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Abstract

This paper presents a water inrush comprehensive evaluation model based on cloud model. The qualitative and quantitative
transformation of water inrush evaluation indices are realized by cloud generator, applied in the water inrush risk evaluation
of lead zinc ore body mining in karst aquifer. 9 factors were selected to construct the water inrush evaluation index system.
The risks of water inrush were classified to five levels: risk level I, risk level 11, risk level 111, risk level IV and risk level V,
respectively. The improved analytic hierarchy process (IAHP) and the criteria importance though intercriteria correlation
(CRITIC) were adopted to determine the subjective and objective weights of the evaluation indicators, respectively. The
concept of Kullback information was applied to determine the combination weight of evaluation indices. Then, the compre-
hensive certainty of the water inrush risk level was determined, combining the index weight and the corresponding cloud
eigenvalue. In addition, combined with the water inrush risk level of the samples, the water inrush risk zoning of the study
area was realized with geographic information system (GIS). This model was applied to the Maoping lead zinc mine in south-
western China to evaluate the risk of water inrush from the mining of the ore body. The results show that the combined weight
method (CWM) based on the concept of Kullback information is characteristic by both subjective and objective, without
weight bias; the cloud model can better convert the qualitative and quantitative between evaluation indices; the prediction
accuracy of the water inrush evaluation model constructed based on the CWM is higher than that of IAHP, CRITIC and
water inrush coefficient (WIC), with a better fitting effect. This work provides an innovative idea for water inrush evaluation
of ore body mining in karst aquifers.
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Introduction

The lead and zinc, as a category of non-ferrous metals, are
widely applied in various fields of life, such as electricity,
machinery, military, medicine and chemical industry (Mudd
et al. 2017; Tao et al. 2019). In China, the largest deposit is
situated in Sichuan-Guizhou-Yunnan lead zinc triangle, with
a distribution of exceeding 400 deposits of varying sizes
(Huang et al. 2021). These deposits are mainly buried in
karst aquifers. e.g., nearly 60% of the deposits are distributed
in aquifers in Yunnan Province (Guo et al. 2013). In the
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process of mining these deposits, we not only confront the
complicated and inconstant geological and hydrogeological
conditions, but also bear the threat of various disasters (Bal-
lesteros et al. 2019). Among them, water hazard has been
plagued by the safe mining of ore bodies in karst aquifers,
causing severe casualties and economic losses (Mahato et al.
2018). Therefore, the risk evaluation of water inrush is an
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essential segment to reduce the incidence of water disas-
ter accidents and the cost of unnecessary measures in mine
safety production.

In terms of the mechanism of water inrush, the forma-
tion of water inrush pathways, the main controlling factors
of water inrush and water inrush source, the model experi-
ment (Zhang et al. 2017; Yang et al. 2019; Sun et al. 2020),
numerical simulation (Golian et al. 2018; Song and Liang
2021), theoretical derivations (Meng et al. 2018; Lin et al.
2020) and geology exploration (Caselle et al. 2020; Wang
et al. 2020) were applied to evaluate the risk of water inrush.
Among them, the WIC, as a water control standard, was
extensively served for the water inrush risk assessment
(Li et al. 2018b). However, this method, with less factors
considered, cannot satisfy the accurate evaluation of water
inrush risk under complicated geological conditions (He
et al. 2021).

