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Abstract: When exploiting Jurassic-era coal resources in Northwest China, there are risks of water
inrush and sand burst disasters from coal seam roofs. To improve the safety of coal mining, it
is imperative to accurately and objectively evaluate the water inrush risk of sandstone aquifers
from coal seam roofs and to reasonably and effectively prevent and control water disasters. In this
paper, the 221 mining area of the Shilawusu Coal Mine was considered. By combining the basic
geological condition data, hydrogeological condition data, and drilling data in the area studied, four
main control factors, including the equivalent thickness of sandstone, the lithology coefficient of
sandstone, the interbedded coefficient of sand and mud, and the core recovery rate, were selected
as evaluation indexes for predicting the water inrush risk from the coal seam roof. A hierarchical
prediction and discrimination model of water inrush risk based on combination weighting-set pair
analysis was established. The combination weighting method, which is based on the sum of squared
deviations, was used to optimize the subjective and objective weight values obtained by the improved
analytic hierarchy process and entropy weight methods. By applying set pair analysis theory, the
comprehensive connection degree was determined using the set pair connection degree function
that was constructed with 31 instances of drilling data in the study area. Then, the risk grade of
each drilling data instance was evaluated by the confidence criterion of set pair analysis to calculate
the water inrush risk evaluation index. Finally, the obtained index was combined with the borehole
pumping test data and the discharging test data to partition the water inrush risk from the coal seam
roof. The results indicated that most of the 221 mining area is safe, and the small transitional and
dangerous areas are only in the central and northern regions. Based on the combination weighting-set
pair analysis method, the water inrush risk from the coal seam roofs in the study area was accurately
and objectively classified by a discrimination model.

Keywords: water inrush from coal seam roof; risk assessment; set pair analysis; combination weighting

1. Introduction

With the continuous reduction in coal resources in eastern China and the gradual shift
of coal mining deployment to the west, the types of mine water disasters have also changed,
from Ordovician limestone water inrush in the eastern region to water inrush in the thick
sandstone aquifer on the coal seam roof in the western region [1-3]. Mine water disasters
severely restrict the safety of coal mining processes and pose a great threat to the safety of
underground workers [4-6]. For example, on 25 April 2016, the roof of the 202 working
face in the Zhaojin Coal Mine, Yaozhou District, Tongchuan City, Shanxi Province, had a
major water inrush and sand collapse accident, resulting in death. From December 2010
to May 2013, nine roof water inrush accidents occurred in a mine field in the Jiaoping
Mining Area, with a water inflow ranging from 249-2000 m?/h; the time interval of each
water inrush was approximately 60 days, which posed a serious threat to the safety of the
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mine [7,8]. Therefore, it is of great significance to objectively and accurately evaluate the
water inrush risk of sandstone aquifers in coal seam roofs for the safety of coal mining [9].

Researchers have performed extensive research on assessing the risk of water inrush
from coal seam roofs. At present, compared to the geophysical prospecting method and
the pumping-and-discharging test method, which have heavy workloads, high costs,
and limited control ranges, the multifactor comprehensive analysis method has been
preferred by experts and scholars worldwide in the evaluation and prediction of aquifer
water abundance in various fields of water disaster prevention and control [10-15]. This
method considers various influencing factors of aquifer water abundance in geological
and hydrogeological data to quantitatively evaluate the aquifer water abundance in the
mining area and to establish a prediction model. Wu, Q. et al. [16] predicted the dynamic
visualization of water inrush from a coal seam roof using the “three-graph method”.
Li, J.Y. et al. [17] applied the entropy weight method to weigh the main control factors,
such as the core recovery rate, aquifer thickness, permeability coefficient, fault fractal
dimension value, etc., in the study area and then used geographic information science
(GIS) to draw the risk zoning map with the use of each indicator. Ji, Y.D. [18] applied the
cluster analysis to divide the main control factors into water gushing zones and then graded
each water gushing zone by a fuzzy comprehensive evaluation method to obtain the risk
evaluation results. Chen, X.F. et al. [19] used the fuzzy set pair analysis method to establish
a floor water inrush risk evaluation model for 13 water inrush risk evaluation indexes.
Yin, H.Y. et al. [20] used the analytic hierarchy process (AHP) to weigh each influencing
factor and superimposed the single-factor thematic map through the information fusion
method to obtain the coal seam floor risk zoning map. In addition, some researchers
have used methods, such as the “multitype quadruple method” and “TFN" [21,22]. The
aforementioned research has made some advancements in the prediction of the water
inrush risk from coal seam roofs, but these techniques have their own conditions and
limitations of application. At present, the process used by this evaluation method for the
prediction of aquifer water abundance is to select various indexes of influencing factors of
water abundance and then use AHP, gray theory, principal component analysis, and a BP
neural network to obtain the weights that reflect the influence degree of each index [23-27].
Whether the data can be quantitatively fused and processed scientifically in the evaluation
process is crucial to the accuracy and reliability of the analysis results. However, at present,
few experts and scholars can comprehensively and objectively evaluate the water inrush
risk of the aquifer, which impacts the safety of coal seam mining. This paper adopts set
pair analysis and a combined weighting method to utilize both the subjective and objective
weighting techniques. This feat is accomplished by the improved AHP and entropy weight
methods, in order that expert experience and objective data are organically combined, and
the water inrush risk of the coal seam roof in the study area is predicted and partitioned.
Based on previous studies, this research considered the 221 mining area of the Shilawusu
coal mine. On the basis of the analysis of the geological and hydrogeological conditions
in the study area, this research group selected four main control factors—the equivalent
thickness of sandstone, the lithology coefficient of sandstone, the interbedded coefficient of
sand and mud, and the core recovery rate—as the water inrush risk evaluation indexes,
and established a combination weighting-set pair analysis model to determine the water
inrush risk from the coal seam roofs in the study area.

