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Abstract. The axial force and bending moment of tunnel lining are crucial for lining stability. To 
investigate the response patterns of axial force and bending moment in shallow-buried biased 
small clearance tunnels under various conditions – including different adjacent slope angles, 
loading wave types, peak loads, and loading directions – extensive numerical simulations were 
conducted. The numerical results were subsequently verified through large-scale vibration table 
physical model experiments. The findings reveal that the variation patterns of lining axial force 
and bending moment under bidirectional coupled seismic waves demonstrate similarity to those 
under vertical seismic waves. Vertical seismic motion exerts a more pronounced influence on 
lining axial force response. Seismic wave peak intensity significantly affects lining axial force and 
bending moment, with both parameters showing gradual increases corresponding to peak load 
escalation. The arch shoulder of the slope-side right tunnel lining exhibits particularly strong axial 
force and bending moment responses. While Darui wave, Wenchuan wave, and Kobe wave 
produce essentially consistent axial force and bending moment response patterns in tunnel linings, 
their magnitudes differ substantially. Seismic wave type primarily influences response magnitude 
rather than characteristic patterns of axial force distribution. Increasing slope angles adjacent to 
tunnels correlate with heightened axial force and bending moment responses in linings. A 
logarithmic functional relationship exists between slope angle and response values at the lining 
arch shoulder. These findings provide valuable references for seismic design of shallow-buried 
biased small clearance tunnels. 
Keywords: tunnel engineering, various ground shaking, dynamic response, axial force, bending 
moment. 

1. Introduction 

Tunnels, as a form of transportation structure, have been widely used in highway 
transportation, railway transportation, and municipal transportation [1-3]. Due to various 
constraints on the selection of transportation routes, the shallow-buried biased small clearance 
tunnel is gradually being adopted [4-6]. The 2008 Wenchuan earthquake caused various forms of 
damage to a large number of tunnels. Scholars gradually realize the importance of seismic research 
on tunnels [7-8]. At present, the research on the seismic response law of shallow-buried biased 
small clearance tunnel is still not deep enough, and there is an urgent need to carry out relevant 
research work. 

There are various research methods for studying the dynamic response law of tunnels, 
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including indoor physical model experiments [9-14], numerical simulation research methods  
[15-19], and theoretical calculation method for earthquake resistance [20-21] during recent years. 
Pan et al. [22] relied on a large-scale strike slip fault tunnel project to study the longitudinal 
distribution of tunnel structural response through model experiments and numerical simulations 
when crossing multiple rupture surfaces of strike slip faults. Huang et al. [23] used a 
high-precision indirect boundary integral equation method (IBIEM) to simulate the scattering 
effect of seismic waves on the overall model of mountain fault fracture zone tunnel. Three 
influencing factors were considered: incident wave intensity, distance between tunnel and fault 
fracture zone, and dynamic characteristics of fracture zone. The effects on the seismic dynamic 
response of mountain surface and tunnel were simulated. Xu et al. [24] established a three-
dimensional train track tunnel soil coupled time-varying dynamic model to study the dynamic 
behavior of the train track tunnel soil interaction system under earthquake excitation. Different 
intensities of seismic waves and track irregularities were used as system excitation sources, and 
longitudinal, transverse, and vertical seismic waves were normalized through actual seismic 
records to analyze the dynamic response characteristics of the train track tunnel soil system under 
different soil conditions and earthquake intensities. Ma et al. [25] used a vibration table model test 
to obtain data information on the acceleration and dynamic strain of the test model under different 
intensities of seismic waves. Based on the macroscopic deformation characteristics of the 
experimental model, a multi-index evaluation method was adopted to reveal the regional spatial 
dynamic response characteristics of the tunnel damping structure. The plastic damping coefficient 
(PDC) of tunnel structures was defined based on the elastic-plastic effect, and the damage 
evolution law of tunnel structures is elucidated. 

