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Deep mining in Ordos Basin faces the threat of bed-separation water inrush (BWI), so it is necessary to carry out BWT risk
assessment before mining. However, the existing BWI risk assessment methods fail to provide a universal risk classification
standard. In this paper, taking three coal mines in Ordos Basin as research cases, the water resistance of fractured rock mass
was analyzed, and a BWI coefficient (BWIC) method for BWI risk assessment was established. Firstly, by comparing the
weight of each BWI-related factor, the formula for calculating the thickness of equivalent water-resisting layer of fractured rock
mass was derived. The weight of each BWI-related factor was obtained by entropy weight method. Secondly, based on the
stress arch theory, the overall BWIC in bed separation zone corresponding to different excavation lengths was obtained. BWIC
was expressed by the ratio of the Cretaceous water pressure to the total thickness of the unbroken water-resisting layer and the
equivalent water-resisting layer of the fractured rock mass. Finally, by comparing the value range of the overall BWIC in the
bed separation zone corresponding to the excavation length with and without BWI, the standard of BWI risk classification was
determined. The application results verified the scientificity of BWIC method and the universality of the BWT risk classification

standard proposed in this paper.

1. Introduction

Bed separation is a layered cavity formed between adjacent
strata due to uneven settlement of strata in overburden dur-
ing underground coal mining [1-5]. When the water in the
surrounding aquifer accumulates into the bed separation,
bed-separation water is formed. Once the bed-separation
water breaks through the water-resisting layer below it and
flows into the mining site, it will cause bed-separation water
inrush (BWI) [6]. BWI has the characteristics of large
instantaneous water volume and strong destructiveness.
Coal is still the most important fossil energy in China, and
Ordos Basin has become China’s main coal producing area
[7, 8]. In underground coal mining, because China has the

most complex geological conditions and the largest coal
mining scale in the world, almost all accidents caused by
BWI occur in China. For example, in 2016, a BWI occurred
at Zhaojin coal mine in China, resulting in 11 deaths. There-
fore, for those coal mines facing BWI threat in Ordos Basin,
BWI risk assessment has important reference value for the
formulation of safe mining scheme.

At present, mine engineers still have different views on the
formation mechanism of BWI. Some views are that the power
to induce BWI comes from the impact of the fracture of the
rock stratum constituting the bed separation on the bed-
separation water [9-11], while some views are that the bed-
separation water pressure is the power to drive the bed-
separation water to break through the aquiclude [12, 13]. In
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fact, in the overburden, the inrush of bed-separation water in
the fracture zone should be caused by the fracture of rock stra-
tum, but the inrush of bed-separation water above the fracture
zone should be driven by bed-separation water pressure.
Although BWT is not a new type of roof water hazards in coal
mining in recent years, but due to the lack of attention, there
are few research results on risk assessment of BWI
Multifactor-weighted superposition method is a mature risk
assessment method, and it is often used in mine roof/floor
water inrush risk assessment [14, 15]. However, in the
multifactor-weighted superposition method, the result of data
standardization processing will be affected by the value range
of the data set, which will lead to the BWT risk may be wrongly
evaluated and the boundary values between different risk
levels changing with the change of evaluation area, for exam-
ple, assuming that the values of one of the BWI-related factors
in mining areas A and B are data set A= {a,,a,, -, a; ",
a,} and data set B={b;, b,, -+, b, -+, b, }, respectively. The
maximum and minimum values in data set A are a,, and
Ain» Tespectively, and the maximum and minimum values
in data set B are b, and b, ;,, respectively. The value of the
BWI-related factor at coordinate point X in mining area A is
a,, and the value of the BWI-related factor at coordinate point
Y in mining area B is b, and a, = b,. If a,,,,, = b, and a,,
=b,,;, cannot exist at the same time, the standardized values
of a, and by will not be equal, and the BWI risk at coordinate

point X and coordinate point Y will be evaluated as unequal,
which is not in line with the reality. The water inrush coeffi-
cient method, which was improved from the empirical for-
mula suitable for floor water inrush risk assessment and
suitable for roof water inrush risk assessment, has been used
in BWI risk assessment [16]. However, the evaluation results
were not convincing because the water-resisting capacity of
the fractured Jurassic strata in Ordos Basin due to the fracture
self-healing effect was not considered.

