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Rapid determination of fuzzy number in FAHP and
assessment risk in coal mine roof fall
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aMOE Key Laboratory of Intelligent Manufacturing Technology, Department of Civil and
Environmental Engineering, College of Engineering, Shantou University, Guangdong, China;
bDepartment of Civil and Environmental Engineering, The Hong Kong Polytechnic University,
Hung Hom, Kowloon, Hong Kong, China

ABSTRACT
This study proposed a rapid approach to determine the fuzzy number
to evaluate roof fall risk in the coal mine. In risk assessments by fuzzy
theory, the determination of fuzzy numbers using triangular fuzzy
numbers (TFN) incorporated into the analytic hierarchy process is a
difficult and time-consuming task. A novel approach to determine
fuzzy number in TFN was proposed. To reduce occurrence of roof fall
accidents, it is necessary to identify the main risk factors in roof fall risk
assessments. A nine-score table-type questionnaire was adopted to
collected expert judgement, based on which language scales were
determined, ranging from 0.1 to 0.9, with increments of 0.1. Each lan-
guage scale corresponded to the selected value of the experts.
Subsequently, a triangular fuzzy complementary judgement matrix
and a consistent possibility judgement matrix were constructed. The
effectiveness of this proposed method was verified via analysing a
case of roof collapse at Chaidar coal mine, Qinghai Province, China.
The final ranking results of the risk factors were consistent with those
observed in the field.
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1. Introduction

Coal is one of the most prominent energy and mineral resources and an indispensable form
of energy for production and daily life. Notably, a sufficient supply of coal is crucial for the
stability and development of industries and even entire societies (Thorbjornsson et al. 2015;
Guo et al. 2016). However, the coal mining processes need to take coal block from the
seam, which must make the coal seam fractured at first (Du et al. 2020a; Ding et al. 2022a).
Thus, both mechanical and hydraulic properties should be measured using various testing
technologies, e.g. acoustic emission (Du et al. 2020b), hydraulic test (Ding et al. 2022b),
mechanical testing (Ding et al. 2022c), and resistivity testing (Bai et al. 2022). Therefore,
during coal mining, significant issues include roof falls, gas explosions, and rock bursts,
which are related with the mechanical and hydraulic properties (Du et al. 2020a, 2020b;
Zhang et al. 2020; Ding et al. 2022a, 2022b, 2022c). In China, roof fall accidents are the
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most common cause of severe harm in coal mining. Such accidents threaten the safety of
personnel and equipment and cause significant economic losses (Li et al. 2020a). Figure 1
shows the statistics of the number of roof fall accidents and the death toll in China from
2011 to 2020. As can be seen, more than 130 roof falls and 370 deaths have over the past
decade (http://www.mkaq.org/mklw/scaq/). To prevent the occurrence of such roof fall acci-
dents, the risk assessment of mining roof fall accidents is considerably important.

The occurrence of roof fall accidents in coal mining is often influenced by many
complicated, fuzzy, and random factors. Geological conditions, mine environments,
and hydrogeological conditions have important impacts on the roofs of coal mines
and can increase the risk of roof falls (D€uzg€un 2005; Wang et al. 2018). Notably, sup-
porting structures play an important role in maintaining roof stability and reducing
the risk of roof falls (Palei and Das 2008; Prusek et al. 2016; Chi et al. 2019). Many
studies have predicted the caving rate of coal mine roofs through the coal mine roof
rating (CMRR) and primary roof support (SRSUP) (Mark and Molinda 2005;
Ghasemi and Ataei 2013). There have been study to predict the risk of coal mines by
using time series modelling (Mohseni and Ataei 2016). These methods are effective
but neglect the management problems pertaining to human and equipment factors,
resulting in incomplete factor identification. Important factors associated with the
safety management of coal mining are often neglected, resulting in serious conse-
quences. Therefore, effectively identifying these risk factors is considerably important
for risk assessments. Risk assessments are helpful for risk management and decision
making (Tahernejad et al. 2012; Hosseini et al. 2017; Nikkhah et al. 2019; Norouzi
Masir et al. 2021). Previous studies have proposed a variety of risk assessment meth-
ods such as analytic hierarchy process (AHP) (Lyu et al. 2020), fault tree (Jahanbani
et al. 2018), and fuzzy mathematics (Liu et al. 2014, 2015). Certain scholars have pro-
posed probability and mathematical statistical methods to evaluate the risk of coal
mining roofs (D€uzg€un 2005; Prusek et al. 2016). This approach mainly uses the prob-
ability and consequence of the risk occurrence to evaluate roof risk levels, which plays

Figure 1. Number of roof fall accidents and death toll from 2011 to 2020 in China.
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a certain role; however, it is difficult to determine the important risk factors. Some
scholars have proposed a semi-quantitative technology for risk assessment. The
method is applied to evaluate various possible scenarios and corresponding risks of
retreat mining (Ghasemi et al. 2012). Furthermore, researchers have also used artifi-
cial neural networks to predict the risk of coal roof fall accidents (Li et al. 2020b;
Małkowski and Juszy�nski 2021). This method is efficient but lacks expert judgements.

