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Abstract The prediction and prevention of floor

water inrush is directly related to the safety of the coal

mine production. The previous evaluation method of

floor water inrush was more one-sided and lacked

main control factors related to mining conditions. In

order to evaluate the floor water inrush more accu-

rately, under the project background of geological data

of Wanglou coal mine, stope width, mining depth,

fault scale index, water pressure, water abundance and

thickness of aquifer were selected as main controlling

factors of floor water inrush. Combined with the

subjective weight analytical hierarchy process and the

objective weight variation coefficient method, the

weight coefficients corresponding to the main con-

trolling factors were obtained respectively. The the-

matic map of the risk assessment of coal seam floor

water inrush was drawn by combining the constructed

comprehensive weight vulnerability index model and

geographic information system. The results show that:

� according to the actual geological data of mine, two

fault related factors were removed. And stope width

and mining depth were increased as the main control-

ling factors to evaluate floor water inrush. It is easier to

compare and calculate the weight of evaluation

factors. ` The constructed comprehensive weight

vulnerability index model can comprehensively

evaluate the risk of floor water inrush. And the results

of the evaluation are more accurate. ´ The related

thematic maps can directly reflect the risk of floor

water inrush, which is of guiding significance for the

prediction and prevention of coal seam floor water

inrush.

Keywords Analytical hierarchy process � Variation
coefficient method �Vulnerability index � Risk of floor
water inrush

1 Introduction

Floor water inrush is one of the important problems

that perplex coal mine production, which not only

cause casualties and economic losses but also has

enormous impacts to the area’s water resources and

environment (Zhang et al. 1997). With the increase of

mining depth, the distance between the coal seams and

the Ordovician limestone strong aquifer is getting

closer, and the water pressure and the risk of floor

water inrush are also increasing. The complicated

formation and coal mining under pressure also lead to

the increasing risk of coal seam floor water inrush. The

mechanisms underlying floor strata deformation and

failure depth have been studied (Zhang and Liu 1990;

Qian et al. 1996; Li 1999). And the floor failure

characteristics have been researched (Sun et al. 2011;

Sun 2014). In order to evaluate floor water inrush, the

W. Liu � Q. Li (&) � J. Zhao
Shandong University of Science and Technology,

Qingdao 266590, Shandong, China

e-mail: 279020677@qq.com

123

Geotech Geol Eng (2018) 36:2799–2808

https://doi.org/10.1007/s10706-018-0502-2(0123456789().,-volV)(0123456789().,-volV)

http://crossmark.crossref.org/dialog/?doi=10.1007/s10706-018-0502-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10706-018-0502-2&amp;domain=pdf
https://doi.org/10.1007/s10706-018-0502-2


sensitivity of main factors controlling floor failure

depth was also studied (Liu et al. 2015, 2017). With

the deepening of the mechanism of floor water inrush,

many evaluation methods used for analyzing coal

seam floor water inrush include expert systems (Gao

et al. 2009), artificial neural networks (Dong et al.

2012; Zeng et al. 2016), the water inrush coefficient

method (Zhou et al. 2006), Analytical Hierarchy

Process (Liu et al. 2000; Luo 2012), the vulnerability

index method (Wu et al. 2006, 2009, 2015). Zhang

et al. (2013) established a fisher discriminant analysis

model of floor water inrush risk and accurately

predicted the inrush risk of test samples using the

distance discriminant method by previous water inrush

data. Liu et al. (2014) used the extension theory to

establish a matter element model based on the

extension theory and analytical hierarchy process.

Zhang et al. (2015) analyzed floor failure process and

formation of water inrush channel under the coupling

condition of stress field and seepage field. Ni and Luo

(2000) put forward dominant surface water control

mechanism and established the corresponding advan-

tages and evaluation criteria. The preferred fault has

obvious shielding effect, which is the main cause of

the lagging water inrush.

