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Abstract

Rock burst is a dynamic process involving the sudden release of elastic energy accumulated in overstressed rocks and coal masses
during underground excavations, capable of causing a great number of fatalities, failure of supporting structures, and damage to
equipment. To minimize the risk, a fuzzy comprehensive assessment model was established to predict and evaluate rock burst in
underground caverns, and some indices were selected and analyzed. The result vectors and weight vectors were expressed by
interval numbers and the membership degrees were determined by a sigmoid membership function. In addition, synthetic weight
was obtained by combining subjective weight with objective weight, and final vectors were categorized into different levels
through possibility ranking analysis. Finally, the proposed method was applied to a practical case, the Jiangbian hydropower
station in China, for further verification. Considering that some indices were conceptually dependent on one another, the
multicollinearity of these indices was evaluated according to results based on different indicator systems. The evaluation results
showed a high consistency with the actual situation. Moreover, the indicator system, which made full use of the obtained data,
had more reliable results than other indicator systems. The proposed fuzzy comprehensive assessment method provides valuable
guidance for rock burst assessment.

Keywords Rock burst - Underground caverns - Assessment - Fuzzy set theory - Interval number

Introduction

Rock burst is an inherent and hazardous problem found in
overstressed rocks and coal masses during underground exca-
vations. Rock bursts are usually accompanied by a sudden and
violent release of elastic energy as well as extreme rock de-
formation and splash (He et al. 2010; Cai 2013; Li et al. 2017,
Hu et al. 2018). The high stress concentration caused by
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excavation often triggers rock bursts around the openings.
With the increasing depth and complexity of underground
projects in the last few decades, rock burst disasters occur
frequently and have become a serious problem. Severe acci-
dents caused by rock burst events around the world have re-
sulted in a large number of casualties, failure and deformation
of supporting structures, and damage to equipment (Chen
et al. 2015; Zhang et al. 2015). Therefore, the prediction and
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control of rock burst hazard is critical, and has become a key
scientific and technical challenge during underground activity.

At present, research on rock burst hazard focuses on long-
term and short-term prediction and assessment. At the project
design stage, the possibility of rock burst is preliminarily de-
termined through long-term prediction and assessment, which
provides guidance for creating an excavation plan and deter-
mining a construction method. At the excavation stage, con-
structors predict the location and time of rock bursts based on
the on-site data (Peng et al. 2010).

For short-term prediction and assessment, scholars
have carried out extensive theoretical and experimental
study on rock failure mechanisms, prediction methods
and control techniques. The single-face dynamic
unloading test under true-triaxial conditions was carried
out for limestone blocks as a useful tool for better un-
derstanding the characteristics of rock burst (He et al.
2010). The relation between electromagnetic radiation
generated and applied loads was studied, and the work-
ing face of a coal mine was monitored by monitoring
instruments (Wang and Peng 2014). An experimental
study on precursors of rock burst was carried out based
on acoustic emission signal dominant-frequency and en-
tropy (Zhang et al. 2015). The failure behaviors of gran-
ite, red sandstone, and cement mortar were investigated
using a novel testing system of slabbing and rock burst,
coupled with true-triaxial static loads and local dynamic
disturbances (Du et al. 2016). Miao et al. (2016) predict-
ed the probable location and intensity of rock burst
through theoretical analysis and numerical simulation
based on in situ stress and energy accumulation theory.

For long-term prediction and assessment, artificial
intelligence and data mining methods have been extensively
applied in this field. Zhang et al. (2012) studied the effect of
reducing strain type and fault-slip type rock bursts by numer-
ical analysis based on the failure approaching index, energy
release rate, and excess shear stress. A support vector machine
model was established to predict rock burst risk by Peng et al.
(2014). Zhou et al. (2016) applied a cloud model with entropy
weight based on the uncertainty in artificial intelligence for the
assessment and classification of rock burst. A new rock burst
evaluation method based on attribute reduction operation in
rough set theory and weight analysis of extension theory was
also established (Xue et al. 2017). Li et al. (2017) proposed a
novel application of a Bayesian network (BN) to predict the
occurrence of rock burst, as BNs have the advantage of natu-
rally dealing with the conditional dependency relations be-
tween the observed and unobserved random variables of a
statistical model. The present study deals with long-term as-
sessment of rock burst.

With the development of nonlinear mathematics, rele-
vant methods have been applied for the assessment and
prediction of rock burst risk; fuzzy mathematics in
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particular has been applied to many studies. To evaluate
various influential factors of rock burst, the concepts and
methods of variable fuzzy sets are defined and
established based on fuzzy set theory. On the basis of
indices standard intervals of rock burst with a series of
underground rock projects, occurrence and intensity of
rock burst with rank feature values were predicted
(Chen and Guo 2005). A quality evaluation system
framework of burst-proneness risk indices was
established and a comprehensive fuzzy evaluation meth-
od was applied to evaluate and solve the unclear bound-
ary of some burst-proneness risk indices and inaccurate
fuzziness (Guo and Jiang 2010). Adoko et al. (2013)
conducted research to predict rock burst intensity based
on a fuzzy inference system, an adaptive neuro-fuzzy
inference system and field measurement data. A fuzzy
comprehensive evaluation model for rock burst assess-
ment was developed and the membership function was
built using Gaussian shape combined with the exponen-
tial distribution function (Cai et al. 2018). The deforma-
tion and failure characteristics of engineering rock
masses are extremely complex and highly nonlinear.
The above fuzzy comprehensive evaluation method fully
considered that the influential factors of rock burst have
ambiguity. In the past, only one qualitative indicator was
used to determine the possibility of rock burst occur-
rence. The fuzzy evaluation method compensated for this
defect and made the result closer to the real situation.
Previous studies analyzed multiple factors and compre-
hensively evaluated the possibility and intensity of rock
burst occurrence based on the rock burst rock mechanical
test and fuzzy mathematics. These studies provide guid-
ance and scientific basis for the assessment of rock burst.

