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The water yield of coal seam roof aquifers is the key factor for evaluating and controlling water disasters in coal seam roofs. To
evaluate the water yield of the sandstone aquifer in the roof of the Carboniferous-Permian Damiaozhuang Formation no. 8 coal
seam in the Donghuantuo Mine, North China, seven main controlling factors affecting the water yield of sandstone aquifers are
determined, including the permeability coefficient, consumption of drilling fluid, core recovery, aquifer thickness, brittle-plastic
rock thickness ratio, fault scale index, and fault point density. Further, the fuzzy Delphi analytic hierarchy process (FDAHP)
and entropy weight method (EWM) are used to calculate the subjective and objective weights of each main factor, respectively,
and a combination weight model (CWM) is proposed based on the least square method to compose the comprehensive weights.
Then, an improved water yield property index (IWYPI) model is established, and the water yield zoning map of sandstone
aquifers is acquired. Engineering practice shows that the evaluation accuracy of the water yield property index (IWYPI) model
based on the CWM is as high as 93.75%, which is 18.75% and 12.5% higher than that of the water yield property index (WYPI)
model based on the FDAHP and EWM, respectively. The research results propose a novel method for evaluating the water yield
of coal seam roof aquifers and can provide scientific guidance for the prevention and control of water disasters in the no. 8 coal
seam roof of the Donghuantuo Coal Mine.

1. Introduction

As the largest coal mining country in the world, China also has
some of themost seriousmine water disasters [1–3]. Especially
with the large-scale development of deep resources, the pre-
vention and control of water disasters remains a top priority
and is complicated by many problems and challenges. Control
and utilization of China’s groundwater resources remain a
major research topic in coal mine safety production and scien-
tific mining research [4–6]. From 2000 to 2011, there were
1089 coal mine water accidents in China with a total death toll
of 4329 [7]. In particular, North China-type coalfields in
China not only suffer from the problem of water inrushes
from coal seam floors but also face the threat of water catastro-
phes from coal seam roofs [8]. The sufficient and necessary

conditions for the occurrence of water disasters in coal seam
roofs are that mining and caving touch water-filled aquifers,
and the corresponding areas have high water yields, i.e., the
aquifer provides the material for the water inrush from the
coal seam roof, and the water yield of the aquifer directly
determines the amount and duration of the water inrush [9].
Therefore, how to effectively evaluate the water yield of coal
seam roof aquifers and how to delineate the zones of coal seam
roofs with high water yields based on reality has important
guiding significance and practical value for the prevention
and control of coal mine roof water disasters.

Studying the water yield properties of aquifers is essential
for preventing and controlling water disasters in coal seam
roofs, and several assessment methods have been developed
in recent decades. Geophysical prospecting and pumping test
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methods have been widely used and play an active role in the
evaluation of aquifer water yields [10–17]. However, these
two methods have problems, such as being the only method
considered, a heavy workload, a high cost, and a limited con-
trol range, which limit their application [18]. Another impor-
tant method is the analytic hierarchy process (AHP) water
yield property index method [19], which uses geographic
information systems (GIS) to fuse multisource geoscience
information and to comprehensively reflect the results of
water yield evaluations with various influencing factors and
the differences and relationships among these factors. Com-
pared with the geophysical prospecting method and the
water pumping test method, the AHP has many potential
advantages, but the weights of the factors influencing the
water yield in this method are highly subjective as they are
based on expert opinions; in addition, it is difficult to reach
consistency in the judgement matrix in this method for more
than four factors [20, 21]. Grey theory, BP neural networks,
fuzzy clustering methods, and principal component analysis
methods have been introduced for the evaluation of water
yields, strengthening the evaluation of the water yield [22–
25]. However, these methods have limitations in practical
application, and they fail to address uncertain factors such
as insufficient sample sizes, data information fusion, or sub-
jective fuzzy evaluation in the evaluation process. For exam-
ple, grey theory requires many water inrush examples and
calculates the weight of each index according to the correla-
tion coefficient between the index of each example and water
inflow; however, when the amount of data is insufficient, the
evaluation results are likely to deviate greatly [26]. The BP
neural network model often results in overfitting, which usu-
ally leads to a local minimum and a slow convergence speed
problem [27]. The fuzzy clustering method is theoretical and
difficult to combine with actual mining areas [28]. However,
principal component analysis effectively eliminates the influ-
ence of information superposition among evaluation indexes
[29], but it compromises by making the evaluation index
value fuzzy to reduce the dimensionality of the variables [30].

In summary, there are certain limitations to evaluate the
water yield of an aquifer using any one method alone. There-
fore, this paper proposes a water yield evaluation method
based on the coupling of the fuzzy Delphi analytic hierarchy
process (FDAHP) and entropy weight method (EWM) and
applies it to evaluate the water yield of the sandstone aquifer
in the roof of the Donghuantuo Coal Mine in a North China-
type coalfield. The FDAHP and EWM are combined to deter-
mine the weight of each influencing factor. Considering the
opinions of a group of decision-making experts, the prob-
lems of large errors from single-person evaluations and diffi-
cult consistency of the judgement matrix in the AHP are
effectively avoided, and the characteristics of measured data
are considered, thereby realizing the organic integration of
subjective and objective weights and improving the accuracy
and reliability of the evaluation results. Based on this, an
improved water yield property index (IWYPI) model is
established. The analysis results compared with engineering
practice data are used to validate than the IWYPI model as
an operational tool to evaluate the water yield of the no. 8
coal seam roof aquifer in the Donghuantuo Coal Mine. The

obtained water yield zoning map of the sandstone aquifer
provides a detailed scientific basis for ensuring safe coal mine
production and roof water disaster prevention.