The main controlling factors affecting floor water

inrush have the characteristics of multilevel and multi

index. At the same time, the influence of these factors

on the floor water inrush is different. So it is necessary

to determine the weight of the main factors. The

accuracy of weight is directly related to the accuracy

of the risk assessment of floor water inrush. The

Previous method of calculating the weight of multi

factor index was subjective or objective. These

evaluation methods were more one-sided. Based on

previous studies, the author combines AHP and

variation coefficient method to construct comprehen-

sive weight evaluation method from the perspective of

subjective and objective. Combined with the compre-

hensive weight coefficient and GIS, the corresponding

zoning map of the risk of floor water inrush can be

drawn, which can intuitively reflect the risk degree of

water inrush from the floor. In the process of coal

mining, the floor water inrush can be prevented and

treated in time, which is of great significance to the

actual production.

2 Geological Conditions and Hydrogeological

Conditions

The strata in the Wanglou mine, from new to old, are

the: Quaternary Holocene (Q4), Mengyin formation of

the upper Jurassic (J3m), Shihezi Formation of the

upper Permian (P2sh), Shanxi formation of the lower

Permian (P2sx), Taiyuan formation of the upper

Carboniferous (C3t), Benxi formation of the middle

Carboniferous (C2b) andMiddle Ordovician. Themain

coal-bearing strata of the area are the upper Carbonif-

erous (C3t), Taiyuan formation (Fig. 1). The main

minable seam is No. 17 coal seam which has a

thickness ranging from 0.8 to 3.5 m, and averaging

3 m. In the course of seismic data interpretation, no

anomalous response to the collapse columnwas found,

which confirms the undeveloped collapse column.

The major aquifers of the area are: Quaternary pore

aquifer, Upper Jurassic gravel fissure aquifer, Shanxi

formation sandstone fissure aquifer, Taiyuan forma-

tion limestone karst fissure aquifer, Benxi extremely

weak aquifer and Ordovician limestone aquifer. The

Ordovician limestone aquifer is located under Car-

boniferous and Permian. Drill hole exposing thickness

greater than 50 m. According to the drilling pumping

test, The Ordovician limestone aquifer is buried in the
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Fig. 1 The schematic geological profile

2800 Geotech Geol Eng (2018) 36:2799–2808

123



depth of - 900 m. The water level elevation is 30.78

m and the unit inflow are 1.68–0.20 L/(s m).

3 Construction of AHPVC Comprehensive Weight

Model

Geographic information system can transport, process

and store spatial geographic information, and then

draw the related thematic map. AHPVC was used to

evaluate the influence factors of floor water inrush

from the subjective and objective points of view. The

weight value of each influence factor was calculated.

And then, the spatial superposition analysis was used

to obtain the related evaluation map with GIS.

Analytical hierarchy process is a decision analysis

method which combines the qualitative and quantita-

tive analysis of multi-objective complex problems.

This method can combine qualitative analysis with

quantitative analysis, and judges the relative weight

with the experience of decision makers from the

subjective point of view. Each standard weight of each

decision plan can be given reasonably, and the order of

a plan can be also obtained by weight. Analytical

hierarchy process can be more effectively applied to

those problems which are difficult to be solved by

quantitative methods. Variation coefficient method is

a kind of objective weight method through calculating

the weight of the information contained in the index

directly. The variation coefficient is also known as the

‘‘standard difference’’, which is another statistic to

measure the variation of the observed values in the

data. If the unit of measure is the same as the average,

it can be compared directly with the standard devia-

tion. If the unit of measure is different from the

average, the ratio of standard deviation to average

(relative value) should be used for comparison instead

of the standard deviation.

3.1 Determination of Main Controlling Factors

According to the research of three dimensional

seismic exploration and drilling data, the main factors

that control the water inrush hazard analysis of the

Ordovician limestone aquifer of No. 17 seam include:

1. Fault scale index The fault scale index reflects the

effect of different scale faults on the water inrush

sensitivity of the floor system. The more

developed the fault is, the greater the possibility

of floor water inrush is. The fault scale index is

defined by:

F ¼
Pn

i¼1 lihi

Si
; i ¼ 1; 2; . . .; n ð1Þ

where F is fault scale index; hi is throw of the i th

fault, m; li is strike length of the i th fault in the

subarea, m; n is the number of fault in the subarea;

and Si is the area of subarea, m2. The fault scale

index can be divided by the following method.

Wanglou mine field was divided into several unit

grids of size 500 9 500. According to the formula

(1) in the paper, the strike lengths of all faults in

the unit grid were counted to calculate the fault

scale index. And then, the value of fault scale

index was given to the center point of the

corresponding unit grid.

