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ABSTRACT
The paper presents an analytical method to evaluate tunnel collapse mechanisms during earthquakes; seismic 

solutions are established based on the horizontal slice method and the variational principle. Different sliding surfaces 
are applied to be compared with each other, and the finite difference method is employed to verify the analytical 
results. Then, the conclusions come out that it is conservative to leave out the vertical force and regard the static earth 
pressure as the horizontal stress at the vault section. Curved sliding surfaces are more reasonable than the linear sliding 
surface. The tunnel safety factors on a sliding surface change between 0.89 and 2.44 during earthquakes with 0.3g. 
When the number of undetermined constants is 2 and the different locations of the start damage point are taken into 
account, the curved sliding surface is reasonable to analyze the shallow tunnel collapse mechanisms, and the analytical 
results have excellent agreement with the numerical simulation and previous studies. By parameter analysis, it shows 
that the tunnel depth & radius, friction angle, and cohesion of soil have an obvious influence on the sliding surface 
distribution. Tunnel radius and cohesion of surrounding soil are the two most important factors influencing the tunnel 
stability. Reducing the tunnel radius and increasing cohesion are the most useful ways to enhance shallow tunnel 
stability during earthquakes.
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INTRODUCTION
In the process of infrastructure construction, tunnels serve as a popular method to take advantage of underground 

space and are regarded as aseismic structures during earthquakes. However, tunnels have been demonstrated to be 
vulnerable to seismic damage if tunnel depth is shallow or faults exist, as shown in the latest Chi-Chi Earthquake 
(Wang et al., 2001), Wenchuan Earthquake (Wang & Zhang, 2013) and so on. Many researchers have focused on 
tunnel seismic analysis. The isolation mechanism of tunnels was studied with dynamic centrifuge tests (Chen & Shen, 
2014). Utility tunnels under non-uniform earthquake excitation were analyzed with numerical simulations (Chen et 
al., 2012) and a theoretical method was presented to analyze the dynamic response of a circular lined tunnel subjected 
to plane P-waves (Yi et al., 2016). 

Shallow tunnels are very susceptible to earthquake damage in alluvial deposits (Argyroudis & Pitilakis, 2012). 
Numerical simulation has been applied to assess the effect of liquefaction on shallow shield tunnels (Azadi & Mir 
Mohammad Hosseini, 2010) and to analyze the dynamic behavior of shallow circular tunnels in two different clayey 
deposits (Amorosi & Boldini, 2009; Gomes et al., 2015). Model tests have been built to analyze the dynamic response 
of a portal section of a mountain tunnel (Tao et al., 2015). In addition to those methods, the limit equilibrium method 
has been widely applied to studied shallow tunnel stability because it is practicable for engineers. The load for a 
shallow tunnel support structure can be evaluated using the Terzaghi failure mode, and Lei et al. used this method to 
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analyze the surrounding rock pressure using nonlinear failure criteria and a linear sliding surface (Lei et al., 2014). 
Based on the broken line sliding surface, the upper and lower bound stability solutions have been derived for collapse 
under undrained conditions (Davis et al., 1980), and the safety factor for shallow tunnels in saturated soil has been 
calculated using the strength reduction technique (Yang & Huang, 2009). Using the curved sliding surface, an exact 
solution for the collapse mechanisms in cavities and in tunnels according to the Hoek–Brown failure criterion was 
presented (Fraldi & Guarracino, 2009), and a numerical solution for the shape of the collapsing block in a circular 
tunnel was derived (Huang & Yang, 2011). The numerical simulations and model test were applied to analyze the 
sliding surface for a shallow tunnel (Lei et al., 2015; Sterpi & Cividini, 2004; Yamamoto et al., 2011). However, it is 
still difficult to accurately show a shallow tunnel’s sliding surface. 

The stability of a circular tunnel in the presence of pseudostatic seismic body forces was studied using an upper 
bound finite element limit analysis in combination with a linear optimization technique (Sahoo & Kumar, 2014). 
The influences on the acceleration variation for shallow tunnels were analyzed (Amorosi & Boldini, 2009; Huang et 
al., 2012). The hypothesis that the horizontal and vertical accelerations are related with depth and time is applied to 
analyze the seismic designs of retaining wall (Ghosh, 2010; Kolathayar & Ghosh, 2009; Munwar Basha & Sivakumar 
Babu, 2010). Whether it is proper to apply these relationships to analyze shallow tunnel stability is worth studying. 

