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Abstract

Mining-induced water inrush is a sudden and destructive underground disaster caused by a mining disturbance. This disaster
occurs frequently in the northern region of Shaanxi province in China due to overburden fractures in shallow seam mining, which
pose a great threat to residents’ safety. It is therefore essential to construct an accurate prediction model. This study first applies
selection hierarchy analysis to the main controlling factors of roof water inrush to study their weights using an analytic hierarchy
process (AHP) including five factors: surface water catchment features, wateriness of the aquifer, water-resistant characteristics of
aquiclude, combined influence of overburden, and mining disturbance characteristics. The grey relational analysis (GRA)
method is used to calculate the correlation degree of each water inrush. The AHP-GRA method presents a comprehensive
evaluative model combining the advantages of both approaches to analyze mining safety. Qualitative and quantitative indicators
of the roof water inrush prediction model in shallow seam mining are established. Secondly, risk prediction of roof water inrush
points and comprehensive water inrush is determined using engineering examples from the Hanjiawan coal mine. Results
indicate that during safety mining, water inflow data are consistent with our prediction, thereby substantiating the model’s
accuracy and providing a new method for predicting roof water inrush in shallow seam mining.

Keywords Mining disturbance - Shallow seam - Roof water inrush - Prediction model - Analytic hierarchy process (AHP) -
Grey relational analysis method (GRA)

Introduction

Mining-induced water inrush disasters are common in China
coal mines; they have resulted in grievous casualties and large
economic losses (Hou et al. 2016; Shi et al. 2017). These
disasters are characterized by abruptness, high speed, large
volume, and high pressure. Once an inrush occurs, the mine
roadway is flooded, and facilities are damaged (Wu et al.
2017; Yang and Feng 2002; Fang et al. 2016). After the shal-
low seam in northern Shaanxi was mined, a longitudinal de-
velopment fracture formed in the overburden. After the cracks
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penetrated the aquiclude, the aquifer flowed to the working
face along the conduit pipe due to the overburden and the
aquifer’s water head pressure, leading to roof water inrush
(Zhang et al. 2017; Zhu et al. 2009). Other accidents have also
occurred: in 2001, a large roof water inrush flooded a roadway
for 420 m. In 20009, a flood current formed in the surface gully
ofthe 1201 fully mechanized mining face of the Fengjiata coal
mine. The water reached up to 1300 m’/h, and three large
lanes were flooded underground. In 2011, after the working
face of the S1201 first mining of the Ningtiaota coal mine was
impelled for 600 m, roof water inrush brought water reaching
up to 2000 m*/h. These accidents were characterized by large
sudden water inrushes and subsequent destruction. The coal
seam is shallow, and the water-flowing fracture zone of coal
seam mining is connected to the aquifer by surface water. It is
therefore essential to conduct a qualitative and quantitative
evaluation to predict roof water inrush risk before shallow
seam coal mining to guide corresponding prevention
measures to mitigate disasters.
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Many researches have been published regarding the pre-
diction of roof water inrush in coal seam mining. Wu et al.
(2000) established a “three maps-two predictions” method via
a roof water inrush condition quantitative evaluation of the
coal seam at two coal mines. The pre-mining drainage pro-
gram of working face water inflow and a roof direct water-
filling aquifer were dynamically predicted using Visual
MODFLOW software (Yang et al. 2015). Zhang et al.
(2005) tested a prediction model based on a multi-
information complex analysis method using geographic infor-
mation systems (GIS) to fit actual water inrush points. They
proposed an indirect prediction function to express the spatial
variety of fissured water. Based on the results of the location
of primary key strata in the overburden, Yi et al. (2008) fore-
casted a dangerous area for roof water inrush in the actual
working face. Other scholars have proposed the concept of a
water inrush risk coefficient under the quaternary loose aqui-
fer to predict and evaluate the location’s condition (Meng et al.
2013). Considering that roof water inrush in shallow seam
mining is affected by various factors, the weights of control-
ling factors should be evaluated and summarized using an
analytic hierarchy process (AHP). Although widely imple-
mented, AHP is a relatively subjective method (Luo 2014),
and factor correlations are generally not considered in analy-
sis. Other popular objective analysis methods include GRA
(Li and Chen 2016), variation coefficients, and the entropy
method. Although objective analysis can mitigate the influ-
ence of human factors, it relies too heavily on quantitative
methods (e.g., statistics and mathematics) while neglecting
subjective qualitative analysis of index system. Meanwhile,
controlling factors are especially relevant to each other while
also being complex and ambiguous. Therefore, during com-
prehensive evaluation, a more precise way to determine index
weights is to combine subjective and objective weighting
methods. GRA 1is superior to other methods in its ability to
describe the multi-factor influence of roof water inrush. Based
on the above problems and extant research on roof water in-
rush disasters, a combined AHP-GRA method may reflect the
multi-factor evaluation model of controlling factors and roof
water inrush. Roof water inrush in shallow seam mining is
qualitatively and quantitatively predicted in this study.
Results provide accurate and effective pre-mining information
to prevent water inrush accidents.

