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Abstract

Water inrush greatly endangers the safety of coal mining above aquifers. To quantify and evaluate the reduction in disaster risk
and ensure the safety of coal mining above aquifers, a fuzzy analytic hierarchy process model based on the fuzzy theory and
hierarchy structure was established to assess the risk of water inrush with grouting reinforcement. Four first-grade indices and 14
second-grade indices were chosen to define the fuzzy evaluation system based on a case study of the Chengjiao Coal Mine,
China. The grouting effect and the fault complexity were quantified by the grouting amount and fractal dimension, respectively.
A weighting set was derived by the hierarchical structure for the evaluation factors. Applying the principle of fuzzy relational
synthesis from multiple factors, the evaluation vector was obtained by calculating the risk degree using the fuzzy operator based
on the average membership degree of each index. A comparative analysis showed a close agreement between the grouting
coefficient and water inrush coefficient and the low risk obtained from the fuzzy evaluation, proving that the grouting reinforce-
ment effectively reduced the risk of water inrushes. The successful actual project has well verified that this method is scientific
and rational, which fully takes the advantages from qualitative to quantitative and of high accuracy and universal application.

Keywords Water disaster - Fuzzy analytic hierarchy process - Safety - Grouting reinforcement - Membership degree - Coal mining

Introduction

Water inrush greatly endangers the safety of coal mining
above aquifers (Wang and Park 2003). Most of the coal mines
located in the Permo-Carboniferous coalfields in China are
seriously threatened by the presence of limestone aquifers
under the coal seams (Zhang 2005; Lu and Wang 2015).
The limestone aquifers are relatively close to the coal seam
and contain a large volume of water with high hydraulic
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pressure (Zhang 2005; Zhu et al. 2008). While coal mining
is conducted above aquifers, especially in karst terrains, some
preexisting geological structures, such as faults, cavities, and
sinkholes, may form channels for water inrush (Demiroglu
2016; Tang et al. 2011; Li et al. 2013). Moreover, the floor
strata may be broken by both hydraulic and mining-induced
pressure, and the addition of induced fractures in the strata
enhances the hydraulic conductivity and eventually leads to
large uncontrolled water inrushes (Demiroglu 2016; Yuan
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et al. 2016). Hundreds of water inrushes have occurred in coal
mines in China since the 1950s, deeply affecting the safety of
coal mine workers and production of coal; among such events,
karst water inrush is the most serious (Meng et al. 2012; Gui
et al. 2017). However, grouting has been widely used to rein-
force aquifers to reduce the risk of water inrushes (Yang et al.
2017). Therefore, it is essential to accurately predict and as-
sess the risk of water inrush through a coal seam floor to
ensure the safety of coal mining above aquifers via grouting.

Varied methods and methodologies have been proposed to
evaluate the risk of water inrush in coal mines, and corre-
sponding geological and hydrogeological models (Bukowski
2011; Hu et al. 2019) and mathematical methods considering
nonlinear theory (Wu et al. 2014; Wang et al. 2016) were
established. A vulnerability index evaluation system combin-
ing analytic hierarchy process (AHP) and ANN with GIS was
comprehensively established and successfully applied in the
risk assessment of water inrush from aquifers overlaying in-
dividual coal seams and even multiple coal seams (Wu et al.
2008; Wu et al. 2011). Zhang et al. (2019) presented a math-
ematical assessment method for coal-floor water-inrush risk
by integrating the hierarchy-variable-weight model (HVWM)
with collaboration-competition theory (CCT), which is more
reasonable than the VWM model. Li et al. (2013) proposed an
attribute synthetic evaluation system to assess the risk of water
inrush in karst tunnels and quantitatively classified the risk
degree into 4 grades. Then, an improved attribute recognition
model combined with the entropy weight method was
established based on attribute mathematic theory via software
to evaluate the risk of water inrush in a tunnel (Wang et al.
2019a). Moreover, fault tree analysis was adopted to analyze
resource risk, which is of guiding significance in the preven-
tion of water inrush in the process of coal production via
scientific measures (Chen and Yang 2011). The multistage
decision support framework and integrated decision support
model have also been significantly investigated to effectively
evaluate the risk degree in industrial regions and new energy
resources (Nie et al. 2018; Peng et al. 2019).

With the development of a data network, the neural
network and decision tree algorithms were studied by Liu
et al. (2011) to build a prediction system for water inrush
events through coal seam floors based on data mining classi-
fication techniques. GP analysis was also employed to opti-
mize and predict the strength of rocks (Karakus 2011).
Additionally, the fuzzy theory is widely used in the decision-
making process for unknown and uncertain issues, such as
risk assessment and performance evaluation (Tian et al.
2018). Karakus and Tutmez (2006) constructed the
Mamdani fuzzy algorithm to predict the UCS of intact rock
samples using a data-driven fuzzy model. A hybrid fuzzy
multicriteria decision-making framework based on fuzzy im-
age information to quantify the risk indices of energy perfor-
mance contracting projects was formulated by Wang et al.

