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Abstract

Existing aquifer water abundance evaluation methods employ fixed and constant index weights and overlook variations within
major influencing factors as well as interactions among multiple factors. We propose a water abundance index method based
on a variable weight model that considers various water abundance influencing factors and their respective weights, and
quantitatively determines the weights of the same factor across different state values. This paper establishes a comprehensive
system of four categories and 16 subcategories of main influencing factors that describe the distribution pattern of water
abundance, considering lithological characters, hydraulic characteristics, structural factors, and geophysical parameters that
influence aquifer water abundance. The variable weight model is used along with the K-means clustering method in dynamic
clustering to determine the variable weight interval thresholds for each index of the main influencing factor. Additionally, we
investigated the construction of the state variable weight vector, determination of weight adjustment parameters, quantita-
tive assessment of the interaction relationship, and relative importance of each main influencing factor in relation to aquifer
water abundance. Finally, an evaluation method and mathematical model for the water abundance index based on the variable
weight model are developed. This study provides a detailed description of the specific implementation steps of the water
abundance index method based on the variable weight model, using the direct water-filled J 2z—#2 coal seam roof fissured
aquifer in the Xiaojihan coal mine as a case study. The evaluation results were then verified using drainage data from the
working face. The findings indicate that a comparison with the traditional constant weight evaluation results demonstrates that
the variable weight model better reflects the characteristics of aquifer heterogeneity and achieves higher prediction accuracy.

Keywords Analytic hierarchy process - The constant weight model - The variable weight model - Multisource information
fusion - Mining - China

Introduction found above the coal seam roof (Mei et al. 2023; Zeng et al.

2022). The mining of coal seams leads to the fracturing of
Coal plays a crucial role as a primary energy source in China  the overburden rock, which in turn results in the occurrence
(Mu et al. 2022). In most mining areas in China, sandstone of roof water inrush disasters—a significant water-related
pore fissured aquifer s or loose pore aquifers are commonly  hazard encountered during mining operations (Gui and Lin
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2016). Coal seam roof water hazard occurs when mining-
induced cracking intersects with a water-filled aquifer in
an area characterized by high water abundance (Zeng et al.
2017). In other words, the aquifer serves as the material
base for water inrush from the coal seam roof, and the water
abundance within the aquifer directly influences the volume
and duration of water inrush. The assessment of aquifer
water abundance primarily involves geophysical explora-
tion methods, and comprehensive prediction models that
consider relevant factors through mathematical analysis (Li
2010; Qu et al. 2023; Wang 2011). Nevertheless, regardless
of the type of geophysical exploration method employed,
the assessment of aquifer water abundance can only provide
qualitative evaluations of its relative strength. Therefore, uti-
lizing comprehensive exploration data gathered during min-
ing operations, including exploration activities, construction,
and production processes for conducting near-quantitative
or quantitative prediction research on the water abundance
within the aquifer above the coal seam roof, holds immense
importance in guiding efforts towards preventing and con-
trolling coal mine roof water hazard in China.

Wu et al. (2014, 2015a, b, c) developed a comprehen-
sive evaluation index system and weight determination
method for assessing the water abundance of water-filled
aquifers, which is known as the “water abundance index
method.” Subsequently, various comprehensive analysis
methods for hydrogeologic factors have been derived and
have gained widespread promotion and application in min-
ing areas across China (Li et al. 2022b; Mei et al. 2023; Wu
et al. 2015b; Zeng et al. 2017). Currently, various methods,
including analytic hierarchy process (AHP), Bayes discri-
minant model, fuzzy analytic hierarchy process, and fuzzy
clustering synthesis, are used to determine the weights of the
evaluation indices (Han et al. 2012; He et al. 2019; Hou et al.
2019; Pang et al. 2022). Additional evaluation indicators,
such as the degree of weathering, lithology combination
index, sand-mud ratio, sand-mud interaction layer, lithol-
ogy coefficient, and fractal dimension, have also been iden-
tified to replace the geologic structural factor index (Xiao
et al. 2018; Xue 2020; Zhang et al. 2019). These methods
have significantly contributed to the quantitative prediction
and evaluation of the water abundance in water-filled aqui-
fers above the coal seam roof, as well as the assessment of
the risk of roof water hazard. However, the current evalu-
ation index fusion follows a constant weight model where
weights assigned to the main influencing factors remain
unchanged throughout the evaluation process. This means
that these weights do not adapt to changes in factor values.
While traditional methods can describe the relative impor-
tance of the different indicators, they overlook variations
within individual factors as well as interactions among mul-
tiple factors. This paper proposes a water abundance index
method that utilizes a variable weight model. By examining

the direct water-filled aquifers in the 11th and 13th panels
of the Xiaojihan coal mine, we have demonstrated that the
method can consider various water abundance influencing
factors and their respective weights, while also quantitatively
determining the weights of the same factor across different
state values. The evaluation results are shown to be more
accurate than the traditional constant weight model.

