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Abstract: Aiming at the serious problems caused by coal mine mining activities causing the rock
burst accidents, this paper is based on rock mechanics and material mechanics to establish the key
layer breaking by the double-key layer beam breaking structural mechanics model of a single working
face and double working face under repeated mining. The theoretical calculation formula of the
angle was used as the theoretical basis for the elevation angle of the pre-reloading hole of the hard
roof. The rationality and reliability of the formula were verified by the physical similarity simulation
experiment and the 3 Dimension Distinct Element Code numerical simulation experiment, revealing
the rock formation under the influence of repeated mining. The results show that the derived key
layer breaking angle formula is suitable for the theoretical calculation of the breaking angle of the
key layer of a single coal seam when the repeated disturbance coefficient is λ = 1; when it is λ = 2,
it is suitable for the repeated mining of the short-distance double-coal mining. The rationality and
reliability of the theoretical formula of the breaking angle of the double key layer of single coal seam
and double coal seam were verified by the physical similarity simulation experiment. Through the
3DEC numerical simulation results and theoretical calculation results, the W1123 working face hard
top pre-cracking pressure relief drilling elevation angle was 78◦. The drilling peeping method was
used to verify the results. The results show that the theoretical formula of the critical layer breaking
angle is well applied in engineering practice.

Keywords: double coal seam; repeated mining; critical layer breaking angle; roof pressure relief

1. Introduction

When the working face of the mining is a hard top, the initial pressure step of the old roof increases
sharply, resulting in a large area above the working face. Once collapsed, accompanied by strong
periodic pressure and obvious dynamic phenomena, it has a large slump area. Significant impacts,
such as strong impact, serious equipment damage, and serious accidents, endanger the lives and
property of production personnel [1–5].

Solid filling, roadway support, and drilling pressure relief can reduce the effect of rock burst.
Solid filling is to reduce the influence of overburden collapse by utilizing the compressibility of
the filling material [6,7]; strengthening roadway support can effectively reduce the compressive
strength [8,9]. The representative achievements of borehole pressure relief in the field of roadway
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control are: Li Shubin et al. [10] determined the pressure-reducing parameters of the “three soft” coal
seam mining roadway by establishing the functional relationship between the drilling parameters and
the surrounding rock expansion deformation; Gao Mingshi et al. [11] indexed the three-dimensional
anchor into the coal roadway support project, supplemented with the roadway drilling and pressure
relief technology, and solved the problem of supporting the full thick roadway in the soft thick coal
seam and extra-thick coal seam along the bottom construction; using the numerical simulation method,
the influence law of borehole diameter and length on the stability of high stress roadway was analyzed,
and the pressure relief and support parameters of roadway were determined accordingly [12–14].
Establishing broken beams over the key strata of the stope, and the mechanical model derives the
formula for calculating the break angle of the key layer, and verifies the rationality and reliability of
the formula through physical simulation experiments [15–17]. Although the above work has achieved
some useful conclusions in the application and parameter determination of the borehole pressure relief
technology, it has not yet formed a reliable technical system, and the research process has been neglected.
The interaction between the elevation angle of the borehole and the pressure relief effect leads to
limited application and application of the research results. The critical layer breaking angle of on-site
measurement and statistics is constrained by geological conditions and measuring instruments [18–20].
The results measured at the site cannot be used as a theoretical basis for guiding the unloading of
pressure relief holes in front of the hard top working face of the working face. Therefore, by establishing
the mechanical structure model and the physical similarity simulation experiment to obtain the theory
of the critical layer breaking angle, the field production practice can be better guided.

Based on the relevant theoretical methods of rock mechanics and material mechanics, this paper
establishes the mechanical structure model of the key layer and deducts the expression of the breaking
angle of the key layer. The applicability and rationality of the key layer break angle formula under
different conditions of a single working face and double working face are verified by constructing
the physical similarity simulation experiment of the double working face of Kuangou coal mine. The
measured results are basically consistent with the theoretical calculation results. The 3DEC numerical
simulation was used to establish the pressure relief gradient model, which verified the rationality of
the theoretical calculation results. The breaking angle of the key layer calculated by the expression is of
great significance for guiding the pressure relief of the hard roof working face.

2. Materials and Methods

As a work surface pressure relief method, the drilling pressure relief method is widely used to
deal with the problem that the hard top plate is difficult to fall, and the rock burst is strong. Figure 1
shows the “masonry beam structure” where Qian Minggao [21,22] proposed the roof to fall, where A is
the coal wall support zone, B is the separation zone, and C is the re-compaction zone. The rock after
the fracture of the rock formation is mutually extruded to form a horizontal force T, thereby generating
a frictional force F between the rock layers. Any rock formation is subjected to the interaction of the
overlying strata to generate loads q. The longitudinal fissure formed after the overburden strata breaks
on the roof is gradually developed. If the elevation angle of the drilling relief hole is consistent with
the fracture development direction (rock fracture angle α), the borehole blasting will increase the
lateral space of the fracture and reduce the lateral space. The horizontal pressing force T increases
the possibility of deformation instability; on the other hand, it reduces the strength and friction force
F of the rock at the occlusal point of the rock mass, and the sliding force is greater than the friction
force at the arch foot. The roof step is caused to sink, thereby achieving the purpose of pressure relief.
Therefore, it is very important to determine the angle of elevation of the pressure relief drilling to
improve the pressure relief effect.



