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1 Introduction

Abstract: To prevent coal mine water disasters, the main
objective of this study is to predict the water enrichment
of the main aquifer in a coal mine of China that has been
threatened by water inrush. The prediction is carried out
using a geographic information system (GIS) and a coupled
analytic hierarchy process (AHP) and entropy model. The
ﬂushing ﬂuid consumption, burnt rock distribution, sand–
shale ratio, and lithology structure index were determined
as the main factors controlling the water enrichment of the
aquifer. A thematic map of these main factors was constructed using the spatial data analysis functions of GIS
and the data from a total of 146 drilling columns and ﬁeld
investigation. The weights of these controlling factors were
calculated using the coupled model. A prediction map of
the water enrichment of the aquifer was then developed by
overlaying the thematic map with the weights of each controlling factor. The degree of water enrichment was ﬁnally
divided into four levels for easy interpretation, where Level I
denotes the highest water enrichment and poses the greatest
threat of water disaster.

Water inrush to a coal mine is a water disaster that can
signiﬁcantly impact the safe operations of coal mines in
China [1]. According to statistics collected between 2011
and 2016 in China, there was a total of 72 water inrushes
to coal mines, which caused 18.4% more accidents and
17.6% large-scale accidents compared to workplace accidents across the whole China. These inrushes also caused
449 deaths. As the intensity of mining continues to
increase with the strategy to develop western China,
water inrushes from aquifer roofs to coal mines have serious consequences [2]. The water ﬂowing in the fractured
zone and the water enrichment of the aquifer are two
important factors in water inrush in coal mines, and
the degree of water enrichment directly determines the
amount and duration of water inrush. Hence, the selection of the area of the aquifer with abnormal water
enrichment is critical. Many scholars have conducted studies on water inrush prevention and mainly considered
the following two indicators in the selection of the area
of the aquifer: the ﬁrst is speciﬁc capacity, which is
obtained by a pumping test and is the most accurate
and direct parameter that can be used to evaluate the
water enrichment of the aquifer; the second is the multiinformation superposition based on the geographic information system (GIS) and mathematical models. Over the
past two decades, the GIS has been widely used in various
ﬁelds [3–7]. The GIS has also been used by hydrologists to
predict water inrushes to coal mines [8–10]. Moreover,
with the rapid development of computers, many researchers
are employing mathematical approaches [8,11–26], such as
the analytic hierarchy process (AHP), fuzzy theory, and
artiﬁcial neural networks, to predict the water enrichment
of aquifers and water hazards. The “three maps–two predictions” quantitative assessment method has been commonly used to predict groundwater intrusion from overlying
aquifers. One of the maps in the “three maps–two predictions” method is the prediction map of the water enrichment of the aquifer.
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In the preceding literature review, it can be seen that
there are problems facing the prediction of water enrichment: (1) while the speciﬁc capacity is the most direct
and accurate parameter to judge water enrichment, it
has poor reliability, is time consuming, and comes with
high costs due to the drilling process; (2) the factors controlling water enrichment vary across mining areas, and
thus, we should choose the main factors found to control
water enrichment across geological and mining conditions; (3) there are few studies on water inrush from an
overlying aquifer to a coal seam. Therefore, the objective
of this study is to use the GIS and a coupled AHP–entropy
model to predict the water enrichment of the aquifer
overlying the ﬁrst layer of the coal seam in a coal mine
in China. This study is very useful because water inrush
accidents only occur when mining is carried out underneath a water-rich area.

2 Study area
The coal mine utilized in the present study covers an area
of 51.9798 km2; it is located in Shenmu County, Shaanxi
Province, China, within latitudes 38°57′38″N–39°1′37″N
and longitudes 110°16′21″E–110°23′31″E (Figure 1). The
altitude of the coal mine varies from 1088.0 to 1302.9 m,
and it is located in a transition zone from aeolian landforms to hilly loess regions. Wulanbula Spring and Laolai
Creek converge to form the only perennial river in this area.
According to data from the Shenmu County meteorological
station, the average annual evaporation is 1774.1 mm, and
the rainfall is 436.6–553.1 mm. The main rainy months are
from July to September.