Currently, few studies have been conducted by scholars at home and abroad on the seismic 
response of shallow-buried biased small clearance tunnels. The dynamic response of such new 
tunnels (shallow-buried biased small clearance tunnel) is significantly different from that of 
conventional tunnels (non-biased tunnel, single tunnel). Numerical methods, as the most widely 
used scientific research method, have been utilized to study the dynamic response of tunnels. 
Based on the results of large-scale shaking table physical modeling tests that have been carried 
out in the acceleration response of tunnels, the results obtained by numerical methods are credible 
and reasonable through the comparison of shaking table tests and numerical methods. The tunnel 
lining axial force and bending moment cannot be obtained directly from the large-scale shaking 
table physical model test, but can be obtained by simulation based on reliable numerical 
simulation. The aim of this study is to rely on the results of large-scale shaking table physical 
model tests, and then to elaborate the response law of axial force and bending moment in 
shallow-buried biased small clearance tunnel through extended numerical parametric studies. This 
study investigates the effects of different parameters, including seismic wave type, seismic wave 
peak, seismic wave loading mode, and side slope angle, on the response of axial force and bending 
moment of tunnel lining. The research results can provide reference for seismic design of the 
shallow buried biased small clearance tunnels. 

2. Numerical simulation 

2.1. Engineering geology of tunnel 

There are three types of rock types in the surrounding rock of the tunnel, from top to bottom: 
limestone, mudstone, and dolomite. Limestone is exposed on the surface and belongs to strongly 
weathered rock types. Mudstone has poor strength, while dolomite has good quality and stability. 
The rock mass surrounding the tunnel has low water content and no obvious groundwater. The 
maximum burial depth of the tunnel is 29 m, and one side of the tunnel is a natural slope with a 
slope angle of 60°. The closest distance between the slope and the tunnel is 13 m, and the overall 
stability of the slope is good. Through on-site engineering geological investigation, typical drill 
core samples were selected and indoor rock mechanics tests were conducted to obtain rock 
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mechanics parameters. Various engineering geological reduction methods were used to obtain 
rock mechanics parameters, and detailed mechanical parameters are shown in Table 1. 

Table 1. Mechanical parameters of tunnel surrounding rock mass 

Material Bulk density 𝛾 
(kN/m3) 

Elastic modulus 𝐸 (MPa) 
Cohesion 𝑐 

(kPa) 
Internal friction 

angle 𝜑 (°) 
Poisson’s 

ratio 𝜇 
Dolomite 26.9 6956.5 1655.2 36.5 0.20 
Mudstone 20.3 3561.2 613.5 30.1 0.26 
Limestone 24.3 5360.2 961.3 32.7 0.21 

2.2. Principles of finite element analysis 

Structural dynamic time-range analysis is the process of calculating the structural response 
(displacements, velocities, internal forces) at any point in time when the structure is subjected to 
a dynamic load. The power balance equations used in MIDAS-GTS/NX dynamic time-range 
analysis are as follows: ሾ𝑀ሿ𝑢ሷ ሺ𝑡ሻ + ሾ𝐶ሿ𝑢ሶ ሺ𝑡ሻ + ሾ𝐾ሿ𝑢ሺ𝑡ሻ = 𝑝ሺ𝑡ሻ, (1)

where, [𝑀] is mass matrix, [𝐶] is damping matrix, [𝐾] is stiffness matrix, 𝑝(𝑡) is dynamic load 
(N), 𝑢ሷ (𝑡) is relative acceleration (m/s2), 𝑢ሶ (𝑡) is relative speed (m/s), 𝑢(𝑡) is relative displacement 
(m). 