2. Materials and Methods
2.1. General Situation of Mine

The Shilawusu Coal Mine in the Dongsheng Coalfield is located in the Yijinhuoluo
Banner, Erdos City, Inner Mongolia Autonomous Region, which is 87 km away from the
Dongsheng District. The mining field is basically a trapezoid, with a width of 7.35 km from
north to south, an average length of 9.40 km from east to west, and an area of 70.644 km?
(Figure 1). From the oldest to the newest strata, the strata in the mine field are the Triassic
Yanchang Formation (T3y), Jurassic Middle Yan’an Formation (J1-2y), Jurassic Middle Zhiluo
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Formation (Jp,), Jurassic Middle Anding Formation (J,), Cretaceous Lower Zhidan Group
(Kyzn), and Quaternary (Q). The coal-bearing strata in the mine field are in the middle of the
Jurassic Yan’an Formation (J1-2y), and the stratum thickness ranges from 280.24~360.59 m,
with an average stratum thickness of 312.84 m. The Jurassic Yan’an Formation contains
10~25 coal layers, and the coal seam thickness ranges from 22.78~39.19 m, with an average
coal seam thickness of 31.20 m; the coal bearing coefficient is 10.0%. There are 9 minable
seams, namely, the 2-1, 2-2upper, 2-2middies 3-1, 4-1, 4-2niddie, 5-1, 5-2, and 6-2 coal seams.
The average total thickness of the 9 seams is 28.26 m, and the recoverable coal-bearing
coefficient is 9.03%. Two main mining levels are arranged in Shilawusu mine field. In this
study area, mining area 221 is the first mining area of the first production level, and now
it mainly mines 2-2ypper coal seam. The working face adopts a strip layout of alleys and
longwall mining along the strike. The caving method is adopted to manage the roof, and
the fully mechanized coal mining technology with full height is adopted at one time.
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Figure 1. Map of the research area location and borehole distribution.

The mining field has typical plateau accumulation dune landform features, and the
surface vegetation is sparse, which is a desert-semi-desert area. Most of the surface is
covered by Quaternary aeolian sand, and some lower Cretaceous strata are exposed locally.
The basic structural form of the minefield is a monoclinic structure inclined to the northwest.
The dip angle of the coal seam is less than 2, and the formation is slightly wavy. No fault
structure and magmatic rock intrusion is found, and the overall structure is simple.

2.2. Determining the Water Inrush Risk Evaluation Index

In this paper, by considering the 2-2ypper coal seam in the 221 mining area, the risk
of water inrush from the roof of the 2-2ypper coal seam is studied. The 2-2ypper coal seam
thickness is 0.64~7.72 m, with an average coal seam thickness of 5.46 m, making it a
medium-thick coal seam. According to the measured data of the water-conducting fracture
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zone of the coal seam roof, the split-mining ratio of this coal seam is 24.25. Based on
calculations, when the 2-2ypper coal seam is mined, the water-conducting fracture zone
develops to the highest level in the aquifer of the Zhiluo Formation. Therefore, mining
fractures will occur that can be used as water-conducting channels between the aquifer
of the Zhiluo Formation and the roof of the 2-2ypper coal seam [28-30]. By combining
the geological and hydrogeological conditions and drilling data of the study area with
information about the type of water-rich medium, the size of the water-bearing space, and
the strength of the hydraulic connection, the four main control factors—the equivalent
thickness of sandstone (M), lithology coefficient of sandstone (P), core recovery rate (R),
and interbedded coefficient of sand and mud (I)—were selected as the risk evaluation
indexes of water inrush from the coal seam roof in the 221 mining area of the Shilawusu
Coal Mine [31,32].