Shallow tunnel’s seismic stability analysis method and collapse mechanism are unsolved issues. However, they 
are very important to infrastructure construction of the world. To analyze shallow tunnel stability and sliding surface 
distribution during an earthquake, seismic solutions for shallow tunnel collapse mechanisms are presented using the 
horizontal slice method and the variation principle. The analytical solutions are compared with the finite difference 
method. The influences of the main parameters on shallow tunnel stability and sliding surface distribution are analyzed, 
and methods useful to enhance shallow tunnel stability are proposed.

ANALYSIS MODEL OF SHALLOW TUNNEL
A shallow tunnel during an earthquake is shown in Figure 1, where r is the tunnel radius; q is the supporting 

pressure, q’ is the surface load, h1 is the shallow tunnel depth, γ is unit weight of soil, Fh and Fv are the horizontal 
and vertical forces at the vault section AB, which are equal to the integral of the normal and shear stress at the vault 
section AB, respectively, and H is the vertical distance from the ground surface to the tunnel bottom. The area ACDD'C'  
is regarded as the roof collapse region, the coordinate of the start point C is (x0, y0), and the coordinate of the end point 
D is (x1, y1) at a sliding surface.

Fig. 1. Shallow tunnel model. 

The stress, displacement, and acceleration around a tunnel will change accordingly when the tunnel is subjected to 
an earthquake. Sahoo et al. established the relationship of the horizontal earthquake acceleration coefficient with other 
parameters (Sahoo & Kumar, 2014), and the horizontal acceleration obviously increases near the tunnel (Pitilakis et 
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al., 2014). A reasonable and simple equation to describe the acceleration variation in a field is useful to tunnel stability 
analysis. Steedman et al. analyzed the seismic characteristics of retailing wall with the assumption that only the phase 
of acceleration is varying (Steedman & Zeng, 1990). And then the seismic designs of a retaining wall have been 
analyzed with the acceleration equations that the horizontal and vertical accelerations are related to the depth and time 
(Ghosh, 2010; Kolathayar & Ghosh, 2009; Basha & Babu, 2010). The equations have the following characters. Firstly, 
the maximum acceleration decreases with the ground depth and it is consistent with tunnel seismic analysis (Amorosi 
& Boldini, 2009; Bilotta et al., 2007). Secondly, the direction of acceleration is uniform at the same time in a field, 
and it is applied to the pseudostatic analysis of tunnel stability (Saada, Maghous, & Garnier, 2013; Sahoo & Kumar, 
2014). Thirdly, the phase of acceleration can vary with time and it is useful to analyze tunnel stability with time. The 
seismic acceleration coefficients are expressed as ( Kolathayar & Ghosh, 2009;).

                                 (1)

                                  (2)

where kh and kv are the horizontal and vertical seismic acceleration coefficients at the depth  and time  t in 
these equations, kh0 and kv 0 are the amplitudes of horizontal and vertical seismic acceleration coefficients at the tunnel 
bottom,  fa is the acceleration amplification factor at the ground surface, ω is the angular frequency to earthquake 
excitation, y is the distribution function of the sliding surface, and Vs and Vp are the shear wave velocity and primary 
wave velocity respectively. kh and kv reach the maximum almost at the same time in the case of Vs >> H  and Vp >> H. 
Therefore, it is conservative and reasonable to analyze shallow tunnel stability on the hypothesis kh and kv reach the 
extreme simultaneously.

Prior to excavation, the stress distribution in the ground is earth stress at rest. The Jaky equation defines the 
relationship between the stress coefficient and the inner friction angle (Jaky, 1944), . According to elastic 
theory, the stress coefficient can be defined as  for plane strain as well, where  is Poisson’s ratio. 
Therefore, both methods can be used to calculate the earth stress at rest. When a tunnel is built in the ground, the stress 
around the tunnel will change. Fv equals zero with  because of the symmetry of the load and structure. Fh is not 
zero and directs upward when the horizontal acceleration is directed toward the left.

Fig. 2. Variation of the horizontal stress concentration coefficient.

When the surrounding soil is assumed to be an elastic material and the horizontal stress coefficient is defined as the 
ratio of the mean stress after excavation to the mean initial stress at section AB. 6 shallow tunnel models with different 
depth are established with FLAC3D without seismic excitation, and then the variation of horizontal stress concentration 
coefficient at section AB at different tunnel depths without seismic effect is shown in Figure 2. This indicates that the 
excavation of the tunnel leads to an increase in the horizontal stress at section AB. The horizontal stress concentration 
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coefficient is 3.03 when h1/r =1, and the value decreases to 1.23 when h1/r =6. It is clear that the excavation leads 
to a stress concentration at section AB. Therefore, the stress at section AB is greater than the earth pressure at rest. 
However, it cannot exceed the passive earth pressure.

