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Tunnel face stability analysis by the upper-bound finite element method with rigid 
translatory moving element in heterogeneous clay 
 
YANG Feng1, 2,  HE Shi-hua1,  WU Yao-jie1,  JI Li-yan1,  LUO Jing-jing1,  YANG Jun-sheng1, 2 
1. School of Civil Engineering, Central South University, Changsha, Hunan 410075, China  

2. Key Laboratory of Engineering Structure of Heavy Railway of Ministry of Education, Central South University, Changsha, Hunan 410075, China 

 

Abstract: The upper-bound finite element method with rigid translatory moving elements (UBFEM-RTME) is further improved to 

optimise its suitability for analysing the stability in heterogeneous clay. The method is applied to investigate the stability of the tunnel 

face in undrained clay layer subjected to surface surcharge. The variation of stability load s /cu0 and the morphological characteristics 

and discipline of the effective discontinuities mechanism are obtained for various combinations of dimensionless buried depth ratio 

C/D, dimensionless gravity parameter D/cu0 and the heterogeneous parameter D/cu0. The results reveal that C/D and D/cu0 have a 

significant effect on s /cu0 and failure mechanism. D/cu0 has a great influence on s /cu0 but has little effect on failure mechanism. 

Furthermore, the UBFEM-RTME is used to show the changes of mesh failure modes under different mesh parameters such as the 

number and distribution of effective discontinuities, and the reasons for improving the accuracy of the upper bound solution are also 

explained. The applicability of UBFEM-RTME in heterogeneous clay, especially the analysis of failure mode under the limit state, is 

verified in comparison with the existing rigid-block upper-bound limit analysis methods and finite element bound method. 

Keywords: tunnel face stability; heterogeneous clay; upper-bound finite element; critical load; failure mechanism 

 

1  Introduction 

The instantaneous stability of tunnels becomes even more 

important when it comes to soil strength varying with depth 

under undrained condition. Generally, rigid blocks upper bound 

method and finite element limit analysis with upper and lower 

bound method were applied to address this problem 

internationally. For circular and vertical excavation face of 

shallow tunnel under undrained condition, various rigid blocks 

failure mechanisms were proposed by Davis et al.[1]. With the 

consideration of heterogeneous soil, Sloan et al.[23] studied the 

stability of rectangular and circular tunnels under undrained 

condition using finite element limit analysis with upper and 

lower bound method. Augarde et al.[4] obtained upper and lower 

bound solution for dimensionless critical load by using this 

method. Wilson et al.[5] studied a series of stability problems 

under undrained condition by deploying rigid blocks upper 

bound and finite element limit analysis method. Boonchai     

et al.[6] discussed the stability of tunnel face whose undrained 

shear strength varies linearly with the depth in clay by using 

three dimensional finite elements.  

Based on elastic-plastic finite element method with Trasca 

criterion, Zhou et al.[7] investigated the stability of plane strain 

tunnel in pure clay when cohesion changes linearly with depth. 

Lü et al.[8] obtained three-dimensional upper bound numerical   

an analytical solutions for the ultimate supporting force on the 

face of shielding tunnels using elastoplastic FEM. Huang      

et al.[911] deduced simplified upper bound solution for the 

stability supporting force in tunnel face under undrained 

condition in saturated clay. 

From above analysis, sliding surface of tunnel under limit 

condition could be obtained using rigid blocks upper bound 

method. However, the failure mechanisms need to be 

predefined and are quite complex for some cases. For the 

heterogeneous soil in which strength varies with depth, this 

method may provide less accurate results. The proposed 

UBFEM-RTME[1213] does not need to assume optional failure 

mechanisms in advance. A better bound solution and failure 

mechanism with slip line mesh-shaped can be obtained through 

changing of coordinates of elements nodes in calculation 

process, coupled with upgraded element nodes to increase and 

better distribute active discontinuities.  