@ Springer

(2018). Wang et al. (2012) constructed a secondary fuzzy
comprehensive evaluation system including 4 first-grade indi-
ces and 13 second-grade indices based on fuzzy mathematics
to evaluate the risk of floor water inrush in coal mines. Yang
et al. (2017) developed a systematic method using GIS and
fuzzy set theory combined with the entropy weight method to
evaluate the risk of water inrush through a coal seam floor. A
nonlinear fuzzy interval method combining AHP, consisting
of a multi-index evaluation system and a computational mod-
el, was established for risk assessment of floor water inrush in
coal mines by Wang et al. (2019b).

However, water inrush is significantly affected by vari-
ous factors, such as the geological structures, mechanical
properties, and permeability of floor strata and the thickness
of the impermeable strata separating the coal seam from the
confined aquifer, which mainly control and influence the
occurrences of water inrush (Zhang 2005). Moreover, min-
ing factors include the length and rate of the mining advance
and the length of the mining face in the longwall mining
system, which also significantly influence the stability of,
in situ stress state of, and hydraulic pressure in the confined
aquifer (Wang and Park 2003). Thus, the direct current re-
sistivity method was widely used for the routine detection,
advanced detection, and real-time monitoring of early-
warning information for water inrush (Li et al. 2015), and
the transparent soil method was widely applied to modeling
the rock and soil structure (Yuan et al. 2019a, b).
Considering the uncertainty in these influential factors,
Chen et al. (2014) proposed a new assessment approach to
evaluate coal mine safety by discriminatory weight. (Tian
et al. 2018; Tian et al. 2019) established a consensus-based
mathematical programming model to calculate the weights
of decision-makers. Jin et al. (2011) proposed a warning
criterion that includes stress, water temperature, and water
pressure to predict water inrush through coal seam floors,
and engineering practice has successfully verified this early
warning technique. However, the geological conditions in
China are extremely complex; in particular, faults are dis-
tributed widely and significantly affect underground activ-
ities (Li et al. 2019). Mining leads to the reactivation of
faults and further enhances the permeability of the fault
zone, potentially inducing water inrush disasters (Hu et al.
2014). Based on catastrophe theory, a mathematical model
of the catastrophe fuzzy subordinate function was
established via fuzzy mathematics, a multilayer contradic-
tion decomposition of evaluation targets, to assess the water
inrush risk induced by fault activation (Hua et al. 2011).

Generally, water inrushes from underlying aquifers are
influenced by complex hydrogeological and mining con-
ditions. In particular, the Chengjiao Coal Mine in China
has experienced 2 water inrush accidents from underlying
limestone aquifers in the Taiyuan Formation due to com-
plex hydrogeological conditions. Both of these water
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inrushes were induced by faults in the mining panel and
resulted in great economic losses. With the increase in the
mining depth, the factors influencing the risk of water
inrush become increasingly complex and uncertain, espe-
cially the high water pressure of the limestone aquifer and
the amplification of a mining disturbance. Although
grouting has been widely used to prevent this disaster,
evaluating the grouting effect on the risk of water inrush
during a continued mining operation is a challenge that
ultimately restricts mine safety and efficient production.
Therefore, it is urgent that the risk of water inrush from
the underlying limestone aquifer after grouting reinforce-
ment in the Chengjiao Coal Mine is quantitatively and
accurately predicted and assessed. Previous studies sim-
plified the influencing conditions or factors and failed to
profoundly reveal the quantitative relation between water
inrush and its affecting indices, while other studies exhibit
some limitations despite their uniqueness approaches to
managing the problem of water inrush.

In this study, a fuzzy hierarchy process model based on
the theory of fuzzy mathematics and AHP was proposed
to assess the water inrush disaster risk reduction due to
grouting; this model fully takes into consideration the
main indices affecting water inrush, produces quantitative
and highly accurate results, and is universally applicable.
Then, the weight of each index was calculated by the
analytic hierarchy process (AHP). A fuzzy calculation
was conducted to determine the risk degree of water in-
rush due to coal mining above aquifers in the Chengjiao
Coal Mine. Finally, decision-making was achieved to as-
sess the risk reduction due to grouting reinforcement in
the Chengjiao Coal Mine, China. The comparative analy-
sis of the grouting coefficient and water inrush coefficient
effectively verified the efficiency and significance of the
fuzzy comprehensive evaluation.

Method

Coal mining above aquifers is seriously threatened by
water inrush, which is mainly controlled by the geological
and hydrogeological conditions and mining activity. Then,
a quantitative evaluation model for the risk of water in-
rush due to coal mining above aquifers with grouting re-
inforcement was established using the comprehensive
fuzzy evaluation method combined with the AHP.
Applying the principle of fuzzy relational synthesis of
multiple factors, the comprehensive fuzzy evaluation
method is characterized by a unique evaluation value for
the judged object; this value is not affected by the set of
judgment objects and can be used for quantitatively judg-
ing each indicator. Then, the weight of each impact indi-
cator can be quantitatively calculated by the analytic

hierarchy process (AHP). Finally, decision-making can
be achieved using the fuzzy evaluation for the risk assess-
ment of water inrush due to coal mining above aquifers in
the Chengjiao Coal Mine. The evaluation steps are as
follows.

