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Abstract: To study the relationship between the stability of layered surrounding rock tunnel and the thickness and 

inclination angle of the layered rock, using the discrete element analysis software UDEC, the deformation and stress 

characteristics of layered surrounding rock tunnel are analyzed under different inclination angle and thickness conditions after 

the tunnel excavation. Meanwhile, the influence of different inclination angle and thickness on the stability of layered 

surrounding rock tunnel is studied. The results show that when the layer thickness and the excavation span are the same, 

the vertical displacement, horizontal displacement and maximum principal stress of the surrounding rock of the tunnel 

show a low of increasing first and then decreasing with the increase of the inclination angle of the structural plane. 

When the inclination angle and excavation span are same, the vertical displacement, horizontal displacement and 

maximum principal stress of layered surrounding rock of the tunnel gradually decrease with the increase of the layer 

thickness. When the inclination angle of the structural plane is 30°, the vertical displacement of the surrounding rock 

of the layered surrounding rock tunnel is the largest; When the inclination angle of the structural plane is 45°, the 

horizontal displacement of the surrounding rock of the layered surrounding rock tunnel is the largest; When the 

inclination angle of the structural plane is 45°, the layered surrounding rock tunnel principal stress is the largest. 
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1. Introduction 

With the continuous extension of the transportation 

system to the mountains, more and more tunnels engineering 

are crossing the layered rock mass. Due to the influence of 

rock thickness and inclination angle of joint surface and 

structural plane, there are often engineering accidents such 

as bedding slip, large deflection under eccentric pressure, 

support damage and even overall damage and instability of 

the tunnel [1-3].
 

For the layered surrounding rock tunnel, the numerical 

simulation method is often used to build the structural 

models by simplifying the geological conditions, load 

conditions, boundary conditions and initial stress field. 

Through the rapid calculation of the computer, the 

numerical solution that meets the needs of engineering can 

be obtained, which can better reflect the actual law. 

Meanwhile, it can be used as an alternative to expensive 

and complex large-scale field tests to effectively solve 

various complex engineering problems [4-7]. Zhao used the 

discrete element UDEC software to study the stability of 

tunnel surrounding rockinclination with different 

inclination angle of rock layers. When the 

inclinationinclinationangle was small, the vault was prone 

to bending failure [8]. Ou used the jointed constitutive 

models provided by FLAC to reasonably simulate the 

anisotropic characteristics of layered rock mass failure by 

taking into account the composite types of rock mass failure 
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and bedding failure then analyzed the stability of layered 

rock mass slope [9]. Song used the three-dimensional 

discrete element method (3DEC) to explore the influence of 

structural surface distribution characteristics on the 

deformation of tunnel surrounding rock, then summarized 

two conditions of the influence of structural plane line 

density on tunnel deformation. When λ ≤ 0.2, the bending 

deformation of the surrounding rock was greater than the 

shear deformation along the structural plane, which was a 

stress-type large deformation. When 0. 2 < λ ≤ 	0.4, the 

shear deformation along the structural plane was greater 

than the bending deformation of the surrounding rock, 

which was large deformation of structures [10]. Based on 

the Drucker-Prager criterion, Wang established an 

anisotropic mechanical model of layered rock mass by 

considering the mechanical properties of the structural 

plane and bedrock respectively, then applied the model to 

the calculation and analysis of layered rock mass of 

underground engineering. The results can better reflect the 

anisotropy of layered rock mass [11]. Wang revealed the 

failure mode and regularity of the gently inclined rock slope 

of the Qijiang River in Chongqing, then concluded that the 

main inducement of rock cavity failure is pressure [12]. 

Based on engineering background of the return ailway in a 

coal mine, Wang used the finite difference software 

FLAC3D to simulate the deformation and failure of layered 

composite surrounding rock roadway before and after 

support. Meanwhile, the corresponding bolt-shotcrete 

support form was proposed by the composite double beam 

coupling mechanism and numerical simulation results of 

tunnel surrounding rock [13]. 

At present, there are few researches on the stability of 

layered surrounding rock tunnels, and most of them are 

analyzed for single factors. Therefore, the process and 

characteristics of tunnel deformation and instability of layered 

surrounding rock under the conditions of different 

inclinationinclination angles and thickness of layered rock 

mass structural plane. In this way, the deformation, stability 

and damage characteristics of surrounding rock of layered 

surrounding rock tunnel can be more comprehensively 

reflected. 

