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Goaf has become one of the most significant sources of hazard affecting the safety of metal and nonmetal mines. Evaluation of goaf
stability is of paramount importance for mine safety production. First, 13 indices such as rock mass structure, geological structure,
and goaf volume are selected based on engineering experience and literature review to assess the stability of goaf. These indices are
classified according to the characteristics of each factor, and a stability evaluation system for underground mine goaf is constructed.
Second, the analytic hierarchy process method based on group decision theory is utilized to calculate the subjective weight of each
index. Additionally, the CRITIC method is used to calculate the objective weight of each index. Finally, game theory is used to
combine the subjective and objective weights, thereby improving the accuracy of the index weight. The stability grade of the goaf is
calculated using the normal cloud model. The FLAC3D numerical simulation is used to analyze the stability of the goaf and verify
the accuracy of the model. The abovementioned model is utilized for assessing the stability of the goaf in the Duimenshan mine
section. The results indicate that 90% of the goaf area is in a stable or relatively stable condition, while the remaining 10% is
unstable. The evaluation outcomes were compared with FLAC3D numerical simulations, highlighting a scientific and reliable

method with an accuracy rate of 90%.

1. Introduction

China has become a leading mining nation for both metal
and nonmetallic mineral resources globally, and as such,
their development and utilization have become an impera-
tive for China’s social and economic progress. Based on lim-
ited data, the open-stope mining method represents around
60% of all metal and nonmetal underground mining con-
ducted in China. Data on safety accidents in China’s metal
and nonmetal mines from 2001 to 2014 show that 65 inci-
dents of collapse and roof fall occurred in goafs, leading to
the death of 252 people, accounting for 47.1% and 47.4% of
the total number of accidents, respectively. Seventy percent
of the goaf at China’s metal and nonmetallic mines have
varying degrees of safety hazards, making them one of the
main sources of risk to the safe production of such mines. As
such, assessing the stability of goafs is a crucial aspect of
ensuring mine safety protocols [1].

A significant amount of research has been conducted by
scholars on evaluating the stability of goaf. For instance,
Shang et al. [2] employed FLAC3D to simulate the stability
of the overlying rock mass in the goaf. They found that
tensile failure dominated the upper part of the middle goaf,
while tensile shear failure dominated the upper rock masses
on both sides. A 19-channel microseismic monitoring system
was constructed by Liu et al. [3] to monitor the surrounding
rock of the goaf hanging wall continuously. The microseis-
mic activity is used to analyze the stability of the mine goaf.
Jia et al. [4] proposed the ITOPSIS and point safety factors
comprehensive analysis method, which analyzes the local
stability of goaf. Zhao et al. [5] proposed a fuzzy random
reliability analysis method that is based on block theory and
fuzzy measure theory in fuzzy analysis to evaluate block
stability. Using this method, they analyzed the stability of
surrounding rock blocks in goaf roof. Hu et al. [6] employed
the analytic hierarchy process (AHP) to analyze the weight of
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FiGUre 1: Flowchart of stability grade evaluation of goaf area.

factors. They developed a stability analysis model of group
goaf based on D-S§ evidence theory’s multisource information
fusion. He et al. [7] created the goaf stability model by using
the double-layer fuzzy comprehensive evaluation method.
An improved TrAdaBoost algorithm based on transfer learn-
ing theory was proposed by Qin et al. [8] for predicting goaf
stability. Wang et al. [9] established a stability evaluation
model for the construction site above the goaf based on
variable weight theory and regret theory. Luo et al. [10]
developed a method for evaluating the stability of point col-
umns in goaf using the weighted distance approximation of
hesitant fuzzy genetic algorithm (GA-WDBA). Yuan et al.
[11] investigated principal component analysis and differen-
tial evolution (DE) algorithm and employed multiclassifica-
tion support vector machine to classify goaf risk.

Although the previous research methods have yielded
favorable results in investigating goaf stability, the numerical
simulation and online monitoring data entail significant com-
plexity and effort. Evaluating the stability of goaf involves a
nonlinear problem, with inherent randomness and fuzziness
in the evaluation index. Yet, most evaluation models employ a
relatively simple method to calculate the index weight, with
some models failing to consider the randomness of evaluation
indexes.

To address the aforementioned issues, this paper utilizes an
improved AHP based on group decision theory to determine
the subjective weight of the index. Additionally, the objective
weight of the index is calculated using the CRITIC method, and
game theory is leveraged to merge the two weights to enhance

the accuracy of the index weight. Based on these findings, the
cloud model estimates the stability of the goaf, standardizes the
randomness of the evaluation index, and enhances the accuracy
of the evaluation results.

2. Materials and Methods

This paper establishes an evaluation index system and
employs the improved AHP, CRITIC method, and game
theory to calculate the combined weight. Subsequently, the
stability level of the goaf is evaluated using the cloud model.
Figure 1 illustrates the calculation process.