In this paper, a multi-factor prediction model for roof water
inrush in shallow seam mining based on AHP-GRA evalua-
tion is proposed to identify controlling factors and risk classes.
Then, the model is applied to predict roof water inrush points
and cumulative risk in the Hanjiawan coal mine (Yang et al.
2017). Results indicate that during safety mining, water inflow
data is consistent with our prediction; thus, the model’s ratio-
nality and accuracy are supported. Finally, our research pro-
vides qualitative and quantitative analysis of roof water inrush
prediction and effective early warning before mining.
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Methodology

The AHP method

Roof water inrush in shallow seam mining is affected by mul-
tiple factors, which the AHP methods can summarize. AHP
was proposed in the early 1970s by American operation re-
search scientist Thomas Saaty from the University of
Pittsburgh. In AHP, controlling factors are condensed to es-
tablish a corresponding evaluation indicator system where the
weight of each factor is determined quantitatively. Factors are
combined according to their objective and subjective relation-
ships (Liu et al. 2007), forming a multi-level analytical struc-
ture that provides a comprehensive picture of the predicted
objective. The AHP method can also determine the weight
of the evaluation factor. Essentially, the evaluative process
consists of three steps:

(1) Establish the hierarchical model. According to the rela-
tionship among controlling factors, the selected targets,
considered factors, and decision objectives are divided
into a target layer, middle layer, and decision layer, re-
spectively. Same-layer factors are subordinate to those in
the upper layer and superior to those in the lower layer.

(2) Construct the judgment matrix. A consistent matrix
method is used to determine the relative influence value
by comparing each factor with others in the same layer,
facilitating comparisons between factors with different
properties to improve evaluative accuracy.

(3) Hierarchical ranking and consistency checks.
Hierarchical ranking refers to the importance ranking
each factor in the middle layer, corresponding to another
factor in the upper layer. For judgment matrix A, we
calculated the characteristic root and characteristic vec-
tor using the formula AW = AW, where A\ is the
largest eigenvalue of matrix A, W is the eigenvector of
regularization corresponding to the A.x, and w; is the
component of W corresponding to the element’s weight.

The judgment matrices are usually not identical, but to use
a matrix’s eigenvector as the proper weight for comparative
factors, its inconsistency should be within an allowable range.
The matrix’s consistency test is reflected in Eq. (1); this is the
basic formula in AHP analysis along with a consistency test of
the AHP matrix.
CI

CR=— (1)

where CR is the consistency ratio; when CR < 0.1, the degree
of inconsistency is acceptable.
Amax—7
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where CI is the consistency characteristic indicator. If C/=0,
then matrix A is consistent; if C/ is close to 0, the consistency
is satisfactory. The larger the C/ value, the greater the incon-
sistency. n is the number of comparison factors. R/ is the
random consistency indicator obtained from Table 1.

