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1. Introduction 
 

Shield construction method has been widely popularized 

and applied in subway because of its advantages of fast and 

high efficiency. However, the instability of tunnel faces has 

occurred frequently in the construction process of 

pressurized tunnel. It not only seriously affects the 

construction progress, but also may lead to collapse of 

tunnel faces, and huge casualties and economic losses will 

be caused. 

To prevent the soils instability before tunnel faces, the 

method of controlling support pressure is usually adopted in 

engineering. Therefore, determining the support pressure 

needed to preserve the stability of tunnel faces is a key 

problem, and it needs to be solved urgently at this stage 

(Sahoo and Kumar 2019, Shrestha and Panthi 2014, Senent 

et al. 2013, Anagnostou and Perazzelli 2013, Kim and 

Tonon 2010, Huang et al. 2020, Wu et al. 2019). Leca and 

Dormieux (1990) constructed a 2D failure mode of 

pressurized tunnel faces, and solved the support pressure 

required by faces with kinematical approach. Yang et al. 

(2015) constructed a 2D multi-block failure mode of tunnel 

faces. The support pressure and potential damage surfaces 

under different saturation were obtained with upper bound 

method. Liang et al. (2016) established a 2D failure mode  
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of tunnel faces with logarithmic helical curve. The 

influence of soil heterogeneity on support pressure of faces 

was studied with kinematical approach. Zhang et al. 

(2019a) considering the stability of pressurized tunnel faces 

in unsaturated soil, the analytical solution of support 

pressure was derived by kinematical approach. 

All of the above studies simplify the problem of 

determining the support pressure of pressurized tunnel faces 

to a 2D plane strain problem. In fact it belongs to a 3D 

problem. So some scholars solve the support pressure of 

pressurized tunnel faces with 3D models. Subrin and Wong 

(2002) presented a 3D failure mode of the pressurized 

tunnel faces by using logarithmic helical curve. The 

expression of support pressure is deduced by the 

kinematical approach. Saada et al. (2013) solved the 

support pressure of pressurized tunnel faces subjected to 

seismic effect based on 3D failure mode. Zhang et al. 

(2018) used the upper bound theorem and non-linear failure 

criterion to solve support pressure of 3D pressurized tunnel 

faces. Compared with engineering measurements, the 

correctness is verified. In addition, some scholars used the 

“point-to-point” method to construct the 3D failure mode of 

pressurized tunnel faces. The kinematical approach was 

used to ascertain support pressure needed for faces (Mollon 

et al. 2011, Ibrahim et al. 2015, Pan and Dias 2018, 

Hernández et al. 2019). 

To sum up, in recent years, scholars over the world have 

done a lot of work on determining the support pressure of 

pressurized tunnel faces with kinematical approach. These 
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studies are mainly embodied in the continuous 

improvement of the failure mode, from the flattening to the 

rotation, from 2D to 3D. The support pressure of faces is 

also more accurate. However, the kinematical approach is a 

fixed value method, which can't consider the discrete nature 

of soil parameters and objectively existing loads. Also it 

can't quantitatively analyze the failure probability of tunnel 

surfaces. Therefore, in this paper, the kinematical approach 

and response surfaces method are combined to solve the 

reasonable safety coefficient, support pressure and 

corresponding failure probability needed to preserve the 

stability of the tunnel faces. It can provide theoretical basis 

for pressurized tunnel support design. 
 
 

2. Methods 
 

2.1 Quasi-static method 
 

The quasi-static method is a simple method to solve the 

dynamic problem. In essence, the dynamic effect of 

earthquake is simplified to a constant acceleration in 

horizontal and vertical directions. The horizontal and 

vertical acceleration coefficients are expressed with kh and 

kv respectively. The expression is (Clot et al. 2016, Zhang et 

al. 2017): 

v hk k
 

(1) 

in which the proportional coefficient ζ is generally valued -

1.0, -0.5, 0, 0.5, 1.0. Due to the relationship between the 

acceleration coefficient kh and kv, there is a correlation 

between the horizontal and vertical seismic force, which is 

positive correlation or negative correlation. The range of 

correlation coefficient 
h v,k k  is -1.0~1.0. 