Study Area Conditions

Located in the inland northwest of China, the Xiaojihan
coal mine is situated in Yulin City, Shaanxi Province. Most
of the mine surface is covered by Quaternary sediments,
with intermittent exposures of the Lower Cretaceous Luohe
(K1) and Lower Jurassic Anding Formations (J,a). From
oldest to youngest, the strata comprise the Middle Jurassic
Yan'an (J,y), Zhiluo (J,z), Anding (J,a), the Lower Creta-
ceous Luohe (K1), the Middle Pleistocene Lishi (Q,l), and
the Upper Pleistocene Salawusu (Qss) Formations, along
with the Holocene alluvial-diluvial (Q,* * '), and aeolian
sand (Qf"l) layers. The coal-bearing strata consist of the
Middle Jurassic Yan’an Formation (J,y), with the primary
coal seam being the *2 coal. The mining operations encom-
pass the 11th and 13th panels (Fig. 1). The Xiaojihan Mine
exhibits a monocline structure trending northeast and north-
west, characterized by an average dip angle of less than 1°.
During exploration, well construction, and production pro-
cesses, no significant fold structures or faults with a drop
greater than 20 m were observed, and there were no indica-
tions of magmatic rock activity. The geologic structure was
found to be relatively simple. The aquifer above the *2 coal
seam in the Xiaojihan Mine can be classified into several
categories: the J,z—"2 coal seam roof fissured aquifer, the
J,a fissured aquifer, the K1 pore-fissured aquifer, and the
Quaternary pore aquifer. The aquiclude primarily consists
of Q,1 loess, underlain by mudstone and siltstone in the bed-
rock. Based on the exploration data, the primary water-filled
aquifer for mining the 2 coal seam is the J 22—#2 coal seam
roof fissured aquifer. The specific capacity ranges from 0.01
to 0.037 L/s-m, and the hydraulic conductivity ranges from
0.0208 to 0.1318 m/d. However, the aquifer exhibits low
water abundance.

Materials and Methods
Water Abundance Index Method
Determine the Impact Indicators

Aquifer water abundance refers to the capacity of rock strata
to provide water, which is primarily determined by aquifer
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Fig. 1 Location of the study area

recharge, storage capacity, and water conductivity. The clas-
sification of aquifer water abundance is provided by the 'Coal
Mine Water Control Rule’s based on the specific capacity of
boreholes. Though this method is concise, it only provides a
point evaluation (National Coal Mine Safety Administration
2018). By systematically analyzing the lithological charac-
ters, hydraulic characteristics, geologic structural factors,
and geophysical parameters of the aquifer (Li et al. 2022a,
2022b; Wu et al. 2015a), an index system for evaluating the
water abundance of the aquifer was developed. This sys-
tem consists of four categories and sixteen sub-categories,
including the aquifer thickness, ratio of brittle and plastic
rock, core recovery rate, specific capacity, hydraulic conduc-
tivity, flushing fluid consumption, spring flow, groundwater
runoff modulus, geologic structure (faults, collapse columns,
and folds, etc.), integrity coefficient, resistivity, apparent
polarizability, half-life, attenuation, and more, as depicted
in Fig. 2. Due to limitations in data type and accuracy within
the study area, five indicators were selected for the analysis
of water abundance zoning, namely the aquifer thickness,
ratio of brittle and plastic rock, core recovery rate, specific
capacity, and hydraulic conductivity.

Standardization of Index Values and Making Them
Dimensionless

To address the disparity in units and measurements of
the main influencing factor index values in the model, it
is necessary to standardize these values and make them
dimensionless using the range standardization method. In
this method, incentive indices (which means the higher
the index values, the greater the water abundance) use the
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maximum value method (Eq. 1), while punitive indices
utilize the minimum value method (Eq. 2; Zeng 2018).

_ Vi~ Ymin
V= —— (1)
Ymax ~ Ymin
Yi — Ymax ~ Vi (2)

Ymax ~ Ymin

where Y is the index value of the influencing factors after
being made dimensionless at point i; y; is the quantitative
index value of the influencing factors at point i; y,,,,, is the
maximum quantitative index value of influencing factors in
the study area; and y,,;, is the minimum quantitative index
value of the influencing factors in the study area.
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Water Abundance Evaluation of Aquifers

Utilizing GIS’s spatial information processing and analy-
sis capabilities, the primary factors influencing the water
abundance of aquifers and their respective weights are
coupled. Building on information fusion, an aquifer water
abundance evaluation model is developed (Eq. 3), intro-
ducing the initial water abundance index (WI) to assess
the aquifer water abundance. Subsequent to establishing
the initial water abundance index model, information pro-
cessing and analysis of each thematic map is conducted,
employing a frequency histogram to statistically analyze
the water abundance index values for each block. By con-
ducting additional fitting analysis and inverse identifica-
tion of known points, the threshold for water abundance
evaluation zoning is ultimately determined. Subsequently,
the aquifer is divided into water abundance evaluation
zones based on this threshold, resulting in the generation
of an aquifer water abundance evaluation zoning map.

