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Abstract: With the gradual increase in the mining depth of coal resources, the destruction of the rock
structure of the inter‑layered rock of the near coal seam under the influence of mining has led to the
frequent occurrence of water‑inrush disasters in mines, which seriously affects the safety of mine
production and the safety of the people in the underground. Therefore, it is important to study the
mechanism of the water inrush of the rock between the coal seams under the influence of mining to
control the occurrence of water inrush disasters and protect the loss of groundwater resources. This
paper takes the Hanjiawan coal mine with typical stratigraphic characteristics as the background for
research and studies the structural characteristics of interlayer rock breakage and the solid–liquid
coupling inrush water disaster mechanism during the mining of 2−2 and 3−1 coals. The study
shows that according to the damage degree and destruction depth of the inter‑layered rock caused
by the mining of the upper and lower coal seams, combined with the slip line theory and the “three
bands” collapse theory, the inter‑layered rock is classified into a completely fractured inter‑layer,
a fractured–broken stacked inter‑layer, and a fractured–broken–fractured combined inter‑layered
rock using L ≤ hm + Hk2

′, L > hm + Hk2
′, and L ≥ hm + Hli2

′ as the discriminating criteria. Com‑
bined with the structural classification of inter‑layer rock and the discriminating criteria, we used
similar simulation experiments and on‑site research to analyze the evolution law and distribution
characteristics of four types of inter‑layer rock water‑inrush fractures in different mines and put for‑
ward the classification of inter‑layer rock water‑inrush channels based on the width, length, and
penetration of the fractures. Based on the characteristics of the water‑inrush channel of inter‑layer
rock, we constructed the network‑boundary inrush water calculation model of inter‑layered rock
and network‑attach‑boundary inrush water calculation model, solved the water movement of the
water‑inrush channel in the model by transforming the flat flow state, fracture to flow state, and
pore‑fracture flow state, and finally revealed the mechanism of the disaster by which water‑inrush
of inter‑layer rocked was induced. Finally, we revealed its mechanism of inducing the inter‑layer
rock inrush water disaster. Our research enriches the theory and research ideas of the water‑inrush
disaster, provides theoretical support and a basis for the control of water‑inrush disasters in similar
conditions, and ensures the safe production of mines.

Keywords: close distance coal seam; inter‑layered rock; structural classification; inrush water
disaster mechanism; flow‑solid coupling model

1. Introduction
Mine watered inrush has always been one of the most serious disasters in the produc‑

tion process of coal mines in China and abroad. Long‑wall comprehensive mechanized
mining has a severe impact on the failure of the lower rock mass. The complex geological
conditions of the close‑distance coal seam make the evolution mechanism of the water in‑
rush in the interlayer rock more complex and difficult to measure [1]. When groundwater
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and gob water enter the lower coal seam working face and gob through the water inrush
channel, it is easy to cause mine water inrush accidents and serious loss of groundwater
resources. In this process, how the groundwater and gob waters flow through the inter‑
layer rocksmass under the influence ofmining, what kind of theory themovement process
follows and what kind of fluid–solid coupling model is in line with are unknown. There‑
fore, it is extremely important to the establishment, analysis, and water inrush mechanism
research of the water inrush model of the lower rock mass affected by mining. Effective
prediction and the prediction method of the water inrush of the inter‑layer rocks mass and
control of the water inrush disaster are also of great significance.

In recent years, water inrush accidents have occurred frequently in eastern and west‑
ern coal mines in China, causing serious economic losses and casualties [2–4]. The water
inrush sources and water inrush channel of inter‑layer rock mass are the result of the in‑
teraction of engineering geological, hydrogeological conditions, and mining conditions of
overlying rock under a natural state. However, it is difficult to predict the water inrush
source and water inrush channel by geophysical prospecting or drilling, so the evolution
mechanism of water inrush needs to be further studied. In view of the current domes‑
tic water inrush research, a large number of scholars analyze the evolution mechanism of
water inrush through on‑site monitoring, numerical simulation, similar simulation, theo‑
retical analysis, and other methods [5–10]. The results show that the composite materials
of similar simulation materials are relatively mature, but the evolution process of similar
simulation water inrush is limited to microscopic rock samples; macroscopic‑scale exper‑
imental research is less common and needs to be studied further [11,12]. As an auxiliary
method for the macroscopic study of water inrush, numerical simulation has achieved cer‑
tain research results [13,14]. Due to the influence of complex geological conditions and
working to face mining through on‑site physical methods or geophysical detection meth‑
ods, it is not possible to accurately measure the dynamic changes of each parameter at
the measuring point, so there is still a gap between the numerical simulation research and
the real water inrush situation research results. In the theoretical research on mine wa‑
ter inrush, most focus on the study of water inrush from overlying strata and floor water
inrush [15–17], paying more attention to the prediction method of water inrush and wa‑
ter inrush disaster management; the majority of scholars have achieved fruitful results
in this regard [18,19]. The research on water inrush disasters abroad mainly focuses on
the prediction and evaluation methods of water inrush [20–22], as well as the research on
floor waters inrush disasters and the development law of water inrush fissure in overlying
strata [23,24], which has been widely used in field practice. Secondly, during the mining
process of the working face, a large number of studies have been carried out on the devel‑
opment height of the water fracture zone in the overlying strata, and the research results
are relatively mature [25–27]. The research on seepage and water inrush of coal and rock
mass in fine and micro aspects mainly focuses on the distribution characteristics and evo‑
lution law of fracture waters pressure and applies safety evaluation in combination with
field practice [28–31]. For the study of the mechanism of mine water inrush, the overall
research is insufficient. Because of the influence of mining geological conditions and coal
mining methods, the mechanism of mine waters inrush and its disaster control should be
studied in depth [32–34].

Therefore, based on the shortcomings of domestic and foreign scholars on water in‑
rush and research of interlayer rock mass, this paper only studies the mechanism of wa‑
ter inrush under the influence during the mining of a close‑distance coal seam working
face. Because the rock mass between the close coal seams is greatly affected by the min‑
ing of the upper and lower coal seams, it plays a key role in the occurrence of mine water
inrush disasters. Therefore, this paper takes the water inrush of interlayer rock mass be‑
tween the 2−2 coal seam and 3−1 coal seam in Hanjiawan Coal Mine as the main research
object, analyzes the fracture characteristics of interlayer rock mass structure and the de‑
velopment law of water inrush fractures under the geological conditions of the close coal
seam, then determines the characteristics of water inrush channel of interlayer rock mass,
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constructs the water inrush‑solid coupling calculation model of interlayer rock mass in
the close coal seam, analyzes the movement process of different flow state water in the
flow‑solid coupling calculation model, and determines the mechanism of the water in‑
rush disaster of the interlayer rock mass. This paper mainly studies the following three
aspects: (1) the characteristics and classification of water inrush channels formed by inter‑
layer rocks mass affected by mining. (2) Based on the characteristics and classification of
water inrush channels, a water‑solid coupling calculation model of inter‑layer rock mass
is constructed. (3) Based on the fluid‑solid coupling model, combined with the theory of
fluid dynamics, the water inrush motion of plate flows, fracture flow, and pore fracture
flow is transformed and solved.

2. Study Area and Objectives
The Hanjiawan Coal Mine is located in the northern part of the ShenFu mining area.

Themine has a production capacity of 4.0Mt/a andmines three seams, namely the 2−2 seam,
3−1 seam, and 4−2 seam, with the 3−1 seam near completion and the 4−2 seam in the pri‑
mary stage. Seam production is gentle, and the seams are nearly horizontal, with an incli‑
nation of approximately 1~3◦. The seams are mined in a downward direction.

The 2−2 coal seam is located in the upper part of the fourth section of the Yan’anGroup.
The thickness of the coal seam ranges from 0.5 to 5.5 m, with an average of 4.06 m. The
average depth of the coal seam is 80 m, with a recoverable area of 11 km2. The thickness
of the coal seam thins from west to east. The eastern boundary of the well field is the not
mining area along the coal seam strike of 418m. The room and pillarmining area is located
between the long‑wall mining area and the not mined area within a width of 135 to 550 m.
The long‑wall mining area is located to the west of the room‑and‑pillar mining area. The
working face is 268 m long, with a mining height of 4 m and a strike length of 1820 m. The
working face uses fully mechanized coal mining with a long wall, mining the entire height
at once and managing the roof of the mining area by the collapse method.

The thickness of the 3−1 coal seam is 2.1~3.4 m, with an average of 2.9 m. The recov‑
erable thickness is 1.5~3.4 m, with average of 2.95 m. The burial depth is 101.50~157.07 m,
and the recoverable area is 12.77 km2. The geological structure of the coal seam is simple;
locally, it contains a layer of a band of approximately 0.3 m thickness, and the lithology of
the band is mainly sandstone. The relationship between the upper and lower coal seams
is shown in Figure 1, and the physical and mechanical parameters of the coal seams are
shown in Figure 2. The overall research framework structure is shown in Figure 3.
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Figure 1. Plane section location drawing of coal seam 2−1 and 3−1 in the study area.

There are two reservoirs of the surface within the Hanjiawan coal mine well‑field, one
with an area of 9280 m2 and the other with an area of 7876 m2, half of which is within the
Hanjiawan well‑field. The average depth of water in the reservoirs is 1.8 m, and the depth
ofwater can reach approximately 3mduring a period of abundantwater. The total volume
of water accumulated in the two reservoirs during the period of abundant water can reach
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51,468 m3, forming a potential source of water for inrush water disasters. The northern
part of the well field, approximately 1.5 km from the Bu Bag Trench to Liu Gen Ditch, is a
water‑rich area; the upper reaches are Bu Bag Trench wetlands.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 4 of 40 
 

Figure 1. Plane section location drawing of coal seam 2−1 and 3−1 in the study area. 

 
Figure 2. The whole work of a schematic figure. 

 

 

Figure 3. Physical and mechanical geological characterization and geological histogram. 

Figure 2. The whole work of a schematic figure.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 4 of 40 
 

Figure 1. Plane section location drawing of coal seam 2−1 and 3−1 in the study area. 

 
Figure 2. The whole work of a schematic figure. 

 

 

Figure 3. Physical and mechanical geological characterization and geological histogram. 
Figure 3. Physical and mechanical geological characterization and geological histogram.

The exploration data show that thewater‑bearing rock section from2−2 to 3−1 coal has
a thickness of 29.08~56.66 m, with an average thickness of 39.24 m. Some boreholes show
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water gushing and leaking at the roof of the 3−1 coal seam, indicating that the fracture
development is uneven and does not constitute the same saturated water‑bearing layer.
TheMiddle Jurassic Zoro Formation and Yan’an Formation weathered rock fracture water‑
bearing rock groups arewidely distributed and thick. With small spacing from the 2−2 coal
seam, the height of the coal mining inrush waters fracture zone will be directly penetrated,
which is the main water‑filled layer of the mine. In areas where the thickness of the loose
sand layer is large, the diving of the loose rock type of the Fourth Series and the fracture
water of the over rock of the coal system are the main sources of water filling in the mine.
The normal surge volume of water throughout the Hanjiawan coal mine is 461 m3/h, and
the maximum surge volume is 600 m3/h; there is water accumulation in old hollow areas
in some areas with a surge volume of around 10 m3/h. The surge dynamics increase the
expansion of themining area. Based on the above field research and analysis, it can be seen
that there is a potential risk of inrush water disasters in the Hanjiawen coal mine and the
surrounding mines, so it is important to study the mechanism of the occurrence of inrush
water disasters from inter‑layer rock instability.