 

2.2 Upper bound method of limit analysis 
 

For the velocity field of arbitrary maneuvering 

allowable, the upper bound solution of the failure load can 

be obtained according to the internal energy loss rate is not 

less than the external force power. The expression is (Huang 

et al. 2017, Zhang et al. 2019b): 

d d dij ij i i i i
V s V

V T v s Fv V     
 

(2) 

where Ti is the surfaces force acting on the surfaces area s 

of damage body, Fi is the physical force on the volume V of 

damage area, σij represents the stress field associated with Fi 

and Ti, vi is the maneuvering allowable velocity field, 𝜀𝑖𝑗̇  

represents the strain rate field compatible with vi. 

 

2.3 Response surfaces method 
 

The response surfaces method can effectively analyze 

the reliability of engineering. It has high calculation 

accuracy and efficiency. To a certain extent, it can meet the 

needs of engineering design. The calculation idea is to 

select an explicit function to replace the complex implicit 

one, and then use the matrix method to solve the reliability 

of engineering project (Su et al. 2007, Zhang et al. 2020, 

Zhang et al. 2019c). 

3. Calculation model 
 

3.1 A 3D horn failure mode under seismic effect 
 

When a pressurized tunnel is excavated, the disturbance 

to the soils will be caused. If the support pressure is not 

enough, it can collapse easily. A large number of works 

show that the collapse shape of tunnel faces is very similar 

to the logarithmic spiral curve (Subrin and Wong 2002, 

Mollon et al. 2011). So the logarithmic helical curve is used 

to construct a 3D collapse mode of tunnel faces subjected to 

seismic effect, which is also called the horn damage mode. 

As shown in Fig. 1, in the excavation process of 

pressurized tunnel, the faces collapsed under the action of 

horizontal and vertical seismic force khG and kvG. The horn 

damage area AEB rotates failure around O point at angular 

velocity w. Moreover, the intersection area of the horn 

damage area AEB and the circle of tunnel faces AMBN is 

AM'BN'. To simplify the calculation, existing literature 

(Subrin and Wong 2002) assumed that the area formed by 

intersecting is the AMBN circle. In fact, only when the 

rotation point O is directly above point A, the area formed 

by the intersection is the tunnel faces circle AMBN, 

otherwise the area is the pear shape AM'BN'. In addition, 

pressurized tunnel faces diameter is D, buried deep is C. 

The damage area AEB is composed of logarithmic helical 

curves. Among them, on the logarithmic spiral curve AE 

and BE, the radius vector OA and OB of point A and point B 

are ra and rb respectively. The angles of OB, OA, OE and 

vertical lines are θ1, θ2 and θ3 respectively. A straight line 

crossing point O intersects with AE and BE at Ai and Bi, 

respectively. The length of the radius vector OAi and OBi is 

r1 and r2, respectively. The plane where Ai and Bi are 

located is the tangential circle of the horn. 

As shown in circles 1-1 and 2-2, the distance from the 

circle center to O Point is rm, the radius is R. The coordinate 

system is set up with the center of the circle, the direction of 

OBi is the direction of Y axis. The angle between any point 

on the arc and the direction of Y axis is α, the ordinate is y, 

the angle between the end of the arc and the direction of y 

axis is α0, and the ordinate is l. 

According to the geometric relationship in Fig. 1: 

1 a 2( ) exp[( ) tan ]r r    
 

(3) 

2 b 1( ) exp[( ) tan ]r r    
 

(4) 
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 2 1 2R r r 
 

(9) 

0cos l R 
 

(10) 

m a 2sin sinr l r    
 

(11) 

 mv w r y  
 

(12) 

 md d d dV r y x y     
 

(13) 

 

3.2 Upper bound solution 
 
3.2.1 Basic assumptions 
In this paper, the following assumptions are made in the 

calculation: (1) The effect of seismic effect on shear 

strength of soil is not considered; (2) The collapse pressure 

σc evenly distributed on tunnel faces. In the limit failure 

state (safety factor Fs=1), the required support pressure of 

tunnel faces to maintain stability is equal to the collapse 

pressure, σT =σc. 
 

3.2.2 Collapse pressure 
From Fig. 1, it can be seen that the horn failure area 

AEB slides under external forces, and energy dissipation 

occurs during the sliding process of the horn failure area 

AEB. According to the kinematical approach, the power 

done by external forces includes the power generated by the 

soil weight 𝑊1
̇  in horn area, the power generated by the 

seismic force 𝑊2
̇ , and the power generated by the support 

pressure 𝑊3
̇ . The internal dissipation rate of 𝑊4

̇  occurs on 

the velocity discontinuity of the horn AEB. 