Energies 2019, 12, 4513 3 of 20
Energies 2019, 11, x FOR PEER REVIEW 3 of 22 

 

 

Figure 1. Structure of voussoir beam. 

3. Derivation of Breaking Angle Mechanics of Key Layers under Repeated Mining 

The breaking of the key layer is regarded as the break of the beam “O-X”, and the upper surface 

is affected by the uniform load q. According to the two-dimensional stress analytical method of 

material mechanics [23,24], the normal stress σ at any point in the beam is solved. The force of any 

unit in the key layer of the overlying rock is shown in Figure 2. In Figure 2, it is assumed that the 

stress components σx, σy, τxy, τyx are all known. According to the shear stress reciprocal theorem and 

the stress balance equation, it can be concluded that: 

 

Figure 2. Force state of each surface of the unit body. 

x y x y

xy

x y

xy

+ -
+ cos2 - sin 2

2 2
+

= sin 2 cos2
2





   
   

 
   












. (1) 

Let σα in Equation (1) be derived from α: 

x y

xy

-
= 2 sin 2 cos 2

2

d

d


 
  



 
  

 
 

. (2) 

a b

cd

α

n
e

f

σx

x

y

σy

τxy

a

α

ne

f

σx

σy

τxy

τyx

τyx

σα

τ
α

Figure 1. Structure of voussoir beam.

3. Derivation of Breaking Angle Mechanics of Key Layers under Repeated Mining

The breaking of the key layer is regarded as the break of the beam “O-X”, and the upper surface is
affected by the uniform load q. According to the two-dimensional stress analytical method of material
mechanics [23,24], the normal stress σ at any point in the beam is solved. The force of any unit in
the key layer of the overlying rock is shown in Figure 2. In Figure 2, it is assumed that the stress
components σx, σy, τxy, τyx are all known. According to the shear stress reciprocal theorem and the
stress balance equation, it can be concluded that: σα =

σx+σy
2 +

σx−σy
2 cos 2α− τxy sin 2α

τα =
σx+σy

2 sin 2α+ τxycos 2α
. (1)
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Let σα in Equation (1) be derived from α:

dσα
dα

= −2
(σx − σy

2
sin 2α+ τxy cos 2α

)
. (2)
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If α = α0, Equation (2) can be made zero, and the normal stress takes the extreme value on the
cross section determined by α0 (the beam is taken as the unit width). Substituting α0 into Equation (2)
and making it equal to zero yields:

α0 =
1
2

arctan
2τxy

σx − σy
. (3)

According to the stress decomposition amount of the key layer rock beam derived by Xu Bin [15],
substituting into Equation (3), Equation (4) is obtained, where L is the key layer breaking distance and
h is the key layer average thickness.

α0 =
1
2

arctan
3L
h

(4)

The key layer is simplified to a simply supported beam, and the maximum normal stress σmax is
used as the basis for rock fracture. When σmax = RT, the normal stress of the critical layer at this point
reaches the tensile strength limit there, and the rock layer will be cracked there. The ultimate span
when the beam is broken is:

L= 2h

√
2RT

3q
. (5)

Substituting Equation (5) into Equation (4) yields:

α0 =
1
2

arctan6

√
2RT

3q
. (6)

Equation (6) is the formula for calculating the angle between the principal stress plane and the
horizontal plane of any unit body of the key layer. It is only necessary to substitute the tensile strength
limit RT of the key layer and the uniform load q above the key layer, according to Mohr–Coulomb. The
criterion is that the key layer is in a state of extreme equilibrium when it is broken. At this time, the
angle β′ between the fractured surface and the maximum normal stress σmax generated by the shear
failure of the rock meets:

β′ =
π
4
−
ϕ

2
(7)

where ϕ is the internal friction angle of the rock. The plane relationship between the broken section of
the key layer and the horizontal plane is shown in Figure 3.

Energies 2019, 11, x FOR PEER REVIEW 4 of 22 

 

If α = α0, Equation (2) can be made zero, and the normal stress takes the extreme value on the 

cross section determined by α0 (the beam is taken as the unit width). Substituting α0 into Equation (2) 

and making it equal to zero yields: 

xy

0

x y

21
= arctan

2 -




 
. (3) 

According to the stress decomposition amount of the key layer rock beam derived by Xu Bin 

[15], substituting into Equation (3), Equation (4) is obtained, where L is the key layer breaking 

distance and h is the key layer average thickness. 

0

1 3
= arctan

2 h

L
  (4) 

The key layer is simplified to a simply supported beam, and the maximum normal stress σmax is 

used as the basis for rock fracture. When σmax = RT, the normal stress of the critical layer at this point 

reaches the tensile strength limit there, and the rock layer will be cracked there. The ultimate span 

when the beam is broken is: 

2R
=2h

3q
TL . (5) 

Substituting Equation (5) into Equation (4) yields: 

0

2R1
= arctan6

2 3q
T . (6) 

Equation (6) is the formula for calculating the angle between the principal stress plane and the 

horizontal plane of any unit body of the key layer. It is only necessary to substitute the tensile strength 

limit RT of the key layer and the uniform load q above the key layer, according to Mohr–Coulomb. 