SEISMIC ANALYSIS FOR A SHALLOW TUNNEL
Linear sliding surface

The linear sliding surface is applied to analyze the surrounding soil pressure around a shallow tunnel (Lei et al., 
2014). Based on the hypothesis that sliding surface is a line, the shallow tunnel’s safety factor, ksl , can be defined as 
the ratio of the shear resistance to the shear force alone a sliding surface and can be written as

 
                 

(3)

                                                                                                                         (4)

                                                                                                                                                    (5)

                                                                                                                                                   (6)

                                                                                                                                       
(7)

                                                                       
(8)

                                                                                                     
(9)

In equations (3)-(9), k is the slope of the sliding surface, c and f are the cohesion and friction coefficient of the soil, 
respectively, kv and kh are the vertical and horizontal accelerations coefficients during an earthquake, W is the weight 
of segment AABCD, and Q is the horizontal body force on AABCD induced by the earthquake. To solve the extremum 
problem, ksl  must satisfy the following requirements, and the results can be solved using numerical method.

                                                                                                                                                 
(10)

Curved sliding surface
Upper-bound rigid-block mechanisms have been developed to predict the shallow tunnel’s collapse using a 

polygon, and the simulations determine the collapse along a curve (Yamamoto et al., 2011). Experimental analysis 
showed that the sliding surface is curve (Lei et al., 2015). A curved failure mechanism was employed to analyze 
the collapse shape of a shallow tunnel within the framework of the upper bound theorem (F Huang & Yang, 2011). 
However, how to define a shallow tunnel’s sliding surface there is still unsolved. Therefore, the curved sliding surface 
was applied to analyze a shallow tunnel’s stability on the basis of the variational principle. It satisfies different shapes 
of sliding surface. A small horizontal slice in AABCD is taken from Figure 1 and is shown in Figure 3. 
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Fig. 3. A horizontal slice of shallow tunnel.

To balance the forces in the x’-direction, the equation can be written as

               (11)

where Si is the shear resistance and Ni is the normal force on the small sliding surface, α i is the angle between 
the x’-axis and the x-axis, and ∆Ei is the force resultant of the slice’s top and bottom. Fhi and Fvi are the vertical and 
horizontal forces at section AB during earthquake, Wi is the weight of the slice, Qi is the horizontal body force of the 
slice induced by earthquake, li is the length of sliding surface in a horizontal slice, and ci and fi are the cohesion and 
friction coefficient of soil. Equation (11) can be rewritten as

                                                               (12)

The resultant of all ∆Ei should equal the sum of the surface load and the supporting force in the Y-direction.

 
                            

(13)

Then, the shallow tunnel’s safety factor ksc for curved sliding surface can be written as

                                                                       

(14)

The forces should be balanced in the y’-axis direction and the equation is derived as

                                              
(15)

                                                     
(16)

The sum of all  is defined as  because the sum of all ∆Ei equals , where α is the 
angle of lCD with x-axis, close to the average value of α i for a curved sliding surface. Then, this is rewritten as
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                                               (17)

 Fhi  and Fvi are along the vault section AB; therefore the following equations are defined to establish a continuous 
function  for the sliding surface. 

                                                                                                                                         

(18)

Then Equation (14) is rewritten as

                                   

(19)

where the second part of numerator is the friction force, and it should be positive because the direction of the 
friction force is opposite to the direction of the soil’s movement. Point C is regarded as the origin point, and then each 
part of Equation (19) can be written as

                                                                                                                           
(20)

                                   
(21)

                                                                                
(22)

                                            
(23)

                                                         
(24)

                                                                                                                                                 (25)

where x' is the derivative of x.

The horizontal and vertical seismic acceleration coefficients can be rewritten as

                                                                                    (26)

                                                                                   (27)
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Therefore, the shallow tunnel safety factor can be regarded as the functional ksc (x,  y) , and its boundary conditions 
can be written as

                                                                                                                                (28)

To attain a homogeneous boundary relating x & y, the function z is defined as

                                                                                                                                 (29)

Then, the following relationships are derived as

                                                                                                                              (30)

                                                                                                                                         (31)

Equation (28) is the boundary condition for Equations (19) and (29). According to the Ritz method, the basis 
function zn ( y) can be defined as

                                                                                                                               
(32)

where an is an undetermined constant. Equation (19) combines with Equations (30) and (32) and then, the following 
equations should be satisfied to solve the minimum value for ksc.