The power generated by the soil weight is: 
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The total power of seismic forces in both horizontal and 

vertical directions is: 

 
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(15) 

The power generated by the support pressure is: 
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(16) 

The internal dissipation rate is: 
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(17) 

According to the power equation constructed by external 

force equal to internal dissipation rate, the collapse pressure 

of pressurized tunnel faces under seismic effect can be 

deduced based on this equation: 
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(18) 

The constraint conditions for the formula are: 

1 2

2 3

a b
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3.2.3 Reliability 
To ensure the safety, the safety factor must be 

considered in the support design. According to the collapse 

pressure σc of previous solution, the safety factor Fs is  

 
 

(a) (b) 

Fig. 1 3D model of pressurized tunnel faces under seismic effect: (a) The horn failure mode and (b) Volume of microelement 
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introduced. The support pressure acting on tunnel faces 

during the excavation of the pressurized tunnel is as 

follows: 
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(20) 

The limit state equation of tunnel faces is constructed 

according to the support pressure and the collapse pressure: 
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(21) 

According to Eq. (21), the reliability model of 

pressurized tunnel faces subjected to seismic force is as 

follows: 
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(24) 

in which Rs is reliability, Pf is the failure probability, β is a 

reliability index, Ф-1 is inverse function of standard normal 

distribution, and g(X) is the function function. X is a vector 

composed of random variables, that is X=[ γ, c, φ, kh, ζ, σT]. 

 
 
4. Contrast and validation  
 

Table 1 shows the statistical characteristics of soil 

parameters and support pressure, and the diameter of tunnel 

faces D is 10m. Based on the reliability model of the 

pressurized tunnel faces, Monte Carlo Method (MCM) and 

response surfaces method (RSM) are used respectively, and 

the results are shown in Fig. 2 and Table 2. As shown in 

Fig. 2, with the increase of support pressure σT, the failure 

probability Pf decreases and the reliability index β increases. 

When the failure probability is large, the curves calculated 

by Monte Carlo method and response surface method 

almost coincide (such as Pf >1×10-3). When the failure 

probability decreases gradually, the curve calculated by 

Monte Carlo method begins to fluctuate, and it can be 

regarded as taking the response surface method curve as the 

center line fluctuation. 

Suppose that the fluctuation center line is the response  

 

 

Table 1 Statistical characteristics of random variables 

Random 
variable 

Mean 
value 

Standard 
deviation 

Variation 
coefficient 

Distribution 
type 

γ/kN/m3 18 0.9 5% Normal 

c/kPa 10 2 20% Normal 

φ/° 20 2 10% Normal 

σT/kPa - - 15% Normal 

 

Table 2 Time-consuming comparison between Monte Carlo 

method and response surfaces method 

Method 
MCM 

(n=2.5×105) 

MCM 

(n=1×106) 

MCM 

(n=4×106) 
RSM 

Time-consuming /h 2.84 10.86 48.34 0.22 

 

Table 3 Relationship between reliability index and failure 

probability 

Safety level Reliability index β Failure probability Pf 

Safety grade 1 4.2 1.3×10-5 

Safety grade 2 3.7 1.1×10-4 

Safety grade 3 3.2 6.9×10-4 

  
(a) (b) 

Fig. 2 Comparisons between Monte Carlo method and response surfaces method: (a) Failure probability and (b) Reliability 

index 
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Fig. 3 Curve fluctuation under different sample capacities 

 

 

surface method curve, when taking different sample 

capacity, the curve fluctuation calculated by Monte Carlo 

method is as shown in Fig. 3. In Fig. 3, μPf is the failure 

probability of the centerline, and the ordinate (Pf-μPf)/μPf is 

the ratio of the difference value to the mean value. It can be 

seen that for the same sample, the smaller the failure 

probability is, the larger the fluctuation range is; when the 

failure probability is the same, the larger the sample 

capacity is, the smaller the curve fluctuation is. It shows 

that when the sample capacity is fixed, the higher the 

accuracy of the calculation results, the greater the relative 

error; under the condition of ensuring accuracy, in order to 

get more accurate value, the sample capacity need to be 

increased. According to Fig. 3 and Table 3, the error 

between the failure probability calculated by n=1×106 and 

n=4×106 and the mean value is small ((Pf-μPf)/μPf<1.2) 

when the accuracy is ensured (β=4.2 or Pf >1×10-4). 