The GRA method

GRA is a new method in grey system theory, a quantitative
approach describing the degree of correlation between objects
and factors with relational value. For factors between two
systems, the measure of correlation size that varies over time
or across different objects is called the correlation degree. If a
trend between two factors is consistent, then the degree of
synchronous change is relatively high, as is the degree of
correlation between the factors; otherwise, the correlation de-
gree is relatively low. The GRA method uses similarity or
dissimilarity development trends across given factors, namely
the grey correlation degree, to measure factors’ extent of cor-
relation. The premise of GRA is to determine whether the
links between different sequences are close according to the
sequence curve’s geometry. The basic idea is to convert a
discrete behavioral observation of the system factor into a
segmented, continuous broken line via linear interpolation
and then construct a model of correlation degree measurement
according to the broken line’s geometric features (Liu et al.
2013). The evaluation procedures are as follows:

(1) Determine the reference series and comparative series.
The values of the evaluation standard indicator and stud-
ied objectives are listed as reference series and compar-
ative series, respectively. The initial evaluation matrix is
formed after the comparison; the dimensionless evalua-
tion matrix is obtained using the dimensionless method.

(2) Determine the grey correlation coefficient solution, cal-
culated as

min min |x;(k)=x;(k)| -+ nmax max |x;(k)—x; (k)
’yi (k) — l k i k

(3)
xi(k)=x;(k)

+nmaxm]?x’xi(k)_xj(k)|

where v,(k) is the correlation coefficient between the kth indi-
cator and kth optimal indicator of the ith assessment objective;
xi(k) is the corresponding value of the evaluation objective
matrix; x;j(k) is the corresponding value of the evaluation stan-
dard matrix; 7 is the resolution ratio (general value =0.5); k=
1,2,....n;and i=1.2,...,m.

Table 1  Random consistency indicator (R/)

Numeric scale Definition RI

1 Equal importance 0

2 Between 1 and 3 0

3 Moderate importance of one over another 0.58
4 Between 3 and 5 0.90
5 Strong importance of one over another 1.12
6 Between 5 and 7 1.24
7 Very importance of one over another 1.32
8 Between 7 and 9 1.41
9 Extreme importance of one over another 1.45
24,68 Intermediate values

(3) Calculate the grey weighted related degree. Based on the
weight of each indicator according to AHP, the grey
weighted related degree that considers the weight differ-
ence between indicators is calculated as follows:

n

Ri= Y wy (k) (4)
k=1

where R; is the grey weighted related degree of the evaluation
standard for the ith evaluation objective; wy, is the weight of
each controlling factor; k=1,2,....,n; and i=1,2,...,m.

(4) Comprehensive evaluation. According to the scale of the
calculated grey weighted related degree, the resultant
evaluation objectives are established. The correlation de-
gree is sorted in descending order from large to small; the
larger the correlation, the better the degree of correlation
with the class set. The comprehensive evaluation will
allow us to identify the roof water inrush risk class and
coal seam danger points in the prediction area.

The prediction model based on AHP-GRA evaluation

A single analytic method cannot uniformly evaluate relation-
ships among various factors in nonlinear complicated prob-
lems such as roof water inrush in a coal seam; such models
would reduce predictive accuracy. The AHP method qualita-
tively confirms the weight of each controlling factor, and
GRA quantitatively analyzes uncertain relationships among
factors. A comprehensive evaluation model combining the
advantages of AHP and GRA is proposed in this study to
analyze mining safety. The prediction model is shown in
Fig. 1.
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Fig. 1 Prediction model based on AHP-GRA

Controlling factors of roof water inrush in shallow
seam mining

To construct a prediction model to forecast roof water inrush
in shallow seam mining, controlling factors must be analyzed
first before establishing the evaluation indicator system. Chen
and Liu (2010) found that roof water inrush in coal mines is
affected by many factors. Selecting a reasonable evaluation
indicator ensures the evaluation system’s accuracy. In this

study, controlling factors are as follows:

(1) Surface water catchment features. The coal mine in

Converted to

compa

series

rative

northern Shaanxi is located in an arid and semi-arid re-
gion of northwest China with an average annual rainfall
of 436.7 mm, most of which occurs from July to
September. A loess gully developed on the Earth’s sur-
face, and intermittent surface runoff in the gully has be-
come an important water source in mine water disasters
(Zhang et al. 2016a). As for the mining area landscape,
the channel’s large falling gradient and the small
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infiltration coefficient of atmospheric precipitation in
the gully area are conducive to flood formation; howev-
er, the infiltration coefficient in the wind-blown sand
beach area is relatively large, offering centralized precip-
itation during the wet season (Xu et al. 2012a; Zhang
etal. 2011; 2013).

Wateriness of the aquifer. The aquifer in the coal seam
roof'is a source of water inrush and an important factor in
related disasters. The wateriness of the aquifer deter-
mines the size of an outburst and inrush duration. Unit
inflow, rinse consumption, aquifer permeability, and
aquifer thickness are secondary indicators of wateriness.
Water-resistant characteristics of aquiclude. Aquiclude is
a natural geological preventer of roof water inrush and
plays a key role in preventing water from flowing down-
ward. Aquiclude’s water resistance is based on its thick-
ness, integrity, and permeability coefficient. If the soil
layer is very thick, the interconnected aquifer is more
difficult to permeate (Wang et al. 2016). Meanwhile,
high soil integrity and a low permeability coefficient
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can effectively reduce the development height of the wa-
ter suture zone and the degree of water seepage, decreas-
ing the likelihood of water inrush.

Combined influence of overburden. Different types of
overburden have distinct crack development characteris-
tics (Ning et al. 2017), and the type of strata described by
thickness is insufficient for water inrush prediction. Five
indicators—the ratio of basement to loadings, J, (Li et al.
2013); ratio of rock to mining, J. (Wang et al. 2010);
location of bedrock to key strata (Xu et al. 2009); degree
of structural development (Dong et al. 2009); and pro-
portion coefficient of hard rock (Hu et al. 2012)—clas-
sify combined overburden features.

Fig. 3 Hierarchical structural
model

Aquifer

Base rock

Coal seam

(5) Mining disturbance characteristics. As coal seam min-

ing thickness increases, the development height of the
water-flowing fracture zone increases and decreases
with the amount of stratified mining. In the traditional
empirical formula, mining thickness is the only param-
eter that influences expected water flow height, an im-
portant indicator when evaluating mining distur-
bances. Serious damage occurs to the overburden in
the long-wall collapse method. Column mining can
control the extent of damage to the aquifer to better
protect it (Zhang et al. 2015). The mining method
and dip angle of the coal seam are also included in this
indicator.
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Table 2  Assessment indicators of water inrush in shallow seam mining
First-hierarchy factors Secondary indicator I I il v
Surface water Maximum daily rainfall/mm 10 20 50 100
catchment features Depth of valley/m 9 20 39 55
Slope angle of valley/° 15 21 33 45
Wateriness of the Rinse consumption Smaller Small Large Larger
aquifer Unit inflow/(L-s "'m™") 0.1 1 5 10
Permeability coefficient/l (cms ™) 10° 1074 1072 1
Aquifer thickness Thinner Thin Thick Thicker
Water-resistant Aquiclude thickness Thicker Thick Thin Thinner
characteristics of Permeability coefficient/(cms ') 107'° 107 10° 107
aquiclude Aquiclude integrity 0.75 0.55 035 0.15
Combined influence of ~ Ratio of basement to loadings 1.2 0.9 0.6 0.2
overburden Ratio of rock to mining 35 26 18 11
Key stratum location Higher High Low Lower
Hard rock coefficient 0.8 0.6 0.4 0.2
Structure development degree Simpler Simple Complex More complex
Mining disturbance Thickness of coal seam/m 0.5 1.3 35 8
characteristics Working face length/m 90 150 200 300
Dip angle of coal seam/° 5 15 25 45
Mining method Slicing mining ~ Pillar mining ~ Long-wall mining ~ Long-wall top coal caving