In practical engineering, the occurrence of rock burst in
underground caverns is affected by the combined action of
multiple factors, because of the actual engineering complex-
ity and differences in multifarious geological conditions.
Generally, it is difficult to acquire sufficient data for rocks.
Moreover, the measurement data collected at the engineering
site, such as drilling bit information, microseismic monitor-
ing, and acoustic emission, is often not constant. To fully
reflect the uncertainty of data, a novel method based on a
multi-index system and fuzzy set theory is proposed in this
paper for predicting and evaluating rock burst in under-
ground caverns. The factors, result vectors and weight vec-
tors are expressed by interval numbers. Moreover, subjective
weight and objective weight are combined to obtain ideal
synthetic weight. The proposed method is applied to a prac-
tical case in China, whose evaluation results are in good
agreement with the actual situation. The multicollinearity
of these indices is discussed by results based on different
indicator systems. The validity and feasibility of the pro-
posed method are well demonstrated below.
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Multi-index system of rock burst

Rock burst is a fracture instability phenomenon produced
by brittle surrounding rock in underground excavation.
Rock bursts are prone to occur when the energy stored in
the rock mass is high, as high energy is the material basis
for rock burst events (Shang et al. 2013; Huang et al.
2014). When the rock mass is excavated, the surrounding
environment of the surrounding rock is altered, and the
stress field of the surrounding rock is redistributed, which
is the external factor affecting rock burst. The process of
rock burst is very complex, and the mechanism leading to
rock burst occurrence is affected by many factors. As to the
main influential factors of rock burst, scholars around the
world have put forward a series of corresponding criteria.
Since the 1960s, several theories have been advanced to
explain the mechanism of this hazard, including strength
theory, rigidity theory and energy theory (Zhang et al.
2014; Chen et al. 2015; Hao et al. 2016).

In this study, combined with previous studies (Yu et al.
2009; Qiu et al. 2011; Jia et al. 2014; Li et al. 2017; Xue
etal. 2017), 11 factors with a potential influence on rock burst
will be analyzed. These factors can be generally classified into
rock mechanical properties (), stress conditions (b,) and
surrounding rock conditions (b3) in this study. These factors
are the coefficient of deformation brittleness (C1) and coefti-
cient of strength brittleness (C2), the elastic strain energy in-
dex (C3), elastic strain energy (C4), energy storage index
(C5), stress index (C6), stress coefficient (C7), Turchaninov
criterion (C8), RQD (C9), rock integrity coefficient (C10) and
buried depth of rock (C11). C1-CS5 belong to lithological con-
ditions. C6—C8 belong to stress conditions. C9—C11 belong to
surrounding rock conditions. These evaluation indices are
quantitatively classified as four grades: none (micro-risk or
no risk), weak (low risk), moderate (medium risk) and strong
(high risk) as shown in Table 1. A brief description of these
parameters is presented below.

Rock mechanical properties

When the elastic strain stored in surrounding rock is greater
than the energy consumed by rock fragmentation, rock frag-
ments will collapse outward. The rock mass, which is prone to
rock burst, is usually capable of storing more elastic strain
energy. The hard and intact rock mass has a high ability to
store strain energy and a tendency toward rock burst.
Moreover, the uniaxial and triaxial compression tests of rock
show that the large brittle rock will soon undergo macroscopic
damage after loading peaks. Thus, brittle fracture of rock is
one of the necessary conditions for rock burst. The brittleness
of rock often reflects the proneness of rock burst. The coeffi-
cient of deformation brittleness K,, (C1) and the coefficient of
strength brittleness R (C2) are common brittleness parameters,
which can be expressed as follows.

K,="/, (1)

R=", (2)

In Egs. (1) and (2), u and u; are the total deformation and
permanent deformation before peak load obtained by loading
and unloading curves; o, and o, are the uniaxial compressive
and tensile strength of rock, respectively. The coefficient of
deformation brittleness K,, (C1) describes the characteristic of
rock brittleness from the perspective of deformation. And the
coefficient of strength brittleness R (C2) describes the charac-
teristic of rock brittleness from the perspective of strength.

In addition, the elastic strain energy index (C3), elastic
strain energy (C4) and energy storage index (C5) are also
commonly used indices for assessing the proneness of rock
burst at present (Jiang et al. 2010; Liu etal. 2013a, b; Xue etal.
2017). The elastic strain energy accumulated in rocks is one of
the dominant factors of rock burst. The elastic strain energy
index W,; (C3) is also called the rock burst proneness index for
assessing rock burst, first proposed by Kidybinski (1981). It
can be determined when the rock specimen is loaded to 70—

Table 1 Evaluation indices and

grading standards of evaluation Evaluation index

indices of rock burst

Coefficient of deformation brittleness (C;) <2.0
Coefficient of strength brittleness (C,)

Elastic strain energy index (Cs)

Strain energy for uniaxial test (Cy) JkI/m®) <40

Energy storage index (Cs)
Stress index (Cg)

Stress coefficient (C;)
Turchaninov criterion (Cg)
RQD (Co)

Rock integrity coefficient (Cyq)
Depth of rock (Cy;) /m

1 I I v
2.0-6.0 6.0-9.0 >9.0
<10 10-14 14-18 >18
<2.0 2.0-3.5 3.5-5.0 >5.0
40-100 100-200 >200
<20 20-100 100-130 >130
>14.5 5.5-14.5 2.5-5.5 <25
<0.3 0.3-0.5 0.5-0.7 >0.7
<03 0.3-0.5 0.5-0.8 >0.8
<55% 55%—70% 70%—85% >85%
<0.55/V VI  055-0.65/IV  0.65-0.75/11  >0.75/111
<50 50-200 200700 >700
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80% of its UCS and then unloaded to 50% of its UCS. The
elastic strain energy index can be calculated as follows.

We = CI:’SF/‘I%( (3)

where @, is elastic strain energy (total area below the loading
curve) and P, is dissipative strain energy (area between the
loading curve and unloading curve) (Shan and Yan 2010).
According to the State Standard of Poland, if W,,> 5.0, strong
rock burst would take place, and if 2.0 <W,,<5.0, weak or
medium class rock burst would occur.

The stored elastic strain energy before the rock reaches its
peak strength, plays an important role in rock burst. In uniaxial
compression tests, the strain energy for the uniaxial test W, can
be calculated as follows:

_ c
We=e )
where o, is the uniaxial compressive strength and E is the
effective Young’s modulus. The stored elastic strain energy is
divided into four grades, as shown in Table 1.