2.1. Construction of Evaluation Index System. Goaf instability
is associated with geological factors, goaf geometric parame-
ters, hydrological factors, and engineering geological condi-
tions. Existing goaf disasters, and research on underground
engineering stability, 13 indicators were selected to evaluate
goaf stability. These include rock mass structure, geological
structure, rock mass quality, goaf volume, maximum exposed
area, height, span, burial depth, ore body dip angle, exposure
time, adjacent goaf and follow-up mining disturbance, and
groundwater situation, following scientific and comprehen-
sive index selection principles [12-18]. The resulting goaf
stability evaluation system, shown in Figure 2, is specific to
metal mine mountains.

According to references, the stability of goafs in metal
underground mines is divided into four grades: I, II, III, and
IV. Level II indicates poor stability of goafs; Level IIT indi-
cates that goafs are more stable; and Level IV indicates
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FIGURE 2: Evaluation system of goaf stability.

greater goaf stability [19-22]. Tables 1 and 2 show the cor-
responding standards of indicators for the different goaf sta-
bility levels.

2.2. Subjective Weighting of AHP Based on Group Decision
Theory. The AHP is a systematic method of analysis that
combines qualitative and quantitative analysis. It compares
the indicators at all levels pairwise to determine their weights
[23, 24]. Under normal circumstances, decisions are made by
several members. In data processing, the traditional method
involves obtaining the average value of the evaluation scale
from decision makers and then calculating the weight. How-
ever, this method is unable to test the consistency of a judg-
ment matrix given by a single decision maker, and the
evaluation results may not meet consistency requirements.
Different decision makers have varying levels of cognitive
ability, which means that the above method does not accu-
rately reflect evaluation results that differ greatly. A compre-
hensive analysis suggests that averaging evaluation matrices
of multiple decision makers is imprecise.

To ensure index weight rationality and accuracy, a group
consistency test must be conducted on the evaluations of
multiple decision makers. Decision makers with marked
inconsistency with group opinions should be identified,
and measures taken to obtain reasonable weights. Group
decision making is a method for considering convergence
of decisions made by multiple decision makers [25-27].
Therefore, weights are calculated using the coupled AHP
and group decision theory. The following steps are involved
in the calculation:

(1) Weight vector of evaluation criteria for a single deci-
sion maker.

(i) Construct a matrix to assess the criteria.

The evaluation group was composed of m decision
makers, and the evaluation weight of each decision-maker
on n indexes was obtained by using AHP. The 1-9 scale
method is used to compare each index in pairwise, and the
judgment matrix is obtained Ay:
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TaBLE 2: Grading criteria of quantitative indicators for the evaluation of the stability of the goaf.
Class
Factors
Class 1 Class II Class III Class IV
Rock mass quality X3 (%) <50 (50, 70) (70, 90) >90
Dip angle of ore body X4 (degree) <3 (3, 30) (30, 50) >50
Goaf volume X5 (10°, m?) >81 (24, 81) (6.4, 24) <64
Maximum exposed area X6 (mz) >2,700 (1,200, 2,700) (800, 1,200) <800
Height of mined-out area X7 (m) >30 (20, 30) (8, 20) <8
Span of mined-out area X8 (m) >120 (80, 120) (40, 80) <40
Embedding depth X9 (m) >600 (450, 600) (300, 450) <300
Exposure time of goaf X10 (a) >20 (10, 20) (6, 10) <6
TasLE 3: RI values.
n 1 2 3 4 5 6 7 8 9 10
RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49
Ap = {aij}an' (1) /’lmax _ i (Ak . Wk) ’ (3)
-1  nWy
(ii) Calculate the weight of evaluation indicators. Cl = Amax — 11 (4)
n—-1"
First, each column of the judgment matrix is normalized
to get a vector V, and then find the sum of the rows in the CR = CI (5)
vector V, computed vector V;. Finally, each element in the TR

vector V; is normalized to get the weight vector W:

(2) Group consistency algorithm.

r n n n T
“11/_21011'1 012/_21‘112 aln/_zlain
i= i= i=

n n n
azl/zlail “zz/zlaiz “2;4/421%:
i= i= i=

V= -
‘Yl ‘Yl 'I/l
anl/zail anZ/zain ann/zain
L i=1 i=1 =1
r n n n T
an/ Y ag +ap/ Y ap + -+ ay/ X ay
i=1 i=1 i=1 v
n n n
@/ XYantan/Yap o tay/Yan | |2
Vi= i=1 i=1 i=1 =|. |
n n n Vu
anl/lzlail + anZ/‘zlain + o+ arm/‘zlain
L i= i= i=1

n n n T
Wi = Vl/ZIVi Vz/ZlVi Vn/zlvi
i= i= i=

(iii) Consistency check.