To search literatures, VOSviewer was used to analyze the titles and abstracts of
more than 9000 literatures in web of science (WOS), in which keywords of coal mine
roof fall, AHP, risk assessment, triangular fuzzy numbers were used, and then,
screened 300 terms. Figure 2 shows VOSviewer term map visualization for the related
literatures. It can be seen that the fuzzy analytic hierarchy process (FAHP) is widely
used in risk assessments in mining (Mikaeil et al. 2009; Zare Naghadehi et al. 2009;
Jafari et al. 2011; Ameri Siahuei et al. 2021). It addresses the fuzziness and inaccura-
cies in the decision-making process by combining fuzzy numbers with the AHP
(Hamidi et al. 2010; Lyu et al. 2020). For example, in the risk assessment of under-
ground engineering, Nezarat et al. (2015) considered this probability and influencing
factor and used the FAHP to determine risk levels. In many methods, the determin-
ation of fuzzy numbers and the satisfaction of consistency requirements are always
problematic. Li et al. (2013) used the improved AHP to improve the consistency of
the CM and effectively identify risk factors. Lyu et al. (2020) proposed a simple ques-
tionnaire with expert opinions and determined fuzzy numbers under the requirement
of consistency; this is a highly effective method for multifactor evaluations.

This article aims to (i) proposes a triangular fuzzy complementary AHP (TFC-AHP)
to identify evaluate the most risk factors of coal mining roof fall accidents and (ii) apply
the improved approach to evaluate a case of roof collapse at Chaidar coal mine, Qinghai
Province, China. Based on a simple questionnaire combined with expert experience, the
results of the proposed TFC-AHP method and the existing FAHP method (TFN-AHP)

Figure 2. VOSviewer term map visualization for the risk assessment studies of coal mine roof fall.
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are analysed. In section 2, this part introduces the method of determining triangular
fuzzy numbers based on a table-type questionnaire and calculating the weight of each
factor combined with AHP. In section 3, the proposed TFC-AHP method is applied to
the risk analysis of the roof fall accident in Chaidar coal mine of Qinghai Province. In
section 4, the weight results calculated by the proposed TFC-AHP method and an exist-
ing FAHP method (TFN-AHP) are compared and analyzed with the actual situation of
the site; it shows that TFC-AHP method is more suitable for the actual situation.
Finally, in section 5, this section concludes the article.

2. Methodology

2.1. Framework of risk assessment

Figure 3 shows the framework of the proposed risk assessment model. It consists of
six steps: (i) data collection, (ii) establishment of assessment index system and gener-
ation of datasets, (iii) conduction experts’ questionnaire, (iv) determination of TFC
number, (v) conduct TFC-AHP method, (vi) results and discussion. The steps (i) and
(ii) will be introduced in case study subsections 3.1 and 3.2, respectively; steps (iii) to
(v) will be introduced in subsections 2.2 to 2.4, some numerical results of TFC num-
ber will be presented in subsection 3.3, and the detailed weight factor numbers will
be presented in subsection 3.4; step (vi) will be presented in section 4.

2.2. Nine-score questionnaire

According to the original triangular fuzzy number AHP (TFN-AHP), a questionnaire was
developed to collect the opinions of different experts. The traditional questionnaire
requires a significant amount of time for the evaluation process, and it is difficult to
understand even for experienced experts; hence, it is difficult to meet the consistency
requirements of the matrix. Therefore, a table-type nine-score questionnaire (Lyu et al.
2020) was adopted, in which nine points indicate the impact of a factor on the risk; a value
of 1 denotes equally important, whereas a value of 9 indicates extremely important.
Essentially, the higher the score, the higher is the priority of the factor. It is difficult to
determine the fuzzy number using the ratio between the two factors when there are lim-
ited comparative factors and there exists a difference between the scores. For example, the
score of Factor A is 5–9, the score of Factor B is 6–9, and the score of Factor C is 6–9. The
ratios of any two factors were all less than 2. Thus, the calculated weight of each factor
was the same, leading to inaccurate evaluation results. Therefore, this work suggests that
the difference between two factors be used to determine the fuzzy number; this difference
is represented by D, which will be described in details in the following section.