2.2.1. Equivalent Thickness of Sandstone (M)

Sandstone thickness is an important index that is used for evaluating the water abun-
dance of underground strata. The greater the sandstone thickness, the stronger the water
abundance and the greater the water inrush risk. Since the porosity and permeability of
different types of sandstone are different, the thickness of sandstone cannot be obtained by a
simple summation of the sandstone in the coal seam roof. By referring to the measurements
of porosity and permeability of various types of sandstone in the coal seam roof in the
Yingpanhao Mine, Dongsheng Mining Area [33], this research group selected 1, 0.8, and
0.7 as equivalent coefficients for coarse sandstone, medium sandstone, and fine sandstone,
respectively. The calculation formula is as follows:

M = M. + k{Mm + koM @

where M is the equivalent thickness of sandstone, m; M, My, and Mg are the true thick-
nesses of coarse sandstone, medium sandstone, and fine sandstone, respectively, m; and k is
the equivalent coefficient of sandstone thickness conversion, where k; = 0.8 and k, = 0.7.

2.2.2. Sandstone Lithology Coefficient (P)

The sandstone lithology coefficient is the ratio of the actual sandstone thickness in
the fracture zone of the coal seam roof to the height of the fracture zone. The greater the
sandstone lithology coefficient, the greater the proportion of sandstone, the better the water
abundance, and the greater the risk of water inrush in the coal seam roof. The calculation

formula is as follows:
Hc + Hm + Hg

H
In this formula, H is the height of the water-conducting fracture zone, m.

P= @)

2.2.3. Sand-Mud Interbedded Coefficient (I)

Sandstone and mudstone are used as water-bearing and water-resisting layers in
underground strata, respectively, and the combined characteristics of sand-mud interbeds
directly affect the permeability of the overlying strata on the coal seam roof. The more
the layers of sand-mud interbeds, the better the water resistance and the lower the water
inrush risk. In this paper, the ratio of the sum of the number of sandstone and mudstone
layers in the fracture zone to the height of the fracture zone is defined as the sand-mud
interbeded coefficient: 7 iy
— % 6)
where Z; is the number of sandstone layers in the fracture zone and Z; is the number of
mudstone layers in the fracture zone.

I



Sustainability 2022, 14, 11978

50f17

2.2.4. Core Recovery Rate (R)

The existence of pores and fissures in underground rock strata provides storage space
and flow channels for groundwater, and the core recovery rate can directly reflect the
integrity of rock formations to evaluate the water abundance of rock strata. The greater the
core recovery rate, the higher the formation integrity, the smaller the possibility of pore
and fissure formation, and the smaller the risk of water inrush. In this paper, the average
core recovery rate of each rock stratum in the fracture zone is as follows:

z
Y Q
1=1

y4

R= @)
where Z is the number of rock layers in the fracture zone and Q is the recovery rate of each
rock stratum, %.

2.3. Establishment of the Combination Weighting-Set Pair Analysis Prediction Model
2.3.1. Construction of the Set Connection Degree Function

The key to introduce the set pair analysis theory [34] into the risk assessment of
water inrush from coal seam roof is by forming a set pair of risk influencing factors and
evaluation criteria, and the relationship between them can be divided into two types:
Certainty expressed by the same degree and opposition degree and uncertainty expressed
by difference degree. Through the quantitative analysis of the similarities, opposites,
and differences between them, the quantitative indexes of risk assessment are obtained,
and the membership function of the connection degree of each evaluation index and its
corresponding grading evaluation standard is constructed [35,36].

The smaller the master control factor, the better the expression, as seen below:

1+ 0i+ 0j X € [s1, +0]
Sp—X X—S81 ¢ .

Umn = sz—sls —txs%—sl ij‘sol X € [52/ Sl] (5)
0+ 533—521 + 53—522] X € [83, 52]
0+ 0i + 1j x € [0, 5]

The larger the master control factor, the better the expression, as seen below:

14-0i40j x € [0,s1]
Sp—X X—S81 ¢ .

