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Coal burst is a severe hazard that can result in fatalities and damage of facilities in underground coal
mines. To address this issue, a robust unascertained combination model is proposed to study the coal
burst hazard based on an updated database. Four assessment indexes are used in the model, which are
the dynamic failure duration (DT), elastic energy index (Wkgr), impact energy index (Kg) and uniaxial com-
pressive strength (Rc). Four membership functions, including linear (L), parabolic (P), S and Weibull (W)
functions, are proposed to measure the uncertainty level of individual index. The corresponding weights
are determined through information entropy (EN), analysis hierarchy process (AHP) and synthetic
weights (CW). Simultaneously, the classification criteria, including unascertained cluster (UC) and cred-
ible identification principle (CIP), are analyzed. The combination algorithm, consisting of P function,
CW and CIP (P-CW-CIP), is selected as the optimal classification model in function of theory analysis
and to train the samples. Ultimately, the established ensemble model is further validated through test
samples with 100% accuracy. The results reveal that the hybrid model has a great potential in the coal
burst hazard evaluation in underground coal mines.

© 2021 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open
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1. Introduction

Coal resources, which are known as the food of industry, still
play a major role in industry, such as electricity, building materials
and chemical engineering. The valuable and non-renewable
resources are being exhausted and depleted due to uncontrolled
exploitation. And the tendency to extract solid mineral resources
at greater depth is inevitable [1]. However, the geological condi-
tions and mechanical properties of coal mass are complex at
greater depth [2], which means that the coal burst control has been
a challenging mission [3].

Coal burst is defined as the violent ejection of coal/rock from
the work face with a sudden release of accumulated energy [4].
In most cases, the coal burst is associated with the mining distur-
bance, which can cause catastrophic damage to personnel and
equipment [5], as shown in Fig. 1. Thus, many scholars [6-15] car-
ried out studies on the issues, including on-site monitoring tech-
niques [16] and assessment methods. For example, some scholars
employed mathematical analysis [17] and fuzzy comprehensive
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evaluation [18] to assess the coal burst liability (CBL) according
to the spatial distribution characteristics of AE events. Various des-
tress methodologies, such as destress blasting and water infusions,
are used to mitigate the degree of coal burst. Yardimci and Karakus
[19] assessed the effect of destress blasting according to the loca-
tion and roof stability. Guo et al. [20] investigated the relation
between the coal burst potential indexes (i.e., Rc, Wgr, Kg and DT)
and the saturation time of coal mass in order to explore the effect
of water infusion on coal burst proneness. They found that the ten-
dency of coal burst has a negative correlation with the saturation
time. In recent years, many rock burst studies are carried out
[21-29], which has been getting wider attention in the geo-
sciences. The investigation of coal burst prevention would be able
to provide valuable strategies for other rock mass engineering,
given the burst control principle is similar for rock and coal masses
[30]. Thus, it is necessary to explore more efficient and effective
methods for coal burst control. However, the disturbance of on-
site tests may trigger coal burst hazards, which puts the operators
into a dangerous environment. As for laboratory test, the test pro-
cess is complicated and time-consuming [31]. Furthermore, the
properties of rock specimen and rock mass are largely different,
which is unable to reflect the actual conditions absolutely through
the indoor tests. Currently, the Chinese national standard (GB) [32],
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(a) The longwall panel before coal burst

(c) The tailgate before coal burst

(d) The tailgate after coal burst

Fig. 1. Destruction caused by severe coal burst in underground coal mines [38,39].

namely four parameters, (i.e., Rc, Wer, Kg and DT) is a commonly
used method for identifying the coal burst propensity in China,
but the criterion is not capable and applicable in some complex sit-
uations, where the indexes belong to different grades separately.In
view of the aforementioned analysis, it seems that evaluation of
CBL with reliable mathematical models is available with the devel-
opment and application of artificial intelligence [33-36,101-103]
in mining engineering, e.g., principal component analysis (PCA)
[37], but, the performance of these models need to be further val-
idated through an inspired amount of data. The key objective of
this research is to propose a new combination algorithm based
on an unascertained measurement model, which has been
accepted in various engineering fields for a highly-efficient and
reliable method through the gathered database. The key contribu-
tions of this research are summarized as follows: this work incor-
porates an updated database including 121 coal burst case studies
to assess and study this issue. The evaluation with non-linear
membership functions are rarely considered in unascertained mea-
surement theory in previous work. Two novel membership func-
tions, i.e., S and W functions, are added to support the non-linear
evaluation. Meanwhile, the evaluation performance of multiple
ensemble models consisting of different membership functions
and weights are analyzed. Ultimately, the proposed uncertainty
model is capable of making up for the deficiencies of GB in terms
of the evaluation accuracy.

