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1. Introduction 
 

Continuous extraction of underground coal resources 

have led to the production of numerous goafs (Li et al. 

2020, Xue et al. 2020, Ma et al. 2020, Gee et al. 2020, Cui 

et al. 2020). These goafs often cause a series of 

environmental and safety problems such as surface 

subsidence and spontaneous combustion among other 

problems (Chen et al. 2019, Wang et al. 2019, Szurgacz et 

al. 2020, Srivastava et al. 2020, Ray et al. 2007). Among 

these problems, water inrush from goafs is a major water 

hazard that threatens the exploitation of coal resources in 

China. In the past 10 years, water inrush accidents from  
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goafs have accounted for more than 70% of all water hazard 

accidents. In the same line, water inrush accidents from 

goafs have increased to more than 90% over the past five 

years (Wu. 2014). The downward mining method is used to 

mine multiple coal seams in many mining areas. After the 

upper coal has been mined, the goaf is closed so that water 

continues to accumulate in the goaf to form a water-logged 

goaf. When mining the lower coal, water inrush from the 

goaf in roof may occur thus leading to suspension of 

mining. It can also lead to injuries to the mine workers. 

Cognizant to this, it is therefore necessary to identify and 

analyze the problems associated with water inrush from 

goaf in roof during multi-seam mining. 

Water inrush from goaf in roof is a combination of water 

inrush from goaf and water inrush from roof. Currently, 

scholars have majorly focused on water inrush from the 

goaf or the roof. However, less focus has been put in 

studying water inrush from goaf in roof, especially its 

mechanism of water inrush. Although some scholars have 

postulated the concept of "water-resisting control strata" to 

study the problem of water inrush from goaf in roof based 

on damage mechanics (Feng et al. 2019), they failed to the 

analysis of damage process. In addition, most of the 

research done on water inrush from goaf has mainly 

focused on goaf in single coal seam. Huang et al. (2018) 
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Abstract.   Water-resisting key stratum (WKS) between coal seams is an important barrier that prevents water inrush from 

goaf in roof under multi-seam mining. The occurrence of water inrush can be evaluated effectively by analyzing the fracture of 

WKS in multi-seam mining. A "long beam" water inrush mechanical model was established using the multi-seam mining of No. 

2+3 and No. 8 coal seams in Xiqu Mine as the research basis. The model comprehensively considers the pressure from goaf, the 

gravity of overburden rock, the gravity of accumulated water, and the constraint conditions. The stress distribution expression of 

the WKS was obtained under different mining distances in No. 8 coal seam. The criterion of breakage at any point of the WKS 

was obtained by introducing linear Mohr strength theory. By using the mechanical model, the fracture of the WKS in Xiqu Mine 

was examined and its breaking position was calculated. And the risk of water inrush was also evaluated. Moreover, breaking 

process of the WKS was reproduced with Flac3D numerical software, and was analyzed with on-site microseismic monitoring 

data. The results showed that when the coal face of No. 8 coal seam in Xiqu Mine advances to about 80 m ~ 100 m, the WKS is 

stretched and broken at the position of 60 m ~ 70 m away from the open-off cut, increasing the risk of water inrush from goaf in 

roof. This finding matched the result of microseismic analysis, confirming the reliability of the water inrush mechanical model. 

This study therefore provides a theoretical basis for the prevention of water inrush from goaf in roof in Xiqu Mine. It also 

provides a method for evaluating and monitoring water inrush from goaf in roof. 
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studied the lateral boundary value of water-permeable 

fractured zone under single coal mining. Dou et al. (2012) 

found that there was an internal relationship between micro-

seismic events and water inrush while using a micro-

seismic monitoring method to predict water inrush from 

goaf under single coal mining. Besides, in the studies of 

water inrush from roof, majority of the water sources were 

geological aquifers and not water-logged goafs (Chen et al. 

2020, Wu et al. 2016, Rashid et al. 2020, Kromkova et al. 

2020, Zhang et al. 2020). Whether the development height 

of the water-permeable fractured zone can reach the 

elevation of the aquifer is key for evaluating water inrush 

from the roof. Field measurement of the height of the water-

permeable fractured zone in China's major mining areas led 

to development of an empirical formula that has a good 

adaptability and practicability. The formula is used in 

estimation of the height of the water-permeable fractured 

zone in the field (Qu et al. 2015, Coal Industry Bureau of 

China. 2000). However, proposal of the "key stratum" 

analysis method have led to advancements in determination 

of the height of the water-permeable fractured zone (Qian. 

2010). The height of the water-permeable fractured zone 

has been found to be related to the position, strength and 

thickness of the key stratum (Xu et al. 2012, Wang et al. 

