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Abstract A systematic method was developed to evalu-
ate the risk of water inrush through a coal seam floor using
the geographic information system (GIS) and the fuzzy set
theory. The main geological and hydrogeological indicators
that control water inrush were first considered using a fuzzy
mathematics approach, in which fractal analysis was car-
ried out to quantify the fault’s characteristics. The degree of
membership was determined using GIS, the weight of every
factor was considered by calculating the entropy in accord-
ance with Shannon’s information entropy theory, and the
level of risk of the evaluated object was derived using the
maximum membership principle. The approach was vali-
dated by a case study at the Chensilou mine in Henan Prov-
ince, China, where the aquifers that underlie an exploitable
coal seam, II, were made impermeable by grouting. Data
from Nov. 2014 to April 2016 shows that the risk of water
inrush was reduced in Panel 2517 of the II, coal seam, that
there were no serious disturbances in this panel and no
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groundwater inrush through the floor. This method can be a
powerful tool for systematically assessing the risk of water
inrush through the floor, since the influence of several fac-
tors can be quantitatively considered in accordance with the
geological and mining conditions.
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Introduction

High water pressure aquifers, high temperatures, and other
geological issues associated with mining deep coal seams
have greatly complicated the hydrological and geological
conditions and increased the likelihood of water inrush. In
fact, there are about 250 million tons of coal in northern
China, mainly in the Permo-Carboniferous coalfields, that
currently cannot be extracted due to the risk of groundwa-
ter inrush, due largely to underlying limestone strata that
contain a great deal of water (Gu et al. 2010; Li and Zhou
2006).

In the 1950s, a theory for assessing the risk of water
inrush was proposed by a Soviet researcher, V.D. Sle-
sarev (1948), who likened the mine floor to a beam under
a uniform load with both ends fixed. In the 1960s, water
inrush was documented in the Fengfeng (Hebei prov-
ince), Jiaozuo (Henan province), Zibo (Shangdong prov-
ince), and Jingxing (Hebei province) coalfields. The data
were analyzed by Chinese scholars and engineers, who
primarily focused on the water pressure and thickness of
the aquifers as the main factors controlling water inrush
(Wang 1977). Consequently, a water inrush coefficient
method was proposed, which has been widely used in
China to predict the likelihood of an inrush because few
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factors need to be considered and the parameters can be
easily obtained (Liu et al. 1995; Meng et al. 2012; Wei
et al. 2010). The relationships among water pressure,
aquiclude thickness, and water inrush through a coal
seam floor were also examined by Mihael Ribi¢i¢ (1991).

In this century, there has been an increase in related
research using different methods to predict the likelihood
of water inrush (Wang and Park 2003). Zhang (2005)
proposed that four factors are responsible for controlling
an inrush: the strata pressure, size of the mine, geological
structure, and water pressure of the underlying aquifers.
To study the behavior of aquifuges and the likelihood of
an inrush, researchers, including Chen et al. (2012), Guo
(2008), Jiang (2011), Zhang et al. (2009), and Zhu et al.
(2008), have used numerical models based on fluid—solid
coupling. The hydro-mechanical coupling theory has
been used to determine the effects of water inrush through
coal seam floors, and the distribution of stress in the floor
has been numerically simulated (Kong et al. 2007; Lu
and Wang 2015). The inrush mechanism through a fault
has been described (Han et al. 2009; Huang et al. 2012;
Wang and Miao 2006; Zhu et al. 2014), and the effect of
the amount of water in the aquifers was considered (Shi
et al. 2014). Data on the characteristics of the water flow
fracture zone or failure of the coal seam floor have been
obtained by field monitoring, as well as by physical and
numerical simulation experiments. Measurements that
predict and prevent water disasters have also been put
forward (Sun et al. 2008; Yuan et al. 2015; Wang et al.
2009, 2015). In addition, various formulations have been
proposed to assess the risk of water inrush in coal mines
over the past few decades, such as the use of the Fisher’s
discriminant model, grey system theory, fuzzy mathemat-
ics theory, attribute mathematics theory, fuzzy Delphi
analytic hierarchy process, and grey relational analy-
sis (Chen et al. 2016; Dong et al. 2012; Li et al. 2015;
Qiu et al. 2016; Wang et al. 2008, 2012; Wu and Zhou
2008; Wu et al. 2011, 2013). Compared to the coefficient
method commonly used in China, these methods focus
more on the relationships between different aspects of
uncertainty in assessing the probability of water inrush.