Up to now, only a uniform distribution of soil 

parameters[1213] is considered in the UBFEM-RTME for 

analyzing the tunnel surface stability. In this paper, 

modifications were made in programs as an effort to make it 

applicable to evaluate the stability of tunnel in heterogeneous  

clay. Upper bound solution for stability of tunnel subjected to 

critical loading and failure mechanism of active discontinuities 

are expected to be obtained through further calculation amid 

combination of factors, which provide theoretical support for 

optimal tunnel construction.  
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2  Stability analysis model of tunnel face in  
heterogeneous  clay 

2.1  Mechanical model and undrained shear strength  

As shown in Fig.1, the analysis for stability of tunnel face 

can be described as a plain strain model along the longitudinal 

center-line of the tunnel. This method can help obtain changing 

features of collapse process[1415]. Particularly, this assumption 

appears to be more suitable when the tunnel has large span.  

In Fig.1, the tunnel has height D, depth C, and unit weight  
with ground surcharge s . The interface between soil and 

rigid lining are presumed to be perfect smooth horizontally. The 

collapse of tunnel face is caused by ground surcharge and soil 

gravity.  

Referring to the critical soil mechanics[16], it is known that 

undrained shear strength varies with depth in normally 

consolidated clay. In this paper, undrained shear strength in 

pure clay was defined as follows: 

 u u0 ( 2 )c y c C D y                            （1） 

where cu(y) is the shear strength of the soil at depth y; cu0 is the 

undrained shear strength on the ground;  is the variation ratio 

of shear strength with depth. Under such condition, the shear 

strength of clay shows a heterogeneous property. 

 

 
Fig.1  The stability analysis model of tunnel face in 

heterogeneous  clay 

 

2.2  Variables analysis and parameter selection 

Stability of plain strain tunnel involves following 

parameters { s 、C、D、cu0、、} . For the convenience, 

parameters are transformed into dimensionless form shown as 

s

u 0 u 0 u 0

,  ,  ,  
D C D

c c D c

    
 
  

                             （2） 

where s /cu0 is the dimensionless critical load; C/D is the 

depth ratio; D/cu0 is the dimensionless soil weight parameters; 

and D/cu0 is dimensionless parameters of strength in 

heterogeneous  clay.  

According to dimensionless stability coefficient proposed 

by Augarde et al[4], s /cu0 is described as dimensionless 

critical load parameter to evaluate the tunnel face stability with 

consideration of ground surcharge load. Stability indicator 

( s t  )/cu0 can be converted with s /cu0 , when t  is set to 

zero along the ground surface. 

Parameters are listed in Table 1 in order to study the tunnel 

stability for different parameters. 
 
Table 1  Parameters of tunnel and clay 

C/D D/cu0 D/cu0 

1, 2, 3, 4, 5, 6, 7, 8, 9, 10 0, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5 0, 1 ,2, 3

 

3  Upper bound finite element model of tunnel face  
in heterogeneous  clay 

Analysis of finite element upper bound model for tunnel 

face stability in heterogeneous  clay is shown in Fig.1, and the 

initial meshes for the stability calculation are not included. The 

horizontal and vertical ranges of the model are respective taken 

as L2+L3 and C+D+L1, where L1, L2 and L3 are parameters 

related to the tunnel depth C. The selection of these values 

should be large enough to eliminate the boundary effects. 

Tunnel face is free without traction, and the ground surface 

is imposed by d 1
s
v S   . Other boundaries of the mode are 

constrained in both x and y directions, namely u=0，v=0. And 

origin is set at the center of tunnel face. The positive directions 

of x and y are towards right and up, velocity of positive 

direction is consistent with this. 

Virtual power of soil dead-weight for the whole model 

P is set as: 

 e
1

;  0 1, ,
en

i i i
i

P Av A i n 


                        （3） 

where en is the total number of elements in the domain; iA is 

the area of the ith element，which is always positive.  

For rigid translatory moving elements, internal dissipation 

energy only occurs in the velocity discontinuities, aggregate 

dissipation energy cP  is given by the form: 

 
d

c u
1

n

i
i

P c y 


                                     （4） 

where cu(y) can calculated using Eq.(1); value of y is the 

vertical coordinate in the midpoint of discontinuities as shown 

in Fig.2; dn is the total number of velocity discontinuities; and 

i  is an auxiliary variable for ith discontinuities. It is set as  

r , f , s, r , s, f ,

l, s , f , l, f , s,

1 / tan ( ) ( )

       ( ) ( )

i i i i i i i

i i i i i i

u y y v x x

u y y v x x

       
   