                                                                                                                                                  
(33)

                                                                                                                              
(34)

The issues concerning the sliding surface distribution and safety factor can be solved in light of Equations (33) 
and (34). The number of the undetermined constants should be selected properly to save calculating time and ensure 
analysis accuracy. There are many factors that influence the sliding surface distribution and safety factor. The following 
section will discuss them in detail with the numerical method.

DISCUSSION
Forces at vault

Construction of a tunnel will lead to a stress concentration around the tunnel, and the stress concentration coefficient 
is more than 1 at section AB in Figure 2. The horizontal acceleration makes the vertical force Fv appear at section AB. 
An example is taken to analyze the influence of Fh and Fv on the shallow tunnel’s safety factor and the sliding surface 
distribution on the condition that stress coefficient k0 equals .  

A shallow tunnel is constructed in the ground where γ=20 kN/m3, α=35°, c=150 kPa, q’=50 kPa, q=20 kPa, 
kh0 = 0.3, kv0 = 0.3, fa = 1.3 , r=6 m, h1=6 m, H=18 m, , and F0=218 kN (the integral of earth pressure at rest 
at section AB). Taking no vertical force Fv into account, the linear and curved sliding surface with 2 undetermined 
constants (n=2) were applied to analyze the horizontal force’s influence on the safety factor and sliding surface, and 
the results are shown in Table 1. When the horizontal force Fh increases from F0 to 2.2 F0, the safety factors increase 
from 0.894 to 1.030 at the curved sliding surface, and from 1.067 to 1.242 at the linear sliding surface. The safety 
factor at the curved sliding surface is smaller than that at the linear sliding surface, and the horizontal force Fh has an 
obvious influence on the safety factor. All the start points are very close to 6 m and end points change from 9.215 m 



25Guo Zi-hong, Liu Xin-rong, Li Lin and Zhu Zhanyuan

to 9.304 m at the curved sliding surface. The start and end points of the linear sliding surface change from 5.885 m 
and 9.125 m to 5.979 m and 9.784 m. The horizontal force Fh has a slight influence on coefficients a1, a2 and the slope 
k, but it has a significant influence on the shallow tunnel stability. The roof collapse area decreases slightly with an 
increase in the horizontal force. 

Table 1. Horizontal force influence on the safety factor and the sliding surface.

Fh /F0 1 1.2 1.4 1.6 1.8 2 2.2

curved sliding surface

ksc 0.894 0.916 0.938 0.960 0.983 1.007 1.030 
x0 /m 6.000 6.000 6.000 6.000 6.000 6.000 6.000 
x1 /m 10.068 10.105 10.149 10.179 10.204 10.253 10.286 

a1 0.173 0.174 0.173 0.174 0.175 0.173 0.171 
a2 -0.008 -0.008 -0.007 -0.008 -0.008 -0.007 -0.007 

linear sliding surface

ksl 1.067 1.095 1.124 1.153 1.182 1.212 1.242 
x0 /m 5.885 5.908 5.928 5.944 5.958 5.970 5.979 
x1 /m 9.125 9.247 9.364 9.476 9.583 9.686 9.784 

k 3.342 3.280 3.221 3.167 3.115 3.067 3.022 

Table 2. The vertical force’s influence on the safety factor and sliding surface.

Fv/Fh 0 0.1 0.2 0.3 0.4 0.5 0.6

curved sliding surface

ksc 0.894 0.901 0.908 0.916 0.923 0.931 0.938 
x0 /m 6.000 6.000 6.000 6.000 6.000 6.000 6.000 
x1 /m 10.068 10.125 10.189 10.260 10.308 10.377 10.461 

a1 0.173 0.174 0.173 0.171 0.173 0.172 0.168 
a2 -0.008 -0.008 -0.008 -0.007 -0.008 -0.007 -0.007 

linear sliding surface

ksl 1.067 1.079 1.091 1.102 1.114 1.126 1.138 
x0 /m 5.885 5.902 5.918 5.932 5.945 5.956 5.966 
x1 /m 9.125 9.303 9.481 9.659 9.838 10.017 10.196 

k 3.342 3.212 3.091 2.979 2.874 2.778 2.687 

When the parameters are fixed with Fh=F0, the vertical force influence on the safety factor and sliding surface is 
shown in Table 2. When the vertical force increases from zero to 0.6 Fh, ksc, x1, a1 and a2 change from 0.874, 9.215 
m, 0.240 and -0.002 to 0.922, 9.708 m, 0.215 and -0.002 at the curved sliding surface, respectively, and ksl, x0, x1 and 
k change from 1.067, 5.885 m, 9.125 m and 3.342 to 1.138, 5.966 m, 10.196 m and 2.687 at linear sliding surface, 
respectively. This shows that the vertical force’s influence on safety factor and the roof collapse area is very slight, and 
the safety factor at the curved sliding surface is smaller than that at the linear sliding surface. 