2. Coal seam mining depth The coal seam mining

depth is closely related to mine pressure. With the

increases of mining depth, the pressure of mine

increases. The probability of coal seam floor water

inrush also increases.

3. Stope width The stope width is considered as a

standard to measure the size of mining space.

With the increases of the mining space, the

pressure of the two wall of the working face also

increases. At the same time, the more serious the

deformation and destruction of the floor are, the

greater the probability of water inrush is.

4. Equivalent thickness of the water-resisting layer

and water pressure The water pressure of con-

fined water is a prerequisite for floor water inrush.

Under the water pressure action, water-resisting

layer will be constantly eroded and scoured to

form a large number of fissures, and the integrity

of the water-resisting layer will be destroyed. The

aquifers can inhibit the floor water inrush. And the

thickness and lithologic combination are the

standard to measure the capacity of the aquifers.

The water inrush coefficient was defined by:

T ¼ P

M
ð2Þ

where T is water inrush coefficient, MPa/m; P is

water pressure, MPa; M is the thickness of the

water-resisting layer, m.

5. Water abundance of the Ordovician limestone

aquifer The water abundance of karst aquifers
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directly affects the degree of water inrush and the

degree of threat to the mine. According to a large

amount of measured data, the water abundance

and development degree of karst aquifers are

closely related to the coal seam floor water inrush.

The better the water abundance of the karst

aquifers is, the greater floor water inrush is. The

unit inflow of drill holes are usually measured the

water abundance of aquifers.

3.2 Building Analytical Hierarchy Process Model

3.2.1 Design of Analytic Hierarchy Process

According to the influencing factors of floor water

inrush, the studied problems were divided into 3

hierarchies. The risk assessment of the Ordovician

water inrush was the final problem to be solved, so it

was regarded as the target layer of the Analytical

Hierarchy Process model (A hierarchy). Geological

structure, hydrogeological conditions and mining

conditions include sub factors that affect the floor

water inrush, which are the intermediate links that

affect the floor water inrush. Therefore, these three

factors are considered as the criterion hierarchy (B

hierarchy). The sensitive factors that affect the floor

water inrush form the decision layer of the model (C

hierarchy). The factors that make decisions at the C

hierarchy will ultimately solve the target problem (A

hierarchy). The Analytical Hierarchy Process model is

shown as Fig. 2.

3.2.2 Constructing Judgment Matrix

Expert scoring method is used to compare various

influencing factors of floor water inrush, obtain the

relative importance of various influencing factors,

quantification score to various influencing factors.

These data are statistically, collated, summed up and

analyzed to form the desired set of evaluation.

Tables 1, 2, 3 is a judgment matrix for the analysis

of No. 17 coal seam floor water inrush.

Three judgment matrices are consistent, and the

weight of each factor Ci for the target hierarchy was

calculated (Table 4).

3.3 Variation Coefficient

According to three-dimensional geological explo-

ration and drilling hole monitoring point data, detailed

geological data of seven drilling holes monitoring

points in the mining area can be obtained. Fault scale

index, coal seam mining depth, stope width, equiva-

lent thickness of the water-resisting layer, water

pressure of the Ordovician limestone aquifer, water

abundance of the Ordovician limestone aquifer are

shown in Table 5.

In order to eliminate the influence of different

dimensions in the data of main controlling factors in

Table 5, the data must be normalized. Because the

larger the data of fault scale index, water pressure,

water abundance, thickness of aquifers, stope width

and coal seam mining depth is, the easier the floor

water inrush occurs. So formula (3) is used to

Evaluation of the risk of  Ordovician  water inrush  A

Hydrogeological conditions B2Geological structure B1 Mining conditions B3

 thickness of aquifers
C4

B hierarchy

water abundance
  C3

water pressure
 C2

fault scale index
 C1

stope width
 C5

mining depth
C6

A hierarchy

C hierarchy

Fig. 2 AHP model design
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normalize data of various factors. On the contrary, the

greater the thickness of the aquifer is, the more

difficult floor water inrush occurs. So formula (4) is

used to normalize the data of thickness of the aquifers.