Therefore, the sample capacity n=1×106 and n=4×106 all 

meet the requirements of 3 safety grades. 

It is noteworthy that the failure probability Pf and 

reliability index β curves of response surfaces method 

coincide basically with those obtained by Monte Carlo 

method (n=4×106). The feasibility of the response surfaces 

method and the correctness of the results are verified. In 

addition, Table 2 shows the calculation time of the two 

methods (computer parameters: Intel (R) Core (TM) i7-

4900 CPU @ 3.60Ghz; 16.0gb RAM; 64 bit). Monte Carlo 

method (n=4×106) takes 48.34h under the calculation 

accuracy is met, while the response surfaces method only 

needs 0.22h. To sum up, compared with Monte Carlo 

method, the response surfaces method is more superior. 

Therefore, the response surfaces method is used to analyze 

the reliability of tunnel faces subjected to seismic force. 
 

 

5. Results analysis 
 

5.1 Influence of soil parameters 
 

5.1.1 Impact of mean 
The statistical characteristics of soil parameters and 

support pressure are shown in Table 4. The diameter of the 

tunnel faces is D=10 m. The effect of the mean value of 

cohesion c and internal friction angle φ on failure 

probability and reliability index of pressurized tunnel faces 

are shown in Fig. 4 and 5 respectively. With the increase of  

Table 4 Statistical characteristics of random variables 

Random 

variable 

Mean 

value 

Standard 

deviation 

Variation 

coefficient 

Distribution 

type 

γ/kN/m3 18 0.9 5% Normal 

c/kPa 6~14 1.2~2.8 20% Normal 

φ/° 10~30 1~3 10% Normal 

σT/kPa - - 15% Normal 

 

Table 5 Safety factor and support pressure of pressurized 

tunnel faces satisfying three safety grades under different 

shear strength indexes 

Shear 

strength 

index 

 Safety factor Fs  Support force σT/kPa 

c/kPa φ/°  
Safety 
grade 3 

Safety 
grade 2 

Safety 
grade 1 

 
Safety 
grade 3 

Safety 
grade 2 

Safety 
grade 1 

6 20  2.4 2.9 3.4  70.7 85.4 100.2 

8 20  2.6 3.1 3.7  63.2 75.3 89.9 

10 20  3 3.5 4.2  57.4 67.0 80.4 

12 20  3.6 4.3 -  50.3 60.1 - 

10 10  2.6 3 3.6  141.1 162.8 195.4 

10 15  2.8 3.3 3.9  85.9 101.2 119.6 

10 20  3 3.5 4.2  57.4 67.0 80.4 

10 25  3.2 3.8 4.5  40.8 48.5 57.4 

10 30  3.4 4.1 4.9  30.1 36.3 43.4 

 

Table 6 Statistical characteristics of random variables 

Random variable Mean value 
Variation coefficient 

Distribution type 
Small General Large 

γ/kN/m3 18 3% 5% 8% Normal 

c/kPa 10 15% 20% 25% Normal 

φ/° 20 5% 10% 15% Normal 

σT/kPa - 10% 15% 20% Normal 

 

 

the support pressure σT, the failure probability Pf is 

decreasing in the concave curve, and the reliability index β 

is incremented in the convex curve. With the increase of 

cohesion c or internal friction angle φ, the failure 

probability concave curve and the reliability index convex 

curve become more and more dense. It indicates the curve 

becomes steeper and the slope becomes larger. However, 

compared with the cohesion c, the change range of internal 

friction angle φ is more obvious. Thus, when the support 

pressure σT , cohesion c and internal friction angle φ are 

large, the collapse probability of pressurized tunnel faces is 

small and the reliability is greater. Therefore, increasing the 

support pressure or increasing the shear strength index of 

soil can effectively reduce the failure probability and 

increase the reliability of pressurized tunnel faces. In 

addition, Table 5 shows the safety factor and support 

pressure required to meet the three safety grades of 

pressurized tunnel faces under different shear strength 

indexes. 