The criterion is that the key layer is in a state of extreme equilibrium when it is broken. At this time, 

the angle β′ between the fractured surface and the maximum normal stress σmax generated by the 

shear failure of the rock meets: 

'
4 2

 
    (7) 

where φ is the internal friction angle of the rock. The plane relationship between the broken section 

of the key layer and the horizontal plane is shown in Figure 3. 

a

e

f

σmaxσy

σx

τyx

τxy

β γ
α

θ

Main plane

Broken plane

 

Figure 3. Plane relationship between the broken section and horizontal plane. 
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It can be seen from Figure 3 that the breaking angle of the key layer, that is, the angle between the
broken section and the horizontal plane θ (breaking angle of the key layer) is:

θ =
1
2

arctan6

√
2RT

3q
+
π
4
−
ϕ

2
. (8)
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When the working face adopts the down-mining method for coal mining, the lower working face
is affected by repeated mining when it is mining below the goaf of the upper working face, and the
main instability mode of the working face roof is changed from the original turning instability to the
sliding instability. When the roof of the lower working face is broken, and the friction is coupled with
the rock layer of the goaf, the assumption of the theoretical calculation of the breaking angle is no
longer valid. As shown in Figure 4a, when the lower working face is pushed to the lower side of the
upper goaf, the top plate of the working face is broken and affected by the broken rock in the goaf, and
the original girder structure of the turning instability is transformed into the simply supported beam
structure cut along the roof. As the upper goaf is not fully compacted, the hypothesis that the key layer
is uniformly loaded is no longer valid. To simplify the analysis, the overlying strata are considered as
simply-supported beam structures, and the red dotted line is regarded as the load reduction zone. The
overlying rock stratum is regarded as a simple supported beam structure, and the formation law of
the breaking line of the key layer is analyzed. Using the bending moment superposition of material
mechanics, for the convenience of calculation, the mechanical model shown in Figure 4a is regarded as
a simply-supported beam model without repeated mining in Figure 4b, and Figure 4c is reduced by
repeated mining stress unloading. The simple supported beams are superimposed.

Energies 2019, 11, x FOR PEER REVIEW 5 of 22 

 

2R1
= arctan6

2 3q 4 2
T  

   . (8) 

When the working face adopts the down-mining method for coal mining, the lower working 

face is affected by repeated mining when it is mining below the goaf of the upper working face, and 

the main instability mode of the working face roof is changed from the original turning instability to 

the sliding instability. When the roof of the lower working face is broken, and the friction is coupled 

with the rock layer of the goaf, the assumption of the theoretical calculation of the breaking angle is 

no longer valid. As shown in Figure 4a, when the lower working face is pushed to the lower side of 

the upper goaf, the top plate of the working face is broken and affected by the broken rock in the 

goaf, and the original girder structure of the turning instability is transformed into the simply 

supported beam structure cut along the roof. As the upper goaf is not fully compacted, the hypothesis 

that the key layer is uniformly loaded is no longer valid. To simplify the analysis, the overlying strata 

are considered as simply-supported beam structures, and the red dotted line is regarded as the load 

reduction zone. The overlying rock stratum is regarded as a simple supported beam structure, and 

the formation law of the breaking line of the key layer is analyzed. Using the bending moment 

superposition of material mechanics, for the convenience of calculation, the mechanical model shown 

in Figure 4a is regarded as a simply-supported beam model without repeated mining in Figure 4b, 

and Figure 4c is reduced by repeated mining stress unloading. The simple supported beams are 

superimposed. 

 

(a) (b) (c) 

Figure 4. Superimposed simply supported beam model under repeated mining. (a) Loads under the 

influence of repeated mining; (b) Uniform load under the influence of non-repetitive mining; (c) 

Reduced load under the influence of repeated mining. 

Figure 4b simplifies the key layer as a fixed beam, where the normal stress of the critical layer 

reaches the tensile strength limit at that point, where the rock layer will be cracked, and the key layer 

that is not subjected to repeated mining is broken. The angle calculation formula is Equation (8). The 

actual meaning of the model in Figure 4c is that the load on the working face is reduced by the effect 

of repeated mining when the working face is recovered to the goaf of the upper working face, partly 

because the top plate of the upper working face is crushed and relieved. The complete compaction of 

the goaf also results in a redistribution of the load. According to the equilibrium equation and the 

bending moment equation, the above simple bending beam bending moment formula is: 

31 1
x

q l q
= x x

6 6l
M 

（ ） . (9) 

In Formula (9), q1 is the maximum value of the pressure relief of the top plate due to the pressure 

relief. M(x) is determined by the derivative of M(x) and x is 0, and the maximum value and positive 

value of the bending moment M are solved. The maximum value of the stress σ is (takes a unit width 

of 1): 

y

q1

x

(a) (b) (c)

L

R

y

q0

x

M F

x

L
x

M
F R

q0

y

x

L1

x

R
M

F
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the influence of repeated mining; (b) Uniform load under the influence of non-repetitive mining;
(c) Reduced load under the influence of repeated mining.