Calculate the maximum characteristic root of the judgment
matrix A, calculate consistency metrics CI, found the corre-
sponding average random consistency RI (Table 3), and calcu-
late the consistency ratio CR. When CR < 0.10, we believe that
the judgment matrix meets the consistency requirements, other-
wise we need to make appropriate adjustments to the judgment
matrix until it passes the consistency test:

(i) The cosine of the vector angle of the indicator
weights of the two decision makers pandq are cal-
culated to determine whether there is strong con-
sistency between them. If (cos 6)),, , > @, then there
are strong consistency between the two decision
makers, and if (cos0), , </, then there is strong
inconsistency between the two decision makers:

w, - Wy

T gl ¢ flw

(cos®), I
q

(6)

(ii) Calculate the group strong consistency index
GAI and group strong inconsistency index
GDI of decision makers based on the cosine of
the angle between the weight vectors of decision
makers’ indicators:

m(m —1)

o ZP€MZP< ZZ(pv q) o 1 (COS 6)17-‘1 za
GAL= m(mq— 1) Zpa) = { 0 (cos),,<a’
(7)

GDI— Ypemp<q2V(p.q) V(pq) = { L (cos0),,<p

0 (cos6),,>p
(8)

(iii) Calculation of individual strong consistency and
individual strong inconsistency indicators for
decision makers:
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TasLE 4: Commonly used dimensionless methods.

Serial no. Dimensionless method Function expressions
Method 1 Range transformation method (MMS) = i)
ij 7 max(x;)—min(x;)
Method 2 Standardization method (S) PR S5
Method 3 Averaging method (MC) X5 = ﬁZf‘—:}lxj
. . . . MMS x*. = x;—min(x;)
Method 4 Differentiated polarization transformation method 1j = max(g)—min(5)
(MMS, NMMS) NMMS x. — max(x;) —x;
xij " max(x;) —min(x;)
Method 5 Natural logarithm method (In) xj = In(xy)
Method 6 Logarithm with base 10 (log10) xj; =logy, (xy)
Method 7 Summation normalization (SN) x;*j = Z'f ’fx
i=1""Y
Method 8 Square and summation normalization (SSN) X =i

ij 2
1/ zx—lXU

(m-1) 0 (cos6),,<a’
)

1 (cos®),,<p

0 (cos6),,>p

(10)

YpempraZ(Psq) 1 (cos), >a
IAIp:pEP—q,Z(p,q): p.g

o St |

(iv) The reliability 4, of the indicator weights of
decision maker p is calculated and normalized
to obtain the m decision maker weight vector:

, 1AL, x (1-1DI,) (a1
P GAIx (1-GDI)’
Ay = %
m /e
szllp

(v) The indicator weight vector of each decision
maker is multiplied with the decision maker
weight vector and averaged to obtain the subjec-
tive weight vector:

_ XL Wi A
= b, .

(12)

w (13)

2.3. Objective Empowerment Based on CRITIC Method. The
CRITIC weighting method is an objective approach that
considers the strength of contrast and conflict between
indicators to derive weightings [28, 29]. The calculation
follows specific steps:

(1) Dimensionless indexing.

The initial values of evaluation indexes are processed
using the following dimensionless methods, as shown in
Table 4, combined with the characteristics of 13 evaluation

indexes. After conducting comparative research, we have
selected the methods that fully reflect the contrasting strength
and conflict of indexes.

(2) Equations (14) and (15) were utilized to compute the
relative intensity of indicators:

5= \fore7 & (=), (14)

m

(3) Equations (16) and (17) were used to calculate the
conflicting nature of the indicators:

= f(l - 13), (16)

i=1

21 (x5 = %7) X (xp — %)

rij = .
VI (e = %) X T (o = 5

(17)

(4) The amount of index information was calculated by
using Equation (18):

(5) To obtain objective weights, the indicator informa-
tion is normalized:

G (19)

n
1€

W, = .
j

J

2.4. Game Theory-Based Portfolio Assignment. The problem
of determining optimal combination weights for indicators is
resolved by using assembly game theory. The method aims to
establish equilibrium or compromise between potential weights
by reducing deviation between the combination weights and the
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weights determined through various approaches. This enhances
the scientific and reliable nature of the evaluation index 30, 31].

The weight vector of the indicator obtained through the
hierarchical analysis based on group decision theory is

denoted by WT, and the weight vector of the indicator cal-
culated using CRITIC is denoted by W2 Let W represents

the linear combination of weight vectors WT and W2 with
ap as the combination coefficient, i.e.:

2 L.
= Z a pW p- (20)
P=1

_ W is determined by minimizing the deviation of W from
WTand WY, The countermeasure model is obtained by the

following equation:
& T T
min|| Y apWp - W,

P=1

(21)

Solving Equation (19) leads to ap, which is then normal-
ized. The combined weight vector can be obtained as follows:

2 o7
= PZIGP*WP. (22)

2.5. Cloud Model Evaluation Method Based on Combination
Assignment. The cloud model can serve as an uncertainty
model for converting qualitative to quantitative measure-
ments by synthesizing the fuzziness and randomness of eval-
uation indexes and thus enabling the natural conversion
between qualitative language and quantitative values. The
cloud model relies on the characteristics of expectation
(Ex), entropy (En), and super entropy (He) to generate cloud
drops, which can contribute to various models [32, 33]. The
following expressions represent the cloud characteristics
parameters of the evaluation level:

i i

Exi — 'xmax —2|_ ‘xmln

E.— xinax B xfnin s (23)
" 2In2

Eei = k

where xi,, and x! , are the maximum and minimum values
of different index evaluation levels. k is a constant, generally
taking values between 0.001 and 0.1. In this paper, according
to the fuzzy degree of the rubric itself and with reference to
previous literature, the value of k is 0.01.