The mode superposition method is used in the MIDAS-GTS/NX numerical simulation 
software for dynamic time history analysis of structures. The mode superposition method refers 
to the method of solving the displacement of a structure using a linear combination of mutually 
orthogonal displacement vectors, which has a significant effect on linear dynamic analysis of large 
structures. The prerequisite for using this method is that the damping matrix can be represented 
by a linear combination of mass matrix and stiffness matrix. This method can be represented by 
the following equation: [𝐶] = 𝛼[𝑀] + 𝛽[𝐾], (2)Φ்𝑀Φ𝑞ሷ(𝑡) + Φ்𝐶Φ𝑞ሶ(𝑡) + Φ்𝐾Φ𝑞(𝑡) = Φ்𝐹(𝑡), (3)𝑚௜𝑞ሷ௜(𝑡) + 𝑐௜𝑞ሶ௜(𝑡) + 𝑘௜𝑞ሶ௜(𝑡) = 𝑝௜(𝑡),     (𝑖 = 1,2,3,⋯ ,𝑚), (4)𝑢(𝑡) = ෍ Φ௜𝑞௜(𝑡)௠௜ୀ௝ , (5)𝑞௜(𝑡) = 𝑒ିక೔ఠ೔௧ ቈ𝑞௜(0)cos𝜔஽௜𝑡 + 𝜉௜𝜔௜𝑞௜(0) + 𝑞௜(0)𝜔஽௜ sin𝜔஽௜𝑡቉      + 1𝑚௜𝜔஽௜ න 𝑃௜(𝜏)௧

଴ 𝑒ିక೔ఠ೔(௧ିఛ)sin𝜔஽௜(𝑡 − 𝜏)𝑑𝜏,  (6)

𝜔஽௜ = 𝜔௜ට1 − 𝜉௜ଶ, (7)

where, 𝛼, 𝛽 is Rayleigh coefficient, 𝜉௜ is damping ratio of the 𝑖-th mode of vibration, 𝜔௜ is the 
natural period of the 𝑖-th mode of vibration, Φ௜ is the shape of the 𝑖-th mode of vibration, 𝑞௜(𝑡) is 
solution of the 𝑖-th mode single degree of freedom equation. 

The mode superposition method is one of the most commonly used methods in structural 
analysis programs. However, when the damping matrix cannot be represented as a linear 
combination of the mass matrix and the stiffness matrix, this method has certain limitations. This 
numerical simulation analysis adopts the mode superposition method to conduct dynamic time 
history response analysis of underground structures. 
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2.3. Numerical model for dynamic analysis 

MIDAS-GTS/NX finite element analysis software is capable of transforming differential 
equations into linear algebraic equations for solving problems, and it is suitable for anisotropic, 
nonlinear, and nonuniform materials, and has effective applicability to complex boundary 
conditions. This finite element software can reveal the dynamic response law of tunnel lining 
under the loading of seismic wave. In this paper, the dynamic response of tunnel lining under 
seismic wave loading is analyzed using this finite element software. In order to avoid boundary 
effects in the numerical model, the model size is more than five times of the diameter of the tunnel 
lining [5]. Therefore, the length, width and height of the numerical model used in this numerical 
simulation study are 60 m, 40 m and 55 m, respectively.  

The mesh type of the numerical model is quadrilateral mesh. The model calculation adopts the 
Mohr-Coulomb yield criterion. The bottom of the model boundary adopts a fixed boundary. The 
model is constrained in the 𝑋 and 𝑌 directions. The top of the model has a free boundary. The 
Rayleigh damping coefficient is an important parameter for measuring the attenuation 
characteristics of structural vibration. The Rayleigh damping coefficient in this article is set to 
0.03. 

Kuhlemeyer and Lysmer [26] showed that for accurate representation of wave transmission 
through a model, the element size ∆௟, must be smaller than approximately 1/10 to 1/8 of the wave 
length associated with the highest frequency component of the input wave: 

∆௟≤ 𝜆10 … 𝜆8, (8)

where, 𝜆 is wave length of the propagated wave in the model. 𝜆 is related to the seismic wave 
velocity of micro-concrete (𝑣௠௖) and the highest frequency of the input motion (𝑓௠௔௫) by the 
following relation: 𝜆 = 𝑣௠௖𝑓୫ୟ୶. (9)

Substituting Eq. (8) into Eq. (9) gives: ∆௟≤ 𝑣௠௖,୫୧୬10𝑓୫ୟ୶ . (10)

According to the calculation results of Eqs. (8-10), the total number of nodes in the 3D tunnel 
lining calculation model is 10 263, and the total number of units is 56 125.The surrounding rock 
and lining in the numerical model are simulated by solid units, and the elastic-plastic intrinsic 
model and Mohr-Coulomb yield criterion are adopted. The specific calculation model is shown in 
Fig. 1. 