2. Numerical Model and Parameter 

Selection 

2.1. Calculation Model and Boundary Conditions 

The numerical simulation was carried out by using the 

discrete element analysis software UDEC to analyze the 

steady state of the hole without the support structure after 

excavation. The tunnel excavation section is straight wall 

semi-circular arch. The full-section excavation method is 

used in tunnel construction. 

According to the Saint-Venant's principle in elastic 

mechanics, after tunnel excavation, the corresponding stress 

redistribution only occurs within a certain range close to the 

cavern. According to the current research, when the tunnel 

excavation range exceeds 5 times the holes diameter, it can 

be considered that the excavation has less influence on the 

surrounding rock. Therefore, the model size in the horizontal 

direction is 5 times the span distance of the hole. In the 

vertical direction, the value can be taken according to the 

actual situation of the project.Meanwhile, in order to reduce 

the number of calculation units and simplify the calculation, 

a part of the thickness of the formation is added during the 

modeling, and the remaining part of the formation is 

converted into an equivalent load to be loaded on the upper 

part of the model. 

The displacement boundary conditions are as follows: the 

lower boundary is a fixed boundary, the X and Y directions 

are zero, the horizontal constraint is applied in the left and 

right direction, and the X-direction displacement is zero. The 

mechanical model established in this paper is a plane strain 

model. In order to avoid the displacement of the model 

perpendicular to the plane direction, the stress 	

 in the 

front and back directions is applied to the model. 

2.2. Rock Mass and Structural Plane Parameters    

The layered surrounding rock is a sedimentary rock with 

mudstone and sandstone. Therefore, the sandstone is selected 

as the research object. According to The Code for Design of 

Road Tunnel and the Handbook of Engineering Geology, the 

relevant physical and mechanical parameters of sandstone are 

taken [14]. The results are shown in Tables 1 and 2. 

Table 1. The value of mechanical parameters of rock mass. 

Material Elastic Modulus E /GPa Poisson ratio µ Bulk densityγ/kN····m-3 CohesionC/kPa FrictionΦ/(º) 

Sandstone 10.0 0.2 24.0 800.0 38.0 

Table 2. The value of mechanical parameters of structural plane. 

Material Normal stiffness Kn/GPa Shear stiffness Ks/GPa Friction angle Φ/(º) CohesionC/kPa 

Sandstone joint 4.0 2.0 24.0 100.0 

 

In the numerical simulation calculation, the bulk modulus 

K and the shear modulus G of the rock mass need to be 

determined, and the calculation formulas are respectively:  

( )3 1 2

E
K

µ
=

−                 (1) 

( )2 1

E
G

µ
=

+                 (2) 

According to the elastic modulus E and Poisson's ratio µ of 

the sandstone in Table 1, the parameters K are 5.6 × 10
3
MPa 

and G are 4.2 × 10
3
MPa. 
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2.3. Calculation Condition 

Because the inclinationinclination angle and layer 

thickness of the rock are important factors affecting the 

self-stability of the layered surrounding rock [15], the 

inclinationinclination angle and layer thickness of the rock 

are assumed respectively. From theinclination inclination 

angle of the rock in nature, various inclination angles are 

available. In order to make the study not lose its generality, 

the inclination angles of the rock layers are assumed to be 0°, 

15°, 30°, 45°, 60°, 75° and 90° respectively. According to the 

current classification of layered rock mass, the layer 

thicknesses are 1.20m, 0.75m, 0.30m and 0.10m, respectively, 

representing huge thick layers, thick layers, medium thick 

layers and thin layers. Considering that there are many cases 

of one-way two-lane road tunnels, the calculated excavation 

span is 12.0 m. Therefore, for the different inclination angles 

and layer thicknesses of layered surrounding rock, a total of 

28 (7 × 4) models needs to be established. The typical 

calculation models are shown in Figure 1. 

 

(a) layer thickness0.75m，inclination angle 0° 

 
(b) layer thickness 0.75m，inclination angle 30° 

 

(c) layer thickness 0.75m，inclination angle 45° 

Figure 1. Numerical simulation models. 