Umn = 52—815 —tXS%—sl ij_SO] X € [S]/ SZ] (6)
0+ g1+ =2 X € [s2,53]
0+ 0i + 1j X € [s3, +00]

where ppyn is the connection degree of the nth evaluation index of sample m; x is the
measured value of the sample evaluation index; s1, s, and s3 are the threshold values of
the evaluation standard grades; and I, 11, III, and IV are the risk grades. The higher the risk
grade, the greater the risk.

2.3.2. Combination Weighting

Subjective weighting attaches importance to expert experience, but insufficient consid-
eration is given to measured data. Objective weighting attaches importance to measured
data, but insufficient consideration is given to expert experience. However, the two meth-
ods of determining weight can be organically combined to sufficiently consider both expert
experience and measured data, thus realizing the accuracy and scientificity of index weight.
In this paper, the combination weighting method based on the sum of squared deviations
is used to optimize the subjective and objective weights obtained by the improved analytic
hierarchy process (IAHP) and entropy weight method.

1. Improved Analytic Hierarchy Process The IAHP uses the three-scale method of
the optimal transfer matrix to construct the judgment matrix, which not only has
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good judgment transfer and rationality of scale values, but also avoids the blind and
subjective consistency test, greatly improving the accuracy of the judgment results and
the objectivity of the evaluation [37]. The weight determination steps are as follows:

e  Constructing the Comparison Matrix A

According to the three-scale theory, the importance of the main control factors is
compared pairwise, and the comparison matrix is as follows:

a1 aiz - an
a1 axp - aAxn

A= @)
anl aAn2 - ann

In this matrix, when aj; = 1, i is more important than j; when a;; = 0, i and j are equally
important; and when a;; = —1, j is more important than i.

e  Calculating the Optimal Transfer Matrix C

€11 C12 -+ Cin
C1 Cx2 - Cn
C=|. . (8)
Chl1 Cn2 - Cnn
where:
1& 1&
Gy=-), <aik + akj) =-) (aik + ajk) )
N R

e  Determining the Judgment Matrix D

dip dip --+ din
dyy dop -+ dpn
D=| . i . ; (10)
dnl an e drm
where:
dix = exp(cix) (11)

o  Weighting the Evaluation Index

According to the judgment matrix D, the weight coefficient of the elements in this
level related to some elements of the previous level is obtained using the product
square root method. The weight vectors of the n elements in this hierarchy are
W = [wy, wa,---,wn]T, and the formula for solving each weight is as follows:

= (12)
n

1;1 \n/ (HE:1 dik)
Entropy weight method The entropy weight method is an objective method that
determines the index weight by quantifying the data information of each unit to be
evaluated. The smaller the entropy value of an indeXx, the greater the weight, and vice
versa [38]. The weight determination steps are as follows [39]:

e  Constructing the Original Data Matrix R
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The original data matrix R of m evaluation objects and n evaluation indexes is con-
structed as follows:

ryn T2 -+ Tin
T21 Ipp -+ Ipn

R=| . . . . (13)
'mi Tm2 - Tmn

e  Standardizing the Processing of Original Data

X = (xij)n « m 1s obtained after standardization of R, where Xjj 18 the standard
value of the jy, evaluation index for the iy, evaluation object. The standard values
with positive correlation and negative correlation with risk can be calculated by
Equations (14) and (15), respectively:
15 — I'min (i)
X; = - . 14
U Imax (1) - rmin(l) 14

_ Tmax (i) — Ty
Xij N rmax(i) - rmin(i) (15)

e  Determining the Entropy of the Evaluation Index

X
Vij= (16)
Y X
i=1
m
Z Vl] x In Vl]
=1
H; = T (17)
e  Weighting the Evaluation Index
1 —H;
L (1-Hy)
=1

3.  Optimal combination weighting based on the sum of squared deviations

In this paper, the optimal combination weighting method based on the maximum
sum of squared deviations is adopted to determine the proportions of the IAHP weight
and the entropy weight to maximize the total sum of squared deviations of M evaluation
objects [40]. The steps to determine the combination weight are as follows [41]: Let the
subjective weight vector be Wy = [wq1, wpy, - wn1lT and the objective weight vector be
Wy = [Wia, Waa, -+, Wn2]T; then, the combined weight vector is as follows:

W, = 0;W1 + 0,W» (19)

where 01 and 6, are combination coefficients.
The sum of squared deviations between the iy, evaluation object and the other evalua-
tion objects is as follows:

2
Vi(Wz) = ) [Z (y5 — Yilj)WZ]'] (i=12--,m) (20)

- =1

Construct the following objective function as follows:

2
](WZ) = ZVI (WZ) = 2 2 [Z (Y1] - yll] ‘| 2 Z 2 Z yl]l yll]1 Y1]2 Yil]'z) WZjlwsz

j1=1j2=1 [i=1i1
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Let matrix B be as follows:

m m m m
PIDY (Vi1 = i) (vin — Yinr) r X (Vi1 = ¥i11) (Vin — Yitn)
i=1il=1 i=1i1—
Bl = : : : 1)
m m m m
El 12 (Yin = Yitn) (¥i1 — Yin1) 121 ilzl(Yin = Yitn) (Yin = Yitn)
i 1il=

Then, the objective function J(W) can be expressed as follows:
J(W,) = W.B{W, (22)

According to matrix theory, the optimal solution of Formula (21) is the unitized feature
vector corresponding to the maximum eigenvalue of the matrix Amax. The unitized feature
vector corresponding to the maximum eigenvalue is 6% = [0, 8,]7, which is implemented
to obtain the combined weight vector W*, and normalize it as follows:

W
Wi = +"—(G=12--,n) (23)
r W;

2.3.3. Calculate the Comprehensive Connection Degree
The expression of the comprehensive connection degree is as follows:

Um = Y (W X Umn) = am + bmi + cmj (24)
=1

where un, is the comprehensive connection degree of the my, sample and WZ]- is the combi-
nation weight of the jy, evaluation index.

2.3.4. Improvement in the Evaluation Criteria

After the comprehensive connection degree of the sample is determined, the risk level
can be judged by comparing am,, bm, and cm [36].

If max[am, bm, ¢m] = bm, the water inrush risk level is Grade II.

If max[am, bm, ¢m] = am and am + by, > 0.7, the water inrush risk level is Grade I;
otherwise, it is Grade II.

If max[am, bm, ¢m] = ¢cm and by + ¢, > 0.7, the water inrush risk level is Grade III;
otherwise, it is Grade II.

If max[am, bm, ¢m] = cm and ¢y > 0.7, the water inrush risk level is Grade IV.

Since the above evaluation criteria cannot compare and analyze the water inrush risk
levels of different samples in the same practical applications, the specific steps to improve
the criteria are as follows:

1.  Arrange all the connection data in the same grade in descending order and redefine
them as am1, @m2, @m3, - - - » Amn—1, @mt- According to the confidence criterion of set
pair analysis, the greater the value of the sample connection degree an; (1 <I < t), the
higher its membership degree in the same grade and the lower the water inrush risk.

2. Eap, is an evaluation index that indicates the water inrush risk. Assuming that a,;
and Ea; are negatively correlated, their relationship can be expressed by establishing
a cosine function model:

ami = cos(Eapy;) (25)

where ap,; is the comprehensive connection degree of samples in the same grade,
0 < amj < 1, and Eay, is the risk evaluation index in the same grade, 0 < Eap,; < 7/2.

3. After Eayy is standardized in the same grade to obtain the risk evaluation index E*ay,;
in each grade, E*ap,; is quantified in the grade by Formula (26):
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Frequency

Frequency

E=Fay+k—1 (26)

where E is the final risk assessment index; E*ap,; is the standardized evaluation
index of each grade; and k is a class constant, k = 1(E*ap,; €1I), k = 2(E*any;€ll), k =3
(E*am;i€lll), and k = 4 (E*a,; €1V).

In summary, four levels of the continuously changing water inrush risk evaluation
index can be obtained in order that the water inrush risk of all samples can be directly
compared according to the risk evaluation index value. The greater the risk assessment
index, the greater the risk of water inrush.