2. Description of unascertained measurement theory

Unascertained information is seen as a weak uncertainty that
can be interpreted via subjective probability or membership func-
tions [40]. For the object to be evaluated, n objects constitute the
sample set Y={yr1, Yo, ..., Y,}. For individual samples .=
(1 < 0 < n), the characteristics can be extracted by many quantita-
tive and qualitative factors. Then, m characteristics are performed
to describe the specimen attribute composed of an index set &=
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{1, P20 .o dm}(1 < p<mM). Qoplo=1,2,..,n;andp=1,2, ..,
m) is the quantified value of pth index. There are G possible evalu-
ation classes for each object, and they are stored in evaluation
space A={&q, &, ..., &) The evaluation space A can be considered
as an ordered partition, while the grade vector &4(q = 1, 2, ..., G)
meets the condition &; > &>...>¢; or & < &<, .<Eq.

2.1. Quantifying the uncertainty correlation using membership
functions

The DY=(D(Qqp € ¢g))0=1,2,...,n;p=1,2,..,m;andg=1, 2,
..., G) is supposed as the single index vector, which represents the
level of index ¢, belonging to grade &;. The multiple-index mea-
surement matrix was calculated based on the sample characteristic
matrix (Qop)nxm and related membership functions (i.e., straight
line, parabolic curve, S curve and Weibull curve). The principle of
different membership methodologies is shown in Egs. (1)-(4)
and Fig. 2. There are three rules [41,42], including non-negative
(Eq. (5)), convergent (Eq. (6)) and additive principle (Eq. (7)), that
must be satisfied for single index measurement vectors, which
can validate the results.

A —X
Dy(x) = { moay (A <X < Aia)
0 (X > Al+1) (1)
D 0 (X < Al)
X) = -
l+1() A,)i—léf,(Al<X<Al+1)
2
X—A
Di(x) = 1- (AM*IAI) (A <X < Aug)
0 (X > AI+1) (2)
0(x <Auyq)
Dija(x) = N2
TS @<x<an)
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Fig. 2. Schematic diagram of different membership functions.
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(1) Non—negativity 0 < D(Q,, € &;) < 1 (5)
(2) NormalizationD(Q,, € A) =1 (6)

e q q
(3) AddlthItyD[Qop € r!] ir:| = ZQop € ér(q = 1727 Tty G) (7)

B r=1

2.2. Objective weights calculation using entropy theory

The index weights in evaluation space are needed to distinguish
as the multiple-index measurement matrices were constructed.
The information entropy, as one of the objectivity weights, which
is the term originating from thermodynamics, reflects the degree
of information disorder. The weight distribution was calculated,
shown in Eqgs. (8) and (9).

G
6= 7ﬁ ZnglnD‘;q(ng;«éO;l <og<ml<p<m1<qg<G)
q=1
(8)
. 1-¢
o) =t 9)
( ! )p Yot (1-0)
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where (p(p = 1,2, ..., m) is the entropy value, from which the objec-
tive weight vector (w;°%), can be obtained.

2.3. Subjective weights calculation using the analysis hierarchy process
(AHP)

AHP proposed by Saaty [43] divides the evaluation objects into
goal hierarchy, criterion hierarchy and index hierarchy. In this
work, the index weights are calculated based on the designer’s
knowledge. The superiority of this method is that it can adjust
the weight assignment through the pairwise comparison matrix
compared to the objective weight. A situation where the calculated
weights are far from the actual conditions can be largely avoided
[44].

2.3.1. Establishment of pairwise comparison matrix

For index set ®={¢1, ¢2, ..., ¢m}, supposing c;(1 < i < m;
1 < j < m) is the score of index ¢; to ¢;, which is the significance
level in designer’s expectation. On the contrary, ¢; is the value of
index ¢; to ¢;, and cjicj; = 1. Then, the pairwise comparison matrix
is constructed as presented in Eq. (10).

€ Ci2 Cim
€21 (2 Com

Conem = (10)
Cm1 Cm2 Cinm

2.3.2. Computation of weight vectors and consistency check

According to the pairwise comparison matrix Cp,,, the maxi-
mum eigenvalue i,.x and related eigenvector can be achieved
easily. Then, the consistency check is used to examine the feasibil-
ity of index weights that we assigned. The process of checking is
shown in Eqs. (11) and (12).

Jmax — M

a1 =" (11)
a
R= (12)

The consistency index (CI) is calculated by Eq. (11) and m is the
dimension of the comparison matrix. To check the criterion, consis-
tency ratio (CR) is obtained via CI to RI. The comparison matrix is
reasonable and the corresponding eigenvectors can be regarded
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Table 1
Basis to select the value of RI.
m 1 2 3 4 5 6 7 8 9 10 11
RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.51
U . Credible
'l‘“:e“;‘}‘g et Selecting the optimal hybrid model
cluster (UC) principle (CIP) based on membership functions,
weights and classification criteria

[l Establishment of weight-based

Determination of
subjective weights

Establishment of pairwise
comparison matrix

Entropy (EN) AHP

Clarifying the

principle of Optimization of

index weight
distribution

i : : i i 1
composite measurement matrices 5 E -
e N Evaluation Sample attribute Evaluation
with four membership functions .
object space'V space @ grade space A