Although there have been many methods developed
to assess the risk of water inrush in coal mines, no one
has considered the spatial characteristics of the factors
that affect the occurrence of water inrush and attempted
to quantify the relationship between water inrush and
influential factors, especially the effects of grouting. This
paper therefore provides a new method that combines the
use of the geographic information system (GIS) and the
fuzzy set theory, in which the main indicators that control
water inrush are qualitatively and quantitatively consid-
ered and analyzed.
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Methods

Zadeh (1965) first proposed the notion of fuzzy sets, which
are sets with elements that have different degrees of mem-
bership. The concept was then widely applied and further
developed by others (e.g. Kaufmann and Gupta 1988; Li
et al. 2014). Groundwater inrush from the mine floor, as the
evaluated object, has nonlinear dynamic characteristics. It is
affected by many complex factors, which are uncertain, ran-
dom, and fuzzy. Water inrush cannot be determined by using
classical mathematical modeling due to fuzziness (uncer-
tainty). The degree of membership of each factor of an evalu-
ated object is therefore constructed and assessed by using a
fuzzy synthetic evaluation method based on fuzzy sets. A
quantitative method based on GIS and the fuzzy set theory
to assess water inrush was thus developed with the following
steps.

1. A set of indicators is established: The set of indicators
is a common set composed of all the factors that affect
the evaluated object. It is defined as: U = {u,, u,,...,
u;}, where u; (i =1, 2,... n) is the ith factor in the set of
indicators.

2. An evaluation set is established: The evaluation set
contains all the possibilities of the evaluation results
which are obtained by evaluating the target objects.
The evaluation set is defined as: V = {v|, v,,..., vj},
where v; (j=1, 2,..., n) is a possible evaluation result.

3. The weight matrix is determined: In the fuzzy syn-
thetic evaluation system, each factor has a different role
with a different weighting coefficient. The weight set
is: A = (a,, a,, as,..., a;), where a; > 0 is the weight of
the ith factor and Ya,= 1, a; (i=1, 2,..., n).

The weight can be determined by using the entropy con-
cept from information theory, in which entropy is a measure-
ment of uncertainty (Li et al. 2011; Nuiiez et al. 1996; Wu
et al. 2015; Zou et al. 2006). In considering the uncertainty of
the fuzzy synthetic evaluation method in calculating multiple
factors and neglect of their relationship with water inrush, a
weight evaluation process that uses the entropy method is
introduced. R’ = (rlfj)n,m is defined as a set of normalized indi-

cator values.

/

"
Pl ——i=

; s 1,2,...,n;j=1,2,...,m 1
LD Y / M
=1"j
The information entropy of the jth factor can be calculated
by:

n

_ 1 " "o
Ej_—m . lrij lnrl.j, j=12,....m 2)

=



Mine Water Environ (2017) 36:617-627

619

Specifically, if r;j =0, rlfj In rl’.j = 0. The weight vector w =

(W}, Wy, ..., w,) of the set of indicators can be obtained from:
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4. A single factor evaluation and fuzzy relationship matrix
based on the GIS are established. The principle behind
fuzzy logic is to map each point in the input space to
a membership value in the interval [0, 1] so that the
degree of truth can be defined more rationally (Zadeh
1965). Thus, the degree of membership of a single fac-
tor can be confirmed based on the GIS to obtain a sin-
gle factor evaluation set:

R, = (ril,riz,...,ri]-)(i= 1,2,....m)(GJj=1,2,...,n) 4)

where i is the number of elements in the set of indicators, i
is the degree of membership of an object to v;, and j is the
number of elements in the evaluation set.

Mandelbrot (1979) coined the term ‘fractal’ and identi-
fied four components that form the basis of the fractal theory:
relationships, patterns, emergence, and iterations (Fryer and
Ruis 2004). These fractal characteristics are measured using
fractal analysis and the changes in the scale of a pattern are
indicated by a ratio called a fractal dimension. Here, the
complexities of the fault distribution and the maturity of the
tectonic evolution are quantitatively explained. The fractal
dimension in the spatial distribution of faults is a combined
factor of fault dimension and compound modes. There is an
important relationship among the fractal structural features
of faults, fluid migration, and structural activity (Berry and
Lewis 1980; Okubo and Aki 1987; Scholz and Aviles 1985).
The most rigorous definition of fractal dimension is the
Hausdorff Besicovitch dimension because it is defined over
a measure of space, and applied to denote a fractal set (Man-
delbrot 1983, 19864, b). One of the properties of a fractal is
its self-similarity; a smaller component of an object when
magnified is seen to be similar in shape to its parent object.
The Hausdorft Besicovitch dimension of a fractal set that has
the same similarity dimensions can be easily determined. Pre-
vious research work by Xu et al. (1996) that examined fractal
dimensions found that the degree of the complexity of faults
are revealed in their similarity dimensions.