3. Numerical Simulation Results Analysis 

The above mentioned 28 models are analyzed and the 

results are obtained after cyclic iterative calculation. In order 

to make the calculation more effective, the result is processed 

by post-processing software TECPLOT. 

3.1. Displacement Analysis 

3.1.1. Vertical Displacement Analysis 

According to the previous analysis, numerical simulations 

were carried out on the inclination angles of 0°, 15°, 30°, 45°, 

60°, 75° and 90° as well as thicknesses of 0.10 m, 0.30 m, 

0.75 m and 1.20 m respectively. The maximum vertical 

displacement calculation results are shown in Figure 2. 

 

Figure 2. The maximum vertical displacement corresponding to the different 

inclinations. 

As can be seen from Figure 2, when the inclination angle 

of the structural plane is between 0° and 30°, the vertical 

displacement of the surrounding rock of the layered 

surrounding rock tunnel increases with the increase of the 

inclination angle of the structural plane. When the inclination 
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angle is 30°, the vertical displacement of surrounding rock of 

the layered surrounding rock tunnel appears the maximum 

value, which is 9.9 cm. When the inclination angle of the 

structural plane is between 30° and 90°, the vertical 

displacement of the surrounding rock of the layered 

surrounding rock tunnel decreases with the increase of the 

inclination angle of the structural plane. When the structural 

plane inclination angle is 90°, the maximum vertical 

displacement of the surrounding rock of the layered 

surrounding rock tunnel is reduced to 1.2 cm. Therefore, the 

vertical displacement of the surrounding rock of the layered 

surrounding rock tunnel are increasing first and then 

decreasing with the increase of the inclination angle of the 

structural plane. At the same time, the thickness of the rock 

layer and the vertical displacement of the surrounding rock 

also show a strong correlation. When the thickness of rock 

layer is 0.10 m, the maximum vertical displacement of the 

surrounding rock after tunnel excavation is 9.9 cm. When the 

thickness of rock layer is 0.30 m, the maximum vertical 

displacement of surrounding rock after tunnel excavation is 

8.4cm. When the thickness of rock layer is 0.75m, the 

maximum vertical displacement of surrounding rock after 

tunnel excavation is 6.8 cm. When it is 1.20 m, the maximum 

vertical displacement of surrounding rock after tunnel 

excavation is only 5.0 cm, which is 50.5% of the maximum 

vertical displacement of the 0.10m layer surrounding rock. 

Therefore, with the increase of rock layer thickness, the 

vertical displacement of surrounding rock after tunnel 

excavation appears to gradually decrease. 

From the calculation process, the position of the maximum 

vertical displacement of the rock layers with different 

inclination angles also shows a certain regularity. In order to 

reflect the variation of vertical displacement of different 

inclination angles, this paper describes the rock layer 

thickness of 0.75 m and the inclination angle of 0°, 30° and 

90°. The vertical displacement cloud diagrams of different 

inclination angles are shown in Figure 3. 

 

(a) Vertical displacement diagram with inclination 0° 

 

(b) Vertical displacement diagram with inclination 30° 

 

(c) Vertical displacement diagram with inclination 90° 

Figure 3. Vertical displacement diagram of tunnel with different 

inclinations. 

It can be seen from Figure. 3 that with the increase of the 

inclination angle of the structural plane, the phenomenon of 

abscission layers appears in the vertical displacement cloud 

diagrams. When the inclination angle of the structural plane 

is 30°, the phenomenon of abscission layers are obvious, and 

the inclination direction of these abscission layers are 

generally consistent with inclination angles direction of the 

structural plane. When the inclination angle of the structural 

surface is 0° and 90°, the maximum vertical displacement 

occurs at the vault, and the vertical displacement cloud 

diagram of the rock mass presents a symmetrical distribution. 

When it is 30°, the maximum vertical displacement occurs at 

the arch waist, and the vertical displacement cloud chart of 

the rock mass presents an asymmetric distribution. 

3.1.2. Horizontal Displacement Analysis 

The numerical simulation of the horizontal displacement is 

the same as the vertical displacement. The calculation results 

of the maximum horizontal displacement of 28 working 

conditions are shown in Figure 4. 
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Figure 4. The maximum horizontal displacement corresponding to the different inclinations. 

