3390/buildings12101521 www.mdpi.com/journal/buildings 

Article 

Study on the Mechanical Response Mechanism and Damage 

Behavior of a Tunnel Lining Structure under Reverse Fault  

Dislocation 

Huifeng Su *, Zhongxiao Zhao, Kun Meng and Shuo Zhao 

College of Transportation, Shandong University of Science and Technology, Qingdao 266590, China 

* Correspondence: skd991970@sdust.edu.cn 

Abstract: In this paper, the mechanical response mechanism and damage behavior of a railway tun-

nel lining structure under reverse fault dislocation were studied. The damage behavior of railway 

tunnel linings under reverse fault dislocation was validated by undertaking laboratory tests and 

three-dimensional numerical simulations, where Coulomb’s friction was used in the tangential di-

rection of the interface. The failure damage, which increasingly accumulates with displacements, 

mainly concentrates in fault fracture neighborhoods 0.5 D to 1.5 D (D is the tunnel diameter) within 

the footwall. The maximum surrounding rock pressure and the maximum longitudinal strain de-

velop in the tunnel near the hanging wall area. The damage begins as longitudinal cracking of the 

inverted arch. With the increase in dislocations, those cracks develop upward to the arch foot and 

the waist. Consequently, those oblique cracks separate lining segments, leading to abutment dislo-

cation. The research results provide technical guidance and theoretical support for on-site construc-

tion and follow-up research, and they have important application value. 

Keywords: reverse fault dislocation; railway tunnel; model test; numerical simulation;  

lining response 

 

1. Introduction 

1.1. Research Background and Significance 

During tunnel construction, faults of different scales will inevitably be encountered 

and are the main geological disasters affecting the safety of the project. The influence of 

fault dislocation on the tunnel has various characteristics, such as anisotropy and com-

plexity. Previously, it was generally believed that the tunnel is a relatively stable structure 

constrained by the surrounding geotechnical media, and the proportion of damage will 

be very low if an earthquake occurs. Therefore, except for special cases, it was generally 

believed that an earthquake would have little impact on the tunnel structure. The indoor 

similar model test along with three-dimensional numerical simulation is a good method 

to study such problems. 

For some complex structures in which the mathematical models for the relevant 

physical quantities have not been established or are difficult to establish, model tests can 

often achieve better results. It is difficult to accurately describe the damage of the tunnel 

lining structure under the action of reverse faults by mathematical methods. Moreover, 

due to the unpredictability of the dislocation, field observation is greatly limited, and it is 

difficult to obtain comprehensive data. Although the model test simplifies some aspects, 

it still has advantages that other methods cannot match in terms of the phenomenon laws 

and other data studied. This chapter takes a railway tunnel crossing with an active reverse 

fault as the prototype. We determined the scale by combining the existing devices and 
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materials, and we found the appropriate proportion of similar materials through orthog-

onal tests. The damage behavior of the tunnel lining structure under reverse fault dislo-

cation was studied by this model test. The longitudinal strain of typical parts of the lining 

and the contact pressure of the surrounding rock were measured and analyzed, and the 

distribution and development of lining damage were observed and recorded. The charac-

teristic law of damage behavior evolution of the tunnel lining structure was summarized. 

1.2. Research Status 

Review, urbanization, resource recovery, waste recovery, and environmental assess-

ment were the top five keywords, and the current research fields were linked with future 

trends [1,2]. The highway tunnel is one of the primary infrastructure systems affecting 

community welfare. They are vulnerable to higher deterioration limits, but the funds 

available for their maintenance and rehabilitation are limited. This situation requires the 

development of a degradation model to predict the performance state behavior of key 

tunnel components [3]. The influence of cyclic load, cumulative load, and other loads on 

buildings is complex and diverse [4,5]. 

Sun Fengbo et al. [6–8] studied the anti-dislocation mechanism and evaluation 

method, and they pointed out that the fault dislocation rate is a factor reflecting the 

strength of fault activity. Various scholars have conducted a large number of model tests 

on tunnel crossing active faults. Xiao Zhihui [9] pointed out that the fault intersection an-

gle has an important influence on the deformation and failure mechanism of the tunnel 

near the fault through a model test of the strike slip fault sand layer, and they obtained 

the relationship between the tunnel strain and the fault when the fault intersection angle 

is less than 45°. In order to study the influence law of fault tunnels under earthquake ac-

tion, Liu Yun et al. [10] carried out shaking table comparative tests through fault tunnels, 

and they found that the development of tunnel lining cracks is closely related to the struc-

tural location. The final failure form of the tunnel was composed of longitudinal tensile 

cracks of the pipe joint itself and the staggered platform at the pipe joint. Liu Xuezeng et 

al. [11–13] simulated the stress deformation and failure process of the tunnel structure 

under the stick slip dislocation of normal faults with different dip angles, such as 45°, 60° 

and 75°, and determined the maximum fault displacement allowed for structural failure, 

proposed the failure area of the tunnel lining, and determined the shear zone and footwall 