Xi ¼
xi � xmin

xmax � xmin

ð3Þ

Xi ¼
xmax � xi

xmax � xmin

ð4Þ

The normalized value of each main controlling

factor can be obtained from Table 6.

Variation coefficient calculating adopts the follow-

ing formula:

vi ¼
ri
�xi
; i ¼ 1; 2; . . .; n ð5Þ

where vi is variation coefficient; ri is standard

deviation; �xi is average.

Weight calculating adopts the following formula:

w00
i ¼

viPn
i¼1 vi

ð6Þ

where w00
i is weight; vi is variation coefficient; n is

number of main controlling factors.

Based on the principle of variation coefficient, the

data can be calculated by formula (5) and formula (6)

to normalize. The weight of each main controlling

factor in floor water inrush can be obtained from

Table 7.

3.4 Construction of Comprehensive Weight

Model

Main controlling factors can be comprehensive

weighted by the subjective method of AHP and the

projective method of VC. The comprehensive weight

model of weight coefficient obtained by AHPVC can be

constructed by combining the subjective and objective

weight coefficient of the main controlling factors

obtained. The risk of floor water inrush can be

evaluated more scientific and accurate from the

perspective of subjective and objective. Model calcu-

lating adopts the following formula:

wi ¼ aw0
i þ ð1� aÞw00

i ð7Þ

where a is preference coefficient, this paper takes 0.5;

w0
i is weight coefficient obtained by analytic hierarchy

process; w00
i is the weight coefficient obtained by the

method of variation coefficient.

The comprehensive weight of each main control-

ling factor in floor water inrush can be obtained from

Table 8.

Table 1 Judgment matrix A–Bi (i = 1–3)

A B1 B2 B3 w
0
(A/Bi)

B1 1 1/3 1/2 0.1507

B2 3 1 3 0.5753

B3 2 1/3 1 0.2740

kmax is 3.05362; CI is 0.02681; RI is 0.58; CR is 0.04622

Table 2 Judgment matrix B2–Ci (i = 1–3)

B1 C2 C3 C4 w
0
(B/Ci)

C2 1 2 1 0.4211

C3 1/2 1 1 0.2632

C4 1 1 1 0.3157

kmax is 3.05362; CI is 0.02681; RI is 0.58; CR is 0.04622

Table 3 Judgment matrix B2–Ci (i = 1–3)

B2 C5 C6 w
0
(B/Ci)

C5 1 3 0.75

C6 1/3 1 0.25

kmax is 2.0; CI is 0; RI is 0; CR is non-existent

Table 4 The weight for each index of the total target

A/Ci B1/0.1507 B2/0.5753 B3/0.2740 w
0
(A/Ci)

C1 1 0.1507

C2 0.4211 0.2423

C3 0.2632 0.1514

C4 0.3157 0.1816

C5 0.75 0.2055

C6 0.25 0.0685
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3.5 Comprehensive Weight Vulnerability Index

Model

The vulnerability model of floor water inrush is

actually a combination of the established mathemat-

ical model and the main controlling factors influencing

the coal seam floor water inrush in the actual

geographical location. With the effect of the two

aspects, the risk of coal seam floor water inrush can be

reflected in a certain geographic location. Therefore,

the comprehensive weight coal seam floor water

inrush vulnerability index model can be constructed

by combining the initial model of vulnerability index

and AHPVC comprehensive weight. Model calculating

adopts the following formula:

VI ¼
Xn

i¼1

wiXi ð8Þ

Table 5 Quantification of main control factors

Drilling hole Fault scale

index

Water pressure

(MPa)

Water abundance

[L/(m s)]

Thickness of

aquifers (m)

Stope width

(m)

Coal seam mining

depth (m)

24-1 0.0279 9.9173 1.35 57.41 469.21 - 903.54

D15-1 0.0135 6.9600 1.03 51.13 437.82 - 614.09

12-4 0.0279 9.2455 1.33 65.68 263.64 - 828.09

D19-2 0.0649 5.8842 0.95 54.71 665.10 - 502.93

D29 0.0420 6.0577 0.90 58.15 647.62 - 516.84

D27 0.0172 4.7589 0.60 53.01 400.25 - 392.10

D29-1 0.1095 4.9097 0.55 67.96 320.11 - 392.23

Table 6 Normalized value for each index

Drilling

hole

Fault scale index

(X1)

