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The prediction and control of roof water disaster has been one of the key problems in the mining process of coal resources. With
the increase of mining depth in the western mining area, the roof caving and communicating to the overlying water-bearing strata
have led to an increasing number of roof water inrush accidents and deterioration of production environment of the working face.
Aiming at the problem of roof water disaster prediction of sandy-argillaceous structural strata in Shanghaimiao mining area in
China, firstly, the mechanical structure model of roof water inrush was built according to the parameters in the advance of the
working face, and the thickness of the sandstone was used as the main controlling geological factor; the formula was derived
for calculating the water-rich intensity F,, of the overlying strata in the mining area. Secondly, starting from the height of the
“Breakage-arch” development disturbance by combining the mechanical structure model of roof water inrush, the relative
positional relation of the “Breakage-arch” and the water-bearing strata was analyzed, and a new method for judging the risk
coefficient T, of roof water inrush was proposed. Finally, according to the geological drilling histogram and the field
conditions of #111084 working face of the no. 1 mine in Shanghaimiao mine area, the water-rich index and water inrush risk
coefficient of overlying water-bearing strata were obtained by means of discriminant analysis, and the water inrush risk of
#111084 working face was evaluated and predicted quantitatively. The water-rich property evaluation of water-bearing strata
under the condition of low degree of hydrogeological exploration was evaluated accurately and reasonably, and a new
evaluation method of the water disaster during mining was proposed.

1. Introduction

Chinese Jurassic recoverable coal resources account for more
than 67% of the total coal reserves, which are mainly distrib-
uted in Western China. In the early stage, coal resource min-
ing was mainly shallow mining [1, 2]. With the increase of
coal mining depth, there are more and more accidents that
roof caving communicates with the overlying aquifer, result-
ing in roof inrush disaster or deteriorating the production
environment of the working face [3-5]. Facing the increas-
ingly severe situation of roof water inrush disaster, many
scholars have carried out a lot of research and made great

progress in the prediction and treatment of roof water
inrush disaster. Including Academician Wu’s “three maps-
two predictions method” for quantitative evaluation of roof
water inrush conditions [6]. Li et al. and Zhang et al. [7, 8]
established the mathematical model of indirect prediction
of roof water disaster according to the multi-information
composite analysis method of geographic information sys-
tem (GIS). The concept of the water inrush possibility coef-
ficient of the loose aquifer was proposed by Meng et al. and
Gao [9, 10]. Fan et al. [11] comprehensively divided the risk
of water inrush and sand break in the Yushenfu mining area
and evaluated the risk of water inrush and sand break in the
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mining area. Yi et al. [12] predicted the roof water inrush
possibility area of the working face based on the discrimina-
tion results of the position of the main key strata of the over-
burden. Based on the influence of key strata position on the
development height of the water diversion fracture zone, Xu
et al. [13, 14] proposed a new method for predicting the
height of the water diversion zone.

However, the conditions and mechanism of roof water
inrush are complex. It is obviously not comprehensive to
consider only whether the height of the water-conducting
fracture zone induced by coal seam mining touches the roof
aquifer. When the water-conducting fracture zone fails to
reach the aquifer, the mining strata will break under the
influence of secondary disturbance, and the disturbance
range of the water-conducting fracture zone will change
accordingly. Therefore, this paper considers the influencing
factors of water-bearing sandstone thickness. According to
the spatial relationship between overburden failure and
overlying aquifer affected by mining, a discrimination
method of roof water inrush possibility coefficient T, is
proposed, which is verified in a working face in Shanghai-
miao mining area, China.

2. Spatial Structure Model of Roof
Water Inrush

In the process of advancing the working face of coal mining,
the fracture and fragmentation of the overlying strata are in
continuous movement and development, and the relative
positional relationship between the aquifer and the water-
conducting fracture zone is regular; that is, it is determined
by the strata movement. Therefore, the research on water
inrush from coal seam roof should focus on the rock move-
ment and focus on the damage range of overlying rock
movement in the process of stope advancement and the spa-
tial relationship between this range and the aquifer.