WI = Z W, o fi(x,y) 3)
i=1

where WI is the water abundance index; W, is the weight
of influencing factors; f; is a single factor influence value
function; x and y are geographical coordinates; and n is the
number of influencing factors.

Analytic Hierarchy Process (AHP)

The AHP is a decision-making method that breaks down
the elements associated with decision-making into hierar-
chical levels, including target level, sub-criteria level, and
decision-making level. It then performs qualitative and
quantitative analysis based on this structure. The specific
calculation steps of AHP are as follows: (1) establish a
hierarchical structure model; (2) form a judgment matrix
based on pairwise comparisons using the nine importance
levels and assignments provided by Saaty (Saaty 1990).
The scale of the judgment matrix is represented in Eq. 4.
(3) Perform hierarchical single ranking and conduct a con-
sistency test. The calculation formulas for the consistency
index (CI), random consistency index (RI), and consist-
ency ratio (CR) are presented in Eq. 5.

1
a;= - “)

where o is the judgment matrix element and the scaling

method is shown in Table 1.

Table 1 Proportion scale table

Ratio of factor i to factor j Quantized value

Equally important
Slightly important
Relatively strongly important

1
3
5
Strongly important 7
Extremely important 9

2

The intermediate value of two adjacent judgments ,4,6,8

cr=A=m
m—1
Cl,+ CL + -+ CI,,
RI =

m ®

CR = a
RI

where CI is the consistency index, A is the maximum eigen-
value of the judgment matrix; m is the order of the judgment
matrix; RI is a random consistency index; and CR is the
consistency ratio. If CR <0.1, the judgment matrix passes
the consistency test; otherwise, it does not have satisfactory
consistency.

The AHP method is used to determine the weights of
the influencing factors, and the water abundance index is
computed using Eq. 6.

WI = Z Wanpi < fi(%, y) Q)

i=1

where W, p; 1s the constant weight determined by the AHP
method after satisfying the consistency test.

Variable Weight Theory

The concept of variable weight emphasizes the continuous
modification and adjustment of weight values based on the spa-
tial positions and temporal durations of the specific decision-
making process, accounting for potential significant changes
(Wang 1985). The variable weight model addresses the flawed
notion of fixed weights for each factor in the constant weight
model. It mitigates the impact of a single factor being nullified
by other factors during mutations, resulting in more realistic
evaluation outcomes (Li and Hao 2009; Wang et al. 2014; Yu
et al. 2022). The specific approach for determining the variable
weights of the index follows.

Constructing the State Variable Weight Vector

The precise construction of the state variable weight vector
is crucial for ensuring the reliability of the prediction results.
Based on an analysis of the variable weight evaluation char-
acteristics of the water abundance in the direct water-filled
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aquifer of J 2z—#Z coal seam roof fissure, this study introduces
two approaches, namely 'incentive' and ‘punishment’, to
effectively promote or impede the main influencing factors
of the roof aquifer water abundance. This approach accu-
rately captures the effect of sudden changes in the index val-
ues of each main influencing factor on the evaluation results,
while ensuring that the intensity of ‘incentive’ outweighs
that of ‘punishment’. Building on the aforementioned analy-
sis, this paper establishes the mathematical formula for the
state variable weight vector of the aquifer water abundance
for the same factor (Eq. 7). The corresponding curve of the
state variable weight vector for the same factor is depicted
in Fig. 3.

G 4o xe [0, djl)

¢.x € [d;.dp)

e e~ 1,x € [dy,dy)

e dn) 4 emp=dn) L o) x e d;3. 1)

Wi(x) )

where c, a;, o, and a are the weight adjustment parameters
and djl, djz, and dj3 are the jth factor variable weight interval
thresholds.

The variable weight interval threshold d;;, dj,, dj3 divides
the state value of the same factor into four intervals: [O,djl)
belongs to the punishment interval; [d;;,d;,) belong to the
invariant interval; [dj,d;3) belongs to the initial incentive

interval; and [dj;,1] belongs to the strong incentive interval.