The research object here has self-similarity characteristics
that could be divided into N units. The similarity dimension
is then defined as:

_ _log N(r)
S log(n

®

where the N(r) is the number of grids that cross the fault
trace, and r is the similarity ratio of a square grid.

There are many methods available to establish member-
ship functions, such as the fuzzy statistical and Delphi meth-
ods. The forms of membership functions include: normal,
triangular fuzzy number, lower semi-trapezoid, trapezoidal,
and ridge (Chang et al. 2000; Dombi 1990; Klir and Yuan
1995). In this study, the degree of membership was deter-
mined using GIS to quantify thematic maps with drawing,
mesh generation, and interpolation tools, which provides a
data attribute list for the factors. The spatial variation charac-
teristics of each factor can then be obtained.

Some of the indicators in a fuzzy synthetic evaluation
model have direct proportional relationships with the evalu-
ated object, and these indicators are then defined as benefit
indicators (larger indicator values means reduced risk). Con-
versely, indicators that do not have direct proportional rela-
tionships with the evaluated object are defined as cost indi-
cators; larger indicator values means increased risk (Liu and
Qiu 1998). To eliminate the effects of dimensions between
the indicators, each factor value a; is normalized using the
following formulas:

ry = —1 i=1,2, ..., n;j € {benefit
max
i {ay}
min (6)
i {a;}
ry=——, i=1,2, .., nj€ {cost}

where r; is non-dimensional data and a; is the original
data.

There are many data classification methods provided in
ArcGIS for statistical mapping, such as equal interval and
quartile/even distribution (Coulson 1987; Evans 1977; Simp-
son and Human 2008). Data values can be classified accord-
ing to the breaks or gaps that naturally exist in the data, or
in accordance with the natural breaks method (Jenks 1963),
which is provided in ArcGIS as a means of data classifica-
tion. The calculation principle for the natural breaks method
is defined as:

J
SSD; ;= Z (A[K] - meanimj)2 7
=i

where SSD; ; is the calculation of the variances; i, j is the
sequence number of a classification; A [K] is the value set
of a classification; and K= i...j; mean; _;is the mean value
of a classification. With the calculation of different classi-
fication areas in the non-dimensional thematic maps, the
degree of membership is defined as:

Si
= ®)
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where r,»j(x) is the degree of membership of v; and Sij is the
area of jth classification in the jth indicator thematic maps.
By arranging the degree of membership of each factor eval-
uation set in rows, the single factor evaluation matrix can
be expressed as:

iy T o T
Ty Ty =0 1y

R= S :n ®
Tml T'm2 " Ton

where n is the number of elements in the evaluation set,
and m is the number of elements in the set of indicators.

5. Fuzzy synthetic evaluation of multiple factors: The
final evaluation set for multiple factors is defined
as: B = (b, by,..., bj)(j=1, 2,..., n), B = A*R, where
“*7 denotes the fuzzy operator, and b; is the degree
of membership of the evaluated object to the jth pos-
sible evaluated result in the evaluation set when con-
sidering the effects of multiple factors. The level of the
risk of the evaluated target object can be determined in
accordance with the maximum membership principle,
which is the synthetic degree of the membership of the
evaluated object to the possible evaluation results in the
evaluation set, which can be expressed as: if A,€F(U)
(i=1, 2, ..., n) is defined, and u, €U, and if exists i,
then:

A; (ug) = max{A, (uy), A, (u), ..., A, () } (10

The u, can relatively belong to A,, which is the maxi-
mum membership principle.