It can be seen from Figure 4 that when the inclination 

angle of the structural plane is between 0° and 45°, the 

horizontal displacement of the surrounding rock of the 

layered surrounding rock tunnel increases with the increase 

of the inclination angle of the structural plane. When the 

inclination angle is 45°, the horizontal displacement of the 

surrounding rock of the layered surrounding rock tunnel 

reaches the maximum, which is 11.4 cm. When the 

inclination angle of the structural plane is between 45° and 

90°, the horizontal displacement of the surrounding rock of 

the layered surrounding rock tunnel decreases with the 

increase of the inclination angle of the structure plane. When 

the inclination angle of the structural surface is 90°, the 

maximum horizontal displacement of surrounding rock of the 

layered surrounding rock tunnel decreases to 1.8cm. 

Therefore, the horizontal displacement of the surrounding 

rock of the layered surrounding rock tunnel are increasing 

first and then decreasing with the increase of the inclination 

angle of the structural plane. At the same time, there is a 

correlation between the thickness of rock layer and the 

horizontal displacement of surrounding rock. For the rock 

layers of 0.10 m, 0.30 m and 0.75 m, when the inclination 

angle of the structural plane is between 15° and 90°, the 

horizontal displacement of the surrounding rock of the 

layered surrounding rock tunnel decreases with the increase 

of the layer thickness. For the rock layers of 0.10 m, 0.30 m, 

0.75 m and 1.20 m, when the inclination angle of the 

structural plane inclination is between 60° and 90°, the 

horizontal displacement of the surrounding rock of the 

layered surrounding rock tunnel decreases with the increase 

of the layer thickness. Therefore, with the increase of rock 

layer thickness, the horizontal displacement of surrounding 

rock in layered surrounding rock tunnel is roughly reduced.  

The same as the vertical displacement, from the 

calculation process, the position of the maximum horizontal 

displacements of the rock layers with different inclination 

angles also show a certain regularity. In order to reflect the 

change of horizontal displacement of different inclination 

angles, the rock layer thickness of 0.75 m, the inclination 

angle of rock layers of 0°, 45° and 90° are explained. The 

horizontal displacement cloud diagrams of different 

inclination angles are shown in Figure 5. 

As can be seen from Figure 5, when the inclination angle 

of the structural plane is 0°, the maximum horizontal 

displacement appears at the left and right arch waists and the 

maximum horizontal displacement cloud diagram presents a 

symmetrical distribution. When the structural plane 

inclination angle is 45°, the horizontal displacement of the 

left arch waist and the right wall are large, but the maximum 

horizontal displacement appears at the left arch waist. When 

the structural plane inclination angle is 90°, the maximum 

horizontal displacement appears at the left and right side 

walls. 

3.2. Maximum Principal Stress Analysis 

When excavating a tunnel in the layered surrounding rock, 

the stress field around the tunnel will also affect its stability 

to some extent with the change of the inclination angle of the 

structure plane and the thickness of the rock layer. Therefore, 

numerical simulation was carried out at 0°, 15°, 30°, 45°, 60°, 

75° and 90° as well as the thickness of 0.10 m, 0.30 m, 0.75 

m and 1.20 m respectively. The maximum principal stress 

calculated under 28 simulated conditions are shown in Figure 

6. 

 

(a) Horizontal displacement diagram with inclination 0°. 
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(b)Horizontal displacement diagram with inclination 45°. 

 

(c) Horizontal displacement diagram with inclination 90°. 

Figure 5. Horizontal displacement diagram of tunnel with different 

inclinations. 

 

Figure 6. The maximum principal stress corresponding to the different inclinations. 

As can be seen from Figure 6, when the inclination angle 

of the structural plane is between 0° and 45°, the maximum 

principal stress of the layered surrounding rock tunnel rises 

with the increase of the inclination angle of the structural 

plane. When the inclination angle is 45°, the principal stress 

of the layered surrounding rock tunnel reaches the maximum, 

and the maximum value is 22.0 MPa. When the inclination 

angle of the structural plane is between 45° and 90°, the 

maximum principal stress of the layered surrounding rock 

tunnel decreases with the increase of the inclination angle of 

the structural plane. When it is 90°, the maximum principal 

stress of the layered surrounding rock tunnel is reduced to 6.5 

MPa. Therefore, the maximum principal stress experienced 

by the layered surrounding rock tunnel increases first and 

then decreases with the increase of the inclination angle of 

the structural plane. When the layer thickness of the rock 

layer is 0.10 m, the maximum principal stress of the layered 

surrounding rock tunnel is 22.0 MPa. When the layer 

thickness of the rock layer is 0.30 m, the maximum principal 

stress of the layered surrounding rock tunnel is 19.4 MPa. 