 

5.1.2 Influence of variation coefficient 
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Soil parameters and loads are discrete. The degree of 

dispersion is generally characterized by the variation 

coefficient Cov. In view of the different dispersion degree 

of soil parameters and loads, 3 cases with small, general and 

large variation coefficient are analyzed. The statistical 

characteristics are as shown in Table 6, and the diameter of 

tunnel faces is D=10 m. As shown in Fig. 6, when the 

variation coefficient Cov is small, the failure probability of 

faces Pf is also small, while the reliability index β is larger  

 

 

 

 

in the same support pressure σT. When the variation 

coefficient Cov is large, the failure probability of faces Pf is 

larger, the reliability index β is smaller. Thus, the dispersion 

degree of soil parameters and loads has a significant effect 

on the reliability of the tunnel faces. The variation 

coefficient greater, the reliability is worse. Aiming at the 

small, general and large coefficient variation, the safety 

factor and support pressure needed to meet the 3 safety 

grades are given, as shown in Table 7. 

  
(a) (b) 

Fig. 4 Influence of mean value of cohesion on the reliability of pressurized tunnel faces (φ=20°): (a) Failure probability and 

(b) Reliability index 

  
(a) (b) 

Fig. 5 Influence of mean value of internal friction angle on the reliability of pressurized tunnel faces (c=10 kPa): (a) Failure 

probability and (b) Reliability index 

  
(a) (b) 

Fig. 6 Reliability of pressurized tunnel faces under different dispersion degrees: (a) Failure probability and (b) Reliability 

index 
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Table 7 Safety factor and support pressure of pressurized 

tunnel faces satisfying three safety levels under different 

dispersion degrees 

Variation coefficient Safety grade Safety factor Fs Support force σT/kPa 

Small 3 2.1 40.2 

General 3 3 57.4 

Large 3 4.5 86.1 

Small 2 2.3 44.0 

General 2 3.5 67.0 

Large 2 >5 - 

Small 1 4.2 80.3 

General 1 >5 - 

Large 1 >5 - 

 

Table 8 Statistical characteristics of random variables 

 
γ 

/kN/m3 
c 

/kPa 
φ 
/° 

σT 
/kPa 

Covγ 

/% 

Covc 

/% 

Covφ 

/% 

CovσT 

/% 
Distribution type 

Case 1 18 10 20 57.4 3~8 20 10 15 Normal 

Case 2 18 10 20 57.4 5 15~25 10 15 Normal 

Case 3 18 10 20 57.4 5 20 5~15 15 Normal 

Case 4 18 10 20 57.4 5 20 10 10~20 Normal 

 

 

To analyze the impact of variation coefficient of each  

 

 

Table 9 Statistical characteristics of random variables 

Random 

variable 
Mean value 

Standard 

deviation 

Variation 

coefficient 
Distribution type 

γ/kN/m3 18 0.9 5% Normal or lognormal 

c/kPa 10 2 20% Normal or lognormal 

φ/° 20 2 10% Normal or lognormal 

σT/kPa - - 15% Normal or lognormal 

 

Table 10 Safety factor and support pressure of pressurized 

tunnel faces satisfying three safety grades under two 

distribution types 

Safety 

grade 

Safety factor Fs  Support force σT/kPa 
Relative 

error Δ/% Normal 
distribution 

Lognormal 
distribution 

 
Normal 

distribution 
Lognormal 
distribution 

3 3.0 2.7  57.4 51.7 10 

2 3.5 3.1  67.0 59.3 11 

1 4.2 3.5  80.3 67.0 17 

Note: Relative error Δ=|σT(normal distribution)-

σT(lognormal distribution)|/σT(normal distribution) 
 

 

random variable on the reliability of the pressurized tunnel 

faces, the statistical characteristics of four sets of random 

variables are assumed, which is shown in Table 8. As shown 

in Fig. 7, the failure probability Pf of pressurized tunnel 

faces increases and the reliability index β decreases in 

different degrees with the increase of the variation  

  
(a) (b) 

Fig. 7 Influence of variation coefficients of random variables on the reliability: (a) Failure probability and (b) Reliability 

index 

  
(a) (b) 

Fig. 8 Reliability of pressurized tunnel faces under two distribution types: (a) Failure probability and (b) Reliability index 
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Fig. 9 Comparison of sensitivity coefficient under three 

safety grades 

 

 
Fig. 10 Variation rule of absolute value of sensitivity 

coefficients with support pressure 

 