(1) Establishing the set of evaluation factors

The evaluation factor set comprises various factors affect-
ing the risk of water inrush and is defined as the first-grade set:
U = {uy, us,..., u,,}. Then, the first-grade set is divided into the
second-grade set as u; = {Fy, F’,..., F,,} and Fy = {f1, ..., fu}
where U and F are the criteria and subcriteria evaluation indi-
ces, respectively.

(2) Defining the comment set for comprehensive evaluation

A comment set shows the possible outcomes for various
indicators, which is defined as C = {¢y, ¢, ¢3,..., ¢, }, Wwhere C
is the evaluation grade that characterizes the state in which
each factor is located and »n is the number of comments.
Generally, the evaluation grade is divided into 3 to 5 levels.
In this paper, the comment set is defined as C = {very low (I),
low (1), mediate (III), high (IV), very high (V)} to determine
the risk degree of disaster reduction.

(3) Calculating the weight vector of each factor

In the evaluation process, the weight is a measure of the
relative importance of the factors. If the weight cannot be
determined objectively, the evaluation result may be seriously
distorted and may even lead to the incorrect judgment of the
evaluator. This study uses the AHP method to quantitatively
determine the weight of the evaluation factors through
expertise judgment.

The AHP was first proposed by Saaty (1980) to select
priorities. The AHP divides various factors of complex prob-
lems into interrelated and orderly levels and then organizes
these levels. Additionally, this approach can directly and ef-
fectively combine the expert opinions and objective judgment
results of an analyst based on a subjective evaluation structure
and quantitatively describe the importance of every two ele-
ments at the same level. Then, the weights that reflect the
relative importance order of the elements of each level are
calculated using mathematical methods, and the relative
weights of all the elements are calculated and sorted by the
overall order among all the levels. The specific steps are as
follows.

The first step is to establish a multilevel hierarchy structure,
which divides the decision-making system into several hierar-
chical levels according to different goals and functional real-
izations. As mentioned in the fuzzy evaluation model, the
evaluation factor set is essential to evaluate the influence
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degree of each factor on water inrush due to coal mining above
aquifers. Specifically, the criteria and subcriteria influencing
the water inrush are identified in this study.

In the second step, the correlation degree between adjacent
hierarchical elements in the hierarchical structure must be de-
termined by constructing a pairwise comparison evaluation
matrix. According to Saaty’s scale (1987), the 9-point ratio
describes the relative advantages and disadvantages of each
evaluation index sequence, and then, the comparison matrices
at each hierarchical level are established based on the exper-
tise judgment. However, the consistency of such a matrix must
be tested to ensure that it reaches a threshold level. The con-
sistency index (CI) is calculated by Eq. (1).

I — Amax—1

1 (1)
where A« i1s the largest principal eigenvalue of the ma-
trix. If CI = 0, the consistency is uniform; otherwise, the
larger CI is, the more serious the deviation in the consis-
tency. Then, the consistency ratio (CR) values for compar-
ison are calculated by Eq. (2), where R/ is the random
matrix listed in Table 1. Generally, if CR < 0.1, the matrix
can satisfy the consistency; otherwise, the comparison ma-
trix should be reexamined.

CcI

CR=—
RI

(2)

The final step is to calculate the weights of each
subcriterion and criterion at different hierarchical structures
and determine the local ratings to the alternatives. Then, the
total sorting is achieved by calculating the composite weights
to determine the importance level of the total goal.

Then, the weight set of each factor, i.e., the weight vector, is
represented by V = (vy, vy, v, ..., v;), where v; >> 0, and Y v; =
1, which reflects a trade-off for the factors.

(1) Fuzzy evaluation of a single factor and establishing the
evaluation matrix

The single factor F; (i=1, 2, 3, ..., n) is first evaluated. The
membership degree of the factor £ to the evaluation level Cj is
Dj;, and then, the single factor of the iy, factor F; can be ob-
tained as D; = (Djy, Dy, .., Din). In this process, the determi-
nation of the membership degree is very important. This study
uses the triangular fuzzy membership function to calculate the
membership degree of the factors. Finally, a total evaluation

Table 1 Random index value

n 1 2 3 4 5 6 7 8 9 10 11
RI 0 0 058 09 1.12 124 132 141 145 149 151

@ Springer

matrix D is constructed from the evaluation set of »n factors.
That is, each of the judged objects determines the fuzzy rela-
tion matrix D from F to C, as expressed as:

Dy Dy Dy,
D— Dy D:22 Dy, 3)
Dml Dm2 Dmn

(2) Fuzzy synthesis and evaluation

A fuzzy subset G on the evaluation set C is introduced, that
is, G = (g1, €2, 23, -, &)- Let G = V¥D, where “*” is the
operator symbol of the fuzzy comprehensive evaluation mod-
el. Then, the risk degree is determined according to the max-
imum membership of the evaluated process, which is defined
as:

G:max{ghngugn} (4)

Case study
The Chengjiao Coal Mine

The Chengjiao Coal Mine is located in the eastern part of
Yongcheng City in Henan Province, China (Fig. 1). The
II; coal seam is the primary mineable seam, with an av-
erage thickness of 2.84 m, and provides a production ca-
pacity of 5.0 Mt/a for the mine. Geologically, the eleva-
tion of the main mining seam ranges from — 400 to —
800 m in the lower Permian system of the Shanxi
Formation. The general structural features are mainly gen-
tle folds with fault structures, most of which are concen-
trated on the synclinal sides with an obvious performance.
The stratum in the southeastern part of the minefield tends
to be north-north-eastward trending, with a dip angle of
8~15°.