3. Structural Classification of Inter‑Layered Rock and Characterization of Inrush
Water Channels
3.1. Discriminant Analysis of Structural Damage to Inter‑Layered Rock

Under the disturbance of upper and lower coal seam mining in the close coal seam,
the different structures formed by the fracture and instability of inter‑layer rock mass are
the direct influencing factors ofminewater inrush disasters. Therefore, it is very important
to analyze the damage degree and damage depth of inter‑layer rock structures. Based on
the stress effect and failure depth of the upper coal seam mining on the inter‑layer rock,
the development height of cave zones and water inrush fracture zones of lower coal seam
mining on the inter‑layer rock, the structural fracture, and damage degree of the inter‑layer
rock are analyzed. The schematic diagram of stress and damage depth of inter‑layer rock
in upper coal seam mining are shown in Figure 2.

Based on the elasticity theory and theMoore–Coulomb strength criterion, the damage
depth of the inter‑layered rocks by mining the upper group of coal seams during long‑
wall fully mechanized coal mining is calculated and analyzed according to the slip line
calculation theory. The process of inter‑layered rock damages is shown in Figure 4.
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The logarithmic double helix equation for r, r0, can be expressed as:

r = r0eθ tan φd . (1)

Approximating the curve in part of the region in Figure 4 as a straight line of the
solution, the geometric relationship to the figure provides:

r0 = xa/2 cos
(π

4
+

φd
2

)
, (2)
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α =
π

2
−

(π

4
− φd

2
− θ

)
, (3)

sin α = cos
(

α − π

2

)
, (4)

hm = r sin α. (5)

The equation based on the cohesion of the coal seam C as parameter xa is:

xa =
M

2η tan φ
ln

kγH + C tan φ

ηC tan φ
. (6)

Substituting Equations (1)–(4) and (6) into Equation (5) according to the basic param‑
eters of coal rock mechanics, the maximum depth of damage hm to the bottom slab can be
obtained as follows:

hm =
M · cos φd

4η · tan φ · cos
(

π
4 + φd

2
) e(

π
4 +

φd
2 ) tan φd · ln

kγH + C · cot φ

η · C · cot φ
, (7)

where M is the mining height of the coal seam, m; k is the stress concentration factor; φ is
the internal friction angle of the coal seam, ◦; H is the mining depth, m; η = 1+sin φ

1−sin φ is the
triaxial stress factor; γ is the average capacity weight of the overlying rock seam, kN/m3;
φd is the internal friction angle of the inter‑layered rock, ◦; C is the cohesion of the coal
seam, MPa; xa is the length of the yield region of the coal seam, m.

According to the mechanical parameters of the rock seam of the upper group 2−2 coal
in Figure 4, the geological conditions in which the mine is located, the analysis, and cal‑
culation of the damage depth of the rock seam between the layers during the long‑wall
fully mechanized coal mining of the upper group coal, the mining height of the 2−2 coal
M = 4.3 m, the internal friction angle of the rock layer φd = 30◦, the triaxial stress coeffi‑
cient η = 1+sin 36◦

1−sin 36◦ = 3.88 of the overlying rock layer, the internal friction angle φ = 36◦

of the coal seam, the stress concentration coefficient k = 2.4 of the upper group coal, the
average capacity weight γ = 25 kN/m3 of the overlying rock layer, the burial depth of the
upper group coal H = 80 m, and the cohesive force of the coal seam C = 2.2. Substituting
each parameter into Equation (7):

hm = 4.3×cos 30◦

4×3.88×tan 36◦×cos
(

π
4 +

π
6
2

) e(
π
4 +

π
6
2 ) tan 30◦ × ln 2.4×25×80+2.2×cot 36◦

3.88×2.2×cot 36◦

= 0.28 m.

In the process of lower coal seammining, the inter‑layer rock structure is unstable and
collapses under the action of overload stress and self‑weight stress, and the inter‑layer rock
fractures are further developed under repeated disturbance. Therefore, the cave height of
inter‑layer rock in lower coal seammining is calculated and analyzed. When the lower coal
seam is mined, the upper coal seam collapses to form a gob. Therefore, when calculating
the height of the overburden fracture zone and the cave zone of the lower coal seam, the
comprehensive mining height MZ should be used instead of the single coal seam mining
height M. Then, MZ and ‘two zones’ can be expressed as follows according to the ‘three
under’ coal mining operation procedures:

MZ = M2 +

(
M1 −

L
y2

)
, (8)

where M1 is the mining height of the upper coal seam, m; M2 is the mining height of the
lower coal seam, m; L is the distance from the rock between the seams, m; y2 is the ratio of
the mining collapses height of the mining height of the lower coal seam.

By analyzing the fracture development height of inter‑layer rock in the process of re‑
peatedmining of the lower coal seam, the calculationmethod of the development height of
‘cave zone’ and ‘water inrush fracture zone’ of over strata under the repeated disturbance of
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lower coal seam can be used for reference. By comparing and analyzing the development
height of ‘two zones’ and the thickness of inter‑layer rock, the fracture development height
of inter‑layer rock under repeated disturbance of lower coal seam can be determined. It
provides a basis for the classification of inter‑layer rock structure and the coupling mech‑
anism of water inrush from inter‑layer rocks in the mining process of upper and lower
coal seams.

The ratio of cave height to mining height in Equation (2) can be calculated in Table 1.
Secondly, according to the above table, the height of the cave zone and water inrush frac‑
ture zone of the upper coal seam Hk1 and Hli1 and the height of the cave zone of the lower
coal seam Hk2 are calculated, then the relationship between them and the distance L from
inter‑layer rocks is compared to determine the thickness relationship between the cave
zone and inter‑layer rock after lower coal seammining. Therefore, the mining height M of
Table 1 is replaced by the comprehensive mining height MZ to calculate the initial fracture
zone height Hli2 of the lower coal seam. The height of the ‘two zones’ of the lower coal
seam should be added to the height of the ‘two zones’ of the upper coal seam. Finally, the
height of the ‘two zones’ of the lower coal seam takes the maximum of the surface height
of the upper and lower coal seams. The specific calculation is shown in Equation (9).

Hk2
′ = max[Hk1 + L + M1, Hk2]

Hli2
′ = max[Hli1 + L + M1, Hli2]

. (9)

Table 1. Fracture development height of inter‑layer rock mass under repeated mining.

“Two‑
Band”

Lithology
Suitable forM≤ 3m

Coal Seam “Two‑Band” Lithology Suitable forM≤3 m Coal Seam

Formula One Formula One Formula Two

caving
zone
height

stiffness Hk = 100M
2.1M+16 ± 2.5 height of

fractured
water‑

conducting
zone

stiffness Hli =
100M

1.2M+2.0 ± 8.9 Hli = 30
√

M + 10

medium‑hard Hk = 100M
4.7M+19 ± 2.2

medium‑
hard Hli =

100M
1.6M+3.6 ± 5.6 Hli = 20

√
M + 10

weakness Hk = 100M
6.2M+32 ± 1.5 weakness Hli =

100M
3.1M+5.0 ± 4.0 Hli = 10

√
M + 5

very soft Hk = 100M
7.0M+63 ± 1.2 very soft Hli =

100M
5.0M+8.0 ± 3.0 ‑‑

Note: M is the effective mining height, the lithology strength is classified according to the uni‑axial compressive
strength of the rock, with 40–80 MPa for hard, 20–40 MPa for medium‑hard, 10–20 MPa for soft, and 10 MPa or
less for very soft.

The calculation of the cave zone of the inter‑layer rocks and the water inrush fracture
zone of the inter‑layer rock in the lower coal seam of the close distance coal seam is affected
by the softening effect of thewater accumulation in the upper coal seamgob and the hinged
structure of the upper part of the inter‑layer rock. The height of the fracture zone of the
inter‑layer rock mass is the maximum of the height of the water inrush fracture zone of
the inter‑layer rock plus the bending sinking hinge thickness Hc. The specific calculation
is shown in Formula (10).

Hk2
′ = Hk2

Hli2
′ = max[Hli1 + L + M1 + HC, Hli2 + HC]

. (10)

3.2. Inter‑Layer Rocks Structure Classification
3.2.1. Completely Fractured Inter‑Layer Rock

During the mining process of the upper and lower coal seamworking faces, the inter‑
layer rock structure is completely broken. Such coal seams are mostly very close to each
other, or the inter‑layer rock has been completely destroyed in the upper coal seammining;
there is no thick bearing layer structure in the inter‑layer rock. According to the calculation
formula for damage depth of inter‑layer rock, when the thickness of inter‑layer rock mass
is less than or equal to the depth of complete damage and fracture, that is L ≤ hm + Hk2

′.
The complete damage and fracture depth refers to the sum of the damage depth of the
upper coal seammining on the floor of the inter‑layer rock and the height of the cave zone
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of the lower coal seam mining. Under the influence of the mining of the upper and lower
coal seam working faces, the inter‑layer rock is fractured to form a block, and the integrity
is very poor. In the process of lower coal seam mining, it is easy to form a roof fall; the
formation of a cave channel causes the cave rock block of the upper coal seam gob to move
to the lower coal seam gob. When the thickness of the inter‑layer rock is basically equal
to the depth of damage and fracture, the diameter of the lower rock after the failure of the
inter‑layer rock is obviously larger than that of the upper rock mass. After the mining of
the upper and lower coal seams, the possibility of gangue collapses in the gob decreases,
and no effective bearing structure is formed.

The completely broken inter‑layer rock is completely broken under the action of roof
stress during the mining process of the upper coal seam or the mining process of the lower
coal seam. The fractures are fully developed, forming a water inrush flow channel in the
upper water‑accumulated gob. The development density of water inrush fractures reaches
the maximum, which can be regarded as a spatial network model with complete penetra‑
tion of longitudinal and transverse fractures. The permeability characteristics of transverse
separation fractures are the same as those of longitudinal fracture fractures, including the
permeability characteristics of longitudinal and transverse water inrush fractures formed
by boundary fracture of inter‑layer rock and water inrush fractures in the middle of the
inter‑layer rock. As shown in Figure 5.
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3.2.2. Fractured–Broken Stacked Inter‑Layer
Based on the failure depth of the upper coal seam mining to the floor and the calcula‑

tion theory of the height of the ‘two zones’ in the lower coal seam mining, the thickness of
the fractured‑broken stacked inter‑layer rock is greater than the thickness of the completely
fractured inter‑layer rock; that is, L ≥ hm + Hk2

′, where most of them are thick immediate
roof shallow buried close distance coal seams or main roof completely damaged shallow
buried close distance coal seams. During the mining process of the upper and lower coal
seam working faces, the inter‑layer rock has a thicker immediate roof or a bearing inter‑
layer main roof; the fractured‑broken stacked inter‑layer rock structure is more complete
than the completely fractured inter‑layer rock. When the upper and lower coal seams are
mined, due to the existence of a thick immediate roof or the main roof structure of layers,
the inter‑layer rock will not form a completely fractured state; a fault zone will be formed
into the upper part of the inter‑layer rock or the lower part of the inter‑layer rock. When
the coal seam is a thick immediate roof shallow buried close distance coal seam, the upper
part of the inter‑layer rock is the lower part of the broken zone, which is the fracture zone.
When the coal seam is a shallow buried close‑distance coal seamwith complete damage to
the main roof, the upper part of the inter‑layer rock is the lower part of the fracture zone,
which is the broken zone. The diameter of the fracture zones and the block of the broken
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zone is larger than that of the completely fractured rock, and the fracture development
density is smaller than that of the completely fractured rock.