2019). Under single coal mining, the stability of the water-

resisting key stratum (WKS) plays a critical role in 

evaluation of water inrush from the roof. In specific stope 

conditions, some scholars simplified the key stratum in the 

roof to an elastic thin plate with four fixed edges, one pair 

of simple-supported edges and another pair of fixed edges, 

three fixed edges and the other simple-supported edge, or 

two fixed adjacent sides and the other simple-supported 

adjacent sides to study the fracture of the key stratum under 

the uniform load of overburden rock by elastic mechanics 

(Liu et al. 2018, Wang et al. 2011, Jiang et al. 2014, Jiang 

et al. 2015). Although a more accurate solution can be 

obtained using this method, it is difficult to use the method 

in cases of non-uniform load. For this reason, the key 

stratum was simplified to be either a fixed beam or 

cantilever beam to analyze the bending and breaking of the 

key stratum with material mechanics (Wang et al. 2019, Li 

et al. 2018). Reliable results were obtained using the 

simplified key stratum thus providing a reference for 

analyzing the stability of the WKS between coal seams in 

evaluating the occurrence of water inrush from goaf in roof. 

Under multi-seam mining, the loading state of the WKS 

between coal seams is more complex. In the water inrush 

mechanical model, pressure from the goaf, the gravity of 

overburden rock, the gravity of accumulated water, and the 

constraint conditions should be considered based on the 

actual situation. Herein, the WKS was simplified to a long 

beam with one fixed end and the other simple-supported 

end to calculate the stress distribution of the beam during 

the mining process of No. 8 coal seam. This was based on a 

case of multi-seam mining of No. 2+3 and No. 8 coal seams 

in Xiqu Mine, Shanxi Province, China. Then, the linear 

Mohr strength theory was employed to obtain the 

mechanical criterion of breakage at any point of the WKS. 

Next, the water inrush mechanical model was used to 

evaluate the fracture of the WKS in Xiqu Mine and 

calculate its breaking position, which could effectively 

evaluate water inrush risk. Finally, the breaking process of 

WKS was reproduced using the Flac3D numerical software 

and analyzed with on-site micro-seismic monitoring data to 

obtain reliable conclusions that could provide solutions for 

the prevention of water inrush from goaf in roof in Xiqu 

Mine. 

 

 

2. Engineering background 
 

Xiqu Mine is in Gujiao City, Shanxi Province, China. 

The stable coal seams in the mining area are mainly No. 

2+3 and No. 8. The thickness of No. 2+3 coal seam is 5 m 

and its mining depth is 187 m. The thickness of No. 8 coal 

seam is 4 m and its mining depth is 249 m. The distance 

between two coal seams is 58 m. Two coal seams are 

successively mined by the downward mining method. The 

caving method is used for roof management. When mining 

two coal seams, open-off cuts are roughly in the same 

vertical plane. The length of the coal face is 130 m in No. 

2+3 coal seam and 220 m in No. 8 coal seam (Fig. 1). With 

the advancements of coal faces, the whole thickness of the 

coal is mined at one time along the strike. Currently, No. 8 

coal seam is being mined. No. 2+3 coal seam has been 

exhausted. Over time, many small coal mines have 

exploited the No. 2+3 coal seam leading to formation of 

many water accumulation areas. In addition, after mining in 

No. 2+3 coal seam, a water-permeable fractured zone 

developed in the roof. The fractured zone allowed bedrock 

fissure water, loose bed water and surface water to 

continually accumulate in the goaf through the water-

conducting fissures thus resulting in formation of a water-

logged goaf. In fact, before, the detection results have 

shown that there was a large area of accumulated water in 

the goaf in the No. 2+3 coal seam even before mining 

started in the No. 8 coal seam. 

Accumulated water in No. 2+3 coal seam must pass 

through the stratums (58 m) between the two coal seams to 

reach the coal face of No. 8 coal seam to form a water 

inrush (Fig. 1). The geological histogram of the stratums 

between the two coal seams is shown in Fig. 2. Based on 

the most relevant recent study, the key stratum is often thick 

and not easy to break (Li et al. 2018). Cognizant to this, the 

siltstone stratum with a thickness of 21 m can be the WKS 

(Fig. 2). 

 
 

 
Fig. 1 Spatial location distribution of No. 2+3 and No. 8 

coal seams in Xiqu Mine 
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Fig. 2 The geological histogram of the stratums between 

two coal seams 
 

 

3. Water inrush mechanical model for the WKS 
 

3.1 Force analysis and model simplification 
 

After mining in No. 2+3 coal seam in Xiqu Mine, the 

pressure on the stratums below the remaining protective 

coal pillar increased because of the supporting pressure on 

the coal pillar. The zone between the coal wall and the goaf 

is called the pressure recovery zone (PRZ). In this zone, the 

rock falling into the goaf is gradually compacted causing 

the pressure on the floor to continue increasing and 

recovering. The length of the PRZ is x0 (Fig. 3). In Fig. 3, 

the zone is referred to as the pressure stability zone (PSZ). 

In this zone, the pressure on the floor eventually recovers to 

a certain stable value and does not increase anymore. In 

practice, the stable pressure is usually less than the original 

pressure. When the mining depth of No. 2+3 coal seam is 

H1 and the average bulk density of the stratums is γ, the 

original pressure is expressed as γH1. When a coefficient 0 

< k1 < 1 is set, the stable pressure is then be expressed as 

k1γH1. During mining, the floor repeatedly undergo the 

compression and expansion because of the mine pressure 

until a fractured zone known as the floor-failure zone (FFZ) 

forms(Yin et al. 2019, Chen et al. 2020). The depth of the 

FFZ is hp. The WKS must maintain continuity and not be 

damaged to maintain a high water-resisting capacity. If the 

vertical distance from the top surface of the WKS to No. 

