
Introduction

With the rapid development of infrastructure in 
China since the start of this century, a great number 
of highway and railway tunnels have been constructed 
or planned, especially in the mountainous regions of 
southwest China [1-3]. However, due to complex terrain 
and geological conditions, lack of basic information and 

lag in construction technology, collapse is one of the 
most frequent and harmful geological hazards during 
the construction of a tunnel [4]. Furthermore, since it 
is difficult to predict a collapse, which is sudden and 
instantaneous, the constructors do not have time to 
escape. Once the collapse hazard occurs, it may cause 
serious economic losses and even human casualties  
[2-6]. 

Tunnel collapse is a rather complex problem 
because it is strongly affected by random variability, 
including mechanical properties of the rock in situ, 
rock and water coupling effect and excavation-induced 
disturbance and so on [2, 7, 8]. Therefore, the stability 
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analysis of tunnel collapse is a hot issue, and has been 
paid extensive attention by several researchers. Most 
research has mainly focused on the failure mode of 
collapse [9], the stability coefficient [10], deformation 
prediction [11] and calculation of support pressure 
[12] using experimental, analytical and numerical 
approaches [13-16]. Risk assessment for collapse hazard 
has played an important role in the study of tunnel 
excavation. Shin et al. [17] proposed the KICT tunnel 
collapse hazard index (KTH-Index) based on a neural 
network for assessing the hazard level of collapse at a 
tunnel face. Based on Bayesian Networks, Sousa and 
Einstein [18, 19] presented a methodology combining  
a geologicak prediction model and construction  
decision model to predict geology before construction. 
Nezarat et al. [3, 20] developed the multi-criteria 
decision-making (MCDM) techniques based on fuzzy 
analytical hierarchy process (FAHP) to determine 
ranking of risks in tunnel construction. Cao et al. 
[21] proposed a two-stage evaluation index system 
and set a pair analysis method of collapse risk during 
construction. Yuan et al. [22] analyzed risk factors of 
collapse and established a catastrophic theory model 
for risk assessment of tunnel collapse. Zhang and Wu 
et al. [23, 24] presents a systemic Bayesian network-
based (BN) approach for dynamic risk analysis of 
adjacent buildings in tunneling environments. Chen et 
al. [25] established a risk evaluation model of mountain 
tunnel collapse based on rough set and conditional 
information entropy that can extract the main 
influencing factors from redundant factors. Lu et al. 
[26] proposed a specific targeted assessment evaluation 
for multilayer geologies suitability based on fuzzy 
set analytic hierarchy process and TOPSIS (FAHP-
TOPSIS). In addition, there were the attribute evaluation 
model [27], cloud model [28], fault-tree method [29], 
extension theory [30], efficacy coefficient method [31] 
and GIS [32].

However, the existing assessment methods are static 
and the mathematical model has some shortcomings, 
such as the fuzzy model having fuzziness, which easily 
leads to information loss. The results with low accuracy 
and serious lag are mainly based on manual calculation, 
which cannot really guide tunnel construction. 
Therefore, a new attribute interval assessment model 
has been presented, where the measured value of each 
evaluation index is an interval rather than a certain 
value, and the integration method was used to compute 
single index attribute measure value. According to 
different collapse risks in different periods of tunnel 
construction, a dynamic risk assessment method  
based on the new attribute interval model was 
established, including pre-assessment model before 
excavation and post-assessment model after excavation. 
The proposed method was applied to the right 
Duanjiawu Tunnel from Yichang City to Badong 
County expressway.

Material and Methods

Dynamic Risk Assessment Method Based on 
Attribute Interval Theory

The whole life of a tunnel engineering project is 
divided into feasibility study stage, exploration and 
design stage, construction stage and service stage, 
while the collapse hazard is mainly concentrated 
in the construction stage. However, the collapse 
risk is different in different periods of construction 
stage, and the cognition of hydrogeology, geology, 
monitoring and other information in the different 
periods of construction stages is different. Therefore, 
a dynamic risk assessment method for collapse during 
tunnel construction is established, which includes pre-
assessment and post-assessment models. Pre-assessment 
is carried out before excavation in order to guide the 
construction method in the mountain tunnels. And post-
assessment is conducted after excavation to guide the 
construction of the supporting structure.

The Assessment Index System for Collapse

According to statistical analysis of many typical 
collapse cases, the factors affecting collapse hazard are 
summarized as geological factors, investigation and 
design factors and construction factors. Although the 
assessment section of a tunnel at the pre-assessment 
stage has not been excavated, three types of factors are 
comprehensively considered for the risk pre-assessment 
of collapse in the mountain tunnels. Therefore, 
surrounding rock level I1, rock mass integrity I2, tunnel 
depth I3, bias angle I4, groundwater I5, and construction 
factors I6 are selected as the risk assessment index 
system of collapse in mountain tunnels.

(1) Surrounding rock level I1.
The study shows that the occurrence probability of 

collapse is closely related to surrounding rock level. The 
lower the level, the higher the probability of collapse, 
and vice versa. This is because the surrounding rock 
level reflects rock mass strength. The higher the level 
of surrounding rock, the greater its strength and the less 
likely it is to cause failure. Generally, the longitudinal 
velocity Vp of seismic wave obtained by advance 
geological forecast is used to quantify and judge the 

Table 1. Grade standard of longitudinal wave velocity [27].