The finite difference method (FLAC3D) was applied to analyze the shallow tunnel’s stability and to compare with 
the analytical methods. The numerical model of shallow tunnel is shown in Figure 4, the parameters being consistent 
with the previous example. The surrounding rock is regarded as a Mohr-Coulomb material, the left and right boundaries 
are fixed in the X-direction displacement, the bottom boundary is fixed in the Z-direction displacement, the front and 
behind boundaries are fixed in the Y-direction displacement, the surface load and supporting pressure can be applied 
at the ground surface and tunnel boundary, respectively, the pseudo-static seismic acceleration is employed to analyze 
shallow tunnel (Sahoo & Kumar, 2014), and it is compatible with Equations (1) and (2). 
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Fig. 4. Numerical model of shallow tunnel.

To analyze the influence of Fh on tunnel safety factor, Fh is regarded as F0 (the integral of earth pressure at rest) and 
FP (the integral of the passive earth pressure), respectively,  fa = 1.0, Fv= 0, and the numerical simulation is employed 
to compare with them. A comparison of safety factor using different accelerations is shown in Figure 5. All the data 
show that an increase in the acceleration coefficients reduces the tunnel safety factors, and their trends are similar to 
each other. The safety factors with the linear sliding surface are greater than those with the curved sliding surface. The 
safety factors with the numerical simulation are greater than those with F0, smaller than with FP. 

Fig. 5. Comparison of safety factor for different acceleration coefficients.

When fa = 1.0, ah = 0.3 and other parameters are fixed, a comparison of safety factor using different tunnel depths 
is shown in Figure 6. The safety factors from the numerical simulation are smaller than when using the passive earth 
pressure and are greater when using with earth pressure at rest. If Fh is defined as F0, the safety factor continues to 
decrease with an increase in the tunnel depth. If Fh is defined as Fp, an increase in the tunnel depth enhances the safety 
factors in the case of the linear sliding surface, but reduces the safety factors in the case of the curved sliding surface. 
The simulation shows that an increase in the tunnel depth reduces the safety factor very slowly.

Fig. 6. Comparison of safety factor for different tunnel depths.
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Because both the vertical force Fv and horizontal force Fh are advantageous to the tunnel stability and it is difficult 
to accurately calculate their value under different conditions, it is conservative and reasonable to leave out Fv and to 
assume Fh as F0. The following analyses were performed accordingly.

Sliding surface distribution

A reasonable sliding surface will allow us to determine where the most dangerous region is located and to determine 
the credible safety factor for shallow tunnels. To analyze the difference of sliding surfaces, the stabilities for shallow 
tunnels were studied using the linear and the curved (n=1~4, the number of undetermined constant an) sliding surfaces. 
According to Equations (25) and (26), kh and kv belong to the regions of   and  after one 
earthquake excitation. The time of one excitation is divided into 12 parts to analyze the variations in the shallow 
tunnel’s safety and sliding surface. 

Based on the previous example, the relationship of the safety factors with time is shown in Figure 7. The trends 
in the safety factor for different sliding surfaces are similar to each other. The safety factors vary greatly with time. 
The largest and smallest safety factors were 2.44 and 0.89 at the curved sliding surface with n=2 in an excitation of 
earthquake. Therefore, the stress at a sliding surface during an earthquake is a variable, not a constant. The safety 
factors with the linear sliding surface were larger than those with the curved sliding surface.  The safety factors 
with n=1 have the largest value in the four curved sliding surfaces. But their differences are small. K1 represents 
the difference of safety factor between the curved sliding surface (n=2) and the linear sliding surface. The smallest 
difference was 0.17, which appeared at the smallest safety factor, and the largest difference of 0.43 appeared at the 
largest safety factor. It is clear that seismic analysis using the linear sliding surface will overestimate tunnel stability.

Fig. 7. The relationship of the safety factors with time. 

The linear sliding surface is compared with the curved sliding surfaces with n=1~4, and the results from the sliding 
surfaces over one earthquake excitation are shown in Figure 8. The differences between the curved and linear sliding 
surfaces are obvious. The curved sliding surfaces with n=2~4 are close to each other and have a little difference from 
the sliding surface with n=1.
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Fig. 8. Comparison of the sliding surfaces over one earthquake excitation. 