2.3. Determination of TFN

TFN are common in the field of risk assessments and can be expressed as N ¼ (g, h,
m) (g� h � m), where g, h, and m represent the values of the lowest risk possibility,
medial risk possibility, and highest risk possibility, respectively. The membership
function of fuzzy numbers can be expressed as in Eq. (1); for 0 � l (xjN) � 1, which
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represents the weight of the risk factors (Zadeh 1965).

lðxjNÞ ¼

0 ðx < gÞ
x � g
h� g

ðg � x � hÞ
m� x
m� h

ðh � x � mÞ
0 ðx > mÞ

8>>>>><
>>>>>:

(1)

For any two TFN, the common simple operation expressions are shown in Eqs.
(2)–(5). The following operations were used in this study to solve the evaluation
weights of the indicators using the triangular fuzzy number judgement matrix (Zadeh
1965).

Figure 3. Flowchart of risk assessment frame.
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N1⨁ N2 ¼ (g1þg2, h1þh2, m1þm2) (2)

N1 � N2 ¼ (g1�g2, h1�h2, m1�m2) (3)

k � N¼ (k�g2, k�h2, k�m2) (4)

1
N

¼ 1
g
,
1
h
,
1
m

� �
(5)

where k is an arbitrary constant, N1 ¼ (g1, h1, m1), and N2 ¼ (g2, h2, m2).
In a previous study, to determine the TFN of each factor, Xu (1999, 2004) pro-

posed a complementary fuzzy scale with values from 0.1 to 0.9, at increments of 0.1.
In the complementary fuzzy scale, a value of 0.1 indicates that Factor A is more
important than Factor B, whereas a value of 0.9 denotes that Factor B is more
important than Factor A. Thus, we established a relationship between the score differ-
ence D and the complementary fuzzy scale value. Table 1 shows the corresponding
evaluation language between complementary fuzzy scale value and score difference D.
A value of 0.5 indicates equal important between two factors; this corresponds to
D¼ 0. The corresponding results between the complementary fuzzy scale value and
the score difference D are tabulated in Table 1.

The steps to determine the fuzzy number are as follows:

1. The scoring results of each expert were counted, and the average score of each
factor and the difference between the two factors were calculated based on each
expert’s opinion.

2. According to the range of values and the corresponding range of the complemen-
tary fuzzy scale, the trend of the fuzzy number was determined via a comparison
with the average scoring value.

3. When multiple experts evaluated the same two factors, if the difference interval
was –2 to 2, the two factors were deemed equally important. Table 2 lists the
TFN for the relative importance.

2.4. TFC-AHP

According to the AHP (Saaty 1977), the factors related to decision making are
decomposed into the target, source, and element layers. Indexes at the same level are
compared in pairs, and the degree of comparison is quantified to establish a

Table 1. Corresponding evaluation language between complementary fuzzy scale.
Scale Meaning D

0.1 Factor A is absolutely more important than Factor B –8 � D < �6
0.2 Factor A is significantly more important than Factor B –6 � D < �4
0.3 Factor A is obviously more important than Factor B –4 � D < �2
0.4 Factor A is slightly more important than Factor B –2 � D< 0
0.5 Two factors are equally important D¼ 0
0.6 Factor B is slightly more important than Factor A 0 < D� 2
0.7 Factor B is obviously more important than Factor A 2 < D� 4
0.8 Factor B is significantly more important than Factor A 4 < D� 6
0.9 Factor B is absolutely more important than Factor A 6 < D� 8
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judgement matrix. When the consistency requirement is satisfied, the matrix is
solved, and the weight vector of each index can be obtained. TFC-AHP uses triangu-
lar fuzzy numbers to express the relative importance between indexes. The fuzzy and
quantitative methods for qualitative indexes were used to calculate the single ranking
and total ranking as a systematic method for the optimisation decision of the target
scheme. The establishment of a reasonable AHP is essential for the rationality of the
final decision result, which corresponds to the process of identifying each factor and
decomposing the target factor into the source and element layer factors.

The construction of the TFC judgement matrix Fn�n and the calculation of Eq. (6)
can be expressed as follows:

Fn�n ¼ ðgij, hij,mijÞ

¼

0:5, 0:5, 0:5½ � g12, h12,m12½ � � � � g1j, h1j,m1j
� � � � � g1n, h1n,m1n½ �

g21, h21,m21½ � 0:5, 0:5, 0:5½ � � � � g2j, h2j,m2j
� � � � � g2n, h2n,m2n½ �

� � � � � � . .
. � � � � � � � � �

gi1, hi1,mi1½ � gi2, hi2,mi2½ � � � � 0:5, 0:5, 0:5½ � � � � gin, hin,min½ �
� � � � � � � � � � � � . .

. � � �
gn1, hn1,mn1½ � gn2, hn2,mn2½ � � � � gnj, hnj,mnj

� � � � � 0:5, 0:5, 0:5½ �

0
BBBBBBBBBBBB@

1
CCCCCCCCCCCCA
(6)

where (gij, hij, mij) ¼ (1-gji, 1-hji, 1-mji), gijþ gji ¼1, hijþ hji ¼1, mijþ mji ¼1, and gij
�hij �mij >0, i, j2N.

