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Control Techniques for Gob-Side Entry Driving in an
Extra-Thick Coal Seam with the Influence of Upper Residual
Coal Pillar: A Case Study

Shengrong Xie *, Fangfang Guo and Yiyi Wu

School of Energy and Mining Engineering, China University of Mining and Technology-Beijing,
Beijing 100083, China; gffever@163.com (F.G.); 15662045768@163.com (Y.W.)
* Correspondence: xsrxcq@163.com

Abstract: In multi-seam mining, the residual coal pillar (RCP) in the upper gob has an important
influence on the layout of the roadway in the lower coal seam. At present, few papers have studied
the characteristics of the surrounding rock of gob-side entry driving (GED) with different coal pillar
widths under the influence of RCP. This research contributes to improving the recovery rate of the
extra-thick coal seam under this condition. The main research contents were as follows: (1) The
mechanical parameters of the rock and coal mass were obtained using laboratory experiments
coupled with Roclab software. These parameters were substituted into the established main roof
structure mechanics model to derive the breakage position of the main roof with the influence of
RCP, and the rationality of the calculation results was verified by borehole-scoping. (2) Based on
numerical simulation, the evolution laws of the lateral abutment stress in the lower working face at
different relative distances to the RCP were studied. FLAC3D was used to study the whole space-time
evolution law of deviatoric stress and plastic zone of GED during driving and retreating periods with
various coal pillar widths under the influence of RCP. (3) The plasticization factor P was introduced
to quantify the evolution of the plastic zone in different subdivisions of the roadway surrounding
rock, so as to better evaluate the bearing performance of the surrounding rock, which enabled a more
effective determination of the reasonable coal pillar width. The field application results showed that it
was feasible to set up the gob-side entry with an 8 m coal pillar below the RCP. The targeted support
techniques with an 8 m coal pillar could effectively control the surrounding rock deformation.

Keywords: residual coal pillar; gob-side entry driving; extra-thick coal seam; coal pillar size; sur-
rounding rock control

1. Introduction

Gob-side entry driving (GED) with a small coal pillar (3~8 m) is widely used in China’s
mines due to the simple development processes, high resource recovery rate, and the ability
of the coal pillar to isolate gangue, harmful gases, water, and fire in the adjacent gob [1,2].
China has many thick and extra-thick coal seams, and the GED has been successfully
applied in many mines with extra-thick coal seams [3,4]. For the mining of extra-thick coal
seams (>8 m), the characteristics mainly include [5–8]: (1) Strong-dynamic disturbance
of abutment stress. Fully mechanized top coal caving mining is generally applied to the
mining of extra-thick coal seams, with a large mining space and intense roof activity,
resulting in severe abutment stress on the coal mass. (2) A thick top coal over the roadway.
The roadway is usually developed along the floor line of the coal seam, the roof of the GED
is composed of weak coal masses with a large thickness. The weak properties of the top
coal mass seriously increase the difficulty of roadway control. (3) Disturbed by multiple
mining-induced stresses. The GED is not only disturbed by the lateral abutment stress of
the previous working face, but also advanced abutment stress of the present working face.

Energies 2022, 15, 3620. https://doi.org/10.3390/en15103620 https://www.mdpi.com/journal/energies
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Therefore, it is of great significance to study the selection principles of reasonable coal pillar
width and surrounding rock control techniques of the GED in extra-thick coal seams.

Presently, many scholars around the world have conducted extensive research on the
design of coal pillar width using various methods such as theoretical analysis, numerical
simulation, and similar simulation. UDEC can effectively study the macro-mechanical
behavior and crack propagation law during the rock failure process, so it is frequently
applied to the analysis of the roadway failure mechanism. Bai et al. [9] studied how the
failure mechanisms of a 7 m coal pillar width during the formation process caused a large
deformation. They investigated the propagation of shear and tensile cracks in the coal
pillar of various widths and optimized the coal pillar width and support measures. Shi
et al. [10] investigated the crack evolution mechanism of the gob-side entry for different con-
ditions and proposed optimized-support parameters combined with roof-cutting measures.
Gao [11–13] carried out a series of numerical simulations using the UDEC Trigon approach
to focus on the roadway damage caused by squeezing failure and shear failure, and the
effects of rock bolts in the roadway support were also evaluated. FLAC3D can simulate
the mechanical behavior of geological materials and geotechnical engineering effectively
and is widely used in underground coal mining activities [14–16]. He et al. [17–21] studied
the stress distribution characteristics and plastic zone of roadway with different coal pillar
widths in the process of coal mining and proposed a support technology for setting a
reasonable width of coal pillars. The specific coal pillar width was designed and applied in
engineering practices, which realized a good control effect of the roadway surrounding
rock. Ma [22] conducted research on the stress distribution characteristics of the narrow
coal pillar with different top coal heights of gob-side entry, and they believed that the thick
top coal was not conducive to control of the roadway. Jiang [23] presented an approach
for evaluating, designing, and optimizing EDG and yield pillar based on the results of
numerical simulations and field practice. Han et al. [24–26] considered special geological
situations to drive an entry along the gob, such as in an isolated island working face, in a
deep soft-broken coal seam, or in a working face adopting roadway side sealing technology.
The targeted control techniques of the surrounding rock were proposed and successfully
applied in the field practices. These studies had made countless valuable explorations
on the width of coal pillars and failure mechanisms and made certain innovations in the
research methods. However, there were very few studies on the layout of the GED with the
influence of a residual coal pillar (RCP) during the mining of multiple coal seams.

China has many multiple coal seam mining areas, such as Datong, Xinwen, Pingding-
shan, etc. [27]. The mining of two adjacent coal seams tends to interact with each other due
to the close distance [28,29]. The mining of the upper coal seam generally renders many
section pillars, and lower coal seam roadways are usually designed with larger section coal
pillars (usually over 20 m) to avoid safety hazards. That results in the waste of massive
coal resources, especially for extra-thick coal seams. This paper focused on the layout
selection of GED below the RCP. The lateral breakage position of the main roof under
the influence of RCP was calculated by theoretical derivation and verified the rationality
of the results using borehole-scoping. Under the influence of RCP, the whole space-time
evolution laws of deviatoric stress and plastic zone of GED were studied during driving
and retreating periods with different coal pillar widths using numerical simulation. The
quantified index for the plastic zone of the surrounding rock of GED, plasticization factor
P, was proposed. A coal pillar width of 8 m was finally determined. Based on the extent
of the plastic zone of GED obtained by borehole-scoping, the targeted roadway support
scheme was proposed. That provided a reference for promoting the coal recovery rate in
similar geological conditions.

2. Project Overview

2.1. Geological Conditions

Nanyangpo coal mine is located in Shanyin County, Shanxi Province, China. The main
mining seams are No. 4 and No. 6 coal seam with a spacing of 32 m. The average thickness
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of the No. 4 coal seam is about 3.0 m, which has been mined out, but 15 m section coal
pillars are left between working faces. The current main mining seam is the No. 6 coal seam
with an inclination of 3~5◦ and an average thickness of 9.6 m. The mining method is fully
mechanized top coal caving mining of an extra-thick coal seam, the machine mining height
is 3.5 m, and the caving height is 5~10 m. The geological column chart of the No. 6 coal
seam is illustrated in Figure 1. The panel 26,102 is near the northern boundary of the
mining field, and next to the panel 26,104 and 26,106 that have been mined out with a 20 m
coal pillar left. To avoid wasting resources, Nanyangpo coal mine plans to develop the
26,102 tailgate along the gob with a small coal pillar. The layout of the panels is given in
Figure 2.

 

Figure 1. Generalized stratigraphic column of the test site with the panel layout.

Figure 2. Detailed panel layout of the test site.

2.2. Rock Mass Properties

The physical and mechanical properties of rock mass are an important basis for the
design of roadway support. The parameters obtained in the laboratory are also key data
for further study on the theoretical model calculation and numerical simulation. The
mechanical parameters of coal and rock mass in panel 26,102 are shown in Table 1.

3
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Table 1. Properties of rock mass in panel 26,102.

Lithology σci (MPa) σti (MPa) ci (MPa) ϕi (◦) Ei (GPa) νi

Coal seam 4 26.37 1.02 7.63 26 1.53 0.39
Medium-grained

sandstone 89.45 6.86 18.79 29 34.21 0.17

Coarse-grained
sandstone 93.56 8.07 24.10 31 38.27 0.23

Gravelly coarse
sandstone 47.63 3.34 14.62 25 32.04 0.27

Coal seam 6 34.35 1.27 8.14 24 1.72 0.34
Fine-grained

sandstone 98.63 9.34 20.61 31 40.71 0.21

Mudstone 40.37 2.17 11.92 35 11.20 0.31
Note: σci is the uniaxial compression strength, σti is the tensile strength, ci is cohesion, Ei is elastic modulus, ϕi is
internal friction angle, and νi is Poisson’s ratio.