2.4. Analysis scheme of numerical simulation 

Three types of seismic waves are used for numerical simulation. The seismic waves are the 
Wenchuan (WC) wave, Darui (DR)wave and Kobe (KB)wave. The horizontal direction (𝑋) is 
perpendicular to the tunnel axis, and vertical direction (𝑍) is perpendicular to table-board. 
Bidirectional coupled seismic waves are seismic waves that simultaneously load tunnels in two 
directions. Unidirectional seismic waves are seismic waves that load tunnels in only one direction. 
The acceleration time history curves of the seismic waves are shown in Fig. 2. The acceleration 
peaks of the seismic wave are adjusted to 0.4 g. The numerical simulation seismic wave loading 
scheme is shown in Table 2. 
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Fig. 1. Numerical calculation model (unit: m) 

 
a) Time history curve of WC 

 
b) Time history curve of DR 

 
c) Time history curve of KB 

Fig. 2. Acceleration time-history curves of seismic wave 

Table 2. Loading scheme of shaking table test 
Number  seismic wave Slope angle (°) Loading direction Load peak (m·s-2) 

1 DR 30 𝑋 

0.1, 0.2, 0.3, 0.4, 0.5, 0.6 

2 DR 30 𝑍 
3 DR 30 𝑋𝑍 
4 WC 30 𝑋𝑍 
5 KB 30 𝑋𝑍 
6 DR 45 𝑋 
7 DR 60 𝑋 
8 DR 90 𝑋 
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3. Analysis of calculation results 

3.1. Verification of numerical simulation 

In order to verify the reliability of the results of the study carried out by this numerical 
simulation, a series of physical model tests of a large-scale shaking table were carried out in the 
National Engineering Laboratory of High-Speed Railway Construction Technology of Central 
South University. The geometric similarity of the physical model is 1:10. Rigid model boxes were 
used in this shaker physical modeling test, which were made of steel plates, steel sections, and 
Plexiglas materials (Fig. 3). In order to eliminate the boundary effect of the model box, various 
energy-absorbing materials were attached inside the model box. 

 
Fig. 3. Shaking table test 

The lining model in the large vibrating table physical model test was made of micro-concrete. 
Reinforcing steel was simulated by galvanized iron wire. The thickness of the lining was 4 cm. 
The material ratio of the lining model was 1:6.9:1.3 (cement: sand: water). The compressive 
strength of the lining is 5 MPa. The surrounding rock of the tunnel is divided into three layers. 
The first layer is weakly weathered rock, the second layer is soft and weak rock, and the third 
layer is hard rock. The tunnel burial depth is 0.9 m, the net width of the tunnel is 0.7 m, and the 
thickness of the center partition wall is 0.4 m. After the physical model of the tunnel was 
completed, it was lifted onto the vibration table and tightly fixed. Firstly, white noise was loaded 
and the stability of the vibration table was verified. Then, the tunnel model was excited based on 
the seismic wave loading scheme. 
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a) Horizontal direction 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
-5

-4

-3

-2

-1

0

1

2

3

4

5

A
cc

el
er

at
io

n/
(m

·s
-2

 )