Specific algorithms are required to implement the cloud
model. The forward cloud generator is selected in this paper
to quantify qualitative concepts and assess the stability of the
goaf. Figure 3 demonstrates the calculation steps.

The already obtained combined weight vector W* is point
multiplied by the affiliation degree y(x;) of the n evaluation
indexes of each goaf to obtain the comprehensive determina-
tion degree Dy of the stability of the goaf, and the stability level
of the goaf is determined according to max(Dy):

Input: numeric eigenvalues Ex, En, He, and the value of indicators
affecting the mining area x;;, and number of generated cloud drops N

]

(1) Generate normal random numbers with En as the
expectation and He? as the variance y;= Ry (En, He)

]

(2) Generate a normal random numbers with Ex as
expectation and y? as the variance x;= Ry (Ex, y;)

i
(x; —Ex)z)
3) Calculat )= -
3) culate p(x;) = exp ( By
il

(4) x; having p(x;) becomes a cloud drop in the domain

i

Number of cloud
drops N

Generate cloud maps

FiGure 3: Positive cloud generator.

D= Y u(x) - Wi (24)

3. Results and Discussion

In order to verify the feasibility and rationality of the goaf
stability evaluation model, the established model was used to
evaluate the stability of 151 goafs in Duimenshan mine sec-
tion, and FLAC3D software was used to analyze the stability
of Duimenshan goaf. The calculation results of the two meth-
ods were compared to further verify the rationality of the
goaf stability evaluation model.

3.1. Goaf Investigation. In the Duimenshan section of the
Bainiuchang Mine, 20 middle sections have been mined
since 2003. The rock conditions surrounding the goaf are
favorable. The survey primarily relies on 3D laser scanning,
complemented by geophysical prospecting and field surveys.
The middle section of the Duimenshan section has 151 goafs
within the 1,830-1,500 m range. Table 5 displays the survey
data of the goaf.

3.2. Calculation of Goaf Stability Evaluation Model

3.2.1. Calculation of Combination Weights
(1) Calculation of the subjective weights of decision makers
was achieved using the AHP of group decision theory.

The panel of decision makers (Di) consisted of 10 experts,
academics, and technicians in the field of mining and safety.
Back-to-back comparisons of the 13 indicators affecting
mine stability were conducted using hierarchical analysis.
The judgment matrices of the 10 decision makers are pre-
sented on a nine-level scale (Tables S1-S10). Based on the
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TABLE 5: Survey data of goaf.
No. X1 X2 X3 (%) X4 (degree) X5(m’) X6(m’) X7(m) X8(m) X9(m) XI0(a) XII XI12 XI3
1525-1 4 4 61.11 40 169 85 7 9 508 10 4 4 4
1525-2 4 4 61.11 32 710 304 13 19 508 10 2 4 4
1525-3 4 4 61.11 53 237 68 8 15 495 10 4 4 4
1525-4 4 3 61.11 45 1536 768 18 24 529 9 3 3 3
1660-4 4 4 66.38 48 503 93 5 4 330 12 4
1660-5 4 4 66.38 39 702 180 5 355 12 4 4 4
1660-6 4 4 66.38 68 1751 318 6 12 365 13 4 4 4
1830-3 3 2 57.09 20 10,748 1,124 13 18 213 14 3 3 3
1830-4 3 2 57.09 16 6,091 1,406 4 24 243 14
TasLE 6: Weighting of evaluation indicators for decision makers.

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10
X1 0.0867 0.0956 0.0822 0.1190 0.0963 0.1111 0.1072 0.0902 0.0572 0.0731
X2 0.1030 0.1137 0.0977 0.0841 0.0963 0.0785 0.0901 0.1072 0.0753 0.0962
X3 0.0729 0.0956 0.0691 0.0595 0.0963 0.0467 0.0901 0.0758 0.0680 0.0615
X4 0.0433 0.0433 0.0411 0.0421 0.0963 0.0467 0.0758 0.0451 0.0366 0.0330
X5 0.0874 0.0697 0.0868 0.0890 0.0855 0.1131 0.0790 0.0678 0.0928 0.1045
X6 0.0874 0.0749 0.0868 0.0804 0.0740 0.1345 0.0790 0.0807 0.1027 0.1045
X7 0.0874 0.0829 0.0868 0.0804 0.0719 0.0673 0.0940 0.0678 0.0928 0.0878
X8 0.1237 0.0918 0.1032 0.0804 0.0880 0.0673 0.0664 0.0751 0.1221 0.1521
X9 0.0618 0.0403 0.0730 0.0804 0.0386 0.0673 0.0664 0.0678 0.0780 0.0472
X10 0.0437 0.0257 0.0434 0.0402 0.0273 0.0673 0.0470 0.0306 0.0419 0.0472
X11 0.0777 0.0871 0.0927 0.0732 0.0871 0.0830 0.0670 0.1209 0.0852 0.0670
X12 0.0624 0.0853 0.0549 0.0856 0.0853 0.0470 0.0690 0.1026 0.0590 0.0630
X13 0.0624 0.0569 0.0823 0.0856 0.0569 0.0704 0.0690 0.0684 0.0885 0.0630

TaBLE 7: (c0s ), .