It is difficult to get the mechanical parameters of coal and rock samples measured
in the laboratory to reflect the actual physical and mechanical properties in engineering
sites due to the absence of the original environment and structural characteristics of rock
mass [30,31]. E. Hoek and E. T. Brown et al. [32,33] obtained the Hoek–Brown failure
criterion by a large number of rock mechanics tests as well as field tests of rock masses after
continuous revision and improvement. The parameters of coal and rock samples obtained
in the laboratory were imported into Roclab software based on the Hoek–Brown strength
criterion for calculation, and the revised parameters were obtained in Table 2, which were
more in line with the engineering reality.

Table 2. Revised properties of rock mass by Hoek–Brown strength criterion.

Lithology GSI mi D Erm (GPa) σc (MPa) σt (MPa) ϕ (◦) c (MPa) ν

Coal seam 4 56 7 0.7 0.24 1.06 0.08 22.0 0.94 0.39
Medium-grained

sandstone 73 18 0.7 13.06 12.59 0.44 38.0 6.26 0.17

Coarse-grained
mudstone 77 16 0.7 16.77 17.63 0.74 38.8 7.04 0.23

Gravelly coarse
sandstone 71 8 0.7 11.30 5.80 0.44 30.0 5.79 0.27

Coal seam 6 59 6 0.7 0.33 1.73 0.14 22.7 1.26 0.34
Fine-grained

mudstone 78 17 0.7 18.39 19.98 0.80 39.8 7.71 0.21

Mudstone 62 7 0.7 2.52 2.54 0.19 25.1 1.68 0.31

Note: mi is the constant of the intact rock, GSI is the constant evaluating the fractured rock mass, and D is the
disturbance factor.

3. Breakage Position of the Main Roof

3.1. Influence of Upper Residual Coal Pillar

The stress redistribution in the roof strata after mining of the upper coal seam resulted
in the RCP bearing a larger load. Thereby, a certain range of stress elevation area was
formed at the floor of the RCP. That meant the different positions of the lower working face
will make the GED in different stress environments. Based on numerical simulation, the
evolution laws of the lateral abutment stress in the lower working face at different relative
distances to the RCP were as shown in Figure 3.

Taking the centerline of the upper RCP as the base point, the peak values of lateral
abutment stress were 23.2 MPa and 25.5 MPa when the edge of the working face (EWF)
was −37.5 m and 37.5 m from the centerline of the RCP separately, with an increase of 0.9%
and 10.9%. The peak positions of lateral abutment stress were both about 6 m from the gob.
When EWF was −17.5 m and 17.5 m from the centerline of the RCP separately, the peak
values of lateral abutment stress were 25.7 MPa and 24.7 MPa with an increase of 11.7%
and 7.4%, and the peak positions of lateral abutment stress were both about 6 m from the
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gob. When EWF was −7.5 m and 7.5 m from the centerline of the RCP separately, the peak
values of lateral abutment stress were 29.9 MPa and 29.3 MPa with an increase of 30.0%
and 27.4%, and the peak positions of lateral abutment stress were about 7 m and 6 m from
the gob. When EWF was −2.5 m and 2.5 m from the centerline of the RCP separately, the
peak values of lateral abutment stress were 28.3 MPa and 28.0 MPa with an increase of
23.0% and 21.7%, and the peak positions of lateral abutment stress were about 11 m and
7 m from the gob. The peak values of lateral abutment stress of working face showed an
“M-shaped” tendency, and the peak depth first increased and then declined.

 
Figure 3. The evolution laws of the lateral abutment stress in lower working face at different relative
distances to the RCP. (a) Overview under different distances. (b) Peak stress ratio and distribution of
peak locations. (Note: the gob side and virgin coal side in the figure were both relative to the lower
working face).

The above distribution laws indicated that the lateral abutment stress was most
significantly affected when the edge of the lower working face was located directly below
the residual coal pillar, and the peak growth coefficient was 1.20~1.30. Additionally, when
EWF of the lower coal seam was 2.5 m away from the centerline of RCP, the peak growth
coefficient of the lateral abutment stress was 1.22. The influence of the stress disturbance
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of RCP was relatively diminished when a small coal pillar was set up to drive the entry
along the gob in such conditions. Consequently, the superimposed disturbance impact of
RCP and mining-induced stress on GED should be fully considered to prevent the roadway
from instability.

3.2. Mechanical Model of the Main Roof

The main roof controls the upper weak strata of the coal seam. The fracture morphol-
ogy, the hinge status, and the stability of key blocks after main roof breakage greatly impact
the stress distribution of the surrounding rock [34,35]. There is a 15 m coal pillar left in
No. 4 coal seam at 32 m above the edge of 26,104 gob in Nanyangpo coal mine. The distur-
bance of RCP on the stress of floor will inevitably affect the load distribution pattern of the
main roof in No. 6 coal seam. Based on the distribution regulation of the lateral abutment
stress obtained by numerical simulation in lower working face under the influence of RCP,
the mechanical model of the elastic foundation beam is established, as shown in Figure 3.
The load curve shows the abutment stress before the lateral breaking of the main roof. The
main roof above the virgin coal area is simplified as the elastic foundation beam under the
pressure of overburden rock, and the hanging part of the main roof in gob is assumed as
the cantilever beam structure.

The rock-beam of the overhanging part in the gob is taken for forces analysis as in
Figure 4b. According to ∑ Fy = 0:

F =
l1∫
0
( (q1−q2)x

l1
+ q2)dx

+
l2∫

l1

(q1 − (q1−qc)x
l2−l1

)dx +
l3∫

l2

qcdx
(1)

Then, the shear force Q0 and the bending moment M0 at x = 0 are

Q0 = F =
l1∫
0
( (q1−q2)x

l1
+ q2)dx

+
l2∫

l1

(q1 − (q1−qc)x
l2−l1

)dx +
l3∫

l2

qcdx

M0 =
l1∫
0
( (q1−q2)x

l1
+ q2)xdx

+
l2∫

l1

(q1 − (q1−qc)x
l2−l1

)xdx + qc(l3−l2)(l3+l2)
2

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(2)

where l1 is the horizontal distance from the center of RCP to the edge of the lower virgin
coal; l2 is the influence range of RCP on the stress distribution of the main roof; and l3 is the
hanging length of the main roof in the gob, which is approximately equal to the periodic
weighting step of the working face.

q1 = K1γH, q2 = K2γH, where K1 and K2 are the stress increase coefficient, H is the
buried depth of the main roof stratum. qc is the uniform load on the overhanging part of
the main roof, the expression is as follows:

qc =
E1h3

1(γ1h1 + γ2h2 + · · ·+ γnhn)

E1h3
1 + E2h3

2 + · · ·+ Enh3
n

(3)

The beam structure model with immediate floor, virgin coal, and immediate roof as
the elastic foundation is shown in Figure 4c. Taking the edge of virgin coal as the origin,
the relationship between subsidence y and stress p is as follows:

p = −ky (4)

6
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k =
Ei

(1 − νi
2)hi

,
1
k
=

n

∑
i

1
ki

(5)

where k is the foundation stiffness coefficient, which is related to Poisson’s ratio νi and
thickness hi of the weak rock layers below the main roof.

 

Figure 4. Mechanical model of elastic foundation beam. (a) Structural diagram before basic roof
breaking. (b) Analysis of rock-beam of the overhanging part. (c) Analysis of rock-beam with the
elastic foundation.

The elastic foundation beam differential equation is

d4y
dx4 +

ky
EI

=
q(x)
EI

, β =
4

√
k

4EI
=

1
L

(6)

where L is the characteristic length of the beam and EI is the bending rigidity of the main
roof rock mass.