Figure 4b simplifies the key layer as a fixed beam, where the normal stress of the critical layer
reaches the tensile strength limit at that point, where the rock layer will be cracked, and the key layer
that is not subjected to repeated mining is broken. The angle calculation formula is Equation (8). The
actual meaning of the model in Figure 4c is that the load on the working face is reduced by the effect
of repeated mining when the working face is recovered to the goaf of the upper working face, partly
because the top plate of the upper working face is crushed and relieved. The complete compaction of
the goaf also results in a redistribution of the load. According to the equilibrium equation and the
bending moment equation, the above simple bending beam bending moment formula is:

M(x) =
q1l
6

x−
q1

6l
x3. (9)

In Formula (9), q1 is the maximum value of the pressure relief of the top plate due to the pressure
relief. M(x) is determined by the derivative of M(x) and x is 0, and the maximum value and positive
value of the bending moment M are solved. The maximum value of the stress σ is (takes a unit width
of 1):

Mmax =

√
3

27
q1l2σmax =

2
√

3q1l2

9h
. (10)
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The maximum normal stress σmax is used as the basis for rock fracture. When σmax = RT, that is,
the normal stress of the critical layer at this point reaches the tensile strength limit there, and the rock
layer will be cracked there. The ultimate span when the beam is broken is:

L= 3h

√
√

3RT

6q1
. (11)

According to the reduction of the load-breaking cross-section and the horizontal plane relationship,
the calculation formula of the breaking angle of the key layer breaking caused by the reduced load
under the repeated mining is:

θ =
1
2

arctan9

√
√

3RT

6q1
−
π
4
+
ϕ

2
(12)

Calculate the breaking angle θ1 of the key layer caused by the assumed unrepeated uniform load
according to Equation (8), and then calculate the breaking angle θ2 caused by the reduced load of the
partial load indicated by the red dotted line according to Equation (12). The calculation of the breaking
angle θ of the key layer caused by the mining effect is:

θ = θ1 − (λ− 1)θ2 (13)

Substituting Equations (8) and (12) into Equation (13) yields:

θ =
1
2

arctan6

√
2RT

3q0
+
π
4
−
ϕ

2
− (λ− 1)

1
2

arctan9

√
√

3RT

6q1
−
π
4
+
ϕ

2

 (14)

where RT is the ultimate tensile strength of the key layer, q0 is the uniform load on the key layer, q1

is the load reduced by repeated mining, and λ is the repeated disturbance coefficient. When λ = 1,
Formula (14) represents the theoretical calculation formula for the breaking angle of the key layer
of single coal seam; when λ = 2, Formula (14) represents the theoretical calculation formula of the
breaking angle of the key layer affected by repeated mining in the short-distance double-coal mining.

4. Experimental Verification of Similar Materials for Breaking Angle Calculation Formula

The W1145 working face and the W1123 working face of the west wing of the first mining area of
the Kuangou coal mine are mainly used for the B4-1 coal seam and the B2 coal seam. First, the upper
W1145 working face is recovered. After the W1145 working face is finished and the overburden is
stable, the lower W1123 working face is recovered. When the W1145 working face is recovered, the
overburden layer on the roof can be regarded as a uniform load (λ = 1); when the W1123 working face
is recovered, the working face is pushed to the lower side of the W1145 working face and is affected by
repeated mining. The overlying load is redistributed, and the critical layer breaking can be regarded as
the mechanical structure model shown in Figure 4a (λ = 2).

A similar simulation model was designed based on the W1145 and W1123 double working faces
of the Kuangou Coal Mine. The experiment used a plane strain model frame with dimensions (length
× width × height) = 5.0 × 0.3 × 1.5 m to determine the geometric similarity ratio (αL = LH/LM) of
the simulation experiment, which was 1:200, and the model pavement size (long × width × height
= 5.0 × 0.3 × 1.5 m), and a layer of iron brick was placed on the top instead of the unsimulated rock
formation to apply a load to the model. According to the lithologic characteristics of the overburden
strata of the B2 coal seam detected by the Z1201 borehole histogram of the W1123 working face in
the main study of the Kuangou coal mine, the load of each layer of the rock layer on the old roof was
calculated layer by layer. The position of the key layer was judged, as shown in Table 1. The design
and construction of the dynamic regulation of the overburden structure and the physical similarity
simulation experiment provide support. The mining plan for the working face of the model is to move
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the W1145 and W1123 working faces to the model. According to the actual mining sequence of the
mining face, firstly, the upper W1145 working face was recovered, and the cut hole was opened at
230 cm from the left boundary of the model B4-1 coal seam (8 cm), starting to recover the working face,
mining to 30 cm away from the right boundary to stop mining, a total of 240 cm; in the model B4-1 coal
seam W1145 working face mining end and overburden collapse stability, back to the lower W1123
working face in model B2. The coal seam was opened 38 cm from the left boundary and began to be
harvested. When the mining was 30 cm away from the right boundary, the mining was stopped, and a
total of 432 m was advanced.

Table 1. Key layer horizon of Kuangou coal mine.