The rock stratum above the coal seam can be divided
into two parts: overburden spatial structure and outer part
of overburden spatial structure [15]. The outer part of the
overburden spatial structure is the rock stratum without
obvious movement outside the “Breakage-arch,” which has
little impact on the water permeability of the stope roof.
With the advancement of the working face, the hanging
space of the stope is increasing, the overlying strata are
breaking, and the fracture positions are staggered from bot-
tom to top, forming a “Breakage-arch” that has a direct
impact on the water permeability of the stope roof (as shown
in Figure 1). The moving rock structure in the “Breakage-
arch” is called overburden spatial structure. In general, it
can be considered that the development height of a
“Breakage-arch” is the height of the water diversion fracture
zone [16]. As for the relative position relationship between
the “Breakage-arch” and the aquifer, the “Breakage-arch”
communicates with an aquifer, and water inrush occurs
immediately.

Some scholars believe that the key to the prevention of
water inrush disaster is to clarify the location of water-
bearing rock strata and the scope of the water-rich area
[17, 18]. By adjusting the length of the working face and
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the position relationship of the open cut hole relative to
the water-rich area, it is ensured that the fractured rock
strata are interrupted during the advancement of the work-
ing face and do not spread to the water-bearing rock strata.
Even if the fractured rock stratum does not affect the water-
bearing rock stratum, there is a possibility of water inrush in
the roof according to the separation catchment and hydro-
static water inrush [19].

3. Numerical Simulation of Development
Law of “Breakage-Arch”

In the process of advancing the working face, the overburden is
disturbed by mining, and the “Breakage-arch” continues to
develop and expand upward, resulting in a large number of net-
work fractures, which is very easy to induce water inrush in the
stope. In order to study the relationship between the length of
the working face and the development height of “Breakage-
arch,” combined with the field peeping borehole observation
results and exploration borehole data in Shanghaimiao mining
area, a FLACP numerical simulation model was established (as
shown in Figure 2). Model size is long x wide x height = 500
m x 300 m x 300 m, the model contains 121875 grid elements
and 146256 nodes, and the excavation dimensions of the simu-
lated working face are 150 m, 180 m, 210 m, and 240 m, respec-
tively. The M-C constitutive model is used to describe the
mechanical response of overburden under tension failure and
instability. The vertical stress and horizontal stress applied in
the model are o,, =20 MPa, 0, = 16 MPa, and 0, = 16 MPa.
The mechanical parameters of coal and various rocks are shown
in Table 1. After the model calculation reaches the initial equi-
librium, the working face is excavated according to the dimen-
sions of 150 m, 180 m, 210 m, and 240 m and calculated to the
default equilibrium state of the software to obtain the develop-
ment characteristics of the plastic zone as shown in Figure 3.

The numerical simulation results show that the develop-
ment height of the plastic zone increases with the increase of
the width of the working face. After measurement and com-
parison, the development height of the plastic zone is about
1/2 of the width of the working face.

4. Discriminant Analysis of Roof Water
Inrush Possibility

The water yield of the aquifer is measured by the specific
yield. The greater the specific yield, the stronger the water
yield of the aquifer and vice versa. Therefore, the specific
yield can directly reflect the water abundance of the aquifer.
According to the engineering practice, the degree of hydro-
geological exploration in most coal mining areas in China
is low, the number of pumping (drainage) test is limited,
the data of unit water inflow can be obtained is less, the
water abundance of the aquifer cannot be fully reflected,
and the high-precision evaluation and prediction of water
abundance of the aquifer cannot be realized. Therefore,
based on previous studies, the author puts forward a new
method to distinguish the risk of roof water inrush.
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FIGURE 1: Spatial structure model of water inrush.
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F1GURE 2: Numerical simulation model.

TaBLE 1: Properties of coal and rock mass used in the numerical model.