The above analysis shows that there is still a lack of prac-
tical methods suitable for BWI risk assessment in Ordos
Basin. Moreover, the BWI risk corresponding to different
excavation lengths cannot be obtained by using the existing
BWI risk assessment methods, which is not conducive to
guiding relevant disaster prevention and control. Therefore,
the purpose of this paper is to analyze the role of BWI-
related factors in BWI and establish a BWI risk assessment
method that can provide water inrush risk corresponding
to different excavation lengths and universal risk classifica-
tion standard.

2. Engineering Geological Background of Coal
Mining in Ordos Basin

Ordos Basin is the main coal producing area in China, and
Jurassic coal seams are the main excavation objects. In the
middle of the basin, a thick layer of Cretaceous strata is
deposited above the Jurassic Anding Formation (Figure 1).
The Cretaceous strata are mainly composed of thick sand-
stone with a small amount of sandy mudstone intercalation,
which has good integrity (Figures 2 and 3(a)) and is not easy
to deform, while the Jurassic Anding Formation is mainly
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composed of mudstone and sandy mudstone and has weath-
ering zone inside, which is easy to deform (Figures 3(b) and
4). In the subsidence caused by underground mining, due to
the asynchronous deformation between sandstone and
sandy mudstone in Cretaceous and between Cretaceous
and Jurassic Anding Formation, layered cavities (i.e., bed
separations) appear in Cretaceous and the interface between
Cretaceous and Jurassic Anding Formation (Figure 5).
When the water in the aquifer around a bed separation con-
verges into the bed separation, bed-separation water is
formed, which can lead to the decline of the water level in
the surrounding aquifer (Figure 6). When the bed-
separation water suddenly burst into the mining area, BWI
is formed. Due to the deformation of sandy mudstone inter-
calation in Cretaceous is clamped by its adjacent thick sand-
stone layers, bed separations in Cretaceous have smaller
scale. On the contrary, because the overall antideformation
ability of Cretaceous is greater than that of Jurassic Anding
Formation, the deformation difference between Cretaceous
and Jurassic Anding Formation is larger; bed separations at
the interface of Cretaceous and Jurassic Anding Formation
have larger scale. Therefore, the bed-separation water at
the interface between Cretaceous and Jurassic Anding For-
mation is the focus of this study.

3. Methods and Materials

3.1. BWI-Related Factors and Their Quantification. As
shown in Figure 5, BWI is caused by the breakthrough of the
Jurassic protective layer by the Cretaceous bed-separation
water above it. Therefore, the research objects directly
involved in BWI process include the Cretaceous bed-
separation water and the Jurassic protective layer. In the Juras-
sic protective layer, the upper part is the unbroken Jurassic
strata (U]S), and the lower part is the fractured Jurassic strata
(FJS). The water-resisting capacity of FJS is due to the closure
of fractures in FJS under the action of water flow. Further-
more, the strata in FJS can be divided into fractured mudstone
and fractured sandstone. The role and quantification of each
BWI-related factor in BWT are described below.

(1) Bed-separation water pressure (P,)

The bed-separation water pressure (P,) provides the
inducing power for the occurrence of BWI. Since the bed-
separation water comes from the aquifer around the bed
separation, when the bed separation is filled with water, P,
will gradually increase to be consistent with the water pres-
sure in the aquifer around the bed separation. Since the
bed separations at the interface between Cretaceous and
Jurassic strata are the focus of this study, in this study, the
Cretaceous P, can be expressed by the water pressure in
the aquifer at the bottom of Cretaceous.

(2) U]JS thickness (T)

UJS is the key factor affecting BWI because it can pre-
vent the release of bed-separation water. Because the integ-
rity of UJS is not damaged, it has greater strength and
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FiGurk 1: Engineering geological background in the study area.
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FI1GURE 2: Outcrop of Cretaceous strata (December 2018, Jingbian,
China).

better water-resisting capacity than FJS. The greater the
thickness of UJS (Ty) is, the stronger its water-resisting
capacity is. T}, can be calculated as follows:

Ty=T;-Tp (1)

(2)

where T is the thickness of Jurassic strata between coal
seam and Cretaceous (that is, the thickness of Jurassic pro-
tective layer); T is the thickness of FJS; M is the mining
thickness; and Rp,, is the ratio of T and M, which can be
obtained through field monitoring.