Recently, various methods considering multi parameters
have been added to the water inrush assessment to improve
the accuracy of the water inrush risk assessment. Hu et al.
(2019) constructed a water inrush prediction model to evalu-
ate the water inrush risk of Qiuji coal mine working face,
combining AHP and EWM. Wu et al. (2017) proposed a vul-
nerability index method combining geographic information
system and mathematical method. Li and Sui (2021) pre-
sented an improved principal component regression analysis
model to analyze the water inrush hazard of the Ordovician
karst aquifer. Zhang et al. (2019a) presented a mathemati-
cal assessment method for coal floor water inrush risk by
integrating the hierarchy variable weight model, indicating
a higher accuracy than the variable weight model. Moreo-
ver, there are other methods applied to the risk assessment
of water inrush, such as evidence theory (Li et al. 2021),
TOPSIS method (Shi et al. 2020), set pair analysis (Li et al.
2018a), matter element analysis (Zhang et al. 2019b), and
attribute mathematics theory (Xu et al. 2021). Although the
above methods have a certain contribution to the evaluation
of water inrush, these methods still have their limitations.
For example, the calculation steps of the analytic hierar-
chy process are cumbersome due to repeated construction
of judgment matrix for consistency test. In addition, the
determined weights, influenced by human, are too subjec-
tive. Principal component analysis relies on sample data to
extract principal components for quantitative analysis. It
cannot realize the transformation between qualitative and
quantitative. In addition, the water inrush is characteristic by
ambiguity and randomness, affected by multiple factors. It is
difficult to simultaneously consider the effects of ambiguity
and randomness of water inrush.

In view of the above problems, this paper aims to con-
struct a comprehensive evaluation model for water inrush
risk based on IAHP, CRITIC and cloud model. The
water inrush evaluation index system was firstly built by
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integrating mine multi-source information. Next, the TAHP
and CRITIC were applied to determine the subjective weight
and objective weight, respectively. The CWM was adopted
the combination weights of the evaluation indices. Then,
the cloud model was used to calculate the cloud eigenvalue
of each evaluation index. The overall water inrush risk level
of each sample was determined combined with the weight
corresponding to the evaluation index. Finally, the water
inrush risk zones of the study area, combined with the water
inrush risk level, were divided. Also, the accuracy of the
water inrush evaluation model was verified by comparing
the actual situation of water inrush. The study can provide a
reference for the risk assessment of water inrush of ore body
mining in karst aquifer.

Engineering background

The Maoping lead zinc mine is located in Yiliang County,
Zhaotong City, Yunnan Province, China. It is situated in
the connecting zone of the Sichuan Basin and the Yunnan-
Guizhou Plateau, belonging to the plateau karst erosion
mountainous area. The terrain in the mining area is char-
acterized by steep with V-shaped valleys developed. The
main drainage, named Luoze River, runs through the mining
area from south to north with a drainage datum of around
887 m above sea level (asl). The average annual rainfall of
study area is 766.4 mm (Fig. 1). The rainfall is concentrated
in June to September, accounting for more than 80% of the
annual rainfall.

Geological conditions

The strata and lithology of the study area from north to south
are Upper Permian basalt, Permian limestone, Lower Per-
mian sand shale, Carboniferous limestone, Lower Carbon-
iferous sand shale and Devonian dolomite, respectively. The
SMK (Shimenkan) anticline, located in the middle of the
study area, runs through the study area in the NNE direc-
tion, with a length of 2.3 km. It not only serves as the main
ore-controlling structure, but also controls the spatial distri-
bution of the groundwater system in the entire mining area.
The strata in the northwest wing of the anticline reversed,
with NE trending interlayer fractures developed, resulting
in a large-scale ore-bearing and water-storing space. The
compressive torsional faults widely distribute in the study
area, with multiple sets of faults trending toward the NE to
SW, an angle ranging from 40° to 75°.

Hydrogeological conditions
The underground aquifer in the mining area is affected by the

SMK anticline and structures, leading to a A-shaped distribu-
tion and uneven water yield. The aquifers in the mining area
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Fig. 1 The location of the Maoping lead

are mainly consisted of Permian Qixia and Maokou Forma-
tion karst fissure aquifer, Carboniferous Weining and Fengn-
ing Formation karst fissure aquifer, Upper Devonian Zaige
Formation karst fissure aquifer, Lower Permian Liangshan
Formation structural fissure aquifer and Lower Carbonif-
erous Wanshoushan Formation structural fissure aquifer

(Fig. 2). In addition, the average

karst fissure aquifers is 2.68 L/(s-m), 0.06 L/(s-m), and 0.5 L/
(s-m), respectively, indicating a sequence of rich water yield,
medium water yield and poor water yield. The structural
fissure aquifer of Liangshan Formation and Wanshoushan

Formation are regarded as relative

permeability and water yield. The ore bodies, distributed
in the west wing of the SMK anticline, mainly associated
with the Carboniferous Weining Formation and the Upper

Devonian Zaige Formation.