Panel 21403 is located in the 14th mining area. The average
elevations of the ground surface and the panel are + 29.6~+
33.4mand —416.7~— 478.8 m, respectively. The fully mech-
anized mining method was adopted to mine the II, coal seam
with dip angles between 1 and 10°. The lithology in the study
area consists of a thin mudstone directly underlying the coal
seam with an average thickness of 2.16 m, overlain by a fine-
grained sandstone with an average thickness of 11.32 m, as
shown in Fig. 2.

Specifically, two regional limestone aquifers, Carboniferous
and Ordovician, occur under the coal seam, both of which have
a high water pressure. The limestone aquifers in the
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Fig. 1 Location of the Chengjiao Coal Mine in China

Carboniferous Taiyuan Formation consist of 4 levels of aqui-
fers named Ly, Lo, Lo, and Lg, from top to bottom. In partic-
ular, the L;; and L;, limestones occur 49.89 m and 60.33 m
below the coal seam; these are the aquifers threatening the
mining process, with average thicknesses of 1.42 m and
4.27 m and water pressures of 1.8 MPa and 1.91 MPa, respec-
tively. According to water injection testing, the unit water in-
flow of these aquifers varies from 0.14 to 0.32 L/(s m), which
indicates a moderate water abundance according to the
“Detailed Rules for Coal Mine Water Prevention” (State
Administration of Coal Mine Safety 2018). Fortunately, the
Ordovician aquifer is 200 m from the coal seam floor; data
from hydrological observation holes suggest a weak hydraulic
connection with the overlying aquifer.

However, 2 water inrushes have occurred from the
Carboniferous aquifers since the mine was built, and the max-
imum water inrush has reached 300 m’/h, which seriously
threatens the mining process. Moreover, complex geological
structures, such as faults, not only constitute the channels for
water inrush, but also reduce the water-blocking capacity of
the strata and strengthen the hydraulic connection between the
aquifers. Twenty-seven faults have been exposed during the
excavation process, with the maximum and minimum throws
0of6.0 m and 0.5 m, respectively, as listed in Table 2. The strata
have developed a sloping monoclinic structure. Thus, the oc-
currence of faults will have a certain impact on the mining
process; this impact should be quantitatively evaluated.

Therefore, the risk of water inrush may be increased
when mining is carried out in the structure-controlled re-
gion. Thus, the grouting method was carried out to rein-
force the Ly, and L aquifers and the fractures in the
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sandy mudstone, which can cut off the recharge from
aquifers Lo and Lg. A total of 25 pairs of holes were
drilled, including 220 boreholes for grouting (Fig. 3).
Then, the water yield and grouting amount in L;; and
L,y were determined after drilling. The total grouting
amount achieved 14,103.3 t, with an average value of
64.11 t per hole, of which the maximum value reached
634 t per hole. The specific situation of the grouting pro-
cess is shown in Table 3.

Defining factor set for synthetic evaluation index
system

The risk of water inrush due to coal mining above aquifers is
significantly affected by various factors, such as the geologi-
cal structure, the hydrogeological conditions, the mining ac-
tivity, and various engineering phenomena. Various index sys-
tems have been established to evaluate and predict such a
disaster. According to the actual mining conditions, the lime-
stone aquifers of L; and L, underlie the exploitable II, coal
seam and present a hazard for the mining operations. A hier-
archical structure is constructed according to the experience
gained during the multiple years of mining in each mining
area. The first-grade factors that influence the safe mining
above aquifers are selected as U = {geological structures,
aquifers, aquifuge, mining conditions}. The second-grade in-
dices are F' = {fractal dimensions of faults, fluctuation of the
coal seam floor, thickness, water yield, and pressure of aqui-
fers under the coal seam; thickness of aquifuge under the coal
seam, amount of grout; thickness and depth of the mined coal,

@ Springer
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Table 2  Faults exposed in panel 21403

Faults  Inclination direction (°) Dip angle (°) Property Throw (m)
Flaose 238 65 Normal 2.5
Fi4045s 245 36 Normal 1.4
Fi4044 167 55 Normal 1.5
Fi403p1 33 40 Normal 1.0
Fi403p2 167 34 Normal 1.4
Fi403p3 180 46 Normal 1.0
Fraozq1 248 45 Normal 2.8
Fia03q2 109 43 Normal 1.1
Fia03g.1 211 55 Normal 1.7
Fiaozr.1 305 43 Normal 1.1
DWF;3; 90 37 Normal 2.7
DWF;; - 50~60 Reverse 0~7
DWF4s - 55~65 Reverse 0~25
DWE,; 255~284 50~54 Reverse 0~9.5
DWF4; - 40 Reverse 0~5
Fi400.10 344 59 Normal 1.9
Fia04 164 45 Normal 4.5
Fi400.11 193 35 Normal 2.3
Fi400.12 76 43~46 Normal 1.4~3.1
Fi400.13 52 35 Normal 3.2
Fi402.14 80 55 Normal 0.6~1.5

@

not applicable

incline length of the panel, dip angle of the coal seam}, as
shown in Fig. 4.