2.4. Prediction of Water Inrush Risk of Coal Seam Roof in the 221 Mining Area
2.4.1. Determination of Evaluation Index Partition Threshold

Through the histogram statistical analysis (Figure 2) of the original data of each
evaluation index (Table 1) while taking the frequency mutation point as the partition
threshold, the classification standards of water inrush risk (Table 2) and spatial variation
(Figure 3) corresponding to each evaluation index of the coal seam roof are obtained. The
line chart in Figure 2 can clearly reflect the variation and centralized distribution range
of each evaluation index in the study area, and classify the water inrush risk reflected by
each index into four grades: I, II, III, IV. The zoning threshold is the same as that shown in

Table 2.
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Figure 2. Frequency distribution histogram of the evaluation index.
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Table 1. Sample data table of the study area.
Before Standardization Post Standardization
Borehole
M R 1 P M R | P

S01 59.25 0.74 0.11 0.60 0.49 0.76 0.44 0.75
S02 58.74 0.76 0.06 0.76 0.48 0.69 0.95 1.00
S03 29.40 0.74 0.08 0.31 0.16 0.76 0.75 0.29
S04 4494 0.82 0.10 0.50 0.33 0.48 0.53 0.58
S05 30.94 0.70 0.10 0.34 0.18 0.90 0.52 0.34
S07 77.18 0.73 0.09 0.69 0.69 0.79 0.63 0.88
S09 67.95 0.76 0.08 0.74 0.59 0.69 0.75 0.97
S10 40.43 0.83 0.10 0.36 0.28 0.45 0.56 0.36
S13 36.99 0.81 0.10 0.31 0.24 0.52 0.58 0.29
S15 54.24 0.74 0.07 0.32 043 0.76 0.84 0.30
S18 40.86 0.81 0.08 0.43 0.29 0.52 0.72 0.48
N47 57.32 0.80 0.09 0.47 0.47 0.55 0.68 0.54
N51 49.08 0.67 0.06 0.27 0.38 1.00 0.95 0.22
N58 21.63 0.77 0.08 0.18 0.07 0.66 0.79 0.08
N46 47.24 0.76 0.08 0.51 0.36 0.69 0.82 0.61
K03 48.98 0.80 0.10 0.58 0.38 0.55 0.59 0.71
K07 96.43 0.83 0.09 0.54 0.90 0.45 0.63 0.64
K13 50.03 0.82 0.11 0.51 0.39 0.48 0.47 0.60
K15 55.03 0.86 0.12 0.58 0.44 0.34 0.29 0.71
K22 38.77 0.76 0.08 0.37 0.26 0.69 0.79 0.39
K28 54.55 0.73 0.15 0.45 0.44 0.79 0.00 0.51
K30 31.18 0.82 0.09 0.29 0.18 0.48 0.65 0.25
K39 15.18 0.80 0.07 0.13 0.00 0.55 0.84 0.01
K47 58.27 0.76 0.09 0.52 0.48 0.69 0.71 0.63
K54 105.13 0.73 0.07 0.42 1.00 0.79 0.94 0.47
K62 32.11 0.76 0.08 0.19 0.19 0.69 0.79 0.10
K71 68.78 0.83 0.07 0.40 0.60 0.45 0.86 0.43
K75 73.44 0.81 0.08 0.46 0.65 0.52 0.81 0.53

1# 79.62 0.89 0.11 0.68 0.72 0.24 0.44 0.88

2# 57.47 0.94 0.14 0.38 0.47 0.07 0.15 0.40

3# 65.75 0.96 0.09 0.49 0.56 0.00 0.68 0.57

Table 2. Classification criteria for risk assessment.

Risk Assessment Index

Risk Assessment Grade

I 1I v

Equivalent thickness of sandstone (M) 0-40 40-60 >85
Core recovery rate (R) >0.85 0.79-0.85 0.73-0.79 0-0.73
Interbedded coefficient of sand and mud (I) >0.12 0.10-0.12 0.08-0.10 0-0.08
Lithology coefficient of sandstone (P) 0-0.34 0.34-0.49 0.49-0.64 >0.64

2.4.2. Calculate the Index Weight

1.

Improve the analytic hierarchy process and calculate subjective weight

The hierarchical structure model of evaluation indicators in this research area is

established, as shown in Figure 4.



Sustainability 2022, 14, 11978 11 0f 17
85 Io.ss
)
0 ‘ ' N 0.79
) .07

6
®
I40 . 0.73 & ‘\
l Danger classes : Danger classes

Color scale ? Color scale

| ||
0 1000 2000

\\ |
TS \

Color scale

I m
0 1000 2000

Danger classes
Color scale

M
mE—— 2 m
0 1000 2000 0 1000 2000 | |

(o) (d)

Figure 3. Spatial changes in risk assessment indicators. (a) Equivalent thickness of sandstone, (b) core
recovery rate, (c) interbedded coefficient of sand and mud, (d) lithology coefficient of sandstone.