Then, the differential equation of elastic foundation beam is

d4y
dx4 + 4β4y =

q(x)
EI

(7)

According to the calculation of elastic foundation beams [36], the general solution of
the deflection equation is

y = y0φ1(βx) + θ0
1
β φ2(βx)− M0

1
EIβ2 φ3(βx)

− Q0
1

EIβ3 φ4(βx) +
〈

g(x)

〉
t

(8)

where the Kralof function, defined to simplify the calculation, is as follows:

φ1 = chβx cos βx
φ2 = 1

2 (chβx sin βx + sin βx cos βx)
φ3 = 1

2 shβx sin βx
φ4 = 1

4 (chβx sin βx − sin βx cos βx)
chβx = eβx+e−βx

2
shβx = eβx−e−βx

2

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭

(9)

where y0, θ0, M0, Q0 are the deflection, angle of rotation, bending moment, and shear force
at x = 0;

〈
g(x)

〉
t

denotes the correction term that should be added when x > t.
For the solution of the elastic foundation beam under the loading condition as shown

in Figure 4c, the deflection equation of the elastic foundation beam with a correction term
section can be given according to the superposition principle:

7
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g = q2
k +
(

q3−q2
kl1

− q2
k

)
1
β φ2(βx)− q3−q2

kl1
x

+
〈[

q2−q3
kl4

+ (q3−q0)
(l5−l4)k

]
x + 2q2−q3

k φ1[β(x − l4)]

+
[
(q0−q3)l4
(l5−l4)k

− q2
k

]
−
[

q2−q3
kl4

+ (q3−q0)
(l5−l4)k

]
1
β φ2[β(x − l4)]

〉
l4〈

(q0−q3)l5
(l5−l4)k

− (q0−q3)
(l5−l4)k

x + (q0−q3)
(l5−l4)k

1
β φ2[β(x − l5)]

〉
l5

(10)

where the load on the main roof at l5 length in virgin coal approximately equals the original
rock stress, that is q0 = γH, q3 = K3γH, which is approximately considered that the peak
value of the abutment stress of the main roof above the virgin coal with a length of l4 from
the edge of gob. K3 is the stress disturbance coefficient factor.

The equation for the deflection, angle of rotation, bending moment, and shear force of
the main roof before breakage are given:

y = y0φ1(βx) + θ0
1
β φ2(βx)− M0

1
EIβ2 φ3(βx)

− Q0
1

EIβ3 φ4(βx) + g

θ = −y0βφ4 + θ0φ1 − M0
1

EIβ φ2 − Q0
1

EIβ2 φ3 + g′

M = y0 · 4EIβ2φ3 + θ0 · 4EIβφ4 + M0 · φ1 + Q0
1
β φ2 + g′′

Q = y0 · 4EIβ3φ2 + θ0 · 4EIβ2φ3 − M0 · 4βφ4 + Q0φ1 + g′′′

⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭

(11)

The boundary conditions are:

M0 =
[
q1
(
4l2

1 + 5l2
2 + 5l1l2

)
+ q2l2

1
+ qc
(
l2
1 − 5l2

2 + 3l2
3 + l1l2

)]
/6

Q0 = [q1(l2 − l1) + 2q2l1 + qc(2l3 − l1 − l2)]/2
y|x=l = 0, θ|x=l = 0

⎫⎪⎪⎬
⎪⎪⎭ (12)

According to the numerical simulation results and the geological conditions of the
mine, the engineering parameters are given as follows: the depth of the 26,104 working
face is about 250 m; the dip length of the working face is 240 m; and the periodic weighting
step is 20~25 m.

The immediate roof, coal seam, and immediate floor are considered as the elastic
foundation of the main roof beam. The foundation coefficient k is 0.0380 GPa; the elastic
modulus, bending modulus, and bending stiffness of main roof are 21.78 GPa, 67.03 m4,
and 1460 GN·m2, respectively; l1 = 2.3 m, l2 ≈ l3 ≈ 20~25 m; l4 ≈ 6 m, l5 approximately
equals to 22 m, l5 ≥ 3 L, taken as 3 L = 60 m; K1, K2, K3 were approximated to 1.2, 0.7, 1.5;
q0 = 5.85 MPa, q1 = 7.02 MPa, q2 = 4.10 MPa, q3 = 8.78 MPa.

Combining (9)–(12) and substituting the data, the breaking position of main roof is
4.4~5.8 m from the edge of the gob.

3.3. Borehole-Scoping in the Main Roof

Borehole-scoping can accurately visualize the lithology, thickness, delamination,
cracks, and fractures of the overlying rock strata. To verify the theoretical derivation
result of the lateral breakage position of the main roof after panel 26,104 retreated, the
borehole-peeping stations were arranged in the test section of 26,102 tailgate to observe the
cracks propagation in the roof strata. A total of 23 holes were drilled in 4 groups with a
total depth of over 640 m. The site construction is shown in Figure 5.

The obvious crack was defined by a width over 5 mm and a length over 10 mm, and
the remarkable crack was defined by a width over 10 mm and a length over 100 mm. The
distribution of cracks propagation in the roof strata of 26,102 tailgate is shown in Figure 6,
indicated that: (1) most of the cracks were distributed between 10.55 m and 21.43 m above
the coal pillar, that is, the range of main roof thickness. (2) Remarkable longitudinal cracks
with intersecting circumferential cracks occurred at depths of 19.49 m in BII and 13.93 m in
BII, indicating that the main floor had been fractured. The borehole wall within 1 m of the
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two cracks sites was relatively intact again, so it could be deduced that the fracture line of
the main roof was located above the coal pillar. (3) Based on the angles and depths of the
boreholes where the two remarkable cracks were observed, the position of fracture line in
the main roof was 5~6 m away from the edge of the gob, which was consistent with the
theoretical calculation result.

 
Figure 5. Site construction. (a) Layout of part boreholes in roof. (b) Crawler drill.

 

Figure 6. The distribution of roof strata cracks in 26,102 tailgate. Note: taking the representation of
45◦-T35 m as an example, 45◦ denotes the borehole angle, and T35 m represents the full length of the
borehole; taking the description of (a) 68◦-19.62 m as an example, (a) denotes the serial number of the
camera image of borehole, 68◦ denotes the borehole angle, and 19.62 m represents the detection depth.

4. Discussion and Analysis of the Simulation Results

4.1. Global Model for the Pillar Width

The model selects the 26,102 tailgate as the test roadway, which is adjacent to the gob of
panel 26,104. The X-axis is 180 m in the length direction of working face, the Y-axis is 120 m
in the advancing direction and the Z-axis is 110 m in the vertical direction. The roadway
section is rectangular, and the dimension is 5.2 m × 3.5 m (width × height). The boundary
displacement of the model is constrained in horizontal and bottom. The upper of the model
is subjected to a stress of 4.05 MPa equivalent to the self-weight of the overburdened rock,
and the lateral pressure coefficient is 1.2. The model is calculated using the Mohr-Coulomb
model, while the double-yield model is used for the gob, and the mechanical parameters of
each rock formation are taken from Table 2.

4.2. Double-Yield Model of the Gob

With the retreating of the working face, the broken blocks are backfilled in the gob
after the main roof periodic fracture. The modulus coefficient of the gangue in the gob will

9



Energies 2022, 15, 3620

increase significantly after compacted. The densely compacted gob can bear part of the
abutment pressure, which effectively weakens the stress concentration in the coal pillar.
Therefore, the double-yield model in FLAC3D can be used to simulate the compaction
and hardening process of waste in the gob [37]. The overburden pressure parameters and
mechanical parameters of gangue in the gob can be obtained by the Salamon formula,
expressed as follows [38]:

σ = E0ε/
(

1 − ε

εmax

)
(13)

where E0 is the initial tangential modulus, GPa; σ is the stress of gangue in the gob, MPa; ε
is the bulk strain of the compressed gangue in the gob; εmax is the maximum bulk strain.
The values are given:

εmax = (b − 1)/b
E0 = 1.039σc

1.042

b7.7

b = (h + hc)/hc

⎫⎪⎬
⎪⎭ (14)

where b is the crushing expansion coefficient of gangue; σc is the gangue compressive
strength; h is the mining height of the coal seam; hc is the height of the roof caving zone in
the gob.

According to the engineering situations of Nanyangpo coal mine, the average mining
height of coal seam during retreating period is 9.6 m, and the height of the roof caving zone
in the gob is about 34.6 m. The values can be substituted into Equations (13) and (14) to
derive the double-yield model parameters of the gangue in the gob as shown in Table 3.

Table 3. Double-yield model parameters of gangue in the gob.

Strain Stress (MPa) Strain Stress (MPa) Strain Stress (MPa)

0.01 0.10 0.08 1.23 0.15 4.67
0.02 0.22 0.09 1.50 0.16 5.83
0.03 0.34 0.10 1.80 0.17 7.46
0.04 0.48 0.13 2.17 0.18 9.93
0.05 0.63 0.14 2.60 0.19 14.12
0.06 0.81 0.13 3.14 0.20 22.77
0.07 1.01 0.14 3.81 0.21 60.00

The specification of the established unit sub-model of the gob is 1 m × 1 m × 1 m, and
a constant velocity of 10−5 m/s is applied to the upper surface of the model to determine
the mechanical properties of the gob by trial-and-error method. when the parameters are
set to the gangue with a density of 1000 kg/m3, bulk modulus of 11.12 GPa, shear modulus
of 5.20 GPa, internal friction angle of 5◦, the stress–strain curve of the numerical simulation
matches well with that of the theoretical calculation, as shown in Figure 7.

 
Figure 7. Numerical simulation inversion of goaf parameters.
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4.3. Discussion and Analysis of the Simulation Results
4.3.1. Results with Various Coal Pillar Widths

Deviatoric stress is the synthesis of horizontal, vertical, and tangential stresses, and
represents the distribution of shear stress in the material subjected to loads, revealing that
the essential force of rock failure is mainly caused by shear stress. This stress index is
gradually adopted by an increasing number of papers [39,40].