2.1 Geological conditions
Based on the exploration data, the stratigraphy of the
area from bottom to top is the Triassic system, Jurassic
system, Neogene system, and Quaternary system (Figures
2 and 3). Furthermore, the Yanan Formation of the Middle
Jurassic is the main coal-bearing strata. These strata contain seven recoverable coal seams; the minable coal
seams are Nos. 3−1, 4−2, and 5−2, with an average thickness of 4.11 m and buried depth ranging from 0 to
302.72 m. The stratigraphic dip of the strata in the coal
mine is 1–2° with a monoclinal structure inclined toward
the northwest.

Figure 1: Location and water system of the coal mine.

2.2 Hydrogeological conditions
In the mining area, there are two types of aquifers. The
ﬁrst is the Quaternary unconsolidated layer and porous aquifer,
which includes the alluvium–diluvium of the Holocene Series,
the Salawusu Formation of Upper Pleistocene, and the
loess layer of Middle–Upper Pleistocene. The second
aquifer is the bedrock ﬁssure aquifer of the Jurassic period;
this aquifer includes the Zhiluo Formation of the Middle
Jurassic, and the Yan’an Formation of the Middle Jurassic.
Figure 2 shows a breakdown of typical geologic systems.
The main aquifer of the coal mine is in the Salawusu
Formation. Based on the drilling record, it is 10–23 m
thick. From the hydrological drill hole, the water level
elevation of this aquifer is about 5 m. The speciﬁc capacity is less than 1.47 L·(s·m)−1, and the salinity of the
water is less than 0.187 g/L. In addition, there is a special
type of rock called burnt rock, which is formed in the
distribution area near the surface of a combustible coal
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Figure 2: Breakdown of the aquifers and aquifuges in the coal mine.

seam. Coal spontaneous combustion occurs under appropriate external conditions. During spontaneous combustion, the coal seam itself burns, and part or all becomes
coal ash; its surrounding rock is also roasted to form
burnt rock. This phenomenon is also called self-burning
and is common across the world. There is a large number

of pores in the burnt rock, and such rock is widely
exposed in valley areas (Figure 4(b)). Water ﬂowing
through the fractures and reaching the burnt rock during
mining can result in disaster. According to simple hydrogeology observations made during drilling, the thickness
of the burnt rock is 15–30 m, and the maximum leakage is
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Figure 3: Runoﬀ discharge of the coal mine.

15 m3/h. Figure 3 shows the hydrogeologic proﬁle of the
coal mine.

3 Methodology
3.1 AHP
The AHP is a multi-objective decision method proposed
by Thomas Satty at the University of Pennsylvania in
the United States. This method is used to analyze major
controlling factors, assigns expert scores to these factors,
and combines quantitative and qualitative decisions. The
key to the AHP is the comparisons between alternatives
with regards to subcriteria, between subcriteria with
regards to criteria, and between criteria with regards
to primary goals; these comparisons are made by attributing weights to judgments. The AHP has been widely
used in all walks of life to solve many decision problems. There are many factors aﬀecting the water
enrichment of the aquifer, and the weight of each factor
can be determined by the AHP [10]. By determining
these weights, we can guide the prevention of mine
water disasters.
The calculation processes are as follows:
• Develop a hierarchical model
• Construct a judgment matrix
• Calculate the weight vector and carry out a consistency
check
The consistency check by single sorting (C.I.) can be
carried out using the following formula:

C.I. =

λmax − n
.
n−1

(1)

The consistency check of total sorting (C.R.) can be
carried out using the following formula:

C.R. =

∑mj = 1C.I.jaj
∑mj = 1R.I.jaj

,

(2)

where the maximum eigenvalue of the judgment matrix is
represented by λmax , the number of factors in the index
layer is represented by n, the number of factors in the
criterion layer is represented by m, the jth factor in the
criterion layer is represented by j, the weight of the jth
factor between the criterion layer and target layer is
represented by aj , the consistency index of the judgment
matrix in the index layer corresponding to aj is represented by C.I.j, and the random index of the judgment
matrix in the index layer corresponding to aj is represented by R.I.j. When C.R. <0.1, the judgment matrix is
reasonable and satisﬁes the consistency test.