2+3 coal seam is H2, then H2 ≥ hp is required. In shallow 

mining, hp is obtained from empirical formula (1) (Li. 

1999). 

p
0.7007 + 0.1079h L

 
(1) 

where L is the length of coal face in No. 2+3 coal seam. 

If L is substituted with 130 m in equation (1), hp is about 

14.7 m. In Fig. 2, H2 = 17 m > hp. As such, the WKS is not 

damaged after the mining of No. 2+3 coal seam. It remains 

continuous. 

Open-off cuts of the two coal seams are roughly in the 

same vertical plane (Fig. 3). When mining No. 8 coal seam, 

supporting pressures are formed on both the protective coal 

pillar and coal body near the coal face. As the coal face  

 

Fig. 3 Force analysis for the WKS in multi-seam mining 

 

 

advances, the roof stratums close to the coal seam collapse 

to form a caved zone. The roof stratums farther from the 

coal seam break and are hinged to each other. The WKS is 

not easy to break compared with the stratums below it. As 

such, it is often in a suspended state before breaking. If the 

advancing distance is a when the WKS breaks, and the 

influence of the breaking angle of the stratums is ignored, 

then the length of the suspended section (AC) is 

approximately equal to a. 

The suspended section (AC) of the WKS is simplified to 

a long beam with a rectangular cross-section. The length of 

the long beam is a, its height is the thickness h of the WKS 

and its width is taken as the unit width. At the A-end, the 

WKS is constrained by the protective coal pillars. It is also 

under high pressure generated by the supporting pressure. It 

can thus be regarded as a fixed-end. At the C-end, the WKS 

is overlapped on the complete stratums below it. The rock 

mass above it is basically broken and thus cannot 

effectively restrict the long beam from rotating around the 

C-end. The constraint at the C-end can be simplified to a 

movable hinge bearing if the horizontal in-situ stress is 

ignored in shallow mining (Fig. 3). The beam is subjected 

to the goaf pressure which is simplified as a linearly 

distributed load in the AB section and a uniformly 

distributed load with a concentration degree of k1γH1 in the 

BC section. In addition, the beam is also affected by the 

gravity of the stratums above it with a concentration degree 

of γH2 and its own gravity with a concentration degree of γh. 

At the mining site, accumulated water mainly fills the gaps 

in the goaf. Only a small amount of the water penetrates 

into the FFZ. Assuming that the crushing expansion 

coefficient of the rock is k2 and the height of the 

accumulated water in the goaf is hw, qw (the gravity 

concentration degree of the accumulated water on the WKS) 

can be derived from Eq. (2). 

w w 2 2

w w w w w

2 2

1
= 1 = =

ns γ v vh k k
q h

k
γ γ

vks
h

    
    

   
 (2) 

where n denotes the porosity of the collapsed rock mass in 

goaf, s denotes the projected area of the collapsed rock 

mass on the WKS, γw is the bulk density of accumulated 

water and v is the volume of the rock mass before collapse. 

In Eq. (2), qw increases with the increase of hw to reflect 

the continuous accumulation of water in goaf. The 

simplified water inrush mechanical model is shown in Fig. 

4. 
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Fig. 4 The "long beam" water inrush mechanical model for 

the WKS 

 

 

Fig. 5 The water inrush mechanical model for a ≤ x0 

 

 

Fig. 6 The superposition mechanical model for a ≤ x0 
 
 

3.2 Analysis of the mechanical model 
 

The water inrush mechanical model in Fig. 4 is the 

bending problem of a statically indeterminate beam. When 

a ≤ x0, the beam is only subjected to the linearly distributed 

load in the AB section. When a > x0, the beam is 

additionally subjected to a uniformly distributed load in the 

BC section. In both cases, the bending deformation of the 

beam is different and is therefore calculated separately. 

When a ≤ x0, the water inrush mechanical model is shown 

in Fig. 5. 

First, the constraint reactions at both A and C ends are 

solved. If the constraint at the C-end is released and 

replaced by the force Fn, the bending deformation of the 

beam in the water inrush mechanical model (Fig. 5) is 

solved by superposition of the three models in Fig. 6. This 

is done based on the superposition principle. 

In Fig. 6, if q0 = γ(H2 + h) + qw, q1 = a/x0(k1γH1), the 

elastic modulus of the beam is E and the moment of inertia 

of the cross section on the neutral axis is I, then, Wc1, Wc2 

and Wc3 (the deflections at point C) are expressed as follows 

according to material mechanics 

4

0

c1
=

8

q a
W

EI


 
(3) 

4 4

1 1

c2
=

30 8

q a q a

EI I
W

E


 
(4) 

3

n

c3
=

3

F a
W

EI  
(5) 

According to the deformation compatibility condition, 

Wc (the deflection at point C) is equal to 0. That is, Wc1 + 

Wc2 + Wc3 = 0. From this, Fn can be obtained as 

 n 0 1
= 15 11

40

a
F q q

 
(6) 

Based on the equilibrium equations: ∑ F(y) = 0 and ∑ 

M(A) = 0 in the coordinate system in Fig. 5, the constraint 

reactions at the A-end can be obtained as follows 

 A 0 1
= 25 9

40

a
F q q

 
(7) 