Determining the Variable Weight Interval of the Main
Influencing Factors

The data of each main influencing factor is classified
using the K-means clustering method. The classification
category is determined as four categories based on the
requirements of the state variable weight vector. Accord-
ing to the classification results, the critical classification
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Fig.3 Graph of state variable weight vector
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values of each main influencing factor index value ( fj;,
sz, fj3, fj4, fjs, fj6) are determined, and the variable weight
interval threshold of each factor is calculated by Eq. 8.

(i1 +1i2)

="
L, - N

djS = (f}S -;f}é)

where d; is the variable weight interval threshold of jth
factor; fJ is the classification critical value of the index value
of the jth factor in the clustering classification.

Solving Model Parameters

The parameters of the variable weight model have control
and adjustment effects on the variable weight effect. Due
to the limited research on determining the model parame-
ters at present, this paper proposes a method to determine
the weight adjustment parameters in the variable weight
evaluation model for aquifer water abundance, aiming to
achieve the desired weight adjustment effect. The follow-
ing steps are followed: using five main influencing fac-
tors as an example, first determine the constant weight
for each factor (Wlo, WZO,..., w50); next, select a specific
evaluation unit and assign factor index values X, X, X3,
and x, to different variable weight intervals, while x5 is
assigned to the punishment interval. Finally, determine
the ideal variable weight weights (w,, w,,..., wWs) for the
main influencing factors of the evaluation unit, along with
the parameters a,, a,, a3, and c. The solution formula is
as follows:

a = In 5 c+1
dyy —x wow,
[ 0 0
1 W3W2 W2W3
a, = In —c+l
Xy —dy WoWwsy
[ 0 0 9
013 = ln 0
Xy —dys wow,
dy3—day
w3 wg - szg B3
+2 — — ¢+ 1
wowy
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0_,0 0
P Wy = wy(Wy + Wy + Wy +wy) — wows
=
wzwg
2= 4§
y wow! (10)
ke = ds; — x5
=
dyp =X
kjc = (ke + D5 =1

X|, Xp, X3,... X, are factor index values; d,,, d3, dy;, dyy,
dys,... dyy, dpp, d 5 are variable weight interval thresholds; w(l)
+ wi. wl...w0 are constant weight values of the factor; and
Wi Wys Wias ...w, are variable weight values of factors.
Determine the Variable Weight

The partition variable weight model is employed to deter-
mine the variable weight of each main influencing factor.
This is achieved by constructing the state variable weight
vector, dividing and establishing the weight adjustment
interval and threshold, as well as solving for the weight
adjustment parameters. The mathematical expression for
this model can be seen in Eq. 11.

W) & WoS) 4| WISi0  W)S,(X) WS
fiwfsj(x) iwfsj(X) f}lwfsj(X) fi w)S;(X)

J= Jj= j= j=
1)

where S(X) is m dimensional partition state variable weight
vector; W, = (w?, wg, w?n) is any constant weight vector;
and W(X) is m dimensional partition variable weight vector.

Using Eq. 12 to calculate the water abundance index

based on the variable weight model:
u m wOsx)
WI =) Wowmiefix,y) =) ————
=1 =1 ZIWJ(O)SJ(X)
]:

o fi(x, ) (12)

where wyy,,; 1s variable weight vector of influencing factors;
w(©is any constant weight vector; and S;(X) is m-dimensional
partition state variable weight vector.

Data

By mining and analyzing the geologic and hydrogeologic
data of the Xiaojihan Mine throughout its exploration, well
construction, and production phases, 103 valid boreholes
records have been obtained for 11th and 13th panels. The
evaluation criteria for the water abundance of the J,z—*2
coal seam roof fissured aquifer have been determined.

These criteria include the aquifer thickness, ratio of brittle
and plastic rock, core recovery rate, specific capacity, and
hydraulic conductivity. The data associated with these cri-
teria were derived from 103 boreholes, 103 boreholes, 103
boreholes, 7 boreholes, and 7 boreholes, respectively.

Results and Discussion
Thematic Maps
Aquifer Thickness

In certain conditions, a thicker aquifer indicates a stronger
water abundance. The J,z—*2 coal seam roof fissured aqui-
fer in the 11th and 13th panels consists of fine sandstone,
medium sandstone, and coarse sandstone layers. The com-
bined thickness, from the J,z to the top of the #2 coal seam in
the borehole, is considered the total thickness of the aquifer.
The total thickness of the J,z—*2 coal seam roof fissured
aquifer ranges from 20.85 m to 155.29 m, with an average
thickness of 69.32 m, exhibiting a general trend of thinning
from west to east (Fig. 4).