Construction of the hierarchical structure model

In this study, risk assessment was divided into four classes
from small to large: I, II, III, and I'V. Considering relevant
industry standards and research (Zhang et al. 2016b), we
constructed a risk assessment system of water inrush

Fig. 4 Stratigraphic columns of
the Hanjiawan coal mine
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ary indicators underneath; the hierarchical model appears
in Fig. 3 and includes qualitative and quantitative indica-
tors. Quantitative indicators were calculated using mea-
sured data; however, class demarcation for qualitative

Number | Thicknes/m | Depth/m Character
1 7.61 7.61 Aeolian sand
2 10.9 18.51 Sand and gravel
3 8.84 27.35 Loess layer
4 8.65 36 Loose sand
5 4.8 40.2 Red soil layer
6 6.6 46.8 Sandstone
7 9.7 56.8 Sandy mudstone
3 35 65.3 Medium grained
sandstone
9 6.2 71.5 Silty sandstone
10 10.4 81.9 Medium grained
sandstone
11 4.3 86.2 2-2 Coal
12 24 88.6 Fine sandstone
‘ 13 43 92.9 Me‘:;‘;gls f;si“ed
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Fig. 5 Geographic and
geomorphic map of the
Hanjiawan coal mine

indicators was vague by comparison. In this paper, a gen-
eral target hierarchy method was used to evaluate qualita-
tive indicators, which were quantified according to certain
criteria. Roof water inrush risk had four scales—smaller,
small, large, and larger—based on corresponding class
scores, ranging from 0.1, 0.4, and 0.7 to 1. The larger
the score, the greater the risk. The corresponding indicator
in the prediction area was quantified according to class
scores. All indicators are shown in Table 2.

Results

Profile of working face and water inrush controlling
factors in the Hanjiawan coal mine

Profile of working face

The Hanjiawan coal mine is located in the northernmost part
of the Shenfu coal field in northern Shaanxi, whose 2404
working face corresponds to the west Budaihao Village on
the surface. To the east of this mine is the 0.8 line of the 272
coal seam, to the west is the no. 4 panel return airway, to the
south is the 2405 working face, and to the north is the goaf of
the 2403 working face. The coal seam thickness ranges from
3.4 to 5.2 m with an average thickness of 4.3 m. The coal seam
is stable with a simple structure and incline of 1°-3°. The roof-
caved method of fully mechanized long-wall retreating min-
ing is adopted for roof coal mining. The advanced length of
the working face is 2797 m, and the length of the working face
is 206.6 m.

The stratigraphic columns of the working face and the geo-
morphic map of the Hanjiawan coal mine are shown in Figs. 4
and 5, respectively.

Pia

£ \ Slope angle

Controlling factors of roof water inrush in the working face

Surface water catchment features The surface of the
Hanjiawan mine is in a loess hilly valley area, where the
Tangjiangqu River flows through the south of the coal mine
at a rate of up to 28 m>/h. During the rainy season, precipita-
tion reaches about 331.8 mm with a maximum daily rainfall of
84.6 mm. The maximum surface valley depth is 32 m, and the
maximum slope angle is approximately 52°. A torrent can
form easily in the valley with excessive daily rainfall.

Wateriness of the aquifer The aquifer of the coal mine is
mostly covered by a Holocene alluvium layer pore-phreatic
aquifer (Qq4,) and a quaternary upper Pleistocene Salawusuan
group aquifer (Qss). The former (Qy,), which contains little
water, can be ignored; the latter (Qs;) is highly permeable and
easily accumulates precipitation to form a pore-phreatic aqui-
fer while consuming less washing fluid at the same time. The
Q3 overburden falls into the low watery aquifer, whose water
inflow in watery areas is up to 1.66 L's '-m ' with a perme-
ability coefficient of 5.20 ¢ cm/s.