2. The Study Area

2.1. Physical Geography. The Donghuantuo Coal Mine is a
typical North China Carboniferous-Permian coalfield with
extremely complex hydrogeological conditions. During the
construction period of the mine, the maximum water inflow
reached 62.84m3·min-1, and many water inrush accidents
have occurred. At present, as the increase of the depth of coal
mining, the threat of water hazards will continue to increase
[31]. The Donghuantuo Mine is located in Tangshan City,
Hebei Province (Figure 1). It is approximately 10 km east to
Tangshan Station and 14 km south to Xugezhuang Station.
The mine is within alluvial plain terrain; there are neither
hills nor rivers in the mine area. The terrain is flat and high
in the northeast and low in the southwest. The elevation of
the terrain ranges from 2 to 23m, and the topographic slope
is 1.6. The climate of the mine area is continental: hot and
rainy in summer and cold and windy in winter. The temper-
ature ranges from 39.6 to -21°C with an average of 11.1°C.
The average annual rainfall is 614.7mm, and the average
annual evaporation is 1321.1mm. There is no surface water
system in the mine area.

2.2. Geological Conditions. The Donghuantuo Coal Mine is in
the northwestern Kaiping Coalfield. The strata of the Kaiping
Coalfield are North China-type deposits. According to the
strata exposed by boreholes, the study area contains Ordovi-
cian, Carboniferous, Permian and Quaternary strata. The
coal-bearing strata in the mine are Carboniferous and Perm-
ian. The total thickness of the coal seams is 19.70m, which
includes the no. 8, no. 9, no. 11 and no. 12-1 main coal seams.

The mine is located on both sides of the Chezhoushan
syncline, which is part of a coal-bearing structure in the west-
ern Kaiping Coalfield. Its main structural controls are those
of the Neocathaysian system, and the structural lines are
mostly NE-trending. The syncline is a large coal-bearing syn-
cline with a long and narrow asymmetrical dip to the south-
west. The strike of the syncline axis is approximately N60°E,
and the synclinal axis slopes to the northwest.

Strata on both sides of the syncline vary greatly. The
strata in the southeast wing are gentle with an inclination
of approximately 20°, while the strata in the northwest wing
are steep with an inclination of approximately 70°. The main
structural form of the mine is the monoclinic structure in the
southeastern wing of the Chezhoushan syncline. The fault
structure is well developed in the mine, and the strike of the
fault is mostly consistent with the direction of the syncline
axis (Figure 2).

2.3. Hydrogeological Characteristics of the Mine. In this study,
the main coal seam is the no. 8 coal seam, the direct water-
filled aquifer is a Permian sandstone fractured aquifer, and
the indirect water-filled aquifer is a Quaternary bottom gravel
aquifer. There is a weak permeable aquifer between these two
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aquifers (Figure 2). The Permian sandstone fractured aquifer
is the main threat to safely mining the no. 8 seam.

The Permian sandstone fractured aquifer is dominated
by coarse sandstone and gravel-bearing giant sandstone with
unequal grains and muddy siliceous cementation. This aqui-
fer has extensive direct contact with the bottom gravel aqui-
fer, and the gravel aquifer is the recharge source, so water is
abundant and not easily drained. The specific capacity of

boreholes is 0.016-1.806 L·s-1·m-1, and the permeability coef-
ficient is 0.369-10.492m·d-1.

The topographic difference between the outcrops in the
two wings reveals that the northwest wing is a recharge area,
and the southeast wing is an excretion area under natural
conditions. The Permian sandstone fractured aquifer receives
pore water from the bottom pebble beds of the Quaternary
aquifer along the northwest wing. There has been a

Figure 1: Map showing the location of the study area.
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Figure 2: 2-2′ geological profile of the study area.
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fundamental change in the groundwater movement arising
from the operation of the mine, with the underground min-
ing area becoming a drainage area and the outcrop zones
near the mining area of the north and south flanks becoming
a recharge area. At present, groundwater drainage is achieved
by mine pumping.

3. Data

3.1. Major Controlling Factors of the Aquifer Water Yield. A
thorough analysis of the hydrogeological data of the mining
area was performed to generate a thematic database of multi-
variate geological information to comprehensively reflect the
water yield of the water-filled aquifer. This analysis com-
prised seven factors: the permeability coefficient, consump-
tion of flushing fluid, aquifer thickness, ratio of brittle-
plastic rock thickness, core recovery rate, fault point density,
and fault scale index (Figures 3 and 4).