L

Establishment of combination model
with different modules

Initial unas;

rtained measurement model

structure for coal burst i

Preparation for possible optimization

Analysis and optimization of proposcd

(Establishment of non-linear functions and
analysis of index importance)

combination algorithm

Fig. 3. Technique routine for CBL evaluation using combination algorithm.
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Fig. 4. Distribution of the mines corresponding to the sample set.
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Table 2
Coal burst database used for establishing comprehensive evaluation model.
No. Case CBL parameter Grade Reference
DT (ms) Wer Ke Rc (MPa)
1 Tonghua Babao coal mine 973 2.7 1.8 5.9 1 Luo et al. (2020) [50]
2 Pingdingshan sixth mine 357 29 4.6 11.5 2
3 Wulong coal mine 49 4.6 6 16.5 3
4 Gaojiabao coal mine #4 291 125 3.1 193 3 Wang et al. (2019) [51]
5 Tangkou coal mine #3 72 13.2 24 19.3 3
6 #10 coal in a mine 423 5.3 2.6 273 3
7 Binchang coal mine 4 lower coal 112 19.4 4.3 26.9 3
8 Fuli coal mine 22 coal 147 13.3 4.8 303 3
9 Bulianta coal mine 50 8.5 65.9 31.7 3
10 60 coal in the sixth mining area of Xinxing coal mine 459 10 9.9 9.8 2
11 Chaoyang coal mine 3100 mining area 23 49 5.1 4.6 3
12 3 coal in Baodian coal mine 42 219 54 26.6 3
13 Wudong coal mine B6 coal 254 1.6 1.5 12.6 2
14 Bulianta coal mine (gas pressure 0) 49.667 8.472 65.921 31.661 3 Gao et al. (2018) [52]
15 Bulianta coal mine (gas pressure 1) 148.667 2.036 7.368 23.954 3
16 Bulianta coal mine (gas pressure 2) 321.667 1.246 2.478 13.052 2
17 Yadian coal mine 1 coal 707 12.15 2.8 13.67 2 Pan et al. (2019) [53]
18 Xiaozhuang coal mine #4 208.8 7.32 1.53 13.23 2
19 Tingnan coal mine 4 coal (the second panel district) 278 10.28 3.39 16.68 3
20 Upper stratification of 4 coal in Gaojiabao coal mine 278.4 13.36 3.2 2047 3
21 Layer 4 of Gaojiabao coal mine 3034 11.54 2.98 18.18 3
22 Upper layer of 4 coal in Mengcun coal mine 72 13.35 6.2 19.37 3
23 Lower layer of 4 coal in Mengcun coal mine 112 19.35 4.26 26.88 3
24 Layer 8 in Hetaoyu coal mine 613 3.59 3.78 24 2
25 Upper stratification of 4 coal in Hujiahe coal mine 39.8 6.49 7.73 24.27 3 Wau et al. (2015) [54]
26 Hujiahe coal mine 4 coal lower layer 34.4 4.45 12.57 24.35 3
27 B1 + 2 coal seam of Jiangou coal mine 285 191 2.02 10.1 2 Cao et al. (2019) [55]
28 B3 + 6 coal seam of Jiangou coal mine 254 1.46 1.59 12.64 2
29 Liuhuanggou coal mine 315 5.6 12 354 3 Zhu et al. (2019) [56]
30 Anju coal mine 3 coal 1614 3.382 2.253 13.79 2 Wang et al. (2019) [57]
31 - 133592 3.93 1.04 4.56 1 Wang et al. (2019) [58]
32 - 10702 5.32 12.21 15.17 3
33 Huating coalfield 45 12.3 12.57 18.77 3 Li et al. (2016) [59]
34 73 2.96 19.37 14.67 3
35 158 5.1 6.13 13 3
36 60 2.93 13.51 14.32 3
37 33 10.28 9.84 12.09 3
38 141 5.12 5.6 10.56 3
39 82 4.78 10.18 13.9 3
40 20 9.43 8.72 16.5 3
41 105 7.71 4.21 13.89 3
42 South of 7 coal seam in Sanhejian mine 54 19.63 1.29 17.25 3 Guo (2017) [60]
43 South of 7 coal seam in Sanhejian mine 46.2 14.51 18.78 34.32 3
44 Sanhejian mine 9 layers of coal 9108 12 3.6 2.3 37.7 3
45 South of 9 coal seams in Sanhejian mine 70 7.83 3.38 20.76 3
46 South of 9 coal seams in Sanhejian mine 51.25 5.74 1.8 18.5 3
47 237 working face of Hegang Nanshan mine 1414 3.29 2.38 5.26 1
48 Da’anshan mine 7 slots coal 1384 0.97 3.54 9.97 2
49 Xuzhou Zhangji mine 9612 working face 52.5 6.62 4.32 9.52 2
50 Qitaihe Taoshan mine 79 coal 50.35 6.71 4.52 11.78 2
51 Hegang Junde mine 17 coal 346 113 6.45 15.24 3
52 5 layers of coal in Yanbei 248.57 2.15 1.84 12.03 2
53 9 and 10 coal seams 375 21 1.93 11.43 2 Li (2011) [61]
54 15 coal seam 137 5.28 4.15 13.75 2
55 16 and 17 coal seams 258 2.01 2.05 12.49 2
56 20 coal seam 185 2.78 3.26 13.28 2
57 Puxian Heilong Coal Industry 402 5.332 2.632 27.279 3 Bai (2018) [62]
58 Chengjiao coal mine No. 2 coal seam 306 5.91 2.48 8.86 2 Su (2013) [63]
59 Chengshan mine #25 284 3.96 1.84 10.48 2 Li et al. (2013) [64]
60 Yuejin coal mine 351 2.63 1.64 12.98 2 Song et al. (2014) [65]
61 Tengdong Shengjian coal mine #1 coal seam 37 5.33 5.01 15.56 3 Wan (2015) [66]
62 Tengdong Shengjian coal mine #2 coal seam 91 4.36 3.89 14.4 2
63 Tengdong Shengjian coal mine #3 coal seam 144 3.46 3.21 13.35 2
64 Tengdong Shengjian coal mine #4 coal seam 113 2.78 2.71 12.46 2
65 Tengdong Shengjian coal mine #5 coal seam 149 2.58 2.37 11.61 2
66 - 362.8 6.02 1.34 8.61 2 Gong et al. (2015) [67]
67 Hongyang coalfield #12 252 3.11 1.93 6.51 2 Wang et al. (2016) [68]
68 8 coal seam 100 6.41 2.76 17.15 2 Su et al. (2014) [69]
69 16 and 17 coal seam 24 4 2.85 23.85 3
70 15 coal seam 301 3.84 247 10.2 2
71 9 and 10 coal seam 92 43 4.53 14.65 2
72 Qiangiu coal mine No. 2 seam top coal 300 2.76 2.74 11.76 2 Li (2014)[70]
73 Qiangiu coal mine No. 2 seam bottom coal 224 6.44 6.32 18.61 3
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Table 2 (continued)