Time/s

 Numerical simulation
 Shaking table test

 
b) Vertical direction 

Fig. 4. Time-history curves of numerical simulation and shaking table test 

The reliability of numerical simulation is verified by the acceleration response of tunnel. The 
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0.4 g Darui wave curve of shaking table test and numerical simulation are shown in Fig. 4. By 
comparing the results of numerical simulation and large-scale vibration table physical model 
experiments, the following conclusions can be drawn: (1) The acceleration response curves of the 
two research methods in the horizontal direction are similar and can match each other, and the 
peak acceleration response values are basically the same. The acceleration response curve in the 
horizontal direction has a strong response during the initial excitation stage. (2) The acceleration 
response curves of the two research methods in the vertical direction are similar and can be 
matched with each other, and the peak acceleration response values are basically the same. The 
acceleration response curve in the vertical direction shows a relatively stable response during the 
initial excitation stage and a severe response in the later stage. (3) The results of the two research 
methods are mutually validated, indicating that the numerical simulation results are in line with 
the laws of the physical model test results of large-scale vibration tables. 

3.2. Lining dynamic axial force 

The reliability of the numerical simulation results was verified through the use of a large-scale 
vibration table physical model experiment. Therefore, validated numerical models can be used to 
study the response patterns of various tunnels under seismic waves. According to the designed 
numerical simulation research plan, the axial force response laws of tunnel lining under slope 
angles of 30 °, 45 °, 60 °, and 90 ° were revealed. The axial force response laws under the coupling 
direction conditions of 𝑋, 𝑍, and 𝑋𝑍 were revealed. The axial force response laws under the 
conditions of DR, WC and KB waves were revealed. The axial force response curves of tunnel 
lining are shown in Figs. 5-12. 
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Fig. 5. Axial force of lining with DR-X and slope angle of 30° 

According to Fig. 5, under the condition of a 30° slope angle, the axial force on the lining of a 
small clearance tunnel under the action of large horizontal waves shows a nonlinear trend. The 
axial force at the arch shoulders of the left and right tunnel lining is relatively large, and the 
maximum force at the right arch shoulder of the right tunnel near the slope is 190 kN. The axial 
force at the arch foot and arch top is relatively small, with a minimum of 5 kN. The peak load of 
seismic waves has an impact on the axial force of the lining, and as the excitation peak increases, 
the axial force gradually increases. The axial force response of the right tunnel lining near the 
slope surface is the strongest at the arch shoulder, mainly due to the small distance between the 
slope and the tunnel lining structure, which is greatly affected by seismic waves. 

According to Fig. 6, under the condition of a 30° slope, the axial force of a small clearance 
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tunnel under the action of large vertical waves shows a nonlinear trend. The axial force is relatively 
large at the arch feet of the left and right holes, and the maximum axial force is 222 kN near the 
arch feet of the middle rock column. At the left arch crown and arch shoulder, the axial force at 
the right arch crown is the smallest, which is opposite to the trend under the action of large 
horizontal waves. The main reason is that under the action of vertical waves, the lining has an 
upward effect, and the arch foot generates a larger axial force under this effect. The axial force 
response of the right tunnel lining near the slope surface is strong at the arch shoulder, mainly due 
to the small distance between the slope and the tunnel lining structure, which is greatly affected 
by seismic waves. 
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Fig. 6. Axial force of lining with DR-Z and slope angle of 30° 
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Fig. 7. Axial force of lining with DR-XZ and slope angle of 30° 

From Fig. 7, under the condition of a 30° slope, the axial force of the small clearance tunnel 
lining shows a nonlinear trend under the action of coupled bidirectional large waves. The shear 
force is relatively high at the arch feet of the left and right holes, and the maximum shear force is 
330kN near the arch feet of the middle rock column. The axial force response of the right tunnel 
lining near the slope surface is strong at the arch shoulder, mainly due to the small distance 
between the slope and the tunnel lining structure, which is greatly affected by seismic waves. 
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Under the bi-directional action of artificial seismic waves in Darui, the variation trend of lining 
axial force is similar to that of vertical axial force. This indicates that the vertical seismic action 
has a significant impact on the response of the lining axial force. The result of bidirectional 
coupling of Darui stronger than that of unidirectional seismic waves, indicating that the effect of 
bidirectional coupling is the most significant. 
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Fig. 8. Axial force of lining with WC-XZ and slope angle of 30° 

