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Abstract—Reliability analysis of bolt-shotcrete support 
system is essential for the stability control of the underground 
tunnels. This paper presented a new analytical method for the 
reliability analysis of bolt-shotcrete support system. 
Considering the difference of the stiffness of each support unit, 
the bolt-shotcrete support structure was divided into two 
composite structures, and the structural performance function 
was developed based on the deformation coordination and 
stress condition of the two composite structures. Due to the 
nonlinear implicit characteristics of the structural 
performance function, Rosenblueth method was adopted to 
solve the function and estimate the failure probability of bolt-
shotcrete system.  
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I. INTRODUCTION  

Over the last few decades, more and more Chinese coal 
mines (especially in the eastern region) are transferring their 
mining activities to deep coal. Currently, extraction depths of 
600m or more are becoming more common in China, and at 
least 20 coal mines have extended their extraction depths to 
1000m or more below the ground[1]. Due to the high in situ 
stresses and soft rock characteristics, a deep tunnel generally 
undergoes large dilation and bulk deformation for a long 
time after it is excavated, which pose a high risk of various 
disasters including roof collapse, rib spalling, etc., 
endangering workers and compromising the functionality of 
the gateroad[2, 3]. For this reason, various support pattern 
has been implemented in the deep tunnel, and bolt-shotcrete 
support is always the primary means for deep tunnel 
support[4]. However, a large number of field tests have 
shown that the failure behavior of bolt-shotcrete support 
structure occurred frequently in deep tunnels. In addition, 
due to the diversity and complexity of the geological and 
geotechnical conditions in deep, various influencing factors 
of bolt-shotcrete support system stability and its bearing 
capacity has nonnegligible uncertainties[5]. Therefore, 
reliability analysis of bolt-shotcrete support system is playing 
an increasingly important in the design of deep gateroad 
support. 

Many attempts have been made to perform a reliability 
analysis of bolt-shotcrete support system in the past. Zhang 
et al. developed a limit state equation for bolt- shotcrete 
support system via Kuper code and obtained corresponding 
reliability index and partial coefficient[6]. Yang et al. 
established a structural performance function of a concrete 
lining, and investigated the variability of the concrete lining 
deformation and thickness, and materials properties[7]. Bian 
et al. conducted a reliability analysis for a tunnel bolt- 
shotcrete support system using load-structure method[8]. 
Song et al. analyzed the statistic feature of the initial support 
performance and developed its reliability index[9]. In these 
works, a structural performance function was first developed 
via the simple superposition of the bearing capacity of each 
support units; then, the structural performance function was 
solved to obtain the reliability degree of the support system. 
However, after reviewing these studies, we found two major 
limitations: (1) Bolt-shotcrete support system is a 
combination system from the aspect of mechanics. The 
bearing capacity of this combination system depends on the 
stiffness of each composite unit, but every composite unit 
cannot achieve their limit bearing capacity at the same 
time[10]. Thus, it is unreasonable to evaluate the limit 
bearing capacity of the support system via the simple 
superposition of the limit bearing capacity of every 
composite unit. (2) The forms and complexity of the 
structural performance function have an important impact 
on the accuracy and efficiency of the reliability analysis. 
Due to the complexity of the geological condition of 
underground tunnels, the structural performance function is 
generally implicit or non-liner, resulting that it cannot be 
resolved by the analytic method based on the explicit 
function. Currently, the most commonly used analytical 
method are Monte Carlo Simulation(MCS) and 
Response surface method (RSM). MCS is based on the 
statistical sampling theory and has the advantage of high 
accuracy, but it suffers the limitations that it needs a large 
number of random samples and a longer operation time and 
a larger workload[11]. RSM is a semi analytical method 
based on the finite element, but its solution process requires 
a large amount of repeated iterative with low efficiency[12]. 
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Thus, a more effective and precious analytical method is 
required to provide more realistic results. 

In this paper, a structural performance function of bolt-
shotcrete support system, considering the 
deformation coordination of each support units, was first 
developed. Then, Rosenblueth method was introduced and 
used to solve the structural performance function in this 
study. Finally, taking the case of a shaft station from 
Xingdong coal mine, China, as an example, the validity of 
these analytical method was validated. The new analytical 
method presented in this study can be considered as a viable 
way for reliability analysis of underground tunnels. 