Under the action of roof stress in the mining process of the upper coal seam or the
mining process of the lower coal seam, the fracture development degree of the fractured‑
broken composite inter‑layer rock is obviously smaller than the completely fractured inter‑
layer rock, but thewater inrush channel of the upperwater gob is also formed. The fracture
zone can be regarded as a spatial network model with complete penetration of longitudi‑
nal and transverse fractures, but the unit size of the spatial network model is larger than
the completely fractured inter‑layer rock. The fracture zone in the fractured‑broken lami‑
nate inter‑layer rock mass can be regarded as the same as the permeability characteristics
of the transverse separation fracture and the longitudinal fracture, and the permeability of
the transverse separation fracture in the fracture zone is smaller than that of the longitudi‑
nal fracture. The vertical and horizontal waters inrush fractures formed by the boundary
fracture of the inter‑layer rock in the fracture zone are exactly the same as the permeability
characteristics of the water inrush fractures in the middle of the gob, while the permeabil‑
ity of the boundary fractures in the broken zone is obviously larger than that in the middle
of the gob. As shown in Figure 6.
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3.2.3. Fractured–Broken–Fractured Combined Inter‑Layer Rock
According to the failure depth of upper coal seammining to the floor and the calcula‑

tion theory of the height of the ‘two zones’ in lower coal seam mining, the thickness of the
rock between the fractured–broken–fractured combination inter‑layer is greater than the
sum of the floor failure depth and the water inrush fracture zone, that is, L ≥ hm + Hli2

′,
and it is a shallow buried close‑distance coal seam with partial damage to the main roof.
During the mining process of the upper and lower coal seam working to face, due to the
large distance between the layers and the existence of themain roof between the layers, the
rock structure of the fractured–broken–fractured combination layer is more complete than
the fractured–broken stacked layer. When the upper and lower coal seams are mined, the
main roof is located in the failure zone of the upper coal seam floor, the upper and lower
parts of the inter‑layer rock form a fracture zone, and the main roof breaks to form a dam‑
aged rock block to form amutually articulated ‘masonry beam’ structure. The block diame‑
ter of the fracture zone of the fracture–broken–fracture composite inter‑layer rock is similar
to the fracture–broken stacked inter‑layer rock, but the fracture development density of the
middle fracture zone is smaller than the fracture–broken stacked inter‑layer rock.
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In the process of upper coal seammining and lower coal seammining, the inter‑layer
rock of the fractured–broken–fractured combination is subjected to roof stress and the inter‑
layer rock of lower coal seam mining is collapsed and broken. The degree of fracture de‑
velopment is obviously smaller than that of fracture–broken stacked inter‑layer rock, but it
can form awater inrush channel in the upper water‑accumulating gob. However, its water
inrush capacity is obviously weakened. The upper and lower fracture zones of inter‑layer
rock can be regarded as a spatial networkmodel with complete penetration of longitudinal
and transverse fractures. The unit scale of the spatial network model is basically similar
to the fracture–broken stacked inter‑layer rock. The fracture zone in the inter‑layer rock of
the fractured–broken–fractured combination can be regarded as the same as the permeabil‑
ity characteristics of the transverse separation fracture and the permeability characteristics
of the longitudinal fracture. The water inrush of the transverse separation fracture in the
fracture zone is smaller than that of the longitudinal fracture, it is also smaller than that
of the fractured–broken laminate inter‑layer rock. The longitudinal and transverse water
inrush fractures formed by the boundary fracture of the inter‑layer rock in the fracture
zone are exactly the same as the water inrush characteristics of the water inrush fractures
in the middle of the gob. The water inrush of the boundary fractures in the fracture zone
is obviously larger than that in the middle of the gob, but smaller than the fracture zone in
the middle of the fractured–broken laminate inter‑layer rock. As shown in Figure 7.
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3.3. Analysis of Water Inrush Channels Characteristics of Inter‑Layer Rock
It is difficult to realize the direct monitoring or indirect measurement of the distri‑

bution characteristics of water inrush fractures in inter‑layer rock. At present, the on‑site
monitoring methods of water inrush fractures in inter‑layer rocks mainly include the geo‑
physical detection method and the drilling detection method. Although there are many
monitoring methods, the distribution characteristics of water inrush fractures in fractured
rock can only reflect the local characteristics, or the accuracy is not enough; the overall
characteristics of water inrush fractures cannot be fully reflected. The two‑dimensional
similar simulation test can better reflect the spatial and temporal evolution law and over‑
all distribution characteristics of water inrush fractures in the inter‑layer rock. Therefore,
many scholars have studied the distribution characteristics of water inrush fractures in the
inter‑layer rock of shallow‑buried close coal seams through similar simulation tests, which
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can better fully reflect the development and evolution law and distribution characteristics
of water inrush fractures in the inter‑layer rock during the mining process of upper and
lower coal seams.

Figures 8–11 show the distribution characteristics ofwater inrush fractures in the inter‑
layer rock during a similar simulation test of the close‑distance coal seams in four coal
mines. The distribution area of water inrush fractures in the inter‑layer rock presents a
positive trapezoid as a whole. Combined with the classification of inter‑layer rock struc‑
ture, the classification of water inrush fractures can be obtained. Water inrush fractures
mainly include network water inrush fractures, attach water inrush fractures, and bound‑
ary water inrush fractures. Due to the different thickness, lithology, mining height, and
inter‑mining ratio of inter‑layer rock in each coal mine, the types of water inrush fractures
in inter‑layer rock are different. During the mining process of the upper and lower coal
seam working faces, the network waters inrush fractures are mostly distributed in the up‑
per part of the inter‑layer rock and the lower part of the inter‑layer rock, forming water
inrush fractures with transverse separation fractures and longitudinal break fractures. The
development degree of water inrush fractures is the most obvious, and the water inrush
coefficient is large. The water inrush fractures at the boundary are mostly distributed on
the side of the open–off cut and the side of the stop line along the advancing direction of
the working face; that is, they are situated on both sides of the positive trapezoid of the
inter‑layer rock, forming transverse and longitudinal water inrush fracture that penetrates
the whole inter‑layer rock. The development degree of longitudinal fractures is greater
than that of transverse fractures. The attach waters inrush fractures are mostly distributed
in the middle area of the inter‑layer rock. The development degree of longitudinal break
fractures is greater than that of transverse separation fractures. The formation process is
break–open–closure, and finally, the horizontal and longitudinal attach water inrush frac‑
tures are formed. The analysis shows that the characteristics of water inrush fractures in
the inter‑layer rock of four coal mines are similar and different.
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Through the analysis of the similar simulation experiment results of four close coal
seammines, it can be concluded that there are obvious differences in the distribution char‑
acteristics of water inrush fractures in inter‑layer rock. During the mining process of the
upper and lower coal seams in the Anshan coal mine, the stress of the upper coal seam on
the floor (upper part of the inter‑layer rock) forms a broken area. Combined with the col‑
lapse of the inter‑layer rock structure during the mining process of the lower coal seam, a
typical fractured–broken–fractured combined inter‑layer rock structure is formed. When
the upper water flows through the inter‑layer rock, the network waters inrush fractures
are formed into the upper and lower parts of the inter‑layer rock, and the boundary water
inrush fractures are formed on both sides of the positive trapezoid. The attach waters in‑
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rush fractures are formed in the middle of the inter‑layer rock, forming the inter‑layer rock
water inrush channel including the network water inrush fractures, the boundary waters
inrush fractures, and the attach water inrush fractures. The development law and distri‑
bution characteristics of water inrush fractures in the inter‑layer rock of Hanjiawan coal
mine are similar to those of water inrush fractures in the inter‑layer rock of Anshan coal
mine, but there are differences. The development degree of water inrush fractures and the
density of water inrush fractures in the upper and lower parts of the inter‑layer rock in
Hanjiawan is obviously larger than those in Anshan coal mine, and the development de‑
gree of water inrush fractures in the middle inter‑layer rock is larger than that in Anshan
coal mine.
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In the process of mining the upper and lower coal seams in Bulianta coal mine, the
water inrush fractures in the inter‑layer rock form an obvious network of water inrush frac‑
tures in the upper part of the inter‑layer rock under the stress of the upper coal seam floor.
Under the combined action of its own gravity and the stress of the over strata, the inter‑
layer rock forms a completely broken state. The water inrush current in the gob forms
a typical network of water inrush fractures through the inter‑layer rock, forming a wa‑
ter inrush channel through the inter‑layer rock. During the mining process of the upper
and lower coal seams in Shangwan coal mine, a fractured–broken stacked inter‑layer rock
structure was formed. When the water in the gob passed through the inter‑layer rock, the
middle and lower parts were network water inrush fractures, and the upper part formed
a penetrating longitudinal attach fracture. The inter‑layer rock formed multiple longitu‑
dinal water inrush channels with periodic weighting. Compared with Bulianta coal mine
and Shangwan coal mine, the distribution characteristics of water inrush fractures in inter‑
layer rock are similar; the water inrush capacity and water inrush coefficient of inter‑layer
rock are larger.

The network water‑inrush fracture and boundary water‑inrush fracture are the main
channels for the gob water, water‑rich rock water, or separation water to flow into the
lower coal seam working face or gob. Therefore, it is necessary to study the distribution
law of network water‑inrush fracture and boundary water‑inrush fracture in the process
of coal seam mining. Through the analysis of the characteristics of water‑inrush channels
in some mines in the northern Shaanxi mining area, it can be obtained that the distribu‑
tion characteristics of water‑inrush fracture in the middle‑layer rock during the upper and
lower coal seam mining process have the following characteristics: (1) the water inrush
fracture area of inter‑layer rock presents a ‘positive trapezoid’. (2) The water‑inrush chan‑
nels formed by network water‑inrush fractures and boundary water‑inrush fractures are
the main channels for water‑inrush from the gob of upper coal seam or water‑rich strata
to the lower coal seam. (3) The attach waters inrush fractures formed in the middle of the
inter‑layer rock are connected with the network water inrush fractures and the boundary
waters inrush fractures, forming the secondarywater inrush channel of the inter‑layer rock.
(4) The upper and lower part of the inter‑layer rock, that is, the inter‑layer rocks network
close to the upper and lower coal seams, have a high density of water inrush fractures and
dense water inrush channels.

By analyzing the distribution characteristics of water‑inrush fracture channels in the
inter‑layer rock of the above coal mines, it can be concluded that the distribution character‑
istics of water‑inrush fractures are the distribution characteristics of water‑inrush channels
in the inter‑layer rock. In order to explore themechanism of a water inrush disaster caused
by inter‑layer rock failure, it is necessary to analyze the flow law of gobwater or water‑rich
rock water in the water inrush channel during the mining process of upper and lower coal
seams; there are differences in the flow law of water when it moves in different water
inrush fractures. Therefore, in this paper, the flow of water in the inrush fracture of inter‑
layer rock is divided into three categories, which are the flow of water in the water‑inrush
fracture, the flow of water in the boundary water‑inrush fracture through the inter‑layer
rock, and the flow of water in the network water‑inrush fracture area. The mechanism of
the water‑inrush disaster is also studied.