Tp=M* Rpy

(3) Closure potential of mudstone fractures in FJS (C,,)

Due to the low strength (with an average saturated uni-
axial compressive strength of 4.75MPa) and low softening
coefficient (with an average softening coeflicient of 0.34),
the Jurassic mudstone can be easily argillated and deformed
after encountering water (Figure 7), resulting in the self-
healing effect of fractures in Jurassic mudstone under the
action of water flow.
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Ficure 4: Outcrop of the interface between Cretaceous strata and the Jurassic Anding Formation in the Ordos Basin (October 2019,

Jingbian, China).
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FIGURE 5: Schematic diagram of Cretaceous bed-separation water formation and mining disturbed overburden zoning during Jurassic coal
seam mining: T: total thickness of all strata between the i layer and the coal seam.

In FJS, the better the closure effect of mudstone frac-
tures, the stronger the water-resisting capacity of mudstone,
and the smaller the probability of BWI. Here, the closure
potential of mudstone fractures in FJS (C,,) was used to eval-
uate the closure effect of mudstone fractures. Because C,, is
positively correlated with the volume of mudstone and the
volume of mudstone is positively correlated with the mud-

stone thickness, C,, is positively correlated with the mud-
stone thickness. On the contrary, because C,, is negatively
correlated with the opening degree of mudstone fractures,
and the opening degree of mudstone fractures is positively
correlated with the height of available subsidence space of
mudstone before mudstone fracture, C,, is negatively corre-
lated with the height of available subsidence space of
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Ficure 7: Argillization of Jurassic mudstone core after

encountering water.

Ficure 8: Disintegration of Jurassic sandstone core after
encountering water.

mudstone before mudstone fracture. Therefore, C,, can be
quantified by the following formula:

O
3
I
M=
o

Il
—

mi> (3)

mi tmi (4)
ey M=T,. x(n-1)

mi

where c,,;, t,,;; and \¥,; refer to the closure potential, thick-
ness, and height of available settlement space of the i mud-
stone layer in FJS, respectively; # refers to the average
expansion coefficient of the fractured rock mass, which can
be obtained through field monitoring; and T,,; refers to the

total thickness of all strata between the i mudstone layer
in FJS and the coal seam.

(4) Closure potential of sandstone fractures in FJS (C;)

Due to the low cementation degree, the Jurassic sand-
stone is easy to disintegrate after encountering water
(Figure 8), and the fractures in the Jurassic sandstone are
easy to be filled and closed by the disintegrated rock debris.

In FJS, the better the closure effect of sandstone frac-
tures, the stronger the water-resisting capacity of sandstone,
and the smaller the probability of BWIL. Here, the closure
potential of sandstone fractures in FJS (C;) was used to eval-
uate the closure effect of sandstone fractures. Because C; is
positively correlated with the sandstone fracture length and
the sandstone fracture length is positively correlated with
the sandstone thickness, C; is positively correlated with the
sandstone thickness. On the contrary, because C; is nega-
tively correlated with the opening degree of sandstone frac-
tures, and the opening degree of sandstone fractures is
positively correlated with the height of available subsidence
space of sandstone before sandstone fracture, C; is negatively
correlated with the height of available subsidence space of
sandstone before sandstone fracture. Therefore, C; can be
quantified by the following formula:

Cs = icsi’ (5)
i=1

_ tsi _ tsi
ST T M-T,x(-1) (©)

St St
where ¢, t;, and 'V refer to the closure potential, thickness,
and height of available settlement space of the i sandstone
layer in FJS, respectively; and T'; refers to the total thickness
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sandstone layer in FJS and the

3.2. Bed-Separation Water Inrush Coefficient
(BWIC) Method

3.2.1. Obtaining the BWI-Related Factors at Each Coordinate
Point. According to the strata information revealed by each
borehole, the values of BWI-related factors in each borehole
are calculated. Then, through interpolation calculation, the
values of each BWI-related factor at any coordinate point
in the area to be evaluated can be obtained. Interpolation

calculation can be realized by using a drawing software
named Surfer.

3.2.2. Identifying the Weight of Each BWI-Related Factor.
UJS with a certain thickness and the same water-resisting
capacity as FJS was called the equivalent strata of FJS (E-
FJS). In order to calculate the thickness of E-FJS, it is neces-
sary to determine the weight of each BWI-related factor in
BWL

In this paper, the mining areas 106A and 108 in Shila-
wusu coal mine are taken as examples to explain how to
obtain the weight of each BWI-related factor. Mining in
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FIGURE 11: Stress balance arch and its simplification based on some coal seam mining experiments. (a) Numerical simulation experiment of
coal seam mining in Cuimu coal mine; (b) similar material simulation experiment of coal seam mining in Buerdong coal mine; (c) similar
material simulation experiment of coal seam mining in Daliuta coal mine.
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FIGURE 12: Principle of BWI risk classification based on BWIC method.

mining area 106A has been completed, mining in mining
area 108 is still in progress, and 1000 m has been excavated.
When the excavation length was 554 m, a BWI occurred in
mining area 106A, but no BWI occurred in mining area
108 during mining. Because the total amount of water in a
bed separation is limited, the water inflow in a BWI has
the characteristics of rapid increase and rapid decrease
(Figure 9). However, the instantaneous water inflow of
BWTI is very large, so BWI is very destructive.