When it is 0.75 m, the maximum principal stress of the 

layered surrounding rock tunnel is 10.3 MPa. When the layer 

thickness is 1.20 m, the maximum principal stress of the 

layered surrounding rock tunnel is 8.3 MPa, as compared 

with the layer thickness of 0.10 m formation is reduced 2.6 

times. Because of the small dispersion in the small angle of 

inclination, the maximum principal stress of the layered 

surrounding rock tunnel is roughly decreasing with the 

increase of the rock layer thickness. At the same time, for the 

layer thickness of 0.10 m and 0.30 m, when the inclination 

angle is substantially 30° and 75°, a change rate of the 

maximum principal stress layer rock tunnel being faster. 

 

(a) Maximum principal stress diagram with inclination 0°. 
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(b) Maximum principal stress diagram with inclination 45°. 

 

(c) Maximum principal stress diagram with inclination 90°. 

Figure 7. Maximum principal stress diagram of tunnel with different 

inclinations. 

From the calculation process, the cloud diagrams of the 

maximum principal stress of rock formations with different 

inclination angles also shows certain regularity. In this paper, 

the layer thickness of 0.75 m, the inclination angle of rock 

layers of 0°, 45° and 90° are explained. The maximum 

principal stress cloud diagrams for different inclination 

angles are shown in Figure 7. 

As can be seen from Figure 7, when the inclination angle 

of the structural plane is 0° and 90°, the maximum principal 

stress cloud diagram of the rock mass presents a symmetrical 

distribution. When the inclination angle of the structural 

plane is 45°, the cloud diagram of the maximum principal 

stress of the rock mass presents an asymmetric distribution 

and even comes into being eccentric-pressed tunnel. 

4. Conclusion 

Since the stability of the surrounding rock after the 

excavation of the layered surrounding rock tunnel is closely 

related to the layer thickness and inclination angle of the 

layered rock mass, the inclination angles of the rock layers 

are 0°, 15°, 30°, 45°, 60°, 75°and 90° respectively. For the 

case of layer thicknesses of 0.10 m, 0.30 m, 0.75 m and 1.20 

m, the discrete element software is used for numerical 

simulation, and the effects of different inclination angles and 

thicknesses on vertical displacement, horizontal displacement 

and maximum principal stress of surrounding rock are 

analyzed. The main conclusions are the following points: 

(1) Under the condition of the same layer thickness and 

excavation span, the vertical displacement of the surrounding 

rock of the layered surrounding rock tunnel are increasing 

first and then decreasing with the increase of the inclination 

angle of the structural plane. When the inclination angle is 

30°, the vertical displacement of surrounding rock of the 

layered surrounding rock tunnel appears the maximum value, 

which is 9.9 cm. Under the same inclination angle and 

excavation span, the vertical displacement of the surrounding 

rock gradually decreases with the increase of layer thickness. 

(2) Under the condition of the same layer thickness and 

excavation span, the horizontal displacement of the 

surrounding rock of the layered surrounding rock tunnel are 

increasing first and then decreasing with the increase of the 

inclination angle of the structural plane. When the inclination 

angle is 45°, the horizontal displacement of surrounding rock 

of the layered surrounding rock tunnel appears the maximum 

value, which is 11.4 cm. Under the same inclination angle 

and excavation span, the horizontal displacement of the 

surrounding rock gradually decreases with the increase of 

layer thickness.  

(3) Under the condition of the same layer thickness and 

excavation span, the maximum principal stress of the 

surrounding rock of the layered surrounding rock tunnel are 

increasing first and then decreasing with the increase of the 

inclination angle of the structural plane. When the 

inclination angle is 45°, the maximum principal stress of 

surrounding rock of the layered surrounding rock tunnel 

appears the maximum value, which is 22.0 MPa. Under the 

condition of the same inclination angle and excavation span, 

the maximum principal stress of the layered surrounding 

rock tunnel decreases with the increase of the layer 

thickness. 
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