Table 11 Statistical characteristics of random variables 

Random 

variable 

Mean 

value 

Standard 

deviation 

Variation 

coefficient 

Distribution 

type 

γ/kN/m3 18 0.9 5% Normal 

c/kPa 10 2 20% Normal 

φ/° 20 2 10% Normal 

σT/kPa - - 15% Normal 

 

Table 12 Sensitivity coefficient of random variables 

 σT/kPa αγ αc αφ ασT 

Safety grade 3 57.4 0.22 -0.49 -0.52 -0.66 

Safety grade 2 67.0 0.21 -0.46 -0.51 -0.70 

Safety grade 1 80.4 0.19 -0.42 -0.47 -0.75 

 

 

coefficient Cov in the corresponding range of variation. 

Compared with cohesion c and soil weight γ, the effect of 

internal friction angle φ and support pressure σT is more 

significant. It shows that the dispersion degree of internal 

friction angle φ and support pressure σT have great 

influence on the reliability. The influence of the cohesion c 

and the soil weight σT is relatively small. 

 

5.1.3 Impact of distribution types 
Soil parameters and loads are generally subject to 

normal distribution or logarithmic normal distribution 

(Mollon et al. 2013). Assuming that the statistical 

characteristics of a random variable are shown in Table 9,  

Table 13 Statistical characteristics of random variables 

Random 

variable 

Mean 

value 

Standard 

deviation 

Variation 

coefficient 

Distribution 

type 

γ/kN/m3 18 0.9 5% Normal 

c/kPa 10 2 20% Normal 

φ/° 20 2 10% Normal 

σT/kPa - - 15% Normal 

 

 

the diameter of tunnel faces is D=10 m. The reliability of 

pressurized tunnel faces based on two distribution types is 

shown in Fig. 8. When the support pressure σT≤40 kPa, the 

two curves basically coincide. While the two curves 

gradually separate and the error is getting bigger and bigger 

with the increase of the support pressure σT. Generally, the 

reliability based on normal distribution is small. The 

reliability based on the logarithmic normal distribution is 

large. As can be found from Table 10, the relative errors of 

the results based on the two distribution types are 10%, 

11%, 17% respectively under satisfying three safety grades. 

Thus, the distribution types of soil parameters and loads 

also have a great influence on the reliability of pressurized 

tunnel faces. 

 

5.1.4 Sensitivity 
Sensitivity characterizes the influence of random 

variables on reliability indexes. The importance of random 

variables to structural stability can be obtained by 

sensitivity analysis. The sensitivity coefficient of random 

variable Xi is 
iX . 

Table 11 shows the statistical characteristics of random 

variables. The sensitivity coefficients of each random 

variable are shown in Table 12. For ease of analysis, the 

data of Table 12 is plotted in Fig. 9 and 10. As can be found 

in Fig. 9, the sensitivity coefficient 
T

 , αφ and αc are 

negative, which has a positive effect on the reliability of 

pressurized tunnel faces. αγ is positive, it has a negative 

effect on the reliability of pressurized tunnel faces. As can 

be determined by Fig. 10, according to the absolute value of 

the sensitivity coefficient, the influence degree of random 

variables on the reliability is as follows: The support 

pressure σT is the largest, followed by the internal friction 

angle φ, then the cohesion c , the soil weight γ is the 

smallest. With the increase of support pressure σT, the 

absolute value of sensitivity coefficient 
T

  increases, 

 , c  and   decrease. It indicates that the influence 

of support pressure σT on reliability is increasing. The 

influence of internal friction angle φ, cohesion c and soil 

weight γ on the reliability of pressurized tunnel faces is 

decreasing. The increase effect of support pressure σT is 

more obvious, the reduction effect of cohesion c and 

internal friction angle φ is weaker, the soil weight degree γ 

is more stable, and the reduction effect is not obvious. 

 

5.1.5 Correlation impact of c and φ 
In the previous reliability analysis, it was assumed that 

the random variables were independent of each other. 