The Ratio of Brittle and Plastic Rock

Mudstone generally exhibits water-blocking properties.
The thickness of fine, medium, and coarse sandstone from
the J,z to the top of the *2 coal seam represents the brittle
rock thickness, while the mudstone thickness represents
the plastic rock thickness. A higher proportion of brittle
and plastic rocks indicates a greater water abundance of
the aquifer. The thickness ratio of brittle and plastic rock
from the J,z to the top of the *2 coal seam in the 11th and

0 3,500 m
I

Aquifer thickness (m)

B 20.85-48.79
[ ] 48.79-65.14

[ |e6s.14-81.48

Fig. 4 Thematic maps of aquifer thickness
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13th panels ranges from O to 18.44, with an average of
3.14 m. The mudstone strata in the western and northeast-
ern regions are thin or absent, leading to a higher thickness
ratio of brittle and plastic rock (Fig. 5).

The Core Recovery Rate

The core recovery rate is the ratio of the core length to
the footage during boreholes and is an indication of the
rock mass integrity. Typically, a lower core recovery rate
indicates a more fragmented rock mass and greater water
abundance. The core recovery rate of boreholes in the 11th
and 13th panels was generally high, ranging from 60.99
to 97.05% with an average of 80.91%. Based on the map
of the core recovery rate (Fig. 6), the western and south-
eastern part of the region had a low core recovery rate,
indicating a relatively fragmented rock.

The Specific Capacity

The borehole specific capacity refers to the volume of
water discharged during a pumping test when the well
water level decreases by one meter. It is an important
parameter for assessing the water abundance of an aqui-
fer. Generally, a higher specific capacity indicates greater
water abundance within the aquifer. The specific capacity
from the J,z to the top of the *2 coal seam in the 11th and
13th panels ranges from 0.012 L/(s-m) to 0.044 L/(s-m),
averaging 0.034 L/(s-m). Based on the map of borehole
specific capacity, there is a general decrease from east to
west (Fig. 7).

3,500 m

Ratio of brittle
and plastic rock

B o-2.100
[ 1210-39
[ ]390-636

B 060 - 1844

Fig.5 Thematic map of ratio of brittle and plastic rock
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Fig.6 Thematic map of core recovery ratio

The Hydraulic Conductivity

The hydraulic conductivity serves as a widely used param-
eter for assessing the permeability of rock strata. Generally,
a higher hydraulic conductivity indicates greater water abun-
dance. The hydraulic conductivity from the J,z to the top of
the *2 coal seam in the 11th and 13th panels ranging from
0.0014 m/d to 0.0651 m/d with an average of 0.0266 m/d.
Based on the map of the hydraulic conductivity (Fig. 8),
distinct boundaries can be observed. The hydraulic conduc-
tivity in the northeast is larger, the boundary is the most
prominent, and the hydraulic conductivity in the southeast
is relatively small.

The data of the five evaluation indexes are standardized
and made dimensionless using either the maximum or the

N

3,500 m

L |
Specific capacity
(L/(s*m))

13th panel

] 0.030-0.035
B 0.035 - 0.044

Fig.7 Thematic maps of specific capacity
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N
3,500 m
L 1

Hydraulic conductivity
(m/d)

B 0.0014-0.0174
[ ] 0.0174-0.0289
[ ] 0.0289-0.0394
] 0.0394-0.0493
B 0.0493 - 0.0651

Fig.8 Thematic maps of hydraulic conductivity

13th panel

Table 2 Weights of the main influencing factors

The main The The core  Theratio The The
influ- aquifer recovery of brittle  borehole hydraulic
encing thickness rate and plas- specific  conduc-
factors tic rock capacity  tivity
Weight  0.2702 0.0801 0.0801 0.3418 0.2279

minimum value method. ArcGIS software is employed to
establish thematic layers for each evaluation index, which
form the foundation for multisource information fusion.

Water Abundance Evaluation Based on Constant
Weight

The AHP method is employed to determine the constant
weights of the five main influencing factors (Table 2). The
consistency test demonstrated a CI value below 0.1. The

Fig. 9 Water-abundance zoning
map of the J,z—*2 coal seam
roof fissure aquifer: a constant
weight model, b variable weight
model

water abundance index, based on the constant weights, is
calculated using Eq. 6. ArcGIS is used to draw the water
abundance zoning map of the J,z — *2 coal seam roof fis-
sured aquifer. The water abundance index data is classi-
fied into five levels using the Jenks natural breaks method
(Zeng et al. 2017). Figure 9a illustrates the results. Strong
water abundance areas are primarily concentrated in the
central, eastern, and southwestern parts of the study area,
while weak water abundance areas are concentrated in the
southern region. It is important to note that the relative
water abundance reflects the relative strength of water
abundance in the study area, rather than its absolute
degree.