Moreover, the storage capacity of elastic deformation ener-
gy for rock should be taken into account, to better assess the
proneness of rock burst. The accumulation and dissipation of
energy should also be considered. Then, the energy storage
index k is defined (Tang and Wang 2002).

k=250 ()
Ot €p

where o, and o, are the uniaxial tensile and compressive
strength of rock, respectively. €, and ¢, are the total strain
before and after the peak in the stress-strain curve for the
uniaxial test, respectively. The elastic strain energy index W,,
(C3) is determined by the uniaxial loading and unloading test
and the strain energy for the uniaxial test W, is determined by
the uniaxial compression test data. The energy storage index k
shall take the accumulation and dissipation of energy into
account. These indices are to assess the proneness of rock
burst from the perspective of strain energy. These evaluation
indices can be divided into four grades based on previous
studies (Liu et al. 2013b; Xue et al. 2017), as shown in
Table 1.

Stress conditions

In situ stress can objectively reflect the magnitude of the elas-
tic strain energy accumulated in the rock. Rock mass will
gather higher strain energy under conditions of high in situ
stress. The excavation and mining of underground engineer-
ing results in stress redistribution, which further results in
stress concentration. Rock burst can easily occur once there
is an engineering disturbance and the stress is concentrated to
critical stress. The stress criterion for rock bursts should be

@ Springer

taken into account for both the stress state and the rock me-
chanical properties. Hence, factors associated with stresses are
most often used as criteria for the assessment of rock burst
intensity (Liu et al. 2013b).

Specifically, the main parameters reflecting the stress state
include in situ stress, tangential stress, axial stress and uniaxial
compressive strength (Kong and Shang 2018; Aliyu et al.
2019). At present, a number of rock burst stress criteria have
been proposed worldwide, including the Russenes criterion
and the Turchaninov criterion. Specifically, the Russenes cri-
terion (Russenes 1974) sets up the classification criterion for
rock burst strength by means of the ratio of the maximum
tangential stress around the tunnel oy to the uniaxial compres-
sive strength ... The Turchaninov criterion (Turchaninov et al.
1972) assesses the occurrence time and intensity of rock burst
using the ratio of o, and the sum of oy and o, where o is the
axial stress around the opening. Based on the tangential stress
criterion, the ratio of'in situ stress o of the surrounding rock to
the compressive strength o, is defined as the stress index S
(C6) (Cook et al. 2016); the ratio of the tangential stress o, of
the surrounding rock to the compressive strength o is defined
as the stress coefficient P (C7) (Xue et al. 2017), with the
consideration of stress state and rock mechanics of the rock
mass. In this study, stress index S (C6), stress coefficient P
(C7) and Turchaninov criterion 7' (C8) are selected as the main
stress state parameters, as follows.

g =2¢ (6)
g1
p=2 (7)
e
op + o
r=20"0% 8
o (8)

where o is in situ stress; oy is the tangential stress around the
openings; o; is axial stress; o, is the uniaxial compressive
strength of rock. These indices are quantitatively classified
according to four risk levels (Table 1).

Surrounding rock conditions

Surrounding rock is the carrier of stress in the process of rock
burst. The mechanical properties of surrounding rock, such as
strength, integrity and depth, are influential factors of rock
burst, which can determine the possibility of rock burst direct-
ly. In this study, we chose RQD (C9), rock integrity coefficient
Ky (C10) and buried depth of rock (C11) as factors, as shown
in Table 1.

Rock quality designation (RQD) is an important index that
reflects the integrity and strength of rocks and fracture devel-
opment. The integrity of the fractured rock mass is relatively
poor. Elastic strain energy is not easily accumulated in a frac-
tured rock mass, and the stress concentration phenomenon
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does not easily occur. Thus, RQD is low in fractured rock
mass, and the possibility for rock burst is small. On the con-
trary, the intact rock mass has relatively strong ability to store
elastic strain energy. The more integrity of the rock mass, the
more likely rock burst occurs. In other words, if the integrity
of the surrounding rock is good, the strength is high and the
depth is low, it will lead to great deformation resistance.
Moreover, under the construction disturbance, large deforma-
tion will not occur. Thus it will reduce the possibility of rock
burst and other geological disasters. Therefore, the integrity
coefficient of rock mass Ky (C10) is also an important index
for rock burst (Huang et al. 2011).

2
Ky = % )
pr
where v, is the average speed of sound in coal and rock mass;
v, is the average speed of sound in rock. Ky is applied to
indicate the integrity of coal and rock mass.

The observation of real cases shows that rock burst mainly
occurs in deep rock engineering. Though the assessment of
rock burst would probably be more accurate with in situ rock
stress, the measurement of ground stress is expensive, and it is
often difficult to accurately estimate in the early stages of pro-
jects. Therefore, tunnel depth is usually selected as an alterna-
tive (Li et al. 2017; Xue et al. 2017). The greater the buried
depth, the larger the in situ stress will be. Under conditions of
high in situ stress, soft rock will produce plastic flow deforma-
tion and brittle hard rock is prone to rock burst. In the present
paper, the depth of rock is divided into four grades (Table 1).

In summary, 11 factors with a potential influence on rock
burst are considered. These factors are categorized into three
groups, i.e., rock mechanical properties, stress conditions and
surrounding rock conditions. However, in fact, the sufficient
data and detailed information of rock is generally difficult to
capture in general. It is difficult to assess the rock burst risk
based on all the 11 factors in a specific tunnel case. Thus,
according to the three group factors, one or two of the depen-
dent influencing factors could be selected to establish a new
evaluation index system when applying the fuzzy comprehen-
sive assessment method, with high feasibility and effective-
ness. Therefore, the evaluation index system is not fixed.
According to the specific engineering project, various combi-
nation of these indices can form different multi-index assess-
ment systems for rock burst. The proposed interval assessment
model can analyze different evaluation systems for the differ-
ent specific projects. Moreover, conceptually some of the fac-
tors are dependent on each other, which have a similar phys-
ical concept. For instance, C1 and C2 are related to the rock
brittleness. These dependent influencing factors may create
bias in the results. Therefore, it is necessary to evaluate the
multi-collinearity of parameters in this model. In this paper, it
was analyzed and discussed in the section of case study.