However, there may be some correlation between the soil  
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Table 14 Reliability comparison of pressurized tunnel faces 

under different correlation coefficients ρc,φ 

,c 
 

σT=57.4kPa  σT=67.0kPa  σT=80.4kPa 

Pf β Δ/%  Pf β Δ/%  Pf β Δ/% 

-0.7 3.9×10-5 3.95 20.8  6.6×10-6 4.36 17.2  9.3×10-7 4.77 13.0 

-0.6 5.9×10-5 3.85 17.7  9.8×10-6 4.27 14.8  1.3×10-6 4.70 11.4 

-0.5 9.0×10-5 3.75 14.7  1.5×10-5 4.18 12.4  1.9×10-6 4.63 9.7 

-0.4 1.3×10-4 3.65 11.6  2.2×10-5 4.09 9.9  2.7×10-6 4.55 7.8 

-0.3 2.0×10-4 3.55 8.6  3.3×10-5 3.99 7.3  3.9×10-6 4.47 5.9 

0 5.3×10-4 3.27 -  9.8×10-5 3.72 -  1.2×10-5 4.22 - 

Note: Relative error Δ= 0 0 0        

 

 

 

Table 15 Statistical characteristics of random variables 

Random 

variable 

Mean 

value 

Standard 

deviation 

Variation 

coefficient 

Distribution 

type 

γ/kN/m3 18 0.9 5% Normal 

c/kPa 10 2 20% Normal 

φ/° 20 2 10% Normal 

kh 0~0.5 0~0.75 15% Normal 

σT/kPa - - 15% Normal 

 

 

parameters. The soil shear strength indexes, cohesion and 

internal friction angle, are taken as examples, the influence 

of the correlation between them on the reliability of  

  
(a) (b) 

Fig. 11 Influence of correlation coefficient ,c  on the reliability of pressurized tunnel faces: (a) Failure probability and (b) 

Reliability index 

  
(a) (b) 

Fig. 12 The influence of kh on the reliability of pressurized tunnel faces: (a) Failure probability and (b) Reliability index 

  
(a) (b) 

Fig. 13 The influence of ζ on the reliability of pressurized tunnel faces: (a) Failure probability and (b) Reliability index 
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Table 16 Statistical characteristics of random variables 

Random 

variable 

Mean 

value 

Standard 

deviation 

Variation 

coefficient 

Distribution 

type 

γ/kN/m3 18 0.9 5% Normal 

c/kPa 10 2 20% Normal 

φ/° 20 2 10% Normal 

kh 0.25 0.0375 15% Normal 

ζ -1~1 0~0.15 15% Normal 

σT/kPa - - 15% Normal 

 

Table 17 Statistical characteristics of random variables 

Random 

variable 

Mean 

value 

Standard 

deviation 

Variation 

coefficient 

Distribution 

type 

γ/kN/m3 18 0.9 5% Normal 

c/kPa 10 2 20% Normal 

φ/° 20 2 10% Normal 

kh 0.25 0.0375 15% Normal 

kv 0.125 0.01875 15% Normal 

σT/kPa - - 15% Normal 

 

Table 18 Reliability comparison of pressurized tunnel faces 

under different correlation coefficients h v,k k  

h v,k k
 

σT=92.1kPa  σT=106.8kPa  σT=128.9kPa 

Pf β Δ/%  Pf β Δ/%  Pf β Δ/% 

-1.0 4.9×10-4 3.29 0.6  8.9×10-5 3.75 0.8  9.9×10-6 4.27 0.5 

-0.5 5.2×10-4 3.28 0.3  9.4×10-5 3.74 0.5  1.0×10-5 4.26 0.2 

0 5.4×10-4 3.27 -  9.8×10-5 3.72 -  1.1×10-5 4.25 - 

0.5 5.6×10-4 3.26 0.3  1.0×10-4 3.71 0.3  1.1×10-5 4.24 0.2 

1.0 5.9×10-4 3.24 0.9  1.1×10-4 3.70 0.5  1.2×10-5 4.23 0.5 

Note: Relative error Δ= 0 0 0        

 

 

pressurized tunnel faces is analyzed. According to the 

existing research results (Lü et al. 2011), there is a negative 

correlation between c and φ. The range of correlation 

coefficient ρc,φ 
is generally -0.7~-0.3. 

Assuming that the statistical characteristics of random 

variables are shown in Table 13, the results are presented in  

 

 

Fig. 11 and Table 14. It can be known from Fig. 11 and 

Table 14, the greater the negative correlation between c  

and φ, the smaller the failure probability of the tunnel faces, 

the greater the reliability index. Ignoring the negative 

correlation between them, the failure probability will 

become larger, the reliability index will become smaller. 