Level Surrounding rock level Vp/ km/s

R1 I, II Vp>4.5

R2 III 3.5≤Vp≤4.5

R3 IV 2.5≤Vp≤3.5

R4 V 1.5≤Vp≤2.5

R5 VI Vp<1.5
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surrounding rock level [22, 27]. The grade standard of 
I1 is shown in Table 1.

(2) Rock mass integrity I2.
According to the statistics of s large amount of 

collapse cases, the number of collapse in the scattered 
and cataclastic rock mass structure accounts for 94% 
of the total number of collapse, as shown in Fig. 1 
[33]. Rock mass integrity can affect the self-stability 
of tunnel surrounding rock. The poorer the rock mass 
integrity, the weaker the self-stability. The integrity 
coefficient of rock mass Kv, which could better reflect 
the structure type and integrity of rock mass, developed 
a degree and nature of structure plane selected to 
quantify index I2. The equation is as follows:

2

2
pm

v
pr

V
K

V
=

                           (1)

…where Vpm is elastic longitudinal velocity of rock 
mass, which is determined by seismic wave instrument 
in the advance geological exploration; and Vpr is elastic 
longitudinal velocity of indoor rock, which is tested by 
sonic parameter measuring apparatus. According to the 

standard for engineering classification of rock mass and 
previous research results [27, 34], the grade standard of 
rock mass integrity is shown in Table 2.

(3) Tunnel depth I3.
As one of the investigation and design factors, 

tunnel depth I3 is a main factor affecting tunnel collapse 
hazard. According to the relationship between tunnel 
depth and the number of collapses [3], it is shown 
that the smaller the tunnel depth, the more likely the 
collapse is to occur. There are mainly two reasons: 
First, when the depth is relatively small, it is difficult to 
form a pressure arch at the top of tunnel [8], meaning 
that the tunnel structure cannot bear the weight of 
overlaying rock, and stress redistribution can only be 
carried out by load release. Second, the rock weathering 
degree around the deep buried tunnel is weak. The rock 
mass is hard and its integrity is good, which indirectly 
affects the occurrence of collapse. The grade standard 
of tunnel depth is shown in Table 3.

(4) Bias angle I4.
Bias angle is an important factor affecting tunnel 

collapse hazard. The bias caused by topographical 
asymmetry often makes supporting structure uneven 
loading, which will lead to a serious collapse hazard. 
The bias mainly appears in the shallow-buried section 
of deep-buried long tunnels and shallow-buried tunnels 
– especially in the shallow-buried section of a tunnel 
entrance. The bias is quantified by bias angle, and the 
grade standard is shown in Table 4.

(5) Groundwater I5.
Groundwater is one of the most influential factors 

regarding tunnel collapse [9, 22]. According to practical 
data and construction experience, the occurrence 
of collapse is more or less related to groundwater. 
The mechanism of groundwater on rock mass can 

Fig. 1. Collapse statistics of different rock mass structure types.

Table 2. Grade standard of rock mass integrity [27].

Level Integrity degree Kv

R1 Integrated >0.75

R2 Relatively integrated 0.55~0.75

R3 Broken 0.35~0.55

R4 Relatively broken 0.15~0.35

R5 Extreme broken <0.15

Table 3. Grade standard of tunnel depth.

Level Tunnel depth H/m

R1 >60

R2 40~60

R3 20~40

R4 10~20

R5 0~10

Table 4. Grade division of bias angle I4.

Level Bias angle α/°

R1 0~10

R2 10~20

R3 20~30

R4 30~40

R5 >40
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be summarized as: (a) physical action. The action of 
groundwater on rock mass can be summarized as: Under 
the effect of water immersion, softening and lubrication, 
the cementing force among mineral particles of rock is 
weakened and rock strength is reduced. Besides, the 
fillers of structural planes are softened into mud, which 
leads to the decrease of cohesion force and friction force 
between the structure planes. (b) chemical action. When 
some acid gas is dissolved in the groundwater, the 
groundwater is acidic, which will corrode the soluble 
rock and increase its porosity and permeability. (c) 
mechanical action. The pore water pressure generated 
by groundwater seepage not only increases the load of 
tunnel structure, but also reduces the effective stress 
of rock mass. Therefore, the groundwater should be 
considered into the risk assessment index system for 
tunnel collapse, and its grade standard is shown in 
Table 5.

(6) Construction management and technology I6.
Construction management and technology is a direct 

factor inducing tunnel collapse hazard. In the process 
of tunnel construction, if the construction method is 
unreasonable, the support structure is not applied in 
time or its strength is not enough, the drainage system 
is imperfect, the monitoring measurement and advance 
geological forecast are not standardized and so on, and 
collapse will occur. These causes belong to construction 
management and technology. Therefore, considering 

these causes comprehensively, the grade division of this 
index is conducted as shown in Table 6.