 
2

A 0 1
= 15 7

120

a
M q q

 
(8) 

Once the constraint reactions are obtained, the 

expressions of the shear equation Fs and the bending 

moment equation M on the beam can be obtained as 

 21

s 0 0 1
= 25 9

2 40

q a
F x q x q q

a
   

  0 < x < a 
(9) 

 

 

3 201

0 1

2

0 1

= 25 9
6 2 40

15 7
120

qq a
M x x q q x

a

a
q q

   

 
  0 < x ≤ a 

(10) 

The beam is in a state of two-dimensional stress 

ignoring the effect of horizontal in-situ stress. Based on the 

distributions of shear stress τxy and normal stress σx on the 

beam at any point of the cross-section, the stress 

expressions at any position of the entire beam are 

 

 

3 201

0 1

x 2

0 1

25 9
6 2 40

= =

15 7
120

qq a
x x q q x

My y a
σ

I I a
q q

 
    
 
 
  
   

(11) 

 

21
2 2 0

2 2s

xy

0 1

1 2
= =

2 4 2 4
25 9

40

q
x q x

F h h a
y y

I I a
q q



 
     
     
          

(12) 

In the two-dimensional stress state, one principal stress 

is 0 while the other two principal stresses are calculated by 

the following formula 

2

max x y x y 2

xy

min

=
2 2

σ σ σ σ σ

σ


   
    

    

(13) 
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For the bending beam under transverse force, if the 

longitudinal fibers are not squeezed, σy in Eq. (13) is 

approximately 0. Substituting Eqs. (11) and (12) into Eq. 

(13) the following formula is obtained 

   

   

 

2
max 3 201

0 1 0 1

min

2
2

2 3 201

0 1 0 1

2 2
2

2 21

0 0 1

= 25 9 15 7
2 6 2 40 120

25 9 15 7
6 2 40 1201

2
25 9

4 2 40

σ qqy a a
x x q q x q q

I aσ

qq a a
y x x q q x q q

a

I qh a
y x q x q q

a

  
        

  

 
      
 

   
        

    

(14) 

At this point, two principal stresses at any point of the 

beam are obtained using formula (14). The other principal 

stress is 0. As such, three principal stresses are obtained. 

The yielding and failure of the beam is determined by 

arranging the algebraic values of the three principal stresses 

from large to small: σ1 ≥ σ2 ≥ σ3, and introducing the linear 

Mohr strength theory. 

t

1 3 t

c

σ
σ σ σ

σ
 

 
(15) 

where σt denotes the uniaxial tensile strength of the WKS 

and σc denotes the uniaxial compressive strength of the 

WKS. 

When a > x0, the resultant water inrush mechanical 

model is shown in Fig. 4. In the same way, if the constraint 

at the C-end is released and replaced by the force Fn1, the 

bending deformation of the beam is solved by superposition 

of the three models in Fig. 7. 

In Fig. 7, if q2 = k1γH1 + γ(H2 + h) + qw and q3 = k1γH1, 

then, Wc11, Wc22 and Wc33 are expressed as follows 

2

c11

4

=
8

q a
W

EI


 
(16) 

   
4 3

3 0 3 0

0 0c22 B22 B22
= =

30 24

q x q x
a x a x

EI
W

EI
W    

 
(17) 

3

n1

c33
=

3

F a
W

EI  
(18) 

 
 

 

Fig. 7 The superposition mechanical model for a > x0 

In equation (17), WB22 denotes the deflection at point B 

in model (2) in Fig. 7 and θB22 denotes the rotation angle at 

point B in model (2) in Fig. 7. 

Similarly, Wc11 + Wc22 + Wc33 = 0 based on the deformation 

compatibility condition. Based on the equilibrium 

equations: ∑ F(y) = 0 and ∑ M(A) = 0, the constraint 

reactions at the ends of A and C can be obtained as follows 

3 4

3 0 3 0

n1 2 2 3

3
=

8 8 40

q x q x
F q a

a a
 

 
(19) 

3 4

3 0 3 0 3 0

A1 2 2 3

5
=

8 28 40

q x q x q x
F q a

a a
  

 
(20) 

2

4 3 2

3 0 3 0 3 0

A1 2 2

1
=

8 8 640

q x q x q x
M q a

aa
  

 
(21) 

The expressions of the shear equation Fs1 and the 

bending moment equation M1 on the beam are obtained as 

3

2 3 01

s1 0 2 2

4

3 0 3 0

3

5
=

2 8 8

240

q xq
F x q x q a

a a

q x q x

a

   

 
  0 < x ≤ x0 

(22) 

3 4

3 0 3 0

s1 2 2 2 3

5
=

8 8 40

q x q x
F q x q a

a a
   

  x0 ≤ x < a 
(23) 

2

3

3 0

2 2
3 201

1 4

3 0 3 0

3

4 3 2

3 0 3 0 3 0

2 2

5

8 8
=

6 2

240

1

8 8 640

q x
q a

qq a
M x x x

a q x q x

a

q x q x q x
q a

aa

 
  

   
 

 
 

   
  0 < x ≤ x0 

(24) 