Water-resistant characteristics of aquiclude The overlying
aquiclude is Neogene baode red clay group aquiclude (N5p)
with a thickness of 4.8 m, belonging to the thin aquifuge layer.
Ny, is a loose and relatively compact silty clay lithology with a
light red or pale brown color and permeability coefficient of
1.85 ¢ '%cm/s. It has good water-resistant properties.

Combined influence of overburden Geological conditions in
the mining area are simple with no large geological structures.
The mechanical properties of the coal roof rock are hard cav-
ing, and the proportion coefficient of hard rock (3 is 0.37.
Local river erosion and deposition may occur during mining.
The thickness of the base rock is 41.7 m, the thickness of the
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Table 3  Judgment matrix A-B

A B B By B, Bs X

B, 3 15 13 12 00953  Apa=5.0790
B 13 1 177 15 14 00451
By 5 7 1 2 304400
B, 3 5 12 1 2 0259
Bs 2 4 3 12 1 0.1600

load layer is 40.20 m, and the mining height (M) is 4.3 m. The
ratio of rock to loading (J,) is 1.04, and the ratio of rock to
mining (J,) is 9.70. The key stratum is located 10.40 m above
the roof of the coal seam and is far less than (7-10) M, placing
the key stratum in the lower level of the hierarchical model
(IV) (Xu et al. 2012b).

Construction of judgment matrix and weight
calculations

According to Fig. 3, the scaling method of 1-9 and the recip-
rocals were applied to compare two factors to construct the
judgment matrix for each level. We constructed the first-

Finally, the weight of the Z indicator (each factor of C for
target layer A) was obtained from the weights of X and Y.

Formulas (1) and (2) were used to calculate the consistency
characteristics of the judgment matrix, where CI = % =
0.0198. Whenn =5, RI=1.12, and the consistency ratio is CR
= % =0.0177 <0.1. The judgment matrix passed the consis-
tency check. The same method was used to calculate each
indicator’s weight and verify its consistency (see Table 4).

The weights of the second-hierarchy indicators were or-
dered, and the influence coefficient of each factor was deter-
mined for roof water inrush (see Table 5).

Risk class of first-hierarchy factors
Determination of comparative series and reference series

The indicator value of surface catchment characteristics was
ordered in Table 2 as a comparative series, denoted as x;(k) =
(84.6, 32, 52). Class criteria in Table 2 comprised the refer-
ence series. Data were processed using a dimensionless initial
value with the following outcome:

hierarchy indicator for the A-B judgment matrix and weight 0.11820.2364 0.5910  1.1820
of X (see Table 3) and then constructed the secondary hierar- By = |02813 06250 0.2188 1.7188
chy indicator for the B-C judgment matrix and weight of Y. 0.2885 0.4038 0.6349  0.8654
Table 4 Calculation results of indicators” weights
Target layer A First-hierarchy factors Weight X Secondary hierarchy indicator Weight Y Total weight Z
B C
Risk Surface water catchment 0.0953 Maximum daily rainfall 0.5000 0.0477
assessment features Depth of valley 0.2500 0.0238
Slope angle of valley 0.2500 0.0238
Wateriness of the aquifer 0.0451 Rinse consumption 0.3200 0.0144
Unit inflow 0.4863 0.0219
Permeability coefficient 0.1168 0.0053
Aquifer thickness 0.0769 0.0035
Water-resistant characteristics 0.4400 Aquiclude thickness 0.6370 0.2803
of aquiclude Permeability coefficient 0.1047 0.0461
Aquiclude integrity 0.2583 0.1137
Combined influence 0.2596 Ratio of basement to loadings 0.0604 0.0157
of overburden Ratio of rock to mining 0.1889 0.0490
Key stratum location 0.4444 0.1154
Hard rock coefficient 0.2199 0.0571
Structure development degree 0.0864 0.0224
Mining disturbance 0.1600 Thickness of coal seam 0.3247 0.0520
characteristics Working face length 0.1034 0.0165
Dip angle of coal seam 0.0549 0.0088
Mining method 0.5170 0.0827
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Order of second-hierarchy indicator weights