Attribute Synthetic Assessment Model

The traditional attribute assessment model is only 
applied to cases where the evaluation index is a certain 
value. In fact, the surrounding rock in underground 
engineering possesses fuzziness and variability. The 
measured value of evaluation index is an interval rather 
than a fixed value. Therefore, a new attribute interval 
assessment model is proposed. The area enclosed by the 
upper and lower limits of the interval, and single index 
attribute measure equation is taken as the attribute 
measure value of single index.

Suppose that assessment object space X = {xi} 
(i = 1,2,…, n), where every assessment object xi has 
m evaluation indices Ij ( j = 1,2,…, m). The measured 
interval  of index Ij is represented by [tj

-, tj
+]. 

The arbitrary value tj∈[tj
-, tj

+] has k risk levels 
Rk (k = 1,2,…, K). The membership degree of value tj 
belonging to risk levels Rk is expressed by single index 
attribute measure uijk. The comprehensive membership 
degree of evaluation object xi belonging to risk levels Rk 
is expressed by synthetic attribute measure uik.

                    (1)

                  (2)

(1) Single index attribute measure analysis.
The single index attribute measure function is 

constructed to compute the single index attribute 
measure uijk, which reflects the membership degree of 
measured value tj of evaluation index Ij belonging to 
Rk (k = 1,2,…, K). The attribute measure function is 
established in the form of the data in Table 7.

1

2
ijk ijk

ijk

a a
b − +

=
                     (3)

{ }1min ,ijk ijk ijk ijk ijkd b a b a+= − −
       (4)

…where k = 1, 2,…, K in Equation (3); k = 1, 2,…, K-1 
in Equation (4).

Table 6. Grade standard of construction management and 
technology I6.

Table 5. Grade division of groundwater [27].

Level Detailed description Value

R1
Undeveloped, and the surrounding rock 

is dry 0~0.2

R2
Less developed, and the surrounding rock 

is damp 0.2~0.4

R3
Weakly developed, and there is a small 

amount of fissure water 0.4~0.6

R4 Relatively developed 0.6~0.8

R5 The groundwater is developed 0.8~1.0

Level Qualitative description

R1
The reputation, experience and technical force of 

unit are excellent

R2
The reputation, experience and technical force of 

unit are good

R3
The reputation, experience and technical force of 

unit are average

R4
The reputation, experience and technical force of 

unit are bad

R5
The reputation, experience and technical force of 

unit are extreme bad

Table 7. Level subdivision of single index.

Index
Risk level

R1 R2 … RK

I1 a10~a11 a11~a12 … a1(k-1)~a1k

I2 a20~a21 a21~a22 … a2(k-1)~a2k

… … … … …

Im am0~am1 am1~am2 … am(k-1)~amk
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When aj0<aj1<...< ajK, single index attribute measure 
function μijk(t):

1 1

1 1
1 1 1 1 1

1

1 1

1
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ij j j j j j

j

j j j
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When aj0>aj1>...>ajK, single index attribute measure 
function μijk(t):
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…where i = 1, 2, ..., n; j = 1, 2, ..., m; k = 1, 2, ..., K.
The integration method is used to solve the attribute 

measure value of index Ij belonging to risk level 
Rk (k = 1, 2, …, K). The single index attribute 
interval measure function Sijk(t) is established. Take 
aj0<aj1<...< ajK as an example. The equations are as 
follows:

         (11)

     (12)

    (13)

…where tj
- and tj

+ are the low and upper value of 
measured interval of index Ij respectively.

(2) Multiple index synthetic attribute measure 
analysis.

The multiple-index synthetic attribute measure 
function is as follows:

                       (14)

                     (15)

…where ωj is the weight of index Ij, s.t. 0≤ωj≤1 and 

1
1

m

j
j

ω
=

=∑
.

(3) Attribute recognition analysis.
Let an ordered set R = {R1, R2, …, RK}, and the 

confidence degree λ∈(0.5,1], which is usually taken as 
0.6~0.7.

When R1>R2>…>RK:

0 max : ,1
K

k
k l

k l u l Kλ
=

 = ≥ ≤ ≤ 
 

∑
       (16)

When R1<R2<…<RK:

0
1

min : ,1
l

k
k

k l u l Kλ
=

 = ≥ ≤ ≤ 
 

∑
     (17)

…where xi belongs to risk level Rk0.
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Dynamic Risk Assessment Method 
for Collapse

The risk of tunnel collapse varies between different 
periods of construction. Therefore, the fine dynamic 
risk assessment method is established, which includes 
pre-assessment and post-assessment models. The flow 
chart of this method is shown in Fig. 2.

(1) The pre-assessment model.
The purpose of establishing the risk pre-assessment 

model is to determine the potential collapse of an 
unexcavated section of mountain tunnel in advance, 
which can provide the evidence for selecting a 
reasonable construction method and construction 
scheme. Therefore, the risk pre-assessment for collapse 
in mountain tunnels is carried out before excavation. 

The values of 6 evaluation indices are determined 
according to geological investigation data, geological 
sketch of tunnel face, geophysical prospecting data and 
horizontal geology drilling data. When the risk level of 
collapse is unacceptable, the construction method and 
scheme are improved in order to avoid the occurrence 
of collapse in the process of excavation.