Water abundance Evaluation Based on Variable
Weight

The AHP is initially employed to calculate the constant
weights for each main influencing factor. Based on the
determined constant weights, the K-means clustering
method is applied to divide the weight adjustment interval,
calculate the interval threshold, and determine the variable
weight interval for each main influencing factor (Table 3).
The evaluation unit that satisfies the constraints is selected
to construct the ideal variable weight, and the correspond-
ing parameter values of the variable weight model are cal-
culated (Table 4). Finally, the variable weight combination
of evaluation indexes at different coordinate points in the
study area is calculated using MATLAB software, and
selected weight values are presented in Table 5.

The variable weight model calculates the weight com-
bination, which is then used to calculate the water abun-
dance index based on Eq. (12). Subsequently, all water
abundance index data are classified into five levels using
the Natural Jenks method (Fig. 9b).

N

0 2,000 m
L 1

° Point set A
° Point set B

° Point set C

- Weak

- Relatively weak
I:I Medium

- Relatively strong
- Strong
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Table 3 Variable weight interval of the main influencing factors

The main influencing factors

The property of variable weight interval

The punishment interval The invariant interval The initial incentive interval The strong
incentive
interval

The aquifer thickness 0<x<0.2151 0.2151 <x<0.4266 0.4266 <x<0.7236 0.7236<x<1
The ratio of brittle and plastic rock 0<x<0.1522 0.1522 <x<0.4450 0.4450<x<0.8316 0.8316<x<1
The core recovery rate 0<x<0.3006 0.3006 <x <0.4894 0.4894 <x<0.7032 0.7032<x<1
The specific capacity 0<x<0.0833 0.0833<x<0.3333 0.3333<x<0.7576 0.7576 <x<1
The hydraulic conductivity 0<x<0.1806 0.1806 <x<0.5056 0.5056 <x <0.8462 0.8462<x<1
Table4 Variable weight model Variable weight parameter  k; k, ks, c a, a, ay
parameter values : :
Parameter value —-0.0596 —0.2998 3.6758 0.0553 —0.2426 0.0105 —1.9524

Comparative Verification

The water abundance zoning map based on constant weight
and variable weight is verified using the collected water
exploration and drainage data. The analysis reveals that 10
boreholes (point set A) with drainage volumes ranging from
0.93 to 1.9 m>/h are situated in the medium water abun-
dance area, while seven boreholes (point set B) with drain-
age volumes ranging from 0.39 to 0.88 m*/h are located in
the relatively weak water abundance area. Additionally, one
borehole (point set C) with a drainage volume of 0.25 m*/h
is found in the weak water abundance area (Fig. 9b). These
findings align with the results of water abundance zoning
based on variable weight, demonstrating a 100% degree
of agreement. Out of the collected water exploration and
drainage data, three borehole (point set A) drainage records
did not align with the water abundance zoning results based
on constant weight, resulting in an 83% coincidence rate
(Fig. 9a). This indicates that the water abundance zoning
results based on the variable weight model are more accurate
and better reflect the aquifer’s actual water abundance.

The evaluation results of the J,z—"2 coal seam roof fis-
sured aquifer were compared using both the traditional con-
stant weight model and the variable weight model. Overall,
the evaluation results exhibit a consistent trend, but varia-
tions exist in specific local areas (areas A, B, C, and D on the
zoning map). For instance, in area A, the water abundance of
the J,z—*2 coal seam roof fissured aquifer transitions from a
relatively strong water-abundance area in the constant weight
model to a medium water-abundance area in the variable
weight model. This difference can be attributed to the low
specific capacity of the borehole in the aquifer and the low
ratio of brittle and plastic rock in this area. Consequently,
compared to other significant influencing factors, these two
factors exert a stronger influence on the water abundance of
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the region. Strengthening their weight effectively empha-
sizes their control in evaluating water abundance, resulting
in more realistic evaluation results.

Figure 9b illustrates a clear pattern of decreasing water
abundance in the J,z—*2 coal seam roof fissured aquifer at
the Xiaojihan coal mine, both from east to west and from
north to south. The distribution of water-abundant areas in
the aquifer is uneven. The strong and relatively strong water
abundant areas are primarily concentrated in the eastern part
of the 11th panel, with scattered occurrences in the 13th
panel. The medium water abundant areas are found in the
central regions of the 13th and 11th panel, while the remain-
ing areas exhibit weak and relatively weak water abundance.
As the sole aquifer directly supplying water to the *2 coal
seam in the Xiaojihan Mine, the water abundance of the
J,2-"2 coal seam roof fissured aquifer serves as a direct indi-
cator of the water-related risks in the *2 coal mining. Con-
sequently, we recommend intensifying groundwater-level
monitoring and closely monitoring water inflow in working
faces located in water abundant and highly water abundant
regions to prevent water-related accidents. In addition, prior
to commencing mining operations in water abundant and
highly water abundant regions, it is essential to implement
advanced drainage measures to proactively reduce water
inflow.