No. Case CBL parameter Grade Reference
DT (ms) Wer Ke Rc (MPa)
74 Yaogiao mine 7 coal 19 7.86 13.667 9.72 3 Zhang et al. (2015) [71]
75 Xinxing mine sixth mining area 41.2 11.91 11.76 5.489 3 Shu et al. (2014) [72]
76 A mine in Xinjiang 44.5 4.34 5.99 22.63 3 Yang (2013) [73]
77 A mine in Shandong 139.8 3.19 3.34 13.29 2
78 A mine in Inner Mongolia 722 19 1.54 7.05 1
79 Shandong #1 760 213 1.17 5.92 1 Xu et al. (2013) [74]
80 Inner Mongolia #2 260 1.88 1.67 12.87 2
81 Heilongjiang #3 189 6.05 6.49 18.64 3
82 Guangzhong coal mine 260 24 0.76 4.27 1 Li et al. (2014) [75]
83 Guangtai coal mine 212 4.34 0.88 7.31 2
84 Guojiahe coal mine 267 124 0.87 24.77 3
85 Yuejin coal mine 65.89 10.42 6.3 28.6 3 Guo (2016) [76]
86 Zhaozhuang coal mine #3 196.2 1.93 1.078 8.903 2 Tong (2014) [77]
87 Jixian mine Q1 288 1.63 234 15.37 2 Xing (2014) [78]
88 Jixian mine Q2 239 14 2.03 11.14 2
89 - 48 8.06 94 10.58 3 Li (2013) [79]
90 1 coal 34 5.15 6.5 17.35 3 Wang (2013) [80]
91 2 coal 255 34 3.7 11.15 2
92 3 coal 725 1.58 14 5.36 1
93 - 3492 6.3 9.75 2244 3 Song et al. (2018)[81]
94 - 18150 2.5 2.58 7.07 2
95 - 31325 0.2 1.37 2.04 1
96 Upper stratification 167 17.603 15.682 22.597 3 Jiang et al. (2018) [82]
97 Lower stratification 69.2 12.522 35.723 33.907 3
98 3 coal 90 5.27 3.18 18.39 3 Zhan (2018) [83]
99 7609 working face of Gengcun coal mine (natural) 254 3 1.94 7.31 2 Xiao et al. (2018) [84]
100 7609 working face of Gengcun coal mine (saturated with water) 500 1.9 1.63 5.71 2
101 Baotailong west mine district 26a 750.3 8.19 1.36 9.52 3 Shen and Jiang (2016) [85]
102 Baotailong west mine district 26b 421.8 22.67 1.39 17.4 3
103 Tengdong coal mine 3 coal 43.2 14.6 11.8 34.06 3 Chen (2015) [86]
104 Tianchen coal mine 322 face 360 2.25 13.84 10 2 Liu et al. (2014) [87]
105 3 coal in a mine 362.8 6.02 1.34 8.61 2 Zhu (2013) [88]
106 Tongjialiang mine 5.7 9.1 6.48 14.5 3 Liu (2011) [89]
107 Huating coal mine 5 middle bed coal 38 14.57 17.46 22.59 3 Wang (2011) [90]
108 Zhaolou coal mine #3 (upper) 42 7.39 5.67 20.5 3 Jiang et al. (2010) [91]
109 Zhaolou coal mine #3 45 5.24 4.96 18.54 3
110 Zhaolou coal mine #3 (lower) 49 8.12 10.63 259 3
111 #6 coal seam of Pingmei mine 1149 3.39 3.45 14.38 2 Jiao (2010) [92]
112 Suncun mine #1 172 4 1.58 13.17 2 Guo et al. (2003) [93]
113 Chaoyang coal mine 49 5.09 4.59 2341 3 Li (2008) [94]
114 Yanbei coal mine LW250205 140 6.44 9.51 21 3 Cai et al. (2016) [37]
115 Yanbei coal mine LW250205 109 5.13 2.19 14.57 2
116 Yanbei coal mine LW250205 141 14.74 6.92 14.34 3
117 Yanbei coal mine LW250205 250 3.86 3.15 433 2
118 Yanbei coal mine LW250205 141 134 247 16.55 3
119 Yanbei coal mine LW250205 250 4.69 2.77 9.17 2
120 Yanbei coal mine LW250205 31 16.17 12.17 10.14 3
121 Yanbei coal mine LW250205 203 10.03 411 20.37 3