             （5） 

where r ,iu  and r ,iv  are the velocity components on the 

clockwise side of elements in the ith velocity discontinuities; 
l,iu and l,iv  are the velocity components on opposite side of 

elements in the ith velocity discontinuities; s,ix  and s,iy  are 

the starting coordinates in the ith velocity discontinuities 

tangentially; and f ,ix and f ,iy are the ending coordinates, 

related variables are shown in Fig.2. 
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Fig.2  The discontinuity of UBFEM- RTME 

 

For undrained shear strength parameters in heterogeneous  

clay,  is fixed to zero in Eq(5). The term 1/tan in Eq.(5) is 

retained in order to reduce the numbers of unknown variables 

and simplify computation. A small value such as  =0.001° is 

chosen when calculating. After checking, this simplification 

will not affect upper bound solution obtained. The results still 

satisfy the upper bound theorem, and the accuracy of the results 

can be fully guaranteed.  

Another axillary variable i of the ith velocity 

discontinuity is expressed as follows:  

r , s, f , r , s, f , l, f , s, l, f , s ,( ) ( ) ( ) ( )i i i i i i i i i i i i iu x x v y y u x x v y y          

                                               （6） 

As shown in Fig.2, the velocity discontinuities are imposed 

by associated flow rules, the constraints are written as  

d0,  0 ( 1,..., )i i i i i n         ≤ ≤                   （7） 

In order to find solution for dimensionless critical load 

parameter s /cu0 for tunnel face stability, an objective function 

for finite element upper bound with linear programming is 

developed as following:  

 
d e

s u0 u u 0
1 1

n n

i i i
i i

c c y Av c  
 

   
 

                    （8） 

In addition to constraints on the velocity boundary, 

boundaries of the domain need to impose geometric constraints 

that make nodes move on the related boundaries. These 

boundary condition are expressed as following:  

1 2 2 g1

2 3 2 g2

3 4 g3

4 5 2 g4

5 6 2 1 g5

6 7 2

: ,  2 2 ;  ( 1,..., )

: 0,  2;  ( 1,..., )

: 0,  2 2;  ( 1,..., )

: 0,  2;  ( 1,..., )

: ,  2 2; ( 1,..., )

:

j j

j j

j j

j j

j j

j

GG x L D y D C j n

G G L x y D j n

G G x D y D j n

G G L x y D j n

G G x L L D y D j n

G G L x

   

  

  

   

     



≤ ≤

≤ ≤

≤ ≤

≤ ≤

≤ ≤

≤ 3 1 g6

7 8 3 1 g7

8 1 2 3 g8

,  2; ( 1,..., )

: ,  2 2; ( 1,..., )

: ,  2;   ( 1,..., )

j

j j

j j

L y L D j n

G G x L L D y C D j n

G G L x L y C D j n









    
    


    

≤

≤ ≤

≤ ≤

   （9） 

The above model for tunnel face stability with upper bound 

finite element in heterogeneous  soil is constructed based on 

existing UBFEM-RTME and its programming[17] by revising 

soil cohesion c and internal friction angle  . In this 

connection, expression of constraints including objective 

function s /cu0, flow rules have also changed. The upper 

bound finite element nonlinear programming can also be solved 

by FMINCON and other tools. A series of mesh updating 

technique[12] are employed to obtain more optimal solution. 

Measures contain: (i) merging and deleting invalid elements; (ii) 

refining active mesh; (iii) mesh inheritance and revision after 

changing parameters. These methods can help reduce the scope 

of domain and make the solutions more accurate. 

4  Discussion of upper bound solutions of critical  
loads 

4.1  The analysis of upper bound solution 

Using the improved UBFEM-RTME program, a series of 

upper bound analyses are performed on different combinations 

of the dimensionless parameters listed in Table 1. Table 2 

shows the upper bound solutions of critical load s /cu0 of the 

tunnel face under the influence of different considered 

parameters. It can be concluded from the table that s /cu0 

increases with increase of D /cu0 and C/D. s /cu0 becomes 

small when D /cu0 increases. It is noted that bearing capacity 

of formation increases as soil strength heterogeneous  

parameters and depth increase. But bearing capacity decreases 

with increasing soil unit weight. These conclusions are 

consistent with those in literatures [4] and [9]. 

4.2  Comparison of upper bound solutions 

Curves in Figs.35 indicate relationship between considered 

parameters on upper bound solutions and s /cu0. And the 

obtained results are compared with those in existing literature.  