The size of the coal pillar affects the state of deviatoric stress distribution, the failure
range of the plastic zone and the deformation extent of the roadway surrounding rock in
GED. In this paper, we define the plasticization factor P as a parameter to characterize
damage of the surrounding rock in GED, which is given as

P1 =
S1

Sp
, P2 =

S2

Sr
, P3 =

S3

Se
, P4 =

S4

Se
(15)

where P1, P2, P3, and P4 are the plasticization factors of coal pillar subdivision (I), top coal
subdivision (II), virgin coal upper corner subdivision (III), and virgin coal subdivision (IV)
in GED, respectively. S1, S2, S3, and S4 are the areas of plastic zone in I, II, III, and IV. Sp, Sr,
and Se are the cross-section area of I, II, and gob-side entry, respectively.

As shown in Figures 8 and 9, with the increase of coal pillar width, the peak zone of
deviatoric stress in the virgin coal area of GED tended to be gradually reduced, which con-
trasted with the coal pillar area. With the width of coal pillar being 4~6 m, the surrounding
rock of gob-side entry was in a lower stress environment. While the plastic zone in II was
coalesced with that of the overlying rock and the high stress of the surrounding rock was
mostly concentrated in the virgin coal area, indicating that the bearing capacity of coal
pillar was poor in such conditions. The range of plastic zone of GED decreased rapidly with
a coal pillar of 8 m. The peak zone of deviatoric stress in coal pillar progressively enlarged,
while virgin coal side continued to diminish up to similar peak values on both sides. It
indicates that the bearing capacity of the coal pillar was enhanced and initiated to sustain
the overburden stress in concert with the virgin coal. The coal pillar was in a high stress
state with a width of 10~15 m. Additionally, the main bearing body of the overlying load
gradually transformed from the virgin coal side to the coal pillar. At this time, the plastic
zone of GED was small with a high stability of the surrounding rock, while a significant
amount of the coal resources were wasted.

With the increase of coal pillar width, the plasticization factor in four subdivisions of
the entry gradually declined. Correspondingly, the peak value of deviatoric stress in the
coal pillar area grew swiftly to a stable state, while the value in virgin coal area continued to
get smaller. When the width of coal pillar is 8 m, the P were not more than 80% in I and II,
and 60% in III and IV. The peak deviatoric stress in coal pillar area was roughly coincident
with that of the virgin coal area.

4.3.2. Results with Disturbance of Panel Retreating

Mining-induced stress exerted an essential influence on the stability of the surrounding
rock in GED. Exploring the distribution characteristics of the deviatoric stress and plastic
zone of the surrounding rock advanced of the working face could provide the necessary
basis for the surrounding rock control.

As shown in Figures 10 and 11:

(1) In the vicinity of the working face, the peak and range of deviatoric stress in coal pillar
were much larger than that in virgin coal area, and the peak ratio was 1.41, indicating
that the stress in the surrounding rock was mainly sustained by the coal pillar. P were
more than 90% in I and II, and 100% in III and IV, representing that extensive damage
occurred in the surrounding rock of GED, that meant reinforced-supported measures
should be implemented to avoid destabilization of the coal pillar.
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(2) At 7 m ahead of the working face, the peak deviatoric stress in the coal pillar reached
the maximum value and was much smaller than that of virgin coal area with a peak
ratio of 0.68, and the mining-induced stress of the working face was mainly undertaken
by virgin coal area. P were still more than 90% in I and II, and 100% in III and IV.
P dropped rapidly by 15% in II, and the value in I did not vary significantly compared
to that of the vicinity of the working face.

(3) At 30 m ahead of the working face, the discrepancies of peak deviatoric stress on
both sides of entry were further reduced with a peak ratio of 0.81. It stated that the
mining-induced stress was progressively performed by virgin coal area in cooperation
with coal pillar. P in III and IV diminished promptly, and P were virtually invariable in
I and II, indicating that the stress disturbance of the working face was fading quickly.

(4) At 30 m ahead of the working face, the peak ratio of deviatoric stress between coal
pillar and virgin coal area was 0.84. P in III and IV were further depressed by 9%
and 7%, and P in I and II kept constant, indicating that the extent of damage to the
roadway had steadily stabilized.

The above analysis suggested that the plasticization factor P in III and IV were more
significantly troubled by mining-induced stress of the working face. P firstly dropped
from both much more than 100% to 40% and 60% in III and IV, respectively. The deviatoric
stress in coal pillar and virgin coal area first increased rapidly to the peak value, and then
gradually tended to be stable. That indicated that the main bearing body of overburden
stress was “the coal pillar → the virgin coal area → the collaboration of coal pillar and
virgin coal area”.

4.3.3. Coal Pillar Width Determination

Based on the theoretical calculation and field measurement results, the fracture position
of the main roof is located in the range of 5~6 m above the virgin coal from edge of the gob.
That means the fracture line of the main roof is above the coal pillar when the width is 8 m,
which contributes to maintaining the stability of the surrounding rock of the gob-side entry.
The overlying strata load of GED is performed by virgin coal area in cooperation with
coal pillar. The plasticization factors of coal pillar subdivision and top coal subdivision
are both less than 80%, which are within the control of support. The surrounding rock in
GED, advanced 60 m of the working face, is obviously affected after the panel retreated,
and the influence on the stress and plastic zone of the surrounding rock tends to be stable.
Therefore, it is feasible to set up an 8 m coal pillar with targeted support techniques to
maintain the stability of the surrounding rock of GED.

5. Surrounding Rock Control Techniques

5.1. Cracks Distribution of the Coal Body

The results of borehole-scoping in 26,102 tailgate are shown in Figure 12:

(1) On the coal pillar side of GED. The borehole wall within 2.08 m was relatively broken
from the horizontal distance of the coal pillar rib of the roadway, indicating that the
integrity of coal body was poor. The integrity of the coal body was enhanced within
2.08~6.07 m from the coal pillar rib with certain cracks existing. When the horizontal
distance from the gob edge of coal pillar was less than 1.93 m, the borehole wall was
seriously damaged or even collapsed, making it impracticable for further observation.

(2) On the virgin coal side of GED. The borehole wall within 1.84 m from the virgin
coal rib of the roadway was relatively broken, and the borehole wall integrity was
improved with increasing borehole depth. Slightly developed cracks existed in the
borehole within 1.84~3.76 m from virgin coal rib. Borehole wall was gradually smooth
at a horizontal distance of over 3.79 m from virgin coal rib, that indicated good coal
body integrity.
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(3) In the roof of GED. The coal body was severely damaged at a depth of 1.00 m from
upper corner of coal pillar rib, 1.95 m from the roof of the roadway, and 1.76 m from
the upper corner of virgin pillar rib. The coal body gradually turned intact with the
distances exceeding 1.76 m, 4.72 m, and 3.97 m, respectively.

 

 

Figure 8. Characteristics of the surrounding rock with various coal pillar widths. (a) Deviatoric stress.
(b) The plastic zone.
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Figure 9. Distribution of the plasticization factor in subdivisions.

Figure 10. The distribution characteristics of surrounding rock advanced of the working face.

5.2. Support Principles

Based on the crack distribution of the surrounding rock, the compressive stress zone of
bolts should cover the fracture zone, and the length of anchor cables should be greater than
the depth of plastic zone, which played an effective role in improving the stress situations of
the surrounding rock. The control techniques of the surrounding rock with the cooperative
bearing of bolts and anchor cables were proposed, and the support principles are shown in
Figure 13. The main contents were as follows: (1) Shallow bearing area of bolts. The 2.4 m
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prestressed bolts were used in the shallow part of the surrounding rock, supplemented by
high strength plates and W-shaped steel straps, to provide combined compressive stress
for the fractured zone, which contributed to preventing support components from failure
caused by the surrounding rock falling of the fractured zone. (2) Deep bearing zone of
anchor cables. The 8.0 m high prestressed anchor cables were used in the roof and were
embedded in the stable strata by passing through the top coal of about 6 m thick in the roof.
The 5.0 m high prestressed anchor cables were used in both ribs to pass through the fracture
zone and anchored into the relatively intact coal body. The high pre-stressed anchor cable
could increase the shear resistance of the coal body, making the surrounding rock of the
roadway to reinstate the state of three-dimensional stress in a certain extent, and exert the
bearing capacity of the deep surrounding rock of the roadway.

Figure 11. The stress distribution advanced of the working face in GED.

 
Figure 12. Borehole-scoping for the coal body in 26,102 tailgate.
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Figure 13. Cooperative bearing structure of bolts and anchor cables.