Fuzzy comprehensive assessment method
Computational model

Fuzzy comprehensive evaluation theory provides a novel
method to better deal with imprecision and ambiguity of fuzzy
factors in human judgments. It has been widely used in the
assessment of geological disasters (Guo and Jiang 2010; Cai
et al. 2018; Wang et al. 2019). The evaluation theory is based
on fuzzy set theory and can make it possible to represent
imprecise concepts accurately. In this paper, the fuzzy com-
prehensive evaluation theory is used to assess rock burst di-
sasters. In actual conditions, it is worth noting that we need to
consider that evaluation indicators obtained from field explo-
ration are usually interval numbers. In other words, it is hard to
be represented by a definite value, for which is difficult to
reflect the uncertainty of the fuzzy evaluation index in the
quantification process. Thus, interval numbers are applied to
the assessment of rock burst in this study to clearly reflect the
uncertainty and fuzziness of fuzzy evaluation.

In this study, an interval fuzzy comprehensive evaluation
model is established with the aid of the multi-index assess-
ment system and fuzzy set theory. The judgment matrix and
weight vector have interval features and are expressed as an
interval number. The result vectors and weight vectors can be
expressed by interval numbers. The nonlinear fuzzy evalua-
tion function is calculated by Egs. (10) to (14) and the interval
fuzzy comprehensive evaluation model is shown as follows.

A=W-B; (10)

B; = W;-C; (11)

A= (a7}, [ansai ). [ams i) [am ] (12)

W= [Dwi,wi], wa,w s s, wi]] (13)
Gt G G Giv

C = [Cijk] _ | G Ci:zu 052:111 Ci2:1v (14)

Cyj1 Gy Gy Cylv

In Eq. (14), A and B; are result vectors of the destination
layer (A) and the influence factor layer (B); W; and W are the
weight vectors of the evaluation index layer (C) and the influ-
ence factor layer (B); C; is the judgment matrix consisting of
membership degrees; c;; is the membership degree for the
evaluation index c¢; of influential factor b; belonging to risk
grade k, where i = 1-11 and j = 1-3. The weight vectors can be
determined by the comprehensive weighting method.

Membership degree based on sigmoid function

There are several nonlinear membership functions, such as,
Gaussian membership function, sigmoid membership

@ Springer
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function and parabola membership function. In this paper, the
membership degrees are determined by a sigmoid member-
ship function. The curve of sigmoid membership function has
good smoothness, clear physical meaning and zero degree,
which is commonly used in research (Liu et al. 2013a). The
quantitative index and qualitative index are two types of eval-
uation indices of rock burst hazard assessment in underground
caverns. The coefficient of deformation brittleness (C1) and
the coefficient of strength brittleness (C2), the elastic strain
energy index (C3), the elastic strain energy (C4), the energy
storage index (C5), stress index (C6), stress coefficient (C7),
Turchaninov criterion (C8), and the buried depth of rock
(C11) are quantitative indices. RQD (C9) and the rock integ-
rity coefficient (C10) are qualitative indices. With the help of
the proposed grade standard of indices system, the differential
sigmoid membership functions can be constructed and the
membership degree can be calculated as follows.

For index belonging to the boundary grades, the member-
ship function should be calculated by the following formula.

1
W T e 13)
= ! 16
e (16

where the boundary grade is [c, +] or [-o, c].
For index belonging to the intermediate grades, the mem-
bership function can be calculated as:

1 B 1
1 +eala) 14 gala)

Cijk = (17)
where the boundary grade is [cy, ¢;].
In Egs. (15), (16) and (17), the parameter a controls the

curvature of the curve. In this paper, ae % ,i—g] . The sigmoid
membership function is inherently open to the right or to the
left depending on the sign of the parameter a. If a is positive,

the curve of it opens to right, vice versa. And Vx € (—o0, +00),

4
Z Ci/k = 1.
k=1

The membership function of quantitative index

Following the above method, the membership functions of the
strain energy (C4) are established in the following formulas:

1
C411 = m (18)
1 1
Cqar = 1 4+ e 0:4(x—40) - 1 + ¢ 0-4(x~100) (19)
1 1
Caimr = (20)

1 + ¢ 04G100) | 4 o 0-4(x-200)

@ Springer

1

Ca1rv = m (21)

The membership function of other quantitative indices can
be obtained as well. The upper and lower bounds of interval
number for the quantitative evaluation index can be deter-
mined according to Table 1, respectively. Then according to
the specific interval value, the membership degrees of quanti-
tative evaluation indices can be obtained.

The membership function of qualitative index

The influential indices are mostly qualitative descriptions ac-
tually, which are obtained from preliminary project survey
data. For convenience of calculation, the range of qualitative
indices is represented by a number between 0 and 100. In
accordance with the above method for RQD (Cy), the sigmoid
membership function can be established.

€931 = m (22)
€3 =771 eiz(xfss) 1x e—:z(x—m) (23)
o3t = e—}z(x—m) I e*}Z(rSS) (24)
o3y = : (25)

1 + e 12085

The index values obtained by the expert scoring method are
also expressed in the form of interval numbers. According to
the upper and lower bounds of these interval numbers, the
membership degree can be calculated by the above sigmoid
membership functions.

Weight determination analysis

In the evaluation and analysis of rock burst, the weights of each
index directly affect the accuracy and validity of results. At the
present stage, the commonly used weight determination
methods are the subjective weighting method and the objective
weighting method. Every weight determination method has its
advantages and disadvantages. Objective weighting methods
may cause deviation because of relying too much on data and
the amount of information provided by each index. The pro-
posed weight needs not only to reflect the subjective cognition
of the mechanism of geological disasters, but also to reflect the
law of index data objectively. In this paper, subjective weights
and objective weights are combined to obtain ideal synthetic
weights. Specifically, the subjective weights are calculated by
an uncertain analytic hierarchy process, and the objective
weights are calculated by the entropy method.