Geological structures mainly include the fractal dimensions
of the faults and the fluctuation in the coal seam floor.

Aquifers include the thickness, water yield, and pressure of
aquifers L; and L.

Aquifuge include the distance between the I, coal seam
and L;; and Ly aquifers and the grouting amount.

Mining conditions include mining thickness and depth, in-
cline length of the panel, and dip angle of the coal seam.

Then, the evaluation factor set is represented as F' = (F, F>,
F3, F4, F5, F6v F7, Fg, Fg, Fl(), Fllv Flz, F13, F14), as shown in
Fig. 4. The value of each factor is listed in Table 4. The factors
are standardized according to the following equations.

_ ej—min{e;; } a |
— max () —min{e;; } J=1,2,...,m

__madele |
fij N max(eij)—min{e} = 1a2, RN (N

ij

(5)

where f;; is the nondimensional data and e;; is the original data.

Evaluation of single index and derivation
membership functions of indices

Fractal dimension of faults in panel 21403

Fractal analysis was proposed by Mandelbrot (1979) and is
widely used to characterize the similarity of objects. Fractal
theory is becoming increasingly advantageous in evaluating
the complexity of faults and can describe not only the number
and patterns of the faults but also the unevenness and distri-
bution of the faults. Therefore, this paper adopts the fractal
dimension evaluation method to characterize the complexity
of faults in panel 21403.

These faults have obvious self-similarity features that can
be defined as the fractal dimension and can be calculated by
the following equation.

D, = —IgN(r)/lg(r) (6)

where D is the similarity dimension, r is the diameter of the
divided zone, and N(d) is the number of zones that can be
covered.

Panel 21403 was divided into 92 zones with a side length
of 100 m (Fig. 5). The values of the other lengths are » = 100,
50, 25, 12.5, and 6.25, respectively. Then, the fractal dimen-
sion was calculated by Eq. (6). The results of each zone are
listed in Table 5. Figure 6 shows the fitted curves of the fractal
dimensions of the faults.

Membership function of each index of hierarchical structure
in panel 21403

The single factor F; (i=1, 2, 3, ..., n) is first evaluated. The
membership degree of the factor £ to the evaluation level Cj is
Dj;, and then, the single factor of the ith factor Fj can be

Fig. 3 Layout of grouted boreholes in panel 21403

g 100 m
sl | I
Grouted Roadway Scale
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Table 3  Comparison between actual project and designed parameters of grouting process in panel 21403

Conditions Number of Total drilling Drilling footage per Grouting amount

boreholes  footage (m)

10,000 t coal (m)

Average depth of Number of boreholes per  Water
per 10,000 t coal (t) boreholes (m)

10,000 m? (/10,000 m?)  pressure

(MPa)
Designed 136 19,800 126.2 . 145.6 3.34 2.18
Actual project 220 33,660.5 2145 89.89 153.0 5.57 1.91

@

not applicable

obtained as D; = (Dy;, Dy, ..., Djy). In this process, the deter-
mination of membership degree is very important. This study

uses the triangular fuzzy membership function to calculate the
membership degree of the factors. Finally, a total evaluation

matrix D is constructed from the evaluation set of »n factors.
That is, each of the judged objects determines the fuzzy rela-

tion matrix D from F to C; i.e., the fractal dimension is

Fig. 4 Comprehensive evaluation
index system for risk assessment
of water inrush from aquifers
underlying the coal seam

expressed as the following equations. The other indices are
described in Fig. 7.

Risk evaluation
of water inrush
from aquifers
underlying the
coal seam
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Table 4  Values and grading of indices affecting the risk of water inrush due to coal mining above aquifers