5.3. Technical Measures

Based on the field geological conditions, the support scheme of 26,102 tailgate is shown
in Figure 14. The specific support parameters are as follows:

Figure 14. Detailed support parameters. (a) Entry section. (b) Support pattern in roof. (c) Support
pattern in coal pillar rib. (d) Support pattern in virgin coal rib.

The roof and two ribs were supported by high-strength steel bolts 20 mm in diameter
and 2400 mm in length. The inter-row spacing of the bolts was 1000 mm × 900 mm. A row
of anchor cables is arranged for every two rows of bolts. The anchor cables 17.8 mm
in diameter and were used for roadway support with a length of 8000 mm in roof and
5000 mm in two ribs. The inter-row spacing for the cables was 1100 mm × 2700 mm. The
bottom one of each row of anchor cables was replaced by a high-strength steel bolt 20 mm in
diameter and 2400 mm in length for both ribs. The bolts and anchor cables were connected
with steel ladder beams made of 16 mm round steel in both ribs and with W-shaped steel
straps with length × width × thickness of 5000 mm × 300 mm × 3 mm in the roof. Bolts in
the roof and rib corners were installed at a 15◦ incline. Bolt plates of W-shaped steel straps
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were selected for the bolts in both ribs. A metal mesh 4 mm in diameter was used in the
roadway section to prevent broken coal body from falling.

6. Application and Analysis

Field measurements of ground response can effectively and comprehensively reflect
the working status of the support system and verify the effect of the roadway support
scheme, which contributes to the stability of the roadway support. Three stations were set
up in the 200 m test section of 26,102 tailgate, and each station included one group defor-
mation observation of GED and one group of bolts and anchor cables forces monitoring.
The station layout is shown in Figure 15.

 
Figure 15. Layout of the field measurements.

Taking the monitoring results of the typical station II as an example, the surface
deformation of the roadway surrounding rock is shown in Figure 16. With the combined
support of high-strength prestressed bolts and anchor cables, there was no considerable
deformation and damage in GED during roadway driving and retreating period. The
surrounding rock deformation in the roof, virgin coal rib and coal pillar rib finally stabilized
by 140 mm, 96 mm, and 105 mm separately after 25 days of roadway development. During
the driving period, the maximum deformation of roadway in roof, virgin coal rib, and coal
pillar rib advanced of the working face was 296 mm, 272 mm, and 251 mm, respectively.

Figure 16. Deformation observation of the surrounding rock. (a) During roadway development.
(b) During working face retreating.
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At each monitoring section, the forces of bolts and anchor cables were monitored
in the roof and two ribs, respectively. The measured bolts and anchor cables of the coal
pillar rib, roof and virgin coal rib were numbered B1, B2, B3 and C1, C2, C3, respectively.
The initial prestressing forces of bolts and anchor cables were 72~80 kN and 175~190 kN,
which were 40~45% and 34~37% of the breaking load separately. The monitoring results
are shown in Figure 17.

Figure 17. Anchor cable (bolt) force at different distances from the working face.

When the monitoring section was 60 m away from the working face, the forces of B1,
B2, and B3 bolts were about 51%, 49%, and 45% of their breaking load (179 kN), and the
forces of C1, C2, and C3 anchor cables were about 37%, 40%, and 43% of their breaking
load (520 kN). The growth of bolts and anchor cables forces was less than 10%, indicating
that the roadway section was weakly affected by the mining-induced stress at a distance of
over 60 m from the working face. The disturbance impact of abutment stress was rapidly
intensified once the monitoring section was less than 60 m from the working face. The
forces of B1, B2, and B3 bolts were about 78%, 74%, and 70% of their breaking load, and
the forces of C1, C2, and C3 anchor cables were about 75%, 78%, and 69% of their breaking
load with 20 m from the working face. The forces of bolts and anchor cables were far less
than its upper breaking limit, indicating that they were in good working condition. The
20 m area of GED advanced of the working face was supported by single hydraulic props,
which contributed to avoiding the instability of the surrounding rock caused by intense
disturbance of mining-induced stress. Therefore, the monitoring of mining pressure in this
area could not be highlighted. Field measurements of ground response showed that the
combined control techniques of bolts and anchor cables with an 8 m coal pillar achieved
effective control of the roadway surrounding rock under the influence of upper residual
coal pillar.

7. Conclusions

Based on theoretical calculation, numerical simulation, and field measurements, the
evolution laws of the lateral abutment stress in lower working face at different relative
distances to the RCP were studied, as well as the whole space-time evolution law of
deviatoric stress and plastic zone of GED during driving and retreating periods with
various coal pillar widths under the influence of RCP. The targeted support techniques
with an 8 m coal pillar were proposed. The conclusions were as follows:
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(1) The above distribution laws indicated that the lateral abutment stress was most
significantly affected when the edge of the lower working face was located directly
below the RCP, and the peak stress growth coefficient was 1.20~1.30. When the EWF
of the lower coal seam was 2.5 m away from the centerline of RCP, the peak growth
coefficient of the lateral abutment stress was 1.22. The influence of stress disturbance
of RCP was relatively diminished when a small coal pillar was set up to drive the entry
along the gob in such conditions. Consequently, the superimposed disturbance impact
of RCP and mining-induced stress on GED should be fully considered to prevent the
roadway from instability.

(2) The mechanical parameters of the rock and coal mass were obtained using laboratory
experiments coupled with Roclab software. These parameters were substituted into
the established main roof structure mechanics model to derive the breakage position
of the main roof with the influence of RCP, which was verified the rationality of the
calculation results using borehole-scoping.

(3) FLAC3D was used to study the whole space-time evolution law of deviatoric stress
and plastic zone of GED during driving and retreating periods with different coal pillar
widths under the influence of RCP, and the plasticization factor P was introduced
to quantify the evolution of the plastic zone in four subdivisions of the roadway
surrounding rock. The results showed that when the width of the coal pillar was 8 m,
P were not more than 80% in I and II, and 60% in III and IV. The peak ratio of deviatoric
stress between coal pillar and virgin coal area was 0.84. Additionally, the plasticization
factor P in the virgin coal upper corner subdivision and virgin coal subdivision were
more significantly troubled by mining-induced stress of the working face. P firstly
dropped from both being much more than 100% to 40% and 60% in III and IV.

(4) Field measurements of ground response showed that the combined control techniques
of bolts and anchor cables with an 8 m coal pillar achieved effective control of the road-
way surrounding rock under the influence of the residual coal pillar. The maximum
deformation of roadway in the roof, virgin coal rib and coal pillar rib advanced of
the working face was 296 mm, 272 mm, and 251 mm separately during the retreating
period. The forces of bolts and anchor cables were 70%~78% and 69%~75% of their
breaking load during the retreating period, and the supporting components were
all in good working conditions, which realized a valid effect of surrounding rock
control. This provided a reference for promoting the coal recovery rate in similar
geological conditions.
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Abstract: Gas control in the heading face of a coal roadway is an important and difficult point in
coal mining in China. On the basis of analyzing the disadvantages of high gas control cost and
long drainage period in the existing mine heading face, a long-distance pre-drainage method of
long-distance drilling is proposed to control the gas in the heading face so as to improve the tunneling
speed. Applied to the engineering geological conditions of Changcun coal mine, the technology
is studied in detail. First, a gas migration model considering permeability changing with time is
established, and the model is put into the numerical simulation software to study the variation
law of permeability and gas pressure under the conditions of single borehole and multi-borehole
drainage. The results show that with the increase of drainage time, the permeability around the
borehole increases gradually, the gas pressure decreases gradually, and the permeability at the
borehole boundary increases the most, reaching 1.2 times the initial permeability. In the process of
multi-borehole drainage, there will be mutual influence between boreholes, but with the increase of
borehole spacing, the degree of this influence gradually decreases. Second, according to the results
of numerical simulation, a reasonable gas drainage scheme is designed and applied in the field.
The field application shows that the technology has a good gas drainage effect, the gas drainage
concentration and flow are at a high level for a long time, the drilling cuttings quantity is always
lower than the critical value, and the excavation length of roadway increases by more than 50 m per
month. These results indicate that this technology is a promising method to realize the safe and rapid
excavation of a mine coal roadway.

Keywords: directional long borehole; long-distance; heading face; permeability evolution; gas
pressure evolution; gas drainage

1. Introduction

Gas disaster is one of the main disasters in coal mines in China. The occurrence of gas
accidents not only affects the safety production of the mine, but also seriously affects the
life safety of workers. Therefore, it is necessary to control the coal seam gas [1–3]. Coal
seam gas drainage is an effective method to prevent the occurrence of gas accidents. At the
same time, the use of the extracted gas not only increases the total amount of energy, but
also is conducive to environmental protection [4,5].