W = aw, + Bw, (26)
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Fig. 1 Geological profile of Jiangbian hydropower station. Data from the China Geological Survey website (http://www.cgs.gov.cn/)

where « and 3 are weight coefficients of objective weights
and subjective weights, and « + = 1. awand 3 will be taken as
0.5ad0.5.

Subjective weights

Based on the scale method (Saaty and Vargas 1987), paired
comparisons are adopted to derive a scale of relative

importance for index. In this paper, the paired comparison is
used as an interval scale according to an uncertain analytic
hierarchy process (uncertain AHP). Suppose there are n eval-
uation indicators, the judgment comparison matrix [a;], « n
(j = 1-n) of the interval number is acquired as an interval ma-
trix by paired comparisons (Yang and Wu 2005; Gong et al.
2014), as well as the judgment matrixes of B grade indices and
C. The consistency of the judgment matrixes has great
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Table 2  The representative cavern sample data for the Jiangbian hydropower station

Sample c2 C3 Co6 (oy) C10 Cl11
Construction branch tunnel [19.35,42.3] [2.75,4.6] [5.3,16.75] [0.22,0.66] [0.36,0.88] [166,318]
Traffic tunnel [10.36,27.3] [3.2,5.23] [2.77,4.85] [0.42,0.72] [0.62,0.92] [277,317]
Main powerhouse [28.77,32.8] [2.97,3.6] [3.8,12.25] [0.42,0.58] [0.64,0.71] [148,274]
Tailrace tunnel [37.35,42.7] [2.17,3.08] [4.36,15.2] [0.28,0.37] [0.49, 0.66] [155,171]
High-pressure water diversion tunnel [16.55,29.7] [3.82,5.72] [2.37,5.35] [0.69,0.73] [0.70,0.90] [265,278]

influence on weight vectors. The comparison matrix with con-
sistency has the following properties.

@] = || 45]] ., 27)
1
= 28
ajj a; (28)
a,-jajk = ajja[k (29)

are constructed,

The matrixes for [aﬂ
nxn

and [aﬂ

which are the matrixes of the lower and upper bounds of the
interval comparison judgment matrix. The weight vector of
the comparison judgment matrix is established on the basis
of the stochastic consistency and the characteristic root meth-
od. Assume that W is the interval weight vector and X is the

nxn

[ Select multi-index system of rock burst ]

v

[ Determine indices grade standard ]

and collect data

Calculate subjective weights by Construct sigmoid membership
uncertain AHP .
+ functions
Calculate objective weights by
entropy method v
l Calculate the membership
Obtain ideal synthetic weights degrees

v

Define the relative importance by
possibility ranking analysis

y

Determine the final level of rock burst
in underground karst caves

Fig.2 The predicted process of rock burst hazard in underground caverns
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normalized eigenvector of the maximum eigenvalue, X is de-
termined as follows (Wang et al. 2012):

— i
r=[lwsll,,

n
.x;»: = H ai,- (31)

(30)

Then, the interval weight vector W can be constructed:

wf; = x;/ él xljf (32)
W= Wi, = [ [V v ] (3)

n n -1 n n -1
InEq. 33),m= Y {(Z aJ) } andn=Y {( a;) }.The
j=1 | \i=1 =1 \i=1

objective weights of indices can be determined by the above
method.

Objective weights

Generally, entropy refers to disorder or uncertainty. In statis-
tics, entropy is the average rate at which information is pro-
duced by a stochastic source of data and a measure of system
disorder. The greater the entropy, the more chaotic the system
and the greater the uncertainty will be, and the less informa-
tion the system can provide. When the data source has a
lower-probability value (i.e., the entropy is small), the event
carries more information than when the source data has a
higher-probability value. According to the characteristics of
entropy, the randomness and degree of disorder of an event
can be assessed by calculating the magnitude of the entropy.
The greater the degree of dispersion of the indicator, the great-
er the impact of the indicator on the overall evaluation.

Table 3 Judgment matrix of B grade indices

Factors Bl B2 B3 Weight of B grade indices
Bl [1,1] [2,3] [2,4]  [0.52,0.60]

B2 [1/3,121  [1,1] [1,2] [0.23,0.27]

B3 [1/4,121  [1/2,11 [1,1] [0.17,0.21]
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Table 4 Judgment matrix of C

grade indices for the index Assessment index  C2 C3 Co Cc7 C10 Cl1 Interval weight vector W
systems composed of C,, Cs, Cg,
C, Cypand Cy, C2 [1,1]  [1/4,1/2] [0.24,0.28]

C3 [2,4] [1,1] [0.69,0.78]

C6 [1,1] [2,3] [0.66,0.76]

Cc7 [173,12] [1,1] [0.27,0.31]

C10 [1,1]  [173,1/2] [0.27,0.31]

Cl1 [2,3] [1,1] [0.66,0.76]

Therefore, the smaller the entropy value, the greater the
weight should be given. The objective weight is calculated
by the entropy method (Zhao and Chai 2015; Wang et al.
2018) in this paper.

Suppose that there are m feasible schemes (4,,) and n eval-
uation indices G,, for multiple attribute decision-making prob-
lems, and the interval index value is b;. A normalized judg-
ment matrix B can be determined.

by = [y, by (34)
B= [ty = [[2004]] ., (3)

wherei=1,2, -, m,j=1,2, ", n.

Based on the principle of objective weighting method, an
evaluation index has greater effect on the optimization or ranking
of the scheme when the deviation of the index value from the
median value of the interval is larger. Thus, this evaluation index
should be given a greater weight. On the other hand, the smaller
the effect of the evaluation index on the optimization or ranking
of the scheme, the smaller the weight of the evaluation index.
Moreover, the deviation of the interval index value is reflected in
the deviations of the upper bound b; and the lower bound b;
when index values are expressed by interval numbers. The infor-
mation entropy can accurately measure the deviation. The entro-
py of the evaluation index G; can be expressed as:

importance d; of evaluation index G; and the entropy weight
w; are calculated.

dj=1-E; (38)
d.
wj =" (39)
d;
j=1

where > w; =1andj=1,2, -, n. According to the above
j=1
method, the subjective weights can be determined.