Table 5

Number

Aquiclude

Aquiclude Key stratum Aquiclude Mining Hard rock Thickness Ratio of rock Maximum

Indicator

permeability

daily
rainfall

to mining
0.0477

of
coal seam

location integrity method coefficient
0.052

thickness

coefficient
0.0461

0.0490

0.2803 0.1154 0.1137 0.0827 0.0571

Weight

19

17 18

16

15

14

13

12

10 11

Number

Aquifer

Aquifer

Dip angle

Rinse

Ratio of basement

Working

Unit

Depth of  Slope angle  Structure

Indicator

thickness

0.0035

permeability coefficient
0.0053

of coal seam

0.0088

consumption

0.0144

to loadings

0.0157

face length

0.0165

development degree inflow
0.0219

0.0224

of valley

0.0238

valley
0.0238

Weight

Correlation coefficient calculation

pei(k) — x(k) was calculated by Formula (3), and the absolute
value was taken after subtracting corresponding data within
the matrix:

84.4818 84.3636 84.0090 83.4180
|xi(k)=xj(k)| = | 31.7188 31.3750 30.7813  30.2813

517115 51.5962 51.3654  51.1346
min min |xi(k)—x;(k)| = 30.2813, max max |xi(k)—x;(k)| = 84.4818.

In this formula, 7 is the resolution coefficient, and 0.5 was
taken. We determined the correlation coefficient ; of surface
catchment characteristics:

0.5723 0.5728 0.5744 0.5771
v, =1 0.98.6 09851 0.9932 1.0000
0.7719 0.7729 0.7748  0.7767

Calculation of the grey weighted related degree

In AHP, the surface catchment characteristic indicator’s
weight is guaranteed. According to Formula (4), the related
degree was calculated as follows:

Ry =[0.5000 0.2500  0.2500] x v,
=[0.7243 07259 0.7292  0.7327]

The maximum grey weighted related degree was Ry yax = 0.
7292, and surface catchment characteristics corresponding to
water inrush risk belonged to class III (i.e., large risk).

The related degree for wateriness of the aquifer was as
follows:

R, = [1.6827 1.6796 1.5086  1.4103], where
Romax = 1.6827. The wateriness of the aquifer corresponding
to water inrush risk belonged to class I (i.e., small risk).

For the water-resistant characteristics of aquiclude,

Ry = [1.6834 1.5960 1.5299  1.5342], where
Ri3max = 1.6834, belonging to class I (i.e., small water inrush
risk).

For the combined overburden features corresponding to
water inrush risk,

R, = [1.6413 1.6466 1.6523  1.6586], where
Rymax = 1.6586, belonging to class IV (i.e., large risk).

For mining disturbance characteristics,

Rs = [1.5049 1.5145 1.5103  1.5034], where
Rsimax = 1.5145, belonging to class II (i.e., small risk).

Cumulative risk of roof water inrush

The weights of first-hierarchy factors and related degrees in
the Hanjiawan coal mine are shown in Table 6. The
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Table 6 Related degrees of first-hierarchy factors

First-hierarchy factors Weight I I 11 v

Surface water catchment features 0.0953 0.7243 0.7259 0.7292 0.7327
Wateriness of the aquifer 0.0451 1.6827 1.6796 1.5086 1.4103
Water-resistant characteristics of aquiclude 0.4400 1.6834 1.5960 1.5299 1.5342
Combined influence of overburden 0.2596 1.6413 1.6466 1.6523 1.6586
Mining disturbance characteristics 0.1600 1.5049 1.5145 1.5103 1.5034

cumulative grey weighted related degree of the working sur-
face was calculated using Formula (4).

R=[1.5525 1.5196 14813 1.4796]

oThe comprehensive evaluation of the maximum grey
weighted related degree was R, = 1.5525, and the corre-
sponding water inrush risk belonged to class I (i.e., small risk).