When h1=12 m and kh =  kv = 0, the shear-strain increment of the FLAC3D is shown in Figure 9 (a) based on 
the strength reduction method (Huang, Zhang, Sun, & Jin, 2012). The potential yield fields are consistent with the 
previous studies on shallow tunnel collapse mechanisms (Sterpi & Cividini, 2004; Yamamoto et al., 2011), as shown 
in Figures 9 (b) and (c).  All the potential yield fields show good agreement with the curved sliding surfaces in Figure 
8, and these collapse areas are consistent with the experimental results (Lei et al., 2015). However, the location of start 
point C possibly appears below hance according to these studies. How to accurately decide the location of point C is 
another important issue.

                   (a) Shear-strain increment             (b) Sterpi & Cividini, 2004           (c) Yamamoto et al., 2011

Fig. 9. Shallow tunnel collapse mechanisms.

Equation (25) is changed into , and then the analytical results represent the point C below hance. 
The curved sliding surface (n=2) is applied to analyze the location of point C. The influence of C location on results is 
shown in Table 3. The sliding surface appears where safety factor is the minimum value. Hence, it shows that point C 
appears beyond hance when the tunnel depth is less than 6 m. On the contrary, point C appears below hance when the 
tunnel depth is more than 6 m. Point C is very close to hance when tunnel depth is 6 m. It verifies that x0 is very close 
to 6 m (y0 is close to zero) in Table 1 and Table 2. Therefore, the locations of point C beyond and below hance should 
be taken into account and the curved sliding surface with n=2 is a reasonable and applicable choice to analyze shallow 
tunnel collapse mechanisms to save time and to ensure accuracy.
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Table 3. The influence of C location on results.

tunnel depth /m 10 8 6 4 2 

C below hance
ksc 0.843 0.843 0.894 0.974 1.118 

y0 /m -1.165 -0.772 -0.260 -0.031 -0.035 

C beyond hance
ksc 0.845 0.845 0.894 0.972 1.102 

y0 /m 0.011 0.011 0.011 0.451 1.520 

Parameter analysis
There are many parameters that influence the shallow tunnel safety factor and the sliding surface distribution. It is 

meaningful to determine which of these parameters have an obvious influence on tunnel stability. 

Given the condition that Fh=F0, Fv=0 and locations of point C beyond and below hance are taken into account, the 
analytical method with curved sliding surface with n=2 is applied to analyze the influence on shallow tunnel collapse 
mechanisms. The safety factors vary greatly with the time in Figure 7 and this shows that the stresses on sliding 
surface change greatly during an earthquake. To demonstrate the extent of the stress variation at a sliding surface, the 
reciprocal of the safety factor is defined as the stress coefficient. When the stress coefficient equals 1, the shear stress 
is equal to the strength of the ground on the sliding surface. In an earthquake excitation, the safety factor achieves a 
minimum value when the stress coefficient is a maximum value with kh = kh0 and kv = kv0. Conversely, the safety factor 
is a maximum value and the stress coefficient is a minimum value with kh = ‒kh0  and kv = ‒kv0. The stress coefficient 
range is defined as the region from the maximum to minimum stress coefficients and it is employed to evaluate the 
extent of the stress variation on the sliding surface. 

(1) Influence of tunnel radius. A shallow tunnel is excavated in the ground where γ=20 kN/m3, α=35°, c=150 kPa, 
q’=50 kPa, q=20 kPa, kh0 = kv0 = 0.3, fa = 1.3, r=6 m, h1=6 m, H=18 m,  and F0=218 kN. All the parameters are 
fixed except the tunnel radius, and then the influence of tunnel radius on shallow tunnels is shown in Figure 10, where 
a = kv = kh , the direction of horizontal acceleration with a=0.3 is contrary to with a=-0.3. Tunnel safety factors increase 
quickly when the tunnel radius decreases from 8 m to 2 m. The tunnel’s minimum safety factor increases from 0.73 to 
1.70 and the maximum and minimum stress coefficients are reduced from 1.37 and 0.47 to 0.60 and 0.23, respectively, 
x0 are below and close to their hances and x1 decrease from 12.38 m to 6.70 m. The sliding surfaces have a trend to 
move to vault when the horizontal and vertical acceleration coefficients decrease from 0.3 to 0. The tunnel radius has 
a significant influence on the shallow tunnel’s stability and the sliding surface distribution. Reducing the tunnel radius 
is a good method to enhance the tunnel’s stability and to decrease the stress coefficient range. 