Possibility ranking of interval vectors

Based on the above analysis, the result vectors can be
constructed by the nonlinear fuzzy evaluation function
with the help of the determined weights and member-
ship degrees. In this study, the possibility ranking anal-
ysis is used to sort the result vectors as suggested by Li
et al. (2016). The information of each membership de-
gree shall be considered fully during possibility ranking
analysis. Therefore, the evaluation will be comprehen-
sive and detailed. First, the relative dominance between
two series of interval numbers was calculated and a
judgment matrix was constructed. Then, the weight of
the judgment matrix was determined and the rock burst
risk level was determined by the principle of maximum

— 71 & - - . . . .
E; = ~(Inm) _zlpijlnpij (36) weight. Specifically, the relative importance between
i=
. different interval number vectors A = [a,a] and B =
71 —_ . . —
Ef =—(Inm)" ¥, p;lnp;; (37)  [b,b] are as follows. If the boundary satisfies a <
i=1 - . .
' b <b*<a", the relative importance between A and B
_, can be defined as:
In Egs. (36) and (37), p;=b,;/%»b,; and
=1 +_pt +_p-
u at=b" bT-b
+ — pt t o= - P(A>B) = + 40
Py = bi/./i;1 by, i=1,2, ", m, j=1,2 -, n Then the ( ) I(a) 21(a) (40)
Table 5 Indices weight
determined by comprehensive Factors C2 C3 C6 C7 C10 Cl1
weighting method for the index
systems composed of C,, Cs, Cs, Objective weights [0.12,0.17] [0.36,0.47] [0.15,0.21] [0.06,0.08] [0.05,0.07] [0.11,0.16]
Cy, Cioand Cy Subjective weights  [0.08,0.31]  [0.06,0.10]  [0.14,0.54]  [0.12,027]  [0.04,0.09]  [0.10,0.13]
Synthetic weight ~ [0.10,024]  [0.21,0.29]  [0.15,0.38]  [0.09,0.17] [0.05,0.08] [0.11,0.15]
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Table 6 Index weights for the index systems composed of C,, C3, Cg, Cjp and Cy;

Factors C2 C3 C6 C10 Cl11
Objective weights [0.12,0.17] [0.36,0.47] [0.23,0.27] [0.05,0.07] [0.11,0.16]
Subjective weights [0.18,0.42] [0.09,0.19] [0.19,0.27] [0.12,0.18] [0.18,0.19]
Synthetic weight [0.15,0.30] [0.22,0.33] [0.21,0.27] [0.08,0.12] [0.15,0.17]

If the boundary satisfies b <a~ <b" <a", the relative im-
portance between A and B can be defined as:

Cat-bt (b-a)a b)) | (b-a)’ (b))
Pa>8) == 1(a)I(b) 20(@)Ib) 1)
(41)

In Egs. (40) and (41), l(a)=a"—a and I(b)=b"—b .
Besides, the relative importance is 1 when the upper or lower
boundary satisfies b <b*<a <a".

Let P; (i, j = 1-4) represent the relative importance P(A > B);
A and B are the interval numbers in the result vectors [A, B, -],
respectively. Then the relative dominance between the two pairs
of intervals can be calculated by Egs. (40) and (41). And the
relative dominance matrix [P]=[P;]4x4 can be obtained,
which is a fuzzy complementary matrix. By means of the rank-
ing method of a fuzzy complementary matrix, the weight of a
relative importance matrix [P] is obtained as follows.

1 n n
R=— (> P;+2-1
n(n-1) (Z it )

Then, the final risk level of rock burst hazard in under-
ground caverns can be determined by the maximum weight
principle.

(42)

Engineering application
Engineering background

Rock bursts often occur in underground caverns in mines and
civil engineering sites. The Jiangbian hydropower station was

selected as a practical case in this study (Xue et al. 2017). It is
located on the Jiulong River, a tributary of the Yalong River, in
the southeast of Ganzi Tibetan Autonomous Prefecture,
Sichuan Province, China (Fig. 1). This hydropower station
includes several buildings and underground caverns, mainly
consisting of a water diversion system and underground pow-
erhouses. The bedrock of the underground powerhouse cav-
emns is Yanshanian biotite granite, with moderate weathering.
The rock is hard and the lithology is single. The rock mass
structure is relatively complete, and the rock mass quality is
considered to be good. The joint is closed and there are few
faults. The study area is in a high ground stress zone, with
maximum principal stress of 14 MPa at a depth of 302 m. The
groundwater development is poor. At the initial stage of the
high-pressure diversion tunnel construction, slight rock burst
disasters occurred frequently, and strong rocks burst occurred
several times (Xue et al. 2017).

Results

In this manuscript, 11 factors were considered which are cat-
egorized in three groups of rock mechanical properties, stress
conditions and surrounding rock conditions. Some factors are
dependent on each other and have a similar physical concept.
Thus, one of the dependent influencing factors could be se-
lected from each group to form a new evaluation index system
based on the acquired data. In this case, the collection of data
is a massive challenge for their applicability, and the data for
all 11 influence factors are not fully available for this case
study. Based on the available geological and hydrogeological
conditions of underground caverns, the coefficients of
strength brittleness (C,), elastic strain energy index (Cs), stress

Table 7 The membership functions of the evaluation indices
Index Membership function
I 1I 1T v
2 N _ 1 N _ 1 _ 1 N _ 1 _ 1 . _ 1
Qi = T+eA010) G = T+e 40 10)  The 414 Conr = T+e 4018 Thedc18) Qv = T+e 20-18)
— 1 — 1 _ 1 5 — 1 _ 1 _ 1
C3 C311 = 14+e1602) C3 = I+¢ 1662 Je 16033 C3m = T+ 160-33) e 1665 C3v = Ite 1603)
— 1 — 1 _ 1 — 1 _ 1 _ 1
Co6 Coll = 1 +e 160-143) Collr = 1+ 166-55) e 166-143) Collr = I+ 160-23) e 166-53) Collv = 1 +el6G-23)
— — _ 1 — 1 _ 1 _ |
Cc7 = 14+¢1206-03) C2 = l4+e 120603) e 1205-03) cni = I4+e 1200605) 4o 120607 v = I te 1206-07)
— 1 — 1 _ 1 — 1 _ 1 _ 1
C10 C1031 = 1 +¢!60(-055) Clo3nr = I4+e 16006-055) o 1600+-0.65) c1031m = I+e 1606-065) 4o 1606075 C1031v = I+¢ 1600.75)
_ 1 _ 1 — 1 _ 1 _ 1 _ 1
C11 Cl131 = 1 +e0-40-50) Crsn = I+¢ 040-50)  Tqe 0-4G200) Cr3m = I +e 04 200) T fo 04(700) Cl3v = I +e 040-700)
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Fig. 3 Membership degree curves of the sigmoid membership function

index (Cy), stress coefficient (C;), rock integrity coefficient
(Cyp) and the depth of rock (C,;) were selected as influence
factors. The index value for rock burst risk was derived as
shown in Table 2.