According to the experience of experts, the importance of the first- and second-level
evaluation indexes is determined, and the judgment matrix is established. The judg-

ment matrix of the first-level evaluation index is A ~ B; = _01 (1)} and the weights

are Wg; =(0.731,0.269). The judgment matrix of the second-level evaluation index is
0o 1 1

Bi~C=|-1 0 1|,and By ~ Cj = [1]. The weights are W¢; = (0.563, 0.289, 0.148)
-1 -1 0

and Wc; = (1). The linear weighting method is used to multiply the weight value of the
first-level index with the weight value of its subordinate second-level index, and the subjec-
tive weight value of each main control factor on the water inrush risk of the coal seam roof
is obtained, as shown in Table 3.
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Figure 4. The hierarchical structure model of roof water inrush risk assessment of the 2-2ypper
coal seam.

Table 3. Weighting of evaluation index combination.

Evaluating Indicator

Equivalent Thickness  Lithology Coefficient Interbedded Coefficient Core Recovery

of Sandstone (M) of Sandstone (P) of Sand and Mud (I) Rate (R)
IAHP 0.4114 0.2112 0.2689 0.1084
Entropy weight method 0.3271 0.3063 0.1675 0.1990
Combination weighting 0.3697 0.2582 0.2187 0.1532

2. Entropy weight method to calculate the objective weight

The objective weight of each main control factor is calculated by Equations (13)—(18),
and the calculation results are shown in Table 3.

3. Combination weighting

94.7769  —134279 —0.6745  66.3799
—13.4279 89.8074 324249 —13.2155
—0.6745 324249  92.8817 —20.0149|°
66.3799  —13.2155 —20.0149 118.5543
33.5049 31.7562
31.7562 32.1260
matrix Q is 64.5791, and its corresponding unit eigenvector is [0.7147, 0.6994]T. The unit
eigenvectors are normalized to obtain the combined weight coefficients of 0.5054 and 0.4946,
which help in obtaining the combined weight values (Table 3).

B; can be found with Equation (21). B; =

Let Q = WY1 W,, then we obtain Q = . The maximum eigenvalue of

2.4.3. Calculate the Comprehensive Connection Degree and Grade Judgment

According to Equation (24), the comprehensive connection degree of each borehole
data point in the study area is obtained, and the water inrush risk level is evaluated
according to the confidence criterion of set pair analysis. The results are shown in Table 4.
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Table 4. Comprehensive correlation degree and risk grade evaluation.

Comprehensive Degree Comprehensive Degree
Borehole of Connection Grade Borehole of Connection Grade
am bm Cm am bm Cm

S01 0.129 0.548 0.323 11 K07 0.102 0.379 0.519 I
S02 0.023 0.423 0.554 III K13 0.347 0.620 0.033 I
S03 0.628 0.053 0.319 I K15 0.464 0.385 0.151 I
S04 0.379 0.608 0.013 I K22 0.568 0.136 0.295 I
S05 0.659 0.187 0.153 I K28 0.390 0.456 0.153 I
S07 0.000 0.260 0.740 v K30 0.705 0.199 0.097 I
S09 0.000 0.352 0.648 111 K39 0.653 0.128 0.219 I
S10 0.691 0.306 0.003 I K47 0.032 0.677 0.291 1I
S13 0.679 0.301 0.019 1 K54 0.112 0.146 0.742 v
S15 0.365 0.289 0.346 I K62 0.628 0.077 0.295 I
S18 0.500 0.336 0.164 I K71 0.252 0.399 0.348 I
N47 0.109 0.766 0.125 11 K75 0.097 0.485 0.417 I
N51 0.460 0.168 0.372 I 1# 0.263 0.189 0.548 I
N58 0.628 0.102 0.270 I 2# 0.607 0.393 0.000 I
N46 0.236 0.428 0.336 1I 3# 0.153 0.637 0.209 1I
K03 0.229 0.584 0.186 I

#1is only used to mark and distinguish drilling holes in different positions.

3. Results

According to the comprehensive connection degree and risk grade evaluation results,
the water inrush risk evaluation indexes (Table 5) of the coal seam roof in the 221 mining
area are calculated by Equations (25) and (26), and the water inrush risk zoning map based
on the combination weighting-set pair analysis discrimination model is drawn (Figure 5).
Combined with the pumping test results of two boreholes in the study area (the unit water
inflows of 1# and 3# are q = 0.005421 and q = 0.0741 L/s-m, respectively), the risk evaluation
index E € [0, 2] is defined as the safe zone; E € [2, 3] is defined as the transition zone; and
E € [3, 4] is defined as the danger zone. According to the danger zoning map, the vast
majority of the 221 mining area belongs in the safe zone, and small regions of transition
zone and danger zone exist only in the central and northern portions of the mining area.