3.2 Entropy method
The concept of entropy was ﬁrst proposed by the German
physicist R. Clausius in 1865. Entropy is a measurement
of the disorder of a system, and the entropy method is a
type of comprehensive evaluation method for multiple
objects and multiple indices. The evaluation results are
mainly based on objective data and are almost uninﬂuenced by subjective factors. Hence, human factors
are avoided to a large extent. This method can compensate for the subjective factors of the AHP and objectively
reﬂect the inﬂuence weight of each factor on water
enrichment. Some scholars have applied it to the organic
Rankine cycle system [25].
In this method, we ﬁrst determine the object to be evaluated and construct a horizontal index matrix R = (rij )m × n .
Then, we calculate the weight of each index.
The ratio of the index of the ith object under jth index
can be calculated using the following formula:

Pij =

rij
m
∑i = 1rij

.

(3)
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Figure 4: Thematic maps of each major controlling factor: (a) ﬂushing ﬂuid consumption, (b) distribution and thickness of burnt rock,
(c) sand–shale ratio, and (d) lithology structure index.
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The entropy of the jth index can be calculated using the
following formula:
m

ej = −k ∑pij ⋅ ln pij
i=1

⎧ pij =

rij
m
∑i = 1rij

,

⎨
⎩ pij ⋅ ln pij = 0,

k=

1
ln m .

(4)

pij = 0

The entropy weight of the jth index can be calculated
using the following formula:

wj =

1 − ej
∑nj = 1(1

− ej )

,

(5)

where rij is the estimated value of the ith object under the
jth index, m is the number of objects evaluated, and n is
the number of evaluation indices.

3.3 The coupled model
The coupled model combines the subjective weights obtained
by the AHP with the objective weights obtained using the
entropy method. The value of the comprehensive evaluation
for the investigated factors, βj , can be calculated as follows:

βj = aj ⋅ wj,

(6)

where αj ( j = 1, 2, ⋯ , n) is the weighted value obtained by
the AHP.
The weighted value of the comprehensive evaluation,
Zj , of the factors can be calculated as follows:

Zj =

βj
n
∑ j = 1βj

.

(7)

The ﬁnal calculation results can then be obtained
based on the principle of maximum membership.

4 Construction of the coupled
model
4.1 Determination of major controlling
factors
The reliability of the ﬁnal prediction results must be considered alongside the fact that geological and hydrogeological conditions are diﬀerent in diﬀerent mines and
thus the results are dependent on many factors [28].
Reasonable determination of the major controlling factors
is the key to ensuring prediction reliability. Through assessment of hydrogeological and mining conditions in the
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studied mine, we determine that the four major controlling
factors are the ﬂushing ﬂuid consumption, distribution and
thickness of burnt rock, sand–shale ratio, and the lithology
structure.
The ﬂushing ﬂuid consumption is the amount of
ﬂushing medium returned during drilling and reﬂects
the degree of rock fragmentation. There is a positive correlation between the ﬂushing ﬂuid consumption and
water enrichment, and the greater the ﬂushing ﬂuid consumption, the stronger the water enrichment. Burnt rock
is a special stratum in the study area and is widely developed in shallow coal seams. This burnt rock can be
divided into burnt lava, sintered rock, and baked rock.
The main characteristics of these rocks are porosity and
strong water enrichment. Note that the distribution and
thickness of burnt rock are important for aquifer water
enrichment prediction. Furthermore, it is generally believed
that the higher the sandstone content, the stronger the
water enrichment of the aquifer; therefore, the sand–shale
ratio is another main factor aﬀecting water enrichment.
Finally, it is well known that the larger the rock particles,
the stronger the water enrichment, and hence, rock lithology
is another main controlling factor. This factor is expressed by
the lithology structure index.
The lithology structure index can be calculated by
the thicknesses of the coarse sandstone, medium sandstone, ﬁne sandstone, and siltstone, and by multiplying
by their respective equivalent coeﬃcients. This converts
the thicknesses of the medium sandstone, ﬁne sandstone, and siltstone into the thickness of the coarse
sandstone, and then multiplies it by the structure coeﬃcient (E). The lithology structure index (L) is deﬁned as
follows:

L = (a × 1 + b × 0.8 + c × 0.6 + d × 0.4) × E ,

(8)

where a, b, c, and d are the thicknesses of the coarse
sandstone, medium sandstone, ﬁne sandstone, and siltstone, respectively; and E is determined from the composition structure of the sandstone and mudstone. The
value of E corresponds to the ratio of the total sandstone
thickness and the rock formation thickness, as presented
in Table 1.
We note here that the burnt rock thickness is equivalent to the coarse sandstone thickness.

4.2 Development of thematic maps
The prediction of water enrichment is highly dependent
on the aquifer and can guide water detection and water
release during mining operations. In this study, the
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Table 1: Values of E corresponding to the ratio of total sandstone
thickness and rock formation thickness
Total sandstone thickness/rock formation thickness (%)

E

>90
70–90
50–70
30–50
<30

1
0.8
0.6
0.4
0.2

bedrock from the top of the ﬁrst coal seam to the bottom
of the loose layer is considered as a uniﬁed aquifer group.
This is because the bedrock is mainly composed of sand
with some mud. Based on the aforementioned major
controlling factors, and the available geological and
hydrogeological data from a total of 146 drillings, we construct thematic maps using the software MapGIS 6.7. A
thematic map can be developed for each major controlling
factor, thereby allowing us to illustrate the distribution
and attributes of each factor. Figure 4 presents the thematic maps for the ﬂushing ﬂuid consumption, distribution and thickness of burnt rock, sand–shale ratio, and
lithology structure index.
From Figure 4(a), it can be seen that the maximum
ﬂushing ﬂuid consumption is located at the central and
northeast parts of the coal mine. The ﬂushing ﬂuid consumption is generally between 0.1 and 0.3 m3/h. This is
proportional to the water enrichment. Meanwhile, Figure 4(b)
shows the distribution and thickness of the burnt rock,
which is also proportional to the water enrichment. For a
thicker and larger distribution of the burnt rock, the
water enrichment is greater. The thickness of the burnt
rock is generally 5–10 m. Figure 4(c) displays the relationship between the sand–shale ratio and water enrichment, while Figure 4(d) shows the relationship between
the lithology structure index and water enrichment. Note
that the increased presence of gritstone corresponds to
greater water enrichment.

5 Results
5.1 Calculation of weighted factors by the
coupled model
Following the determination of the major controlling factors, a judgment matrix A is constructed by the expert
scoring method. The water enrichment of the aquifer is
the target layer, and the ﬂushing ﬂuid consumption,

burnt rock, sand–shale ratio, and lithology structure
index comprise the criteria layer.

2
5
⎡ 1
4
⎢ 1/2 1
A=⎢
1/5 1/4 1
⎢
1
⎣ /4 1/5 1/3

4⎤
5⎥
3⎥
⎥
1⎦

In judgment matrix A, in the ﬁrst row from left to
right and the ﬁrst column from top to bottom are the
ﬂushing ﬂuid consumption, burnt rock, sand–shale ratio,
and lithology structure indices. The values in the ﬁrst row
and the third column indicate that the sand–shale ratio
has a greater contribution to water enrichment than the
ﬂushing ﬂuid consumption; the opposite can be observed
by the values in the ﬁrst column and the third row.
The consistency of the matrix is checked using equations (1) and (2), and it satisﬁes the consistency requirements. Using equations (3)–(5), data from the 146 drillings,
and the weights of the factors obtained by the entropy
method, the horizontal matrix R = (rij )m × n is constructed.
Finally, the weights of the controlling factors are calculated and are presented in Table 2.