Notes: - indicates the sample information was removed by authors; and 1, 2 and 3 are denoted as none, weak and strong.

as the index weights (@, )p after normalization as CR < 0.1, other-
wise, the comparison matrix needs to be reconsidered. The values
of RI [45] are shown in Table 1.

2.4. Synthetic weights

The synthetic weights w),, is proposed to combine the data char-
acteristic and subjective judgment to increase the feasibility of
weight assignment, which can incorporate the objectivity and rich
experience simultaneously from the aforementioned weight meth-
ods (Eq. (13)).

(o), (@),

s (@), (@)

wp p=1,2,---,m) (13)

k
2.5. Calculation of composite measurement vectors

Index measurement vector D§? determines the level of index ¢,
belonging to grade ¢, Comprehensive evaluations are usually
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achieved based on the specimen, which means that the degree of
sample 1/, belonging to grade &, needs to be clear. Thus, composite
measurement vectors doq are calculated in function of the multiple
index measurement matrix and related weights (Eq. (14)).

m
Sog =y pDM(0=1,2,---,m;p=1,2,---,mq=1,2,---,G)
p=1
(14)

2.6. Principle and priority of credible identification

Given that the evaluation space A is the ordered partition, thus,
credible recognition criterion / is employed in this work, which has
better performance than the conventional identification method-
ologies, such as maximum measurement principle. The grade
Ag(1 < q < G)is considered as the assessment result that satisfies
>°&q > A (Eq. (15)). Generally, 0.5 < 2 < 1 and it is common that
4 =0.6-0.7 [46-49].

Ag=min{q:Y & >11<r<G} (15)
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Assuming that the grade value ¢ is 6,4, the sample score T,°® can be
calculated by Eq. (16), from which the sample priority is observed.

Tf;:Zéng(oz1727"'7n;q:1727“'7c) (16)

where 0, is determined by the sortation of vectors £, and the expec-
tation of designers.

3. CBL evaluation using unascertained measurement theory

The violence and suddenness of coal burst is a long-standing
issue that needs to be solved in an effective and efficient manner.
The mechanical response of coal mass is affected by many factors,
e.g., underground water and gas pressure, which are different from
the factors of rock mass. GB was considered as an efficient method-
ology to assess the coal burst proneness. However, it has a weak
performance in some complex cases. Consequently, unascertained
measurement theory is utilized combining with synthetic weight
to classify the burst potential of sample databases. The technique
routine is summarized in Fig. 3. The samples are mainly derived
from 12 provinces, China, e.g., Heilongjiang province, Shandong
province and Shanxi province (Fig. 4), and the outliers are removed
from the dataset (Table 2). It is clear that the training sample set
constructed in this work is representative of the inspired amount.
Four evaluation indexes (DT, Wgr, Kg and Rc) are investigated to
realize the CBL classification. The index correlation and classifica-
tion basis [32] are presented in Fig. 5 and Table 3.

3.1. Calculation of unascertained measurement value

International Journal of Mining Science and Technology 31 (2021) 799-812

non-linear methodologies. Considering the complexity of under-
ground engineering and the simplicity of linear function, the linear
and non-linear evaluation regarding coal burst risks are carried out
simultaneously based on the given functions to choose the hybrid
model with optimal structure. The second sample is taken as an
example. The single index measurement vectors (Fig. 6) are calcu-
lated based on Egs. (1)-(4), shown in Fig. 7, which meets Egs. (5)-
(7) requirements.