To satisfy the consistency requirement of the TFC judgement matrix using the
consistency probability matrix (Qin 2007; Meng et al. 2021), the initial fuzzy degrees
Pi ¼ (gi, hi, mi) and Pj ¼ (gj, hj, mj) were compared. Thereafter, the possible degree
Sij of the initial fuzzy degree Pi � Pj can be calculated using Eqs. (7) and (8). Experts
prefer neutrality; thus, the coefficient was considered as 0.5.

Pi ¼
Xn
j¼1

pjfi

�Xn
i¼1

Xn
j¼1

pjfi

¼
Pn

j¼1gjPn
i¼1

Pn
j¼1g

j
i

,

Pn
j¼1hjPn

i¼1

Pn
j¼1h

j
i

,

Pn
j¼1mjPn

i¼1

Pn
j¼1m

j
i

" # (7)

where i, j¼ 1,2,���n.

Table 2. TFN for relative importance.
Relative importance Triangular fuzzy numbers Complementary numbers

Significantly important (0.7, 0.8, 0.9) (0.1, 0.2, 0.3)
Obviously important (0.6, 0.7, 0.8) (0.2, 0.3, 0.4)
Slightly important (0.5, 0.6, 0.7) (0.3, 0.4, 0.5)
Equally important (0.5, 0.5, 0.5) (0.5, 0.5, 0.5)

GEOMATICS, NATURAL HAZARDS AND RISK 7



Sij ¼ 0:5max 1�max
hj � gi

hi � gi þ hj � gj
, 0

 !
, 0

( )

þ 0:5max 1�max
mj � hi

mi � hi þmj � hj
, 0

 !
, 0

( )
(8)

Based on the aforementioned results, the fuzzy consistency possibility matrix R can
be obtained using Eqs. (9)–(11):

R ¼ ðrijÞ ¼

r11 r12 � � � r1n
r21 r22 � � � r2n

..

. ..
. . .

. ..
.

rn1 rn1 � � � rnn

0
BBBBB@

1
CCCCCA (9)

ri ¼
Xn
k¼1

Sik, i ¼ 1, 2, :::n (10)

rij ¼
ri � rj

2ðn� 1Þ þ
1
2

(11)

Thus, the weights of each evaluation indicator can be expressed as in Eqs. (12) and
(13).

wi ¼
Pn

j¼1rij þ n
2 � 1

nðn� 1Þ (12)

w ¼ ðw1,w2, � � � � � �wnÞT (13)

3. Case study

3.1. Project background

The Qinghai Chaidar coal mine is located in Gangcha County, Haibei Prefecture,
Qinghai Province, with geographical coordinates of 37�360 N and 100�280 E. Figure 4
shows a map of the coal mine on the southern side of the Qilian Mountains. Its ele-
vation is 3700–3900m, with an average height of 3880m (see Figure 4b) (data
obtained from Geospatial Data Cloud, http://www.gscloud.cn/search). The average
height of the coal mine site is 3720m (Wang et al. 2018). This field is dominated by
alpine landforms and a discontinuous distribution of frozen island soil. The coal
seam of the Chaidar coal mine is steeply inclined, and the coal-bearing stratum rises
to the north and falls to the south. The roof has low strength, features cracks, and
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can collapses easily. Therefore, it is necessary to evaluate the risk levels of roof fall
accidents during coal mining and formulate emergency plans according to the assess-
ment results to reduce this risk.

On 14 August 2021 the Chaidar coal mine of Xihai coal company in Gangcha
County, Haibei Prefecture, Qinghai Province, suffered a roof fall accident. The acci-
dent killed 20 people and resulted in a direct economic loss of 53.9102 million yuan
(US$8.0272 million) (Guo 2022). Before the incident, the mine was an open pit with
a depth of 160m. At the time of the incident, it was backfilled to 80m, and continu-
ous water seepage occurred around the pit during the rainy season. There was also
no rock stratum in the backfilling part, which was mainly composed of sandy soil.
Furthermore, the geological conditions of the mine were complex and extremely
unstable (Wang et al. 2022). The accident was caused by top coal pumping, and a
large amount of the top coal, slag, and water mixture quickly collapsed into the work-
ing face and transportation channel in the form of debris flow. To avoid future disas-
ters, a fast on-site risk analysis should be conducted.

Figure 4. Map of Qinghai Province: (a) satellite map of Qinghai Province and (b) elevation map of
eight counties in Haibei Prefecture.
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3.2. Establishment of assessment index system

According to many research results, there are three main risk sources affecting the
occurrence of roof fall accidents: (i) the natural environment, (ii) mine excavation
operations, and (iii) safety management. These sources are considered as three factors
in the source layer for the risk assessment of roof fall accidents in coal mines. Each
risk source has a corresponding risk index, based on which the element layer is deter-
mined. Figure 5 shows the established hierarchy analysis structure, including the tar-
get, source, and element layers.