According to Fig. 8, under the condition of a 30° slope, the axial force on the lining of a small 
clearance tunnel under the action of vertical Wenchuan wave shows a nonlinear trend. The axial 
force is relatively large at the arch feet of the left and right holes, and the maximum axial force is 
445 kN near the arch feet of the middle rock column. Under the bi-directional action of the 
Wenchuan wave, the variation law of the axial force of the lining is similar to that of the Darui 
wave, except for the difference in the magnitude of the axial force. This indicates that the type of 
seismic wave has a relatively small impact on the response characteristics of the lining axial force, 
only affecting the numerical value of the lining axial force response. 
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Fig. 9. Axial force of lining with KB-XZ and slope angle of 30° 
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Fig. 10. Axial force of lining with DR-X and slope angle of 45° 

According to Fig. 9, under the condition of a 30° slope, the lining of a small clearance tunnel 
exhibits a nonlinear trend under the action of horizontal Kobe wave. The maximum axial force at 
the arch foot of the left and right holes is 380 kN. The shear force at the shoulder and arch top of 
the left hole is relatively small. The peak load of seismic waves has an impact on the axial force 
of the lining, and as the peak load increases, the axial force gradually increases. The axial force 
response of the right tunnel lining near the slope surface is strong at the arch shoulder, mainly due 
to the small distance between the slope and the tunnel lining structure, which is greatly affected 
by seismic waves. By analyzing the axial force response laws of the lining under the action of 
Darui wave, Wenchuan wave, and Kobe wave, it can be concluded that the response laws under 
the three types of seismic waves are basically the same, except for the difference in the magnitude 
of the axial force. This indicates that the type of seismic wave has a relatively small impact on the 
response characteristics of the lining axial force, only affecting the numerical value of the lining 
axial force response. 
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Fig. 11. Axial force of lining with DR-X and slope angle of 60° 
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Fig. 12. Axial force of lining with DR-X and slope angle of 90° 

From Fig. 10-12, the lining of small clearance tunnels exhibits a nonlinear trend under the 
action of large horizontal waves. The axial force response is maximum at the arch shoulder of the 
left tunnel near the middle partition wall and the arch shoulder of the right tunnel near the slope. 
The maximum axial force of the lining in the 30° slope angle model is 190 kN, the maximum axial 
force of the lining in the 45° slope angle model is 275 kN, the maximum axial force of the lining 
in the 60° slope angle model is 295 kN, and the maximum axial force of the lining in the 90° slope 
angle model is 370 kN (Table 3). From this, the axial force response of the lining arch shoulder 
near the slope increases with the increase of the slope angle, showing a nonlinear trend. The 
underlying mechanism behind the above pattern is the coupling effect between the adjacent slope 
structure and the lining structure. As the slope angle increases, the stability of the slope gradually 
decreases, and the potential sliding force inside the slope gradually increases. The potential sliding 
arc surface passes through the tunnel and exerts a shear effect on the tunnel lining structure. The 
larger the slope angle, the stronger the shear force on the tunnel lining. Therefore, the larger the 
slope angle, the stronger the coupling effect between the tunnel lining and the slope structure. The 
relationship between the slope angle and the axial force response value of the adjacent lining arch 
shoulder was fitted, and the fitting Eq. (11) was obtained. There is a logarithmic function 
relationship between the slope angle and the axial force response of the lining arch shoulder: 𝑦 = 157.79ln(𝑥) − 340.85,𝑅ଶ = 0.9775,  (11)

where, 𝑥 is slope angle, ° (0°-90°); 𝑦 is maximum axial force for lining, kN. 

Table 3. Maximum axial force of the lining 
Slope angle (°) Maximum axial force for lining (kN) 

30 190 
45 275 
60 295 
90 370 

3.3. Lining dynamic bending moment 

The reliability of the numerical simulation results was verified through the use of a large-scale 
vibration table physical model experiment. Therefore, validated numerical models can be used to 
study the response patterns of various tunnels under seismic waves. According to the designed 
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numerical simulation research plan, the bending moment response laws of tunnel lining under 
slope angles of 30°, 45°, 60°, and 90° were revealed. The bending moment response laws under 
the coupling direction conditions of X, Z, and XZ were revealed. The bending moment response 
laws under the conditions of DR, WC and KB waves were revealed. The bending moment 
response curves of tunnel lining are shown in Figs. 14-19. 