3.2. Weight analysis and composite measurement

Weight calculation, which assigns more influence on the impor-
tant factors, determines the accuracy of evaluation results. Subjec-
tive and objective weighting methods are performed
simultaneously to promote the rationality of weight allocation.
For the subjective weights, a pairwise comparison matrix is con-
structed by researchers based on the rich field experience. To
remove the uncertainty for decision-makers during the index
importance comparison as much as possible, the rating interval
of 1-9 was replaced by 1-4. The eigenvectors corresponding to
the maximum eigenvalue are the index weights after the consis-
tency check is satisfied (Eqgs. (11) and (12)). In this study, the sub-
jective weighting of DT, Wgr, Kz and Rc are specified as {0.4673,
0.16, 0.095, 0.2772}. Besides, the commonly-used weights {0.3,
0.2,0.2,0.3} [37] are also applied to validate the feasibility of index

Table 3
Classification basis regarding the influential factors.

Classification DT (ms) Wer Ke Rc (MPa)
In this study, another two membership functions (S and W & (none) >500 <2 <15 <7
functions) are added into the algorithm to extend the ability of & (weak) 50-500 2-5 1.5-5.0 7-14
uncertainty measure in addition to commonly-used linear and ¢3 (strong) <50 25 =5 214
0.005
0.003 Corr: Corr: Corr:
-0.08. -0.065 -0.187*
0.001 ® °
—
50 @ s
30 Corr: Corr:
0.155 0.276%*
10 é L4
Qe S
60 @ ®
40 g Corr: °
0.437**+
20
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]
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[ ] =
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Fig. 5. Correlation matrix of CBL evaluation indexes.
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weight determination. Then, the synthetic weights of individual
samples can be achieved according to Eq. (13), as shown in Table 4.

3.3. Composite measurement vectors and CBL classification

Sample/composite measurement is able to size the main char-
acteristics of the object to be evaluated compared to the single
index measurement. In this study, the comprehensive measure-
ment vectors are calculated via multiple index measurement
matrix and synthetic weights, see Eq. (14).

The attribute characteristic of samples can be observed clearly
in the composite measurement vectors context. After that, a
high-efficient attribute identification criterion is necessary, which

has a capability of classifying the CBL reasonably. In the past, a lack
of suitable division criterion leads to a low accuracy, which turns
out to limit the combination model extension to other fields. Con-
sequently, credible recognition principle is used to categorize the
CBL, which outperforms the maximum measurement principle in
ordered partition space A [48]. The composite measurement vec-
tors of the second sample are presented as {0.306, 0.615, 0.079}
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Fig. 6. Single index measurement vectors of sample (Pingdingshan sixth mine).

according to Eq. (15) (4 = 0.6), then, 0.306 + 0.615 > / = 0.6, that
is, the grade of the second sample is &, which corresponds to be
weak in CBL classification. The evaluation results for the rest of
the samples under different membership functions are computed
as sample 2. In Fig. 8, the accuracy of different ensemble models
are visualized, and the evaluation results with optimal structure
are listed. The accuracy of all unascertained measurement-based
ensemble models is more than 80%, which indirectly proves the
reasonability of this model in CBL evaluation. Additionally, the
evaluation performance of the optimal ensemble model is shown
in Fig. 9, using a confusion matrix. It is clear that the accuracy of
P-CW-CIP is 91%.

As noted in Fig. 8, A* represent the index weight collected from
the literature.

3.4. Priority sortation to coal burst database

The values of three grades are presented as {60, 80, 100},
according to Eq. (16). Then, the scores of individual specimen are
obtained with different combination methodologies. The entire
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Fig. 7. Uncertainty measurement of different functions.

Table 4
Weight distribution of CBL evaluation parameters.

CBL AHP AHP (*) Entropy method Combination weight (EN-AHP)

parameter L P s w L P s w
DT 0.4673 0.3 0.229 0.201 0.216 0.248 0.443 0.370 0.425 0.485
Wer 0.16 0.2 0.221 0.211 0.196 0.234 0.146 0.133 0.132 0.157
Kg 0.095 0.2 0.291 0.201 0.317 0.317 0.114 0.075 0.127 0.126
Rc 0.2772 0.3 0.259 0.387 0.271 0.201 0.297 0.422 0.317 0.232

Note: AHP (*) is the subjective weight obtained from the literature [37].

scores of samples are presented below based on P-CW-CIP combi-
nation model (Fig. 10). The sample score and CBL are positively cor-
related, and the red and green lines shown in Fig. 10 are assumed
as the boundary to classify the CBL. From Fig. 10, it can be said that
the majority of samples (over 90%) may suffer from a different
levels of coal burst hazard, from which the efficient hazard control
techniques can be employed to remove this negative impact
effectively.