range. Zhang Yunfei et al. [14] conducted a model test on the influence of fault dislocation 

on the tunnel across the fault when the geometric similarity ratio was 100 and the fault 

inclination was 90°. They found that the longitudinal strain distribution law of the tunnel 

lining arch waist was consistent under different dislocation quantities, and the tunnel lin-

ing strain was positively correlated with the dislocation quantity. The strain of the tunnel 

lining at different plates on both sides of the fracture zone presented an antisymmetric 

distribution. The maximum strain was located in the fault fracture zone. Baziar et al. [15] 

studied the structural mechanics and deformation characteristics of tunnel crossing re-

verse faults in dry sandy soil through centrifuge model tests, and analyzed the action 

mechanism of fault location, displacement, intersection angle, and other parameters on 

the tunnel. Kiani et al. [16] carried out normal fault centrifuge model tests with a geometric 

scale ratio of 1:50 and a fault dip of 60°and 75°, respectively, to study the influence of the 

fault dip and tunnel depth on the damage of shield tunnels. The research showed that 

increasing the tunnel depth can effectively reduce the damage of tunnels. Sabagh et al. [17] 

studied the failure law of fault dislocation and tunnel diameter on the tunnel and sur-

rounding rock through the centrifuge normal fault dislocation test with a geometric scale 

of 1:60, and qualitatively graded the tunnel damage according to the dislocation and tun-

nel failure phenomenon. Saiyar [18] carried out a centrifuge model test of cross fault tun-

nels with a scale of 1/30. The development and evolution of cracks in tunnels under the 

action of fault dislocation were studied. The correlation between the development of tun-

nel cracks and the depth and density of overburden was analyzed. 
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Scholars at home and abroad [19–27] have conducted in-depth research by means of 

mutual verification, such as model tests and numerical simulation. However, the current 

research has mainly focused on the macroscopic mechanical and deformation response of 

fault activity in the tunnel structure, and the research on the damage behavior of the rail-

way tunnel lining structure under reverse fault dislocation is insufficient. Previous studies 

have mostly focused on the influence of active faults with different dip angles on the tun-

nel, and there is still no complete analysis of the influence of reverse fault activity on the 

lining structure of segmental tunnels under different displacements. The longitudinal 

strain and the contact pressure between the lining and surrounding rock were measured 

by simulating the dislocation (creep) of a tunnel passing through an active fault, and the 

measured parameters were compared and analyzed to obtain the damage evolution law 

and characteristics of a tunnel passing through an active fault lining structure, to reveal 

the damage mechanism of the tunnel lining. 

1.3. Research Framework Figure 

The flow research framework is shown in Figure 1. 

 

Figure 1. Research framework figure. 

2. Model Test 

2.1. Test Device 

The test device was the existing tunnel crossing active fault dislocation test model 

box, and the box size (length × width × height) was 2 m × 1 m × 1 m, with a thickness of 4 

cm. The fracture zone was mainly located in the footwall. The simulated inclination of the 

box was 60°, and the intersection angle between the fault and the tunnel was 60°. The 

model included the upper wall, the lower wall, the reaction wall, the fixed connecting 

device, and the loading device. The lower wall was fixed to the reaction wall through 
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connecting bolts, and a fixed support was installed on the ground below it, so that it would 

remain stationary during the test loading process. The hanging wall completed the dis-

placement in the staggered direction through the loading device, so as to realize a more 

realistic simulation of reverse fault dislocation. The loading device was composed of two 

sets of jacks, which could be manually controlled to rise and fall at the same time, simu-

lating the deformation rate of reverse fault activity. As shown in Figure 2. 

 
(a) 

 
(b) 

Figure 2. Model diagram: (a) Model box device diagram; (b) schematic diagram of fault dislocation 

simulation. 

2.2. Similarity Principle and Similarity Ratio 

The similarity principle of the model test refers to the physical phenomena in the 

model corresponding to the physical phenomena of the technical prototype and the prop-

erties of the materials. The geometry and load of the model must be similar to the proto-

type, and the physical quantities between them must correspond to a certain proportion; that 

is, the order of similarity. According to the basic principles of elasticity and rock mechanics, 

each point of the model should correspond to the equilibrium equation, coordination equa-

tion, and geometric equation. All points on the surface of the model should meet the boundary 

conditions. The similarity principle can be expressed as: if the model and prototype are two 

similar systems, their geometric characteristics and physical dimensions must maintain a cer-

tain proportional relationship, so as to subtract the corresponding physical quantities of the 

prototype system from the physical dimensions of the model system. 

According to the above principles, combined with the size of the model device and 

the boundary effect, the geometric similarity ratio of this model test was determined to be 
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30, and the stress similarity ratio was determined to be 45. Then, the similarity scale of 

each physical and mechanical parameter was determined, as shown in Table 1. The exter-

nal dimensions of the tunnel model were determined following this: the height was 29 cm, 

the width 34 cm, and the thickness 2.4 cm. 

Table 1. Similarity relation and scale of main physical quantities. 