4. Analysis of Fluid–Solid Coupling Disaster‑Causing Mechanism
4.1. Fluid–Solid Coupling Calculation Models on Inter‑Layer Rock

Based on the distribution characteristics of water inrush fractures in inter‑layer rock
and the fracture structure of inter‑layer rock, the water inrush calculation model of gob
water or water‑rich rock water in inter‑layer rock after mining upper and lower coal seams
is constructed. It can be divided into the network‑boundary fluid–solid coupling water
inrush calculation model and network‑attach‑boundary fluid–solid coupling water inrush
calculation model, where the water movement in the process of a water‑inrush disaster of
inter‑layer rock is analyzed.
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4.1.1. Network‑Boundary Fluid–Solid Coupling Water Inrush Calculation Model
The inter‑layer rock forms a complete fracture structure after the mining disturbance

of the upper and lower coal seams. The formedwater‑inrush fractures are not a single form
of networkwater‑inrush fractures or boundarywater inrush fractures, they include bound‑
arywater‑inrush fractures and networkwater‑inrush fractures at the same time. Thewater
accumulated in the upper part of the inter‑layer rock enters the lower gob or working face
through the water‑inrush fractures of the inter‑layer rock with time and space synchro‑
nization. When the upper water flows through the network fractures, the flow path is
more complicated; the probability of lateral movement is the same as that of longitudinal
movement. It mainlymoves along the lateral separation fractures and longitudinal broken
fractures formed by the fracture of different inter‑layer rock strata. The state of water flow
inside can be regarded as a high‑density fracture flow state; the area of water flow in the
inter‑layer rock is a fracture medium. Because the upper water flows into the gob in the
process of this fracture flow, the flow time is short, and the effect of water on the network
fracture is not obvious. Therefore, it is assumed that thewater flowprocess has no effect on
the distribution and state characteristics of the network water inrush fracture; the effect of
water on the network fracture is ignored. The network‑boundary water inrush calculation
model is shown in Figure 12.
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The flow of water accumulated in the upper part of the inter‑layer rock in the network
water‑inrush fracture belongs to Darcy flow, it is not flowing outside the network water
inrush fracture; that is, the pore flow between water and different inter‑layer rock layers
is ignored. Although the network water‑inrush fractures are not completely evenly dis‑
tributed among the inter‑layer rock due to the high density of its distribution, it can be
regarded as a connected uniform fracture network. The inter‑layer rock area of the net‑
work water inrush fractures is a continuous rock medium; that is, the physical equation
of water flow in the network fractures can be equivalently expressed by the seepage flow
equation of the porous medium. Although its essence is different, the difference between
the two is mainly manifested in the great difference in the permeability coefficient. The
permeability coefficient of a continuous medium depends on the stress and strain value of
the rock, while the water inrush coefficient of water inrush fracture in an inter‑layer rock
network is related to the characteristics of fracture, which can be expressed by Formula (11).
The fluid flow in the water inrush fracture of the network can be equivalently expressed
as Equation (12) [35].

(k(b, f )p, i), i = n
∂p
∂t

+
∂e
∂t

+ W, (11)
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k(b, f ) = − 1
12

n

∑
i=1

b3
i fi. (12)

In the Formula, k is the equivalent permeability coefficient, and it can be calculated
according to formula (12). bi is the width of the fracture; fi is the friction coefficient of the
fracture; p is fracture water pressure; e is volume deformation; W is the source of water
accumulation; t is time.

The flow process of water in the upper part of the inter‑layer rock in the boundary
water‑inrush fracture is instantaneous, and the water inflow is large. The distribution char‑
acteristics of water‑inrush fractures at the boundary of inter‑layer rock show that there are
water‑inrush channels longitudinally penetrating multiple inter‑layer rock layers at the
side of the open–off cut, the side of the stop‑mining line, and the middle position of the
strike in the lower coal seam. The distribution characteristics of water inrush fractures
in inter‑layer rock are obtained by the above similar simulation test. Multiple boundary
water‑inrush fracture channels can be found. These boundary water‑inrush fracture chan‑
nels can make the gob water‑inrush into the lower coal seam working face or gob, and
in a short time, become the main flow channel of the upper water inrush into the lower
coal seam. The flow state of the upper waters in the boundary waters‑inrush fracture is
flat flows. In this paper, the Darcy‑Weisbach equation is used to express the flow state of
water in the boundary water‑inrush fracture through multiple inter‑layered rock masses,
as shown in Equation (13).

∆H = f × l
d
× vw

2

2g
. (13)

In the formula, ∆H is the head loss; d is the average inner diameter of the inrush
water channel; l is the length of the inrush channel; g is the acceleration of gravity; u is the
velocity of water flow; f is the friction system (dimensionless); it can be calculated based
on the Nikuradse experimental curve, as shown in Equation (14).

f =


1/[1.74 + 2lg(2 ∆/d )]2 ,Re > 100, 000

64/Re,Re < 2300
0.326/Re0.25, 2300 < Re < 100, 000

. (14)

If the porosity of the boundary waters inrush channel is 1, then v = u, J = ∆H/l, and,
based on Equation (13), can be transformed into:

v =
2gd
f v

× J. (15)

In order to facilitate the numerical simulation calculation, the equivalentwater‑inrush
coefficient is calculated according to Formula (15), where v is the water flow velocity of the
boundary waters inrush fracture [36].

Kd =
2gd
f v

. (16)

Therefore, the inter‑layer rocks network‑boundary fluid–solid coupling water inrush
calculation models mainly include the flow process of the upper water accumulation of
the inter‑layer rock in the network water inrush fracture and the boundary waters inrush
fracture. The nonlinear flow equation is used to describe the flow process of the upper
water accumulation in the inter‑layer rock water inrush fracture. The fracture flows state
and the plate flow state are used to analyze themechanism ofwater inrush and the disaster
of inter‑layer rock failure.

4.1.2. Network‑Attach‑Boundary Fluid–Solid Coupling Water Inrush Calculation Model
The inter‑layer rock forms a fracture–broken–fracture combination structure after the

mining disturbance of the upper and lower coal seams, including the boundary water
inrush fracture, the network water inrush fracture, and the attach water inrush fracture.
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When the gob water flows through the network water inrush fracture and the boundary
water inrush fracture, it has the characteristics of short time and fast flow, so the interac‑
tion betweenwater and inter‑layer rock is ignored. When the gobwatermoves in thewater
inrush fracture, the interaction between water and inter‑layer rock must be considered be‑
cause of its long action timewithwater and the characteristics ofwater inrush fracture. The
movement process of water in the fracture of water inrush in the inter‑layer rock mainly
includes two kinds of physical media: water and rock. The flow of water in the fracture is
the interaction of two kinds of media. It is necessary to consider the mechanical effect and
physical softening of water on the rock layer. It is also necessary to consider the influence
of the change in water inrush fracture caused by the change in inter‑layer rock structure
of the water flow, mainly in the form of water inrush and flow pattern. The main effect
of water accumulation in the upper part of the inter‑layer rock is the softening of the rock
mass strength and the load generated, while the effect of the inter‑layer rock on the wa‑
ter is mainly that the mining of the upper and lower coal seams causes fractures in the
inter‑layer rock. The change in the mechanical field affects the change in the water inrush
fracture. The flow of water changes due to the change in the water inrush fracture, which
ultimately affects the water inrush coefficient in the water inrush fracture. The coupling
mechanism between water and rock strata is shown in Figure 13.
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When the water in the gob flows in the inter‑layer rock containing boundary water
inrush fractures, network water inrush fractures, and attach water inrush fractures at the
same time, the network‑attaching‑boundary waters inrush calculation model is different
from the model containing only boundary water inrush fractures and network water in‑
rush fractures. It is necessary to analyze the interaction betweenwater and inter‑layer rock
in attaching water inrush fractures, the flow of water in network waters inrush fractures,
and boundary water inrush fractures can refer to the first type of water inrush calculation
model. When the water flows in the water inrush fracture, the effect of watering on the
rock layers changes the physical characteristics of the inter‑layer rock layer and exerts a
load on the inter‑layer rock layer. The fracture and extrusion of inter‑layer rock strata
change the characteristics of water inrush fractures and then affect the water inrush char‑
acteristics of water, forming a functional relationship between the water inrush coefficient
and stress–strain. Therefore, the network‑attaching‑boundary waters inrush calculation
model constructed is shown in Figure 14.



Appl. Sci. 2023, 13, 9043 17 of 36

Appl. Sci. 2023, 13, x FOR PEER REVIEW 18 of 40 
 

 
Figure 13. Schematic diagram of fluid–solid coupling mechanism of water-conducting fracture. 

When the water in the gob flows in the inter-layer rock containing boundary water 
inrush fractures, network water inrush fractures, and attach water inrush fractures at the 
same time, the network-attaching-boundary waters inrush calculation model is different 
from the model containing only boundary water inrush fractures and network water in-
rush fractures. It is necessary to analyze the interaction between water and inter-layer rock 
in attaching water inrush fractures, the flow of water in network waters inrush fractures, 
and boundary water inrush fractures can refer to the first type of water inrush calculation 
model. When the water flows in the water inrush fracture, the effect of watering on the 
rock layers changes the physical characteristics of the inter-layer rock layer and exerts a 
load on the inter-layer rock layer. The fracture and extrusion of inter-layer rock strata 
change the characteristics of water inrush fractures and then affect the water inrush char-
acteristics of water, forming a functional relationship between the water inrush coefficient 
and stress–strain. Therefore, the network-attaching-boundary waters inrush calculation 
model constructed is shown in Figure 14. 

 
Figure 14. Network-fit-boundary water diversion calculation model. 

The flow of water in the gob of the upper coal seam in the attach waters inrush frac-
ture is due to its characteristics of long action time and slow flow, so the water flow in the 
attach water inrush fracture belongs to Darcy flow, which can be approximately regarded 
as pore flow. In addition to the network water inrush fractures, boundary waters inrush 
fractures and attaching water inrush fractures, the interaction between inter-layer rock 
strata and water is not considered; only the interaction between water and inter-layer rock 

Figure 14. Network‑fit‑boundary water diversion calculation model.

The flow of water in the gob of the upper coal seam in the attach waters inrush frac‑
ture is due to its characteristics of long action time and slow flow, so the water flow in
the attach water inrush fracture belongs to Darcy flow, which can be approximately re‑
garded as pore flow. In addition to the network water inrush fractures, boundary waters
inrush fractures and attaching water inrush fractures, the interaction between inter‑layer
rock strata and water is not considered; only the interaction between water and inter‑layer
rock strata in attaching water inrush fractures is considered, while the interaction between
water flows and inter‑layer rock strata in network water inrush fractures and boundary
water inrush fractures is negligible. The stress–strain relationship of the mechanical field
of the inter‑layer rock in the water area of the water inrush fracture is expressed by the
statistical damage constitutive relation considering the water damage effect, as shown in
Equation (17).

σ1 = Eε1 × exp
[
− Fms

λ

]k
× Dw(t, w) + 2vσ3. (17)

The expression of the damage variable is:Dw(w, E0) =
exp(2.787−5.38e−3×w−1.87e−5×w2)

E0
(0 < w < 100%)

Dw(t, E0) =
exp(3−0.22t+0.007t2)

E0
(0 < Dw < 1)

. (18)

When water flows in the water inrush fracture, this process belongs to the pore flow
state and conforms to the Darcy seepage theorem. The differential governing equation of
pore flows can be expressed as (19) [35].

(k(Θ, p)p, i)), i = n
∂p
∂t

+
∂e
∂t

+ W. (19)

In the formula, p is thewater pressure in the fracture; e is fracture volumedeformation;
W is water source; t is time; k is the fracture permeability coefficient.

k(Θ, p) = ξ1k0e−(Θ/3−βp). (20)

ξ1 = 1.0, β = 0.5; Θ is the volume stress, Θ = σ1 + σ2 + σ3; e is the volume strain,
e = ε1 + ε2 + ε3.

In the network‑attaching‑boundary water inrush calculation model constructed, the
flow of water accumulated in the upper part of the inter‑layer rock in the network water
inrush fracture and the boundary waters inrush fracture can be analyzed and calculated
according to the part of the network‑boundary water inrush calculation model. The water
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flow in the network waters inrush fracture is the fracture flow pattern, which conforms to
the non‑Darcy seepage movement. The water flow in the boundary water inrush fracture
is a flat flow state, and the Darcy‑Weisbach equation is used to express the flow state of
water in the boundary water inrush fracture through multiple inter‑layered rock.