Figure 3(a) presents a comparison of upper bound solution 

of s /cu0 obtained by UBFEM-RTME with previous upper and 

lower bound solution[1,4,9] in homogeneous soil. The 

comparative data are respectively obtained from different 

approaches, such as, rigid blocks upper bound solution 

proposed by Davis et al[1], multi-block upper bound solution 

provided by Huang et al[9], plastic limit analysis finite element 

upper and lower bound solutions introduced by Augarde et al[4] 

by linear interpolation. It is seen that the present results are 

smaller than those obtained by Davis et al[1] and Huang et al [9] 

for the same parameters, and are between the plastic limit 

analysis finite element upper solution and lower bound solution 

introduced by Augarde[4]. When C/D=3 and D /cu0 =2，the 

results in this paper are 16.24% and 6.9% smaller than those 

contributed by Davis et al[1] and Huang et al[9], respectively. 

Compared with results from Augarde et al [4], the average error 

is only 1.7%. Under upper bound theorem framework, present 

results appear to be more accurate. 

In Fig.3(b), for cases where D /cu0=1, the upper bound 

solution of s /cu0 varies with depth C/D in heterogeneous  

soil. It is shown that the upper limit of s /cu0 increases with 

increasing C/D; and the increase rate becomes slower when 

D /cu0 increases. In addition, when the buried depth increases, 

y(v) 

(ul,i, vl,i) 
iu

y =(yf,i + ys,i)/2 

 

x(u)

iv  
(xf,i, yf,i) 

(ur,i, vr,i) 

(xs,i, ys,i) 
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the difference between the upper and lower solutions of 

Augarde et al. [4] slightly increases. Compared with multi-block 

upper-bound solutions, the upper-bound solutions of the 

UBFEM-RTME are always between the upper and lower 

solutions of Augarde et al. [4], which indicates an advanced 

accuracy of this method even with a larger value of buried 

depth. For the case of D /cu0=2 and C/D=1, present results is 

7% lower than upper bound results given by Huang et al [9], and 

the average error is 2.3% with comparison of upper and lower 

bound results presented Augarde et al [4]. When C/D increases 

to 3, present results are 7.5% lower than upper bound results 

presented by Huang et al[9], and 0.2% in average error compared 

with upper and lower bound solution of Augarde et al [4]. 

Curves of dimensionless critical load s /cu0 varying with 

strength heterogeneous  parameters D /cu0 are shown in 

Fig.4. D /cu0=0 and D /cu0=3 are chosen as soil weight 

parameters.When D /cu0 and C/D are fixed, dimensionless 

critical load s /cu0 show a linear increase with strength 

heterogeneous  parameter D /cu0, and the gradient of curves 

increases with buried depth. It is noted that present results are 

proven to be more accurate in Fig.4.  

Figure 5 shows the variation in upper-bound solutions 

s /cu0 with the soil unit weight parameter D /cu0, and C/D=1 

and C/D=3 are chosen for simplified analysis. When C/D and 

D /cu0 are constant, the value of s /cu0 linearly decreases 

with D /cu0, and the decrease rate increases with an increase 

in the buried depth. Other comparison data shown in the figure 

prove that it is consistent with obtained conclusions. 

 