(2) The post-assessment model.
Compared to the pre-assessment model, the 

post-assessment for collapse in mountain tunnels is 
conducted after the surrounding rock is excavated and 
before the support structure is applied. The purpose is 
to provide evidence for adjusting the support structure. 
On the basis of the pre-assessment model, the values 
of 6 evaluation indices are modified according to the 
exposed geological conditions. When the risk level 

Fig. 2. Flow chart of dynamic risk assessment method for tunnel collapse.

Table 8. Standard of risk acceptance for collapse.

Level Comment Acceptance criterion Control decision

R1 No risk Disregardful Normal construction

R2 Low risk Negligible Normal construction

R3 Medium risk Acceptable Normal construction and strengthening monitoring

R4 High risk Unacceptable Cease work and starting early warning. Some measures should be taken 
to avoid the risks

R5 Very high risk Non-acceptance Cease work, high attention and starting early warning. The specialist consultation 
should be employed to develop some control measures for avoiding risks
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of collapse is unacceptable, the support structure is 
strengthened.

(3) Risk acceptance criterion.
According to the fatalness, the collapse hazard in the 

tunnels is divided into R1 = {No risk}, R2 = {Low risk}, 
R3 = {Medium risk}, R4 = {High risk}, and R5 = {Very 
high risk}[35]. In order to control the unacceptable risks 
within acceptable levels, the risk acceptable criterion 
has been developed to reduce the possibility of collapse 
in the mountain tunnels, as shown in Table 8.

Combination Weighting Method

The influence of different factors on collapse 
hazard in the mountain tunnels is different. Therefore, 
the effective weighting method is very important to 
accurately evaluate the fatalness of tunnel collapse. A 
combination weighting method is proposed based on 
subjective weight and objective weight. The former is 
determined by frequency statistic method, and the latter 
is determined by analytic hierarchy process (AHP).

                    (18)

1 2j jo jsw k w k w= +
                    (19)

…where wjo and wjs is the objective weight and subjective 
weight of evaluation index Ij respectively, and k1 and k2 
are weight distribution.

(1) Frequency statistic method.
The frequency statistic method is an objective 

weighting method that can make good use of the 
information of historical data and avoid the deviation 
caused by human factors. In this paper, 300 cases of 
tunnel collapse were collected, including 208 cases 
of highway tunnels, 78 cases of railway tunnels and  
14 cases of subway tunnels [36]. Through detailed 
analysis of the causing disaster factor, the objective 
weights of 6 evaluation indices are calculated based on 
the frequency statistic method.

Wo = (w1o, w2o, w3o, w4o, w5o, w6o) 
= (0.298, 0.197, 0.088, 0.155, 0.200,0.104)

(2) Analytic hierarchy process (AHP).
The AHP method is a subjective weighting method 

that can integrate the knowledge and experience of 
experts, and the intension and preference of decision-
makers. Based on the 1~9 scale method proposed by 
Saaty et al. (Table 9), the judgement matrix can be 
constructed by pair-wise comparison judgments of 
evaluation indices of the same level, which is denoted 
as M = (mij)n×n (n is the number of risk factors). The mij 
is the importance degree of Ii compared with Ij to the 
evaluation object.

Assuming that the weight vector W = (w1, w2,…, 
wn), wi (i = 1, 2, …, n) can be obtained by the following 
equations:

1

i
i n

i
i

ww
w

=

=
∑

                        (20)

...
          (21)

…where iw  is geometric average value of ith index.
The consistency test between the simulation and 

practical test results is carried out by the following 
equations:

max
1

( )1 n
i

i i

B W
n w

λ
=

⋅= ∑
                 (22)

…where λmax is the maximum eigenvalue of the 
eigenvector.

max

1
nCI

n
λ −=

− , 
CICR
RI

=
               (23)

…where CI is the consistency index and RI is the mean 
random consistency index, which takes its value from 
Wang [39]. CR is the coincidence coefficient. When 
CI and CR are less than 0.1, the constructed judgment 
matrix is scientific.

Table 9. Scale of preference between two elements in AHP [37, 38].

Scales(mij) Degree of preference Explanation

1 Equally important Two elements contribute equally to the objective

3 Moderately important Experience and judgement slightly to moderately favor one element over another

5 Strongly important Experience and judgement strongly or essentially favor one element over another

7 Very strongly important An element is strongly favored over another and its dominance is showed in practice

9 Extremely important The evidence of favoring an element over another is of the highest degree possible of an 
affirmation

2, 4, 6, 8 Intermediate values Used to represent compromises between the preferences in weights 1, 3, 5, 7 and 9

Reciprocal Opposites Used for inverse comparison
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Results and Discussion

Engineering Background

Duanjiawu Tunnel is a separated tunnel of the 
expressway from Yichang City to Badong County 
in Hubei Province, which is located in the Yanduhe 
town in Badong County. The lengths of the left and 
right tunnels are 3315 m with ZK168 + 165~ZK171 
+ 480, and 3260 m with YK168 +1 80~YK171 + 440 
respectively. The nearest net distance between the left 
and right tunnels is 23 m, and the headroom area of 
the tunnel is 10.25 m×5.0 m. Duanjiawu Tunnel has the 
following hydrological and geological characteristics:

(1) Maximum depth of the tunnel is about 120 m, 
and its minimum depth is about 20 m. The buried depth 
is shallow.