Rock Poisson’s Density Cohesion Internal friction Bulk modulus ~ Shear modulus ~ Tensile strength
character ratio (kg-m'3 ) (MPa) angle () (GPa) (MPa) (MPa)
Mudstone 0.25 2470 1.78 25 2.41 4.13 0.70
Siltstone 0.22 2602 3.10 33 7.21 2.80 0.80
Gritstone 0.32 2700 6.20 34 4.80 2.20 3.00

Fine 0.20 2590 3.96 50 6.98 2.80 1.35
sandstone

Sandy 027 2490 1.79 26 244 423 0.75
mudstone

Coal 0.31 1347 1.21 30 2.13 1.35 0.12

FIGURE 3: Development law of plastic zone under different working face width.

4.1. Water Rich Index. The lithology of sandy-argillaceous  stone are called sandy rocks (or brittle rocks) because of
sedimentary structures can be divided into two categories:  their coarse particles and high brittleness; (2) siltstone, mud-
(1) conglomerate rocks, coarse sandstone, and fine sand- stone, sandy mudstone, and carbonaceous mudstone are



called argillaceous rocks (or plastic rocks) because of their
fine particles and strong plasticity. Sandy rocks have large
primary porosity and are prone to produce a large number
of fractures, which are the main water storage space. Because
there are certain differences in mechanical properties among
strata in the stratum, the conditions for forming the separa-
tion layer are met. During the formation of the separation
layer, the fissure water in the sandstone strata will continue
to collect into the separation layer. With the increase of col-
lected water, the separated strata water will exert pore water
pressure and load on its lower rock stratum. This leads to the
fracture and instability of the lower rock stratum and the
formation of water inrush in the working face. However,
there are argillaceous strata with fine particles and strong
plasticity in sandy-argillaceous sedimentary structural strata.
It can withstand a certain tension failure, is not easy to pro-
duce cracks, can curb the expansion of water storage space,
and hinders the collection of pore fissure water to the sepa-
ration strata. Therefore, taking the adjacent argillaceous rock
overlying the key strata as the top boundary and the interval
between the top boundary and the roof of the working face
as the effective research interval, the proportion of the
cumulative thickness of brittle rock within the effective
research interval can reflect the water yield in the overlying
strata.

2D,

Y

F,= x 100%, (1)

where F,, is the water abundance index (dimensionless) Y D,
is the cumulative thickness of sandy rock strata within the
effective study interval (m), and H ) is the vertical distance
between the adjacent argillaceous rock above the key strata
and the roof of the working face (m).

4.2. Water Inrush Possibility Coefficient. The risk of water
inrush from the roof is determined by the height of the
“Breakage-arch” and the water content of the roof. The
larger the scope of disturbing and damaging the aquifer
and the stronger the water abundance, the risk of water
inrush is relatively high. In order to quantitatively evaluate
the possibility of water inrush into the stope of indirectly
water-filled aquifer, the water inrush possibility coefficient
is introduced here. The probability of water inrush in stope
is evaluated by measuring the safe distance between the
water-conducting fracture and the upper aquifer. Without
considering other factors, the calculation formula is [20]

_ Hgs B Hfs

wy Hfs

T (2)

where T\ is the water inrush possibility coefficient of prede-
cessors (dimensionless), H,, is the thickness of the water-
resisting strata, i.e., the distance between the coal seam roof
and the upper aquifer (m), and H, is the theoretical calcula-
tion value of water-resisting coal (rock) pillar (m).

There are differences in physical and mechanical proper-
ties in the strata of sandy-argillaceous sedimentary structures,
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which determine that the subsidence process of overburden
must be uncoordinated movement. Therefore, the separation
space was generated, which provided physical space develop-
ment conditions for water inrush dangerous water bodies,
and the main separation strata were developed below the key
strata. During the advancement of the working face, the over-
burden on the main roof was broken, rotated, and sunk. The
main roof continuously evolves dynamically in space, forming
a “Breakage-arch” structure in a two-dimensional plane,
resulting in a large number of water diversion fractures. This
increases the possibility of connecting the aquifer with the
water-conducting fracture zone.