Layer Lithology Thickness/m Tensile
Strength/MPa qk/MPa Key Layer

28 Medium
Sandstone 12.3 5.87 5.41 /

27 Mudstone 10.3 2.53 5.11 /
26 Sandstone 11.5 4.87 4.85 /
25 Mudstone 29.2 2.47 4.59 /
24 Fine Sandstone 11.0 7.21 3.87 /
23 Mudstone 141.2 2.51 3.59 /
22 Sandy Mudstone 13.3 2.34 1.28 /
21 Mudstone 9.5 2.43 1.20 /
20 Sandy Mudstone 13.5 2.54 1.10 /
19 Sandstone 13.2 4.58 1.01 /
18 Sandy Mudstone 7.5 2.36 0.97
17 Fine Sandstone 7.3 6.87 0.83
16 Mudstone 5.9 2.41 0.71
15 Sandy Mudstone 7.6 2.42 0.57

14 Coarse
Sandstone 15.9 7.58 0.41 Main key layer

13 B4-2 coal 1.3 1.97 0.93
12 Sandy Mudstone 7.7 2.33 0.92
11 Mudstone 7.9 2.12 0.80

10 Coarse
Sandstone 5.0 4.48 0.67

9 B4-1 Coal 3.0 2.02 0.57
8 Mudstone 8.0 2.35 0.53

7 Coarse
Sandstone 14.0 5.31 0.36 Subcritical key

layer
6 B3 Coal 1.8 2.21 0.54
5 Mudstone 4.0 2.43 0.51
4 Fine Sandstone 16.0 6.24 0.42
3 B2 Coal 9.5 2.15 /
2 Mudstone 3.9 2.54 /
1 Fine Sandstone 21.9 6.12 /

In addition to its own weight, the load applied to any rock in the overburden is also affected by
the interaction of the overlying strata. Assuming that the rock layer load q is evenly distributed, there
are a total of m layers of rock layers directly above the top, each rock layer has a thickness of hi (i =

1, 2, . . . , m), and the volume force is γi (i = 1, 2, . . . , m), and elasticity Modulus Ei (i = 1, 2, . . . , m).
The rock layer controlled by the first layer has n layers. The first layer of rock and the n layer will
be simultaneously deformed to form a composite beam. According to the theory of the overburden
composite rock beam, the first layer can be obtained by the load that the n layer affects [25]:

(qn)1= E1h1
3

n∑
i=1

hiγi/
n∑

i=1

Eihi
3 (15)
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where (qn)1 refers to the load above the hard rock layer of the first layer; γi, hi, Ei refer to the bulk
density, thickness, and elastic modulus of the i-th layer, respectively, i = (i = 1, 2, . . . , n). The load q of
each layer is calculated according to Formula (15). The results are shown in Table 1.

4.1. Verification of Breaking Angle of Key Layer in Single Coal Seam

The wide trench coal mine adopts the method of down mining to carry out mining. When the
W1145 working face is recovered, it is not affected by repeated disturbances. Therefore, λ = 1 can
be used to calculate the breaking angle of the key layer of the W1145 working face. The mechanical
parameters of the double key layer rock are substituted into Formula (14). The main key layer
parameters are a compressive strength of 7.58 MPa, uniform load of 0.41 MPa, and internal friction
angle of 22◦. Subcritical parameters are a compressive strength of 5.31 MPa, the cloth load is 0.36 MPa,
and the internal friction angle is 20◦. The calculated primary bond layer breaking angle is 77.64◦,
and the subcritical layer breaking angle is 78.47◦. Figure 5 shows the collapse morphology of the
overburden after the end of the W1145 working face. Because the overburden of the W1145 working
face is only affected by the uniform load above the top surface of the working face, the measured
breaking angle range is 76–78◦. The results for the theoretical calculation are basically consistent, and
the applicability of the theoretical formula of breaking angle in a single working face is verified.Energies 2019, 11, x FOR PEER REVIEW 9 of 22 
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Figure 5. End of mining of the W1145 working face.

4.2. Key Layer Breaking Angle Verification under Repeated Mining

When mining the W1123 working face, take λ = 2 when calculating the breaking angle of the key
layer of the W1123 working face considering the influence of repeated disturbance. The compressive
strength of the sub-critical layer rock mechanics parameters is 5.31 MPa, the uniform load is 0.36 MPa,
the load is reduced by 0.30 MPa, and the internal friction angle is 20◦; the compressive strength of the
main key layer rock mechanics is 7.58 MPa, and the uniform load is 0.41 MPa. The breaking angle
of the sub-critical layer calculated by substituting (14) is 69.88◦, and the breaking angle of the main
key layer is 69.82◦. When the W1123 working surface is advanced to 73.2 cm, the sub-critical layer
collapse characteristics are as shown in Figure 6a. The left side of the model has a breaking angle of
78◦, and the right side of the model has a breaking angle of 76◦. When the W1123 working surface is
advanced to 106.8 cm, the main key layer collapse is as shown in Figure 6b; the left side of the model
break angle is 78◦, and the right side of the model angle is 76◦. The difference between the measured
results and the theoretical calculation results is large, which indicates that the λ = 2 is not applicable
when the W1123 working face is firstly collapsed, because when the W1123 working face is recovered
to 106.8 cm, it is far away from the W1145 working face, and it is less affected by repeated mining. At
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this time, the initial collapse of the double key layer of the W1123 working face is still applicable to the
case where the single coal seam is not subjected to repeated mining (λ = 1), and when the λ = 1, the
physical parameters of the double key layer are substituted into Formula (14). The theoretical range of
the breaking angle of the double key layer is 77–78.5◦, which is basically consistent with the measured
results. The rationality and applicability of the theoretical formula of the breaking angle of the key
layer of the single coal seam are verified again.
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Figure 6. Falling characteristics of double key layer of overlying strata. (a) Sub-critical layer first fallen;
(b) the main key layer first fallen.