Conclusion

We propose a method for calculating the aquifer water
abundance index using a variable weight model. By sys-
tematically analyzing the lithological characters, hydraulic
characteristics, geologic structural factors, and geophysical
parameters of the aquifer, we constructed a comprehensive
system of four major categories and 16 sub-categories of
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Table 5 Partial variable weight values of the main influencing factors

The aquifer Weight  The ratio of brittle Weight  The core Weight  The specific Weight  The hydraulic Weight
thickness (m) and plastic rock recovery rate capacity L/(s-m) conductivity (m/d)

0.1914 0.2487  0.2208 0.2382  0.3199 03573 0.2881 0.0785  0.0671 0.0772
0.1921 0.2487  0.2206 0.2382  0.3208 03573  0.2898 0.0785  0.0671 0.0772
0.1928 0.2488  0.2204 0.2382  0.3216 03573  0.2915 0.0786  0.0671 0.0772
0.1935 0.2488  0.2202 02382  0.3224 03572 0.2933 0.0786  0.0670 0.0772
0.1942 0.2488  0.2199 02382  0.3232 03572 0.2951 0.0786  0.0670 0.0772
0.1950 0.2488  0.2197 02382  0.3241 03572 0.2969 0.0786  0.0671 0.0772
0.1957 0.2489  0.2195 0.2381  0.3249 0.3571  0.2987 0.0787  0.0671 0.0772
0.1965 0.2489  0.2193 0.2381  0.3257 0.3571  0.3005 0.0787  0.0671 0.0772
0.1973 0.2489  0.2191 0.2381  0.3266 03571  0.3024 0.0787  0.0671 0.0772
0.1981 0.2490  0.2189 0.2381  0.3274 0.3571  0.3043 0.0787  0.0671 0.0772
0.1989 0.2490  0.2187 0.2381  0.3282 03571  0.3062 0.0787  0.0671 0.0772
0.1997 0.2490  0.2185 0.2381  0.3291 03571  0.3081 0.0787  0.0671 0.0772
0.2006 0.2491  0.2183 0.2381  0.3299 0.3570  0.3101 0.0787  0.0671 0.0772
0.2015 0.2491  0.2181 0.2380  0.3308 03570  0.3121 0.0787  0.0672 0.0772
0.2023 0.2491  0.2179 0.2380  0.3317 0.3570  0.3140 0.0787  0.0672 0.0771
0.2032 02492  0.2177 02380  0.3325 0.3570  0.3161 0.0787  0.0672 0.0771
0.2041 02492 02175 0.2380  0.3334 0.3570  0.3181 0.0787  0.0672 0.0771
0.2051 02493  0.2173 0.2380  0.3343 0.3569  0.3201 0.0787  0.0673 0.0771
0.2060 02493  0.2171 0.2380  0.3351 03569  0.3222 0.0787  0.0673 0.0771
0.2070 0.2493  0.2169 0.2380  0.3360 0.3569  0.3243 0.0787  0.0673 0.0771
0.2079 0.2494  0.2167 0.2380  0.3369 0.3569  0.3264 0.0787  0.0674 0.0771
0.2089 0.2494  0.2166 0.2380  0.3378 0.3568  0.3285 0.0787  0.0674 0.0771
0.2099 0.2495  0.2164 0.2380  0.3387 0.3568  0.3307 0.0786  0.0675 0.0771
0.2110 0.2495  0.2162 0.2379  0.3396 0.3568  0.3328 0.0786  0.0675 0.0771
0.2120 0.2496  0.2160 0.2379  0.3404 0.3567  0.3350 0.0786  0.0676 0.0771
0.2131 0.2496  0.2159 02379  0.3413 0.3567  0.3372 0.0786  0.0677 0.0771
0.2142 0.2497  0.2157 0.2379  0.3422 0.3567  0.3395 0.0786  0.0677 0.0771
0.2153 0.2497  0.2155 0.2379  0.3432 0.3566  0.3417 0.0786  0.0678 0.0771
0.2164 0.2497  0.2154 0.2379  0.3441 0.3566  0.3439 0.0786  0.0679 0.0771
0.2175 0.2497  0.2152 0.2379  0.3450 0.3566  0.3462 0.0786  0.0679 0.0771
0.2186 0.2497  0.2151 0.2379  0.3459 0.3566  0.3485 0.0786  0.0680 0.0771
0.2198 0.2497  0.2149 0.2379  0.3468 0.3566  0.3508 0.0786  0.0681 0.0771
0.2210 0.2497  0.2148 02379  0.3477 0.3566  0.3531 0.0786  0.0682 0.0771
0.2222 0.2497  0.2146 0.2379  0.3487 0.3566  0.3555 0.0786  0.0683 0.0771
0.2234 0.2497  0.2145 0.2379  0.3496 0.3566  0.3578 0.0786  0.0684 0.0771
0.2247 02497  0.2143 0.2379  0.3505 0.3566  0.3602 0.0786  0.0685 0.0771
0.2259 02497  0.2142 0.2379  0.3514 0.3566  0.3626 0.0786  0.0686 0.0771
0.2272 0.2497  0.2141 0.2379  0.3524 0.3565  0.3649 0.0786  0.0687 0.0771
0.2285 0.2498  0.2139 0.2379  0.3533 0.3565  0.3674 0.0786  0.0689 0.0771
0.2298 0.2498  0.2138 0.2379  0.3543 0.3565  0.3698 0.0786  0.0690 0.0771
0.2312 0.2498  0.2137 0.2379  0.3552 03565  0.3722 0.0786  0.0691 0.0772
0.2325 0.2498  0.2136 0.2379  0.3562 03565  0.3746 0.0786  0.0693 0.0772
0.2339 0.2498  0.2135 0.2379  0.3571 03565  0.3771 0.0786  0.0694 0.0772
0.2353 0.2498  0.2134 0.2379  0.3581 03565  0.3795 0.0786  0.0696 0.0772
0.2367 0.2498  0.2133 0.2379  0.3591 0.3565  0.3820 0.0786  0.0697 0.0772
0.2381 0.2498  0.2132 0.2379  0.3600 0.3565  0.3845 0.0786  0.0699 0.0772
0.2396 0.2498  0.2131 0.2380  0.3610 0.3565  0.3870 0.0786  0.0700 0.0772
0.2410 0.2498  0.2130 0.2380  0.3620 0.3564  0.3895 0.0787  0.0702 0.0772
0.2425 0.2498  0.2129 0.2380  0.3630 0.3564  0.3920 0.0787  0.0704 0.0772
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Table 5 (continued)