(2) The formation lithology is argillaceous 
siltstone, silty mudstone and marl intercalated with 
limestone, which are seriously weathered. The grades 
of surrounding rock are mainly V and IV. The strength 
and integrity of rock mass is poor.

(3) The tunnel site is subordinate to the northern 
edge area of Zigui depression, which is a monoclinal 
structure. The fold structures are open and widely 
developed.

(4) The tunnel area is middle-low mountain area of 
tectonic erosion and denudation. According to design 
data and measurements, there is a small reservoir in 
the surface of the tunnel section YK168 + 720~YK168  
+ 910. The length, average width and maximum 
depth of the reservoir is about 150 m, 45 m and  
10 m respectively. The common water storage is 
40000 m3, and it will change according to rainfall. 

Fig. 3. Positional relationship between reservoir and right Duanjiawu Tunnel [40].

Table 10. Value assignment for evaluation indices.

Stake number Geological condition I1(km/s) I2 I3(m) I4(°) I5 I6

YK168 
+ 720~910

Pre-assessment
Medium weathered argillaceous siltstone (soft 
rock), a small reservoir; groundwater closely 
related to surface water, linear-flow seepage

[2.72, 
3.29]

[0.31, 
0.35]

[37, 
50]

[45, 
58]

[0.7, 
0.8] II

Post-assessment Rock mass reinforced by advanced small pipe 
grouting

[3.41, 
3.74]

[0.71, 
0.73]

[37, 
50]

[45, 
58]

[0.3, 
0.4] II

YK169 
+ 212~222

Pre-assessment
Medium weathered argillaceous siltstone, broken 

rock mass; undeveloped groundwater with 
raindrop-like seepage. Surrounding rock level IV

[2.24, 
2.34]

[0.29, 
0.30]

[86, 
89]

[45, 
58]

[0.2, 
0.3] II

Post-assessment
The exposed surrounding rock is seriously 
intercalated with mud. The fissure water is 

developed.

[1.82, 
1.93]

[0.22, 
0.25]

[86, 
89]

[45, 
58]

[0.4, 
0.5] II

YK170 
+ 165~150

Pre-assessment

Medium weathered marl intercalated with 
limestone (soft rock), broken rock mass, 

occasional dissolution; undeveloped groundwa-
ter with raindrop-like seepage. Surrounding rock 

level IV

[1.94, 
2.14]

[0.23, 
0.27]

[86, 
89]

[35, 
40]

[0.2, 
0.3] II

Post-assessment

Exposed rock mass: intensely and moderately 
weathered marl (soft rock), developed joint 

fissure with seepage and filled mud, fragmental 
structure; extremely strong water yield property.

[1.84, 
1.99]

[0.20, 
0.23]

[86, 
89]

[35, 
40]

[0.6, 
0.7] II
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The reservoir is narrow and long along the axis trend 
of the tunnel, and directly above the top of the section  
YK168 + 720~YK168 + 910 at the entrance of 
Duanjiawu Tunnel. The position relationship between 
tunnel and reservoir is shown in Fig. 3. In addition, the 
depth of this section is about 37 m, and the surrounding 
rock is medium weathered argillaceous siltstone, which 
belongs to soft rock. The grade of surrounding rock  
is V.

Therefore, Duanjiawu Tunnel is a high-risk tunnel. 
The self-stability of surrounding rock is poor, and the 
arch can easily collapse without support.

Dynamic Risk Assessment for Collapse

(1) Value assignment for evaluation indices.
In the pre-assessment stage, the values of 

surrounding rock level I1, rock mass integrity I2, tunnel 
depth I3, and bias angle I4 were quantified according 
to the longitudinal velocity obtained by tunnel 
seismic prediction (TSP), acoustic logging result, the 
difference between design vault and ground elevation, 
and geological sketch of working face respectively; 
groundwater I5 was quantified according to hydrological 
data obtained by comprehensive advanced geological 

Table 11. Dynamic risk assessment results of collapse.

Sample
Synthetic attribute measure value

Collapse risk
R1 R2 R3 R4 R5

YK168 
+ 720~910

Pre-assessment 0 0.171 0.331 0.251 0.249 R4

Post-assessment 0.064 0.610 0.274 0.110 0.127 R2

YK169 
+ 212~222

Pre-assessment 0.135 0.284 0.120 0.336 0.127 R4

Post-assessment 0.074 0.162 0.183 0.290 0.293 R5

YK170 
+ 165~150

Pre-assessment 0.196 0.223 0.018 0.530 0.034 R4

Post-assessment 0.074 0.101 0.061 0.698 0.068 R4

Fig. 4. Single index attribute measure function of evaluation indices: a) Surrounding rock level I1, b) Rock mass integrity I2, c) Tunnel 
depth I3, d) Bias angle I4, e) Groundwater I5.
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forecasting, including the electromagnetic method, 
electric method and horizontal drilling; the construction 
factor I6 was determined based on construction 
performance of previous working circulation. In the 
post-assessment stage, the values of surrounding 
rock level I1, rock mass integrity I2, bias angle I4, and 
groundwater I5 were modified based on excavated 
geological conditions; the value of tunnel depth I3 was 
obtained according to the difference between the actual 
vault and ground elevation; construction factor I6 was 
determined according to the construction performance 
of this working circulation. Due to limited space, the 
high-risk sections of right Duanjiawu Tunnel were 
selected to verify that this method is scientific and 
feasible (Table 10).