Water pressure

(X2)

Water abundance

(X3)

Thickness of

aquifers (X4)

Stope width

(X5)

Coal seam mining

depth (X6)

24-1 0.1500 1 1 0.6269 0.5121 1

D15-1 0 0.4267 0.6000 1 0.4399 0.4340

12-4 0.1500 0.8698 0.9750 0.1355 0 0.8525

D19-2 0.5354 0.2181 0.5000 0.7712 1 0.2694

D29 0.2969 0.2518 0.4375 0.5829 0.9565 0.2439

D27 0.0385 0 0.0625 0.8883 0.3397 0

D29-1 1 0.0292 0 0 0.1407 0.0002

Table 7 The weight of the main controlling affecting factors

in floor water inrush

Influencing factor Weight (w00
i )

Fault scale index (w00
1) 0.2140

Water pressure (w00
2) 0.1856

Water abundance (w00
3) 0.1449

Thickness of aquifer (w00
4) 0.1232

Stope width (w00
5) 0.1477

Coal seam mining depth (w00
6) 0.1846

Table 8 Comprehensive weight for each index

Influencing factor Comprehensive weight (wi)

Fault scale index (w1) 0.1824

Water pressure (w2) 0.2140

Water abundance (w3) 0.1482

Thickness of aquifer (w4) 0.1524

Stope width (w5) 0.1766

Coal seam mining depth (w6) 0.1266
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where VI is vulnerability index; wi is factor compre-

hensive weight; Xi is normalized value.

4 Risk Analysis of Coal Seam Floor Water Inrush

4.1 Drawing Normalization Thematic Map

and Water Inrush Risk Zoning Map

The normalized values of the main controlling factors

are input into the spatial geographic information

system. Each factor database is established, and the

input data is interpolated and analyzed. Normalized

thematic maps of all the influencing factors are shown

as Figs. 3, 4, 5, 6, 7, 8. And the risk of water inrush

zoning map is shown as Fig. 9. In order to test the

accuracy of the water inrush prediction model, the

prediction results were compared with the prediction

results of the water inrush coefficient. Risk assessment

zoning map of water inrush coefficient was shown as

Fig. 10.

Five risk levels were used to define the vulnerability

of the various No. 17 coal seam areas above the

Ordovician limestone aquifer based on the VI calcu-

lated above. The threshold levels selected were 0.32,

0.42, 0.50, and 0.58; the larger values indicate a

greater likelihood of water inrush. Word descriptors

are noted below.

Dangerous area: (VI[ 0.58); Relatively dangerous

area: moderate likelihood of floor water inrush

(0.50\VI B 0.58); Transitional area: low likelihood

of floor water inrush (0.42\VI B 0.50); Relatively

safe area: (0.32\VI B 0.42); Safe area: (VI B 0.32).

4.2 Identification and Test of Model

When the location of the water inrush point is more

than 90% in the dangerous or relatively dangerous

area, the result of water inrush prediction model is

more satisfactory. From water inrush risk zoning map

(Fig. 9), three water inrush points are in a dangerous or

relatively dangerous area. T-01 is in the dangerous

area. T-02 and T-03 are in the relatively dangerous

area. The fitting effect can be considered better, which

is approximately 100%.
Fig. 3 Thematic map of normalization of fault scale index

Fig. 4 Thematic map of normalization of water pressure of

Ordovician aquifer

Fig. 5 Thematic map of normalization of water abundance of

Ordovician aquifer
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4.3 Results Analysis

From the fault scale index normalized thematic map

(Fig. 3), the normalized value is large in the eastern

part. The main reason is that many large faults are

distributed in this area. For a single factor, the

probability of water inrush is relatively high in the

eastern part of the mining area. Figures 4, 5, 8 are the

normalized thematic map of water pressure, water

abundance and stope width. From their corresponding

thematic maps, the distribution of their normalized

values is similar. The normalized value is large in the

northwest part, mainly because the coal mining depth

is deep. The water pressure is large, the water

abundance is strong and the mine pressure is great

with Ordovician limestone aquifer closing. For a

Fig. 6 Thematic map of normalization of thickness of aquifers

Fig. 7 Thematic map of normalization of stope width

Fig. 8 Thematic map of normalization of coal seam mining

depth

Fig. 9 Zoning map of risk assessment of coal seam floor

Fig. 10 Risk assessment zoning map of water inrush

coefficient
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single factor, the probability of water inrush is high in

the northwest part of the mining area. From the

normalized thematic map of the thickness of aquifer

(Fig. 6), the normalized value is large in the south and

small in the northeastern. For a single factor, the

probability of water inrush is low in the south and high

in northeastern. From the stope width normalized

thematic map (Fig. 7), the normalized value is higher

in the middle of mining area. The main reason is that

this regional coal resource storage is rich. So the

mining area is large, and the stope width is also large.