Table 2  Results of the dimensionless critical load s /cu0 of tunnel face 

D/cu0 C/D 
3 /cu0 for different D/cu0 

C/D 
3 /cu0 for different D/cu0 

0 1 2 3 0 1 2 3 

0.00 

1 

4.30 2.80 1.30 -0.20 

6 

7.60 1.10 -5.40 -11.90 

0.25 5.50 4.00 2.50 1.00 17.41 10.91 4.41 2.09 

0.50 6.68 5.18 3.68 2.18 27.07 20.57 14.07 7.57 

0.75 7.84 6.34 4.84 3.34 36.70 30.20 23.70 17.20 

1.00 8.99 7.49 5.99 4.49 46.31 39.81 33.31 26.81 

1.25 10.14 8.64 7.14 5.64 55.91 49.41 42.91 36.41 

1.50 11.28 9.78 8.28 6.78 65.51 59.01 52.51 46.01 

0.00 

2 

5.46 2.96 0.46 -2.04 

7 

7.92 0.41 -7.09 -14.59 

0.25 8.04 5.54 3.04 0.54 19.80 12.30 4.80 2.70 

0.50 10.56 8.06 5.56 3.06 31.50 24.00 16.50 9.00 

0.75 13.05 10.55 8.05 5.55 43.17 35.67 28.17 20.67 

1.00 15.53 13.03 10.53 8.03 54.83 47.33 39.83 32.33 

1.25 18.01 15.51 13.00 10.50 66.49 58.99 51.49 43.99 

1.50 20.48 17.98 15.48 12.97 78.14 70.64 63.14 55.64 

0.00 

3 

6.22 2.72 -0.78 -4.28 

8 

8.19 -0.31 -8.81 -17.31 

0.25 10.41 6.91 3.41 0.09 22.21 13.71 5.21 -3.29 

0.50 14.50 11.00 7.50 4.00 36.04 27.54 19.04 10.54 

0.75 18.57 15.07 11.57 8.07 49.83 41.33 32.83 24.33 

1.00 22.62 19.12 15.62 12.12 63.61 55.11 46.61 38.11 

1.25 26.67 23.17 19.67 16.17 77.39 68.89 60.39 51.89 

1.50 30.71 27.21 23.71 20.21 91.16 82.66 74.16 65.66 

0.00 

4 

6.78 2.28 -2.22 -6.72 

9 

8.44 -1.06 -10.56 -20.06 

0.25 12.73 8.23 3.73 -0.77 24.66 15.16 5.66 -3.84 

0.50 18.57 14.07 9.57 5.07 40.67 31.17 21.67 12.17 

0.75 24.37 19.87 15.37 10.87 56.65 47.15 37.65 28.15 

1.00 30.16 25.66 21.16 16.66 72.62 63.12 53.62 44.12 

1.25 35.94 31.44 26.94 22.44 88.59 79.09 69.59 60.09 

1.50 41.71 37.21 32.71 28.21 104.55 95.05 85.55 76.05 

0.00 

5 

7.23 1.73 -3.77 -9.27 

10 

8.66 -1.84 -12.34 -22.84 

0.25 15.07 9.57 4.07 -1.43 27.14 16.64 6.13 -4.37 

0.50 22.76 17.26 11.76 6.26 45.40 34.90 24.40 13.90 

0.75 30.43 24.93 19.43 13.92 63.63 53.12 42.62 32.12 

1.00 38.07 32.57 27.07 21.57 81.84 71.34 60.84 50.34 

1.25 45.72 40.22 34.72 29.22 100.05 89.55 79.05 68.55 

1.50 53.35 47.85 42.35 36.85 118.26 107.76 97.26 86.76 

 
            

4
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(a) D/cu0 =0                                              (b) D/cu0 =1 

Fig.3  Curves of dimensionless critical load s /cu0 for varying dimensionless buried depth ratio C/D 
 

     

(a) D/cu0 =0                                                       (b) D/cu0 =3 

Fig.4  Curves of dimensionless critical load s /cu0 for varying heterogeneous  parameter D/cu0 

 

   
(a) C/D=1                                                       (b) C/D=3  

Fig.5  Curves of dimensionless critical load s /cu0 for varying dimensionless gravity parameter D/cu0 

 

5  Discussion of failure mechanisms 

5.1  Basic features of failure mechanisms for tunnel face 

In addition to the upper bound solution for dimensionless 

critical load s /cu0, critical collapse mechanisms characterized 

by active discontinuity mesh (approximate as slip line network) 

in heterogeneous  soil are determined by UBFEM-RTME. To 

determine the characteristics of failure mechanisms from 

different prospects, failure mode analysis of tunnel faces is 

shown in Fig.6 under different conditions for cases of C/D=3, 

D /cu0=0.5, and D /cu0=2.  

Figure 6(a) is a cloud chart of element velocity vector after 

normalization. It can be seen that the element velocity is higher 

in front of the tunnel face, while it is smaller at the ground 

surface. The white lines in this figure are the active velocity 

discontinuities, which can be used to quantitatively determine 

both the shape and scope of the associated plastic failure area. 