2

3 4

2 3 0 3 02

1 2 2 3

3 4

3 0 3 0

2 2

5
=

2 8 8 40

1

8 8 40

q x q xq
M x q a x

a a

q x q x
q a

a a

 
     

 

  
 x0 ≤ x ≤ a 

(25) 

Similarly, the stress expressions at any position of the 

entire beam are 

2

3

3 0

2 2
3 201

24

3 0 3 0
x1 3

4 3 2

3 0 3 0 3 0

2

5

18 8

6 2 8
=

240

8 640

q x
q a

qq a
x x x q a

ay q x q x
σ

I a

q x q x q x

aa

  
  

     
  
   

  
 
   
     0 < x ≤ x0 

(26) 

2

3 4

2 3 0 3 02

2 2 3

x1
3 4

3 0 3 0

2 2

5

2 8 8 40
=

1

8 8 40

q x q xq
x q a x

a ay
σ

I q x q x
q a

a a

  
      
  
 
   
     x0 ≤ x ≤ a 

(27) 

21
2 0 2
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3
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2
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3 0

3

5

1 8 8
=

2 4

40

q x
q x q a

h a
y

I q x

a



 
    
  
  
 
   x0 ≤ x < a 

(29) 

By substituting Eqs. (26) and (28) into Eq. (13), and 

taking σy = 0, the expression of the two principal stresses at 

any point of the AB section are obtained as follows 
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(30) 

Similarly, by substituting Eqs. (27) and (29) into Eq. 

(13), and taking σy = 0, the expression of the two principal 

stresses at any point of the BC section are obtained as 

follows 
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(31) 

The other principal stress is 0. The yielded state of the 

beam is determined using Eq. (15) by arranging the 

algebraic values of the three principal stresses from large to 

small: σ1 ≥ σ2 ≥ σ3. Based on the yielded state of WKS, its 

fracture and the water inrush risk can be evaluated. 
 

 

3.3 Calculation and evaluation for a case 
 

In order to evaluate water inrush from the multi-seam 

mining of No. 2+3 and No. 8 coal seams in Xiqu Mine, the 

fracture and breaking position of the WKS are analyzed 

using the mechanical model. In Figs. 1 and 2, H1 = 187 m, 

H2 = 17 m, and h = 21 m. Before exploitation of No. 8 coal 

seam, the accumulated water in the goaf is fully explored 

and released to prevent the water inrush from goaf in roof. 

As such, qw = 0 kN/m. Generally, if x0 is 60 m, γ is 23 

kN/m3 and k1 is 0.7, then q0 = 874 kN/m, q1 ≈ (50a) kN/m, 

q2 = 3884.7 kN/m and q3 = 3010.7 kN/m (Song et al. 2019). 

When a ≤ x0, the shear equation and the bending moment 

equation of the beam are obtained from Eqs. (9) and (10). 

2 2

s
25 874 11.3 546.3F x x a a      (32) 

 3 2 2

3 2

8.3 437 11.3 546.3

2.9 109.3

M x x a a x

a a

    

   
(33) 

The shear diagram and bending moment diagram of the 

beam are shown in Fig. 8. 

 
Fig. 8 The shear diagram and bending moment diagram of 

the beam for a ≤ x0 

 

 

When a > x0, the shear equation and the bending 

moment equation of the beam are obtained from Eqs. (22)-

(25). 

AB section 

2

s1 2 3

81288900 975466800
25 874 2427.9 90321F x x a

a a
      

 
(34) 

BC section 

s1 2 3

81288900 975466800
3884.7 2427.9F x a

a a
    

 
(35) 
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 
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 
 
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(36) 

BC section 

2

2

1 2 3
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81288900 975466800
1942.4 2427.9
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M x a x
a a

a
a a

 
     

 

  
 

(37) 

The shear diagram and bending moment diagram of the 

beam are shown in Fig. 9. 

Continuous advancement of the coal face in No. 8 coal 

seam causes an increase in the bending moment and shear 

force of the WKS at position A of the open-off cut which is 

prone to tensile shear failure. The shear force at position C 

of the coal face continues to increase easily leading to shear 

failure. In addition, the shear force of the WKS is 0 at 

position D. However, the bending moment is at its highest 

and is thus prone to tensile failure. The WKS is in a 

unidirectional stress state at position D, and in a 

bidirectional stress state at positions A and C. In the 

unidirectional stress state, only normal stress σx (principal 

stress) exists on the cross-section of D. When y = -0.5h on 

the cross-section of D, the maximum principal tensile stress 

σxmax is obtained. Its magnitude is 

 

 

 

 
Fig. 9 The shear diagram and bending moment diagram of 

the beam for a > x0 
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xmax
2

D
M h

σ
I


 

(38) 

 

Therefore, the discriminant of whether the WKS yields 

at the cross-section D is 

xmax t
σ σ

 
(39) 

Based on formulas (11) and (39), the yield height yp of 

the WKS on the cross-section of D is calculated as follows 

t

p
=

2
D

Iσh
y

M


 
(40) 

If the uniaxial tensile strength σt of the WKS is 6 MPa 

(Li 2011), the trial method is used to calculate the yield 

position xD of the WKS under different mining distance a. 