Prediction of water inrush points

Although the comprehensive water inrush risk in the 2204
working face was very low, the surface catchment character-
istics corresponding to inrush risk belonged to class III and the
combined overburden features belonged to class IV, indicating
arelatively large risk. An abnormal change in roof water flow
could lead to water inrush, which may occur based on the
surface catchment indicator value and abnormal indicator val-
ue corresponding to combined overburden features. When the
water catchment indicator value exceeds class 11l and the com-
bined overburden indicator value exceeds class IV, we can
identify a predicted water inrush point. Judgment indicators
are shown in Table 7.

Based on the three-dimensional integrated GIS develop-
ment platform of the above-ground, ground surface, and un-
derground areas, correlative indicator data from the 2404
working face were compared with the risk judgment indica-
tors and distribution graph of predicted risk points on the
working face as shown in Fig. 6. During working face mining,
most water-flowing fractured zones did not sweep to the aqui-
fer in Sarah Wusu. However, due to the relatively thin roof
bedrock in certain positions and the relatively low position of
key layers, the surface gully development stripped some bed-
rock; thus, the water-flowing fracture zone could sweep the

Table 7 Judgment indices of dangerous points

aquifer in Sarah Wusu and even go through the valley, increas-
ing the possibility of a water inrush disaster if a rainstorm
accompanies the flood flow. Therefore, surface water and
pre-warning signs of underground water in the rainy season
should be monitored to prevent local water inrush.

Water feedback on the site

Mining of the 2404 working face of the Hanjiawan coal mine
was completed safely; no water inrush accidents occurred.
However, the water flow fluctuated throughout the mining
process. High-peak periods were as follows:

(1) When the 2404 working face was pushed 36 m from the
open-off cut, a roof water-flowing fracture zone devel-
oped rapidly, and water inflow increased suddenly be-
cause the key layer position of overburden for this region
was very low. After the coal seam was mined, static
water storage capacity and dynamic flow within the area
of the first collapse filled simultaneously, bringing the
peak value to 269 m’/h. However, this fluctuation had
no influence on production following a sharp reduction
in water flow to 100 m*/h.

(2) When the working face was pushed to a relatively weak
bedrock area, water inflow fluctuated from 98 m>/h
(normal) to 130 m*/h but remained within the scope of
safe mining.

(3) During a period of heavy rainfall (i.e., continuous daily
rainfall of over 30 mm), water flow in the mining region
increased significantly given the extent of precipitation
and the mine’s proximity to landforms and geomorphy.
The mine showed enhanced monitoring of surface and
underground water across the gully and in low-lying
areas during the rainy season. We also took advanced

Potential hazard index Index value

Potential hazard index Index value

Maximum daily rainfal/mm >50
Depth of valley/m >39
Slope angle of valley/® >33

Structure development degree More complex

Ratio of basement and loadings <0.2
Ratio of rock and mining <11
Key stratum location Lower
Coefficient of hard rock <0.2
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Fig. 6 Risk point distribution of
water inrush in the 2404 working
face
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drainage measures of gully water to prevent roof water
inrush. Results showed this program was effective: daily
precipitation was less than 10 mm and did not affect
mining surface water inflow.

Conclusion

According to the factors influencing roof water inrush in shal-
low seam mining, indicators were selected based on five char-
acteristics. We then constructed an evaluation indicator system
and class division criteria for roof water inrush with cumula-
tive qualitative and quantitative indicators.

The combined evaluation model greatly reduced subjective
judgment. This model can discriminate and assess the respec-
tive risks of individual water inrush factors. The model can
also accurately predict the risk class and risk points of com-
prehensive water inrush for the working face, facilitating fu-
ture water inrush prevention.

Water inflow data during mining showed that the model not
only accurately evaluated comprehensive water inrush classes
but also prevented coordinated risk points, which can allow
professionals to explore water inrush risk points before coal
seam mining to guide prevention and control. Therefore, the
likelihood of roof water inrush accidents is greatly reduced.

Dangerous point of roof water inrush
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