Table 5. Results of risk assessment index.

Borehole Grade E Borehole Grade E Borehole Grade E
S01 II 1.849 N47 I 1.881 K30 I 0.000
S02 111 2912 N51 11 1.310 K39 1 0.232
S03 1I 1.000 N58 1 0.343 K47 11 2.000
S04 II 1.448 N46 I 1.681 K54 v 3.000
S05 I 0.206 K03 1I 1.692 K62 1 0.343
S07 v 4.000 K07 111 2.615 K71 11 1.656
S09 III 3.000 K13 I 1.501 K75 I 1.899
S10 I 0.061 K15 I 1.000 1# 111 2.000
S13 I 0.118 K22 1 0.592 2# 1 0.432
S15 II 1.472 K28 I 1.430 3# 1I 1.812

S18 I 0.863
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Figure 5. Partition map of water inrush risk.

4. Discussion

Starting from the research direction of mine water disaster prevention and control,
this paper uses set pair analysis and combination weighting method to analyze the drilling
data and water pumping and discharging test data in the study area, aiming at establishing
the prediction and discrimination model of water inrush risk of coal seam roof. At present,
the main idea of the evaluation method for the prediction of aquifer water abundance is to
select various indexes of influencing factors of water abundance, and then use AHP, gray
theory, principal component analysis, and BP neural network to achieve the weights that
reflect the influence degree of each index. Whether the data can be quantitatively fused and
processed scientifically in the evaluation process is crucial to the accuracy and reliability of
the analysis results. However, at present, few experts and scholars can comprehensively
and objectively evaluate the water inrush risk of the aquifer that affects the safe mining
of coal seam. This paper adopts set pair analysis and combined weighting method to
combine and optimize the subjective and objective weights obtained by IAHP and entropy
weight method, in order that the expert experience and objective data are organically
combined, and the water inrush risk of the coal seam roof in No. 2-2 of the 221 mining area
of Shilawusu Coal Mine is predicted and partitioned, which provides a scientific basis for
the prevention and control of water inrush from the mine roof.

The discriminant model has a good application prospect in water inrush risk assess-
ment, but there are few data of drilling water pumping and discharging used to assess
the definition index of safety zone, transition zone, and danger zone, thus the accuracy
of prediction zoning needs further verification. For this reason, this paper selects six
hydrological boreholes in different sub-regions of the working face, and substitutes the
borehole data into the aforementioned prediction and discrimination model to verify the
final division results of the model. It can be seen from Table 6 that, after calculation, the
risk evaluation index E values of six hydrological holes constructed in the later period
are basically consistent with the actual hydrological detection results of this hole, thus the
prediction results of this model are more accurate.
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Table 6. Risk assessment index results of verification borehole.

Borehole Location Grade E Borehole Location Grade E
ZD-6 Safe region 1I 1.924 ZD-2 Transition region II 2.422
Z1-4 Safe region 111 0.838 ZL-7 Safe region I 0.847
ZL-2 Transition region 1II 2.031 ZL-5 Safe region I 1.336

5. Conclusions

In this paper, from the perspective of mine water disaster prevention and control, the
drilling data and pumping-and-discharging test data in the study area are analyzed by
using set pair analysis and combination weighting method. Finally, the prediction and
discrimination model of water inrush risk from coal seam roof is established. The main
conclusions are as follows:

By considering the characteristics of geological and hydrogeological conditions in the
study area, four main control factors—the equivalent thickness of sandstone, lithology
coefficient of sandstone, interbedded coefficient of sand and mud, and core recovery
rate—are selected to predict the water inrush risk from the coal seam roof.

By combining the water inrush risk discrimination model based on the combination
weighting-set pair analysis with the borehole drainage data in the study area, the water
inrush risk zoning map of the coal seam roof in the 221 mining area is obtained. The zoning
map shows that the majority of the 221 mining area is safe, and only small regions of
transition and dangerous zones exist in the central and northern sides of the mining area.

The rationality and accuracy of the above-mentioned model are verified by selecting
six hydrological boreholes in different regions of the working face. By substituting the
drilling data into the prediction discrimination model, it can be seen that the model can
obtain more accurate prediction results.
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