4.1.3. Boundary Conditions and Initial Conditions of Water Inrush Area
The boundary conditions and initial conditions of the water flow field in the process

of water inrush from the upper water accumulation in the inter‑layer rock are studied, as
shown in Figure 15.
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The flow field area of water accumulation in the gob of the upper coal seam is mainly
the rock between the lower layers of the gob; that is, the inter‑layer broken rock within
the red dotted line, the rock mass between the unbroken faults, and the lower coal seam
floor is the boundary of no water inrush. The internal water flow field of the inter‑layer
rock is mainly the network water inrush fracture and the boundary water inrush fracture,
followed by the water flow area in the water inrush fracture. When the water in the upper
part of the inter‑layer rock flows in thewater inrush fracture, thewater flows attaches to the
water inrush fracture. When the upper water flows in the network water inrush fracture
and the boundarywater inrush fracture, the boundary condition of the upper water inrush
in the inter‑layer rock can be obtained without flowing in the inter‑layer rock layer where
the water inrush fracture is formed.

The height of the water head in gob after upper coal seam mining is:

h = hz. (21)

In the formula, hz is the distance between the water surface of the gob and the inter‑
layer rock.

The hydro‑static pressure in the gob is:

pgoal = 0. (22)

5. The Initial Water Inrush Coefficient of Inter‑Layer Rock Is: K=K0
The boundary conditions of the stress field of the inter‑layer rock are as follows: the

boundary conditions of the stress field are the stress boundary conditions on both sides;
that is, the sum of the self‑generated gravity, the water load in the gob, and the gravity
of the over strata multiplied by the lateral stress coefficient kσ on both sides. The bottom
of the inter‑layer rock is the strain deformation boundary, the bottom is the fixed support
condition, and the upper part of the inter‑layer rock is the stress boundary condition, which
bears the upper water load and the gravity of the overlying strata.
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5.1. Solution of Fluid–Solid Coupling Model of Inter‑Layer Rock
Based on the distribution characteristics of water inrush fractures and the classifica‑

tion of water inrush fractures, the fluid–solid coupling calculation models on the network‑
boundary water inrush calculation model and network‑attach‑boundary water inrush cal‑
culation model of inter‑layer rock are constructed. When there are one or two force fields
and water flow field control equations, multiple differential equations are more difficult in
the calculation process. Through the analysis of the flow characteristics in the process of
water inrush from inter‑layer rock, the coupling relationship betweenwater and inter‑layer
rock strata is not very close; only thewater flow in thewater inrush fracture is coupledwith
the inter‑layer rock strata. Therefore, the idea of solving the flow process of water in inter‑
layer rock in this paper is as follows. The stress field and water‑to‑flow field are regarded
as separate subsystems. According to the change in stress field and the change in water
inrush coefficient, the change in different water inrush fractures in the damaged area of
inter‑layer rock is obtained, and the types of water inrush fractures are determined. Then,
the calculation model of water inrush from inter‑layer rock failure is determined. Finally,
according to the plate flow state, fracture flow state, and pore flow state of water in the
water inrush calculation model, the calculation is carried out. The specific solution idea is
shown in Figure 16.
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5.1.1. Solution of Flat Plate Flows Water Inrush Model
The unidirectional flow of incompressible fluid water in the boundary waters inrush

fracture can be expressed by mass conservation and the N‑S equation. The N‑S equation
includes fluid pressure, viscous force, body force, unsteady inertia force, and convective
inertia force. It is generally believed that the flow of common fluid in the fracture is ap‑
proximately steady motion. The body force is equivalent to the pressure on calculation,
and the unsteady inertia force is neglected. The equation is simplified as:

∂u
∂x

+
∂y
∂v

= 0, (23)

ρ

(
u

∂u
∂x

+ v
∂u
∂y

)
= −∂p

∂x
+ µ

(
∂2u
∂x2 +

∂2u
∂y2

)
, (24)
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ρ

(
u

∂u
∂x

+ v
∂v
∂y

)
= −∂p

∂y
+ µ

(
∂2v
∂x2 +

∂2v
∂y2

)
. (25)

In the formula, u, v is the flow velocity of water in the x, y direction of the fracture;
µ is the viscosity of fluid water; ρ is the density of water; p is pressure. Taking the water‑
inrush fracture boundary in Figure 17, the fracture surface of the water‑inrush fracture is
a rough surface, so it is approximately regarded as symmetrical distribution; only half of
the water‑inrush fracture surface is discussed.
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In Figure 17, bi is the distance from any point on the boundary water inrush fracture
surface to the middle line of the fracture, i = 1, 2, 3, . . . . . . , n. If the water inrush fracture
width e can be regarded as themean of all fracture widths, the roughness fluctuation of the
water inrush fracture surface bi is much smaller than thewidth of thewater inrush fracture;
that is,

bi = e + o(b1, b2, . . . . . . , bn). (26)

In the formula, o is the infinitesimal function of b1, b2, . . . . . . , bn, i.e., o ≪ e. If available,
(bi − e)|n ≪ e. If it is expressed by the roughness of the water inrush fracture surface,

ε = max
(σu

e
,

σ1

e

)
≪ 1. (27)

In the formula, σu, σ1 is the standard deviation of the rough fluctuation height bi of
the left and the surface of the water inrush fracture and its average e; ε is the dimensionless
roughness coefficient.

Based on the roughness of the water inrush fracture surface in Equation (27), the char‑
acteristic flow velocity of water in the x direction of the fracture surface is set as U, and
the velocity v perpendicular to the water inrush fracture surface can be obtained from
Equation (23):

v = −
∫ y

0

∂u
∂x

dy. (28)

Through the order of magnitude analysis, it can be seen that the order of magnitude
of the flow velocity u in the x direction isU and the order of magnitude of the flow velocity
v in the y direction is U e

L , so it is assumed that

δ =
e
L

≪ 1. (29)



Appl. Sci. 2023, 13, 9043 21 of 36

The flow velocity v of water in the y direction of the boundary water inrush fracture is
much smaller than the flow velocity u in the x direction; that is, v ≪ u, so the flow velocity
v in the y direction can be ignored. Equation (25) can be transformed into

∂p
∂y

= 0, asp = p(x). (30)

Based on the ratio of inertial force and viscous force in the analysis Formula (25) of
the N‑S mass conservation equation, we have

|inertia force|
|cohesion| =

ρ
∣∣∣u ∂u

∂x + v ∂u
∂y

∣∣∣
µ
∣∣∣ ∂2u

∂x2 +
∂2u
∂y2

∣∣∣ =
ρ
∣∣∣u ∂u

∂x

∣∣∣
µ
∣∣∣ ∂2u

∂x2 +
∂2u
∂y2

∣∣∣ ∼ ρ

µ

U U
L

U
L2 +

U
e2

=
ρUe

µ

δ

δ2 + 1
= Reδ (31)

where Re is the Reynolds coefficient. When water flows in the boundary water inrush
fracture, Re = ρUe/µ. If Equation (30) meets the condition Reδ ≪ 1, the inertia force of
water flow can be ignored, and Equation (25) can be transformed into

−∂p
∂x

+ µ
∂2u
∂y2 = 0. (32)

The cubic law of water flow in the boundary water‑inrush fracture can be obtained
by integrating the cross‑sectional area along the y direction of the boundary water‑inrush
fracture and combining the Formula (30):

q =
∫
e

udy =− e3

12µ

∂p
∂x

= − e3

12µ

∆p
L

. (33)

In the formula, ∆p is the pressure difference at both ends of the boundarywater inrush
fracture. e is the distance from the flat approximate plate surface to the fracture center line.

The conditions ofwhether thewater flow in the boundarywater inrush fracture is suit‑
able for the flat plate cubic law can be obtained by combining the Formula (27),
Formula (29), and formula (Reδ ≪ 1).{

max(ε, δ) << 1
Reδ << 1

. (34)

Based on the above analysis, according to the cubic law of plate flow in Formula (34),
it can be seen that the Reynolds coefficient and the fracture roughness affect each other.
When δ is smaller, the cubic law is established under the higher Reynolds coefficient. Sim‑
ilarly, when the Reynolds coefficient is smaller, the cubic law has stronger adaptability
in rough fractures. Therefore, for the smooth plate ε ≡ 0, the flow of the fracture is
long enough; that is, the cubic law of δ → 0 is fully established in the laminar flow range
(Re ≤ 2300).

Based on the analysis of the similar simulation results from the distribution and evolu‑
tion characteristics of the boundary water inrush fractures in the inter‑layer rock, it can be
seen that the boundary waters inrush fractures are affected by the mining of the upper and
lower coal seams throughout the inter‑layer rock, and the water accumulation in the upper
coal seam gob is in the inter‑layer rock boundary water inrush fractures. The flow rate is
fast, and the water inflow is large. Therefore, based on the above comprehensive analy‑
sis, the boundary waters inrush fractures in the inter‑layer rock in the three‑dimensional
space are regarded as flat fractures, and the flow of water in the gob in the boundary wa‑
ters inrush fractures are regarded as a flat fracture flow water inrush model. As shown in
Figure 18.

According to the cubic law of plate fracture flow, the velocity of water in the boundary
water inrush fracture can be expressed as

u = − 1
2µ

dp
dx

[
y2 −

(
b
2

)2
]

. (35)
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In the formula, x is the direction of water flow; y is perpendicular to the direction of
water inrush fracture surface; u is the velocity of water flow in x direction, m/s; b is the
width of water inrush fracture, m; µ is the dynamic viscosity of water, Mpa · s; dp/dx is
the pressure gradient in the x direction, Pa/m.
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Figure 18. Boundary water‑conducting fracture plate‑type water‑conducting model. (a) ‘II’ type
plate, (b) ‘

∧
’ type plate, and (c) ‘

∨
’ type plate.

It can be seen from Equation (35) that the velocity profile presents a parabolic surface
when water flows in the plate fracture. The calculation formula for the fracture flow per
unit cross‑section length of the plate waters inrush fracture can be obtained by integrating
Equation (23); therefore, the cubic law is

q = − b3

12µ

dp
dx

. (36)

In order to solve the water flow in the fracture of the inter‑layer rocks boundary more
accurately, based on the parallel plate cubic law, the generalized cubic theorem is used to
solve the water inrush model of the plate flow state under the influence of the roughness
and opening degree of the plate composed of the rock strata between the broken faults. It
is assumed that the area of the water inrush fracture on the plate is a rectangular plane
of A = LxLy, and Lx and Ly are the length and width of the water inrush fracture plane,
respectively. The upper and lower boundaries of the water inrush fracture plane are fixed
head boundaries, the water head difference is ∆H, and the left and right boundaries are
impermeable boundaries. The plane flow model of rectangular water inrush fracture is
shown in Figure 19. It is assumed that the average initial opening of the two planes of the
water inrush fracture is b0, and the initial area contact rate of the two planes is ξ0. Under
the action of the fracture pressure and shear load of the inter‑layer rock stratum, the water
inrush fracture plane produces the normal total deformation u under the combined action
of compression closure deformation and share opening deformation. The instantaneous
mechanical opening is b, and the area contact rate is ξ. In order to facilitate the subsequent
solution, the normalized opening b = b/b0 is defined.