    

                    (a) Safety factor on a sliding surface                                     (b) Sliding surface distribution

Fig. 10. Influence of tunnel radius on shallow tunnels in one earthquake excitation.
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(2) Influence of tunnel depth. When the tunnel depth serves as a variable, the influence of tunnel depth on shallow 
tunnels is shown in Figure 11. The tunnel depth has an obvious influence on the tunnel safety factor and the sliding 
surface distribution. When the tunnel depth decreases from 14 m to 2 m, y0 increases from -1.77 m to 1.52 m, x1 
decreases from 13.66 m to 8.87 m with a = 0.3, the sliding surface shows a trend of moving to the tunnel vault, and the 
tunnel minimum safety factor increases from 0.74 to 1.10. The sliding surface with a=0 is obviously different from the 
sliding surface with a=0.3 when tunnel depth is 2m. But they are close to each other when tunnel depth is 14m. The 
shallower a tunnel is, the greater the influence of acceleration coefficients on sliding surface is.

                     (a) Safety factor on a sliding surface                                   (b) Sliding surface distribution

Fig. 11. Influence of tunnel depth on shallow tunnels in one earthquake excitation.

(3) Influence of amplification factor. The amplification factor serves as a variable, and its influence on shallow 
tunnels is shown in Figure 12. When the amplification factor increases from 1 to 1.6, the tunnel minimum safety 
factor decreases from 0.97 to 0.83, the minimum stress coefficient decreases from 0.46 to 0.37, and the maximum 
stress coefficient increases from 1.03 to 1.21.  There is an unobvious influence on the sliding surface distribution. 
Therefore, the increasing of amplification factor reduces the tunnel safety factor and enlarges the stress coefficient 
range. Reducing the amplification factor is advantageous to tunnel stability. 

 

       (a) Amplification factor’s influence on stability                                (b) Sliding surface distribution

Fig. 12. Influence of amplification factor on shallow tunnels in one earthquake excitation.

(4) Influence of surface load. The influence of surface load on shallow tunnels is shown in Figure 13. When the 
surface load q’ increases from 10 kPa to 70 kPa, the tunnel minimum safety factor decreases from 0.96 to 0.86, the 
maximum and minimum stress coefficients increase from 1.04 and 0.31 to 1.16 and 0.46, respectively, and x1 changes 
from 10.64 m to 10.00 m with kh = kv = 0.3. It is clear that the surface load is disadvantageous to tunnel stability and 
that the surface load has a slight influence on the stress coefficient range and sliding surface distribution.
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                  (a) Safety factor on a sliding surface                                      (b) Sliding surface distribution

Fig. 13. Influence of surface load on shallow tunnels in one earthquake excitation.

(5) Influence of supporting pressure. The influence of supporting pressure on shallow tunnels is shown in Figure 
14. When the supporting pressure increases from 10 kPa to 70 kPa, the tunnel minimum safety factor increases from 
0.88 to 0.98, the maximum and minimum stress coefficients decrease from 1.14 and 0.43 to 1.03 and 0.32, respectively, 
and x1 changes from 9.90 m to 10.91 m with a = 0.3. The supporting pressure is advantageous to the tunnel stability 
and has a slight influence on the stress coefficient range and sliding surface distribution. 

                 (a) Safety factor on a sliding surface                                     (b) Sliding surface distribution

Fig. 14. Influence of supporting pressure on shallow tunnels in one earthquake excitation.

(6) Influence of friction angle. The influence of friction angle on shallow tunnels is shown in Figure 15. When the 
surrounding rock’s friction angle increases from 5° to 35°, the tunnel minimum safety factor increases from 0.79 to 
0.89, the maximum and minimum stress coefficients decrease from 1.27 and 0.53 to 1.12 and 0.41, respectively, y0 
increases from -0.61 m to 0.25m, and x1 changes from 13.43 m to 10.15 m with a = 0.3. It is doubtless that the friction 
angle is helpful with respect to tunnel stability and has an obvious influence on the sliding surface distribution and a 
slight influence on the stress coefficient range.

(7) Cohesion’s influence. The influence of cohesion on shallow tunnels is shown in Figure 16. When the surrounding 
rock’s cohesion increases from 25 kPa to 175 kPa the minimum safety factor increases from 0.15 to 1.03, the maximum 
and minimum stress coefficients decrease from 6.61 and 1.11 to 0.97 and 0.36, respectively, x0 is close to tunnel radius, 
and x1 changes from 7.72 m to 10.40 m with a = 0.3. It is clear that the cohesion has an obvious influence on the 
tunnel’s stability, stress coefficient range, and sliding surface distribution.
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                  (a) Safety factor on a sliding surface                                       (b) Sliding surface distribution

Fig. 15. Influence of friction angle on shallow tunnels in one earthquake excitation.