3.2.1. Natural environment (B)
The quality of a coal mine roof is directly related to the natural environment and
mainly includes four influencing factors: (1) stratum lithology (B1), (2) geological
structure (B2), (3) climate and precipitation (B3), and (4) groundwater distribu-
tion (B4).

1. Stratum lithology (B1): Formation lithology includes the composition of rock
forming strata, as well as the physical and mechanical properties, which directly
affect the quality of the roof, stability of the roof, and ore pressure borne by the
roof in mining engineering. The rock is a geological body formed after compli-
cated geological changes. The stress field of a rock mass is redistributed following
excavation disturbances. The quality of the rock mass in the excavation face dir-
ectly affects the engineering design, roadway layout, and stability control.

2. Geological structure (B2): When a coal mining face encounters folds, joints, and
faults, it is usually accompanied by breakage of the roof of the working face, and
the geological structure tends to feature different degrees of influence on safety
during coal mining.

Figure 5. Hierarchy structure for risk of roof fall in Chaidar coal mine.
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3. Climate and precipitation (B3): Climate change affects the thawing settlement of
seasonally frozen soil, while precipitation alters the soil water content and
increases the volume of mine water, thereby affecting the stability of the roof.

4. Groundwater distribution (B4). The distribution of groundwater affects the goaf
water content. Simultaneously, excavation processes may destroy the aquifer,
which, in turn, affects the safe production in coal mines, including the stability
of the roof. There is no water drainage system in the Chaidar well field; further-
more, only a few branches of the vertical watershed feature short flows, which
tend to freeze in the winter, without a perennial water flow.

3.2.2. Excavation operation (C)
During mine excavation, many factors directly affect the stability of the roof, and the
risk sources include three main factors: (1) support structure (C1), (2) excavation
progress (C2), and (3) drainage facilities (C3).

1. Support structure (C1): In coal mine production activities, the support structure
is an essential problem, as its construction quality directly affects the production
safety of the coal mine. The support structure used to support the roof can
increase the stability of the roof and transfer loads to cope with complex geo-
logical conditions; thus, it is an important component of the coal mining process.

2. Excavation progress (C2): This refers to the annual number of coal mines.
Excessively high speeds can cause instabilities in the surrounding rock and delay
support replacement, which can easily lead to roof collapse accidents.

3. Drainage facilities (C3): Appropriate drainage facilities affect the soil water con-
tent, which, in turn, influences the mine pressure load and roof stability. Water
entering the mine is collectively referred to as mineral water; this water mainly
originates from surface water, underground water, and water gushing from min-
ing projects.

3.2.3. Safety management (D)
The operation processes in coal mines are also significantly difficult. To avoid the
occurrence of roof accidents, attention should be paid to coal mine safety manage-
ment, which mainly includes three risk factors: (1) equipment safety maintenance
(D1), (2) personnel safety awareness (D2), and (3) monitoring and manage-
ment (D3).

1. Equipment safety maintenance (D1). The equipment used for mining coal should
be maintained regularly to ensure the normal operation of equipment and safe
production in coal mines.

2. Personnel safety awareness (D2): Construction personnel should possess a com-
prehensive understanding of mining situations, have corresponding safety con-
sciousness, and actively prevent roof-falling accidents.

3. Monitoring and management (D3): Monitoring technology is an effective means
for roof collapse accident prevention. By monitoring of the support system, the
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status of the support system can be understood accurately, enabling timely
adjustments.

3.3. Establishment of fuzzy judgement matrix

We developed a nine-score questionnaire for this case and invited experts to score
each influencing factor. Since the invited experts are all from China, the questionnaire
was written in Chinese.We invited seven experts to evaluate the roof fall risk of the
Chaidar coal mine in Qinghai Province. Table 3 shows the research areas and work
experience of the expert group. Table 4 lists the expert scoring results. According to
the original triangular fuzzy AHP, the matrix and weight of the source layer can be
obtained (Table 5). Similarly, the matrix and weight of the element layer under
Source B can also be obtained (see Table 6).

As shown in Table 4, the expert scores ranged from 5 to 9. According to this rule,
when the evaluation factor number of each layer is less than 5, it is inappropriate to
adopt a scoring ratio between two factors to determine the fuzzy number. Thus,
some of the calculated weights became equal (see Tables 5 and 6). Therefore, there is
no method to identify the important factors. To solve this problem, we propose
another method to determine the fuzzy number using the difference between two fac-
tors (see Table 1 in subsection 2.1). The detailed procedure for establishing the fuzzy
judgement matrix is as follows.