The proposed interval fuzzy comprehensive evaluation
method was used to predict the occurrence of rock burst, and
the predicted process is depicted in Fig. 2. The weight and
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judgment matrixes are represented by interval numbers. The
judgment matrixes are shown in Tables 3 and 4. The interval
weight vector of subjective weights was then able to be con-
structed by Egs. (27)—(33). For objective weights, the entropy
of the evaluation index is expressed and the entropy weights
are determined by Egs. (35)—(38). The weight vectors are
determined and ranked by Egs. (39)-(41), as shown in
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Table 8 Results of case study and comparison for the index systems composed of C,, Cs, Cg, C1g and Cy;

Sample Weight vector Proposed level Actual level
Construction branch tunnel [[0,0.106], [0.019, 0.252], [0, 0.250], [0.051, 0.138]] I I

Traffic tunnel [[0, 0.027], [0.042, 0.331], [0.067, 0.439], [0, 0.334]] 1 I

Main powerhouse [[0, 0.004], [0.018, 0.250], [0.001, 0.227], [0.052, 0.125]] I I

Tailrace tunnel [[0, 0.085], [0.121, 0.241], [0, 0.074], [0.051, 0.124]] I I
High-pressure water diversion tunnel [[0, 07, [0, 0.006], [0.024, 0.370], [0.001, 0.344]] I v

Table 5. It is known from the table that the weight of stress P4 = [0.244,0.375,0.138, 0.243] (51)
index (C6) is greater than stress coefficient (C7). Two indica- P5/ — [0.125,0.211,0.334,0.330] (52)

tor systems were established to discuss the multicollinearity of
the parameters evaluated in the model. The indicator systems
(A) were composed of C,, C;, Cg, Cio and Cy;, and another
indicator systems (B) were composed of C,, C3, Cg, C7, Cyg
and Cy;. In this paper, rock burst risk assessment was conduct-
ed for these indicator systems. Then, the weight vectors for the
indicator systems (B) were determined by Egs. (39)—(41), as
shown in Table 6. With the aid of the proposed indices grade
standard, the differential sigmoid membership functions could
be constructed as shown in Table 7 and Fig. 3.

The result vectors can be constructed by the nonlinear
fuzzy evaluation function (Tables 8 and 9). Then, the relative
importance between different interval number vectors could
be sorted by the possibility ranking analysis and determined
by the maximum weight principle. The relative importance
matrix weights P; were obtained for the index systems (A)
composed of C,, C3, Cg, C1g and Cyy, and the relative impor-
tance matrix weights P;” were obtained for the index systems
(B) composed of C,, C3, Cg, C7, Cjp and Cy;.

Py =[0.158,0.292,0.283,0.267] (43)
P, = [0.125,0.277,0.320,0.278] (44)
P53 = [0.125,0.315,0.314, 0.245) (45)
P4 = [0.216,0.375,0.129,0.280] (46)
Ps = [0.125,0.214,0.333,0.328] (47)
P, =[0.161,0.294,0.289,0.256| (48)
P, =[0.125,0.284,0.322,0.269] (49)
P; = [0.125,0.317,0.305,0.253] (50)

Discussion

In the Jiangbian hydropower station, the actual level of rock
burst intensity was determined by the drill cutting method.
The advanced geological prediction was conducted to obtain
the cuttings and cores of the surrounding rock. Then, the risk
grade of rock burst was determined according to the ratio of
the drilled rock volume to the theoretical borehole volume for
the rock with lower strength. Moreover, the crack and the
stuck phenomenon during the drilling process can also assist
in determining the actual level of rock burst intensity. In this
paper, the final risk level of rock burst for the two indicator
systems are shown in Tables 8 and 9. It is known from the
tables that the results calculated based on different indicator
systems are consistent. The final levels for construction
branch tunnel, main powerhouse, and tailrace tunnel were II,
and traffic tunnel and high-pressure water diversion tunnel fall
into level III. The assessment levels are in high agreement
with the actual detection results (Xue et al. 2017), seen in
Fig. 4. It could be concluded that the proposed fuzzy compre-
hensive evaluation model generated satisfactory results.
Hence, the proposed fuzzy comprehensive assessment model
is feasible and applicable in this research for the assessment of
rock burst.

The results of the proposed method provided us with a lot of
useful information. As an example, the results obtained based
on the indicator systems (A) were analyzed. With the weights
being R;;;=0.320, R;=0.277 and R;,=0.277, the risk level of

Table 9  Results for the index systems composed of C,, Cs, Cg, C7, C1g and Cy

Sample Weight vector Proposed level
Construction branch tunnel [[0, 0.1401,[0.014, 0.316], [0, 0.313], [0.052, 0.139]] I

Traffic tunnel [[0, 0.027],[0.042, 0.377],[0.053, 0.514], [0, 0.335]] I

Main powerhouse [[0, 0.003],[0.018, 0.314],[0.001, 0.291], [0.052, 0.125]] I

Tailrace tunnel [[0, 0.146],[0.123, 0.305], [0, 0.099], [0.051, 0.124]] I
High-pressure water diversion tunnel [[0, 01, [0, 0.008], [0.023, 0.424], [0.005, 0.406]] I
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the traffic tunnel is likely to fall into level III, or level II and
level IV. In Table 8, the assessment level of the high-pressure
water diversion tunnel is III, but the actual level is IV. The
weights of the relative importance of high-pressure water di-
version tunnel are R;;=0.333 and R;,=0.328, and they are
almost the same. Consequently, the high-pressure water diver-
sion tunnel has almost the same possibility of being level 111
and IV. The final risk levels for construction branch tunnel,
main powerhouse, and tailrace tunnel are of level II. The rela-
tive importance matrix weights R;;=0.375 for the tailrace tun-
nel is greater than R;=0.277 for the construction branch tun-
nel and R;=0.315 for the main powerhouse. Thus, the pro-
posed level of the tailrace tunnel is more inclined to belong to 11
in the light of the obtained weight vectors and relative impor-
tance matrix weights. The risk level for the high-pressure water
diversion tunnel can be opposed to the main powerhouse in a
like manner and the main powerhouse shares almost the same
possibility of being level II and I11.