(2) Combination weight.
The objective weight vector was as follows:

Wo = (w1o, w2o, w3o, w4o, w5o, w6o) 
= (0.256, 0.197, 0.088, 0.155, 0.200,0.104)

The subjective weight vector was obtained based on 
analytic hierarchy process (AHP). First, according to 
the specific geological conditions of tunnels and expert 
experience, the relative importance degree of evaluation 
indices was analyzed, and the judgement matrix was 
constructed by 1~9 scale method:

1 2 4 3 1 3
1/ 2 1 3 2 1/ 2 2
1/ 4 1/ 3 1 1/ 2 1/ 4 1/ 2
1/ 3 1/ 2 2 1 1/ 3 1

1 2 4 3 1 3
1/ 3 1/ 2 2 1 1/ 3 1

M

 
 
 
 

=  
 
 
 
 

Ws = (w1s, w2s, w3s, w4s, w5s, w6s) 
= (0.288, 0.170, 0.059, 0.098, 0.288, 0.098)

Where the CI and CR<0.1, the matrix meets 
consistency check. The weight distribution are k1 = 0.5 
and k2 = 0.5. The combination weight vector was as 
follows:

W = (0.272, 0.184, 0.074, 0.127, 0.244, 0.101)

(3) Assessment results.
Since the single index attribute interval measure 

value is equal to the area enclosed by the upper and 
lower limits of the interval and single index attribute 
measure function, the coordinate graph of the above 
function is given first as shown in Fig. 4. Then, 
according to the upper and lower limits and equations 
(11)~(13), the attribute interval measure value of Ij 
( j = 1, 2,…, 6) can be determined. The dynamic risk 
assessment results of the collapse of Duanjiawu right 
tunnel are shown in Table 11.

Excavation Verification

According to assessment results and the close 
hydraulic relationships between underground water and 
the reservoir, the collapse and water inrush were very 
prone to happen at YK168 + 720~YK168 + 910. A lot 
of treatment measures were used, such as advanced 
small pipe grouting before construction, the three-
bench seven-step excavation method and reserved core 
soil in the construction, and strengthening the initial 
support before construction. Therefore, the collapse 
didn’t occur in this section. When the right tunnel was 
constructed to face YK169+212, exposed surrounding 
rock was seriously intercalated with mud, and fissure 
water developed. Therefore, the collapse happened in 
the tunnel face (Fig. 5). On December 16, 2011, the 
collapse with 15m long and 1100m3 collapse amount 
happened at YK170+165~YK170+150. Nine people 
who were working in tunnel face YK170+080 were 
trapped. An almost conical ground collapse of diameter 
25m and depth 5m occurred. In addition, these results 
are consistent with those obtained by the dynamic 
evaluation model [40, 41].

Conclusions

(1) A new attribute interval assessment model is 
proposed, where the measured value of each evaluation 
index is an interval rather than a definite value. The 
single index attribute measure is equal to the area 
enclosed by upper and lower interval limits and 
single index attribute measure function. Therefore, 
the integration method is introduced to solve the 
single index attribute measure value. Finally, based on 
multiple index synthetic attribute measure analysis and 
attribute recognition analysis, the risk grade of collapse 
is determined.

(2) A dynamic risk assessment method for tunnel 
collapse is proposed based on new attribute interval 
model and combination weighting method, including 
pre-assessment before the excavation and post-

Fig. 5. Collapse situation of tunnel face YK169+212.
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assessment after the excavation and before the support. 
The surrounding rock level I1, rock mass integrity 
I2, tunnel depth I3, bias angle I4, groundwater I5, 
construction factors I6 are selected as evaluation index 
system and their grade standards are established.

 (3) The proposed methods were successfully applied 
to the dangerous section of right Duanjiawu Tunnel 
from Yichang City to Badong County expressway.  
The results showed good agreement with the results of 
other methods and actual excavation situations, which 
proved that the proposed method is scientific and 
practical. 

Acknowledgements

This work was supported by the National 
Science Fund for Excellent Young Scholars (No. 
51722904), the National Natural Science Foundation 
of China (No. 51679131), the Shandong Provincial 
Key Research and Development Program (Major 
Scientific and Technological Innovation Project) 
(No. 2019JZZY010601), the Science and Technology 
Research Program of Chongqing Municipal Education 
Commission (Grant No. KJ1712304) and the Yangtze 
Normal University Program (2016XJQN13).  

Conflict of Interest

The authors declare no conflict of interest. 