Considering the source layer as an example, for D(B – C) ¼ �5–2, the correspond-
ing number of complementary fuzzy scale is 0.2 to 0.6, with the mid-value of 0.4.

Table 3. Research areas and work experience of the expert group.
Expert Research area Work experience (year)

Expert 1 Safety inspection 6
Expert 2 Underground engineering 6
Expert 3 Underground engineering 3
Expert 4 Underground engineering 5
Expert 5 Engineering design 4
Expert 6 Geotechnical engineering 12
Expert 7 Project management 5

Table 4. Statistics of expert scoring results.

Index

Expert number

1 2 3 4 5 6 7

Natural environment (B) 4 6 8 7 7 7 7
Mine excavation operation (C) 9 9 6 9 9 6 8
Safety management (D) 7 6 7 6 8 8 9
Stratum lithology (B1) 8 8 9 9 6 7 8
Geological structure (B2) 7 6 7 8 7 8 9
Climate and precipitation (B3) 6 7 9 6 8 5 7
Groundwater distribution (B4) 5 5 5 7 9 6 6
Support structure (C1) 6 9 6 9 9 9 9
Excavation progress (C2) 7 4 9 7 7 7 7
Drainage facilities (C3) 8 6 6 8 8 8 9
Equipment safety maintenance (D1) 8 8 6 8 7 8 7
Personnel safety awareness (D2) 7 7 7 9 8 7 9
Monitoring and management (D3) 6 9 5 7 9 6 8
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However, the average difference values were negative, and all the five differences were
negative. Therefore, the relative importance of Factor C is greater than that of Factor
B, and the mid-value of the triangular fuzzy number is identified as 0.3, such that the
triangular fuzzy number becomes (0.2, 0.3, 0.4). For D(B – D) ¼ �3–1, the corre-
sponding scale of languages is 0.3 to 0.6, and the mid-value is 0.5. The average differ-
ence was negative, and the four difference values were negative. Therefore, the
relative importance of Factor D is greater than that of Factor B, and the mid-value of
the triangular fuzzy number is 0.4. Thus, the TFN are (0.3, 0.4, 0.5). Similarly, the
trigonometric fuzzy numbers of the other elements can be obtained. Table 7 lists the
TFC judgement matrices of the source layer.

3.4. Weight vector from triangular fuzzy AHP

After the triangle fuzzy judgement matrix is determined, the initial fuzzy degree Pi of
the triangle fuzzy matrix in the source layer can be obtained using Eq. (7), and the
calculation results are as follows:

P1 ¼ (0.196, 0.267, 0.359);
P2 ¼ (0.314, 0.4, 0.513);
P3 ¼ (0.255, 0.333, 0.436).
According to the calculated initial fuzzy degree Pi, the fuzzy consistency possibility

matrix R can be calculated according to Eqs. (8)–(11).

R ¼
0:5 0:062 0:267
0:938 0:5 0:705
0:733 0:295 0:5

0
@

1
A

Table 5. Matrix and weight of source layer.
B C D Weight

B (1, 1, 1) (0.25, 0.5, 1) (0.25, 0.5, 1) 0.22
C (1, 2, 4) (1, 1, 1) (1, 1, 3) 0.39
D (1, 2, 4) (0.33, 1, 1) (1, 1, 1) 0.39

Table 6. Matrix and weight of element layer under Source B.
B1 B2 B3 B4 Weight

B1 (1, 1, 1) (1, 1, 1) (1, 1, 3) (1, 1, 3) 0.25
B2 (1, 1, 1) (1, 1, 1) (1, 1, 1) (1, 1, 3) 0.25
B3 (0.33, 1, 1) (1, 1, 1) (1, 1, 1) (1, 1, 3) 0.25
B4 (0.33, 1, 1) (0.33, 1, 1) (0.33, 1, 1) (1, 1, 1) 0.25

Table 7. Triangular fuzzy complementary judgement matrix of source layer.
B C D

B (0.5, 0.5, 0.5) (0.2, 0.3, 0.4) (0.3, 0.4, 0.5)
C (0.6, 0.7, 0.8) (0.5, 0.5, 0.5) (0.5, 0.6, 0.7)
D (0.5, 0.6, 0.7) (0.3, 0.4, 0.5) (0.5, 0.5, 0.5)
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After the fuzzy consistency possibility matrix is obtained, the weights of evaluation
factors B–D can be obtained according to Eqs. (12) and (13), as shown below:

w ¼ ð0:222, 0:440, 0:338Þ

In accordance with the same method, the weight of each factor at the element
layer was calculated using the TFC-AHP method, and the comprehensive weight of
each indicator was finally obtained.