The aquifer Weight  The ratio of brittle Weight  The core Weight  The specific Weight  The hydraulic Weight
thickness (m) and plastic rock recovery rate capacity L/(s-m) conductivity (m/d)

0.2440 0.2498  0.2128 0.2380  0.3639 0.3564  0.3945 0.0787  0.0706 0.0772
0.2455 0.2498  0.2127 0.2380  0.3649 0.3564  0.3970 0.0787  0.0708 0.0772
0.2470 0.2498  0.2127 0.2380  0.3659 0.3564  0.3995 0.0787  0.0710 0.0772
0.2486 0.2498  0.2126 0.2380  0.3669 0.3564  0.4020 0.0787  0.0712 0.0772
0.2501 0.2498  0.2125 0.2380  0.3679 0.3564  0.4045 0.0787  0.0714 0.0772
0.2517 0.2498  0.2125 0.2380  0.3689 0.3564  0.4070 0.0787  0.0716 0.0772
0.2533 0.2498  0.2124 0.2380  0.3699 0.3564  0.4095 0.0787  0.0719 0.0772
0.2549 0.2498  0.2124 0.2380  0.3709 0.3563  0.4121 0.0787  0.0721 0.0772
0.2565 0.2498  0.2123 0.2380  0.3719 0.3563  0.4146 0.0787  0.0724 0.0772
0.2581 0.2498  0.2123 0.2380  0.3729 03563  0.4171 0.0787  0.0726 0.0772

primary influencing factors that describe the distribution pat-
tern of water abundance areas in the aquifer. We introduced
standardization and dimensionless processing methods for
the main influencing factor index values, which provide a
foundation for researching a multisource information fusion
model. We outlined the steps for determining the variable
weights of the primary influencing factors in different states
and constructed the water abundance index model based on
the variable weight theory.

The enhanced water abundance index method further
improves the evaluation results for water abundance. The
variable weight model is used to optimize the weights by
considering the state values and combined values of various
parameters at different locations within the study area. The
variable weight model addresses the limitations of applying
the same weight across the entire study area. The enhanced
model exhibits higher dispersity and yields more reason-
able and accurate results, highlighting the impact of weight
variations for each parameter on the evaluation of water
abundance.

By applying this new method in the Xiaojihan coal mine,
we discovered a decreasing trend in the water abundance
intensity of the direct water-filled J,z—*2 coal seam roof
fissured aquifer, moving from east to west and from north
to south. The areas with strong and relatively strong water
abundance are primarily concentrated in the eastern part
of the 11th panel, with sporadic distribution also observed
in the 13th panel. We recommend enhanced monitoring of
groundwater levels and water inflow in the working face to
prevent water-related accidents when mining these areas.
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