(cos G)M D1 D2 D3 D4 D5 Dé6 D7 D8 D9 D10
D1 1.0000 0.9778 0.9922 0.9697 0.9600 0.9453 0.9656 0.9585 0.9820 0.9878
D2 0.9778 1.0000 0.9708 0.9622 0.9787 0.9143 0.9711 0.9798 0.9425 0.9465
D3 0.9922 0.9708 1.0000 0.9777 0.9535 0.9569 0.9694 0.9686 0.9882 0.9716
D4 0.9697 0.9622 0.9777 1.0000 0.9511 0.9594 0.9780 0.9676 0.9563 0.9390
D5 0.9600 0.9787 0.9535 0.9511 1.0000 0.9148 0.9780 0.9630 0.9266 0.9261
D6 0.9453 0.9143 0.9569 0.9594 0.9148 1.0000 0.9464 0.9236 0.9424 0.9308
D7 0.9656 0.9711 0.9694 0.9780 0.9780 0.9464 1.0000 0.9581 0.9420 0.9246
D8 0.9585 0.9798 0.9686 0.9676 0.9630 0.9236 0.9581 1.0000 0.9406 0.9182
D9 0.9820 0.9425 0.9882 0.9563 0.9266 0.9424 0.9420 0.9406 1.0000 0.9785
D10 0.9878 0.9465 0.9716 0.9390 0.9261 0.9308 0.9246 0.9182 0.9785 1.0000

judgment matrices of the 10 decision makers for the 13 indi-
cators, the weights of the indicators for each of the 10 deci-
sion makers were calculated using Equations (1)—(5). The
results are shown in Table 6.

The cosine of the angle of the indicator vector between
the decision makers can be calculated using Equation (6).
The results of this calculation are presented in Table 7

Here, the values of « and $ are not given, and the effects of
different values of @ and # on 4, and W' are compared. Usually,
a>0.67and $<0.5 [34], according to Equations (7)—(13),
through a large number of trial calculations, it is found that when
£<0.9,GDI=0, IDI, =0 are obtained and therefore, with
= 0.9 unchanged, varying the value of @, when a <0.91, the
decision weight of each decision maker is equal, i.e., 4, =0.01.
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TaBLE 8: 4, values.

a 0.91 0.92 0.93 0.94 0.95

D1 0.1 0.1071 0.1184 0.1250 0.1379
D2 0.1 0.0952 0.1053 0.1111 0.1034
D3 0.1 0.1071 0.1184 0.1250 0.1552
D4 0.1 0.1071 0.1184 0.1111 0.1379
D5 0.1 0.0952 0.0789 0.0833 0.1034
Dé6 0.1 0.0833 0.0789 0.0694 0.0345
D7 0.1 0.1071 0.1053 0.1111 0.1034
D8 0.1 0.0952 0.0921 0.0972 0.1034
D9 0.1 0.1071 0.1053 0.1111 0.0690
D10 0.1 0.0952 0.0789 0.0556 0.0517

TaABLE 9: W values.

a 0.91 0.92 0.93 0.94 0.95

X1 0.0918 0.0915 0.0919 0.0918 0.0929
X2 0.0942 0.0942 0.0944 0.0947 0.0960
X3 0.0736 0.0738 0.0737 0.0746 0.0755
X4 0.0503 0.0502 0.0494 0.0500 0.0509
X5 0.0876 0.0872 0.0868 0.0859 0.0848
X6 0.0905 0.0898 0.0893 0.0884 0.0857
X7 0.0819 0.0825 0.0827 0.0828 0.0826
X8 0.0970 0.0975 0.0971 0.0962 0.0960
X9 0.0621 0.0626 0.0633 0.0634 0.0631
X10 0.0414 0.0412 0.0412 0.0406 0.0395
X11 0.0841 0.0838 0.0839 0.0845 0.0848
X12 0.0714 0.0714 0.0714 0.0717 0.0733
X13 0.0703 0.0708 0.0712 0.0712 0.0710

When a=10.91,0.92,0.93,0.94, and 0.95, the variation of Ap
and W is calculated (results are shown in Table 8, Table 9,
Figure 4, and Figure 5).

Figure 4 shows that the weight of decision makers DI,
D3, D4, D6, and D10 is more affected by the change in value,
indicating that these decision makers intersect with the other
five and are more individual. Figure 5 shows that the change
in value has less impact on the weight. This indicates that
there is high group consistency in this evaluation. Therefore,
the judging thresholds of a =0.91 and f = 0.5 were chosen,
and the weights were calculated: W;=(0.0918, 0.0942,
0.0736, 0.0503, 0.0876, 0.0905, 0.0819, 0.0970, 0.0621,
0.0414, 0.084, 0.0714, 0.0703).