Even though mining areas 106A and 108 have the same
mining width, similar mining depth, and similar mining
thickness, there are differences in BWI-related factors

between the two mining areas, which eventually lead to dif-
ferences in BWI risk between the two mining areas. There-
fore, by comparing the differences of BWI-related factors
between mining area 106A and mining area 108, the weight
of each BWI-related factor in the formation of BWI can be
obtained under the premise of excluding the influence of
mining width, mining depth, and mining thickness on
BWIL The principle of obtaining the weight of each BWI-
related factor is consistent with the basic principle of
entropy weight method. Therefore, in this paper, entropy
weight method was used to obtain the weight of each
BWI-related factor.
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F1Gure 13: Distribution of (a) P, (b) Ty, (c) C,,, and (d) C, in mining areas 106A and 108 in Shilawusu coal mine.

The data used for weight calculation obtained from m
sampling points and n BWI-related factors is written as:

X11 X1n

(7)

X = (%) i =

Xm1

After standardization, the following results can be

obtained:

rll cee rl

R= (rij)mxn = ST I

r

(®)

ml T

where r;; is the standardization value of the i™ sampling

point for the ™ BWI-related factor. For the BWI-related

factors positively correlated with BWI, r;; is calculated as
follows:

X;; — minx;;

e (9)

ij - _ . >
mj?ixxij Injlnxij

whereas for the BWI-related factors negatively correlated
with BWIL, r;; is calculated as follows:

maxx;; = X w0
r.. = EEE——— ].0
Y maxx;; - minx;;

i i

The information entropy of the j BWI-related factor (¢))
is defined as:

-1 &
6= M;PU *Inpy

where p;; is calculated as follows:

T
= 12
Pi Zglrij (12

Because when p;; infinitely approaches 0, p;; *Inp;
approaches 0; here, when p;; = 0, the value of p;; * In p;; was
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TaBLE 1: Values of BWI-related factors at each sampling point.

Sampling points P, (MPa) Ty (m) C, C,

Al 2.78 119.774 18.858 18.997
A2 2.761 121.818 19.128 18.875
A3 2.746 123.425 19.378 18.767
A4 2.768 120.75 18.829 18.922
A5 2.75 122.759 19.135 18.805
A6 2.737 124.304 19.411 18.699
A7 2.755 121.842 18.799 18.839
A8 2.739 123.791 19.146 18.73
A9 2.726 125.248 19.45 18.628
B1 3.019 77.908 20.419 19.315
B2 2.963 82.763 20.607 18.905
B3 2.898 88.448 20.76 18.539
B4 3.102 68.009 20.08 19.796
B5 3.014 75.583 20.285 19.449
B6 2.925 83.201 20.39 19.213
B7 3.191 57.792 19.726 20.319
B8 3.065 68.571 19.983 20.001
B9 2.95 78.299 20.078 19.832

TaBLE 2: Index weight of BWI-related factors.
BWI-related factors P, Ty C, C,
Index weight 0.354 0.390 0.158 0.098

TaBLE 3: Tp_p_pjs of mudstone at different locations in FJS.

. t T Te -
Location (m'") (rrT) Cp E(II‘;)F]S Te p-rrsitm
Top of FJS 1 229 0374 0.763 76.3%
Bottom of
0,
FJS 1 0 0.1 0.204 20.4%

TaBLE 4: Ty g pjs of sandstone at different locations in FJS.

Location t;(m) T,(m) ¢ Tpgp(m) Tpg gt
Top of FJS 1 229  0.374 0.487 48.7%
Bottom of FJS 1 0 0.1 0.130 13.0%

set to 0. The entropy weight of the j™ BWI-related factor (w))
can be calculated by the following formula:
1-e;

T2

In this paper, there are four BWI-related factors, so n =4,
and w,, w,, ws, and w, refer to the weight of P, T ;, C,,, and
C,, respectively.