Case Study
The Chensilou Coal Mine

The Chensilou coal mine is located 10 km north of
Yongcheng city in the Henan province in China (Supple-
mentary Fig. 1). The mine is 62.4 km? in size with a total
geological reserve that amounts to 173 million tons of coal
and an anticipated service life of 59.4 years. The area is
located in the mid-latitude zone in a semi-humid/semi-arid
area with a monsoon-type climate. The mining level is gen-
erally between 300 and 900 m below sea level. The II, coal
seam is the primary mineable coal seam in the mine, which
is found in the lower Permian series of the Shanxi Forma-
tion. The II, coal seam is, on average, 2.45 m thick.

The lithology in the area consists of Middle Ordovician
(O,), Middle and Upper Carboniferous (C,, C;), Permian

@ Springer
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Fig. 1 Stratigraphic column that underlies the II, coal seam

(P), Neogene (E), and Quaternary (Q) deposits (Fig. 1).
The strata has been affected by multiple periods of tectonic
movement, folding, and faulting. The geological structure
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is probably a monocline striking north-northwest with a lit-
tle dip to the west-southwest. Along the north—south direc-
tion, the folds are the primary feature and the faults are
secondary. In contrast, in the east-west direction, the faults
dominate. A single horizontal seam in the southern and
northern wings was mined using a longwall retreat system.

Panel 2517 of the II, coal seam, which is located in Dis-
trict 5 (see Supplementary Fig. 2), is stable enough to be
commercially exploited. Structurally, 50 faults have been
exposed during excavation and exploration; of these, 4 are
reverse faults, while the others are all normal faults. There
are 6 faults with displacements that range between 4 and
7 m, 27 with displacements that range between 1 and 4 m,
and 17 with displacements less than 1 m.

The three karst aquifers that underlie the exploitable II,
coal seam are upper limestone aquifers of the Taiyuan For-
mation: L;;, Ly, and Lg. The average width of the strata
between the top of L, L;,, and Lg, and the bottom of the
II, coal seam is 43.6, 58.6, and 75.8 m, respectively. L,;
can be recharged by L, and Lg through the rock crevices.
The water pressure of the upper limestone aquifers of the
Taiyuan Formation under the floor of the II, coal seam is
more than 5.8 MPa. Given the complex hydrogeological
conditions, grouting must be done to render the coal seam
floor impermeable, and the aquifer conditions must be
reconstructed to prevent and control water disasters in the
coal seam floor (State Administration of Coal Mine Safety
2009).

In Panel 2517, 248 holes were drilled for grouting
(Fig. 2). The total water yield and grouting volume in L;;,
L,o, and Ly were determined after drilling. The proportion
of the water yield and grouting volume for each aquifer are
listed in Supplementary Table 1. L,, and Ly are the pri-
mary aquifers of concern; with a large volume of water and
developed karst fissures, L, and Lg can recharge L ;.

Defining a Set of Factors as Indicators for Synthetic
Evaluation

Wu and Zhou (2008) established an index system to
assess the occurrence of water inrush when mining above

= NP [X
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Fig. 2 Layout of grouted boreholes in Panel 2517

aquifers. The geological structure, hydrogeological con-
ditions (mainly in the aquifers and aquicludes), and min-
ing process were considered the main indicators that
influence water inrush due to the development of karst
aquifers (Li et al. 2015; Li and Zhou 2006; Qiu et al.
2016; Wang et al. 2012; Wei et al. 2010; Wu et al. 2011,
2013). The karst aquifers that underlie the exploitable
II, seam are the upper limestone aquifers of the Taiyuan
Formation in the Chensilou mine. Panels 21,201, 21,301,
and 21,302 have been mined safely after grouting rein-
forcement. The characteristics of the geological struc-
ture were quantified by fractal analysis using a similarity
dimension.

After grouting, the geological structure is affected
by the similarity dimensions of the faults (or fracture
zones) and the grouting volume of L, L, and Lg in a
comprehensive fuzzy evaluation. The effectiveness of
the hydrological barrier is affected by the: thickness of
the aquiclude situated between the L,; and the II, coal
seam, thickness of L, and L, and thickness of the aqui-
clude situated between Ly and the II, coal seam. Since
L,, and L, become aquicludes when grouting is applied,
the underlying aquifers are affected by the water pressure
of the Lg aquifers and the water yield and grouting vol-
ume of Lg, L, and L,,. The depths of the mining and
failure of the coal seam floor were investigated by using
in-situ transient electromagnetic measurements (Chris-
tiansen et al. 2009) from the panels that were mined with
grouting.