Physical Quantity Similarity Relation Similar Scale 

Length l/m Cl 30 

Stress σ/(N/m2) Cσ 45 

Strain ε Cε = 1 1 

Poisson’s ratio ν Cν = 1 1 

Internal friction angle φ/() Cφ = 1 1 

Cohesion c/Pa Cc = Cσ 45 

Modulus of elasticity E/Pa CE = Cσ 45 

Density ρ/(kg/m3) Cσ = CE/Cl 1.5 

Limited by the size of the existing test device and considering the size of the measur-

ing elements, the lining size after scaling should not be too small, otherwise it will affect 

the data measurement. The physical and mechanical parameters of similar materials also 

have a certain range, so the setting of the basic similarity scale needs to be done carefully. 

In conclusion, the geometric similarity scale of this model test was set as 30 and the elastic 

modulus similarity scale was set as 45. According to this similarity relation, the similarity 

relation of other main physical quantities is determined. The physical and mechanical pa-

rameters of the prototype and model were calculated. As shown in Table 2. 

Considering the limitations of the geometric scale of the model, the primary support 

and secondary lining were regarded as one, and the material properties referred to C30 

concrete. According to the fact that the sliding surface of the active fault often occurs in 

the middle of the fracture zone, the fault fracture zone was simplified, and only the frac-

ture zone at 6 m near the fault dislocation surface was considered. 

Table 2. Material physical and mechanical parameters of prototype and model. 

Category 
Material 

Type 
Density (kg/m3) 

Modulus of Elasticity E 

(MPa) 

Poisson’s Ratio 

(μ) 

Cohesion c 

(kPa) 

Internal Friction 

Angle (°) 

Prototype 
wall rock 2100 4500 0.32 500 33 

lining 2500 30,000 0.2 -- -- 

Model 
wall rock 1400 100 0.32 11 33 

lining 1666.67 666.67 0.2 -- -- 

2.3. Similar Materials 

We carried out field tests to obtain the basic physical and mechanical parameters of 

the surrounding rock and lining, and we obtained the physical and mechanical parame-

ters of similar materials through similar scale, as well as carrying out orthogonal tests and 

comprehensive tests on this basis. In this experiment, the density, elastic modulus, cohe-

sion, and internal friction angle were selected as the main research parameters, and dif-

ferent material proportioning relationships were adjusted to make the model material and 

prototype material meet the requirements of the similarity ratio. Through a large number 

of proportioning tests, it was found that when the mass ratio of river sand/fly ash/waste 

oil was 29:61:10, the density, cohesion, and internal friction angle of the obtained sur-

rounding rock material basically met the requirements of similar ratio, in which the par-

ticle size range of river sand was 0~1.5 mm, and the fly ash was class II. In this paper, river 

sand with a particle size larger than 1.5 mm was used for the simulation. The design pa-

rameters of the tunnel lining came from the actual project. Through the proportioning test 
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of concrete materials, a gypsum/water/retarder mass ratio of 1.32:1:0.005 was selected for 

the proportioning of similar concrete materials. As shown in Table 3. 

Table 3. Parameters of the surrounding rock and lining materials. 

Parameter Prototype Value Model Value Measured Value Relative Error 

Density ρ/(kg/m3) 2100~2200 1400~1467 1389 99.2% 

Cohesion c/kPa 500 11 11.315 97.1% 

Internal friction angle φ/() 33 33 33.11 99.7%. 

Lining density ρ/(kg/m3) 2500 1666 1692 98.4% 

Elastic modulus of lining E/MPa 28,000 622 635 97.9% 

2.4. Test Content 

The damage behavior of the tunnel lining structure under reverse fault activity was 

studied. The main measurement data were surface strain and surrounding rock contact pres-

sure, and the damage and cracking of the lining were observed. For this purpose, a total of 

seven test sections were set, numbering from the leftmost side of the hanging wall to the right-

most side of the footwall at an interval of 20 cm. The No. 4 test section was located at the fault 

dislocation surface. Figure 3 shows the distribution of monitoring sections. 

 

Figure 3. Monitoring section distribution map (unit: mm). 

The specific steps of the model stagger test are shown in Figure 4. 

  
(a) (b) 
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(c) (d) 

  
(e) (f) 

Figure 4. Steps of the mode stagger test: (a) Mixing of lining materials; (b) clamp and fix the 

mold; (c) compaction of surrounding rock materials; (d) put into the lining structure; (e) model 

box filling is completed; (f) stagger test. 

(1) We configured similar materials to the surrounding rock, and put raw materials such 

as river sand, fly ash, and waste engine oil into the mixer according to the ratio de-

termined above to mix evenly. 

(2) Poured the lining model; put the gypsum, water, retarder, and other raw materials into 

the mixer according to the proportions determined above, mixed them evenly, and 

poured the lining model in the precast mold. In order to prevent the gypsum from flow-

ing out of the side gap when it is not solidified, gaskets were added at the joint of the 

external formwork. In order to fix the relative position of the two outer molds, we used 

screws at the joint of the mold and clamped the screws so that the gasket filled the whole 

gap. The inner mold could be removed half an hour after pouring. After the gypsum was 

completely solidified, the outer mold was removed for curing. After the air drying 

reached sufficient strength, the strain gauge and micro pressure sensor were pasted onto 

the test section. 