3.2.3. Calculating the E-FJS Thickness (Ty_p;s). After calcu-
lating the weight of each BWI-related factor in BWI, the
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FIGURE 14: Distribution of BWIC in mining areas 106A and 108 in
Shilawusu coal mine.
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water-resistin
lowing formula:

Ty, C C,

mi

capacity index (V) of Jurassic protective
layer at the i sampling point can be calculated by the fol-

Assuming that the values of T, C,,, and C; at the coor-
dinate point A are T;,, C,5, and C,, respectively, and the
values of T, C,,, and C; at the coordinate point B are T,
C,p> and Cg, respectively, then according to Equation (15),

V.

Equation (14) can be transformed into:
Vi=Ty sk +Cppyxky + Cg % ks,

where ki, k,, and k; are constants.

N
= w, + wy + Wy.
i m 2 m 3 m 4
ZileUi Zi:ICmi Zi:lcsi

(14)

(15)

the water-resisting capacity index of Jurassic protective layer
at the coordinate points A and B can be shown as follows:

Va=Tya x ki + Cpp % ky+ Cyp * ks,

(16)

Vy=Tyg *ky +C,p xky + Cgp * ks,

(17)
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where V, and Vy are the water-resisting capacity index of
Jurassic protective layer at the coordinate points A and B,
respectively. Then, the restriction conditions (18) and (19)
were set as follows:

Va=Vg;Cyu =Cgs
Tya#0:Typ =0, (18)

Va=Vg;Cua=Cpp
Tya#05Typ =0, (19)
CSA:O;CSB¢O'

By synthesizing Equations (16) and (17) and restriction
condition (18), the following equation can be obtained:

Typ * by = (% * CmB> # ky = (ky, * Cyp) * ky, (20)
1

where k,, is a constant and its value is the ratio of k, to k;.
From Equation (20), it can be concluded that:

Tya =k, *C,p. (21)

The physical meaning of Equation (21) can be expressed
as when C,, is dimensionless and the unit of T; is m, the
water-resisting capacity of UJS with T, =k, m is equal to
that of one unit of C,,. UJS with a certain thickness and
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the same water-resisting capacity as mudstone in FJS was
called equivalent strata of mudstone in FJS (E-M-FJS).
Therefore, the E-M-FJS thickness (T pjs) can be

obtained as:
Tp propys = K,y C,,. (22)

By synthesizing Equations (16) and (17) and restriction
condition (19), the following equation can be obtained:

Typ k= <% * CsB) # ky = (ky * Cp) * ky, (23)

1

where k, is a constant and its value is the ratio of k; to k;.
From equation (23), it can be concluded that:

Tya =k, * Cg. (24)

The physical meaning of Equation (24) can be expressed
as when C; is dimensionless and the unit of T, is m, the
water-resisting capacity of UJS with T, =k,m is equal to
that of one unit of C,. UJS with a certain thickness and the
same water-resisting capacity as sandstone in FJS was called
equivalent strata of sandstone in FJS (E-S-FJS). Therefore,
the E-S-FJS thickness (T;_g_rjs) can be obtained as:

Tp s pys= kg = C. (25)

The relationship among Ty gy, Tg_ppys> @and Tp g gy
satisfies the following equation:

TE—FIS = TE—M—F]S + TE—S—F]S' (26)
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According to Equations (22), (25), and (26), the formula
for calculating T_p;g can be obtained as follows:

Ty pjs=ky % C, +k *C,. (27)
3.2.4. Calculating the BWIC at Each Coordinate Point. The

formula for calculating the BWIC at each coordinate point
(x5, ;) can be obtained as follows:

p
— b(xz’yf> , (28)

BWIC
( TU(";"J’[) + TE’F]S(xiJ’i)

x> Yi)

where BWIC, > Pox,y)> Tu(s,y)> 204 Te_pys,y,)- respec-
tively, refer to the BWIC, P, Ty;, and Tp_ s at the coordi-
nate point (x;,y;). According to Equation (27), Equation
(28) can be transformed into:

BWIC, , = Prz . (29)
7 Ty thm * Cogay Ko * Copa

where C,,, ) and Cy, ), respectively, refer to the C, and
C, at the coordinate point (x;, y;).

3.2.5. Obtaining the Overall BWIC Corresponding to
Different Excavation Lengths. Since any excavation length
corresponds to a stress balance arch (Figure 10), the average
BWIC in the bed separation zone in the stress balance arch
corresponding to each excavation length was used as the
overall BWIC corresponding to each excavation length.
Therefore, the overall BWI risk when the excavation length
is I, can be expressed by the following formula:

1 z
BWIC, =~ Y BWIC, ., (30)

i=1

where BWIC, and z, respectively, refer to the overall BWIC
and the number of selected coordinate points within the dis-
tribution range of bed separation zone when the excavation
length is [, In this paper, for the convenience of calculation,
z refers to the number of grid points after each bed separa-
tion zone distribution range was divided into squares with
side length of 10 m.