                  (a) Safety factor on a sliding surface                                        (b) Sliding surface distribution

Fig. 16. Influence of cohesion on shallow tunnels in one earthquake excitation.

The results show that the tunnel radius, friction angle, and cohesion’s influence on the shallow tunnel stability 
was very obvious, so their influence will be analyzed in detail. The parameters in the previous example of this section 
are used. When the friction angle and cohesion serve as variables, their influences on shallow tunnels’ safety factor 
are shown in table 4 and Figure 17. When the friction angle increases from 5° to 35°, the maximum and minimum 
increasing values of the safety factors are 0.134 and 0.027, respectively. When the cohesion increases from 50 kPa 
to 200 kPa the maximum and minimum increasing values of safety factors are 0.866 and 0.759. It is clear that the 
cohesion’s influence on the shallow tunnel stability is greater than the friction angle’s influence.

Table 4. Friction angle and cohesion’s influence on shallow tunnels’ safety factor.

c/kPa 50 75 100 125 150 175 200

φ/°

5 0.280 0.408 0.536 0.662 0.788 0.914 1.039 
10 0.293 0.428 0.560 0.689 0.817 0.944 1.071 
15 0.301 0.440 0.576 0.709 0.840 0.970 1.098 
20 0.306 0.448 0.588 0.724 0.858 0.991 1.121 
25 0.305 0.457 0.596 0.736 0.873 1.008 1.141 
30 0.307 0.457 0.604 0.743 0.884 1.022 1.158 
35 0.307 0.458 0.609 0.752 0.894 1.034 1.173 
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Fig.17. Influence of the friction angle and cohesion on shallow tunnels’ safety factor.

The tunnel radius and the cohesion’s influences on shallow tunnels’ safety factor are shown in table 5 and figure 18. 
When the tunnel radius decreases from 8 m to 2 m, the maximum and minimum increasing values of the safety factor 
are 1.167 and 0.490, respectively. When the cohesion increases from 50 kPa to 200 kPa, the maximum and minimum 
increasing values of the safety factor are 1.421 and 0.743. In a word, the tunnel radius and cohesion’s influence on 
tunnel stability is significant and reducing the tunnel radius and enhancing the cohesion are the most effective ways 
to increase a tunnel’s safety stability. 

Table 5. Tunnel radius and cohesion’s influence on shallow tunnels’ safety factor.

r/m 8 7 6 5 4 3 2

c/kPa

50 0.225 0.262 0.307 0.366 0.443 0.551 0.715 
75 0.355 0.401 0.458 0.539 0.633 0.769 0.967 
100 0.490 0.542 0.608 0.699 0.810 0.970 1.210 
125 0.612 0.674 0.754 0.853 0.986 1.171 1.447 
150 0.731 0.805 0.894 1.010 1.160 1.368 1.679 
175 0.850 0.932 1.034 1.162 1.330 1.562 1.909 
200 0.969 1.060 1.173 1.314 1.499 1.753 2.136 

Fig.18. Influences of the tunnel radius and cohesion on shallow tunnels’ safety factor.
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CONCLUSIONS
The seismic solutions for shallow tunnel collapse mechanisms are presented based on the horizontal slice method 

and variational principle. The finite difference method was applied for comparison with the analytical results, and then 
the following conclusions are clear. 

It is reasonable and conservative to leave out the vertical force and to assume that the integral of the earth pressure 
at rest is the horizontal force at vault section AB. The safety factors on a sliding surface change greatly over one 
earthquake excitation and the cyclic loading should be taken into account when evaluating tunnel stability. 

The seismic analysis with the linear sliding surface will overestimate the tunnel stability. The curved sliding surface 
with 2 undetermined constants, taking into account the different locations of start point, is a reasonable and applicable 
choice to analyze the shallow tunnel collapse mechanisms to save time while ensuring accuracy. The analytical results 
are in good agreement with the numerical simulation and previous studies.

Parameter analysis using analytical method shows that the tunnel depth and radius, the surrounding rock’s friction 
angle, and the cohesion have an obvious influence on the sliding surface distribution. The tunnel radius and the 
surrounding soil cohesion are the two most important factors influencing tunnel stability. Reducing the tunnel radius 
and increasing cohesion are very useful ways to enhance tunnel stability.
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