As shown in Figure 7a, when the W1123 working face is 190.8 cm, it is directly below the W1145
open-cut eye, and the right side of the model formed by the influence of repeated mining is 70◦, and
when λ = 2 (14), the calculated 69.8◦ is basically consistent, which verifies the accuracy and applicability
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of the theoretical formula of the breaking angle of the key layer under repeated mining. As shown in
Figure 7b, when the W1123 working face is recovered to 308.4 cm, the fracture line on the right side of
the W1123 working face and the breaking line above the W1145 goaf are connected, because the goaf
is re-compacted by the overlying fractured rock. The formation of the key layer breaking line is no
longer affected by the repeated mining effect, and the resulting breaking angle is increased to 78◦.Energies 2019, 11, x FOR PEER REVIEW 11 of 22 
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Figure 7. Breaking angle formed by different propulsion positions on the W1123 working face.
(a) W1123 work face is recovered to 190.8 cm; (b) W1123 work face is recovered to 308.4 cm.

The W1123 working face is self-opening and cutting to the breaking angle on both sides of the
working face end model, and the resulting breaking angle is shown in Figure 8. It can be seen from
Figure 8 that when the W1123 is recovered to the right side of the W1145 goaf model, the breaking
angle suddenly drops to 70◦, and as the working surface continues to advance to 308.4 cm, the right
side breaking angle of the model rises to 78◦. Because the broken line on the left side of the model
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tends to be stable and is less affected by the mining of the working face, and the breaking angle on the
left side of the model is basically unchanged. When the broken line on the right side of the model
and the overburden fracture are connected, the broken lines on both sides of the model are basically
not affected by the W1145 goaf, and the breaking angle is 78◦, which is consistent with the theoretical
calculation results.Energies 2019, 11, x FOR PEER REVIEW 12 of 22 
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5. Simulation Analysis of Influence of Elevation Angle of Hard Roof Pressure Relief Drilling on
Pressure Relief Effect

5.1. Numerical Model Construction and Calculation Parameters of Pressure Relief Drilling Elevation Angle

In order to determine the collapse morphology and pressure relief effect of the overlying strata on
the working face under different pressure relief drillings, the 3DEC numerical simulation was used to
simulate the fracture morphology and stress change trend of the overburden after the pressure relief of
the borehole. Taking the W1123 working face of Kuangou Coal Mine as the engineering background,
the unloading pressure and the different pressure relief angles of 73◦, 78◦, and 83◦ were designed to
observe the overburden collapse and stress distribution, so as to verify the reliability of the theoretical
calculation results.

The basic principle of 3DEC is based on Newton’s second law. It is assumed that the rock blocks
cut by the joint fissures are rigid bodies, and the rock masses are arranged in a mosaic according to the
joint fissures of the whole rock mass. Each rock block has its own position and is in equilibrium in
the space. When the external force or displacement constraint changes, the block will be displaced
under the action of its own weight and external force, then the spatial position of the block will change,
which in turn will cause the force and position of the adjacent block to change, even the blocks overlap
each other. As the external force or constraint changes or the continuation of time, more blocks change
and overlap each other, simulating the movement and rotation of each block until the rock mass is
destroyed. In 3DEC, the contact friction type joint was used to simulate the contact relationship, and
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the Coulomb slip model was often used. The Mohr–Coulomb formula was also used for the shear
strength of the structural plane of this experiment.

τ = σ tanϕ+ c (16)

In Formula (16), c and ϕ are the cohesive force and friction angle of the structural plane, σ is the
normal stress of the structural plane, and τ is the shear strength value of the surface of the structural
plane. Using 3DEC to simulate the actual overburden condition of the Kuangou coal mine, the rock
layers with different lithologies in Table 1 were given different mechanical parameters to ensure that
the gravity and external force of each layer were consistent with the actual conditions. The detailed
parameters are shown in Table 2.

Table 2. Physical and mechanical parameters of rock and coal seams.

Layer Lithology Thickness/m
Normal
Stiffness

(MPa)

Tangential
Stiffness

(MPa)

Cohesion
(MPa)

Internal
Friction Angle

(◦)

Tensile
Strength

(MPa)

27 Mudstone 10.3 7900 8100 0.12 20.0 2.53
26 Sandstone 11.5 8200 6700 0.47 20.8 4.87
25 Mudstone 29.2 7900 8100 0.12 20.0 2.47
24 Fine Sandstone 11.0 4200 3900 0.93 6.0 7.21
23 Mudstone 141.2 7900 8100 0.12 20.0 2.51