Regardless of the hulking sex of the overburden above the
main roof, the fracture and bending of the overburden from
the main roof to the key strata have similar morphology. In
the calculation of deformation, it can be regarded as a multi-
strata ring with the same center, as shown in Figure 4.

According to the geometric relationship in Figure 4,

|OA,| = Hc + H,-KcH), (3)
n

|44, | = cos_lezDi, (4)
i=1

H;=|0A |+ |A A, (5)

where A; (i ranges from 1 to ») is the maximum settlement
point of the overburden except the direct roof, D; is the
thickness of overburden of strata i (m), 0is the turning angle

of overburden (°), H, is the height of coal mining (m), H,; is

the thickness of the direct roof (m), K. is the residual crush-
ing expansion (dimensionless), and H; is the development
height of the lowest point of separation strata (m).

With the development of the separation space, the pore
water and fissure water of adjacent sandy strata are continu-
ously collected in the separation layer (as shown in Figure 5).
The collected water exerts an additional load on the lower
unbroken barrier strata. When the applied load exceeds the
tensile strength of the impervious bed (o,), it is very easy
to induce the instability of barrier strata and finally leads
to water inrush in the working face. Therefore, according
to the spatial relationship between the water of the abscis-
sion layer and the “Breakage-arch,” the ratio of the develop-
ment height of the “Breakage-arch” to the lowest point
height of the catchment separation strata is taken as the dis-
crimination basis. At the same time, the discrimination for-
mula of water inrush possibility is obtained by combining
the position of key strata and the tensile strength of the
impervious bed:

(1) Judging from the geometric relationship:

H
Ty, = 7 X 100%, (6)
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FIGURE 4: Schematic diagram of final position state of upper strata fracture and subsidence.

(2) Judging from the stress state:

pg(H, - H))

% 100%, 8
. ; (8)

TW2 -

where T, is the water inrush possibility coefficient (dimen-
sionless), H; is the height of the lowest point of separation
(m), H is the development height of “Breakage-arch” (m),
H, is the height of key strata (m), L is the width of the work-
ing face (m), k is the proportionality coefficient, k = 0.5~ 0.7
(dimensionless), o, is the tensile strength of the rock as the
impervious bed (Pa), p is the density of water in the separa-
tion strata (kg/m’), and g is the gravitational acceleration
(about 9.8 m/s?).

The greater the value of T, the greater the risk of water
inrush in the working face. When T, approaches 100%, it
indicates that the spatial position of the “Breakage-arch”
and the aquifer is infinitely close (as shown in Figure 6).
The impervious bed was infinitely close to the breaking
instability state, which was very easy to induce water inrush
in the working face.

5. Engineering Verification

5.1. Geological Conditions of the Project. Shanghaimiao no. 1
coal mine is located in etokeqian banner, Inner Mongolia.
The total amount of coal resources is about 14.3 billion tons.
The mining area is a typical geological structure of sandy
argillaceous sedimentary formation, and the geological pro-
file is shown in Figure 7. The Jurassic Yan’an Formation
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FiGURE 5: Mechanical model of roof structure when water inrush was about to occur.
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FIGURE 6: The relationship between the development height of “Breakage-arch” and water-bearing strata.

FIGURE 7: Geological profile of minefield.