Theoretical basis

The combination of qualitative and quantitative risk assess-

zinc mine

unit inflow of the three

aquifers because of poor

600 m

500 m

400 m

300 m

Permian karst aquifer

Carboniferous karst aquifer
- limestone

Legned F)::ﬁ)rx‘ai‘r;kars(aquifer
|I| Ore body
EI Fault

- Qixia and Maokou Formation - limestone

m Lower Permian aquitard
- Liangshan Formation- sandy shale

Lower Carboniferous aquitard
- sandy shale

[—] Anticine
E Anticline axis aquitard

ment techniques is a process involving innovation to ensure

the safe mining of ore bodies. In t

his study, the main steps

are as (1) selection of the evaluation indices; (2) determina-

tion weights for evaluation indices;
inrush evaluation model.

(3) construction of water

Fig.2 Schematic geological and hydrogeological map of study area
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Selection of the evaluation indices

The influencing factors of water inrush, combined with the
specific mine water inrush situation, were selected to construct
the hierarchical structure. The water inrush risk assessment
was taken as the target layer of the hierarchical structure. The
factors set, contained in first-grade structure B={B1, B2, ...,
Bn}, were defined as criterion layer. While the factors set,
included in second-grade structure C={Cl1, C2, ..., Cn},
formed index layer (Fig. 3). In addition, the impact of each
evaluation factor on the risk of water inrush is different. The
main factors affecting risk of water inrush include tectonic
conditions, hydrogeological conditions and mining activity.
Specifically, fault fractal dimension, drilling fluid consump-
tion, aquifer thickness, water yield, aquifuge thickness, water
pressure, mining depth, stop drift length and mining thickness
are the second-grade indicators in the hierarchical structure.
The tectonic factors not only cut the strata, but also forms
water inrush pathways, which are positively correlated with the
risk of water inrush. The fault fractal dimension is based on the
principle of similarity dimension, representing the complexity
of structure by a ratio of quantity change to the change in scale.
A large fault fractal dimension value implies a better develop-
ment of water inrush pathway, with a higher water inrush risk
(Adib et al. 2017; Wang and Sui 2022). Hence, the correspond-
ing quantitative indicators are determined by the fault fractal
dimension. Drilling fluid consumption is the amount of flush-
ing fluid leakage through strata, reflecting the permeability of
the aquifer. The larger the value of drilling fluid consumption
is, the better the development and connectivity of formation

Risk evaluation of
water inrush (A)

Mining activity (B3)

Fig. 3 Hierarchical structure of evaluation index
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Tectonic conditions (B1)

— > Hydrogeological conditions (B2)

fractures are, and the higher the probability of water inrush
will be (Yuan et al. 2021; Zhang et al. 2021a). Aquifer thick-
ness and water yield comprise the material basis for aquifer,
mirroring the sustainability of water inrush and are positively
related to the risk of water inrush (Niu et al. 2020; Liu et al.
2021a). The aquifuge is composed of multiple rock strata with
poor water permeability. It has the function of inhibiting water
inrush, preventing the water of the aquifer from entering the
panel. Thus, the aquifuge thickness was defined as a negative
correlation factor (Zhang et al. 2021b). The water pressure,
positively correlated with the risk of water inrush, determines
whether water inrush occurs, reflecting the severity of water
inrush (Duan and Zhao 2021; Wang et al. 2022). The mining
depth, stop drift length and mining thickness are related to the
destruction of the surrounding rock of the ore body, which
indicates the rule whereby the higher its value is, the higher the
possibility of water inrush. The overburden fissures extend to
the aquifer, leading to the occurrence of water inrush (Liu et al.
2021b; Li et al. 2022). Also, the water inrush risk of these 9
factors was classified into five levels, i.e., very low (I), low (1),
medium (III), high (IV), and very high (V), on the basis of the
mine measured data (Table 1).