The stress and yield height of the WKS at position D are 

thus calculated. When a ≤ x0, xD is obtained by setting shear 

Eq. (32) to 0 and then substituting xD into the bending 

moment Eq. (33) to obtain MD. When a > x0, the shear force 

Fs1B at position B is calculated first from the shear Eq. (35).  

The corresponding shear equation and bending moment 

equation are selected to calculate xD and MD by determining 

whether Fs1B < 0. If Fs1B < 0, xD is obtained by setting shear 

Eq. (34) to 0, and then substituting xD into the bending 

moment Eq. (36) to calculate MD. Moreover, xD is obtained 

by setting shear Eq. (35) to 0, and then substituting xD into 

the moment Eq. (37) to obtain MD. The trial results are 

shown in Table 1. 

Based on Table 1, when the coal face advances about 60 

m in No. 8 coal seam, the WKS begins to yield at position 

D about 40 m from the open-off cut. The yield height is 

about 3.8 m. The yield position D moves forward 

continuously as the coal face advances while the yield span 

and height continue to increase. At an advancing distance of 

about 100 m, the yield height is up to 8.6 m at a position 

about 64 m away from the open-off cut. This height is close 

to the neutral axis of the WKS and is thus prone to tensile 

breakage. 

To calculate the broken positions, it is assumed that the 

suspended height of the WKS is sufficient. However, in 

actual mining, the remaining suspended height is limited 

under the action of crushing expansion of the collapsed 

stratums below the WKS. Cognizant to this, the 

displacement condition for the yielding and failure of the 

WKS thus meet the following requirement: the maximum  

 

 

deflection Wmax of the WKS is less than the suspended 

height H3 when breaking. Generally, the crushing expansion 

coefficient k2 is between 1.1 and 1.15. If k2 is the maximum 

value (1.15), H3 = (24-20×1.15) m = 1 m based on Fig. 2. 

Substituting a = 100 m into the bending moment Eqs. (36) 

and (37) gives: 

AB section 

3 2

1
8.3 437 159622 3764922M x x x      (41) 

BC section 

2

1
1942.4 249943 5571342M x x   

 
(42) 

According to material mechanics, the relationship 

between the rotation angle, deflection and bending moment 

of the beam is as follows 

d
d C

d

W

x

x

M

EI
 = =

 
(43) 

d d C D
x x

M
W x +

EI

 
 

 
=

 
(44) 

Substituting Eqs. (41) and (42) into Eqs. (43) and (44) 

respectively as well as based on the constraint conditions at 

ends A and C and the deformation compatibility conditions 

at B: W(x=0) = 0, θ(x=0) = 0, W(x=100) = 0, WAB(x=60) = WBC(x=60), 

θAB(x=60) = θBC(x=60), the equations of the rotation angle and 

the deflection curve of the beam are obtained. 

AB section 

 4 3 21
2.1 145.7 79811 3764922x x x x

EI
     

 
(45) 

AB section 

 5 4 3 21
0.4 36.4 26603.7 1882461W x x x x

EI
    

 
(46) 

BC section 

 3 21
647.5 124971.5 5571342 26980200x x x

EI
     

 
(47) 

BC section 

4 3 21 161.9 41657.2 2785671

26980200 303372000

x x x
W

EI x

   
  

    
(48) 

By making the rotation angle Eqs. (45) and (47) to be 0 

respectively, and selecting the solution that conforms to the  

Table 1 The trial results under different mining distance 

a/m a ≤ x0 Fs1B/kN FsD = 0 xD/m MD/kN*m |σxmax|/MPa |σxmax| ≥ σt yp/m 

40 Yes  Eq. (32) 26.1 236491 3.2 No 0 

50 Yes  Eq. (32) 32.8 423753 5.8 No 0 

60 Yes  Eq. (32) 39.5 688351 9.4 Yes 3.8 

70 No -49383 Eq. (34) 46.1 1027606 14.0 Yes 6.0 

80 No -28054 Eq. (34) 52.5 1451490 19.7 Yes 7.3 

90 No -5873 Eq. (34) 58.6 1941028 26.4 Yes 8.1 

100 No 16861 Eq. (35) 64.3 2469189 33.6 Yes 8.6 
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Fig. 10 The shape of surrounding rock after the WKS is 

broken 

 

 

interval, the position of the maximum deflection on the 

beam is determined: xmax ≈ 58.9 m. In addition, the 

maximum deflection is obtained: |Wmax| ≈ 0.0047 m by 

using 500 MPa as the elastic modulus E of the WKS (Li. 

2011) and then substituting E and xmax into Eq. (46). The 

WKS could yield and break because |Wmax| << H3, resulting 

in the possibility of water inrush from the goaf in roof. 

After the WKS is broken due to continuous damage, it 

revolves and sinks, and is overlapped on the stratums that 

has collapsed below it. Simultaneously, the stratums above 

it are damaged and the cracks continue to expand, resulting 

in penetrating the FFZ to form water-conducting channel 

(Fig. 10). The accumulated water in the goaf needs to pass 

through the fracture surfaces of the WKS in a large amount 

to form water inrush. Cognizant to this, after revolving and 

sinking, the WKS must have sufficiently large crack 

opening in the broken positions. 