(3) We filled the model box with the configured surrounding rock material. When it was 

filled to the height of the tunnel, we placed the lining model with the test elements 

arranged, sorted out and led out the conductors, checked whether they were intact 

with a multimeter, connected the instruments to test and zero, and then continued to 

compact the filler to the top of the box. After the work on the model box was com-

pleted, we opened the data acquisition instrument and observed whether there were 

abnormal test elements. If there were abnormal elements, we eliminated the abnor-

mal conditions before proceeding to the next step. If there was no abnormality, we 

recorded the initial stress and displacement of the lining model, and then cleared the 

balance to prepare for the subsequent data collection. 

(4) A jack was used to load and lift the hanging wall of the model, so that the hanging 

wall could maintain displacement along the direction of the sliding surface to simu-

late the fault activity. The vertical displacement rate of the hanging wall was taken 
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as 1 mm/min, and every 5 mm was a stage, with periodic dislocations of 5 mm, 10 

mm, 15 mm, 20 mm, 25 mm, and 30 mm for 30 min, respectively. We collected and 

recorded the data of each monitoring element at this time. After the vertical stagger 

distance reached 30 mm, it did not stop periodically, and continued to load and lift 

until the model was seriously damaged. 

(5) After the test, we excavated the lining structure, and observed and recorded its damage. 

2.5. Results of Model Test 

2.5.1. Longitudinal Strain Analysis of Arch Waist of Lining 

The hanging wall of the model box rose along the staggered surface under the action 

of the jack, and the surrounding rock interacted with the tunnel lining, resulting in the 

bending of the lining and a large difference in the longitudinal strain at the arch waist of 

the lining between the hanging wall and the footwall. The longitudinal strain distribution 

at the arch waist of the lining under different stagger distances is shown in Figure 5, in 

which the positive value is the tensile strain and the negative value is the compressive 

strain. It can be seen from the figure that the longitudinal tensile strain was mainly at the 

arch waist of the tunnel lining in the hanging wall and the fault fracture zone near the 

hanging wall, and the longitudinal strain at the arch waist of the tunnel lining in the foot-

wall and the fault fracture zone near the footwall is mainly shown as compressive strain. 

With the increase in fault displacement, the longitudinal strain at the arch waist of the 

lining generally showed an upward trend, of which the maximum tensile strain was 151, 

which appeared at monitoring Section 2, located in the hanging wall range, and was about 

1.33 D away from the fault displacement surface (D is the tunnel diameter). The maximum 

compressive strain was −102, which occurred at monitoring Section 4 and is located near 

the fault dislocation plane. If the influence of accidental factors is excluded, the maximum 

compressive strain of −49 appeared at monitoring Section 5, located in the footwall range, 

and was about 0.67 D away from the fault dislocation surface. 

 

Figure 5. Longitudinal strain distribution of the arch waist. 

According to the strain change law, the fault dislocation surface and the range of 1.5 

D on both sides were the areas with the largest longitudinal strain change at the arch waist 

of the lining, while the areas far away were less affected by the fault dislocation. From the 

perspective of the strain variation amplitude, a drastic change occurred in the area where 

the fault dislocation surface was close to the hanging wall, and the change amplitude of 

the dislocation in the area where the fault dislocation surface was close to the footwall was 

small. It can be seen that the influence of fault dislocation on the tunnel in the hanging 

wall area was greater than that in the footwall area, and the area about 1.5 D near the 
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hanging wall and about 0.5 D near the footwall of the fault dislocation surface should be 

considered the key area for the tunnel to resist dislocation. 

2.5.2. Analysis of Contact Pressure of the Surrounding Rock 

The dislocation distance of the fault and the subsequent mutual extrusion between 

the surrounding rock and the tunnel were the main reasons for the change of the contact 

pressure of the surrounding rock. It can be seen from Figure 6 that with the increase in the 

staggering distance of the hanging wall, the contact pressure of the surrounding rock at 

the vault and inverted arch of the tunnel showed an increasing trend. Under the forced 

movement of surrounding rock and lining structure, the larger value of surrounding rock 

contact pressure was mainly concentrated in the fault dislocation surface and the range of 

0.67 D near the hanging wall. The surrounding rock contact pressure in the footwall area 

was small and showed little change. The larger contact pressure of surrounding rock at 

the vault was concentrated in the range of 1.33 D on both sides of the fault dislocation 

surface, and the pressure was close to the maximum when the fault dislocation reached 

30 mm. The larger value of the contact pressure of the surrounding rock at the inverted 

arch was concentrated in the range of 0.67 D near the hanging wall of the fault dislocation 

surface, and the pressure in other areas was small and changed little. The reason for the 

above phenomenon may be that the tunnel in the hanging wall area had an active upward 

trend due to the action of surrounding rock, so the contact pressure of the surrounding 

rock at the arch crown and inverted arch showed an increasing trend, and the value was 

large. The tunnel in the footwall area had a passive downward trend under the action of 

the surrounding rock, so the contact pressure of the surrounding rock at the arch crown 

and inverted arch showed an increasing trend, but the value and change range were small. 