The normal total deformation of the water inrush fracture plane is produced under
the combined action of compression closure deformation and shear opening deformation,
which can be expressed as

u = ue + up =
σn

kn
−

∫ δ

δ0

tan ψdδp. (37)

In the formula, u is the total normal deformation of the fracture plane; ue is the elastic
component of the normal deformation of the fracture plane; up is the normal deformation
plastic component of the fracture plane; kn is the normal stiffness of the fracture plane.
The first item on the right side of Formula (37) is the nonlinear elastic closure deformation
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of water inrush fracture plane normal compression; the second term is the plane opening
deformation caused by shear.
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During the break process of inter‑layer rock, the contact area and the opening degree
of the boundary water inrush fracture surface will change into the action of compression‑
shear load. When the normal compression deformation of the fracture surface occurs, the
mechanical opening of the fracture surface decreases, and the contact area increases. When
the shear expansion occurs on the fracture surface, the mechanical opening of the fracture
surface increases and the area contact rates decreases. When the fracture surfaces reach a
certain amount of closure of the action of normal load, the bulge formed by the fracture
of the water inrush fracture surface will be flattened or crushed, and the area contact rate
reaches a certain value and has nothing to do with the opening. Therefore, the evolution
law of the area contact rate of the fracture plane under compression–shear loads is as fol‑
lows.

ξ = ξ∞e−ab. (38)

In the formula, ξ is the area contact rate under the compression‑shear action of the
fracture surface; ξ∞ is the area contact rate when the fracture surface is closed; b is the
normalized opening of the structure; a is the fitting parameter. Under the initial conditions,
the normalized opening b = 1 and the contact rate of the fracture surface are ξ0 = ξ∞e−a. If
ξ0 is known, then a computes a = − ln(ξ0/ξ∞). Obviously, when thewater inrush fracture
surface is completely closed, ξ = ξ∞; when the compression deformation occurs on the
water inrush fracture surface, ξ > ξ0; when the water inrush fracture surface occurs shear
deformation, ξ < ξ0. During the deformation process of the water inrush fracture surface,
when the mechanical opening reaches a stable value, the contact rate of the fracture area
also reaches a certain value. Equation (38) shows that the area contact rate and shear angle
of water inrush fracture surface have the same variation law, and the area contact rate of
the fracture surface is mainly controlled by shear characteristics.

When the area contact rate of the water inrush fracture surface is ξ, the effective water
inrush area does not exceed (1 − ξ)A. Therefore, when the effective contact area of the
fracture surface decreases, the effective flow width of the water inrush fracture surface
decreases, resulting in the transformation of the groove to the pipe flow on the flat fracture
surface to increase the water inrush diameter. It is assumed that the effective flowwidth of
the water inrush fracture surface is reduced from Lx to ⟨Lx⟩, and the effective flow length
is increased from Ly to

〈
Ly

〉
, as shown in Figure 19. In order to define the equivalent

hydraulic opening of water inrush fractures surface, there is

⟨Lx⟩
〈

Ly
〉
= A = LxLy. (39)
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Under the condition of considering the change in contact rate of water inrush fracture
area, it is assumed that the decrease of effective flowwidth ofwater inrush fractures surface
and the effective flow length had the same ratio, then

⟨Lx⟩ = (1 − ξ)1/2Lx =
(

1 − ξ∞e−ab
)1/2

Lx, (40)〈
Ly

〉
= (1 − ξ)−1/2Ly =

(
1 − ξ∞e−ab

)−1/2
Ly. (41)

By introducing the equivalent hydraulic aperture ⟨b⟩ of the water inrush fracture sur‑
face, the loss of water flows energy in the water inrush fracture surface can be well solved;
that is, the water inrush fracture surface and the smooth, ideal water inrush fracture sur‑
face are lost, respectively. When considering the field water inrush fracture surface with
mechanical opening b, effective flow width ⟨Lx⟩, and effective flow length

〈
Ly

〉
, the flow

diffusion energy of water inrush fracture surface can be expressed as Equation (42). When
considering thewater inrush fracture surface of the equivalent hydraulic opening ⟨b⟩, ideal
flows width Lx, and ideal flows length Ly, the flow diffusion energy of the water inrush
fracture surface can be expressed as Equation (43).

E =
∫

⟨Ly⟩

gb3

12v

(
dH
dy

)2

⟨Lx⟩dy ≈ gb3

12v
∆H2〈
Ly

〉 ⟨Lx⟩, (42)

E =
∫
Ly

g⟨b⟩3

12v

(
dH
dy

)2
Lxdy ≈ g⟨b⟩3

12v
∆H2

Ly
Lx. (43)

In the formula, E is the total energy of water flow and diffusion in the water inrush
fracture surface.

According to the equivalent principle of water flow diffusion energy, the water flow
energy of the field waters inrush fracture surface is equal to that of the smooth, ideal water
inrush fracture surface. Combined with Formulas (40) and (41), the equivalent hydraulic
opening of the water inrush fracture surface can be expressed as

⟨b⟩ = b(1 − ξ)1/3 = b
(

1 − ξ∞e−ab
)1/3

. (44)

Because it is impossible to reach complete waterless flow when the water inrush frac‑
ture surface is completely closed, the total flow of the water inrush fracture surface is

Q = Q1 + Q∞. (45)

In the formula, Q1 is the water flow related to the change in opening degree under
the compression–shear load of water inrush fracture surface.

Q1 = − g
12v

⟨b⟩3Lx
∆H
Ly

. (46)

In Formulas (44) and (45), Q∞ = −k∞b0Lx
∆H
Ly

is combined, in which k∞ is the water
inrush coefficient related to the lithology and fracture structure of the rock layer between
the faults. Equation (46) can be converted to

Q = βQ0. (47)

In the formula, β is a dimensionless parameter; Q0 is the flow of water through a
smooth plane with an opening degree of b0 and a water inrush coefficient of k0.

β can be expressed as

β = b
3
(

1 − ξ∞e−ab
)
+ k∞/k0. (48)

According to Equation (48), the dimensionless parameter β is related to the change
in the opening degree of the water inrush fracture surface, the contact rate of the fracture
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surface, and the ratio k∞/k0. At that time, b → 0 and β → k∞/k0 indicate that the water
inrush characteristics of the fracture surface after the fracture surface have a large closure;
with the increase in b, β → b

3
(

1 − ξ∞e−ab
)
shows the water inrush characteristics under

the coupling effect of shear expansion, profit softening, and the change in contact rate of
fracture surface area. When β = 1, it represents the change in water inrush quantity of
water inrush fracture on the smooth plate fracture surface without stress, with an initial
contact area of zero and k∞ tending to zero.

In summary, by solving the three‑dimensional flat plate flowmodel and analyzing the
rectangular planar model of the boundary water‑inrush channel of the interlayer rock, it
can be obtained that the water movement toward the boundary water‑inrush channel can
be completely transformed into the solution to the flat plate flow model mentioned above;
by considering the roughness of the boundary water‑inrush channel and the change in the
width and length of the fractures, it can truly respond to the mechanism of the boundary
water‑inrush of the interlayer rock under the influence of the quarrying. This can also
provide the theoretical basis for the control and prediction of water‑inrush disasters.

5.1.2. Solution of Fracture Flow Water Inrush Model
For the solution of the fracture flow water model when the gob water flows in the

network water inrush fractures of the inter‑layer rock, only the coupling effect of the wa‑
ter flow field in the network water inrush fractures and the rock layer between the bro‑
ken faults are considered; the pore flow inside the inter‑layer rock layer is not considered.
Therefore, the flow process of gob water in the network waters inrush fractures is different
from the plate flow boundary water inrush fractures. The rock strata of the network water
inrush fractures medium do not exist REV (rock mass characterization unit volume), or
the scale REV is equivalent to the macroscopic engineering scale of the inter‑layer rock
strata fracture. Therefore, the research on the water inrush of this part of the inter‑layer
rock strata can only be solved by the research method of rock structure mechanics; that
is, the whole inter‑layer rock is regarded as composed of several matrix inter‑layer rock
blocks and network water inrush fracture structures. The water accumulation in the gob
is solved in the form of fracture flow in the inter‑layer rock strata. The three‑dimensional
stress inter‑layer rock fracture flow model is shown in Figure 20.
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In order to build the water inrush model research closer to the actual project site, the
following assumptions are made for the construction model:

1⃝ The inter‑layer rock of the networkwater inrush fracture part is a structure composed
of the inter‑layer broken rock layer, and the network water inrush fracture, the rock
layer between the broken faults, is a homogeneous and isotropic elastomer.

2⃝ Compared with the network water inrush fractures, the water storage capacity and
permeability of the rock strata between the broken faults are particularly weak, so the
water storage capacity and permeability of the rock strata between the broken faults
are not considered or ignored.

3⃝ The flow of water in the network waters inrush fractures to obey Darcy’s law
q = −k f

∂p
∂s , where, k f = −b2/12.
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4⃝ The deformation law of network waters inrush fractures to obey the Goodman joint
model.

5⃝ The effective stress law of the network water inrush fracture is σ′ = σ − p f , and the
rock layer between the fault is only affected by the solid stress.

The inter‑layer rock is broken to form structural planes with different sizes and occur‑
rences, inter‑layer rock strata with different blocks and shapes divided by different struc‑
tural planes. Therefore, the deformation of the fractured rock under external load depends
on the deformation of the fractured rock block and the deformation of its structural plane.
The deformation of the broken block of the inter‑layer rock stratum is not considered; only
the deformation of the structural plane is considered. Therefore, the deformation of the
broken block of the inter‑layer rock stratum adopts the stress–strain linear elastic relation‑
ship to elastic mechanics, and its elastic–plastic deformation is not considered.

Mathematic model of elastic deformation of inter‑layer rocks fracture block. The de‑
formation problem of rock strata between broken faults is analyzed. Firstly, an arbitrary
parallel hexahedron is taken in the broken block of inter‑layer rock strata. The parallel
hexahedron is located in the rectangular coordinate system, and the position is the inde‑
pendent variable. The stress component is its function; the stress balance equation in tensor
form is constructed based on the force and moment balance Equation (37).

σij,j + fi = 0. (i, j = 1, 2, 3). (49)

Considering the geometric shape of the rock fracture block of the water inrush frac‑
tures, the relationship between the deformation component and the displacement can be
derived, and the geometric equation in tensor forms is obtained [37].

εij =
1
2
(
ui,j + uj,i

)
(i, j = 1, 2, 3). (50)

Considering the geometric shape of the fracture block of the water inrush fractures,
the relationship between the stress variation component and the deformation component
is determined. The generalized Hu’s law can be used to obtain the constitutive equation:

εi,j =
1 + v

E
σij − v

E
δijΘ. (i, j = 1, 2, 3), (51)

σij = 2Gεij + 6
KGv

E
δijθ. (i, j = 1, 2, 3), (52)

θ = εij, Θ =
E

1 − 2v
θ, (53)

K =
E

3(1 − 2v)
, G =

E
2(1 + v)

. (54)

In the formula, E is the elastic modulus of inter‑layer rock, GPa; v is the Poisson’s
ratio of inter‑layer rock; θ is the volume strain; K is the bulk modulus of elasticity of the
broken block, GPa; G is the shear elastic modulus of the fracture block, GPa; δij is Kroneker

symbol: δij =

{
1, i = j
0, i ̸= j

.

Equations (51) and (52) are constitutive relations expressed by stress and strain, re‑
spectively. When the deformation of rock strata between faults is expressed by displace‑
ment component, Equations (50) and (52) are substituted for Equation (49), and the linear
combination of displacement or the linear combination of the first derivative is used to ex‑
press stress. Finally, the tensor form equilibrium equation expressed by the displacement
component is obtained; that is, the deformation model of inter‑layer rocks fracture block.