5.2 Prediction of water enrichment of the
aquifer overlying the ﬁrst coal seam
By using the MapGIS 6.7 layer overlay function to overlay
each thematic map with the weights of the controlling
factors, the water enrichment of the aquifer overlying
the ﬁrst coal seam in the coal mine can be determined.
The mathematical model for the prediction is as follows:

Water enrichment (E )
= Flushing fluid consumption × 0.475
+ Burnt rock × 0.431 + Sand–shale ratio

(9)

× 0.085 + Lithology structure index × 0.009.
The speciﬁc capacity is an important index that
reﬂects the degree of water enrichment. However, the
speciﬁc capacity data is limited. Thus, the prediction
result is veriﬁed using both the speciﬁc capacity and
the water inrush events. Moreover, since the speciﬁc
capacity is the most accurate prediction method, it
complements the coupled model well. The degrees of
water enrichment can be expressed via the levels listed
below.
Level I: On this level, [E] > 2.5, and it indicates the
highest water enrichment. This is mainly observed
in the central and eastern parts of the coal mine.
There are four regions of the mine that are Level I,

Prediction method for water enrichment in aquifer
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Table 2: Weights of the controlling factors
Controlling factors

Flushing ﬂuid consumption
Burnt rock
Sand–shale ratio
Lithology structure index

Weights of the controlling factors
Obtained by the AHP (αi)

Obtained by the entropy method (ωj)

Obtained by the coupled model (Zj)

0.477
0.337
0.118
0.068

0.317
0.408
0.228
0.047

0.475
0.431
0.085
0.009

constituting a total area of 3.48 km2 and accounting for 6.7% of the total coal mine area.
Level II: For this level, the [E] ranges between 1.88 and
2.5. Level II is mainly observed in the central
and eastern parts of the coal mine. There are
seven regions of the mine that are Level II,
constituting a total area of 5.98 km2 and accounting for 11.51% of the total coal mine area.
Level III: For this level, the [E] is between 1.25 and 1.88.
Level III areas are mainly found surrounding
Level II areas. There are six Level III regions,
constituting a total area of 14.05 km2 and
accounting for 27.03% of the total coal mine
area.
Level IV: This level corresponds to a [E] ≤ 1.25 and
denotes the lowest water enrichment. Level
IV areas are found in the western, southern,
and eastern parts of the coal mine. There are

two Level IV regions, constituting a total area
of 28.46 km2 and accounting for 54.76% of the
total coal mine area.
Using the coupled model, the prediction of the water
enrichment is divided into the aforementioned four levels.
The water enrichment thresholds are at 1.25, 1.88, and 2.5.
The lower the level, the greater the water enrichment. This
is an indication that it is easier for a water inrush event to
happen. Figure 5 shows the prediction map of the water
enrichment of the aquifer overlying the ﬁrst coal seam.

6 Discussion
The prediction of the water enrichment of the aquifer
overlying the ﬁrst coal seam in the studied coal mine is

Figure 5: Prediction map of the water enrichment of the aquifer overlying the ﬁrst coal seam in the studied coal mine.
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Table 3: Prediction results compared with historical data of water inrush events and recorded speciﬁc capacity
No.

Place

Speciﬁc capacity
L·(s·m)−1

Water inrush
event

Prediction
result

Regulations for prediction of water enrichment
of the aquifer by speciﬁc capacity

1

14,202
working face
In the northwest
In the northwest
In the northeast
In the middle
In the middle
In the south
In the south

—

Water inrush

Level II

—

0.000766–0.08622
0.131263
0.00046–0.00086
0.000791–0.0186
14.7306
0.0006579–0.000806
0.5063