  
(a) (b) 

Figure 6. Longitudinal distribution of surrounding rock contact pressure: (a) Vault; (b) inverted arch. 

According to the change law of contact pressure of the surrounding rock, the fault 

dislocation surface and its 1.5 D range on both sides were the areas with the largest change 

of contact pressure between the lining and surrounding rock, and the areas far away were 

less affected by fault dislocation. From the perspective of the pressure change amplitude, 

violent changes occurred in the fault dislocation surface and the area near the hanging 

wall, and the change amplitude of the fault dislocation surface near the footwall was 

small. It can be seen that the influence of fault dislocation on the hanging wall area of the 

tunnel was greater than that of the footwall area. The inverted arch of the tunnel lining in 

the area where the fault dislocation surface was close to the hanging wall, at about 0.5 D, 

and the vault of the tunnel lining near the fault dislocation surface should be the key area 

for anti-dislocation fortification, which may be damaged earlier under fault activity. 
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2.5.3. Analysis of Lining Damage and Failure 

From the perspective of the cracking morphology, the damage to the lining structure 

was mainly longitudinal cracking, which mainly occurred at the inverted arch and arch 

foot at 1.5 D of the fault and its nearby hanging wall area (D is the tunnel diameter). The 

oblique cracks at the arch waist were obvious. Based on the analysis of the change law of 

longitudinal strain and contact pressure of the surrounding rock, combined with the ob-

served evolution characteristics of lining cracks, the approximate process of lining dam-

age was analyzed, as shown in Figure 6. When the fault displacement reached 40 mm, 

mainly longitudinal cracking of a segment of the inverted arch occurred at first. With the 

increase in displacement, the cracks at the inverted arch develop upward to the arch foot 

and waist, mainly showing oblique cracks. Cracks lead to the stress release or transfer of 

nearby measuring points, which led to the serious impact of shear on the tunnel lining 

structure near the fault dislocation surface. Figure 7a–c show the damage evolution of the 

lining; when the fault displacement reached 50 mm, the lining section showed a relative 

displacement, and the abutment staggering phenomenon occurred in the tunnel section 

of the fourth monitoring section. The closer to the fault dislocation position, the more the 

lining structure was seriously damaged. The abutment staggering phenomenon of the lin-

ing section is shown in Figure 7d. 

  
(a) (b) 

  
(c) (d) 

Figure 7. Schematic diagram of lining damage evolution: (a) Longitudinal cracks in the inverted arch; (b) 

longitudinal cracks in the arch foot; (c) oblique cracks in the arch waist; (d) segmental staggering. 

3. Numerical Simulation 

The model size was 30 m × 30 m × 60 m, as shown in Figure 8. The X direction is 

horizontal, the Y direction is vertical, and the Z direction is horizontal and longitudinal. 

The size parameters refer to the prototype enlarged by the model test at a similar scale. 

The models and parameters used in the surrounding rock and fault fracture zone can be 

seen in the previous section. The fault slip surface was simulated by viscous interface el-

ement coh3d8, which was located in the middle of the fault fracture zone. The primary 



Buildings 2022, 12, 1521 11 of 21 
 

support and secondary lining were also regarded as one, and the material was C30 con-

crete. The concrete damage plastic model (CDP model) was set and the segment length 

was 15 m, which is numbered as A, B, C, and D from the hanging wall to the footwall. 

Considering that the calculation model involves material nonlinearity and geometric non-

linearity, the element division method was structural mesh, and the element type adopted 

the eight node hexahedral full integral solid element c3d8, avoiding the default reduced 

integral c3d8r, which is conducive to calculation convergence. Similarly, in order to im-

prove the calculation efficiency, the surrounding rock only adopted grid densification 

around the tunnel and at the fault fracture zone, and the whole length of the tunnel lining 

adopted a more refined grid. Table 4 shows the material physical and mechanical param-

eters of the model. 

 
 

(a) (b) 

Figure 8. Numerical model: (a) Grid division and staggered diagram; (b) schematic diagram of a 

model section. 

Table 4. Material physical and mechanical parameters. 