(λ + G)uj,ij + Gui,ij + fi = 0(i, j = 1, 2, 3). (55)

In the formula, λ = Ev
(1+v)(1−2v) .
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It is assumed that the deformation of the strata between the broken faults and the
spatial structure surface formed by the network waters inrush fractures is continuous dur‑
ing the deformation process. Based on the study of the interaction between water and soil
saturation, Terzaghi proposed the famous effective stress principle. Under the action of
three‑dimensional stress, it can be expressed as

σij
′ = σij − pδij, (56)

where σij
′ is the effective stress tensor, MPa; σij is the total stress tensor, MPa; p is pore

pressure, MPa.
In [38], based on the research of Terzaghi, the effective stress law in three‑dimensional

case is proposed; that is,
σij

′ = σij − βpδij(0 < α < 1). (57)

In the formula, β is the effective stress coefficient, also known as the Biot coefficient.
It mainly depends on the volume stress, fracture connectivity, pore pressure, and volume
model of inter‑layer broken rock blocks. β is not a constant but a linear function composed
of the volumetric force and the pore force of the fractured rockmass. When the volumetric
stress increases, the effective stress coefficient decreases.

The effective stress equation of network water inrush fracture is{
σn

′ = σn − βp f
σs

′ = σs
. (58)

Coefficient β reflects the contact condition of the structural plane of the water inrush
fracture. When β = 0, the water inrush fracture surface is completely closed; when β = 1,
the water inrush fracture surface has no contact.

The deformation characteristics of network water inrush fractures are mainly affected
by the overburden load and horizontal extrusion stress during the mining process of the
upper and lower working faces, which causes the contact state, roughness, strength, de‑
formation, and filling state of the inter‑layer rock fracture surface. It is assumed that the
normal deformation of thewater inrush fracture surface is elastic deformation; the fracture
is closed when the normal stress increases, but it is less than the initial fracture opening.
When the normal stress decreases, the fracture surface completely recovers deformation,
and there are no changes in the plastic zone. Because the width of the water inrush frac‑
ture unit is small, it is assumed that the fracture deformation obeys the spatial eight‑node
Goodmanmodel, so the deformation of the networkwater inrush fracture is actually plane
deformation, which is controlled by both tangential stress and normal stress. The govern‑
ing equation is {

σn
′ = kεnb, εn = δn/b

σs
′ = ksεsb, εs = δs/b

. (59)

In the formula, σn
′ and σs

′ are the normal stress and tangential stress of the network
water inrush fracture, MPa; kn and ks are the normal stiffness and tangential stiffness of the
networkwater inrush fracture, MPa/mm; εn and εs are normal strain and tangential strain.

Fracture waters flow and stress coupling model. The fracture width of the network
waters inrush fracture changes obviously under the action of normal stress, so the fracture
width is used as an intermediate variable to construct the relationship between the fracture
stress change and the water flow. Because the physical meaning of the width change in
the rough fracture and the smooth fracture is different, the ideal fracture model with the
samemechanicalwidth andhydraulicwidth is constructed here. The specific ideal fracture
hydraulic model fractures width is b, the fracture surface is smooth and extends outward,
the fracture length is greater than the fracture width, the fracture is regarded as a local
plate fracture, and the water flow law is

v = k f J f . (60)
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In the formula, v is the average velocity of water in the fracture, m/s; k f is the water
inrush coefficient, mD.

The flow of water in the network waters inrush fracture is laminar flow, so the water
inrush coefficient is

k f =
gb2

12u
. (61)

The unit width flow of water in water inrush fracture is

q =
gb3

12u
J f , (62)

where g is the acceleration of gravity, kg/m3; u is the water year, MPa · s. In Equation (62),
the flow rate q is proportional to the cubic of the fracture width b; that is, the cubic law of
fracture seepage.

Based on the cubic law of fracture seepage, Barton [38] improved the coupling model
of fracture water flow and stress on the basis of experimental research and theoretical
analysis.

K0
n = 0.02

(
JCS
bm

)
+ 2JRC − 10, (63)

bm =
JRC

5

(
0.2

σc

JCS
− 0.1

)
. (64)

In the formula, σc is the uniaxial compressive strength of rock strata between broken
faults, MPa; JRC is the roughness coefficient of network water inrush fracture surface; JSC
is the compressive strength of the network water inrush fracture surface, MPa.

When the single water inrush fracture surface is taken as the research object, the nor‑
mal stress is σn, the mechanical width of the fracture surface is bm, and the elastic constants
of the fracture are λ and G. Assuming that the width of the water inrush fracture in the
inter‑layer rock network is much smaller than the inter‑layer rock scale, it is considered
that εx = εy = 0, γxy = γyx = 0; its generalized Hooke’s law can be written as

dσn
dτxz
dτzy

 =

λ + 2G 0 0
0 G 0
0 0 G


dεx
dεzx
dεzy

. (65)

Suppose that the relative displacements in the direction x, y, z are δx, δy, δz respectively,
then the Expression (65) can be expressed as

dσn
dτxz
dτzy

 =

Kn 0 0
0 Ks 0
0 0 KS


dUz
dδx
dδy

. (66)

Among, Kn = λ+2G
bm−Uz

, Ks =
G

bm−Uz
.

When the water inrush fracture only considers the normal stress, Equation (66) can
be transformed into

dσn = (λ + 2G)
dU

bm − Uz
. (67)

The integral of Equation (67) can be obtained.

Uz = bm

(
1 − e

σn
λ+2G

)
. (68)

The instantaneous mechanical width of single network waters inrush fracture is

bσ = bm − Uz = bme
σn

λ+2G . (69)

Substituting Equations (63), (64), and (69) into Equation (68), the deformation width
of network waters inrush fractures under normal stress is obtained.
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bσ =
JRC

5

(
0.2

σc

JCS
− 0.1

)
e

−σn

JRC
5

(
0.2 σc

JCS −0.1
)0.02

 JCS
JRC

5

(
0.2 σc

JCS −0.1
)
+2JRC−10


. (70)

Fracture water coupling water inrush model. The continuity equation of network
waters inrush fracture is

∂(ρϕk)

∂t
+

∂

∂x

(
k f

∂p
∂x

)
+ W = 0, (71)

∂(ρϕk)

∂t
+

∂

∂y

(
k f

∂p
∂y

)
+ W = 0, (72)

where ρ is the density of water, kg/m3; ϕk is the porosity of inter‑layer rock, %; k f is the
water inrush rate of fracture, mD; W is the sink‑source term.

∂(ρϕk)

∂t
= ρ

∂ϕk
∂t

+ ϕk
∂ρ

∂t
. (73)

Taking pressure as a variable of density ρ and porosity ϕk of inter‑layer rock, then
Equation (73) can be transformed into

ρ
∂ϕk
∂t

+ ϕk
∂ρ

∂t
= ρ

∂ϕk
∂p

∂p
∂t

+ ϕk
∂ρ

∂p
∂p
∂t

. (74)

Assuming the compressibility factor χ f = (1/ρ)(∂ρ/∂p) of the fluid, the above equa‑
tion can be obtained.

∂(ρϕk)

∂t
= ρ

(
ϕkχ f +

∂ϕk
∂p

)
∂p
∂t

= ρS
∂p
∂t

. (75)

In formula (75), S is the water storage coefficient, which is generally considered to be
caused by the change in inter‑layer rock strata. Substituting Equation (75) into Equations
(71) and (72), there is

ρS ∂p
∂t +

∂
∂x

(
k f

∂p
∂x

)
+ W = 0

ρS ∂p
∂t +

∂
∂y

(
k f

∂p
∂y

)
+ W = 0

. (76)

Equation (76) is the fluid–solid coupling water inrush model of water inrush fracture
and water formed by inter‑layer rock fracture.

Based on the above coupling model of fracture deformation and stress of inter‑layer
rock, the fracture state model of water accumulation in the upper part of inter‑layer rock in
network water inrush fractures is obtained, and the equation of fracture flowwater inrush
model is solved.

water inrush model : ρS ∂p
∂t +

∂
∂x

(
k f

∂p
∂x

)
+ W = 0

ρS ∂p
∂t +

∂
∂x

(
k f

∂p
∂x

)
+ W = 0

Interlayer rock deformation model : (λ + G)uj,ij + Gui,ij + fi = 0(i, j = 1, 2, 3)

Water inrush fracture deformation model :
{

σn
′ = knεnb, εn = δn/b

δs
′ = ksεsb, εs = δs/b

Effective stress model :
{

σn
′ = σn − βp f

σs
′ = σs

Water inrush rate equation : k f =
b

2

12JRC5


. (77)

Initial conditions: assuming that the initial pressure and effective pressure are p0 and
σ0 respectively, the gob water and inter‑layer rock density is ρ1 and ρs, respectively.

Boundary conditions: constant pressure or constant flow on the interface S of the
inter‑layer rock mass.

p|s = p0(x, t), or Q = Q0(x, t). (78)
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The boundary displacement is quantified as:
→
u
∣∣∣
s
=

→
u0(x, t). (79)

According to the above solution conditions, the variables u and p of the above fluid–
solid coupling model are solved. The key parameters such as water inrush velocity, flow
rate, strain, and stress are further solved to solve the fracture flowwater inrush model. Ac‑
cording to themodel built above, it can be embedded in the numerical simulation software
Comsol Multiphysics to calculate the flow process and results of water in the network wa‑
ter inrush fracture and make full use of the advantages of numerical calculation software
to reflect the water inrush process in the real inter‑layer rock mass network water inrush
fracture to the greatest extent.

Through the above analysis, combined with the interlayer rock network water‑inrush
fracture characteristics and the adoption of stress effects, in addition to the interlayer rock
breakage block elastic deformation mathematical model, fracture water flow and stress
coupling model, and fracture water coupling water‑inrush model to optimize, as well as
the more prominent on‑site network water‑inrush channel and constructed fracture flows
solving model, a better description of the mechanism of the interlayer rock network water‑
inrush can be obtained.

5.1.3. Solution of Water Inrush Model of Pore Fracture Flow Pattern
When the upperwater flows in thewater inrush fracture of the inter‑layer rock, due to

its long flow time and slow flow speed, there is both the flow in the transversewater inrush
fracture and the flow in the longitudinal water inrush fracture, so the water inrush solu‑
tion process of the pore fracture flow state can be solved according to the fracture network
seepage theory. The water flow in the water inrush fractures formed by the inter‑layer
rock strata is regarded as the movement toward the “double medium” seepage channels
composed of fractures and pores. It is considered that the water inrush in the fractures
formed by the inter‑layer rock strata is strong, and the permeability between the pores is
weak. The fracture system and the pore system are regarded as continuous; the water ex‑
change of the fracture system and the pore system is considered separately. It is proposed
and solved. Model assumptions:

1⃝ On the basis of primary pores, the inter‑layer rock fracture blocks are cut into rock
blocks of different shapes and sizes by widely distributed water inrush fractures; the
primary pores and fractures are evenly distributed in the rock strata between the
broken faults, thus forming two overlapping continua. The water inrush capacity of
inter‑layer rock strata is much larger than that of pores; the water inrush capacity of
pores in other parts of inter‑layer rock strata is neglected. There are two fluid pres‑
sures at each point in the seepage field, namely pore pressure and fracture pressure.
The seepage of fluid in the water inrush fracture shows the pressure difference and
violent mass exchange between the two systems.