References

1. ZOU J.F., CHEN G.H., QIAN Z.H. Tunnel face stability in 
cohesion-frictional soils considering the soil arching effect 
by improved failure models. Computers and Geotechnics, 
106, 1, 2019.

2. HUANG F., ZHAO L.H., LING T.H., YANG X.L. Rock 
mass collapse mechanism of concealed karst cave beneath 
deep tunnel. International Journal of Rock Mechanics and 
Mining Sciences, 91, 133, 2017.

3. CHEN J.J., ZHOU F., YANG J.S., LIU B.C. Fuzzy analytic 
hierarchy process for risk evaluation of collapse during 
construction of mountain tunnel. Rock and soil mechanics, 
30 (8), 2365, 2009 [In Chinese].

4. SHI H.L., MA S.Z., JIA H.B. Research on tunnel collapse 
probability calculation method based on extensible 
comprehensive evaluation model. Safety and Environment 
Engineering, 22 (2), 154, 2015.

5. WANG Y.C., SHANG Y.Q., XU X.H., XIAO Y.H., YAN 
X.S. Time and space prediction of collapse of loose wall 
rock at tunnel exit. Chinese Journal of Geotechnical 
Engineering, 32 (12), 1868, 2010.

6. ZHANG C.P., HAN K.H., ZHANG D.L., LI H., CAI Y. 
Test study of collapse characteristics of tunnels in soft 
ground in urban areas. Chinese Journal of Rock Mechanics 
and Engineering, 33 (12), 2433, 2014 [In Chinese].

7. FRALDI M., GUARRACINO F. Evaluation of impending 
collapse in circular tunnels by analytical and numerical 

approaches. Tunnelling and Underground Space 
Technology, 26 (4), 507, 2011.

8. YANG X.L., HUANG F. Collapse mechanism of shallow 
tunnel based on nonlinear Hoek-Brown failure criterion. 
Tunnelling and Underground Space Technology, 26 (6), 
686, 2011.

9. SENENT S., JIMENEZ R. A tunnel face failure 
mechanism for layered ground, considering the possibility 
of partial collapse. Tunnelling and Underground Space 
Technology, 47, 182, 2015.

10. LI P.F., WANG F., ZHANG C.P., LI Z. Face stability 
analysis of a shallow tunnel in the saturated and 
multilayered soils in short-term condition. Computers and 
Geotechnics, 107, 25, 2019.

11. PATERNESI A., SCHWEIGER H.F., SCARPELLI G. 
Numerical analyses of stability and deformation behavior 
of reinforced and unreinforced tunnel faces. Computers 
and Geotechnics, 88, 256, 2017.

12. ZHANG C.P., HAN K.H., ZHANG D.L. Face stability 
analysis of shallow circular tunnels in cohesive-frictional 
soils. Tunnelling and Underground Space Technology, 50, 
345, 2015.

13. FRALDI M., GUARRACINO F. Evaluation of impending 
collapse in circular tunnels by analytical and numerical 
approaches. Tunnelling and Underground Space 
Technology, 26 (4), 507, 2011.

14. SORANZO E., TAMAGNINI R., WU W. Face stability 
of shallow tunnels in partially saturated soil: centrifuge 
testing and numerical analysis. Géotechnique, 65 (6), 454, 
2015.

15. IBRAHIM E., SOUBRA A.H., MOLLON G., RAPHAEL 
W., DIAS D., REDA A. Three-dimensional face stability 
analysis of pressurized tunnels driven in a multilayered 
purely frictional medium. Tunnelling and Underground 
Space Technology, 49, 18, 2015.

16. ZHAO L.H., LI D.J., LI L., YANG F., CHENG X., LUO 
W. Three-dimensional stability analysis of a longitudinally 
inclined shallow tunnel face. Computers and Geotechnics, 
87, 32, 2017.

17. SHIN H.S., KWON Y.C., JUNG Y.S., BAE G.J., KIM Y.G. 
Methodology for quantitative hazard assessment for tunnel 
collapses based on case histories in Korea. International 
Journal of Rock Mechanics and Mining Sciences, 46 (6), 
1072, 2009.

18. ESKESEN S.D., TENGBORG P., KAMPMANN 
J., VEICHERTS T.H. Guidelines for tunnelling risk 
management: International tunnelling association, 
working group No. 2. Tunnelling and Underground Space 
Technology, 19 (3), 217, 2004.

19. NEZARAT H., SERESHKI F., ATAEI M. Ranking of 
geological risks in mechanized tunneling by using Fuzzy 
Analytical Hierarchy Process (FAHP). Tunnelling and 
Underground Space Technology, 50, 358, 2015.

20. SOUSA R.L., EINSTEIN H.H. Risk analysis during tunnel 
construction using Bayesian Networks: Porto Metro case 
study. Tunnelling and Underground Space Technology, 27, 
86, 2012.

21. CAO W.G., ZHAI Y.C., WANG J.Y., ZHANG Y.J. Method 
of set pair analysis for collapse risk during construction of 
mountain tunnel. China Journal of Highway and Transport, 
25 (2), 90, 2012 [In Chinese].