Evaluation index

Risk degree of water inrush from aquifers underlying the coal seam

First-grade Second-grade Measured value Very low (I) Low (II) Mediate (I1T) High (IV) Very high (V)
U, F 0~1.72448 0 (1) 1.35 (0.22) 1.45 (0.16) 1.55 (0.1) > 1.56 (0.09)
F, (m) —416.7— 478.8 >—417 (1) — 435 (0.71) — 450 (0.47) — 462 (0.27) <— 467 (0.19)
U, Fy (m) 0.23~3.26 <0.5(1) 1.0 (0.8) 1.5 (0.6) 2.0 (0.4) 2.5(0.2)
F, (m) 2.45~523 <1.5(1) 2.5 (0.95) 3.5 (0.6) 4.5 (0.25) 5(0.1)
Fs (m’/h) 10~60 <10 (1) 20 (0.85) 30 (0.58) 40 (0.39) 50 (0.25)
Fe (m’/h) 1~70 1(1) 15 (0.8) 30 (0.6) 45 (0.4) 50 (0.2)
F; (MPa) 0.6~1.2 <0.6 (1) 0.7 (0.8) 0.9 (0.6) 1.0 (0.4) 1.1 (0.2)
Fg (MPa) 04~1.3 <0.7(1) 0.8 (0.6) 1.0 (0.4) 1.2(0.2) 1.3(0.1)
Us Fy (m) 51.5~76.5 >74 (1) 66 (0.6) 60 (0.4) 55(0.2) 52(0.1)
Fio (1) 2~634 > 400 (1) 100 (0.15) 50 (0.075) 20 (0.03) 10 (0.01)
Uy Fyp (m) 0.5~3.7 <1() 1.5 (0.7) 2504 3(0.2) 3.5(0.09)
Fi, (m) 450.16~512.26 <451 (1) 470 (0.7) 490 (0.4) 500 (0.2) 506 (0.09)
Fi3 (m) 104.9201.8 <190 (1) 195 (0.09) 198 (0.04) 200 (0.02) 201 (0.01)
Fi14(°) 1~10 <1() 2.5(0.8) 5(0.6) 6 (0.4) 8(0.2)
I o 1 1o
1022 TS ~'Y. Dp,
Fir=q 2016 46 <022 ®) Dy, Dr, .
0.22—0.160 b | D, | [ D | | = Ds
, others D= Do, | = f = 7 (13)
0.22—x Dy, Dria j=n
022016 MO =¥ =02 % > Dry,
Fiw=q 01 00 016 ©) "
0'16_0'107 others where D, is the membership degree of each index from
multiple measured data points, i is the number of second-
0.16—x 0.1<x<0.16 grade indices, and j is the number of measured data
0.16-0.1" ’ oints.
Fiy =4 x0.09 ,0.09 < x<0.1 (10) ’ Finally, the fuzzy judgment matrices corresponding to the
0. 1_0'0907 others risk degree of water inrush from the aquifers underlying the
coal seam are established based on the membership degree of
0.1—x 009 < x< 0.1 each index, as listed in Eq. (14).
Fiy = q 017009 1,x<0.09 (11) [0.63217 0.20607 0.08781 0.03295 0.04100 7
,x<0. . . . . .
0, others 0.14949 0.24383 0.27566 0.10165 0.22937
0.2000  0.00726 0.42904 0.16370 0.20000
0.12500 0.20992  0.2026 0.30002 0.16246
According to the measured data from the boreholes in pan- 0.06349 0.30688 0.26622 0.18654 0.17687
el 21403, the membership degree of each index with interval 0.40881 0.40087 0.13389 0.04054 0.01589
values was calculated as D Then, the final values were D— 0.09524 0.19048 0.47619 0.12698 0.11111
determined based on the average calculations, as shown in 0.09137 0.25437 0.33333 0.20192 0.11901
Eq. (12). 0.40470 0.58455 0.00060 0 0.01015
0.02974 0.24493 0.22490 0.12306 0.37737
0.12500 0.08239 0.30398 0.30991 0.17872
z’ "Dy (12) 0.15385 029709 0.26823 0.12295 0.15788
0.15442 0.24174 0.41808 0.07407 0.11169
Therefore, the first-grade and second-grade fuzzy judg- L 0.50000 0.10080 0.13968 0.08095 0.17857
ment matrices are listed as follows: (14)
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Legend S E m
Fault Roadway Scale
Fig. 5 Faults in panel 21403
Table 5 Fractal dimension of
faults in panel 21403 Number of grid Fitting equation R? Fractal dimension Dy
D6 y=2.55128 —1.34392 x x 0.98837 1.34392
D7 y=2.56407 — 1.38365 x x 0.99629 1.38365
D8 v =2.49931 — 1.38948 x x 0.99784 1.38948
D15 y=2.55352 —1.42978 x x 0.99516 1.42978
D16 y=247082 —1.392658 x x 0.99482 1.392658
D17 y=2.67302 — 1.56571 x x 0.99854 1.56571
D19 y=2.31222—-1.40214 x x 0.98491 1.40214
D23 y=2.38662 — 1.30885 x x 0.98738 1.30885
D30 y=2.73343 — 1.60742 x x 0.99759 1.60742
D31 y=2.56558 — 1.47301 x x 0.99598 1.47301
D32 y=2.45444 —1.30105 x x 0.98362 1.30105
D39 y=24938 — 1.31882 x x 0.99583 1.31882
D40 y=2.45688 — 1.4467 x x 0.9912 1.4467
D41 y=2.50355-1.36216 x x 0.99529 1.36216
D42 y=2.58315—-1.39047 x x 0.9952 1.39047
D43 y=2.51705—1.34098 x x 0.99458 1.34098
D44 y=2.49656 — 1.34303 x x 0.99467 1.34303
D45 y=2.63148 — 141112 x x 0.99167 141112
D46 y=2.76732 —1.54215 x x 0.99672 1.54215
D48 y=2.51711 - 1.3668 x x 0.99514 1.3668
D49 y=2.66528 — 1.33452 x x 0.99162 1.33452
D54 y=2.36359 — 1.38606 x x 0.98468 1.38606
D55 y=2.61104 — 1.31933 x x 0.99204 1.31933
D61 y=2.73069 — 1.35122 x x 0.9937 1.35122
D62 y=2.87604 — 1.72488 x x 0.99632 1.72488
D63 y=2.88516 — 1.60007 x x 0.99559 1.60007
D64 y=2.52007 — 1.35234 x x 0.99294 1.35234
D68 y=2.6949 — 1.47982 x x 0.99673 1.47982
D69 y=2.72136 — 1.52258 x x 0.99393 1.52258
D71 y=2.71105—-1.51704 x x 0.99469 1.51704
D72 y=2.592- 136216 x x 0.99042 1.36216
D78 y=247293 — 1.31534 x x 0.98636 1.31534
D85 y=2.52692 — 1.32031 x x 0.98935 1.32031
Dol y=2.63645 —1.36309 x x 0.99414 1.36309
Others - - 0
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Fig. 6 Fitted curves of fractal dimension of faults
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Fig. 7 Membership function of each evaluation index
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Calculation of weight of index by AHP