22 Sandy
Mudstone 13.3 8200 6700 0.47 20.8 2.34

21 Mudstone 9.5 7900 8100 0.12 20.0 2.43

20 Sandy
Mudstone 13.5 8200 6700 0.47 20.8 2.54

19 Sandstone 4.58 4100 3900 0.84 12.8 4.58

18 Sandy
Mudstone 2.36 8200 6700 0.47 20.8 2.36

17 Fine Sandstone 7.3 4200 3900 0.93 6.0 6.87
16 Mudstone 5.9 7900 8100 0.12 20.0 2.41

15 Sandy
Mudstone 7.6 8200 6700 0.47 20.8 2.42

14 Coarse
Sandstone 15.9 7100 5900 0.35 20.0 7.58

13 B4-2 coal 1.3 7100 5900 0.14 10.0 1.97

12 Sandy
Mudstone 7.7 8200 6700 0.47 20.8 2.33

11 Mudstone 7.9 7900 8100 0.12 20.0 2.12

10 Coarse
Sandstone 5.0 7100 5900 0.35 20.0 4.48

9 B4-1 Coal 3.0 3300 1100 0.14 10.0 2.02
8 Mudstone 8.0 7900 8100 0.12 20.0 2.35

7 Coarse
Sandstone 14.0 7100 5900 0.35 20.0 5.31

6 B3 Coal 1.8 3300 1100 0.14 10.0 2.21
5 Mudstone 4.0 7900 8100 0.12 20.0 2.43
4 Fine Sandstone 16.0 4200 3900 0.93 6.0 6.24
3 B2 Coal 9.5 3300 1100 0.14 10.0 2.15
2 Mudstone 3.9 7900 8100 0.12 20.0 2.54
1 Fine Sandstone 21.9 4200 3900 0.93 6.0 6.12

5.2. Falling Form of Roof When Different Pressure Relief Drillings Are at Elevation Angle

With W1123 working face mining as the engineering background, the top plate of the working
face is difficult to fall due to the hard top plate. In order to compare the pressure relief effects of
different pressure relief angles, the three unloading pressures of 73◦, 78◦, and 83◦ were respectively
designed. The four cases of the corner are shown in Figure 9. It can be seen from the figure that when
the working face is not equipped with pressure relief drilling, the vertical roof is cracked and the rock
layer is not broken; the different pressure relief holes can be arranged to observe that the roof is falling,
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and the crack development is basically the same, only the covering The rock falling condition cannot
judge the pressure relief effect of different pressure relief angles, so the pressure relief effect should be
judged from the vertical stress change of the pressure relief after the different pressure relief angles are
arranged. In order to highlight the effect of the drilling pressure relief, only partial models are shown
in Figures 9 and 10.Energies 2019, 11, x FOR PEER REVIEW 15 of 22 
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Figure 9. Roof collapse morphology under different conditions. (a) No pressure relief; (b) 73◦ pressure
relief angle; (c) 78◦ pressure relief angle; (d) 83◦ pressure relief angle.

5.3. Stress Distribution Law of Different Pressure Relief Drillings at Elevation Angle

The vertical stress distribution maps of the four different unloading pressures and the three
different pressure relief angles of 73◦, 78◦, and 83◦ are respectively derived by using 3DEC, as shown
in Figure 10. It can be seen from the figure that when the pressure relief angle is 78◦, the vertical stress
reduction is the largest, and the pressure relief effect is the best.
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Figure 10. Vertical stress distribution diagram under different conditions. (a) no pressure relief; (b) 73◦

pressure relief angle; (c) 78◦ pressure relief angle; (d) 83◦ pressure relief angle.

Figure 11 records the vertical stress of the model from 0 to 300 m. The first peak of the stress map
is located in the stress concentration zone at the open cut. The peak is basically the same. The second
peak indicates the vertical after the overburden. It can be seen that the vertical stress is significantly
reduced after the pressure relief drilling is arranged compared to the unloading pressure, wherein the
vertical stress is reduced by 1.0 MPa compared to the unloading pressure when the pressure relief
angle is 73◦, and the pressure relief angle is 83◦. When the pressure is 78◦, the vertical stress is reduced
by 1.2 MPa. When the pressure relief angle is 78◦, the vertical stress is reduced by 4.0 MPa compared
with the unloading pressure. Therefore, it can be seen that when the pressure relief angle is 78◦, the
pressure relief effect is the best, and the theoretical calculation results are consistent, which verifies the
reliability of the theoretical formula.
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6. Application of Pressure Relief Drilling in Engineering Practice

6.1. Kuangou Coal Mine Engineering Background

The hard top has physical and mechanical properties such as high hardness, high strength, good
compactness, large delamination thickness, and low degree of development of joint fissures. After the
working face is pushed forward, the roof is difficult to fall naturally, and the goaf is not completely
filled, causing some of the roof to suspend the roof and form a cantilever beam structure. The gravity
of the overlying rock acts on the surrounding rock of the roadway, resulting in serious deformation of
the surrounding rock of the roadway. When the earthquake or earthquake induces vibration, it is easy
for rock to burst, causing serious casualties and economic losses, which poses a great safety hazard to
the safe and efficient mining of the working face. Therefore, in order to maintain the stability of the
surrounding rock of the roadway and ensure the safe and efficient recovery of the working face, it is
necessary to avoid the stress concentration of the surrounding rock caused by the hard roof [26–32].
The drilling pressure relief technology can reduce the internal stress concentration of the coal seam
in the roadway, reduce the range of the high stress area, increase the caving property of the roof,
and transfer the stress peak inside the coal body to the deep part to reduce the deformation of the
surrounding rock of the roadway. Figure 12 is a photo of an accident caused by rock burst at the
working face of the Kuangou coal mine.
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Figure 12. Rock burst risk accident. (a) Coal shearer collapse; (b) Broken bracket.