3.5. Engineering validation with unascertained model

The GB plays a major role in identifying the coal burst risk for a
long time, the GB principle is to judge the burst intensity compre-
hensively according to the evaluation of four correlative parame-
ters. However, the results implemented by empirical criterion are
ambiguous in the situation, where these indexes belong to differ-
ent grades respectively. Generally, in this case other assessment
outcomes which are similar to this condition are employed as a ref-
erence. In this work, 11 new coal burst samples are used to validate

the reliability of the hybrid model, which is selected in section 3.3.
Table 5 illustrates the coal burst parameters and its evaluation
results judged with distance discriminant analysis (DDA) as well
as GB. The CBL of all engineering cases cannot be judged by GB
absolutely as shown in Fig. 11. Wang et al. [95] investigated the
similar conditions to distinguish the intensity and to validate per-
formance of the proposed DDA model. In some cases, the afore-
mentioned comparison technique is able to improve the
credibility of estimation. But the comparison sample is hard to
gather, of which the attribute label is clear. The optimal combina-
tion of unascertained models is performed to classify the CBL. On
the one hand, it is able to examine the applicability of this hybrid
algorithm. On the other hand, this algorithm can also classify the
species, which is hard to distinguish with GB, via the parameters
and the corresponding division criterion. In Fig. 12, the CBL can
be classified through the accumulative comprehensive measure-
ment vectors and CIP. The evaluation results are shown in Table 5,
which are perfectly consistent with the actual situation or other
evaluation methods.
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3.6. Comparison and discussion

In previous studies, few ones focused on the process that selects
an optimal model, the existing hybrid models are usually designed
for possessing specific cases. In this study, a process to establish an
optimal hybrid algorithm is introduced through a theoretical anal-
ysis and calculation. Entropy-based method (EN) can prevent the
subjective disturbance of the designers, while it may result in the
severely deviating weights from the actual situation. For AHP, the
weights assignment is feasible in most of the cases, which can
make full use of the rich engineering experience of designers and
planners. However, the sensitivity of the index importance is dif-
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ferent, which can generate the uncertainty factors to evaluate the
results. Last but not the least, choosing a reasonable classification
tool to judge the CBL accurately is very crucial. Usually, maximum
measurement principle is not accepted in this case, and UC and CIP
are considered as the common classification criteria. However, the
application scope of the former is not clear and it sometimes gets
unacceptable classification results. Therefore, there are 24 possible
combination styles including L-EN-UC, L-EN-CIP, L-AHP-UC, L-
AHP-CIP, L-CW-UC, L-CW-CIP, P-EN-UC, P-EN-CIP, P-AHP-UC, P-
AHP-CIP, P-CW-UC, P-CW-CIP, S-EN-UC, S-EN-CIP, S-AHP-UC, S-
AHP-CIP, S-CW-UC, S-CW-CIP, W-EN-UC, W-EN-CIP, W-AHP-UC,
W-AHP-CIP, W-CW-UC and W-CW-CIP to describe the CBL. Accord-
ing to the evaluation results, it can be seen that the accuracy of all
uncertainty-based hybrid models exceeds 80%. The models P-CW-
CIP and P-AHP-CIP achieve the best performance (Fig. 8) with 91%
and 89% accuracy, which proves that the subjective weights used
in this work are reliable. Considering the ability of synthetic
weights to reduce the subjective disturbance on weights assign-
ment, this study P-CW-CIP hybrid model is selected as the best
one to estimate the CBL.

For the samples, GB is hard to categorize, and empirical compar-
ison seems to be an inspired way to get rid of the dilemma but it is
impractical and time-consuming to search suitable case history.
Thus, eleven new coal burst samples with complete intensity
labels, some of which cannot be classified by GB, are gathered to
test the performance of combination algorithm P-CW-CIP
(4 =0.6). As shown in Table 5, the evaluation results are in accor-
dance with the field description or GB, through which the perfor-
mance of this robust combination is validated. It means that the
evaluation results obtained by unascertained measurement theory
are reliable.

The unascertained measurement model considering the index
importance with synthetic weight is able to evaluate the CBL rea-
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Table 5
Coal burst parameters adopted for model tesing.
Sample CBL index DDA method GB Actual situation UM Reference
DT (ms) Wer K Rc (MPa)
Zhaozhuang coal mine 196 1.93 1.08 8.9 Weak * Weak Weak Wang et al. (2019) [95]
Babao mine 12,333 0.96 1.14 4.56 None None None None
Sanhejian coal mine 70 7.83 3.38 20.8 Strong * Strong Strong
Datong mine 318 3.6 0.9 0.7 None * None None
Fuxing mine 142 0.116 2.22 1.68 None * None None
Lingzhida mine #15 1336 1.98 1.47 8.03 - None - None Niu et al. (2021) [96]
A mine 3 level 535.75 3.11 3.23 5.57 - None - None Du (2020) [97]
Baoan mine #15 889 1.89 1.73 6.47 - None - None Zhao (2020) [98]
Tangkou mine LW5304 (10 d) 30 3.38 6.48 13.97 - Strong Strong Strong Liu et al. (2018) [99]
Tangkou mine LW5304 (20 d) 134 3.09 1.42 135 - Weak Weak Weak
Tangkou mine LW5304 (30 d) 160 2.62 1.51 10.36 - Weak Weak Weak