With the increase of the excavation length, the size of the
stress balance arch expands continuously. When the excava-
tion length reaches a specific value, the size of the stress bal-
ance arch develops to the maximum, which is called the limit
arch. The maximum height of limit arch is about 0.7 times of
mining depth. Then, as the excavation continues, the stress
balance arch exists in the form of moving arch, which has
the same size as the limit arch [17, 18]. In order to observe
the shape of the stress balance arch, some mining cases in
Cuimu coal mine, Buerdong coal mine, and Daliuta coal
mine in Ordos Basin were studied. The mining process of
mining area 21301 in Cuimu coal mine was simulated by
using the discrete element software UDEC. The results show
that the deformed and broken rock strata are located in a tri-
angular area as a whole, the two sides of the triangle are rock
fracture lines, and the bottom of the triangle is the distribu-
tion range of goaf. In the triangular area, the deformation
and fracture degree of the rock stratum below the bed sepa-
ration is large, while the deformation of the rock stratum
above the bed separation is small (Figure 11(a)). Similar
material physical simulation experiments of mining cases
in Buerdong coal mine and Daliuta coal mine also show that
the rock strata that can deform and fracture are located in
the triangular area surrounded by the two rock fracture lines
and the distribution area of goaf (Figures 11(b) and 11(c)).
Because the deformation and failure of overburden occur
in the stress balance arch, the area surrounded by the trian-
gle composed of rock fracture lines and goaf can be equiva-
lent to the area in the stress balance arch, that is, the stress
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balance arch can be simplified into a triangle with a base
angle of about 60° [19, 20].

3.2.6. Grading BWI Risk. In actual mining, the excavation
length with or without BWIs is called danger excavation
length (I;) and safety excavation length (I), respectively.
The BWIC; corresponding to I; and [, are BWIC,; and

BWIC,, respectively. BWIC, greater than BWIC;, indicates
a high risk of BWI, while BWIC; smaller than BWIC, indi-

cates a low risk of BWI. Therefore, the risk level with
BWIC, greater than BWIC, was identified as danger, the

risk level with BWIC, smaller than BWIC,; was identified
as safety, and the risk level with BWIC, greater than
BWIC, less than BWIC, was identified as transition. Fur-

ther division of the transition can be achieved by means of
the average value of BWIC;, and BWIC, . Here, the average

value of BWIC, and BWIC,; was marked as BWIC,;. The

risk level with BWIC, greater than BWIC, less than
BWIC, was identified as relatively safe, and risk level with
BWIC, greater than BWIC, less than BWIC, was identi-
fied as relatively dangerous. In addition, when the excava-
tion length is less than [,, the BWI risk was determined as
safe because the stress balance arch has not expanded to
the Cretaceous bed separation zone (Figure 10). The princi-
ple of BWI risk classification is shown in Figure 12.

4. Results and Discussion

Taking mining areas 106A and 108 in Shilawusu coal mine
as examples, the establishment process of BWIC method
was introduced.

4.1. Obtaining the BWI-Related Factors at Each Coordinate
Point. The distribution of related factors in mining areas
106A and 108 in Shilawusu coal mine is shown in Figure 13.
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4.2. Identifying the Weight of Each BWI-Related Factor.
According to the analysis in Section 3.2, the entropy weight
method can be used to determine the weight of BWI-related
factors, and the sampling points in mining areas 108 and
106A should be located in the range of the bed separation
zone corresponding to the excavation length of 554 m. Based
on the triangle stress arch theory, it can be determined that
when the excavation length is 554 m, the sampling points
in mining area 108 are Al-A9, and the sampling points in
mining area 106A are B1-B9 (Figure 13). The values of
BWI-related factors at each sampling point are shown in
Table 1.

By analyzing the data in Table 1 according to Equations
(9)-(13), the weight of each BWI-related factor can be
obtained (Table 2).

15

Because bed-separation water pressure is the power
source of BWI, P, has a large weight. As the integrity of
UJS was not damaged, UJS plays an important role in pre-
venting water inrush, so the weight of T, should be the larg-
est. Because the integrity of the rock strata in FJS has been
destroyed, the water-resisting capacity of FJS is still weaker
than that of UJS, so the weight of C,, and C; is less than that
of Ty. In addition, because the fracture closure degree of
mudstone is relatively better than that of sandstone, the
water-resisting capacity of mudstone in FJS is stronger than
that of sandstone, so the weight of C,, is greater than that of
C..