 
Fig. 13. Curve of axial force fitting for tunnel lining 

From Fig. 14, under the condition of a 30° slope, the bending moment of the lining of a small 
clearance tunnel under the action of a large vertical rake shows a nonlinear trend. The bending 
moment is relatively large at the arch foot of the left and right tunnels, and the axial force of the 
right tunnel is the highest near the arch foot of the middle rock column, with a maximum of 
6 kN·m. The peak load of seismic waves has an impact on the bending moment of the lining, and 
as the excitation peak increases, the bending moment gradually increases. The bending moment 
response of the right tunnel lining near the slope surface is relatively strong at the arch shoulder, 
mainly due to the small distance between the slope and the tunnel lining structure, which is greatly 
affected by seismic waves. 

-6

-5

-4

-3

-2

-1

0

1

2

3

4

5

1

2
3

4

5 6

7
8

9

10

Right hole

Be
nd

in
g 

m
om

en
t/k

N
·m

Left hole

 0.1g  0.2g
 0.3g  0.4g
 0.5g  0.6g

 
Fig. 14. Bending moment of lining with DR-X and slope angle of 30° 

According to Fig. 15, under the condition of a 30° slope, the bending moment of the lining of 
a small clearance tunnel under the action of bidirectional coupled Darui wave shows a nonlinear 
trend. The bending moment is relatively large at the arch foot of the left and right holes, and the 
axial force of the right hole is the highest near the arch foot of the middle rock column, with a 
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maximum of 6.8 kN·m. The peak load of seismic waves has an impact on the bending moment of 
the lining, and as the excitation peak increases, the bending moment gradually increases. The right 
tunnel lining near the slope surface has the strongest bending moment response at the arch 
shoulder, reaching a bending moment of 8 kN·m. Mainly due to the small distance between the 
slope and the tunnel lining structure, it is greatly affected by seismic waves. 
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Fig. 15. Bending moment of lining with WC-XZ and slope angle of 30° 
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Fig. 16. Bending moment of lining with KB-XZ and slope angle of 30° 

As shown in Fig. 16, under the condition of a 30° slope, the bending moment of the lining of 
a small clearance tunnel under the action of bidirectional coupled Kobe wave exhibits a nonlinear 
trend. The bending moment is relatively large at the arch foot of the left and right holes, and the 
axial force of the right hole is the highest near the arch foot of the middle rock column, with a 
maximum of 3.1 kN·m. The peak load of seismic waves has an impact on the bending moment of 
the lining, and as the excitation peak increases, the bending moment gradually increases. The right 
tunnel lining near the slope surface has the strongest bending moment response at the arch 
shoulder, with a bending moment of 5.2 kN·m. Mainly due to the small distance between the slope 
and the tunnel lining structure, it is greatly affected by seismic waves. The results of bidirectional 
coupled Kobe wave are weaker than those of large Rayleigh waves, indicating that the type of 
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seismic wave has an impact on the magnitude of the lining bending moment. By analyzing the 
bending moment response laws of the lining under the action of Darui wave, Wenchuan wave, 
and Kobe wave, it can be concluded that the response laws under the three types of seismic waves 
are basically the same, except for the difference in the magnitude of the bending moment. This 
indicates that the type of seismic wave has a relatively small impact on the response characteristics 
of the lining bending moment, only affecting the numerical value of the lining bending moment 
response. 
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Fig. 17. Bending moment of lining with DR-X and slope angle of 45° 
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Fig. 18. Bending moment of lining with DR-X and slope angle of 60° 