Determination weights for evaluation indices
IAHP
The AHP, a practical multi-criteria decision-making method,

was proposed by Saaty (Saaty 1980). This method uses an
orderly hierarchical structure to represent complex problems

— Fault fractal dimension (C1)
—4> Drilling fluid consumption (C2)
— Aquifer thickness (C3)
E— Water yield (C4)
> Aquifuge thickness (C5)
— Water pressure (C6)
> Mining depth (C7)
T Stop drift length (C8)
E— Mining thickness (C9)
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Table 1 Values and grading of indices affecting the risk of water inrush

Evaluation index

Risk level of water inrush

First grade Second grade Measured value I 1I I v \Y

B1 Cl 0.65~5.63 0.65-1.50 1.51-3.00 3.01-3.80 3.81-4.50 4.51-5.63
C2 (m3/h) 0.15~4.55 0.15-1.00 1.01-2.80 2.81-3.50 3.51-4.00 4.01-4.55

B2 C3 (m) 55~220 55-85 86-120 121-150 151-180 181-220
C4 (L/(s'm)) 0.01~1.68 0.01-0.15 0.16-0.30 0.31-0.75 0.76-1.50 1.51-1.68
C5 (m) 16.50~65.84 60.01-65.84 50.01-60.00 35.01-50.00 20.01-35.00 16.50-20.00
C6 (Mpa) 0.15~3.20 0.15-0.60 0.61-1.20 1.21-1.80 1.81-3.00 3.01-3.20

B3 C7 (m) 670~430 651-670 601-650 551-600 451-550 430-450
C8 (m) 0~60 0-15 16-25 26-30 31-50 51-60
C9 (m) 0~6.0 0-2.5 2.6-3.0 3.1-35 3.6-4.5 4.6-6.0

with qualitatively and quantitatively evaluate index weights. CRITIC

The TAHP adopts the three-scale method to construct the
judgment matrix without the tedious step of consistency
check (Wang et al. 2019b). It is more convenient than the
AHP method with traditional nine-scale method. The spe-
cific steps are as follows:

Establish a multilevel hierarchy structure. The decision-
making system was divided into several hierarchical levels
including objective level, criterion level and decision level,
respectively. We classified the main evaluation indices of
water inrush into three levels in this study.

Construct the comparison matrices. According to the
relative importance of the evaluation indices, the three-scale
(0, 1 and 2) method was adopted to construct the comparison
matrix D at different levels. Among them, O presents that the
importance of i is less than j; 1 declares that the importance
of i is equal to j; 2 indicates that the importance of i is large
than j. Also, the judgment matrix E=(e;),, is calculated by
the following formula.

di—d;  d;>d
e;=11 d; =d, (1)
1/(d; - d,) d; < d,

Where d; and d; are the row sum of comparison matrix D.
Determine the subject weights. The weight of the main
evaluation indices was calculated by following formula:

(@)

Where g; is the subject weight of the jth evaluation index.

The CRITIC, firstly proposed by Diakoulaki et al. (1995), is
a more scientific objective weighting method. This method
determines the index weight according to the contrast inten-
sity and conflict between the evaluation indices. Meanwhile,
it considers the difference and correlation between the indi-
ces. The calculation steps are as follows.

Standardization of evaluation indices. According to the
effect of evaluation index on water inrush, the standardized
equations are classified into positive correlation and nega-
tive correlation.

xj; — min(x;,)

X. =

Jt

3

max(xji) — min xﬁ)

max(x;) — x;,

X. =
# max(x;) — min(x;;) @)

where le- is the standardized data; Xj; is the original data;
min(x;) and max(x;,) are the minimum and maximum values
of each evaluation index, respectively.