2⃝ According to the principle of dimensional analysis, the mass exchange of the two
systems is derived as

Qp f =
ρCK f

µ
(p1 − p2). (80)

In the formula, C is the characteristic coefficient of fractured rock mass which is pro‑
portional to the avoidance of rock blocks. u is the dynamic viscosity of water; ρ is
fluid density; K f is the fracture water inrush coefficient; p1 is the pore system water
pressure; p2 is the water pressure of fracture system; Qp f is the flow rate of pores to
fractures per unit volume of fractured rock blocks in unit time.

3⃝ Assuming that the fractured rock layer is still homogeneous and isotropic for frac‑
ture and pore media, both fracture flow and pore to flow to obey Darcy’s law, the
constitutive equation of water flow is
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q1 = −K1

u
gradp1, (81)

q2 = −K2

u
gradp2. (82)

In the formula, q is the flow velocity; K is permeability.
The mass conservation equation is

∂(Φ1ρ)

∂t
+ div(ρq1) + Qp f = 0, (83)

∂(Φ2ρ)

∂t
+ div(ρq2) + Qp f = 0. (84)

In the formula, Φ is porosity.
Considering the compressibility of fluid and medium (broken rock and fracture), the

method of compression coefficient can be used to deal with it. Suppose that the compres‑
sion coefficient of water is

β =
1
ρ

dρ

dp
. (85)

There is
dρ

dt
= βρ

∂p
∂t

. (86)

The compression coefficient of inter‑layer rock is α1, the compression coefficient of
water inrush fracture is α2. According to the principle of effective stress, the pressure acting
on inter‑layer rock and water inrush fracture is p1 − p2 and −(p1 − p2), respectively.

Substitution (84) is available.

∂(Φ1ρ)

∂t
=

∂Φ1

∂t
ρ + Φ1

∂ρ

∂t
= Φ1βρ

∂p1

∂t
+ ρα1

(
∂p1

∂t
− ∂p2

∂t

)
. (87)

The Formulas (80)–(82) and (87) are brought into Formulas (83) and (84), respectively.

K1

u
∆p1 = (Φ1β + α1)

∂p1

∂t
− α1

∂p2

∂t
+

CK1

u
(p1 − p2), (88)

K2

u
∆p2 = (Φ2β + α2)

∂p2

∂t
− α1

∂p1

∂t
+

CK2

u
(p1 − p2). (89)

Equations (88) and (89) can also use the water storage coefficient A to represent the
compression coefficient of inter‑layer rock and water. Ignoring the compression effect of
the pressure of the two medium systems on the inter‑layer rock, there is

K1∆p1 = Ss1
∂p1

∂t
+

CK1

u
(p1 − p2), (90)

K2∆p2 = Ss2
∂p2

∂t
+

CK2

u
(p1 − p2). (91)

Although the Barenblantt‑hole fracture water inrush model considers the flow differ‑
ence between the fracture and the pore system, it assumes that the two are isotropic and
homogeneous, which is quite different from the actual situation, especially the fracture
system. Therefore, based on this improvement, the random distribution of water inrush
fractures in the inter‑layer rock strata is expressed as an ideal model of the same cuboid
composed of orthogonal fracture network segmentation. It is assumed that the direction
of water flows is parallel to the water inrush fractures in each direction, the water inrush
fracture groups perpendicular to each principal axis are equally spaced, and the fracture
width is constant, but the spacing andwidth of thewater inrush fracture groups along each
principal axis can be different, so a homogeneous anisotropic calculation model is formed
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and the flow ofwater in the inter‑layer rock layer is ignored. Themodel equation proposed
as the basis of Equation (91) is

(Φ1β + α1)
∂p1

∂t
+

CK1

u
(p1 − p2) = 0, (92)

Kx

u
∂2 p1

∂x2 +
Ky

u
∂2 p1

∂y2 +
Kz

u
∂2 p1

∂z2 = (Φ2β + α2)
∂p2

∂t
− CK2

u
(p1 − p2). (93)

When the gob water flows in the inter‑layer rock mass, Equations (92) and (93) can be
simplified as

Ss1
∂p1

∂t
+

CK1

u
(p1 − p2) = 0, (94)

Kx
∂2 p1

∂x2 + Ky
∂2 p1

∂y2 + Kz
∂2 p1

∂z2 = Ss1
∂p2

∂t
− CK2(p1 − p2). (95)

In order to more accurately describe the fracture of inter‑layer rock mass and the flow
of water in inter‑layer rocks strata, considering the elastic effect of rock strata between
broken faults, this paper puts forward a calculation model of the water flow field and pore
fracture field formed by water accumulation in gob in the attach water inrush fracture
and inter‑layer rock strata. The model assumes that the flow space of water is in the attach
water inrush fracture, the contact area between fracture and inter‑layer rock strata, and the
non‑flow area. According to the conservation equation, the equation of gob water flowing
in the above area is determined, and the flow equation under the following three special
conditions is mainly considered.

At the intersection of water inrush fractures, the algebraic sum of water flow at the
intersection of water inflow and outflow is zero.

∑
Nj

Qi = 0, j = 1, 2, . . . . . . , n. (96)

In the formula, Nj is the total number of intersectingwater inrush fractures in the rock
strata between the j nodes.

The attach water inrush fracture divides the inter‑layer rock layer into r blocks; the
attachwater inrush fracture of each inter‑layer rock layer can be regarded as a closed polyg‑
onal loop, and the algebraic sum of the pressure difference in the two closed loops is zero.

∑
Kj

Li Ii = 0, j = 1, 2, . . . . . . . . . , m. (97)

In the formula, Li is the length of the first i water inrush fracture loop; Ii is the pres‑
sure gradient of the i water inrush fracture circuit; Kj is the total number of basic units
surrounding the j polygon.

The longitudinal joint waters inrush fractures divide the inter‑layer rock strata into
irregular basic units, and only one fracture in each unit forms a curved channel.

∑
Sj

Li Ii = ∆H, j = 1, 2, . . . . . . . . . , r. (98)

In the formula, ∆H is the total pressure difference from the inflow boundary of the
outflow boundary, Sj is the total number of the basic units of the j polygon, and i is the
code of the unit path.

Equations (96)–(98) are available.

∑
Nj

Qi = 0

∑
Kj

Qi = 0

∑
Sj

Li Ii = 0

. (99)
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There are n + m + r equations in the formula, which constitute the control equation
of this model. In the calculation process, the loop pressures gradient and node flow are
used as the basic variables, which increases the number of unknowns to be solved. If the
node pressure pi is used as the basic variable, the fracture unit diversion coefficient and the
pressure gradient are used to represent the node flow, and any joint water inrush fracture
unit k is studied. The node number of the two endpoints is i, j. The width of the fracture
is bk, the length is Lk, the porosity is Φk, and ρ is the water density. The flow rate of the
inter‑layer rock stratum unit k is

qk = −
b2

k
12u

(
pi − pj

)
/Lk. (100)

The node with m fracture unit convergence is i, it is connected with another m node
ki through m units. The flow balance of node i is studied. Because the node itself does not
have the ability to store water, according to the mass conservation equation, the algebraic
sum of the total flow at the node is zero; that is,

m

∑
k=1

qk = 0, (101)

− ρ

12u

m

∑
k=1

b2
k(pi − pki)

Lk
= 0. (102)

In the formula, pi denotes the water pressure of node i; pki denotes the water pres‑
sure of another node in the k unit of the contact node i. If considering the performance
of the stored water of each joint water inrush fracture unit, the node has a sink or source,
expressed by Wi; the above equation can be written as

m

∑
k=1

(
∂(ρΦk)

∂t
− ρ

12u
b2

k
pi − pki

Lk

)
+ Wi = 0. (103)

All the nodes studied constitute n equations for solving the water head of n nodes;
not only the storage capacity of fractures is considered, but also the flow control equation
of the fracture network is directly expressed by node pressure. It is convenient to solve by
modern calculation methods such as finite element method.

In summary, by analyzing the characteristics of the water‑surge channels in the inter‑
layer rock, the boundary water‑inrush fractures, network water‑inrush fractures, and at‑
tach water‑inrush fractures can be transformed into the optimized flat plate flow model,
fracture flow model, and pore‑fracture flow model for the solution, and the analysis of
water‑inrush mechanism in the inter‑layer rock can be carried out through the analysis of
the water movement in the water conduction channel in different flowmodes, and the con‑
structed coupled flow‑consolidation model can realistically respond to the mechanism of
the disaster caused by the water surge in the interlayer rock.

6. Conclusions
(1) Based on the slip line theory and the ‘three zones’ theory, the concept of damage

fragmentation depth is proposed, and the interlayer rock mass structure is classified
based on the damage fragmentation depth. When L ≤ hm + Hk2

′, the thickness of
the interlayer rock mass is less than or equal to the depth of complete damage and
fragmentation, and the completely broken interlayer rock mass is formed. When
L > hm + Hk2

′, the thickness of the interlayer rock mass is greater than the depth
of complete damage and fracture, and the fracture–fracture superimposed interlayer
rockmass is formed. When L ≥ hm + Hli2

′, the thickness of the interlayer rockmass is
greater than the sum of the floor failure depth and thewater inrush fracture zone, and
the broken–broken–broken combined interlayer rock mass is formed. A newmethod
of structural division of water inrush disaster caused by damage of rock mass be‑
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tween close coal seams is proposed, which provides a basis for the study of water
inrush disaster.

(2) With themining of the upper and lower coal seamworking faces, the evolution law of
thewater inrush channel of the rockmass between the close coal seams shows that the
water‑conducting channel, the networkwater‑conducting channel, and the boundary
water‑conducting channel appear in turn. In the process of upper coal seam min‑
ing, the interlayer rock mass water inrush is mainly based on the joint water inrush
channel. In the process of lower coal seam mining, the interlayer rock mass water
inrush is mainly based on the network water inrush channel and the boundary water
inrush channel. The network water inrush channel undergoes an increase–decrease–
constant change process, and the boundary water inrush channel undergoes an in‑
crease and then tends to be stable. The overall two‑dimensional distribution of the
water inrush channel of the interlayer rock mass is a positive trapezoid, the bound‑
ary water inrush channel is distributed on the side of the open–off cut, the side of the
stop line of the working face, and the cracks in the whole interlayer rock mass are
developed. The network water inrush channel and the bonding water inrush chan‑
nel are distributed in the middle position of the inter‑layer rock mass. The network
water inrush channel runs through multiple inter‑layer rock layers, and the degree
of fracture development is smaller than that of the boundary water inrush channel.
The bondingwater inrush channel only runs through the single inter‑layer rock layer,
and the degree of fracture development is the smallest. The dynamic evolution pro‑
cess and distribution characteristics of water inrush channels in different inter‑layer
rock masses with the mining of working faces are revealed. Based on the evolution
and distribution characteristics of water inrush channels, the water inrush process is
transformed from qualitative analysis to quantitative research.

(3) Combined with the characteristics of the water inrush channel in the inter‑layer rock
mass, the boundary water inrush crack has the characteristics of instantaneity and
large water inflow. The networkwater inrush crack has the characteristics of horizon‑
tal and vertical flow equivalence. The joint water inrush crack has the characteristics
of long action time and slow flow. Therefore, the boundary water inrush crack, the
network water inrush crack, and the water movement in the joint water inrush crack
are equivalently transformed into the flat plate flow state, the crack flow state, and
the pore flow state movement, and the network‑boundary, network‑joint‑boundary
water inrush flow solid coupling calculation model is constructed. The fluid–solid
coupling calculation model covers a variety of situations of water inrush from rock
mass between close coal seams. Through the study of the characteristics and evolu‑
tion law of the water inrush channel, the mechanism of water inrush from rock mass
between different layers of close coal seams is revealed, and the research method of
water inrush disaster mechanism and the application of water flow state transforma‑
tion theory of different water inrush channels are expanded.
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