According to the different location of drainage, coal seam gas drainage can be divided
into working face drainage and heading face drainage. Among them, the heading face is
difficulty of gas control, which often leads to abnormal gas emission accidents due to a
poor drainage effect [6,7]. At present, gas drainage in the heading face mainly includes
cross-measure borehole gas drainage technology in the floor rock roadway and in-seam
borehole gas drainage technology in the heading face [8–10]. Cross-measure borehole gas
drainage technology is to extract coal seam gas by drilling in the rock roadway under
the coal seam (Figure 1a). This method has the advantages of high safety, good borehole
structure stability and long drainage time [11–13]. However, due to the need to dig out a
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rock roadway, there are some shortcomings, such as high cost, large engineering quantity,
long construction period and so on [14]. In-seam borehole gas drainage technology is to
extract the coal seam gas by drilling along the coal seam in the heading face (Figure 1b).
Compared with the cross-measure borehole technology, this method does not need to
excavate a rock roadway, which reduces the construction cost. However, the length of
one-time pre-drainage is short, and can only reach 80–100 m. After passing the inspection,
the excavation can be carried out, and then the next drainage cycle is carried out, that
is “Drilling-Drainage-Inspection-Excavation-Drilling” [15,16], which leads to the slow
excavation speed of roadway.

Figure 1. Schematic diagram of gas drainage technology in the heading face. (a) Cross-measure
borehole gas drainage technology. (b) In-seam borehole gas drainage technology.

With the development of technology, directional long borehole gas drainage technol-
ogy has been gradually applied in coal mines. Wang et al. [17] summarized the application
of directional long boreholes in China’s coal mines, including pre-mining and post-mining
drainage, and found that it can effectively improve the gas drainage efficiency. Lu et al. [18]
conducted the gas drainage testing of directional long boreholes in Daning Coal Mine,
China, which effectively controlled the gas outburst accident risk of the mine. Compared
with the ordinary borehole drainage method, the proportion of coal seam drilling is higher,
and the drainage effect is better. Wang et al. [19], Li et al. [20] and Hao et al. [21] studied the
gas drainage in goaf by directional long boreholes instead of a separate drainage roadway,
analyzed and determined the reasonable horizon of directional long boreholes in the roof,
and found that this method can effectively solve the problem of gas overrun in the upper
corner of the working face, and can replace the roadway-based gas drainage, thereby saving
much work.

Based on the advantages of the directional long borehole and the disadvantages
of existing ordinary borehole gas drainage in the heading face, a new method of long-
distance gas drainage in the heading face by using the directional long borehole is proposed.
Through the construction of boreholds by drilling in the completed roadway (not floor rock
roadway), the coal seam gas near the pre-excavation roadway is extracted. The construction
diagram is shown in Figure 2. Compared with the cross-measure borehole gas drainage
technology, this method does not need to excavate a rock roadway, and has the advantages
of low cost. Compared with the in-seam borehole gas drainage technology in the heading
face, the drainage distance is longer, which increases the length of what was once the
excavation roadway, and can extract the coal seam gas for a long time. Taking the return air
roadway of working face 2302 in Changcun coal mine as an example, this paper establishes
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a gas migration model considering the change of permeability with drainage time, studies
the gas migration law and borehole layout of directional long borehole drainage, carries
out industrial testing on site, and analyzes the drainage effect.

Figure 2. Schematic diagram of gas pre-drainage in the heading face with directional long borehole.
(a) Construction borehole at the gateway. (b) Construction borehole at preparation roadway.

2. Project Summary and Basic Parameter Test

The Changcun coal mine is located in the Changzhi City, Shanxi Province, China. It is
a large modern mine of Shanxi Lu’an environmental protection energy development Co.,
Ltd. (Changzhi, China). The main mining area is 3# coal seam. The geological structure is
mainly fold. The strata strike nearly north-south and incline westward with an inclination
of 3–6◦. In the east, it is mainly a tilt structure with near east-west undulation. In the west,
there are nearly north-south folds. The geological structure provides a good environment
for coal seam gas storage. The gas content of the coal seam is generally 8–10 m3/t, and the
gas content is large.

2.1. Project Summary

2302 working face is located in No. 23 mining area of the mine, mining 3# coal seam;
the thickness of the coal seam is generally 4.84–7.32 m, and the average thickness is 6.09 m.
The average depth of the coal seam is about 500 m. The roadway layout adopts the “two
air intakes and one return” mode; the 2302 belt transportation roadway and auxiliary
transportation roadway provide for entry of the air, and the 2302 return air roadway
returns the air. A 2302 belt transportation roadway and auxiliary transportation roadway
have been excavated, and 2302 return air roadway is the pre-excavation roadway. The mine
location and roadway layout of 2302 working face are shown in Figure 3. According to the
field measurement data, the gas content of 2302 working face is 8.5 m3/t, the gas pressure
is 0.35 MPa, and the permeability is 8.09 × 10−8 m2. The attenuation coefficient of borehole
gas flow is 0.1726–0.3025 d−1. According to the difficulty degree of coal seam drainage
table (Table 1), the gas drainage in 2302 working face is classified as difficult.

The gas pressure is produced by the thermal movement of free gas. Changcun coal
mine has high gas content and low gas pressure, which indicates that the coal seam has
strong adsorption capacity, and the adsorption content of coal seam gas accounts for more.
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Gas desorption is a slow process. Research shows that under natural conditions, when the
coal particle size is 1 cm, the time required for desorption of 90% of the gas is 15 years [22].
Therefore, for the coal seam with strong adsorption capacity, gas drainage should be carried
out for a long time even under negative pressure.

Figure 3. Location of Changcun Coal Mine and roadway layout of 2302 working face.

Table 1. Difficulty degree of coal seam gas drainage.

Classification
Attenuation Coefficient of

Borehole Gas Flow/d−1 Coal Seam Permeabilit/m2

Easy to be extracted <0.003 >2.5 × 10−4

Can be extracted 0.003–0.05 2.5 × 10−6–2.5 × 10−4

Difficult to be extracted >0.05 <2.5 × 10−6

2.2. Basic Parameter Test

The coal samples were taken on site, and the coal samples were processed into standard
samples and pulverized with different particle sizes, respectively. The coal samples are
used to test the mechanical parameters, industrial analysis and gas basic parameters of
coal. The test results are shown in Tables 2 and 3.

Table 2. Mechanical parameters of coal samples.

Elastic Modulus
(E/GPa)

Poisson’s Ratio (υ) Cohesion (c/MPa)
Internal Friction

Angle (ϕ/◦)

1.1 0.3 0.8 28

Table 3. Industrial analysis and gas basic parameters.

Water Content
(W/%)

Ash Content
(A/%)

Porosity
(η/%)

Maximum Gas
Adsorption

Capacity (a/m3/kg)

Adsorption
Constant

(b/MPa−1)

1.14 7.76 4.29 37.08 0.82
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3. Gas Migration Equation in Coal Seam

3.1. Control Equation of Coal Seam Permeability Considering Gas Pressure Variation and Gas
Adsorption and Desorption

The research shows that coal seam permeability k can be expressed as an exponential
function related to effective stress [23]:

k = k0 exp
(
−3Cf Δσe

)
(1)

where k0 is the initial permeability, m2; Cf represents cleat volume compressibility, MPa−1;
Δσe is effective stress variation, MPa.

The cleat volume compressibility Cf can be expressed by the following formula [24]:

{
Cf =

1
Kp

Kp = η·K = η· E
3(1−2ν)

(2)

where Kp is pore bulk modulus, GPa; η is porosity of coal seam, %; K is elastic modulus of
coal matrix, GPa; E is elastic modulus of coal, GPa; υ is Poisson’s ratio of coal.

There are three changes in the process of drilling and gas drainage. Firstly, the coal
seam is disturbed in the process of drilling, and the stress around the borehole redistributes,
resulting in the change of effective stress. Secondly, the gas in a free state is extracted under
negative pressure, and the decrease of gas pressure leads to the increase of effective stress,
resulting in the compression of coal pores and the decrease of gas flow channels. Thirdly,
the decrease of gas pressure promotes gas desorption and coal matrix shrinkage, resulting
in the increase of coal fracture channels. Therefore, the variation of effective stress can be
expressed as three parts:

Δσe = Δσs + Δσp + Δσx (3)

where Δσs is effective stress variation caused by stress redistribution, MPa; Δσp is effective
stress variation caused by gas pressure drop, MPa; Δσx is effective stress variation caused
by gas desorption, MPa.