There are three fracture surfaces on the broken WKS 

(Fig. 10), and their opening sizes are OA, OC and OD 

respectively. Ignoring the breaking angle of the WKS, the 

following formula can be obtained from the geometric 

relationship. 

 

 

D A C

2 2

3 A
A

D

2 2

3 C
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O O O

H h h O O

x h
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a - x h
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

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(49) 

The opening size is much smaller than the thickness of 

the WKS in practice. Therefore, formula (49) can be 

simplified as 

D 3

D D

3

A

D

3

C

D

O H h
a - x x

H h
O

x

H h
O

a - x

  
   

  






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(50) 

Based on above analysis, substituting a = 100 m, xD = 

64 m, h = 21 m and H3 = 1 m into formula (50), OA ≈ 0.33 

m, OC ≈ 0.58 m and OD ≈ 0.91 m. The crack opening that 

can conduct water is several millimeters generally. In 

comparison, the crack openings at the three broken  

 

Fig. 11 The Flac3D numerical model 

 

 

positions on the WKS are all larger, increasing the risk of 

water inrush from the goaf in roof. To sum up, when there 

is a undrained area of accumulated water in the goaf in 

Xiqu Mine, the water inrush from the goaf in roof may 

occur. 

 

 

4. Numerical analysis of multi-seam mining in Xiqu 
Mine 

 
The Flac3D numerical software has been generally used 

to analyze many problems such as rock stratum destruction 

and roadway deformation in mining engineering compared 

with discrete element numerical software because its 

application is more extensive (Azarfar et al. 2019, Hu et al. 

2020, Rinaldi et al. 2020, Corkum et al. 2020, Darvishi et al. 

2020, Xue et al. 2020, Kong et al. 2019). To reproduce the 

yield process of the WKS and further evaluate water inrush 

in Xiqu mine, a numerical model of 700 m in length, 500 m 

in width and 320 m in height was established with the aid of 

Flac3D. This totaled to 857420 units. In addition, No. 2+3 

and No. 8 coal seams were mined successively in numerical 

model. The grids were densified in the mining affected area 

to improve the calculation accuracy. The numerical model is 

shown in Fig. 11. The physical and mechanical parameters 

of coal seam and rock stratums (Table 2) are estimated from 

the properties of intact rock by Hoek–Brown failure 

criterion (Hussian et al. 2020, Bahrami et al. 2020 

Ranjbarnia et al. 2020, Carter et al. 2020). 

To avoid the influence of the boundary, a certain 

distance was kept between the mined area and the model 

boundary in the numerical model. Moreover, the Mohr-

Coulomb criterion was used to evaluate the failure of rock 

mass. Based on Fig. 1, the No. 2+3 coal seam was mined 

first with a coal face length of 130 m. The advancing 

distance was 50 m for each step. Total advancing distance 

was 300 m to reach the full mining state. The No. 8 coal 

seam was then mined with a coal face length of 220 m. The 

mining distance was 10 m for each step and 300 m in total.  

The double-yield model was introduced to fill the goaf 

in every step of the excavation to simulate the 

characteristics of the broken rock mass being continuously 

compacted and the pressure on the floor continuing to  
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recover in goaf (Wang et al. 2018, Kong et al. 2019). In the 
simulation results, a vertical section was made through the 
midpoint of the coal faces in the two coal seams. The plastic 
zone and the minimum principal stress cloud chart are 
shown in Fig. 12. 

 

 
 

After mining of No. 2+3 coal seam, the WKS is not 
affected by the damage from the floor and still maintains 
continuity. When No. 8 coal seam is mined, the roof 
stratums are prone to shear failure at the open-off cut and 
coal face. When the coal face advances 60 m, a tensile 

Table 2 The physical and mechanical parameters of coal seam and rock stratums 

Stratum 
Density 

/kg·m-3 

Bulk modulus 

/GPa 

Shear modulus 

/GPa 

Cohesion 

/MPa 

Internal friction 

angle /(°) 

Tensile strength 

/MPa 

Coal seam 1460 8.86 3.78 1.0 25 4.0 

Siltstone 2320 10.1 6.68 1.4 37 6.0 

Coarse 

sandstone 
2220 10.1 4.68 1.6 33 7.0 

Mudstone 2170 9.80 5.31 1.2 31 5.0 

Sandy 

mudstone 
2450 11.0 3.95 1.3 28 5.8 

Fine-grained 

sandstone 
2380 12.6 4.88 1.7 35 6.7 

Medium grain 

sandstone 
2230 11.5 5.30 1.5 38 7.3 

Limestone 2500 13.3 7.60 2.0 32 7.5 

  
(a) 60 m 

  
(b) 70 m 

  
(c) 80 m 

  
(d) 90 m 

Fig. 12 The plastic zone and the minimum principal stress cloud chart when the coal face advances 60 m, 70 m, 80 m 

and 90 m in No. 8 coal seam 
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stress area appears at the bottom of the WKS at a point 
about 40 m away from the open-off cut and the WKS is 
damaged by tension with a yield height of about 5 m. The 
tensile stress area and the yield area on the WKS continue 
to expand forward and upward as mining advances. When 
advancing is at 70 m, the bottom surface of the WKS is 
damaged by shearing at the coal face. At 80 m ~ 90 m of 
advancement, the tensile yield area penetrates the WKS 
indicating that the WKS has been tensioned and broken. 
The breaking position is about 60 m ~ 70 m away from the 
open-off cut. The damage laws of the WKS obtained by 
numerical analysis and water inrush mechanical model are 
relatively similar. In both, when the coal face of No. 8 coal 
seam in the Xiqu Mine advances about 80 m ~ 100 m, the 
WKS stretch and break at a position 60 m ~ 70 m away 
from the open-off cut thus increasing the risk of water 
inrush from goaf in the roof. 