(2) Objective weights of factors calculation using the
CRITIC method.

The index values (Table 5) were dimensionally processed
using the eight dimensionless methods from Table 4. The
comparison intensity, conflict, information quantity, and
weight of the 13 indexes were subsequently calculated using
Equations (14)—(19). The comparison results are depicted in
Figures 6-9.

Figures 6-9 illustrate that the standardization (S) method
for index deprogramming fails to reflect contrast intensity
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FIGURE 4: Variation of 4, with a. The decision weights of 10 decision
makers have been recorded using various evaluation criteria.
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FIGURE 5: Variation of W with a. The evaluation criteria recorded
subjective weights for 13 evaluation indexes.

and conflict between the indicators. Meanwhile, deprogram-
ming using mean value, natural logarithm (In), and logl0
methods shows high contrast intensity between the indicators
without clear conflicting nature. The normalization method
(SN) and sum-of-squares normalization method yield weak
contrast intensity between indicators and show no obvious
conflict between the indicators. Although the contrast inten-
sity between indicators of the extreme difference transforma-
tion method (MMS) and the differentiated extreme difference
transformation method (MMS-NMMS) is medium, the
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Ficure 6: Comparative intensity of indicators.
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Figure 7: Conflicting indicators.

conflicting nature of the indicators is not obvious. Therefore,
the differentiated extreme difference transformation method
(MMS-NMMS) is selected for dequantizing the indicators
and obtaining weight W2. The calculation results are illus-
trated in Table 10.

(3) Combination weighting based on game theory.
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FiGure 8: Indicator information volume.
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Ficure 9: Weight of factors.

The above calculated W, and W, are calculated accord-
ing to Equations (20) and (21) to obtain @; =0.31 and a, =
0.73, normalized and reassigned weighting coefficients to
obtain a;* =0.30and @, =0.70. The combined weights
W*=(0.1025, 0.1157, 0.0696, 0.0598, 0.0583, 0.0515,
0.0651, 0.0599, 0.0794, 0.0896, 0.0941, 0.0893, 0.0641) are
calculated according to Equation (22).
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TaBLE 10: Objective weights of the CRITIC method based on the MMS-NMMS.
Factors Contrast intensity Conflictual Amount of information Weights
X1 0.355 10.696 3.799 0.107
X2 0.432 10.258 4.432 0.1248
X3 0.207 11.653 2.41 0.0679
X4 0.2 11.317 2.265 0.0638
X5 0.183 8.896 1.63 0.0459
X6 0.135 9.193 1.238 0.0349
X7 0.175 11.769 2.056 0.0579
X8 0.165 9.5 1.565 0.0441
X9 0.222 13.849 3.081 0.0868
X10 0.316 12.363 3.907 0.1101
X11 0.339 10.301 3.495 0.0984
X12 0.384 8.973 3.442 0.0969
X13 0.231 9.473 2.184 0.0615
TasLg 11: Cloud characteristic parameters of each indicator under different levels.
Factors Class I Class 11 Class III Class IV
X1 (1, 0.425, 0.01) (2, 0.425, 0.01) (3, 0.425, 0.01) (4, 0.425, 0.01)
X2 (1, 0.425, 0.01) (2, 0.425, 0.01) (3, 0.425,0.01) (4, 0.425, 0.01)
X3 (20, 16.987, 0.01) (45, 4.247, 0.01) (55, 4.247, 0.01) (80, 16.987, 0.01)
X4 (1.5, 1.274, 0.01) (16.5, 11.466, 0.01) (40, 8.493, 0.01) (70, 16.987, 0.01)
X5 (90,500, 8,068, 0.01) (52,500, 24,205, 0.01) (12,500, 7474, 0.01) (3,200, 2,717, 0.01)
X6 (3,850, 977, 0.01) (1,950, 637, 0.01) (1,000, 170, 0.01) (400, 340, 0.01)
X7 (45, 12.74, 0.01) (25, 4.247, 0.01) (14, 5.096, 0.01) (4, 3.397, 0.01)
X8 (160, 33.973, 0.01) (100, 16.987, 0.01) (60, 16.987, 0.01) (20, 16.987, 0.01)
X9 (900, 255, 0.01) (500, 85, 0.01) (300, 85, 0.01) (100, 85, 0.01)
X10 (35, 12.74, 0.01) (15, 4.247, 0.01) (8, 1.699, 0.01) (3, 2.548, 0.01)
X11 (1, 0.425, 0.01) (2, 0.425, 0.01) (3, 0.425, 0.01) (4, 0.425, 0.01)
X12 (1, 0.425, 0.01) (2, 0.425, 0.01) (3, 0.425, 0.01) (4, 0.425, 0.01)
X13 (1, 0.425, 0.01) (2, 0.425, 0.01) (3, 0.425, 0.01) (4, 0.425, 0.01)

(4) Assess the stability of the goaf.