(1) The permeability coefficient is a constant represent-
ing the permeability of rock strata. Generally, the
higher the permeability coefficient is, the more per-
meable the rock. The permeability of the Permian
sandstone fractured aquifer in the study increased
gradually from northeast to southwest in the range
of 1.05-2.15m·d-1

(2) The consumption of drilling fluid can reflect the per-
meability of the drilled rock. There is a certain degree
of drilling fluid leakage when drilling through an
aquifer. The larger the amount of leakage is, the bet-
ter the development degree and connectivity of the
voids in the strata. The flushing fluid consumption
of the Permian sandstone fractured aquifer in the
study area increased gradually from northeast to
southwest within a range of 0.1-14.5m3·h-1

(3) Aquifer thickness is the prerequisite for determining
the water yield and the primary factor affecting the
occurrence of groundwater. Generally, the thicker
the aquifer is, the greater its water content. In the
study area, the closer the Permian sandstone frac-
tured aquifer was to the syncline axis, the thicker
the aquifer was. The overall thickness increased grad-
ually from northeast to southwest within a range of
140-230m.

(4) The ratio of the brittle-to-plastic rock thickness can
be used as an index to qualitatively judge the perme-
ability of sandstone fractured aquifers. In the case of
failure due to tectonic stress, the fracture characteris-
tics reflected by lithologies with different mechanical
properties are quite different. The stress release of
brittle sandstone mainly occurs in the form of shear
and tensile failures. Fractures and joints are relatively
developed in the sandstone layer, which greatly
enhances the permeability. Plastic clay rocks release
their stress in the form of plastic deformation under
a load action, which results in minimal changes to
its permeability. Therefore, in general, the larger the

ratio of brittle-to-plastic rock thickness is, the higher
the permeability of the aquifer. The lithology of the
Permian sandstone fractured aquifer in the study
area is mainly medium and fine sandstone. Brittle
rocks are much thicker than plastic rocks. Except in
some individual sections, the ratio of the brittle-to-
plastic rock thickness gradually decreased from
northeast to southwest in the study area, ranging
from 1.05-2.35.

(5) Core recovery refers to the ratio of the core length to
the drilling depth, which is expressed as a percentage.
Core recovery is a rock quality index used to express
the integrity of a rock mass. The lower the core rate is,
the more fragmented the rock and the better its con-
nectivity. The core recovery rate of the Permian sand-
stone fractured aquifer in the study area gradually
decreased from northeast to southwest, ranging from
0.87 to 0.99.

(6) The density of fault points refers to the number of
intersections and endpoints of faults in a unit area.
Intersections and endpoints of faults form in space
and along planes and have certain rules for develop-
ment. The higher the fault point density is, the more
developed the rock mass fissures and the higher the
water content and water conductivity. There are
many faults in the study area that are widely distrib-
uted. The geological profile shows that most of the
faults cut the Permian sandstone fissure aquifer.
The high density of fault points in the middle and
southern parts of the study area indicates that the
water yield of the Permian sandstone fractured aqui-
fer is obviously affected by faults.

(7) The fault size index is the sum of the product of the
fault throw and strike lengths of all faults in the unit
area, as shown by

F = ∑n
i=1LiHi

S
, ð1Þ

where F is the fault size index,Hi is the fault throw of
the ith fault (m), Li is the strike length of the ith fault
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Figure 3: Major controlling factors of the water yield evaluation.
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in the unit area (m), N is the number of faults within
the unit area, and S is the unit area (m2).

The fault size index comprehensively reflects the size and
development of faults. The larger the fault size index is, the
larger the groundwater recharge scope and occurrence space
and the higher the water yield of the faults. The large-scale
index of faults in the central and northern parts of the study
area indicates that the area is disturbed by faults, and faults
may serve as water-filling sources or conduits to increase
the possibility of roof water inrushes.

3.2. Data Normalization. Taken individually, components of
multivariate geological information provide only a limited
reflection of the aquifer water yield, and data integration is
necessary to comprehensively reflect the aquifer water yield.
The physical quantities of aquifers represented by multivari-
ate geological information are different. To achieve data inte-
gration, the limitations of different physical dimensions must
first be eliminated. Normalization of data is a feasible way to
achieve this, and Equations (2) and (3) were used to normal-
ize the factors from the established multivariate geological
information database, which were positively and negatively
correlated with the water yield, respectively.

yi =
xi − xmin

xmax − xmin
, ð2Þ

yi ′ =
xmax − xi
xmax − xmin

: ð3Þ

yi and yi ′ are the normalized value for positive and negative
factor respectively, while xmax and xmin are the maximum and
minimum of the original data, respectively. In this paper, the
evaluation factors were normalized by Equation (2), with the
exception of the core recovery factor, which was calculated by
Equation (3).

4. Methods

4.1. Procedures. To acquire a relatively reasonable and accu-
rate evaluation of the water yield of the coal roof aquifer,

the comprehensive weight should be determined by consid-
ering the fuzziness of the comprehensive evaluation process,
the decision-making experience of the expert group, and the
differential information of the evaluation factor.

Based on the scientific quantification of multiple factors,
the synthesized evaluation applies comprehensive coupling
of the FDAHP and EWM, as shown in Figure 5.