 

 

5. Analysis of micro-seismic monitoring results 
 
Micro-seismic monitoring is an effective method to 

analyze the fracture of rock stratums. Through in-depth 
analysis for the micro-seismic data obtained in the field, the 
location and form of rock breakage can be identified. The 
seepage channels in the rock stratums can also be drawn 
(Ghorbani et al. 2018, Zhao et al. 2018, Lachaud et al. 2019, 
Officer et al. 2020, Zhao et al. 2019). In order to evaluate 
and monitor water inrush, ten micro-seismic sensors were 
respectively arranged in the transportation lane and return 
air lane of the first mining panel 18401 in No. 8 coal seam 
to analyze the breaking laws of the WKS under the multi-
seam mining in the Xiqu Mine. The distance between the 
sensors was about 80 m and thus could accurately locate 
and capture the micro-fracture events in the surrounding 
rock during the mining process of No. 8 coal seam. The 
arrangement of the micro-seismic sensors is shown in Fig. 
13. 

Between November 3, 2018 and November 30, 2018, 
the coal face in No. 8 coal seam continued to advance from 
the open-off cut to the concentrated lane. The micro-seismic 
monitoring results are shown in Fig. 14. When the coal face 
advanced 30 m, the rock stratums below the WKS broke in 
sequence. It was thus determined that micro-fracture events 
are mainly concentrated below the WKS. Micro-fracture 
events also occurred at the bottom of the WKS in the open-
off cut and the coal face when the coal face advanced to 
between 50 m and 70 m. At 90 m advancement, many high-
magnitude micro-fracture events densely distributed about 
70 m away from the open-off cut were detected. This meant 
that the WKS had broken at this point. The cumulative 
distribution of micro-fracture events with focal mechanism 
is shown in Fig. 15 based on in-depth analysis of the focal 
mechanism. The WKS is prone to shear failure (blue) at the 
open-off cut and the coal face. It is also prone to tensile 
failure (red) at a position about 70 m away from the open-
off cut (Fig. 15). The analysis results for on-site micro-
seismic data are largely consistent with the conclusions 
obtained by the model calculations. This verifies the 
reliability of the water inrush mechanical model built. 
Cognizant to this, when No. 8 coal seam is mined in the 
Xiqu Mine, it is necessary to actively explore and release 
the accumulated water in the goaf in No. 2+3 coal seam. It 

 

Fig. 13 The arrangement of microseismic sensors in the 

panel 18401 

 

 
is also important to ensure that the drainage capacity in the 
coal face is sufficient to prevent the occurrence of water 
inrush from goaf in roof. 

 

 

6. Conclusions 
 
Water-resisting key stratum (WKS) between coal seams 

is a major barrier that prevents water inrush from goaf in 
roof during multi-seam mining. A "long beam" water inrush 
mechanical model was established to analyze the breakage 
of the WKS in multi-seam mining, in light of the pressure 
from goaf, the gravity of overburden rock, the gravity of 
accumulated water, and the constraint conditions based on a 
case of multi-seam mining of No. 2+3 and No. 8 coal seams 
in Xiqu Mine. The stress distribution expression of the 
WKS was derived under different mining distances in No. 8 
coal seam (Eqs (11), (12), (26), (27), (28) and (29)). The 
criterion of breakage at any point of the WKS was obtained 
by introducing linear Mohr strength theory (Eq. (15)), 
which could be used to evaluate the water inrush. 
• The mechanical model was utilized to assess the fracture 
of the WKS in Xiqu Mine and its breaking position was 
calculated. And the risk of water inrush was also evaluated. 
Moreover, breaking process of the WKS was reproduced 
using the Flac3D numerical software and was analyzed with 
on-site microseismic monitoring data. Our results show that 
when the coal face of No. 8 coal seam in Xiqu Mine 
advances to about 80 m ~ 100 m, the WKS is stretched and 
broken at the position of 60 m ~ 70 m away from the open-
off cut increasing the risk of water inrush from goaf in roof. 
This finding matches the result of microseismic analysis 
confirming the reliability of the water inrush mechanical 
model built. 
• To sum up, when there is a undrained area of accumulated 

water in the goaf in Xiqu Mine, the water inrush from the 

goaf in roof may occur. Cognizant to this, when No. 8 coal 

seam is mined, the accumulated water in the goaf in No. 

2+3 coal seam should be released and the drainage in the 

coal face should be improved to prevent water inrush from 

goaf in roof. This study therefore provides a theoretical 

basis for the prevention of water inrush from goaf in roof in 

Xiqu Mine, and a method for evaluating and monitoring 

water inrush from goaf in roof. 
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