Coal is a kind of soft elastic-plastic body. After stress redistribution, the tangential
stress around the borehole will be higher than the strength of coal, so that the coal will be
destroyed and a plastic zone and elastic zone will appear. Assuming that the coal is in the
limit equilibrium state in the plastic zone, the tangential stress around the borehole can be
described by the following formula [25,26]:

Δσt =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

c·cotϕ·
[(

1+sinϕ
1−sinϕ

)
·
(

2x
R0

+ 1
) 2sinϕ

1−sinϕ − 1

]
, x ≤ H

σ0·
[

1 + 4H2

(2x+R0)
2

]
− 4H2

(2x+R0)
2 ·c·cotϕ

[(
2H
R0

) 2sinϕ
1−sinϕ − 1

]
, x > H

(4)

where σ0 is initial stress, MPa; c is cohesion of coal, MPa; ϕ is internal friction angle, ◦; x is
distance from coal body to borehole wall, m; R0 is borehole diameter, m; H is distance from
plastic zone boundary to borehole wall, m. H can be expressed as follows:

H =
R0

2

⎧⎨
⎩
[

σ0·(1 − sinϕ)

c·cotϕ
+ 1
] 1−sinϕ

2·sinϕ − 1

⎫⎬
⎭ (5)

According to the coal seam buried depth of 500 m, the initial stress σ0 is 12.5 MPa,
the diameter of long hole is 113 mm. The tangential stress as shown in Figure 4 can be
calculated by substituting the cohesion c and internal friction angle ϕ measured in the
laboratory and original stress and borehole diameter into Equations (3) and (4). If the
position where the stress changes by 5% is taken as the influence boundary of the borehole,
it can be seen from Figure 4 that the radius of the influence range of the directional long
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borehole is 0.313 m, which is smaller than the thickness of the coal seam. Therefore, the
influence of the stress change around the borehole on the permeability of the coal seam can
be ignored, and the change of the effective stress can be expressed as follows:

Δσe = Δσp + Δσx (6)

Figure 4. Distribution of tangential stress around borehole.

The effective stress variation caused by gas pressure drop can be expressed by the
following formula:

Δσp = P0 − P (7)

where P0 is initial gas pressure of coal seam, MPa; P is gas pressure of coal seam, MPa.
The effective stress variation caused by gas adsorption and desorption can be ex-

pressed by the following formula:

Δσx = K·Δεx (8)

where εx is the coal bulk strain caused by gas adsorption and desorption, which satisfies
the Langmuir equation. It can be expressed by the following formula [24]:

εx =
ε l ·P

P + Pl
(9)

where εl is Langmuir volume strain constant; Pl is Langmuir pressure constant.
The control equation of coal seam permeability considering gas pressure variation and

gas adsorption and desorption can be obtained by simultaneous Formulas (1), (6)–(9):

k = k0exp
{
−3Cf (P0 − P)·

[
1 − E

3·(1 − 2ν)
· ε l Pl
(P + Pl)(P0 + Pl)

]}
(10)

3.2. Control Equation of Gas Flow

Coal seams are porous media, in which gas seepage conforms to the mass conservation
equation [27]:

∂X
∂t

+∇(ρV) = 0 (11)

where X is the gas content in unit volume coal, kg/m3; t is the time variable, s; ρ is the gas
density in the coal seam, kg/m3; V is the gas seepage velocity, m/s.
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There are two forms of gas in a coal seam, namely free state and adsorption state.
Therefore, the gas content in a coal seam includes free gas content and adsorption gas con-
tent, which can be expressed by a gas state equation and Langmuir equation, respectively:⎧⎪⎨

⎪⎩
X1 = ηρ

X2 = abp
1+bp · 100−A−W

100 · 1
1+0.31W

X3 = X1 + X2

(12)

where X1 is the free gas content, kg/m3; X2 is the content of adsorbed gas, kg/m3; a is
the maximum gas adsorption constant per unit mass of coal, m3/kg; b is the adsorption
constant of coal, MPa−1; A is ash content of coal, %; W is moisture content of coal, %.

Assuming that the gas is an ideal gas, the gas density in the coal seam is as follows:

ρ =
MgP
RT

(13)

where Mg is molecular weight of gas, 16 g/mol; R is the ideal gas constant, 8.314 J/(mol·K);
T is the absolute temperature, K.

It is assumed that the flow of gas in the coal seam conforms to Darcy’s law [8,27]:

V = − k
μ
∇P (14)

where k is the permeability of coal seam, m2; μ is the dynamic viscosity of gas, Pa·s.
The control equation of gas flow can be obtained by simultaneous Formulas (11)–(14):[

Mgη

RT
+

ab

(1 + bp)2 ·
100 − A − W

100
· 1
1 + 0.31W

]
∂P
∂t

− k· Mg

μRT
∇(P∇P) = 0 (15)

It can be seen from Formulas (10) and (15) that gas drainage and permeability are
influenced by each other. With gas drainage, gas pressure decreases and gas desorption
occurs, which affects the permeability. Accordingly, the change of permeability will affect
the results of gas extraction. The relationship between gas drainage and permeability is
shown in Figure 5.

Figure 5. Relationship between gas drainage and permeability.

4. Variation of Permeability and Gas Pressure around Borehole

4.1. Single Borehole Drainage
4.1.1. Geometric Model and Parameter Setting

Since the directional borehole is parallel to the pre-excavation roadway after construc-
tion in the design area, the geological conditions of the area through which the borehole
passes have little change, so the numerical calculation model can be simplified into a local
three-dimensional model. It is assumed that gas is the only flowing gas in the coal seam
and the coal seam is isotropic. According to the coal seam thickness and gas parameters of
Changcun coal mine, the COMSOL numerical simulation software is used to establish the
coal seam gas migration model. In order to reduce the influence of boundary effect, the
length of the model is 70 m, the height is 6 m, and the diameter of the borehole is 113 mm.
The model diagram is shown in Figure 6. At the same time, a 15 m long monitoring line is
arranged from the borehole center to the depth of coal seam, and four monitoring points
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are arranged at 1 m, 3 m, 5 m and 7 m away from the borehole center to monitor the change
of gas parameters. There are no flow boundary conditions around the model, and constant
pressure boundary conditions around the borehole simulate the drainage pressure, and the
drainage pressure is 20 kPa. The PDE module of numerical simulation software is used to
substitute Formulas (10) and (15) into the calculation, and the calculation parameters are
listed in Table 4.

Figure 6. Numerical model.

Table 4. Numerical calculation parameters.

Parameter Numerical Value

Elastic modulus of coal (E/GPa) 1.1
Poisson’s ratio of coal (υ) 0.3

Internal friction angle of coal (ϕ/◦) 28
Porosity of coal (η/%) 1.21

Original gas pressure (P0/MPa) 0.35
Maximum gas adsorption capacity of coal (a/m3·kg−1) 37.08

Adsorption constant of coal (b/MPa−1) 0.82
Ash content of coal (W/%) 1.14

Moisture content of coal (A/%) 7.76
Langmuir volume strain constant (εl) 0.01266
Langmuir pressure constant (Pl/MPa) 4.31
Molecular weight of gas (Mg/g/mol) 16
Ideal gas constant (R/J·mol−1·K−1) 8.314
Dynamic viscosity of gas (μ/Pa·s) 1.84 × 10−5

Absolute temperature (T/K) 273
Initial permeability of coal seam (k0/m2) 8.09 × 10−8

4.1.2. Mesh Independence Test of Model

In order to study the influence of model mesh on simulation results, it is necessary
to test the mesh independence. The mesh is divided into normal, fine and finer, as shown
in Figure 7. According to the theoretical formula, the permeability and gas pressure
distribution law of drainage time is 10 d are simulated, as shown in Figure 8.
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Figure 7. Mesh division types: (I) normal; (II) fine; (III) finer.

Figure 8. Cloud chart of permeability and gas pressure distribution of different mesh types at 10 d of
drainage: (I–III) are the permeability distribution of mesh type from normal to finer; (IV–VI) are the
gas pressure distribution of mesh type from normal to finer.

It can be seen from the figures that the mesh division type is from normal to finer, the
permeability and gas pressure distribution around the borehole are almost unchanged. In
order to more clearly analyze the influence of mesh division type on simulation results, the
data measured by the monitoring line are plotted into a curve, as shown in Figure 9.

Figure 9. Permeability and gas pressure distribution curves of different mesh types at 10 d of drainage:
(a) Permeability distribution curve. (b) Gas pressure distribution curve.

It can be seen from the figures that the three different mesh types have obtained
the same observation curve, so it can be determined that the mesh type has no effect
on the simulation results of single borehole drainage. In order to save the time of nu-
merical simulation, the mesh type is selected as normal mode in the simulation of single
borehole drainage.
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4.1.3. Permeability Variation Law

According to the theoretical formula, the numerical simulation software is used to
calculate the distribution characteristics of permeability around the borehole when the
drainage time is 50 d, 100 d, 150 d, 200 d, 250 d and 300 d respectively, so as to observe the
variation law of permeability around the boreholes. The curves from the monitoring data
of monitoring line and monitoring points are shown in the figures below.