4.2. Determination of the Factor Weights

4.2.1. Subjective Weights by the FDAHP. The FDAHP is a
fuzzy group decision-making method that integrates fuzzy
mathematics appraisal and the AHP and the Delphi group
decision-making method [32, 33]. The relative importance
matrix (Table 1) for all determined factors according to each
expert’s judgement value by the Saaty scale method is essen-
tial and the basis of generating a pairwise comparison matrix.

According to expert opinions, F1, F2,…, F7 are the eval-
uation factors, while aij is defined as the relative importance
comparison judgement value for a pair of factors and is
obtained by the Fi value divided by the Fj value. Therefore,
ten 7 × 7 pairwise comparison judgement matrices for each
expert were generated.

A =

1 a12 ⋯ a17
1
a12

1 ⋯ a27

⋮ ⋮ ⋱ ⋮
1
a17

1
a27

⋯ 1

2
666666664

3
777777775
: ð4Þ

Then, a group of fuzzy pairwise comparison matrices was
established by making use of the triangular fuzzy number bij,
which was calculated using Equation (5) and consisted of
pessimistic, moderate, and optimistic comparison judge-
ments of the evaluation factor according to the opinions of
ten experts.

bij = αij, βij, γij
� �

: ð5Þ
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Figure 4: Thematic map of multiple geological factors for the water-filled aquifer in the no. 8 coal seam roof.
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αij ≤ βij ≤ γij, and they are obtained separately by Equations
(6), (7), and (8). Furthermore, the established group fuzzy
pairwise comparisonmatrix in this paper is shown in Table 2.

αij =min bijk
� �

, k = 1, 2,⋯, p, ð6Þ

βij =
Ym
k=1

bijk
� � !1/m

, k = 1, 2,⋯, p, ð7Þ

γij =max bijk
� �

, k = 1, 2,⋯, p: ð8Þ
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Figure 5: Flowchart of the methodology.

Table 1: Relative importance matrix of evaluation factors.

Factor
Expert 1
(E1)

Expert 2
(E2)

Expert 3
(E3)

Expert 4
(E4)

Expert 5
(E5)

Expert 6
(E6)

Expert 7
(E7)

Expert 8
(E8)

Expert 9
(E9)

Expert10
(E10)

Permeability coefficient (F1) 9 9 9 8 9 8 9 9 9 9

Consumption of drilling fluid (F2) 4 4 5 4 5 4 4 4 4 4

Core recovery (F3) 3 4 3 5 3 3 3 4 5 3

Aquifer thickness (F4) 8 8 7 8 7 9 7 8 7 7

Brittle-plastic rock thickness ratio
(F4)

3 3 3 3 3 3 4 4 3 3

Fault scale index (F5) 4 4 4 4 5 4 4 3 4 5

Fault point density (F6) 3 2 3 2 2 3 3 2 2 3
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In the following defuzzification process, the geometric
average method is applied to acquire the relative fuzzy
weights for each factor. The group fuzzy weight vector and
the fuzzy weights vector are determined by calculating Equa-
tions (9) and (10) successively.

ri = ai1 ⊗ ai2 ⊗⋯⊗ ainð Þ1/n, ð9Þ

wi = ri ⊗ r1 ⊗ r2 ⊗⋯ ⊗ rnð Þ−1: ð10Þ

The two triangular fuzzy numbers ½a1, a2, a3� and ½b1, b2
, b3� are calculated using

a ⊕ b = a1 + b1, a2 + b2, a3 + b3½ �, ð11Þ

a ⊗ b = a1 × b1, a2 × b2, a3 × b3½ �, ð12Þ

a−1 = a3−1, a2−1, a1−1
� �

: ð13Þ
Finally, the weights for each evaluation factor were

obtained by the normalization of the fuzzy weight vector
(wL

i ,wM
i ,wN

i ) by calculating Equation (14), and the results
are shown in Table 3.

Ui = wL
i ×wM

i ×wN
i

� �1/3
∑m

i=1 wL
i ×wM

i ×wN
i

� �1/3 : ð14Þ

4.2.2. Objective Weights by the EWM. As a quantitative
objective weighting method, the EWM can determine the
factor weights according to the degree of variation in the
major controlling factors by using information entropy to
measure the uncertainty and heterogeneity of the factor
value distribution.

For a certain factor value, the uneven distribution usually
shows a significant difference in heterogeneity and manifests
as a higher entropy but a lower entropy weight. Therefore,
the existing objective criteria for weighting could avoid the
influence of subjective factors as much as possible.

To obtain information entropy for each evaluation factor
by the EWM [34], the standardized matrix Yij was estab-
lished and expressed as Equation (15), which consisted of
standardized data with 5787 evaluation units from united
spatial thematic data of 7 evaluation factors calculated by

Equations (2) and (3). Thus, i = 1, 2, 3,⋯, 5787, and j = 1, 2,
3,⋯, 7 in this paper.

Y = Yij

� �
=

y11 y12 ⋯ y17

y21 y22 ⋯ y27

⋮ ⋮ ⋱ ⋮

y57871 y57872 ⋯ y57877

2
666664

3
777775: ð15Þ

Then, Yij was normalized to calculate the projected out-
come Pij of the j

th factor by

Pij =
Yij

∑m
i=1Yij

: ð16Þ

Then, the information entropy Ej could be defined as
Equation (17), as shown in Table 4.