Equation (23) is used to calculate the cloud characteristic
parameters of the various index evaluation criteria (Tables 1
and 2). Table 11 displays the results. The evaluation level
cloud diagram is created using MATLAB software, as illus-
trated in Figure 10.

In this paper, AHP of Group Decision Theory Cloud
Model (AHPGDT-CM), CRITIC-Cloud Model (CRITIC
—CM), and Combination Weighting based on Game
Theory-Cloud Model (CWGT-CM) are used to calculate
the stability of 151 goafs in Duimenshan mine section.
According to Equation (24), the comprehensive certainty of
the stability of each goaf is calculated, and the stability grade
of goaf is determined according to the principle of maximum
membership degree. The results are shown in Table 12. The
distribution of four stability levels in the goaf is shown in
Figure 11.

According to Figure 11, it can be concluded that most of
the goafs in the Duimenshan mine section are stable (IV) and
relatively stable (III), and only a small number of goafs are in
a state of poor stability (II).

3.3. FLAC3D Numerical Simulation

(1) Determining the mechanical parameters of the sur-
rounding rock.

The rocks in and around the Duimenshan section consist
mainly of dolomite and siltstone, as indicated by the ground
survey. In the FLAC3D model, there are two groups of mate-
rial parameters required—material deformation parameters,
including bulk modulus K and shear modulus G, and mate-
rial strength parameters, including cohesion C and internal
friction angle ¢. Additionally, density p and gravitational
acceleration g of the model material must also be taken
into account. The strength parameters of the rock mass uti-
lized in this simulation were chosen based on the findings of
rock mechanics tests, which can be found in Table 13.

The model was built using the FLAC3D software, based
on the actual size and location of the goaf obtained from the
site survey. The model is oriented with the X direction being
vertical to the ore body direction, with a length of 3,500 m.
The Y direction follows the direction of the ore body and has
a length of 4,000 m. The vertical Z direction of the model has
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a bottom elevation of 900 m and the top elevation simulates
the actual terrain of the mine. Due to the complex terrain,
some simplifications were made. The generated model con-
sists of a total of 3,910,425 units and 3,154,125 nodes, as
shown in Figures 12 and 13.

The mining process excavates the goaf from top to bot-
tom. This allows for quantitative calculations and analysis of

the stress, displacement, and plastic zone distribution of ore
and rock in the goaf. Additionally, it facilitates the ability to
assess the stability of the goaf. Figure 14 displays the calcula-
tion cloud map of 151 goafs.

The calculated cloud map indicates that the roof settle-
ment value of each goaf in Duimenshan mine section ranges
from 0.1 to 12.1 cm, with compressive stress values ranging
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TasLE 12: Evaluation results.
Evaluation level
No. Membership of CWGT-CM model
CWGT-CM AHPGDT-CM CRITIC-CM
1525-1 0.0418 0.1320 0.1884 0.6440 I\Y v 1\Y
1525-2 0.0498 0.2451 0.2082 0.5273 v v v
1525-3 0.0403 0.1252 0.1570 0.6630 1\Y v 1\Y
1525-4 0.0497 0.1593 0.5965 0.2754 111 111 11T
1660-4 0.0263 0.0826 0.1656 0.6760 I\Y 1\Y 1\Y
1660-5 0.0277 0.0981 0.1698 0.6748 v v v
1660-6 0.0312 0.1047 0.1089 0.7388 1\Y 1\Y 1\Y
1830-3 0.0426 0.3066 0.5757 0.1500 11 111 111
1830-4 0.0422 0.3222 0.5029 0.1936 111 11 111
100 ~
90
80 - 86
< 70 - 77 79
=]
%Q 60 + 0
5 50 57
B 40 A 47
=
Z 30 4
20 A
109 g o o |14[® s
0 T T T
I I 111 v
AHPGDT-CM CWGT-CM
CRITIC-CM
FiGure 11: The distribution map of the stability grade of the goaf in the Duimenshan mine section.
TaBLE 13: Macroscopic physical and mechanical parameters of the ore body in the Duimenshan section.
Petrography 3 Strength of Modulus of Cohesive . , .
character p (g/en) extension (MPa) elasticity (GPa) force (MPa) ¢ (degree) Poisson’s ratio
Siltstone 2.62 0.38 3.55 0.33 33.81 0.24
Dolomite 2.79 0.90 6.87 0.80 35.65 0.19
Limestone 2.64 0.86 6.76 0.77 37.03 0.19
Ore body 2.84 1.11 10.33 1.08 35.97 0.21

Duimenshan
mine section

i

FIGURE 12: Schematic diagram of the overall 3D model.
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FiGure 14: Numerical simulation results of Duimenshan section. (a) Displacement cloud map of each empty area. (b) Cloud map of plastic
zone distribution in each empty area. (c) Compressive stress cloud in each empty area. (d) Tensile stress cloud in each empty area.
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TABLE 14: Statistics of numerical simulation calculation of the stability of the goaf.