(J,,) is a coal-bearing formation, which is overlaid by Juras- aquifer, Jurassic Yan’an Formation sandstone aquifer, and
sic Zhiluo Formation (J,,), Cretaceous Zhidan group (K,,4),  Jurassic Zhiluo Formation sandstone aquifer.

and underlying by Triassic Yanchang Formation (Tjy).
(1) The average thickness of the aquifer section of Juras-

5.2. Aquifer and Water Yield. The main aquifers of Shang- sic Zhiluo Formation sandstone was 41.0 m, the ele-
haimiao no. 1 coal mine are the Cretaceous conglomerate vation of water level was +1220~+1252m, the



Geofluids

Sandy mudstone

Sandy mudstone

1102 1302

2204

Sandy mudstone
Siltstone
Medium graine

0.95m
sandston¢

Sandy mudstone Sandy mudstone 361m
Fine sandstone |~
Med %)
Sandy mudstone sandstone 105m 1835 m
Ev— Medium grained
Mudstone 230m  ndcone
Fine sandstone Siltstone 110m
— siltstone 0.85m
75m
Sandy mudstone Fine sandston Mudstone 3.90m
Medium grained S
sandstone Siltstone 635m Siltstone 135m
Sandy mudstone 345m
Fine sandstone
Fine sandstone 0.85m
Sandy mudstone 10.15m
Sandy mudstone \ Sandy mudstone 0.95m
Siltstone sitstone 1.05m Fine sandstone 0.75m
Sandy mudstone Fym——— m Sandy mudstone 2.70m
siltstone 0.75m
Siltstone ‘:ﬁfﬁ‘:ﬂ gram:d 0.85m - s
Sandy mudstone Sandy mudstone/ N\ _235m
i 575m Fine sandstone, 0.85 m
Fine sandstone Fine sandstone -
Sandy mudstone \ - Mudstone 1074m
§ .06 m
Siltstone Sandy mudstone, Fine sandstone | =~ 158 m
Sandy mudstone Fine sandstone |- 090 m Mudstone 237m
Fine sandstone .
Medium grained| 460m
Codl sandstone

()

3)

Medium grained
sandstone

Fine sandstone |,

Mudstone

Sandy mudstone

Gritstone

Medium grained
sandstone

Sandy mudstone

Fine sandstone [ i

z1 73
2502
405m
Siltstone 2.39m
6.56m Gritstone Sandy mudstone, 130m
9.10m
Fine sandstone 220m
579m Sandy mudstone 075m
Sandy mudstone 7.14m
Fine sandstone | \220m
Siltst 355m
690m i siltstone 630m
503m

Sandy mudstone Sandy mudstone, 105m

7.95m 105m

Siltstone

Gritstone

Siltstone Gritstone
Fine sandstong A Mudstone fom
670m
Sandy mudstone S44m gandy mudstone 975 m
731m siltstone 178m Siltstone 305m
Sandy mudstone/ ff. 270 m Gritstone 7.65m
42m Siltstone 214m Mudstone 050 m
249m Fine sandstone 13.69 m Gritstone 1245m
7.98m
N 4/ 196m
Siltstone - Sandy mudstone 1.40 m
Medium graine L28m
sandstone Medium grained 3.00m

sandstone

F1GURE 8: Part of borehole column of “Qilizhen sandstone” in Zhiluo Formation.
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F1Gurg 9: Contour map of the water-rich index of #111084 working face.

permeability coefficient was 0.05~0.35m/d, and the
specific yield was 0.017~0.015L/(s:m)

The average thickness of the Cretaceous conglomer-
ate aquifer was 64.5m, the elevation of water level
was +1240~+1269m, the permeability coeflicient
was 0.049~0.341m/d, and the specific yield was
0.047~0.341 L/(s-m)

The aquifer group of Jurassic Yan’an Formation
sandstone is pore (fissure) water, the permeability
coefficient was 0.0029~0.1970 m/d, and the specific
yield was 0.0027~0.0281 L/(s-m)

The maximum mining height of coal seam #8 is 3.8 m,
the length of the working face is 220 m, and the maximum
thickness of the waterproof safety coal (rock) pillar is 20 m.
According to the drilling data (Figure 8 shows some drilling
data) and the calculation formula of water yield index (1),
the contour map of the water-rich index of #111084 working
face is obtained (as shown in Figure 9).