Ej = − ln mð Þ−1 〠
m

i=1
Pij ln Pij: ð17Þ

The diversification degree of information based on the jth

factor value dj could be expressed as dj = 1 − Ej, and the
entropy weights of each factor were calculated by following
Equation (18) and are shown in Table 4.

V j =
dj

∑n
j=1dj

: ð18Þ

4.2.3. TotalWeights by the CWM.Whereas the a priori weight-
ing method FDAHP can provide subjective weights by

Table 2: Group fuzzy pairwise comparison matrix.

F1 F2 F3 F4 F5 F6 F7

F1 (1.00, 1.00, 1.00) (1.80, 2.15, 2.25) (1.80, 2.56, 3.00) (1.13, 1.27, 1.50) (2.25, 2.83, 3.00) (1.80, 2.21, 3.00) (3.00, 3.25, 4.50)

F2 (0.44, 0.46, 0.56) (1.00, 1.00, 1.00) (0.80, 1.19, 1.67) (0.50, 0.59, 0.71) (1.00, 1.32, 1.67) (0.80, 1.03, 1.33) (1.33, 1.51, 2.50)

F3 (0.33, 0.39, 0.56) (0.60, 0.84, 1.25) (1.00, 1.00, 1.00) (0.38, 0.50, 0.83) (0.75, 1.11, 1.67) (0.60, 0.87, 1.33) (1.00, 1.27, 2.50)

F4 (0.67, 0.78, 0.89) (1.40, 1.69, 2.00) (1.20, 2.01, 2.67) (1.00, 1.00, 1.00) (1.75, 2.26, 2.67) (1.40, 1.77, 2.67) (2.00, 2.59, 3.50)

F5 (0.33, 0.35, 0.44) (0.60, 0.76, 1.00) (0.60, 0.90, 1.33) (0.38, 0.44, 0.57) (1.00, 1.00, 1.00) (0.60, 0.76, 1.00) (1.00, 1.12, 1.50)

F6 (0.33, 0.45, 0.56) (0.75, 0.97, 1.25) (0.75, 1.15, 1.67) (0.38, 0.57, 0.71) (1.00, 1.32, 1.67) (1.00, 1.00, 1.00) (1.00, 1.47, 2.50)

F7 (0.22, 0.31, 0.33) (0.40, 0.66, 0.75) (0.40, 0.79, 1.00) (0.29, 0.39, 0.50) (0.67, 0.90, 1.00) (0.40, 0.68, 1.00) (1.00, 1.00, 1.00)

Table 3: Calculated group fuzzy weights and total weights by the
FDAHP.

Evaluation factors Group fuzzy weights Total weights

F1 (0.1796, 0.2663, 0.3866) 0.2647

F2 (0.0824, 0.1237, 0.1971) 0.1263

F3 (0.0644, 0.1041, 0.1934) 0.1092

F4 (0.1333, 0.2104, 0.3236) 0.2088

F5 (0.0624, 0.0930, 0.1486) 0.0953

F6 (0.0715, 0.1205, 0.1953) 0.1191

F7 (0.0449, 0.0820, 0.1216) 0.0766
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considering the fuzziness of the evaluation process by group
decision-making, and the EWM can determine the objective
assessment with good stability upon attribute preference, the
combination weight model (CWM) based on the optimization
method is proposed in this paper. In situations that consider
both the experience of a group of experts and the objective
datum situation, the CWM can provide practical and reason-
able weights.

The judgement basis of the CWM can be expressed as fol-
lows: the total deviation between the FDAHP calculations and
the EWM result should be as small as possible. Therefore, the
optimization model that applies the least square method to
combine the subjective weight of a group of experts uj with
the objective entropy weight vj is established as [35]

min D wð Þ = 〠
m

i=1
〠
n

j=1
uj −wj

� �
Yij

� �2 + vj −wj

� �
Yij

� �2n o
,

ð19Þ

s:t: 〠
n

j=1
wj = 1, ð20Þ

wj > 0: ð21Þ
Furthermore, the CWM optimization model can be

expressed as Equation (22) by the Lagrangian transformation.

A e

eT 0

" #
×

wj

λ

" #
= B

1

� 	
: ð22Þ

The diagonal matrixA and the vector matrices e,W, and B
are defined as Equations (23) to (26), respectively.

A = diag 〠
m

i=1
Y2
i1, 〠

m

i=1
Y2
i2,⋯,〠

m

i=1
Y2
in

" #
, ð23Þ

e = 1, 1,⋯,1½ �T , ð24Þ

wj = w1,w2,⋯,wn½ �T , ð25Þ

B = 〠
m

i=1

1
2 u1 + v1ð ÞY2

i1, 〠
m

i=1

1
2 u2 + v2ð ÞY2

i2,⋯,〠
m

i=1

1
2 un + vnð ÞY2

in

" #T
:

ð26Þ
In this paper, the 7 × 7matrix A was established by calcu-

lating the square sum of each factor, as shown by Equation
(27), and the subjective weight uj in Equation (26) was
obtained from the FDAHP weighting process, while the objec-
tive weight vj was acquired based on the measured informa-
tion entropy of controlling factors by the EWM method.