II. PERFORMANCE FUNCTION CONSTRUCTION 

Currently, bolt-shotcrete support is the most effective 
method of stability control of the underground tunnels. Bolt-
shotcrete support is composed of various support units 
including shotcrete, reinforcing meshes and bolts, as shown 
in Fig. 1. For bolt-shotcrete support system, there are several 
points should keep in mind[13]. (1) The stability of the 
tunnels not only depends on the support capacity of the 
shotcrete, reinforcing meshes and bolts, but also depends 
largely on their interaction and coordination. (2) The 
interaction between the surrounding rocks and the bolt-
shotcrete support system changes with the increasing of 
surrounding rocks deformation. This characteristic increases 
the uncertainty and multiplicity of support effect provided by 
the bolt-shotcrete system. (3) Local failure of the loading 
capacity system is common during the service process of the 
support system. However, the local failure doesn’t mean the 
failure of the whole system[14]. 

Bolt-shotcrete support system can be simplified to the 
mechanical model, as shown in Fig.2. The support resistance 
of the bolt-shotcrete support system is generated by the 
shotcrete, steel meshes, bolts system and the surrounding 
rocks in the anchorage zone, respectively. In previous studies, 
it was assumed that every composite unit (shotcrete, steel 
meshes, bolts and surrounding rock masses) can achieve 
their limit bearing capacity at the same time. And thus, the 
limit bearing capacity of support system can be obtained by 
(1): 

T S M B AP P P P +P                            (1) 

Where PT is the support resistance generated by the whole 

system, PS, PM, PB, and PA are the support resistance 

generated by shotcrete, reinforcing meshes, bolts and 

surrounding rock masses in the anchorage zone, respectively. 
Based on the theory of Pressure Bearing Arch in bolt-

shotcrete support system, the support resistance supplied by 
the bolt-shotcrete system PT should not be less than the 
minimum support resistance(Pmin) required to maintain the 
stability of the tunnels. Their interrelationship can be 
expressed as (2): 

T minP P＞                                                   (2) 

According to the theory of the shear-slip[15], the 
minimum support resistance Pmin can be given by (3): 

     min 0  maxP R - R
                         

(3) 

Where γ is unit weight of rock mass, R0 is the equivalent 
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Fig.1 Bolt-shotcrete reinforcement mechanism 
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Fig.2 Mechanical model of the bolt-shotcrete support system 

radius of the tunnel, and Rmax is the range of the fractured 
zone surrounding the tunnel. According to the 
theory of elastic-plastic deformation, the Rmax can be 
expressed by (4):
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Where c=c0+τbAb/et, φ= φ0; c0 and φ0 are the cohesion 
force and internal friction angle of the surrounding rocks in 
anchorage zone, τb and Ab are the shear strength and cross-
sectional area of the bolts, respectively; e and t are the row 
and line space of the bolts, respectively; P0 is the initial in 
situ stress. 

Substituting (4) into (3), the following equation can be 
given from (3): 

  

  

1 sin

2sin
0

0 0

min

1 sin cot

1 sin cot

-

min

c P
P R - R

c P



 
 

 

  
  

  

        (5) 

In this situation, the structural performance function of 
support system is given by (6): 

minT P-PZ                                                 (6) 

However, in fact, due to the difference of the stiffness of 
the shotcrete, reinforcing meshes, bolts system and 
surrounding rocks, they cannot achieve their limit bearing 
capacity at the same time. Thus, the mentioned construction 
method of the structural performance function based on the 
superposition theory is just a simplified method. In light of 
this limitation, a new construction method was developed in 
this study, which considers the deformation coordination of 
each support units.  
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Based on the fact that the shotcrete works together with 

the reinforcing meshes in the field, thus, they can be treated 

as a composite structure A. The stiffness of this structure is 

given by (7)[13]: 
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Where EC and μc are the elastic modulus and Poisson's 
ratio of the reinforcing meshes, d is the thickness of the 
shotcrete. Hence, the relationship between the maximum 
support resistance of the composite structure A and its 
ultimate deformation is given by (8): 

11 W S MP K u =P +P                          (8) 

Where p1 and u1 are the maximum support resistance and 
ultimate deformation of the composite structure A, 
respectively. 

Similarly, the bolts system and rock masses surrounding 
the tunnel can also be treated as a composite structure B. Its 
stiffness is given by (9)[13]: 

C

SW
S

Aletλ

EFπR
K 02



             (9)

 

Where ES is the elastic modulus of the bolts, l is the 
length of the bolts, λc is the empirical coefficient, A and FW 
are the space and area of the transverse steel bars in the 
reinforcing meshes, respectively. And thus, the maximum 
support resistance of the composite structure B is given by 
(10): 

22 S B AP K u =P +P                        (10) 

Where p2 and u2 are the maximum support resistance and 
ultimate deformation of the composite structure B, 
respectively. 