Calculation of standard deviation and correlation coef-
ficient. In CRITIC, the standard deviation and correlation
coefficient are applied to represent the difference and con-
flict between indicators, respectively. The larger the standard
deviation, the greater the difference between the indicators.
A positive correlation coefficient indicates that the conflict
between the indicators is smaller. The standard and correla-
tion coefficients between indicators are calculated as follows:

2 X = X2 )

m-—1
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X (G~ X)X, - X))
= = ©

X (X - X, X X - X)?

where §; is the standard deviation of jth evaluation indices;
X; is the mean value of jth evaluation indices; r, is the cor-
relation coefficient between evaluation indices, k=1, 2, ...,
n;l=1,2, ..., k. Therefore, we can construct the correlation
coefficient matrix R=(r;),x, Of the evaluation index.

Determination of indices conflict. The conflict between
evaluation indices is calculated as follows:

Ri=Y (-ry @)
k=1

where R; is the conflict of the jth evaluation index.

Calculation of evaluation index information amount
and object weight. The information amount and weight
of the evaluation index are determined by Eq. (8) and
Eq. (9), respectively.

=

8
L=SR =Y -7 ®)
i=1
1.
b= ©
2t

where l is the information amount of jth evaluation index;
B; is the object weight of jth evaluation index.

Determination of combination weight

To make the combination weight as close as possible to the
subjective weight and the objective weight, the objective
function of the combination weight is constructed by com-
bining the concept of Kullback information (Thiesen et al.
2019), avoiding leaning toward either side. Also, the combi-
nation weight of the evaluation index can be obtained using
the Lagrange multiplier method.

" w; w;
minJ(w) = Z (w;In 4 w;In —j)
=1 % b
(10)
S.t. wj=1,wj20,i=1,2,---,n

1

n

J
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w, = —

J

N

J

where w; is the combination weight of the jth evaluation
index.

Construction of water inrush evaluation model
Definition of cloud

The cloud model represents the uncertainty transformation
between concept and its quantitative representation through
digital features to realize the qualitative and quantitative
transformation (Wu et al. 2021). Supposed V is a qualita-
tive concept in the quantitative domain U, x € V represents a
random realization on U, indicating the certainty degree of
xto U as u(x)€[O0, 1]. The distribute of x on V forms a cloud
u(x). Furthermore, each x was called a cloud droplet. The
digital features of cloud model are composed of three eigen-
values i.e., expectation (Ex), entropy (En) and hyperentropy
(He). Among them, The Ex presents the median value of the
quantitative domain U. The En reflects the numerical range
of the quantitative domain U. The He means the degree of
dispersion of cloud droplets under a certain certainty degree.
The conversion between eigenvalues and certainty degree
(Eq. (12)) was realized through cloud generator (Wang et al.
2019a).

)2
(x — Ex) ] (12)

u(x) = exp [— B

Calculation of standard cloud

Particularly, the qualitative description of each risk evalua-
tion index is converted into quantitative characteristic values
by the normal cloud generator. Conversely, the transforma-
tion of quantitative values to qualitative concepts is achieved
using the backward cloud generator. Three eigenvalues of
the cloud model were determined on the basis of the spe-
cific evaluation criteria. For a boundary of the form [x;,,;,,
X;max)> the eigenvalues were calculated by the cloud model
transformation models.

Ex = (ximin + ximax)/z
En= (ximax - ximin)/6 (13)
He =k
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Comprehensive assessment of water inrush risk

Combined with the standard cloud eigenvalues of the evalu-
ation indices, the certainty of the actual samples correspond-
ing to different risk levels is calculated by Eq. (12). In addi-
tion, combined with the weights of the evaluation indicators,
the comprehensive certainty corresponding to the different
risk levels of each sample is determined by Eq. (14). The
water inrush level of each sample is defined according to the
principle of maximum certainty.

U, = 2 e (14)
=1

where U, is the comprehensive certainty of the ith sample;
#(x;) is the standard cloud certainty of jth evaluation index;
w; is the weight of jth evaluation index, j=1, 2, ..., n.