Finally, the CWM weights were acquired by calculating
Equation (28), and the combination weight 5787 coupling
of the subjective weight uj and objective entropy weight vj
is shown in Table 5.

Wj = A−1 × B + 1 − eTA−1B

eTA−1e
× e

� 	
: ð28Þ

4.3. Evaluation of the IWYPI Model. The distribution of the
aquifer water yield is controlled by a combination of factors;
therefore, the comprehensive analysis of multisource infor-
mation is considered to be the best method to evaluate the
water yield of coal roof aquifers [36–38]. Based on the statis-
tical values of 7 influencing factors of 36 boreholes in the
northern no. 2 mining area and central mining area of the

Donghuantuo Coal Mine, this paper first standardizes these
factors and then applies the spatial information processing
and analysis function of GIS to integrate the information of
the 7 factors affecting the aquifer water yield.

On this basis, combined with the CWM composed of
the FDAHP and EWM, an IWYPI model is established by
adding linear weights to quantitatively describe the compre-
hensive influence of aquifer lithology, aquifer hydraulic
properties, and fault characteristics of different weight com-
binations on the aquifer water yield. The calculation for-
mula is shown by

WI = 〠
n

j=1
Wj ∗ f j x, yð Þ: ð29Þ

A =

1661:2474 0 0 0 0 0 0
0 755:0315 0 0 0 0 0
0 0 1585:8033 0 0 0 0
0 0 0 547:9346 0 0 0
0 0 0 0 1310:3613 0 0
0 0 0 0 0 445:8467 0
0 0 0 0 0 0 1097:3887

2
666666666666664

3
777777777777775

: ð27Þ
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where WI is the aquifer water yield property index; j is the
factor number; n is the number of factors, which is 7 in this
paper; Wj is the weight value of the jth factor; f jðx, yÞ is the
standard value of the jth factor; and ðx, yÞ are geographic
coordinates.

The IWYPI model in this paper is established accord-
ing to Equation (29) and shown as Equation (30). Corre-
spondingly, the water yield property index (WYPI) model

weighted by the FDAHP and EWM can also be calculated
by Equation (29).

WI = 0:1631 ∗ f1 x, yð Þ + 0:1701 ∗ f2 x, yð Þ
+ 0:1096 ∗ f3 x, yð Þ + 0:1527 ∗ f4 x, yð Þ
+ 0:0086 ∗ f5 x, yð Þ + 0:2298 ∗ f6 x, yð Þ
+ 0:0861 ∗ f7 x, yð Þ:

ð30Þ

5. Results and Discussion

5.1. Results. According to the IWYPI and WYPI models,
which have different weighting methods, the water yield zon-
ing maps of the roof sandstone aquifer of the no. 8 coal seam
are constructed by using GIS spatial superposition and reclas-
sification functions, and a frequency histogram of WI values
calculated by the three methods is acquired (Figure 6). As
shown in Figures 7–9, there are differences in the evaluated
WI values calculated from the different methods, with a larger
value indicating a higher water yield. TheWI values calculated
by the FDAHP are 0.1549~0.5941, theWI values calculated by
the EWM are 0.1131~0.5216, and the WI values calculated by
the CWMare 0.1357~0.5271. Furthermore, the corresponding
classification thresholds of WI values for four levels are deter-
mined by the natural break algorithm embedded in the GIS
classification method. Therefore, the least square sum of the
WI value and corresponding mean value are obtained by iter-
ative grouping for determining thresholds. According to the
classification threshold (Table 6), the water yield is divided
into the following zones: poor, medium, rich, and richer; the
distribution of partitions for each evaluation result is shown
in Figures 7–9.

As shown in Figures 7–9, the overall trends of the results
of the evaluation of the aquifer water yield by the three
methods are consistent. The results are also cross-verified,
which indicates that the water yield of the sandstone aquifer
in the no. 8 coal seam roof in the Donghuantuo Mine ranges
from poor to richer, among which the rich and richer zones
are mainly distributed in the southern and middle regions,
the medium zones are mainly distributed in the northern
and middle regions, and the poor zones are mainly distrib-
uted in the northeast and central and western regions. As
shown in Figures 4(a)–4(g), the difference in the water yield
in the study area is mainly related to the aquifer permeability

Table 4: The entropy and entropy weights of evaluation factors.

Factor F1 F2 F3 F4 F5 F6 F7

Entropy E 0.9841 0.9446 0.9715 0.9749 0.9788 0.9118 0.9752

Entropy weight V 0.0615 0.2137 0.1101 0.0967 0.0819 0.3405 0.0956

Table 5: The calculated weights of evaluation factors by the FDAHP, EWM, and CWM.