6.2. Effect of Scale Effect on Drilling Length

It can be seen from Figure 13 that when the W1123 working face is recovered to 73.2 cm, the
sub-critical layer is initially degraded, and the length of the fracture line of the rock layer is 11.7–16.0 cm.
The geometric similarity ratio between the similar simulation experiment and the actual field experiment
is 1:200, and it can then be inferred that the actual drilling length of the field should be 23.4–32 m. The
3DEC numerical simulation experiment has a drilling length of 28 m, and the numerical similarity
between numerical simulation and field engineering practice is 1:1. Considering the influence of scale
effect on the design of borehole length, combined with the thickness of the top surface of the working
face, the length of the working face, the dip angle of the coal seam, the distance between the bottom of
the hole, and the distance of the orifice, the final length of the borehole is 30 m.
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6.3. Design of Pressure Relief Drilling Parameters for Working Face

Before the mining of the W1123 working face, the theoretical analysis of the elevation angle of the
pressure relief drilling, the similar simulation experiment, and the numerical simulation experiment
were completed, and the reasonable angle of the top drilling was determined, and the experiment was
directly carried out in the field. In order to ensure that the working face meets the mining with the top
plate during normal mining, avoiding the long tailway leading to the release of the elastic energy of
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the roof in time, the front end of the working face is pre-cracked and relieved. According to the actual
engineering conditions that the hard roof of the W1145 and W1123 working face of Kuangou Coal
Mine is difficult to fall, combined with the theoretical calculation results and numerical simulation
results of the breaking angle of the key layer, the breaking angle of the key layer was used as the
basis for designing the elevation angle of the preloading pressure relief hole. Figure 14 is a schematic
diagram of the pre-pressure relief drilling arrangement of the W1123 working face. The drilling design
elevation angle is 78◦. The ZDY1900 drilling rig model and the supporting drill pipe are used for the
upper and lower grooves. The blasthole starts construction 30 m away from the working face (the
opening area is 30 m in the initial area), each 10 m group of blastholes, the hole depth is 30 m, and the
blasthole is arranged perpendicular to the center of the roadway line. The hole is sealed with loess and
cement anchoring agent. The length of the sealing hole is 10 m, the average charge of the blasthole is
50 kg, and the length of the charge is 20 m.
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6.4. Pressure Relief Effect Test

The drilling peeping method was used to observe the collapse of the roof cycle. The observation
results are shown in Figure 15. The 1–8 m coal seam crack is completely developed above the working
face, and the hole wall is broken. The 9–20 m roof crack is fully developed and the hole wall is broken.
The cracks in the top plate of 10–30 m are relatively developed, and the cracks are crisscrossed. It can
be clearly seen from the peeping screenshot that the cracks in the roof of the working face are obvious
in the 30 m range, especially the roof cracks within 20 m range are completely developed, and the roof
is broken; in the area above 20 m, the vertical and horizontal cracks of the roof are obviously staggered,
and the cracks are large and local. The roof of the area is also broken. It can be seen that the initial
drilling and blasting has achieved the purpose of destroying the roof. It can be considered that the roof
can be self-degraded during the propulsion process.
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Figure 15. Drilling peep results. (a) 1–8 m; (b) 9–20 m; (c) 10–30 m.

Figure 16 shows the initial pressure of the W1123 working face in Kuangou Coal Mine. The
KJ21 bracket pressure monitoring system is used to monitor the change of the support pressure of the
working face when the old top is broken, and the average weighted resistance is used to analyze the
initial pressure step of the working face. It can be seen from the figure that the average weighting
pressure before pressure relief is 37.0 MPa, and the average weighting length is 31.5 m; the average
periodic weighting pressure after pressure relief is 31.6 MPa, and the average periodic weighting
length pressure after pressure relief is 28.4 m. From the average periodic weighting pressure and length
analysis, the average periodic weighting pressure decreased by 5.4 MPa, and the average periodic
weighting length decreased by 3.1 m, indicating that the pressure relief effect was good.
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7. Conclusions

(1) Based on rock mechanics and material mechanics, the theoretical formula of the double critical
layer breaking angle of the double working face was derived, and the repeated disturbance coefficient
λ was proposed. When calculating the breaking angle of the key layer of a single coal seam, take λ = 1;
calculate λ = 2 when calculating the breaking angle of the key layer affected by repeated mining in the
short-distance double-coal mining.

(2) When the W1145 working face was recovered, the breaking angle of the key layer of the model
was basically the same as that of the key layer of the single coal seam; when the W1123 working face
was not advanced to the W1145 goaf, and the W1123 working face was fully harvested. In the future,
the calculation result of the theoretical formula of the double-key breaking angle of the single working
face and the measured result of the model should have less error. When the W1123 working face was
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plucked below the W1145 goaf, it was affected by the repeated mining, according to the breaking under
the repeated mining. The results calculated by the angular theory formula were basically consistent
with the experimental simulation results. The above shows the rationality and reliability of the formula
for the double-key layer breaking angle of the double working face.

(3) According to the theoretical analysis and numerical simulation results, a pressure relief bore
with an elevation angle of 78◦ was arranged on the working surface, and the pressure relief effect was
tested by the borehole peep method. According to the analysis of the drilling peep results, the breaking
angle of the key layer calculated according to the formula could be used as the theoretical basis for the
elevation angle of the relief hole. It is indicated that the theoretical formula of the breaking angle of the
key layer is well applied to the practice of pre-cracking and pressure relief in the roof of the working
face of the wide trench coal mine.
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