Due to the difference of the stiffness of the two 
composite structure A and B, the total support resistance of 
the bolt-shotcrete system is not the sum of support resistance 
generated by the two composite structures. In fact, the total 
support resistance changes with the deformation of the two 
composite structure. As follows: 

If the composite structure A reaches its ultimate 

deformation firstly, namely u1 ﹤  u2 , the total support 

resistance is given by (11): 

(1) ,T 1 s 1 1 2P =p K u u u u                      (11) 

If the composite structure B reaches its ultimate 

deformation firstly, namely u2 ﹤  u1 , the total support 

resistance is given by (12): 

(2)

2 2 1,T c 2P =p K u u u u                      (12) 

If the two composites structure don’t reach their ultimate 
deformation, the total support resistance is given by (13): 

(3)

2T c s 1P =K u K u                         (13) 

Thus, the structural performance function of support system 

is given by (14): 
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                 (14) 

As we can infer from (14) that this structural 
performance function is an implicit function; in addition, 
relevant physical and mechanical parameters of rock masses 
are associated with each other. Therefore, this structural 
performance function cannot be resolved by common 
analytical methods.  

III. THE BASIC PRINCIPLE OF ROSENBLUETH METHOD 

In this study, Rosenblueth Method was adopted to solve 
the structural performance function (14). In this method, it is 
not necessary to fit the approximate expression of the 
structural performance function and obtain the probability 
distribution of the various state variables. What we need to 
do is to choose two particular points on the limited state 
surface and determine their mean value and variance; then 
the first and second moments of the structural performance 
function are deduced. Finally, the reliability and failure 
probability of the support system are determined. Compared 
with other methods, such as MCS and RSM etc., it’s a more 
effective and precious analytical method, and the obtained 
calculation accuracy can meet the engineering requirement. 

Based on the analysis in section 3, the structural 
performance function can be described as follows: 

1 2 3 nZ f (x ,x ,x ,...,x )                       (15) 

Where xi（ i =1，2，3，...，n） is random variables 

standing for unit weigh, cohesion force, internal friction 
angle of rock mass, the thickness of the shotcrete, the line 
and row space of bolts, etc. 

In the case of the distribution function of random 
variables unknown, what we need to do is to select two value 

points symmetrically in the interval from xmin to，xmax. In 

general, for a specific variable xi1 with a mean value of μi1 
and a standard deviation of σi1, the following value points 
can be selected: 

1 1 1i i ix                                (16) 

1 1 1i i ix -                               (17) 

For n random variables, there are 2n value points and 
thus resulting 2n combinations. Correspondingly, there are 2n 

structural performance function. If we assume that n random 
variables are independent of each other, and the appeared 
probability of every combinations is equally, in this case, the 
mean estimation of Z is given by (18): 

2

1

1

2

n

z jn
j

μ Z


                            (18) 

If we assume that n random variables are interconnected 
to each other, and the appeared probability of every 
combinations is not equivalent, in this case, the probability 
values pj depends on the correlation coefficient ρ of various 
random variables. As follows: 
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Where ρn-1,n is the correlation coefficient between the 

variables xn-1 and xn ; if xi=xi1，ei=1; if xi=xi2，ei= -1. Thus, 

the mean estimation of Z is given by (20): 
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Based on the estimation of the central moment and 

original moment, the first and second moment of the random 
variable Z are given by (21) and (22): 
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Where M1 and M2 are the first and second moment of the 
variable moment. 

Thus, the corresponding reliability index β is given by 
(23): 

2

1

M

M
β=

                          (23) 
If the structural performance function is subjected to 

normal distribution, the failure probability is given by (24): 

)(1 -ΦPf 
                              (24) 
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IV.  CONCLUSION 

Reliability analysis of bolt-shotcrete support system is 
essential for the stability control of the underground tunnels. 
The aim of this study is to develop a new analytical method 
for the reliability analysis of bolt-shotcrete support system. 
By comparison with previous studies, this work contained 
the following original aspects. A new construction method 
of the structural performance function, considering the 
deformation coordination of each support units, was 
developed in this study. In this method, the bolt-shotcrete 
support structure was divided into two composite structures, 
and the structural performance function was developed 
based on the deformation coordination and stress condition 
of the two composite structures. Due to the nonlinear 
implicit characteristics of the structural performance 
function, Rosenblueth method was adopted to solve the 
function and estimate the failure probability of bolt-
shotcrete system. 
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