Factor F1 F2 F3 F4 F5 F6 F7

FDAHP weight U 0.2647 0.1263 0.1092 0.2088 0.0953 0.1191 0.0766

Entropy weight V 0.0615 0.2137 0.1101 0.0967 0.0819 0.3405 0.0956

Combination weight W 0.1631 0.1701 0.1096 0.1527 0.0886 0.2298 0.0861
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Figure 6: Frequency histogram of the WI.
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coefficient, thickness, and fault development, and the water
yield in the zones with high values of these factors is rela-
tively high. For example, the permeability coefficient and
consumption of drilling fluid in the southern part of the
study area are high, so the evaluation results of the three
methods in the south indicate zones with rich-richer water
yields. The fault scale index and fault point density in the
middle of the study area are high, and the evaluation results
of the middle of the study area by the three methods indicate
medium-richer water yields. In contrast, except for the ratio

of the brittle-to-plastic rock thickness, the water yield in
areas with low index values is relatively poor, such as in
the central and western regions of the study area, and the
evaluation results of the three methods indicate zones with
poor water yields.

5.2. Engineering Practice. According to the Regulations for
Coal Water Prevention and Control in China [39], the theo-
retical evaluation of the aquifer water yield is based on a unit
of water inflow (represented by q); however, the pumping test
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Figure 7: Water yield zoning map based on the WYPI model weighted by the FDAHP.
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boreholes in the coalfield are generally limited in number and
unevenly distributed. It is difficult to scientifically and rea-
sonably divide the water yield of the aquifer by the q value.
Therefore, the FDAHP, EWM, and CWM methods were
used to establish a multisource geoscience information fusion
WYPI model and an IWYPI model, which provide the more
comprehensive scientific basis for the evaluation of the aqui-
fer water yield.

Validation is the key to verifying results [40, 41]. The unit
water inflow of the pumping test boreholes (represented
by q) can directly indicate the water yield of aquifers. When
data on the unit water inflow of the borehole are lacking, the
inflow of the water inrush point (represented by Q) can also
be used as the direct basis of the aquifer water yield. There-

fore, the q and Q values are reliable bases to verify the evalu-
ation results of different methods.

The q value can be divided into four grades (Table 7),
poor, medium, rich, and extremely rich, according to the
Regulations for Coal Water Prevention and Control in
China. According to Table 7, the q values of 8 boreholes in
the sandstone aquifer of the no. 8 coal roof in the study area
are analysed. Among these q values, the boreholes with a
medium water yield account for 50%, and the boreholes with
both poor and rich water yields account for 25%; the maxi-
mum q value of the boreholes is 1.806 L·s-1·m-1, which is a
rich water yield, and no boreholes with extremely rich water
yields are found. To make the evaluation results of water
yield zoning more convenient for conducting mine water
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Figure 9: Water yield zoning map based on the IWYPI model weighted by the CWM.

Table 6: Classification thresholds of WI values by the FDAHP, EWM, and CWM.

Partition code Water yield zone WI value by the FDAHP WI value by the EWM WI value by the CWM

Zone I Poor 0.1549-0.2693 0.1131-0.2232 0.1357-0.2436

Zone II Medium 0.2694-0.3638 0.2233-0.2966 0.2437-0.3229

Zone III Rich 0.3639-0.4628 0.2967-0.3794 0.3230-0.4085

Zone IV Richer Greater than 0.4628 Greater than 0.3794 Greater than 0.4085

Table 7: Specified and revised classification standard for the water yield.

Specified level
Specified q
(L·s-1·m-1)

Partition code Revised level
Revised q
(L·s-1·m-1)

Q (m3·min-1)

Specified classification
standard

Weak q ≤ 0:1

Revised classification
standard

Zone I Poor q ≤ 0:1 Q < 0:2
Medium 0:1 < q ≤ 1:0 Zone II Medium 0:1 < q ≤ 1:0 0:2 ≤ q < 1:0

Rich 1:0 < q ≤ 5:0 Zone III Rich 1:0 < q ≤ 1:5 1:0 ≤ q < 2:0
Zone IV Richer q > 1:5 q ≥ 2:0

Extremely rich q > 5:0 — — — —
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prevention and control work in the Donghuantuo Coal Mine,
the rich water yields can be further subdivided, that is, the
rich water yield (1~5L·s-1·m-1) in the “Regulations” can be
further divided into rich (1~1.5 L·s-1·m-1) and richer
(1.5~2L·s-1·m-1) water yields, as shown in Table 7. The
revised classification standard of the water yield is suitable
for the Donghuantuo Coal Mine. In the actual coal mining
project of the Donghuantuo Coal Mine, the Q value is used
to classify the water yield by taking the maximum inflow of
each water inrush point in the Donghuantuo Mine in the last
10 years as the classification basis (Table 7).

Therefore, to verify the accuracy of the evaluation results
of the FDAHP, EWM, and CWM, the evaluation results are
compared with the actual engineering data, and a verification
test is carried out. A total of 16 engineering test samples were
collected, including 8 water inrush points and the q values of
8 boreholes in the Permian sandstone aquifer, and the evalu-
ation results were tested. The evaluation results of these three
methods and the actual results of 18 test samples are shown
in Table 8. The results show that the coincidence degrees of
the evaluation results of the FDAHP, EWM, and CWM with
the actual results are 75%, 81.25%, and 93.75%, respectively;
that is, the accuracy of the CWM is the highest.

6. Discussion

Through the verification of the evaluation results of the three
methods, the evaluation ability of the CWM is the best, and
its correctness percentage is as high as 93.75%, which is
18.75% and 12.5% higher than that of the FDAHP and
EWM, respectively. The results of the FDAHP, EWM, and
CWM are compared to determine the differences among
the three evaluation methods. There are differences in the

proportional area of each water yield grade evaluated by dif-
ferent methods (Figure 10).