According to the hierarchical layer, the evaluation matrix of
the first-grade index was first constructed and expressed as
follows.

1.0000 0.2000 0.1429 0.1667

U= 5.0000 1.0000 0.2500 0.5000 (15)
~ [ 7.0000 4.0000 1.0000 3.0000

6.0000 2.0000 0.3333 1.0000

The evaluation matrices of the second-grade index U, U,,
Us, and Uy, are defined as the following sets.

0.2500 1.0000 (16)
1.0000 2.0000 0.14286 0.2500  0.2000 0.4000
0.5000 1.0000 0.15385 0.16667 0.1818 0.2500
7.0000 6.5000 1.0000  3.0000 4.0000 5.0000 (17)
4.0000 6.0000 0.3333  1.0000 0.6667 3.0000
5.0000 5.5000 0.2500  1.5000 1.0000 3.5000
25000 4.0000 0.2000 0.3333  0.2857 1.0000

U, = {I.OOOO 4.0000}

U, =

[1.0000 0.3333

Us = 3.0000 1.0000 (18)
[1.0000 0.2222 0.15385 0.3333

4.5000 1.0000 0.28571 3.0000

6.5000 3.5000 1.0000 4.0000

3.0000 0.3333  0.2500 1.0000

Then, the weights of the first-grade (Vi) and second-grade
(V) indices are calculated as follows.

Vuy = (0.0470,0.1590,0.5412,0.2528) (20)

G=VD=

Vy, = (0.8000,0.2000) (21)

Vu, = (0.0491,0.0336,0.4340,0.1843,0.2110, 0.0881)

(22)
Vu, = (0.2500,0.7500) (23)
Vu, = (0.0590,0.2540,0.5590, 0.1280) (24)

The total weight of the second-grade index is calculated by
Eq. (25). The final weight set of the evaluation index is cal-
culated by Eq. (26).

YVi =Vu*(Vu,,Vu,, Vu,Vu,) (25)
0.0376,0.0094,0.0078,0.0053, 0.0690
V = |.,0.0293,0.0335,0.0140, 0.1353, 0.4059 (26)

,0.0150,0.0641,0.1414,0.0324

where “*” is the operator for the matrix.
Table 6 lists the results of the weight of each index.

Results and discussions
Fuzzy comprehensive evaluation

According to the weight set of the evaluation index, fuzzy
operators of the weighted average are adopted to determine
the final evaluation for the risk degree of water inrush from
aquifers under coal seams in panel 21403, as shown in Eq. (27).

(0.0376,0.0094,0.0078, 0.0053, 0.0690, 0.0293, 0.0335,0.0140,0.1353,0.4059, 0.0150,0.0641,0.1414,0.0324)

[0.63217 0.20607 0.08781 0.03295 0.04100 T
0.14949 0.24383 0.27566 0.10165 0.22937
0.2000 0.00726 0.42904 0.16370 0.20000
0.12500 0.20992 0.20260 0.30002 0.16246
0.06349 0.30688 0.26622 0.18654 0.17687
0.40881 0.40087 0.13389 0.04054 0.01589
0.09524 0.19048 0.47619 0.12698 0.11111
0.09137 0.25437 0.33333 0.20192 0.11901
0.40470 0.58455 0.00060 0 0.01015
0.02974 0.24493 0.22490 0.12306 0.37737
0.12500 0.08239 0.30398 0.30991 0.17872
0.15385 0.29709 0.26823 0.12295 0.15788
0.15442 0.24174 0.41808 0.07407 0.11169
L 0.50000 0.10080 0.13968 0.08095 0.17857

(27)
= (0.1648,0.2903,0.2300,0.1018,0.2131)
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Table 6 Weight of each index in

panel 21403 First-grade Weight of first-grade CR Second-grade Weight CR > weight

index index index

U, 0.0470 0.0571 F, 0.8000 0 0.0376
F; (m) 0.2000 0.0094

U, 0.1590 F5 (m) 0.0491  0.0504  0.0078
F4 (m) 0.0336 0.0053
Fs (m*/h) 0.4340 0.0690
Fg (m*/h) 0.1843 0.0293
F; (MPa) 0.2110 0.0335
Fg (MPa) 0.0881 0.0140

Us 0.5412 Fy (m) 0.2500  0.0047  0.1353
Fio (1) 0.7500 0.4059

U, 0.2528 Fi; (m) 0.0590  0.0604 0.0150
Fyp (m) 0.2540 0.0641
Fi3 (m) 0.5590 0.1414
Fi4(®) 0.1280 0.0324

The maximum membership degree is 0.2903 for the low
comment, followed by 0.2300 for the moderate comment.
Thus, the risk degree of water inrush is low after grouting
reinforcement of panel 21403 in the Chengjiao Coal Mine,
China, on the basis of the maximum membership principal.
The successful actual project has verified this result.