The above analysis results are obtained by reasonable
inference based on the actual engineering geological condi-
tions, which are consistent with the results in Table 2, indi-
cating that the calculation results of the weights of BWI-
related factors are in line with the reality.

4.3. Calculating the E-FJS Thickness (Tg_ps). According to
the weights of BWI-related factors in Table 2, Equation
(15) can be expressed as:

V,=2.186 x 107*T; + 4.457 x 107*C,,; + 2.844 x 107*C,;.

(31)

It can be seen from Equation (31) that ky, k,, and k; are
2.186 x 107, 4.457 x 107*, and 2.844 x 107*, respectively.
Then, k,, and k, can also be calculated, which are 2.039
and 1.301, respectively, and Equations (22) and (25) can be
expressed as follows:

Ty nr-pys =2.039C,,, (32)
Tp s pys=1.301C,, (33)

Taking mining area 106A in Shilawusu coal mine as an
example, when M, Rpy, and # are 10m, 23, and 1.032,
respectively, the Ty, ;s of mudstone with a thickness of
Im at different locations in FJS was calculated by using
Equations (4) and (32) (Table 3), and the T g p;s of sand-
stone with a thickness of 1 m at different locations in FJS
was calculated by using Equations (6) and (33) (Table 4).

Although the rock in FJS still have water-resisting capac-
ity due to the closure of internal fractures, the restored
water-resisting capacity is still weaker than that of the
unfractured rock because the integrity of the fractured rock
has been destroyed. This conclusion can also be obtained
by analyzing the data in Table 3 and Table 4. It can be seen
from Table 3 and Table 4 that the water resistance capacity
of mudstone and sandstone in FJS is weaker than that of
intact rock. Due to the larger opening and weaker closure
of the fractures, the water-resisting capacity of the rock at
the bottom of FJS is less than that of the rock at the top of
FJS. In addition, in FJS, due to the self-healing effect of frac-
tures in mudstone, the fractures in mudstone are easier to
close than those in sandstone, so that the water-resisting
capacity of mudstone at the same location is stronger than
that of sandstone.
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The above analysis shows that the method of obtaining
Ty_pjs determined in this paper is practical, and the formula
for calculating Ty_p/s is as follows:

Tp_pys = 2.039C,, +1.301C,. (34)

4.4. Calculating the BWIC at Each Coordinate Point. Since
k,, and k; are 2.039 and 1.301, respectively, Equation (29)
can be transformed into:

p
b(xi’yi) , (35)

BWIC, =
(x71)
” TU(x,-‘y,-) + 2'039Cm(x,-,y,-) + 1'301C5(xi,yi)

According to formula (35), the BWIC at each coordinate
point in mining areas 108 and 106A can be obtained
(Figure 14).

4.5. Obtaining the Overall BWIC Corresponding to Different
Excavation Lengths. Based on the triangle stress arch theory,
the overall BWIC corresponding to different excavation
lengths can be obtained by using Equations (30) and (35)
(Figure 15).

4.6. Grading BWI Risk. Because BWI occurred in mining
area 106A when [, =554m, but no BWI occurred in the
completed 1000 m mining process in mining area 108, the
BWIC, corresponding to the excavation length of 554m

in mining area 106A was regarded as BWIC, , and the max-
imum value of BWIC, in mining area 108 was used as
BWIC, . According to Figure 15, BWIC, =0.024 MPa/m,
BWIC; =0.015MPa/m, so BWIC,; =0.020 MPa/m. There-
fore, Figure 12 can be improved to Figure 16.
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5. Application and Validation

5.1. Shilawusu Coal Mine. According to formula (35), the
BWIC at each coordinate point in mining areas 201 and
201A in Shilawusu coal mine can be obtained (Figure 17).
Based on the triangle stress arch theory, the overall BWIC
corresponding to different excavation lengths can be
obtained by using Equations (30) and (35) (Figure 18). It
can be seen from Figure 18 that the BWI risk in mining areas
201 and 201A during mining belongs to the “safety zone.” In
fact, the mining in mining areas 201 and 201A has been
completed, and no BWI occurred during mining, which ver-
ifies the accuracy of the evaluation results shown in
Figure 18.