According to the proportional area of each water yield
grade from small to large, the water yields evaluated by the
FDAHP and CWM are IV, III, I, and II, and the water yield
grades evaluated by the EWM are IV, III, II, and I. This shows
that the proportional area evaluated by the EWM for the
poor water yield is relatively large, while for rich and richer
water yields, which more easily cause water disasters in coal
seam roofs, the proportional areas calculated by the FDAHP,
EWM, and CWM are 24.19%, 33.95%, and 33.56%, respec-
tively; this indicates that the proportional areas evaluated
by the FDAHP for the rich and richer water yield areas are
relatively small. Two main reasons account for these differ-
ences: (1) the FDAHP focuses on the influence of hydraulic
properties of aquifers on the water yield and underestimates
the influence of fault development characteristics on the
water yield. For example, water inrush point Q99 is located
in the fault development area and is affected by normal
fault DF25 with a fault distance of 9m. The aquifer fissure
at this point is developed, with the water inflow reaching
1.8m3·min-1 and the aquifer having a rich water yield.
However, the FDAHP classifies it as a medium water yield,
which is inconsistent with the actual situation. (2) The
EWM overemphasizes the difference in fault development
characteristics in the study area but weakens the important
influence of the aquifer permeability coefficient and thickness
on the water yields. For example, the q value of the DG33
borehole is 1.22 L·s-1·m-1, and the sandstone aquifer where
it is located is 60m thick, with a permeability coefficient of
2.2m·d-1, which is a rich water yield. It is unreasonable to
characterize it as a medium water yield based on the EWM.
Thus, the CWM takes into account both the recommenda-
tions of the experts and the internal relations among various

Table 8: Validation between the evaluation results and actual results.

Type and no. of
verification case

Name
Measured q
(L·s-1·m-1)

Measured Q
(m3·min-1)

Actual Judgment
WYPI result

by the
FDAHP

WYPI result
by the EWM

IWYPI result
by the CWM

Hydrologic borehole

1 C35 0.086 — I II Disagree I Agree I Agree

2 DG39 0.110 — II III Disagree IV Disagree III Disagree

3 C42 0.143 — II II Agree II Agree II Agree

4 DG27 0.183 — II I Disagree II Agree II Agree

5 DG43 0.018 — I I Agree I Agree I Agree

6 C48 0.610 — II II Agree II Agree II Agree

7 DG33 1.222 — III III Agree II Disagree III Agree

8 DG31 1.806 — IV IV Agree IV Agree IV Agree

Water inrush point

9 Q99 — 1.80 III II Disagree III Agree III Agree

10 Q87 — 0.90 II II Agree III Disagree II Agree

11 Q97 — 2.00 IV IV Agree IV Agree IV Agree

12 Q15 — 1.02 III III Agree III Agree III Agree

13 Q22 — 1.00 III III Agree III Agree III Agree

14 Q39 — 4.57 IV IV Agree IV Agree IV Agree

15 Q52 — 4.00 IV IV Agree IV Agree IV Agree

16 Q27 — 3.19 IV IV Agree IV Agree IV Agree
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factors of the water yield; the CWM effectively reflects the
joint control of the aquifer lithology, hydraulic characteris-
tics, and fault factors on the water yield of the sandstone
aquifer of the no. 8 coal seam roof in the study area, making
the evaluation results more closely follow reality; moreover,
the CWM can analyse the water yield characteristics of the
coal seam roof more reasonably and accurately.

7. Conclusions

(1) Aquifers with rich and richer water yields provide the
material source for water disasters in coal seam roofs,
and they are also a prominent problem threatening
the safe production of coal seams. It is necessary but
challenging to evaluate the water yield of coal roof
aquifers. The IWYPI model of coal roof aquifers is
proposed and applied to evaluate the water yield of
the sandstone aquifer in the no. 8 coal seam roof in
the Donghuantuo Coal Mine. The factors that affect
the water yield are the permeability coefficient, con-
sumption of drilling fluid, core recovery, aquifer
thickness, brittle-plastic rock thickness ratio, fault
scale index, and fault point density. The IWYPI
model established by the CWM takes into account
the internal relations between the opinions of experts
and various factors influencing the water yield; this
model effectively reflects the common control of
aquifer lithology, hydraulic characteristics, and fault
factors on the aquifer water yield and overcomes
the problem that there are generally limited amounts
of water inflow data for boreholes in mines

(2) Engineering practice shows that the accuracy of the
IWYPI model based on the CWM is as high as
93.75%, which is 18.75% and 12.5% higher than that
of the WYPI model based on the FDAHP and EWM,
respectively. The evaluation results show that the

zones with rich and richer water yields are mainly
distributed in the southern and middle regions, the
zones with medium water yields are mainly distrib-
uted in the northern and middle regions, and the
zones with poor water yields are mainly distributed
in the northeast, central, and western regions. The
IWYPI model provides favourable technical support
for the prevention and control of water disasters in
coal seam roofs and has important practical signifi-
cance for ensuring safe coal mine production.
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