Figure 6(b) presents the deformation diagram of active 

discontinuity mesh, which is constructed by containing 

velocities on both sides of elements for the active velocity 

discontinuity. The diagram directly reflects the failure shape of 

tunnel face at the critical state. It can be found that, in addition 

to some main sliding surfaces formed bounded by the edge of 

undamaged area, there are a large number of mesh-like sliding 
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surfaces diagonally above the tunnel face within the damaged area. 
 

   
(a) Normalized element velocity contour      (b) Deformation diagram with active discontinuities      (c) Element velocity vector 

Fig.6  The characteristic failure mode analysis of tunnel faces（C/D=3, D/cu0=0.5, D/cu0=2, s /cu0=7.50） 
 

The maximum velocity vector is set as unit value, and other 

velocity vectors are changing as the same rate for normalization. 

Then, a model velocity vector diagram is formed shown in Fig. 

6(c), in which every line represents the related velocity of 

elements on both sides of corresponding velocity discontinuity 

line, which corresponds to the active discontinuity in Fig.6(a). 

The lines between the origin (0, 0) and any intersection 

represents the related velocity vector of a corresponding 

element in Fig. 6(a). For example, the line between the origin 

and the leftmost intersection point is the velocity of whole rigid 

block of tunnel face. The horizontal component of selected 

velocity has a large value of the whole model. 

It is noted that rigid block upper bound method in literatures 

[79] needs to assume failure mode to determine the 

relationship between geometric parameters of block and the 

velocity field. By using proposed UBFEM-RTME method in 

the paper, the upper limit solution and failure mode are 

obtained without assumption of failure mode. Using nonlinear 

programming search and grid updating, the obtained results 

appear to be more accurate than those calculated using rigid 

block upper limit method. Compared with velocity vector chart 

introduced by Augarde et al.[4], collapse mode similar to sliding 

line network in this paper is more clear-cut and more distinct in 

range.  

At present, based on limit analysis, the optimal simplified 

critical load and upper solution of the supporting pressure are 

mainly obtained by continuously optimizing the failure 

mechanism[7]. Compared with limit analysis of plastic element, 

the failure mode obtained by UBFEM-RTME method is more 

clear, which provide reference for simplified method. This 

method is expected to applied to the stability of 

three-dimensional tunnel face with broad prospect.  

5.2  Effect of mesh density 

The UBFEM-RTME method needs to update meshes during 

the calculation process, and the effect of updated mesh density 

on calculated results can’t be ignored. In this connection, the 

effects of mesh density on dimensionless critical load s /cu0 

and collapse mode are particularly discussed. The analysis is 

carried out for the case of C/D=4, D /cu0=1, D /cu0=2, the 

cloud diagram with velocity vector value and velocity vector 

diagram for different mesh densities are shown in Fig.7.  

The velocity vector cloud maps corresponding to sparse 

mesh, slightly dense mesh and dense mesh are shown in 

Figs.7(a)7(c) with total number of active discontinuities 81, 

165, and 525, respectively. Figures 7(d)7(f) are the 

corresponding velocity vector diagrams. 

It can be seen from Figs.7(a) and 7(d) that the failure mode 

(slip line network) and velocity vector field obtained by sparse 

grid are actually consistent with those by multi-block upper 

bound method (or rigid block upper limit) in existing literature [9]. 

Only one layer of triangular block can be found in failure 

domain, the dimensionless critical load s /cu0 is 22.65.  

In Figs.7(b) and 7(e), as a layer of block emerges in front of 

tunnel face, the failure mode and velocity vector field become 

complex. Its corresponding dimensionless critical load s /cu0 

is 21.42, and its accuracy is improved by about 5.74%. At the 

same time, the collapsed area in front and behind tunnel face  

increases. 

In Figs.7(c) and 7(f), as mesh get denser and total number 

of active discontinuities is 525, slip line network becomes 

smoother, and velocity vector field transforms into smooth 

mesh shape. Then, dimensionless critical load 21.16 was 

obtained with accuracy increased by about 1.23% compared 

with those calculated from slightly dense mesh Fig.7(b).  

Furthermore, appropriate increase of active discontinuity 

can obtain more accurate mesh-shaped failure mechanism. The 

mesh sliding surface and velocity vector field show that 

collapse is more likely to occur, upper bound solution of s /cu0 

is more accurate. 