Number of goaf Settlement of roof slab (cm)

Top plate tensile stress (Mpa)

Plastic zone distribution Stability description

1525-1 2.76 0 Almost nothing v
1525-2 2.46 0 Almost nothing v
1525-3 2.57 0 Almost nothing v
1525-4 2.78 0.22 Small distribution 11
1640-4 3.78 0.67 Large distribution area I
1640-5 1.35 0 Almost nothing v
1640-6 1.26 0 Almost nothing v
1830-3 1.67 0 Small distribution I1I
1830-4 1.54 0 Small distribution I
90 -
80 79
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70
60 - 57
> 50
g 50 1
g
& 40 A 2
30
20 A 15
10 A
0 0
0 -
I 1I 11T v
Goaf stability
B iR
m flac3d
Ficure 15: The number of goafs with different stability grades by two methods.
TasLE 15: Confusion matrix.
Cloud model evaluation method based on combination assignment
FLAC3D y
I 11 11 v B
1 0 0 0 0 0
II 0 15 (TP) 6 (FN) 8 (FN) 29
11 0 0 50 (TP) 0 (FN) 50
v 0 0 1 (EN) 71 (TP) 72
Total 0 15 57 79 151

from 16 to 100 MPa and tensile stress values ranging from 0
to 1.75MPa. The plastic zone in the goaf is dispersed.
Table 14 shows the stability statistics of each goaf.

3.4. Comparison of Results. This paper analyzes the stability
grade of 151 goafs Duimenshan mine section using the stability
grade evaluation method of goaf based on combined weighting
cloud model. The stability of these goafs is simulated using
FLAC3D software. The comparison of the number of goafs
with different stability levels in the two methods is shown in
Figure 15. The confusion matrix (Table 15) is constructed using

the calculation results of both methods, and the consistency of
these results (Equation (25)) is used to validate the feasibility and
rationality of the evaluation model:

Z?:l TPI

Precision = —/—————.
i1 TP; + FP;

(25)

Using 151 sets of goaf data to compare the consistency of
CWGT-CM, AHPGDT-CM, and CRITIC-CM model and
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FiGURe 16: Comparison of evaluation accuracy of three models.

FLAC3D simulation calculation results, and then judge the
accuracy of the model. The comparison results are shown in
Figure 16.

The evaluation accuracy of AHPGDT-CM model is
77.48%, the evaluation accuracy of CRITIC-CM model is
80.79%, and the evaluation accuracy of CWGT-CM model
is 90.07%. It shows that the core of goaf stability evaluation
based on cloud model is the determination of index weight,
and the accuracy of index weight calculation directly affects
the final goaf stability evaluation results. At the same time,
it shows that the combination weighting method of goaf
stability index weight based on game theory effectively
reduces the influence of human subjectivity in AHP but
retains the objectivity of CRITIC method. The CWGT-
CM model improves the practicability.

4. Conclusions

A cloud model based on combination weighting is proposed
to evaluate the stability of goaf in underground mines com-
prehensively. This is done to reduce the subjectivity of eval-
uation and consider the fuzziness and randomness of
evaluation indexes in the process.

(1) The singleness of weight determination is targeted in
this section. First, the subjective weight calculation
method of multiple decision makers is proposed,
based on group decision theory. This can reflect not
only the group of multiple decision makers but also
their individuality, thereby improving the rationality
of subjective weight. Then, the CRITIC objective
weight calculation method is proposed, which con-
siders the index conflict and contrast strength com-
prehensively. Additionally, the influence of different
dimensionless methods on the calculation results of
the CRITIC method is compared. The differentiated
range transformation method (MMS-NMMS) is
concluded to be the most suitable dimensionless
method. This method can fully consider the index
conflict and contrast strength, thereby improving
the scientific nature of objective weight. The weights
are combined using game theory, which finds a bal-
ance between subjective and objective weights to

obtain the optimal comprehensive weight. This
increases the accuracy of the evaluation results.

(2) The cloud model has a strong universality and can
convert abstract qualitative concepts into specific
quantitative values. It has a positive effect on the
randomness and fuzziness of the stability classifica-
tion of the goaf, improving the accuracy of the eval-
uation results.

(3) Using 151 sets of goaf data to compare the consistency
of CWGT-CM, AHPGDT-CM, and CRITIC-CM
model and FLAC3D simulation calculation results,
and then judge the accuracy of the model. It shows
that the core of goaf stability evaluation based on cloud
model is the determination of index weight, and the
accuracy of index weight calculation directly affects the
final goaf stability evaluation results. At the same time,
it shows that the combination weighting method of
goaf stability index weight based on game theory effec-
tively reduces the influence of human subjectivity in
AHP, but retains the objectivity of CRITIC method.
Improve the practicability.

(4) The method was applied to 151 underground goafs in
the Duimenshan mine section, significantly improv-
ing the calculation efficiency. The evaluation results
were compared with the numerical simulation results
from FLAC3D, resulting in a 90% consistency rate.
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