22. YUAN Y.C., LI S.C., LI L.P., LEI T., WANG S., SUN B.L. 
Risk evaluation theory and method of collapse inmountain 
tunnel and its engineering applications. Journal of Central 
South University (Science and Technology), 47 (07), 2406, 
2016 [In Chinese].



Wang S., et al.3864

23. ZHANG L.M., WU X.G., QIN Y.W., SKIBNIEWSKI 
M.J., LIU W.L. Towards a Fuzzy Bayesian Network Based 
Approach for Safety Risk Analysis of Tunnel-Induced 
Pipeline Damage. Risk Analysis, 36 (2), 279, 2016.  [In 
Chinese].

24. WU X.G., JIANG Z., ZHANG L.M., SKIBNIEWSKI 
M.J., ZHONG J.B. Dynamic risk analysis for adjacent 
buildings in tunneling environments: a Bayesian network 
based approach. Stochastic environmental research and 
risk assessment, 29, 1447, 2015.

25. CHEN W., ZHANG G.H, WANG H.,CHEN L.B. Risk 
assessment of mountain tunnel collapse based on rough 
set and conditional information entropy. Rock and Soil 
Mechanics, 40 (09), 3549, 2019 [In Chinese].

26. LU Z.H., WU L., ZHUANG X.Y., Rabczuk T. Quantitative 
assessment of engineering geological suitability for 
multilayer Urban Underground Space. Tunnelling and 
Underground Space Technology, 59, 65, 2016.

27. LI S.C., SHI S.S., LI L.P., ZHOU Z.Q., GUO M., LEI 
T. Attribute recognition model and its application of 
mountain tunnel collapse risk assessment. Journal of Basic 
Science and Engineering, 21 (3), 147, 2013 [In Chinese].

28. ZHANG L.M., WU X.G., CHEN Q.Q, Skibniewski 
M.J., ZHONG J.B. Developing a cloud model based risk 
assessment methodology for tunnel induced damage to 
existing pipelines. Stochastic Environmental Research and 
Risk Assessment, 29, 513, 2015.

29. HYUN K.C., MIN S., CHOI H., PARK J., LEE I.M. 
Risk analysis using fault-tree analysis (FTA) and analytic 
hierarchy process (AHP) applicable to shield TBM tunnels. 
Tunnelling and Underground Space Technology, 49, 121, 
2015.

30. AN Y.L, PENG L.M., WU B., ZHANG F. Comprehensive 
extension assessment on tunnel collapse risk. Journal of 
Central South University (Science and Technology), 42 (2), 
514, 2011 [In Chinese].

31. WANG Y.C., SUN H.Y., SHANG Y.Q., ZHANG Y. 
Application of efficacy coefficient method to instability 
risk early-warning of tunnel surrounding rock. Chinese 

Journal of Rock Mechanics and Engineering, 29 (S2), 
3679, 2010 [In Chinese].

32. PInIńSkA J., DOmOnIk A., DzIEDzIc A., LukASIAk 
D. The methodology of a complex engineering-geological 
approach to establish a Geopark: case study of the 
małopolska Vistula River Gorge. Geological Quarterly, 59 
(1), 408, 2015.

33. WANG Y.C., LI Y.B., QIAO W., LI Y.L. Study on the 
Quantitative Evaluation of Influencing Factors of Tunnel 
Collapse Based on Analytic Hierarchy Process. Bulletin of 
Science and Technology, 32 (05), 180, 2016 [In Chinese].

34. GB/T 50218-2014, Standard for engineering classification 
of rock mass [In Chinese].

35. GIERCZAK M. The qualitative risk assessment of MINI, 
MIDI and MAXI horizontal directional drilling projects. 
Tunnelling and Underground Space Technology, 44, 148, 
2014.

36. LI F.Y. Risk prediction and control of tunnel collapse. 
Master’s Thesis, Central South University, China, 
Changsha, 2011 [In Chinese].

37. WANG Y.C., OLGUN C. G., WANG L.B., MENG B. 
Risk assessment of water inrush in karst tunnels based on 
the ideal point method. Polish Journal of Environmental 
Studies, 28 (2), 2019.

38. POURGHASEMI H.R., PRADHAN B., GOKCEOGLU C. 
Application of fuzzy logic and analytical hierarchy process 
(AHP) to landslide susceptibility mapping at Haraz 
watershed, Iran. Natural Hazards, 63, 9656, 2012.

39. WANG S. Regional Dynamic Risk Assessment and 
EarlyWarning of TunnelWater Inrush and Application. 
Master’s Thesis, Shandong University, Jinan, China, 2016  
[In Chinese].

40. ZHOU Z.Q., LI S.C., LI L.P., SUI B., SHI S.S., ZHANG 
Q.Q. Causes of geological hazards and risk control of 
collapse in shallow tunnels. Rock and Soil Mechanics, 34 
(5), 1375, 2013.

41. LI L.P., WANG Q.H., LI S.C., HUANG H.W., SHI S.S., 
WANG K., LEI T., CHEN D.Y. Cause Analysis of Soft and 
Hard Rock Tunnel Collapse and Information Management. 
Polish Journal of Environmental Studies, 23 (4), 122, 2014.