Results and analysis
Calculation and results of IAHP

The comparison matrix corresponding to each grade was
calculated by comparing the relative importance of indica-
tors under different grade structures.

122

Dy g1p3=|012 (15)
001

12
Dgy_cip = <0 1 > (16)

1000
2122
2012 an
1001

Dy, . C3456 —

102

212 (18)
001

Dg;. C7.89 =

The judgment matrix at different grades was obtained by
Eq. (1).

1 2 4
EA-B],2,3= 1/2 1 2 (19)
1/4 1/21

1 2
Eg, -Cl12 = 1/2 1 (20)

1 1/61/41)2
6 1 2 4
Epy 3456 = 4121 2 21
2 1/41/21
112 2
Egs 189 =]|2 1 4 (22)
12 1/4 1

The weights of evaluation indices under different hierar-
chical structures were determined by application of Eq. (2).
Additionally, we obtained the subjective weight of each eval-
uation index corresponding to the overall goal as a=(0.38,
0.19, 0.02, 0.15, 0.08, 0.04, 0.04, 0.08, 0.02)™.

Calculation and results of CRITIC

Combined with the correlation between the evaluation index
and water inrush, the standardized value of each evaluation
index was calculated by Eqgs. (3) and (4), as shown in the
Table 2.

The corresponding correlation coefficient matrix was con-
structed due to the result of correlation coefficient between
the evaluation indicators calculated by Eq. (6).

1 090 044 0.19 -0.19 -0.49 049 044 043
0.90 1 021 039 004 -041 041 039 042
0.44 021 1 =061 -0.75 =041 041 0.10 —0.02
0.19 039 -0.61 1 0.61 034 -0.34 -0.02 0.15
R=|-0.19 0.04 -0.75 0.61 1 0.37 -0.37 -0.24 -0.13
-0.49 -0.41 -0.41 034 037 1 -1 -048 -0.34
049 041 041 -034 -037 -1 1 048 0.34
044 039 0.10 -0.02 -0.24 -0.48 0.48 1 0.97
043 042 -0.02 0.15 -0.13 -0.34 034 097 1

(23)

The information amount and objective weight of the
evaluation index were determined by Eq. (8) and Eq. (9),
respectively, i.e., t=(1.92, 1.75,2.68, 2.51, 2.84, 3.82, 2.78,
2.37,2.29)" and #=(0.08, 0.08,0.12,0.11, 0.12,0.17, 0.12,
0.10, 0.10)T.

Determination of combination weight
Combined with the subjective weight and objective weight
of the evaluation index, the combined weight of each evalu-

ation index was obtained by Eq. (11), i.e., w=(0.21, 0.14,
0.06, 0.15, 0.12, 0.09, 0.08, 0.11, 0.05)".
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Table 2 Standardized value of

L Samples Cl C2 C3 C4 C5 C6 Cc7 C8 C9
each evaluation index
ZKO01 0.64 0.59 0.03 0.92 0.83 1.00 0.00 0.33 0.50
ZK02 0.74 0.65 0.24 0.50 0.92 0.25 0.75 0.50 0.70
ZK03 0.50 0.67 0 0.98 0.88 1 0 0.40 0.58
ZK04 0.83 0.93 0.48 0.44 0.76 0.75 0.25 0.53 0.58
ZKO05 1 1.00 0.58 0.47 0.81 0.29 0.71 0 0
ZK06 0.92 0.80 0.67 0.50 0 0.00 1 0.85 0.83
ZK07 0.93 0.77 0.88 0 0.09 0.25 0.75 0.95 1
ZK08 0.86 0.61 0.64 0.08 0.15 0.00 1 1 0.92
ZK09 0.96 0.89 1 0.26 0.12 0.25 0.75 0 0
ZK10 0.65 0.60 0.45 0.14 0.44 0.15 0.85 0 0
ZK11 0.12 0 0.61 0.02 0.32 0.75 0.25 0 0
ZK12 0 0.02 0.04 0.11 0.56 0.75 0.25 0 0
ZK13 0.26 0.60 0.21 0.17 0.64 0 1 0.70 0.68
7ZK14 0.10 0.05 0.64 0.07 0.60 0.75 0.25 0 0
ZK15 0.85 0.65 0.52 0.15 0.71 0.00 1 0.77 0.58
ZK16 0.62 0.70 0.06 1 1 0.25 0.75 0.37 0.42