Evaluation of grouting coefficient

The statistical analysis of the field investigation results from each
grouting borehole shows that the water yield is mainly attributed
to the limestone aquifer. A total of 225 water inflow events
occurred during the grouting process, including 4 inflows with
a water yield larger than 50 m*/h, which accounted for 1.82% of
the total number of water inflows. Moreover, 104 inflows with a
water yield of less than 10 m>/h occurred, accounting for 47.3%
of the total water inflows, as shown in Fig. 8. Additionally,
grouting amounts greater than 300 t were used in 4 boreholes,
which accounted for 1.82% and 14.02% of the total number of
grouting holes and grouting amounts, respectively. Ninety-four
boreholes were grouted with less than 20 t, accounting for
42.73% and 3.52% of the total number of grouting holes and
grouting amounts, respectively, as shown in Fig. 8.

Thus, the grouting coefficient K is used to quantify the risk
of water inrush after grouting and is calculated by Eq. (28).

Tt
N

=
|

(28)

"M =
©

where QO and Z are the water yield and grouting amount of
each borehole, m>/h and t, respectively; n is the number of
grouting boreholes.

The design requirements show that K must generally range
between 0.6 and 28.3 and be no less than 0.5. Considering the
225 grouting boreholes, the water yield of each borehole
ranges between 1 and 60 m*/h, and the grouting amount of
each borehole reached 634 t. Then, the final K was calculated
as 0.9~12.1, with an average value of 4.36, which is greater
than 0.5; therefore, the grouting reinforcement project satis-
fied the engineering requirement, verified the results of the
fuzzy comprehensive evaluation, and can effectively reduce
the risk degree of water inrush.

Evaluation of water inrush coefficient

Furthermore, the water inrush coefficient 7 is always used to
evaluate the risk degree of water inrush and is usually calcu-
lated by:

T= Y (29)
where P is the water pressure of the aquifer under the coal
seam (MPa) and M is the thickness of the aquifuge (m).

The maximum water pressure of the L, limestone aquifer
is 1.91 MPa according to the measured borehole data.
Moreover, the thin sandstone of the coal seam floor and the
L;; and L;o limestone aquifers were transformed into an
aquifuge via the grouting reinforcement, which confirmed that
the thickness of the aquifuge reached up to 70.4 m. Then, K
was calculated as 0.027 MPa/m, which is lower than
0.06 MPa/m, which indicates a low risk of water inrush ac-
cording to the “Detailed Rules for Coal Mine Water
Prevention” (State Administration of Coal Mine Safety
2018) and closely agrees with that obtained from the fuzzy
comprehensive evaluation.
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Fig. 8 Grouting amount and water yield of each borehole in panel 21403

Conclusions

In this study, a fuzzy analytic hierarchy process model was
established to assess the risk degree of water inrush from
aquifers underlying a coal seam after grouting reinforcement
based on a case study of the Chengjiao Coal Mine in China.
The evaluation index system was first defined considering the
main indices affecting water inrush, including 4 first-grade
indices and 14 second-grade indices according to the hierar-
chical structure. The grouting effect and the fault complexity
were quantified by the grouting amount and fractal dimension,
respectively. Then, a single index was graded and fuzzy eval-
uated to achieve a fuzzy judgment matrix based on the average
membership degree of the data of each index obtained from
the borehole investigation. Next, the weight of each influential
factor was quantified by the analytic hierarchy process (AHP)
to derive a weighting set for the evaluation factors. Finally, the
evaluation vector was obtained by calculating the risk degree
using the fuzzy operator. A comparative analysis shows a
close agreement between the grouting coefficient and water
inrush coefficient and the low risk obtained from the fuzzy
evaluation.

The results of the fuzzy comprehensive evaluation indicate
that the risk degree of water inrush is low, 0.2903, due to the
grouting reinforcement according to the maximum member-
ship principle. In a comparison of the water yield and the
grouting amount, the grouting coefficient was calculated to
be 4.36, and the water inrush coefficient was calculated to
be 0.027 MPa/m, both of which proved that the grouting re-
inforcement effectively reduced the risk of water inrush from
the aquifers underlying the coal seam and verified the results
achieved via analytic hierarchy fuzzy evaluation. The success
of the actual project has verified this result.

All of the results indicate that the analytic hierarchy fuzzy
evaluation model is scientific and rational and can be used to
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evaluate the risk degree of water inrush from aquifers under-
lying a coal seam with grouting reinforcement; this model
fully takes into consideration the main indices affecting water
inrush, produces quantitative and highly accurate results, and
is universally applicable. This evaluation model is effective
and advantageous, can be applied in coal mining safety as-
sessment and management, and can improve the safety of coal
mining in China. However, factors affecting the grouting pro-
cess, such as the grouting pressure, grouting depth, and
grouting material properties, should be considered in future
studies.
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