4. Results and discussion

4.1. Results

Table 8 shows the single and comprehensive weights of each indicator using the
TFC-AHP method. The weight results show that mine excavation operation (C) and
safety management (D) are more important than the natural environment (B).
Supporting structures (C1), personnel safety training (D2), and drainage facilities
(C3) are the three most important factors, followed by excavation progress (C2),
equipment safety maintenance (D1), and monitoring management (D3). The stratum
lithology (B1), geological structure (B2), climate and precipitation (B3), and ground-
water distribution (B4) have relatively small weights.

Ministry of Emergency Management of the People’s Republic of China (https://
www.mem.gov.cn/) published the final investigation report of this coal mining roof
fall accident. Table 9 shows the causes of the Chaidar coal mine roof fall accident.
The experts summarised that the main causes of the accident included eight points of
five aspects: (1) supporting structure, (2) drainage facilities, (3) management, (4) per-
sonnel safety awareness at construction, and (5) unreasonable operation.
Nevertheless, the disaster factors were not identified effectively. The natural environ-
ment also has an impact; for example, in the rainy season, continuous water seepage
occurs around the pit. This area lies in the permafrost layer, and thawing and sedi-
mentation occur during the summer. Coal seams are powdery and can easily form
slime. Thus, protective measures, especially for the supporting structures and drainage
facilities, are extremely important. The rescue difficulty was the same. It is necessary
to implement a large number of drainage facilities at the rescue site, drill holes in the
ground, and inject cement and waterglass simultaneously (see Figure 6). The forma-
tion of a stable cement layer on top of the support of the working face (Tian 2021)

Table 8. Single weight and comprehensive weight of each indicator.
Source layer Weight Element layer Weight Comprehensive weight

Natural environment (B) 0.222 Stratum lithology(B1) 0.305 0.07
Geological structure(B2) 0.289 0.06
Climate and precipitation (B3) 0.228 0.05
Groundwater distribution (B4) 0.178 0.04

Mine excavation operation (C) 0.440 Supporting structure (C1) 0.440 0.19
Excavation progress (C2) 0.222 0.10
Drainage facilities (C3) 0.338 0.15

Safety management (D) 0.338 Equipment safety maintenance (D1) 0.333 0.11
Personnel safety training (D2) 0.441 0.15
Monitoring management (D3) 0.226 0.08
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results in desilting, thereby reducing the risk to safety and preventing the occurrence
of secondary disasters.

As shown in Table 9, the identified results from the proposed method indicate
that the sorting results are in accordance with the field situation, which, in turn, sug-
gests that the method can be used for the risk assessment of roof collapse accidents
in coal mining. Therefore, for the Chaidar coal mine, more attention should be paid
to whether the replacement of the support structure is timely and whether the drain-
age facilities are appropriate.

Moreover, the safety training of construction personnel is critical for ensuring
safety in coal mining. In addition, the company in charge of the coal mine failed to
perform safety management duties and continued with illegal production, even
though the relevant certificates and licences were suspended. Local governments
should, therefore, strengthen their supervision.

4.2. Discussion

The nine-score questionnaire proposed by Lyu et al. (2020) is characterised by a
faster and more convenient collection of expert opinions. Because the expert opinion
results are concentrated between values of 5–9, it is difficult to use the score ratio
between two factors to determine the fuzzy number in the TFN-AHP method. The
TFC-AHP method uses the difference to determine a fuzzy number. To compare the
two methods, based on the expert opinion results of the same questionnaire, the
weight of each factor for the TFN-AHP and TFC-AHP methods are shown in

Table 9. Cause and key factors of Chaidar coal mine roof fall accident.
Cause of accidenta Key factor

1. Unreasonable support type and low support strength in fully mechanised
top coal caving face; the support force of the structure was insufficient
and unbalanced.

Supporting structure (C1)

2. Before the accident, coal fell from the top of the support in the working
face, the coal wall before the support became soft, the bottom of the slag
rock became loose, and other roof management problems occurred at the
working face

Management (D)

3. Water drainage at the top of the working face was incomplete, and
abnormal water pouring occurred at the working face.

Drainage facilities (C3)

4. Staff took risks to clear silt, in violation of rules and regulations, as they
were forced to commence the top coal lifting operation

Personnel safety training (D2)

5. Some workers entered the well without signing labour contracts, paying
work-related injury insurance, or attending safety training; some workers
also entered the well without carrying personnel position monitoring
identification cards.

Personnel safety awareness
at the construction (D2)

6. Surveys of hidden disaster factors and investigations of hidden dangers in
mines are ineffective; the management of hidden dangers in surface open-
pit mining is also not thorough.

Management (D)

7. Chaidar coal mine refused to implement the supervision order to stop
production and rectify issues and organised mining operations in violation
of laws and regulations, even though the relevant licences were
temporarily withheld.