Determination of evaluation indices standard cloud

Considering the water inrush risk classification of each eval-
uation index (Table 1), the standard cloud feature values
corresponding to different risk levels of the evaluation index
was calculated to obtain the corresponding standard cloud
distribution (Fig. 4).

Water inrush risk assessment

Combined with the standard cloud eigenvalues of the water
inrush evaluation index, the certainty of the sample under
different risk levels was calculated by Eq. (12). The overall
certainty of the sample, also, was obtained by Eq. (14), com-
bined with the weight value corresponding to the evaluation
index. In addition, the water inrush risk level of the sample
was determined according to the principle of maximum cer-
tainty, as shown in the Table 3.

To more intuitively reflect the risk zone of water inrush
in the study area, combined with the water inrush risk lev-
els corresponding to each sample, the distribution of water
inrush risk corresponding to different levels (Fig. 5) was
determined with GIS.

Figure 5(a) shows that the water inrush risk in the study
area is classified into five levels, i.e., risk level I, risk level
11, risk level III, risk level IV and risk level V. The risk
level of water inrush from north to south in the study area
changes from high to low. Among them, the areas with risk
level V are mainly distributed in the north of the study area,
implying a higher probability of water inrush. The main
reason is that this area is adjacent to the Permian Qixia and
Maokou strong water-rich aquifers. Furthermore, the strata
in this area is relatively fragmented under the action of fault
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cutting, resulting in a high probability of water inrush during
the mining process. The areas with risk level I are mainly
distributed in the middle of the study area, indicating a lower
probability of water inrush, due to the weak water yield of
the strata and the barrier effect of the relative aquifer.

Discussions
Comparative verification

To verify the CWM water inrush prediction model, the water
inrush prediction results of IAHP, CRITIC and WIC were
carried out (Table 3), and corresponding water inrush risk
areas were defined (Fig. 6).

Figure 6(a) shows that the water inrush risk area is also
divided into five areas with TAHP. The risk level V areas
are mainly distributed in the north of the study area, and
the risk level I areas are mainly located in the middle of the
study area. Among the four water inrush points, the TS04 is
located in the area of water inrush risk level I. The remain-
ing water inrush points are located in the areas of risk level
IV and risk level V.

As shown in Fig. 6(b), the area with risk level V is dis-
tributed in the north of the study area, and the area with risk
level I is located in the east of the study area, according to
the CRITIC. Also, three water inrush points are located in
the area of risk level IV, and one water inrush point is located
in the area of risk level V. According to “Safety Technical
Specifications for Water Prevention and Control in Metal
and Nonmental Underground Mines” (Ministry of Emer-
gency Management of the People’s Republic of China 2018),
the WIC in the tectonic development area is 0.06 MPa/m as
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Table 3 Classification of water

. . Samples Overall certainty of different levels in CM Water inrush risk level of different
inrush risk levels of samples methods
1 1I I v v CWM IAHP CRITIC WIC

ZKO01 0.01 0.11 0.00 0.08 0.06 1I I I I
ZK02 0.00 0.11 0.09 0.16 0.00 v v v v
ZKO03 0.00 0.02 0.19 0.01 0.04 1 I 1 v
ZK04 0.00 0.01 0.06 0.20 0.21 v v v A%
ZKO05 0.00 0.03 0.00 0.18 0.01 v v v I
ZK06 0.00 0.00 0.00 0.13 0.18 \Y% v v 1
ZK07 0.03 0.09 0.00 0.08 0.26 v v v 1
ZK08 0.00 0.01 0.01 0.03 0.19 v A% \% 1
ZK09 0.00 0.09 0.08 0.07 0.05 I v I I
ZK10 0.00 0.06 0.13 0.02 0.00 1 1 I I
ZK11 0.17 0.01 0.00 0.10 0.00 1 I v v
ZK12 0.03 0.05 0.02 0.09 0.00 v I v v
ZK13 0.00 0.14 0.01 0.15 0.00 v I v 1
ZK14 0.23 0.01 0.00 0.12 0.00 I I v v
ZK15 0.00 0.02 0.11 0.07 0.13 \Y% v 1 1
ZK16 0.04 0.16 0.11 0.07 0.01 I 1 1T v