Type 
Density 

(kg/m3) 

Modulus of  

Elasticity E/(MPa) 

Shear Modulus 

G/(MPa) 

Poisson’s 

Ratio  /(μ) 

Cohesion 

c/(kPa) 

Internal Friction 

Angle 


/(°) 

Fracture 

Energy 

G/(N/m) 

Surrounding 

rock 
2100 4500 — 0.32 500 33 — 

Fault 1900 1500 560 0.4 150 25 20 

lining 2500 30,000 — 0.2 — — — 

In order to simulate the relative slip and force transmission between the surrounding 

rock and lining in the process of fault dislocation, face-to-face contact was used in both 

places. The normal direction of the interface adopted hard contact; that is, the normal di-

rection of the contact surface can transmit the contact pressure infinitely, but when the 

contact pressure is zero or negative, the contact surface is released and separated. Cou-

lomb friction was used in the tangential direction of the interface. The following formula 

was used, and the penalty stiffness method was set. When the tangential contact stress 

reached the critical value, the relative slip occurred between the contact surfaces. 

P =  (1) 

In the equation,   is the critical tangential contact stress,   is the friction coeffi-

cient, and P is the normal contact pressure. The friction coefficient   between lining sections 

was taken as 0.1, and three contact surfaces were set, numbered 1, 2, and 3, respectively. The 

friction coefficient 


 between the surrounding rock and lining was taken as 0.4. 

The analysis process of the simulation was divided into three steps: 
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(1) We constrained the normal displacement of the side and bottom of the model, the 

upper surface was a free surface, we killed the tunnel lining structural unit, and we 

applied gravity load to the surrounding rock structure to balance the in situ stress. 

Due to the Mohr-Coulomb constitutive model of surrounding rock and the existence 

of a fault fracture zone, the geostatic automatic geostress balance analysis in 

ABAQUS did not easily converge, so the OBD method was introduced here to realize 

geostress balance. 

(2) The function of the life and death unit was to realize tunnel excavation and support, 

and the disturbance of tunnel excavation to the surrounding rock was not considered; 

that is, the construction length, excavation method, and support installation sequence 

were ignored, simplifying the process to one-step excavation and support. 

(3) The pseudo static method was used to realize the fault dislocation; that is, to keep the 

footwall fixed, and apply the displacement along the fault dip direction to the hang-

ing wall. The dislocation was controlled by the vertical displacement, so the disloca-

tion refers to the vertical dislocation. 

4. Comparison of Results 

4.1. Maximum Principal Stress Analysis 

Figures 9 and 10, respectively, show the cloud diagram of the maximum principal 

stress distribution of the lining and the maximum principal stress distribution curve of 

the lining at different parts. It can be seen that the absolute value of the maximum princi-

pal stress outside the vault and outside the arch waist increased with the increase in the 

fault dislocation distance, and extreme values mainly occurred within 10 m of both sides 

of the fault dislocation plane. The maximum principal stress on the outside of the lining 

vault, the outside of the arch waist, and the inside of the inverted arch was mainly tensile 

stress, but the outside of the vault near the hanging wall near the fault dislocation surface 

was prominently identified as compressive stress. It may be that the fault dislocation 

caused the compression at the vault of section B and C, which is the potential pressure 

damage area. The maximum principal stress on the inner side of the inverted arch was 

shown by the reduction in the fault dislocation surface from both ends to the middle, 

which can predict that the tensile damage will develop from the far end to the middle. 

The evolution law of arch crown cracks in model tests was verified. 

  
(a) (b) 

 
(c) 

Figure 9. Cloud diagram of lining maximum principal stress distribution: (a) Stagger distance 1 cm; 

(b) stagger distance 3 cm; (c) stagger distance 5 cm. 
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(a) (b) 

 
(c) 

Figure 10. Distribution curves of the maximum principal stress in different parts of lining: (a) Out-

side of vault; (b) outside the arch waist; (c) inside of inverted arch. 

4.2. Longitudinal Stress Analysis 

Figures 11 and 12, respectively, show the overall longitudinal stress distribution of 

the lining and the longitudinal distribution of different parts of the lining under different 

stagger distances. With the outermost axis of the hanging wall as the coordinate zero point 

of the longitudinal distance, the fault dislocation plane passed through the longitudinal 

center of the tunnel. It can be seen from the figure that the longitudinal stress of the lining 

was mainly compression, and with the increase in the dislocation distance, the longitudi-

nal stress of each part of the lining also increased. The extreme value of longitudinal stress 

at the vault was mainly located in the range of 5~10 m near the footwall direction of the 

fault dislocation surface. The extreme value of longitudinal stress at the arch waist was 

mainly located in the range of 5~10 m on both sides of the fault dislocation surface, and 

the extreme value appeared near the hanging wall, which was close to the distribution law of 

longitudinal strain at the arch waist in the model test. The extreme value of longitudinal stress 

at the inverted arch was mainly located in the range of 10~15 m near the hanging wall direction 

of the fault dislocation surface. When the fault dislocation distance was 5 cm, the extreme 

value of compressive stress in each part did not reach the complete failure strength. 
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(a) (b) 

 
(c) 

Figure 11. Lining overall longitudinal stress distribution cloud map: (a) Stagger distance 1 cm; (b) 

stagger distance 3 cm; (c) stagger distance 5 cm. 