5.2. Yingpanhao Coal Mine. According to formula (35), the
BWIC at each coordinate point in mining areas 2202 and
2201 in Yingpanhao coal mine can be obtained
(Figure 19). Based on the triangle stress arch theory, the

overall BWIC corresponding to different excavation lengths
can be obtained by using Equations (30) and (35)
(Figure 20). It can be seen from Figure 20 that the BWT risk
in mining areas 2202 and 2201 during mining belongs to the
“relatively safe zone.” In fact, mining has been completed in
mining area 2201, and 1000 m excavation has been com-
pleted in mining area 2202. No BWT occurred during mining
in these two mining areas, which verifies the accuracy of the
assessment results shown in Figure 20.

5.3. Cuimu Coal Mine. According to formula (35), the BWIC
at each coordinate point in mining areas 21301 and 21302 in
Cuimu coal mine can be obtained (Figure 21). Based on the
triangle stress arch theory, the overall BWIC corresponding
to different excavation lengths can be obtained by using
Equations (30) and (35) (Figure 22). It can be seen from
Figure 22 that the BWI risk in mining areas 21301 and
21302 during mining belongs to the “danger zone.” In fact,
the mining in mining areas 21301 and 21302 has been
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completed, and BWIs occurred during mining (Figure 23),
which verifies the accuracy of the evaluation results shown
in Figure 22.

6. Conclusions

The objects directly involved in BWI process include the
Cretaceous bed-separation water and the Jurassic protective
layer. The bed-separation water pressure (P,) provides the
inducing power for the occurrence of BWI and can be
expressed by the water pressure in the aquifer at the bottom
of Cretaceous. In the Jurassic protective layer, the upper part
is the unbroken Jurassic strata (UJS), and the lower part is
the fractured Jurassic strata (FJS). The water-resisting capac-
ity of FJS is due to the closure of fractures in FJS under the
action of water flow.

The greater the UJS thickness (T;) is, the stronger its
water-resisting capacity is. In FJS, the closure potential of
mudstone fractures (C,,) was used to evaluate the closure
effect of mudstone fractures, and the closure potential of
sandstone fractures (C;) was used to evaluate the closure
effect of sandstone fractures. C,, is positively correlated with
the mudstone thickness and negatively correlated with the
height of available subsidence space of mudstone before
mudstone fracture. C, is positively correlated with the sand-
stone thickness, and negatively correlated with the height of
available subsidence space of sandstone before sandstone
fracture. UJS with a certain thickness and the same water-
resisting capacity as mudstone in FJS was called equivalent
strata of mudstone in FJS (E-M-FJ]S). UJS with a certain
thickness and the same water-resisting capacity as sandstone
in FJS was called equivalent strata of sandstone in FJS (E-S-
FJS). By comparing the weight of each BWI-related factor,
the formulas for calculating the E-M-FJS thickness
(Tg_p-pjs) and the E-S-FJS thickness (T g pj5) were
derived. And the Ty j; ;s corresponding to one unit of
C,, is 2.039 m, while the T;_g_p; corresponding to one unit
of C, is 1.301 m. The weight of each BWI-related factor was
obtained by entropy weight method. And the weights of P,
Ty, C,» and C; are 0.354, 0.390, 0.158, and 0.098,
respectively.

In bed-separation water inrush (BWI) risk assessment,
the existing multifactor-weighted superposition method
cannot provide a universal risk classification standard, and
the existing water inrush coefficient method ignores the
water separation capacity of FJS, so there is still a lack of sci-
entific BWI risk assessment method. In this paper, three coal
mines in Ordos Basin were taken as research cases, and a
bed-separation water inrush coeflicient (BWIC) method for
BWI risk assessment was established. The value of BWIC is
the ratio of P, to the sum of Ty, Tp p pys and Ty g gy
Based on the stress arch theory, the overall BWIC in bed sep-
aration zone corresponding to different excavation lengths
(BWIC, ) was obtained. By comparing the value range of
BWIC, with and without BWI, the standard of BWTI risk

classification was determined. In the BWI risk classification
discrimination diagram established based on BWIC method,
the area with 0MPa/m<BWIC, <0.015MPa/m was

Geofluids

divided into safety zone, the area with 0.015MPa/m <
BWIC, <0.02MPa/m was divided into relatively safe zone,
the area with 0.02MPa/m < BWIC; <0.024 MPa/m was

divided into relatively dangerous zone, and the area with
BWIC, >0.024 MPa/m was divided into danger zone. The

application results verified the scientificity of BWIC method
and the universality of the BWI risk classification standard
proposed in this paper.
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