—
—
—
—
—
—
—

Level
Level
Level
Level
Level
Level
Level

≤0.1 L·(s·m)−1, Level IV
0.1–1 L·(s·m)−1, Level III
≤0.1 L·(s·m)−1, Level IV
≤0.1 L·(s·m)−1, Level IV
>5 L·(s·m)−1, Level I
≤0.1 L·(s·m)−1, Level IV
0.1–1 L·(s·m)−1, Level III

2
3
4
5
6
7
8

IV
III
IV
IV
I
IV
III

Table 4: Assessment of reliability of prediction results
Prediction result

Speciﬁc capacity L·(s·m)−1

Reliability of prediction result

Level
Level
Level
Level
Level
Level
Level
Level
Level
Level
Level
Level
Level
Level
Level
Level
Level

0.000776
0.08622
0.004196
0.131263
0.018247
0.00052
0.00046
0.000866
0.000766
14.7306
0.007385
0.000791
0.006579
0.000663
0.5063
0.000806
0.0186

Speciﬁc
Speciﬁc
Speciﬁc
Speciﬁc
Speciﬁc
Speciﬁc
Speciﬁc
Speciﬁc
Speciﬁc
Speciﬁc
Speciﬁc
Speciﬁc
Speciﬁc
Speciﬁc
Speciﬁc
Speciﬁc
Speciﬁc

IV
IV
IV
III
IV
IV
IV
IV
IV
I
IV
IV
IV
IV
III
IV
IV

shown in Figure 5. To further verify the prediction’s accuracy, the prediction results are compared with the measured historical data of water inrush events and speciﬁc
capacity (Table 3). We also speciﬁcally assess the reliability of the prediction results using the speciﬁc capacity
(Table 4). As Table 4 shows, the accuracy of the prediction results is 100%, indicating that the coupled model
can be used to predict the water enrichment in coal mines
under conditions similar to those in the present case.

7 Conclusion
The coupled AHP–entropy model was evaluated with
respect to its ability to reliably predict the water enrichment of the aquifer overlying the ﬁrst coal seam of a

capacity
capacity
capacity
capacity
capacity
capacity
capacity
capacity
capacity
capacity
capacity
capacity
capacity
capacity
capacity
capacity
capacity

≤0.1 L·(s·m)−1, reliable
≤0.1 L·(s·m)−1, reliable
≤0.1 L·(s·m)−1, reliable
0.1–1 L·(s·m)−1, reliable
≤0.1 L·(s·m)−1, reliable
≤0.1 L·(s·m)−1, reliable
≤0.1 L·(s·m)−1, reliable
≤0.1 L·(s·m)−1, reliable
≤0.1 L·(s·m)−1, reliable
>5 L·(s·m)−1, reliable
≤0.1 L·(s·m)−1, reliable
≤0.1 L·(s·m)−1, reliable
≤0.1 L·(s·m)−1, reliable
≤0.1 L·(s·m)−1, reliable
0.1–1 L·(s·m)−1, reliable
≤0.1 L·(s·m)−1, reliable
≤0.1 L·(s·m)−1, reliable

speciﬁc coal mine in China. The ﬂushing ﬂuid consumption, burnt rock distribution, sand–shale ratio, and lithology
structure index were selected as the main factors controlling
water enrichment. Based on 146 drilling columns and ﬁeld
investigation in the study area, four thematic maps of the
major controlling factors were completed using the software
MapGIS 6.7. According to the AHP and the entropy method,
the weights of these controlling factors were calculated. A
mathematical model for the prediction of the water enrichment was then generated. Finally, the prediction map of the
water enrichment of the aquifer overlying the ﬁrst coal seam
in the coal mine was completed using MapGIS 6.7. The prediction map was divided into four levels according to the
degree of water enrichment; Level I denoted the highest
water enrichment, and Level IV denoted the lowest. These
prediction results were compared to the recorded water
inrush event in the 14,202 working face and the speciﬁc

Prediction method for water enrichment in aquifer

capacity at this working face; this showed the approach to be
eﬀective. The results of this study can help mine management
make decisions relating to the development and the design of
safe working places for both workers and machinery. Thus, it
can be used to guide safe mining practices.
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