For a single factor, the probability of water inrush is

relatively high in the middle of the study area.

From the zoning map of risk assessment of floor

water inrush (Fig. 9), the dangerous area is mainly

distributed in the northwest part of the mining area and

the fold axis affected zone and its surrounding area.

The main reason is that mining depth is deep, water

pressure is relatively large and water abundance is

strong in the northwest part of the mining area.

However, the equivalent thickness of the water-

resisting layer that inhibits the water inrush is

relatively small, and water inrush is easy to occur.

When mining the coal seam in this area, the prevention

and control measures for water inrush should be made

in detail. The relatively dangerous areas are mainly

distributed in the western and northwestern areas of

the mining area. Mining depth is relatively deep, water

abundance is relatively strong, stope width and water

pressure are medium, and floor thickness of aquifer is

relatively weak in these areas. When mining these

areas, some measures should be taken to prevent and

control water inrush, such as floor grouting reinforce-

ment or reasonable planning of stope width, etc. The

transitional area is mainly located in the middle part of

the mining area and small part is located in the

southeast part. Although water pressure and water

abundance are better, the thickness of aquifer is

thicker, and the water inrush may occur. The moni-

toring should be strengthened during the mining. Safe

area and relatively safe area are mainly distributed in

the middle east of mining area, because coal seam

mining depth is shallow, stope width is small, water

pressure and water abundance are weak. Water inrush

will not occur during mining.

The water inrush coefficient can be calculated

through the actual drilling data of the mine. When

water inrush coefficient[ 0.1 Mpa/m, the probability

of water inrush is larger. So the region of the water

inrush coefficient[ 0.1 Mpa/m is regard as dangerous

area. When water inrush coefficient\ 0.1 Mpa/m, the

probability of water inrush is smaller. So the region of

the water inrush coefficient\ 0.1 Mpa/m is regard as

safe area. From risk assessment zoning map of water

inrush coefficient (Fig. 10), the water inrush point

T-01 is in the dangerous area. And the water inrush

points T-02 and T-03 are in safe area. The fitting effect

can be considered relatively poor. Compared with the

water inrush coefficient method, the comprehensive

weight water inrush model can evaluate water inrush

risk by combining various influence factors of floor

water inrush. The evaluation is more comprehensive

and the prediction result is more accurate than the

water inrush coefficient.

5 Conclusions

(1) Geological and hydrogeological conditions

were characterized in Wanglou mine. The fault

scale index, the coal seam mining depth, the

stope width, the water abundance of the

Ordovician limestone aquifer, the equivalent

thickness of the water-resisting layer and the

water pressure of the Ordovician limestone

aquifer were the six major controlling factors of

the floor water inrush. Two fault related factors

were removed and two factors associated with

mining conditions were increased, which is

more conducive to the comparison of various

factors and the division of levels and easier to

calculate.

(2) The shortcoming of AHP is that the subjectivity

is too strong. The shortcoming of VC is that the

weight is not in conformity with the reality. The

comprehensive weight method was applied to

the evaluation of water inrush, which not only

overcomes the shortcoming of subjective

weighting method, but also avoids the short-

coming of the objective weighting method. The

evaluation method is more comprehensive and

the evaluation results are more accurate and

practical.

(3) Combining the analytical hierarchy process and

the variation coefficient method, the compre-

hensive weighting method was established, and

the comprehensive weight coefficient of the
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main control factors was determined. The

constructed weight vulnerability index model

and GIS were combined to obtain the risk

zoning map of floor water inrush and evaluate

the risk of floor water inrush, which provides

some guidance for prevention and treatment of

floor water inrush.
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