Notes: - represents that the CBL hasn’t been evaluated through DDA method; and * represents the cases that cannot be divided by GB.
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(a) The composite measurement of samples 1~5
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Fig. 12. The accumulation of composite measurement vectors of 11 samples.

sonably, and the advantages of this model in comparison with
other researches are summary below:

(1) Different from conventional mechanism research, P-CW-CIP

is able to efficiently interpret valuable information, e.g., CBL,
through the on-site data, which is also the development ten-
dency of the future. On the one hand, various coal burst
proneness corresponds to the different levels of characteris-
tic parameters; on the other hand, a large volume of moni-
toring techniques that are undisturbed to coal mass
provide the possibility of constructing a data-based algo-
rithm. Several uncertainty evaluation algorithms have been
developed and improved by many scholars in recent years,
e.g., fuzzy evaluation is able to deal with fuzzy uncertainty
information, which also suffers from the loss of valuable
information. Compared to fuzzy evaluation, it seems that
unascertained measurement theory gains more attention
to deal with uncertainty information based on its principle
(normalization, non-negativity and additivity). Therefore,
the developed model is capable of assessing the CBL in a safe
environment on the basis of the inspired coal burst dataset
compared to on-site tests. More importantly, the structure
of the proposed model is simple, which is beneficial to be
accepted in engineering.

(2) The number of specimens is not the main limit of this algo-
rithm compared to the statistics method, that is, the evalua-
tion result is still reliable in the case of small samples. For
the structure of the proposed model, employing multiple
non-linear membership functions can remove the uncer-
tainty information existing in the engineering problems as
much as possible. As aforementioned, both subjective and
objective weights have their limitations. Thus, the weighted
mean method, which considers the proportion distribution
of different weights at the same time, is utilized to measure
the index importance comprehensively. Furthermore, the
weight is calculated based on the multiple index matrix, that
is, the sample difference is highlighted in this model (each
sample y; corresponds to a weight w,). In this way, the
determination of weight is more scientific, which can be val-
idated through the evaluation accuracy shown in Fig. 8.

In engineering projects, many uncertainty factors contribute to
the coal burst hazard, yet the current comprehensive evaluation
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methods are far from the engineering requirements. The proposed
model shows a great potential in this field, but, the index system
used is based on the previous researches, which leads to other
important influencing indicators, for example, geo-stress is not
explored, and the index sensitivity is not taken into account.
Besides, the method to determine the value of CIP is from litera-
ture, as a result, the criterion selection may suffer from the artifi-
cial disturbance for special engineering cases. Therefore, other
classic algorithms, e.g., set pair analysis, will be incorporated in

the next research through which the proposed model can be fur-
ther optimized.

4. Conclusions

In this paper, 121 groups coal burst data and 11 groups test
samples are constructed to select the optimal combination model,
and the performance of the established model is tested separately.
The indexes (DT, Wer, K¢ and R¢) are determined as the input vari-
ables of the targeted models. Multiple-index measurement matrix
and weights distributions are calculated based on the dataset, then
credible identification principle (1 = 0.6) is performed to classify
the CBL explicitly. The results show that the uncertainty-based
model performs well in CBL analysis, which means that it can be
seen as a supplement of conventional disaster evaluation methods.

(1) Two new non-linear membership functions (S and W) are
created to quantify the uncertainty as it belongs to different
classes simultaneously in addition to conventional linear
and non-linear assessment approaches. Then, synthetic
weights are employed to investigate the weights of individ-
ual indexes, which is able to incorporate the advantages of
information entropy and AHP method.

(2) The subjective weights of index system are presented as
{0.467, 0.16, 0.095, 0.277}, then, the combination models
L-EN-UC, L-EN-CIP, L-AHP-UC, L-AHP-CIP, L-CW-UC, L-CW-
CIP, P-EN-UC, P-EN-CIP, P-AHP-UC, P-AHP-CIP, P-CW-UC, P-
CW-CIP, S-EN-UC, S-EN-CIP, S-AHP-UC, S-AHP-CIP, S-CW-
UC, S-CW-CIP, W-EN-UC, W-EN-CIP, W-AHP-UC, W-AHP-
CIP, W-CW-UC and W-CW-CIP are established via analyzing
correlative part of the targeted model. The evaluation results
show that the accuracy of established models exceeds 80%,
and the ensemble model P-CW-CIP (/. = 0.6) shows the best
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performance with 91% accuracy. Additionally, more than
90% samples of training dataset are at the risk of coal burst
according to the sample superiority sortation. As for the test
sample, the P-CW-CIP model shows great potential in CBL
classification with 100% accuracy.

(3) In this work, other important influencing factors, e.g., geo-
stress, is not explored for the CBL evaluation. Meanwhile,
the method used for identifying the most essential factors
in CBL evaluation is not explored. Thus, these limitations
need to be overcome in the next research.
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