  
(a) (b) 

 
(c) 

Figure 12. Longitudinal stress distribution curve of different parts of lining: (a) Outside of vault; (b) 

outside the arch waist; (c) inside of inverted arch. 
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With the increase in fault dislocation distance, within the hanging wall range, the 

absolute value of longitudinal stress increased gradually within the range of about 10 m 

near the fault dislocation surface at the vault, while the longitudinal stress changed non-

significantly in other ranges. The overall longitudinal compressive stress in the arch waist 

showed an increasing trend, and the closer it was to the fault dislocation surface, the greater 

the absolute value. The longitudinal stress of the inverted arch was mainly compression and 

showed an increasing trend. Within the footwall, the longitudinal compressive stress of the 

vault and the waist of the arch generally showed an upward trend, while the longitudinal 

stress of the inverted arch did not change significantly, but it showed a tensile trend. 

By comparing the distribution and variation of the longitudinal strain at the arch 

waist of the lining surface with the fault dislocation distance in the model test, we found 

that it was basically consistent with the numerical simulation law. 

4.3. Contact Pressure Analysis 

It can be seen from Figures 13 and 14 that with the increase in fault dislocation dis-

tance, the contact pressure of surrounding rock at the arch crown and inverted arch 

mainly showed an increasing trend. The maximum contact stress of the surrounding rock 

at the vault occurred within 5 m of the staggered surface near the hanging wall area, the 

smaller value was concentrated in the footwall area of the tunnel, and it tended to be stable 

with the increase in longitudinal distance. This showed that the influence of fault disloca-

tion on the hanging wall of the tunnel was significantly greater than that on the footwall. 

  
(a) (b) 

 
(c) 

Figure 13. Cloud diagram of the surrounding rock contact pressure distribution on the lining surface: 

(a) Stagger distance 1 cm; (b) stagger distance 3 cm; (c) stagger distance 5 cm. 
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(a) (b) 

Figure 14. The contact pressure of the surrounding rock along the longitudinal distribution curve 

of the tunnel: (a) Vault; (b) inverted arch. 

Figure 15 shows the contact pressure distribution of the lining segment contact sur-

face 2 intersecting the fault dislocation surface. When the fault began to stagger, the con-

tact pressure was mainly concentrated in the area above the arch waist, and the closer it 

was to the arch crown, the greater the pressure. With the increase in stagger distance, the 

contact pressure continued to increase and spread downward, indicating that the squeez-

ing effect between lining segments B and C was increasing. When the staggering distance 

reached 5 cm, the extreme value of contact pressure was 9.459 MPa, located at the arch 

crown, and the distribution range occupied all the areas above the arch foot, while no 

contact pressure was generated at the inverted arch. The reason for this may be that under 

the influence of fault dislocation, the abutment staggering phenomenon occurs between 

lining segments, and the contact surface of the inverted arch may have been pulled apart. 

Figure 16 shows the displacement of the lining section with a stagger distance of 5 cm. 

The maximum displacement reached 6 cm, and the relative displacement near the contact 

surface of sections B and C was about 1.5 cm. 

  
(a) (b) 

 
(c) 

Figure 15. Contact pressure evolution of the lining segment contact surface 2: (a) Stagger distance 1 

cm; (b) stagger distance 3 cm; (c) stagger distance 5 cm. 
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Figure 16. Displacement cloud map of the lining segment when the dislocation distance was 5 cm 

(magnified 50 times). 

It can be seen from Figure 17 that the pressure damage of the lining was mainly con-

centrated in the range of 15~20 m near the fault dislocation surface. With the increase in 

the dislocation distance, the pressure damage first appeared on the contact surface of each 

section, and the dislocation separation occurred on the contact surface, and the pressure 

damage gradually transferred to the inner and outer sides of the arch waist and the outer 

side of the arch crown. When the staggering distance was 5 cm, the extreme value of com-

pressive damage was 0.2485 (0~1 indicates the degree of damage), which occurred at the inner 

side of the arch waist of section B close to the staggering surface, and at the outer side of the 

arch crown of section C close to the staggering surface. Figure 18 shows that the tensile dam-

age was mainly located in the inverted arch. At first, the tensile damage appeared on the front 

and rear sides of the segment contact surface 1. With the increase in the staggering distance, 

the tensile damage gradually developed to segment A and segment B, and the extreme value 

also increased. When the dislocation distance was 5 cm, the tensile damage had penetrated 

the inverted arch of section B, reaching the fault dislocation surface area, and the extreme 

value was 0.9517, which was close to complete damage. At this point, the conjecture about the 

contact pressure at the inverted arch of the contact surface of the lining section in the previous 

section was verified, and the tension damage also occurred at the inner side of the arch waist 

of section B. The damage degree was between 0.2 and 0.3. Comparing the phenomena of the 

lining crack area and segment staggering in the model test, they were basically consistent with 

the law of numerical simulation. 

  
(a) 
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(b) 

  
(c) 

Figure 17. Compression damage evolution of the lining: (a) Stagger distance 1 cm; (b) stagger dis-

tance 3 cm; (c) stagger distance 5 cm. 