In a comprehensive fuzzy evaluation, the four main indi-
cators include ten factors when grouting is carried out or
seven factors when no grouting takes place. The likelihood
of water inrush was proposed to be based on:

1. the underlying aquifers: the water yield of L;;, L,,, and
Lg and the water pressure of Lg (or L;; when no grout-
ing takes place);

2. the hydrogeological barrier: the thickness of the aqui-
cludes situated between Lg (or L;; when no grouting
takes place) and the II, coal seam when grouting is car-
ried out, and the grouting volume of L, L;,, and Lg;
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3. the geological structure: similarity dimensions of the
faults (or fracture zones); and

4. the mining process: depths of the failure of the coal
seam floor.

The factors used as indicators for the synthetic evalua-
tion of water inrush when grouting takes place are: U= (U,
U,, Us, Uy, Us, Ug, U, Uy, Uy, U, (similarity dimensions
of faults or fracture zones, depths of failure of coal seam
floor, water pressure of Lg, thickness of aquicludes situated
between Lg and the II, coal seam, water yield of L, L,
and Lg, and grouting volume of L;;, L,,, and Lg, respec-
tively). The set of factors as indicators for the synthetic
evaluation of water inrush when no grouting takes place
is defined as: U’ = (U, U;, Ug, Uf‘, U;, Ué, U;) (similarity
dimensions of faults or fracture zones, depths of failure of
coal seam floor, water pressure of L,;, thickness of aqui-
clude between L, and the II, coal seam, and water yield of
L;;, L,y and Lg, respectively).

Establishing Single Factor Evaluation and Fuzzy
Relationship Matrix Based on GIS

Fractal Analysis Applied to Quantificational
Characteristics of a Fault

The study area was divided into 60 squares with 100 m
as the length of each side (Fig. 3). Then, the similar ratio
is: r=1, 1/2, Y4, and 1/8, respectively. The similarity

dimensions were calculated using Eq. (5); the results are
listed in Supplementary Table 2. A non-dimensional the-
matic map of the similarity dimensions was consequently
developed using spatial analyst tools and Kriging interpola-
tion and classification (Figs. 4a, 5a).

Predicting Depth of Failure: Floor of I, Coal Seam

In this study, the quantitative relationship between the min-
ing depth and depth of the failure of the coal seam floor
was defined using the results of in-situ measurements from
the panels that had been mined with grouting (Supplemen-
tary Fig. 3) as:

h=6.65In(H) —28.72 (11)
where H is the mining depth, and 4 is the depth of the fail-
ure of the coal seam floor.

Prior to reinforcement with grouting, the depths of the
failure of the coal seam floor in Panel 2517 were investi-
gated using an empirical formula, in accordance with the
regulations of the State Administration of Coal Industry
(2000), as follows:

h = 0.0085H + 0.1665a + 0.1079L — 4.3579 12)
where H is the mining depth, / is the depth of the failure
of the coal seam floor, a is the dip angle, and L is the panel
dip length. The evaluation factors of the depths of the fail-
ure of the coal seam floor with and without grouting are
quantified and listed in Supplementary Table 3.
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Fig. 3 Faults in Panel 2517
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Fig. 4 Non-dimensional thematic maps of indicators with the use
of grouting. a Similarity dimensions of faults (or fracture zones); b
depths of failure of coal seam floor; ¢ water pressure of Lg of Upper
Carboniferous Taiyuan Formation under floor of II, coal seam; d

Establishing an Evaluation Set and a Single Factor
Evaluation Matrix

Based on previous studies (Li et al. 2013; Wang et al. 2012;
Wu and Zhou 2008; Wu et al. 2011, 2013) the risk of water
inrush is 5 grades; hence, the evaluation set is: V = {very
high, high, medium, low, very low}. The data for the indica-
tors were collected from 248 holes that were to be grouted.
The thematic maps were drawn based on GIS and normal-
ized using Eq. (6). Figures 4 and 5 show the non-dimensional
thematic maps that were classified using the natural breaks
method (Jenks 1963) with and without grouting, respectively.
Each non-dimensional thematic map was divided into five
areas: {S;, S,, S3, Sy Ss5}. According to the evaluation set,
the degree of membership can be determined by Eq. (8) in