From Figs. 17-19, the lining of small clearance tunnels exhibits a nonlinear trend under the 
action of large horizontal waves. The bending moment response is maximum at the arch shoulder 
and arch foot near the middle partition wall of the right tunnel. The maximum bending moment 
of the lining in the 30° slope angle model is 6 kN·m, in the 45° slope angle model it is 11 kN·m, 
in the 60° slope angle model it is 12 kN·m, and in the 90° slope angle model it is 16 kN·m 
(Table 4). From this, it can be seen that the bending moment response of the lining arch foot 
increases with the increase of the slope angle, showing a nonlinear trend of change. The underlying 
mechanism behind the above pattern is the coupling effect between the adjacent slope structure 
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and the lining structure. As the slope angle increases, the stability of the slope gradually decreases, 
and the potential sliding force inside the slope gradually increases. The potential sliding arc 
surface passes through the tunnel and exerts a shear effect on the tunnel lining structure. The larger 
the slope angle, the stronger the shear force on the tunnel lining. Therefore, the larger the slope 
angle, the stronger the coupling effect between the tunnel lining and the slope structure. The 
relationship between the slope angle and the bending moment response value of the lining arch 
shoulder was fitted, and the fitting Eq. (12) was obtained. There is a logarithmic function 
relationship between the slope angle and the bending moment response of the lining arch shoulder: 𝑦 = 8.74ln(𝑥) − 23.28,𝑅ଶ = 0.9709,  (12)

where, 𝑥 is slope angle, ° (0°-90°); 𝑦 is maximum bending moment of lining, kN·m. 

-18

-16

-14

-12

-10

-8

-6

-4

-2

0

2

4

6

8

1

2
3

4

5 6

7
8

9

10

Right hole

Be
nd

in
g 

m
om

en
t/k

N
·m

Left hole

 0.1g  0.2g
 0.3g  0.4g
 0.5g  0.6g

 
Fig. 19. Bending moment of lining with DR-X and slope angle of 90° 

 
Fig. 20. Curve of bending moment fitting for tunnel lining 

The article analyzed the magnitude of axial force and bending moment of tunnel lining under 
different slope angles. The axial force and bending moment of tunnel lining vary greatly at 
different angles. The influence of slope angle on the axial force and bending moment of tunnel 
lining is significant. And the fitting formula was obtained by using the fitting analysis method. 
The axial force and bending moment of tunnel lining at any slope angle can be calculated by fitting 
the formula. 
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Table 4. Maximum bending moment of the lining 
Slope angle (°) Maximum bending moment for lining (kN·m) 

30 6 
45 11 
60 12 
90 16 

4. Conclusions 

The response laws of axial force and bending moment of shallow buried biased small clearance 
tunnels under different adjacent slope angles, different loading wave types, different loading 
peaks, and different loading directions were studied using numerical simulation methods. The 
following conclusions were obtained: 

1) Under the action of bidirectional coupled seismic waves, the variation trend of lining axial 
force and bending moment is similar to that of vertical axial force, and the response strength is 
greater than that of unidirectional seismic waves. The vertical seismic action has a significant 
impact on the response of lining axial force. 

2) The peak load of seismic waves has an impact on the axial force and bending moment of 
the lining, and as the peak load increases, the axial force and bending moment gradually increase. 
The right tunnel lining near the slope surface has a strong axial force and bending moment 
response at the arch shoulder. 

3) Under the action of three types of seismic waves, the axial force and bending moment 
response laws of tunnel lining are basically the same, except for the differences in the magnitude 
of axial force and bending moment. The type of seismic wave has little effect on the response 
characteristics of lining axial force, only affecting the numerical value of lining axial force 
response. 

4) As the angle of the slope near the tunnel increases, the axial force and bending moment 
response values of the tunnel lining also increase. There is a logarithmic function relationship 
between the slope angle and the axial force and bending moment response values of the lining 
arch shoulder. 

5) The dynamic response law of the tunnel was studied using physical model experiments and 
numerical simulations. Further research is needed on the theory of dynamics. 
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