5.3. Water Inrush Possibility of Roof in Working Face. Taking
the geological conditions of #111084 working face as an
example, the water level change of #z1 hydrological observa-
tion wells near the water inrush position of the working face
is measured, as shown in Figure 10.

(1)

()

3)

During the water storage in the separation space: the
water level of Zhiluo Formation decreased by
13.59 m after being advanced by 0~110 m (data from
July 13 to July 31)

During the formation of the bend zone: the advance
was 110~140m, the overburden subsidence
occurred, and the water level rose by 0.972m (data
from July 31 to August 5)

Water inrush: when advancing to 141 m, the water
diversion fissure destroys the separation closed space
above the working face and water inrush occurs. The
maximum water volume is 2000 m>/h, and the water
level drops by 29.12m
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FiGure 11: Contour map of water inrush possibility of #111084 working face.

According to the observed data on site, #111084 working
face has the conditions for water inrush, and it is necessary
to predict the possibility of water inrush in the unmined
area.

The position of the key strata and the thickness of the
immediate roof were determined according to the geological
borehole histogram. Combined with the water-rich index
and using the discriminant Equations (6) and (8) of the
water inrush possibility coefficient, the water inrush possibil-
ity of the overlying aquifer during mining in the 111084

working face of no. 1 mine in Shanghaimiao mining area
was evaluated. Due to the difference of lithology of immedi-
ate roof, the value range of crushing expansion coeflicient
fluctuates between 1.15 and 1.4 [21]. The calculated water
inrush possibility coefficient and coordinates were imported
into surfer 12.0 to obtain the contour map (as shown in
Figure 11) of water inrush possibility coefficient. The con-
tour map was filled with gradient colors based on numerical
intervals. Among them, the red-filled part indicates that
there was a great possibility of “Breakage-arch” contacted
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the aquifer in this area. The green-filled area indicates that
the possibility of a “Breakage-arch” contacting the aquifer
was very small. Referring to the “three-line” method of
ponding in goaf, the area (35 < T, < 65) was filled with yel-
low, which belongs to the warning range.

Compared with the existing results [20], this paper
mainly modifies the discrimination method of the water-
rich index and the possibility of water inrush in the working
face. When the mining parameters of coal seam were
included, the predicted coefficients were positive, the fluctu-
ation range of coefficients was 10~80+, the accuracy of pre-
diction results is high, and the variable range of coefficients
is large. When having the same geographical coordinates,
Figure 11(a) is the contour map of prediction results drawn
by using the water inrush possibility index method before
correction, and Figure 11(b) is the contour map of predic-
tion results drawn by using discriminant Equation (2) and
Equation (3) in this paper. The comparison shows that the
modified discrimination method proposed in this paper
has good prediction accuracy and improves the practicability
of water inrush possibility prediction zoning.

6. Conclusion

(1) The water abundance in sandy argillaceous sedimen-
tary structural strata is uneven. The proportion of
the thickness of sandy strata in the whole overbur-
den is taken as the main index to evaluate the water
abundance. Combined with the parameters of the
working face and the overburden structure model
of water inrush, the evaluation method of water yield
was established

(2) In view of the evaluation and prediction of water
damage to the roof of the working face under the
condition of sandy argillaceous sedimentary struc-
tural stratum, the damage range of the “Breakage-
arch” to the aquifer and the water yield strength of
the aquifer are comprehensively considered. Com-
bined with the parameters of the working face and
the residual dilatancy coefficient of the direct roof,
the discrimination formula of the possibility coeffi-
cient of water inrush was proposed

(3) According to the new discrimination formula pro-
posed in this paper, the water-rich index of overbur-
den and the possibility coeflicient of water inrush are
obtained, and the possibility of water inrush in
#111084 working face was quantitatively evaluated
and predicted. It realized the scientific evaluation of
water abundance and water inrush possibility of
sandy argillaceous sedimentary structural strata
under the condition of low degree of hydrogeological
exploration
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