Unreasonable operation (D)

8. Local governments failed to effectively solve the problems of weak
leadership in emergency management departments and provided
inadequate supervision of coal mines.

Management (D)

aFrom the National Mine Safety Administration (https://www.chinamine-safety.gov.cn/xw/mkaqjcxw/202201/
t20220120_407003.shtml, accessed 16 June 2022).
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Figure 7. In TFN-AHP method, the calculated weights of excavation operation (C) and
management (D) in the source layer are the same, so it is difficult to distinguish which
is more important to the target layer. In addition, in the element layer, the calculated
weights of the stratum lithology (B1), geological structure (B2), climate and precipita-
tion (B3), and groundwater distribution (B4) are the same, so it is impossible to distin-
guish their respective importance to B, and the same is true for maintenance (D1),
personnel safety training (D2), and monitoring management (D3), so it is difficult to
evaluate the risk factors, which shows that the TFN-AHP method has defects. In TFC-
AHP method, it can be seen that the calculated weights of each element in different
layers are different, so it can be used for the next step of evaluation. Figure 8 shows

Figure 6. Drainage facilities at the rescue site: (a) the disaster site and (b) drainage pipe (recreated
based on Qi 2021).
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the comprehensive weight of factors for the TFN-AHP and TFC-AHP methods. The
supporting structure and drainage facilities are the two most important factors for
both methods, which is consistent with the field situation. However, in the TFN-AHP
method, the relative importance of each factor under the same risk source is not high-
lighted. For example, the weights of each indicator under risk sources B and D are
equal, indicating that the method lacks sensitivity in terms of identifying factors. The
method proposed herein solves this problem by using the difference to represent the
relative importance of each factor and construct a TFC matrix. The calculated results

Figure 7. Weight of each factor for the TFN-AHP and TFC-AHP methods: (a) TFN-AHP weight and
(b) TFC-AHP weight.
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are not only consistent with the field situation but also reflect the different importance
levels of each factor. In addition, the weight of the highest risk factor identified by the
TFC-AHP method is 0.19, which is larger than the value of 0.15 calculated via the
TFN-AHP method, indicating that this method has higher sensitivity in terms of iden-
tifying high-risk factors.

The results of both methods reveal that protection measures and management sys-
tems are critical, consistent with the findings of most previous studies. It is also
worth mentioning that drainage facilities are often neglected during roof fall disasters.
The area considered in this study is complicated and comprises frozen soil. With
changes in temperature, the strength and moisture content of the soil also vary, which
affects the quality of the roof. Therefore, drainage facilities are crucial. In this study,

Figure 8. Comprehensive weight of factors for the TFN-AHP and TFC-AHP methods: (a) TFN-AHP
result and (b) TFC-AHP result.
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the sensitivity of this factor was high, which should be emphasised in future research.
However, the TFC-AHP method relies on the experts’ experience to determine fuzzy
numbers, making it highly subjective. Thus, there was some uncertainty in the results.
Although this method has limitations, it can provide a reference for formulating
measures to reduce risks and provide guidance for further research using relevant
parameters.

5. Conclusions

This article proposed a method to determine the fuzzy numbers in risk assessments
using the fuzzy AHP to eliminate the complexity and fuzziness of the influencing fac-
tors for coal mine roof fall risk. Based on the results, the following conclusions can
be drawn:

1. This study identified the main influencing factors for the coal mine roof fall risk.
A nine-score questionnaire was used to collect expert opinions. To avoid a deficit
in the expert opinion scores, ranging from 5 to 9, the expert score results were
converted into a TFC matrix using the difference between two factors based on
the same questionnaire results. This weight calculation was consistent with the
field situation.

2. The TFC-AHP was used to construct the source layer, including three main risk
sources, with a total of ten risk factors. We invited relevant experts to assign
evaluation index scores, and the triangular fuzzy theory was used to calculate the
weight of each factor. The comprehensive weights of the evaluation factors deter-
mine the degree of influence of each risk factor on the roof fall accidents during
coal mining. The entire process alleviates the uncertainty associated with expert
scoring.

3. The proposed method was applied for the risk assessment of roof falls during
coal mining. The most important influencing factors were identified: (i) support
structure, (ii) personnel safety training, and (iii) drainage facilities. The assessed
results were compared with the field situation, revealing that the proposed
method has high efficiency and reliable.

4. Simultaneously, the results also show that, in frozen soil mining areas, although
the soil changes with the temperature and rainfall, controllable factors should be
emphasised over uncontrollable factors. For example, the sensitivity of the sup-
porting structure is five times that of groundwater distribution and four times
that of climate and precipitation; furthermore, the sensitivity of drainage facilities
and personnel safety training is more than three times that of climate, precipita-
tion, and groundwater distribution. Furthermore, drainage facilities in frozen soil
are often neglected during roof fall disasters.
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