5.3  Variation in failure mechanisms 

The following analyses discuss the evolution of the failure 

mechanism of the tunnel face. Considering the shapes of active 

discontinuities under different situations are quite similar, the 

variations in the pattern of the failure mechanisms are shown in 

Figs.810. The left side of figure is the change of outer surfaces 

of the failure zone, while the right side is the distribution 

characteristic of active discontinuities within the failure zone.  
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(a) Sparse grid（nd =81, s /cu0 =22.65）       (b) Slightly dense grid（nd =165, s /cu0 =21.42     (c) Dense grid（nd =525, s /cu0 =21.16） 

   
(d) Velocity vector of sparse grid              (e) Velocity vector of slightly dense grid             (f) Velocity vector of dense grid 

Fig.7  Failure modes of tunnel face for different mesh densities（C/D=4, D/cu0=1, D/cu0=2） 
 

5.3.1  Effect of soil strength heterogeneous  parameter  

D /cu0 on failure mechanism 

Figure 8 indicates that the failure mode of tunnel face under 

different values of D /cu0 when depth and soil gravity 

parameters are fixed (C/D=4, D /cu0=2). In case of increasing 

D /cu0, the failure domain shrinks, location of collapse 

becomes shallow, and the scope of failure domain in the surface 

ground diminishes. This may be caused by the increase of ρ, the 

shear strength difference between the upper and lower soil 

layers becomes larger, and the failure domain climbs up.  

 

 
(a) D/cu0=0, 0.5, 1, 1.5              (b) D/cu0=0.5 

Fig.8  Failure mechanisms of slip line network in tunnel 
face (C/D=4, D/cu0=2) 

 

5.3.2  Effects of tunnel burial depth ratio C/D on failure  

mechanism 

Figure 9 indicates that the failure mode of tunnel face under 

different depths when soil strength heterogeneous  and soil 

weight parameters are fixed ( D /cu0=1, D /cu0=2). It is clear 

that as the C/D increases, the width of failure domain at the 

ground surface increases, the position of collapse near the 

tunnel face gradually moves down, and collapse domain 

extends significantly. When C/D increases, the surface overload 

required to reach the critical instability state also increases. 

Meanwhile, the surface overload and soil self-weight are the 

main factors. When the tunnel collapse, the range of failure 

extends to ground surface, so width of the surface failure 

domain increases.  

 

 
(a) C/D=1, 3, 5, 7                  (b) C/D=3 

Fig.9  Failure mechanisms of slip line network in tunnel 
face (D/cu0 =1, D/cu0 =2) 

 

5.3.3  Effect of soil unit weight parameter D /cu0 on failure  

mechanism 

When the tunnel burial depth ratio and soil strength 

heterogeneous  parameters are constant (C/D=3, D /cu0 = 1), 

the failure mechanism of tunnel face corresponding to different 

values of D /cu0 are shown in Fig. 10. The effect of D /cu0 

on the failure mode is not obvious, and the outlines of the 

failure zone remain nearly unchanged.  
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(a) D/cu0=0, 1, 2, 3                (b) D/cu0 =1 

Fig.10  Failure mechanisms of slip line network in tunnel 
face (C/D=3, D/cu0 =1) 

 

6  Conclusions 

(1) The critical loads s /cu0 increase with an increase in 

the tunnel depth ratio C/D, and the larger the soil gravity 

parameters D /cu0 is, the slower the growth rate will be; 

s /cu0 increases linearly with the soil strength heterogeneous  

parameter D /cu0, and the increase rate increases with the 

increase of the tunnel depth ratio C/D; s /cu0 decreases 

linearly with D /cu0 , and the decrease trend increases with 

the increase of buried depth.  

(2) When D /cu0 increases, the overall failure zone 

becomes narrower, the location becomes shallower, and the 

width of surface failure domain decreases; when C/D increases, 

the main failure zone increases significantly and extends to the 

surface; D /cu0 does not show obvious influence on the 

failure mechanism. 

(3) The number and distribution of active discontinuities in 

the UBFEM-RTME method have an important impact on the 

accuracy of upper bound solution of critical load s /cu0 and 

associated failure mechanisms. Reasonably selecting the 

number of active discontinuities and optimizing their 

distribution form can help effectively improve the accuracy of 

the upper bound solutions and obtain refined failure 

mechanisms of tunnel face. 
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