When the requirements of three different safety grades are 

met, that is, β= 3.2, 3.5, 4.2, the maximum relative error of 

failure probability is 20.8%, 17.2% and 13%, respectively. 

 

5.2 Effects of seismic force 
 
5.2.1 Influence of horizontal seismic force 
Table 15 shows the statistical characteristics of random 

variables only considering horizontal seismic loads. The 

results are shown in Fig. 12. With the support pressure σT 

increases, the failure probability Pf is decreasing by a 

concave curve, and the reliability index β is incremented by 

convex curve. With the increase of horizontal seismic 

acceleration coefficient kh, the failure probability Pf 

increases while the reliability index β decreases. If the 

influence of horizontal seismic load is ignored, that is, kh 

=0, the reliability index of pressurized tunnel faces will be 

overestimated. 
 

5.2.2 Influence of vertical seismic force 
Table 16 is the statistical characteristics of random 

variables considering the simultaneous action of horizontal 

seismic loads and vertical seismic loads. The results are 

shown in Fig. 13. With the increase of ratio coefficient ζ of 

vertical seismic acceleration, the failure probability Pf 

increases, the reliability index β decreases. If the influence 

of vertical seismic load is ignored, that is, ζ=0, the results 

will produce a large error. 

 
5.2.3 Influence of the correlation of kh and kv 
The statistical characteristics of random variables are 

shown in Table 17. Considering the correlation between 

horizontal seismic loads and vertical seismic loads, the 

results are shown in Fig. 14 and Table 18. From Table 18, 

under the action of 3 kinds of support pressure 92.1kPa, 

106.8kPa and 128.9kPa, if the correlation between 

horizontal and vertical seismic load is not taken into 

  
(a) (b) 

Fig. 14 The influence of correlation coefficient 
h v,k k on the reliability of pressurized tunnel faces: (a) Failure probability; 

(b) Reliability index 
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account, that is, 
h v, 0k k  , the reliability of pressurized 

tunnel faces is satisfied with 3 safety grades respectively. If 

the correlation is considered, that is, 
h v, 0k k  , as the 

correlation coefficient 
h v,k k  increases, the failure 

probability Pf linearly increases, the reliability index β 

linearly decreases, but the effect is not obvious (shown in 

Fig. 14). Compared with 
h v, 0k k  , the maximum relative 

errors of reliability indexes are 0.9%, 0.8% and 0.5%, 

respectively. Thus, the correlation between horizontal and 

vertical seismic load has little effect on the reliability index 

of pressurized tunnel faces. The negative correlation 

slightly improves the reliability index; the positive 

correlation slightly reduces the reliability index. It can be 

assumed that the horizontal seismic load and the vertical 

seismic load are independent of each other and ignoring the 

influence of its correlation under the condition that the 

accuracy requirement is not high. 
 

 

6. Conclusions 
 

• The reliability of pressurized tunnel faces was solved 

by the response surfaces method (RSM) and Monte Carlo 

method (MCM) respectively. The results of MCM are 

closely related to the sample capacity n. When the sample 

capacity is n=1×106, the results obtained based on MCM 

are basically consistent with these obtained by RSM. The 

feasibility of the response surfaces method is verified. 

When the accuracy is satisfied, the RSM only takes 0.086 

hour, while MCM (n=1×106) takes 9.70 hours. So the RSM 

is more superior. 

• The statistical characteristics, such as support pressure 

and soil parameters, variation coefficients and the 

distribution type, have great influence on the reliability of 

pressurized tunnel faces. Sensitivity analysis shows that the 

random variables affecting the reliability of faces are in 

turn: support pressure σT, internal friction angle φ, cohesion 

c, and soil weight γ. In addition, there is a negative 

correlation between soil cohesion c and internal friction 

angle φ. And the relationship significantly affects the 

reliability of pressurized tunnel faces. The reliability will be 

underestimated if ignored the negative correlation, and the 

maximum relative error of reliability are 20.8%, 17.2% and 

13% under 3 safety grades. 

• The reliability of faces decreases significantly when 

the horizontal or vertical seismic force increases. While the 

correlation between horizontal and vertical seismic forces 

has little effect on the reliability of tunnel faces, and the 

correlation between them can be ignored when the accuracy 

is not high. 
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