0.4986 0.6501 0.8172 1

0.4547 0 6391 0.7836

0.3936 0.5142 0 6099 0.7011
0.1416 0.3230 0 5003 0.7300
0.2879 0.4316 i) 0.6059 0.8008

thickness of aquicludes between Lg of the Upper Carboniferous Tai-
yuan Formation and II, coal seam; e water yield of L,,; f water yield
of L,,; g water yield of Lg; h grouting volume of L,;; i grouting vol-
ume of L,; and j grouting volume of L

accordance with the non-dimensional thematic maps for the
set of indicators. The single factor evaluation matrix is thus
determined by arranging the degree of membership of each
factor evaluation set with and without grouting, respectively:
0.2362 0.2877 0.1807 0.0890 0.2063
0.1081 0.1324 0.1424 0.4662 0.1508
0.0720 0.1427 0.4104 0.3067 0.0681
0.1824 0.1522 0.1570 0.2093 0.2991
R= 0.0510 0.1733 0.2582 0.3505 0.1671 (12)
0.0310 0.1475 0.2453 0.2765 0.3997
0.0276 0.2688 0.2962 0.2812 0.1263
0.4273 0.1051 0.1765 0.1635 0.1277
0.1580 0.2119 0.2444 0.2632 0.1225
0.1139 0.1069 0.1402 0.3996 0.2394
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0 0.2879 0.4316 (@) 0.6059 0.8008 1

0.1938 0.3898 0.6126 0.8220 1

(C) y

0 0.3719 0.4964 0.6285

(e)

0.8247 1

0 0.4103 0.4847 0.5682 0.6426

(9)

Fig. 5 Non-dimensional thematic maps of indicators when no grout-
ing takes place. a Similarity dimensions of faults (or fracture zones);
b depths of failure of coal seam floor; ¢ water pressure of L,; of
Upper Carboniferous Taiyuan Formation under floor of II, coal seam;

Table 1 Weight of each factor with the use of grouting

100m
[
Scale

0

0.3460 ) 0.4952 0.7048 1

0.1873

0.3277

0 4714 0.6089

0.1683

0

03936 05142 0 6099 0.7011

d thickness of aquiclude between L, of Upper Carboniferous Tai-
yuan Formation and II, coal seam; e water yield of L,; f water yield
of L,y; and g water yield of Lg

Table 2 Weight of each factor when no grouting takes place

Factor Weight Factor Weight
Similarity dimensions of faults (or fracture zones), U, 0.1405 Similarity dimensions of faults (or fracture zones), U’ ; 0.2294
Depths of failure of coal seam floor, U, 0.0528 Depths of failure of coal seam floor, U} 0.1307
Water pressure of Lg, U, 0.0942 Water pressure of L, U} 0.1956
Thickness of aquicludes, U, 0.0704 Thickness of aquiclude, U, 0.2033
Water yield of limestone aquifer Water yield of limestone aquifer
L, Us 0.0365 L, US 0.0596
Lo Us 0.0358 Ly U, 0.0584
Lg, U, 0.0753 Lg, U 0.1230
Grouting volume of limestone aquifer
L, Ug 0.2766
Ly, Uy 0.1179  Building the Weight Set
Lg, Uy 0.1000
To compute the entropy and weight of each factor in
[0.2362 0.2877 0.1807 0.0890 0.2063 T Panel 2517, 38 groups of in-situ measurements and repre-
0.2491 0.2688 0.2062 0.1990 0.0769 sentative calculated data were collected from the south-
0.2932 0.1940 0.0873 0.1463 0.1792 west, middle, and northeast sides of the panel (see
R, =1 0.2348 0.2352 0.2664 0.1129 0.1507 (13)  Figs. 4, 5, respectively). The thickness of the aquiclude

0.0510 0.1733 0.2582 0.3505 0.1671
0.0310 0.1475 0.2453 0.2765 0.3997
| 0.0276 0.2688 0.2962 0.2812 0.1263 |
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and the grouting volume of the limestone aquifers were
the benefit indicators. The fault or fracture zone, depth of
the failure of the coal seam floor, water pressure, and
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water yield of the limestone aquifers were the cost indica-
tors. First, the normalized indicator values for grouting/
no grouting were obtained from Figs. 4 and 5, and R’ =
(rlfj)n_m was constructed to denote the normalized value

sets of the indicators. Then each indicator entropy was
calculated based on Egs. (1) and (2). Finally, the weight
of each indicator was calculated using Eq. (3) (see
Table 1); with grouting, the combined weight set A is:

A = (0.1405, 0.0528, 0.0942, 0.0704, 0.0365, 0.0358,
0.0753, 0.2766, 0.1179, 0.1000)

The weight of each indicator is listed in Table 2; without
grouting, the combined weight set A is:

A, = (0.2294, 0.1307, 0.1956, 0.2033, 0.0596, 0.0584, 0.1230)

Results and Discussions

Without grouting, the final evaluation vector was:
B,= A*R, = {0.2001, 0.2148, 0.2117, 0.1819, 0.1719}.
There is a high level of risk of water inrush in Panel 2517 if
the II, coal seam was mined without grouting. With grout-
ing, the final evaluation vector was: B= A*R={0.2118,
0.1534, 0.2184, 0.2484, 0.1680}.

According to the evaluation results and maximum mem-
bership principle, it was concluded that there was a low risk
of water inrush in Panel 2517 of the II, seam in the Chensi-
lou coal mine, due to the effectiveness of the grouting. The
water inrush coefficient is usually calculated by using:

P
T=+ 14
where T is the water inrush coefficient; P is the water pres-
sure of the confined aquifer under the coal seam; and M is
the thickness of the aquiclude. In reality, the effectiveness
of the aquiclude after grouting was carried out could not be
accurately determined due to its thickness. Hence, the water
inrush coefficient cannot be used to predict if water inrush
could occur in Panel 2517. To demonstrate the validity of
the evaluation results, the transient electromagnetic method
was used to examine the resistivity of the coal seam floor in
Panel 2517 when grouting was used to reduce permeabil-
ity. Four different directions were selected to detect water
inrush between the upper and lower roadways, respectively
(Supplementary Fig. 4). The angles examined between
each direction and the coal seam floor are —45° and —60°
in the upper roadway, and —120° and —150° in the lower
roadway. Supplementary Fig. 5 shows the isopleth maps
of the apparent resistivity of sections in Panel 2517. The
electric current distribution in the coal seam floor changes
minimally at a depth of 40 m with a good continuity and

there are no places with low resistivity. The electric current
distribution at a depth of 40 to 80 m with transverse homo-
geneity shows that L, and L, have turned into aquicludes,
and the risk of water inrush in Panel 2517 has obviously
been reduced. Since membership functions have different
forms, the process of determining and selecting a mem-
bership function is subjective. Therefore, GIS was used to
determine the degree of membership from non-dimensional
thematic maps, as previously discussed, with spatial attrib-
utes for the indicators. The use of GIS for determining the
degree of membership is more applicable than the use of
conventional membership functions. The data from Novem-
ber 2014 to April 2016 indicated that there were no serious
disturbances in Panel 2517 that was likely to result in water
inrush through the coal seam floor. Thus, the results from
the transient electromagnetic method and data taken from
the actual mine demonstrate that a fuzzy synthetic evalua-
tion model based on GIS can reliably be used to assess the
risk of water inrush.

Conclusions

The aim of this research was to develop a reliable model to
assess the risk of an inrush based on GIS and the fuzzy set
theory. A fuzzy synthetic evaluation model was developed
and validated in a case study of the Chensilou coal mine in
the Henan province of China. The main indicators in the
model are the underlying aquifers, hydrologic barrier, geo-
logical structure, and mining process.

The possibility of water inrushes in Panel 2517 was
affected by ten specific factors when grouting was applied,
the: fault or fracture zone, depth of failure of the coal seam
floor, thickness of the aquicludes between Lg of the Upper
Carboniferous Taiyuan Formation and the II, coal seam,
water pressure in Lg of the Upper Carboniferous Taiyuan
Formation under the floor of the II, coal seam, water yield
of Lg, L)y, and L,;, and grouting volume of Lg, L;,, and
L,,. The quantities of non-dimensional data were processed
to eliminate the effects of the different dimensions of the
original data. Then, non-dimensional thematic maps for
the indicators were constructed by using the natural breaks
method provided in ArcGIS. The degree of membership of
a single factor was confirmed based on the calculation of
different classification areas in the non-dimensional the-
matic maps. A new weight evaluation process that uses the
entropy method based on information theory is proposed.

In a comparison of the level of risk of water inrush
before and after grouting by using the water inrush coef-
ficient method, it was found that this approach adequately
contributed to predicting or evaluating water inrush by
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improving the decision-making process during under-
ground coal mining.
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