AECER| >

0

Water inrush point

Luoze River
SMK anticline
Risk level |
Risk level 11
Risk level 111
Risk level IV
Risk level V

250 500 m
C————

Fig.5 Risk zoning map of water inrush in the study area

the critical value to judge whether the water inrush occurs or
not. Figure 6(c) shows that the study area is only divided into
the areas of risk level I (WIC <0.06 MPa/m) and the area
of risk level V (WIC > 0.06 MPa/m). Among them, the area
of risk level I is much larger than the area of risk level V,
indicating a fuzzy division of water inrush risk zones. Only
one of the four water inrush points, moreover, is located in

@ Springer

area of risk level V, and the rest are in area of risk level I. It
is inconsistent with the actual water inrush situation.

By comparing the division of water inrush risk areas and
the fitting of water inrush points for the three methods, it can
be concluded that the water inrush risk prediction accuracy is
ranked as CWM > CRITIC >IAHP > WIC. The CWM not only
reflects subjective experience, but also retains objective original
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Fig.6 Risk zoning map of water inrush with IAHP, CRITIC and WIC

data information. It is suitable for practical engineering applica-
tions, playing a guiding role in water hazard prevention.

Site construction verification

Figure 5 shows that there are 4 water inrush points, namely,
TS01, TS02, TS03 and TS04, distributed in the area of level
IV and V in the north of the study area. TSO1 occurred
during the prospecting process in the 670 m middle sec-
tion (Fig. 5(b)), with a water yield of 5.25 m’/h. TSO2 was
located in the No. 2 ore belt in the 610 m middle section
(Fig. 5(c)) with a water yield of 20.10 m*/h. TSO3 was the
drain hole of No. 2 ore belt in the 610 m middle section
(Fig. 5(d)), with a water yield of 10.05 m*/h. TS04 occurred

in the tunnel excavation process in the 490 m middle section
(Fig. 5(e)) with a water yield of 22.50 m*/h. According to the
maximum probability criterion, the water inrush points were
distributed in areas with high water inrush probability. It can
be found that the fitting effect with the on-site water inrush
points can reach an accuracy of more than 90%.

Conclusion

A comprehensive cloud water inrush evaluation model was
proposed to evaluate the water inrush from the karst aqui-
fer in Maoping lead zinc mine. The major findings are as
follows:

@ Springer
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Comprehensively considering the tectonic conditions,
hydrogeological conditions and mining activity of the study
area, 9 influencing factors were selected as the indices of
water inrush evaluation, i.e., fault fractal dimension, drilling
fluid consumption, aquifer thickness, water yield, aquifuge
thickness, water pressure, mining depth, stop drift length
and mining thickness.

The TAHP was applied to improve the calculation effi-
ciency of the subjective weight of the water inrush evalua-
tion index. The original information of the evaluation index
was preserved by the CRITIC, improving the calculation
accuracy of the objective weight of the evaluation index.
The combined weight constructed by the concept of Kull-
back information, avoiding the bias of the weight. It has the
advantages of both subjective and objective weights.

The water inrush evaluation model based on the cloud
model can realize the qualitative and quantitative conversion
between evaluation indices. The water inrush risk level area
divided by the CWM water inrush prediction model have
a good fitting effect with the actual, with an accuracy of
90%. Comparing the IAHP and the CRITIC, its prediction
accuracy is higher than both. This method plays a guiding
role in mine mining planning and water hazard prevention.
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