  
(a) 

  
(b) 
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(c) 

Figure 18. Tensile damage evolution of the lining: (a) Stagger distance 1 cm; (b) stagger distance 3 

cm; (c) stagger distance 5 cm. 

4.4. Verification Result Analysis 

(1) The staggered distances of 1 cm and 3 cm were analyzed by numerical simulation. 

The maximum principal stress values of the outer side of the tunnel crown, the outer 

side of the arch waist, and the inner side of the inverted arch under the condition of 

5 cm were obtained. The evolution law of the cracks in the arch crown in the model 

test was verified. 

(2) The staggered distances of 1 cm and 3 cm were analyzed by numerical simulation. 

Longitudinal stress values of the outer side of the tunnel crown, the outer side of the 

arch waist, and the inner side of the inverted arch under the condition of 5 cm were 

obtained. The distribution and variation of the longitudinal strain at the arch waist 

of the lining surface with the displacement distance of the fault in the model test were 

compared, and they were basically consistent with the numerical simulation law. 

(3) The staggered distances of 1 cm and 3 cm were analyzed by numerical simulation. Lon-

gitudinal stress of the outer side of the tunnel crown, the outer side of the arch waist, and 

the inner side of the inverted arch under the condition of 5 cm were obtained. 

5. Conclusions 

5.1. Summary of Main Research Contents 

Based on a railway tunnel crossing an active reverse fault, this paper used the meth-

ods of literature analysis, model test, numerical simulation, and statistical analysis for this 

research. First, based on the similarity theorem, we carried out similar material tests, and 

designed and completed reverse fault dislocation model tests. Secondly, ABAQUS was 

used to establish a three-dimensional numerical calculation model, and the effectiveness 

of the numerical simulation was verified by comparing the model test results. The main 

conclusions are as follows: 

(1) Through an orthogonal test, the proportioning design of similar materials of the sur-

rounding rock was carried out, a range analysis of the results was carried out, and 

the influence trend diagram of the river sand particle size combination, river sand 

content, and fly ash content on material cohesion and the internal friction angle was 

obtained. We found that the influence of the river sand particle size combination on 

cohesion was four times that of the river sand content and fly ash content, and the 

appropriate proportion of similar materials of the surrounding rock was obtained. 

According to the data fitting, when the retarder content was 0.5%, the relationship 

formula between the proportion of gypsum and water and the elastic modulus could 

be obtained, and the appropriate proportion of similar lining materials was deter-

mined. This provides reference and guidance for the configuration of similar materi-

als for model tests in the future. 
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(2) Through the model test, it was found that the deformation and failure of the tunnel 

lining structure were mainly concentrated in and near the fault fracture zone in the 

reverse fault dislocation. The influence range of the footwall was about 0.5D (D is the 

tunnel diameter), and that of the hanging wall was about 1.5D. The damage contin-

ued to accumulate with the increase in dislocation. The influence of fault dislocation 

on the tunnel in the hanging wall area was greater than that of the footwall, and the 

maximum surrounding rock pressure and the maximum longitudinal strain ap-

peared in the hanging wall of the tunnel. The lining structure at the fault and near 

the hanging wall was damaged to a large extent, and there were inclined cracks and 

transverse and longitudinal cracks on the inner wall of the lining structure, and the 

abutment staggering phenomenon occurred at the fault along the longitudinal direc-

tion of the tunnel. Therefore, the reinforcement of the arch foot and arch waist should 

be strengthened at the position of the tunnel close to the fault to improve its shear 

resistance, while the flexible deformation capacity of the connecting material should 

be enhanced at the connection of the tunnel sections to improve its fault resistance. 

(3) The numerical simulation results were compared with the model test results to verify 

the effectiveness of both. Based on this, a three-dimensional simulation method of 

reverse fault dislocation based on a viscous interface model for railway tunnels is 

proposed. 

5.2. Research Deficiencies and Future Prospects 

(1) Due to the limitations of test conditions and time, the model test simplified the tunnel 

prototype to varying degrees, failed to fully consider the impact of the model bound-

ary on the tunnel, and simplified the tunnel lining support form into one. The above 

simplified design will have different degrees of impact on the test results. It is hoped 

that in future research, funding and time factors will allow model similarity to be 

achieved to the greatest extent. 

(2) Only the damage behavior of the tunnel lining structure under the dislocation of the 

reverse fault was analyzed and studied. In fact, the typical fault activity forms also 

include normal faults and strike slip faults, and the damage behavior of the tunnel 

lining structure under atypical combined fault forms needs to be further studied. 

(3) In the model test and numerical simulation, the surrounding rock and fault were 

treated as a single uniform medium, and the different distribution of the surrounding 

rock material properties and surface characteristics in the stratum were not consid-

ered. Further analysis and research are needed to ascertain the impact this may have 

had on the results. 

(4) The sensitivity analysis of the influencing factors only used the damage extreme 

value, so the evaluation of the overall damage of the lining was not comprehensive 

enough. In future, the damage index of the overall lining under tension and compres-

sion should be introduced for further study. 
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