In this case, stress index (C6) and stress coefficient
(C7) are dependent on each other conceptually, which
have a similar physical concept. Therefore, the
multicollinearity of the parameters evaluated of the indi-
cator systems (A) and (B) was discussed by results.
From Tables 8 and 9, the results based on the two indi-
cator systems were consistent, and these index systems
both had credibility. It was worth noting that the result
based on the indicator systems (B), which was composed
of C,, C3, Cq4, Cy, Cyg and C;;, was more consistent with
the actual rock burst risk level. For example, the rock
burst final risk level of the traffic tunnel was III.
Specifically, the relative importance matrix weights for
risk level III were R;;=0.320 based on the indicator
systems (A) and R;;=0.322 based on the indicator sys-
tems (B). The other cases could be similarly analyzed. In
addition, the relative importance matrix weights Ry =
0.330 of the indicator systems (B) is greater than R, =
0.328 of the indicator systems (A) for the high-pressure
water diversion tunnel. Considering that the actual risk
level for high-pressure water diversion tunnel was IV, the
result based on the indicator systems (B) was more con-
sistent with the actual rock burst risk level. Thus, it
could be concluded that the indicator systems (B) made
full use of all the data obtained and comprehensively
reflect the rock burst risk. Reliable results may be ob-
tained by evaluating as many indicators as possible in-
stead of limiting the usage of dependent factors to one of
them when data are available.

Six factors of rock burst were selected and the joint effect
had a certain effect on the final assessment results. Table 5
shows the importance of these proposed factors. Specifically,
the synthetic weight of the coefficient of the elastic strain
energy index (C3) and stress index (C6) were larger than the
other indices. Moreover, these factors are not only of great
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significance to predict rock burst, but also a promising orien-
tation in the selection of prevention measures to avoid and
minimize rock burst. Rock burst risk could be reduced by
controlling these factors. It is an effective method to change
the shape and diameter of the openings, which are consider-
ably easier to be controlled with proper design. Therefore, for
the traffic tunnel and the high-pressure water diversion tunnel,
the main parameters of the project layout scheme should be
modified as the primary measure for rock burst hazard reduc-
tion, i.e., the location, sequence and method of excavation and
the shape and diameter of the openings.

At present, rock burst is still often occurring and far from
being under control. The theoretical study of rock burst needs
to be supplemented continuously. This research provides a
new idea for assessment of rock burst. Still, large data sets
are needed to better study this event more comprehensively,
then feasible measures can be taken to prevent rock burst
hazards.

Conclusion

The present study provided a novel method for predicting and
evaluating rock burst in underground caverns based on a
multi-index system and fuzzy set theory. Eleven factors were
analyzed that had potential influence on rock burst. This
multi-index system was a good generalization of influence
factors, which were generally classified into lithological con-
ditions, stress conditions and surrounding rock conditions,
and the quantitative standards of the indices were determined.
Some factors were dependent on each other and have a similar
physical concept. The proposed interval assessment model
analyzed and predicted a rock burst evaluation index system
established by a different combination of mentioned indices.

A fuzzy comprehensive assessment model was established
in this paper and the result vectors and weight vectors were
expressed by interval numbers. The membership degrees
could be determined by a sigmoid membership function.
Moreover, the synthetic weights were obtained by combining
subjective weights and objective weights. Specifically, these
weights were calculated by uncertain an analytic hierarchy
process and entropy method, respectively. The proposed
weight reflected the subjective cognition of a geological di-
sasters mechanism and the law of index data objectively.
Finally, the possibility ranking analysis was adopted to sort
the final vectors.

In addition, this model had been applied to the Jiangbian
hydropower station, Sichuan, China. Results suggested that
the elastic strain energy index was the most influential param-
eter. The weights of strength brittleness coefficient and stress
index were roughly equal, while the weights of stress coeffi-
cient and rock integrity coefficient were relatively small.
Traffic tunnel and the high-pressure water diversion tunnel
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fall into level III. The results were in good agreement with the
actual situation. Moreover, the multicollinearity of the param-
eters evaluated in the proposed model was studied by results
based on the different indicator systems. It could be concluded
that the indicator system, which made full use of all the data
obtained, comprehensively reflects the rock burst risk.
Reliable results could be obtained by evaluating as many in-
dicators as possible when data are available. The validity and
feasibility of the proposed evaluation method for rock burst in
underground caverns was verified.

The interval fuzzy comprehensive assessment model pro-
vides a reference for the rock burst assessment and guidance
for related studies in the future. And it is worth noting that
numerical simulation, field testing, monitoring and other
methods are also commonly used in current practice. The pro-
posed method should be combined with other methods to
predict and evaluate rock burst hazard and to guide subse-
quent control measures.
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Appendix

For the interval number X=[a, ] and Y=[c, d], the binary
arithmetic rule to which the interval number should be follow-
ed (Sun and Wu 2014) are shown in the following formula:

(0,8] + [e,d] = [a + ¢, b+ d]

[ b]_[cv d] = [a_dv b—C]

[a,b] x [c,d] = [min{ac, ad, be, bd}, max{ac, ad, bc, bd}|
[a, b]

+le,d] = [a, b] % Ll:cli]

{leetl a2 0 = el =@ 0]

1 11
leb,ea) a< 0 {;’7} ,0¢la, 4]

[a,6] |a'b
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