Figures 10 and 11 show the change of coal permeability around the borehole at different
drainage times. It can be seen from the figure that the permeability around the borehole
is greater than the initial permeability. The further away from the borehole boundary,
the smaller the permeability, and the closer to the initial permeability. At the same time,
it can also be seen that with the increase of drainage time, the range of permeability
around the borehole gradually increases. The monitoring data of monitoring line and
monitoring points form curves, as shown in Figure 12. It can be seen from Figure 12a that
the permeability of the borehole boundary increases by 1.2 times. With the increase of
drainage time, the coal permeability also increases, but the permeability at the borehole
boundary remains unchanged. It can be seen from Figure 12b that no matter how far the
distance from the borehole is, with the increase of drainage time, the permeability gradually
increases from the initial permeability, but the increase in the amplitude of permeability
decreases with the increase of time. The closer to the borehole, the faster the permeability
increases with time in the early stages.

Figure 10. Three-dimensional cloud chart of coal permeability distribution around boreholes at
different drainage times: (I) 50 d; (II) 100 d; (III) 150 d; (IV) 200 d; (V) 250 d; (VI) 300 d.
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Figure 11. Cloud chart of coal permeability distribution around borehole at different drainage times:
(I) 50 d; (II) 100 d; (III) 150 d; (IV) 200 d; (V) 250 d; (VI) 300 d.

Figure 12. Permeability data monitored of monitoring line and monitoring points. (a) Permeability
variation with monitoring line at different drainage times. (b) Permeability variation with time at
different distances from the borehole.

4.1.4. Variation Law of Gas Pressure

Based on the theoretical formula, the numerical simulation software is used to calculate
the distribution characteristics of gas pressure around the borehole when the drainage time
is 50 d, 100 d, 150 d, 200 d, 250 d and 300 d, respectively, so as to observe the variation law
of gas pressure around the borehole and to plot the curves from the monitoring data of
monitoring line and monitoring points, as shown in the figure below.

Figures 13 and 14 show the cloud diagram of gas pressure distribution around the
borehole at different drainage times. It can be seen from the figure that the gas pressure
increases gradually from the borehole boundary to the depth of the coal seam. With the
increase of drainage time, the range of gas pressure decrease gradually increases. The
monitoring data of monitoring line and monitoring points are plotted into curves, as shown
in Figure 15. It can be seen from the figure that with the increase of drainage time, the gas
pressure decreases more. The closer to the borehole, the greater the gas pressure drop rate
in the early stage of drainage.
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Figure 13. Three-dimensional cloud chart of gas pressure distribution around boreholes at different
drainage times: (I) 50 d; (II) 100 d; (III) 150 d; (IV) 200 d; (V) 250 d; (VI) 300 d.

Figure 14. Cloud chart of gas pressure distribution around borehole at different drainage times:
(I) 10 d; (II) 50 d; (III) 100 d; (IV) 150 d; (V) 200 d; (VI) 300 d.
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Figure 15. Monitoring data of gas pressure of monitoring line and monitoring points. (a) Variation
law of gas pressure with monitoring line at different drainage times. (b) Variation of gas pressure
with time at different distances from borehole.

4.2. Multi-Borehole Drainage
4.2.1. Geometric Model Setting

Based on the single borehole drainage model, a multi-borehole drainage model has
been established, as shown in Figure 16. Except for increasing the number of boreholes,
other calculation parameters of the model have not changed. Because it is estimated that
the drainage time of boreholes is more than 200 d, the gas drainage effect of boreholes with
different spacing is studied based on the drainage time of 200 d. The spacing of boreholes
is 4 m, 6 m, 8 m, 10 m, 12 m and 14 m, respectively. In the process of borehole drainage,
the whole coal seam in the area covered by the borehole should be drained to meet the
standard. Therefore, a 60 m long monitoring line is arranged at the top of the coal seam,
that is, in the middle of the upper boundary of the model, to monitor the simulation results.
At the same time, a monitoring point is arranged at the midpoint of the two boreholes, to
monitor the simulation results in the middle of the boreholes.

Figure 16. Numerical model.

4.2.2. Mesh Independence Test of Model

In order to study the influence of model mesh on simulation results, it is necessary
to test the mesh independence. The mesh is divided into normal, fine and finer, as shown
in Figure 17. According to the theoretical formula, the permeability and gas pressure
distribution law of the simulation borehole spacing of 6 m and the drainage of 20 d are
shown in Figure 18.
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Figure 17. Mesh division types: (I) normal; (II) fine; (III) finer.

Figure 18. Cloud chart of permeability and gas pressure distribution of different mesh types at 10 d
of drainage: (I–III) are the permeability distribution of mesh type from normal to finer; (IV–VI) are
the gas pressure distribution of mesh type from normal to finer.

It can be seen from the figures that the mesh type varies from normal to finer, and
there is no obvious change in the permeability and gas pressure distribution around the
borehole. In order to more clearly analyze the influence of mesh type on simulation results,
the data measured by the monitoring line are plotted into a curve, as shown in Figure 19.

Figure 19. Permeability and gas pressure distribution curves of different mesh types at 10 d of
drainage: (a) Permeability distribution curve. (b) Gas pressure distribution curve.

It can be seen from the figures that the simulation results of three different mesh
types are different between boreholes under the multi-borehole drainage. The mesh type is
from normal to finer, the permeability between boreholes decreases, and the gas pressure
increases. The maximum error is 0.093% from normal to fine mesh types, and 0.049% from
fine to finer mesh types. The error of simulation results between different mesh types
is small. Since it is necessary to determine the borehole spacing when simulating the
multi-borehole extraction, in order to ensure the extraction effect and consider the error,
the finer mesh type is selected for simulation.
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4.2.3. Permeability Variation Law

According to the theoretical formula, the numerical simulation software is used to
calculate the distribution characteristics of permeability around the borehole under different
borehole spacing when the drainage time is 200 d, so as to observe the variation law of
permeability around the borehole., and to draw the curves from the monitoring data of
monitoring line and monitoring point, as shown in the figures below.

Figures 20 and 21 shows the distribution of permeability around differently spaced
boreholes. It can be seen from the figure that with the increase of borehole spacing, the range
of permeability gradually increases, but the permeability between boreholes decreases
with the increase of borehole spacing. The data monitored by the monitoring line and
the monitoring point are drawn into curves, as shown in Figure 22. It can be seen from
Figure 22a that with the increase of borehole spacing, the permeability between boreholes
gradually changes from greater than at the top of the boreholes to less than at the top of the
boreholes, indicating that the drainage boreholes will interact with each other, resulting
in the increase of permeability between boreholes; however, with the increase of borehole
spacing, the degree of interaction between boreholes gradually decreases. It can be seen
from Figure 22b that when the drainage time is 200 d, and the spacing between boreholes
is 6 m, 10 m and 14 m, that is, the distance between measuring point and boreholes is
3 m, 5 m and 7 m, the permeability ratios are 1.112, 1.100 and 1.088, respectively, and
the permeability gradually decreases. Compared with 1.067, 1.056 and 1.046 at the same
time and location of single borehole drainage, the increase is 4.22%, 4.17% and 4.02%,
respectively, which can be concluded as above.

Figure 20. Three-dimensional cloud chart of permeability distribution around boreholes with different
spacing: (I) 4 m; (II) 6 m; (III) 8 m; (IV) 10 m; (V) 12 m; (VI) 14 m.
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Figure 21. Cloud chart of permeability distribution around boreholes with different spacing: (I) 4 m;
(II) 6 m; (III) 8 m; (IV) 10 m; (V) 12 m; (VI) 14 m.

Figure 22. Monitoring data of permeability of monitoring line and monitoring point. (a) Variation
law of permeability with monitoring line at different borehole spacing. (b) The law of permeability
variation with time with two boreholes.

4.2.4. Gas Pressure Variation Law

According to the theoretical formula, the distribution characteristics of gas pressure
around the boreholes are calculated respectively by using numerical simulation software
under different borehole spacing when drainage time is 200 d. The gas pressure variation
law around the boreholes is observed, and the data monitored by the monitoring line and
the monitoring point are plotted into curves, as shown in the following figure.

Figures 23 and 24 show the distribution of gas pressure around different boreholes
according to their spacing. It can be seen from the figure that with the increase of borehole
spacing, the gas pressure reduction range gradually increases, but the gas pressure between
boreholes increases with the increase of borehole spacing. The data monitored by the
monitoring line and the monitoring point are drawn into curves, as shown in Figure 25. It
can be seen from Figure 25a that with the increase of borehole spacing, the gas pressure
between boreholes gradually changes from less than the top of boreholes to more than at
the top of boreholes, indicating that the drainage boreholes will interact with each other,
resulting in the decrease of gas pressure between boreholes; with the increase of borehole
spacing, the degree of interaction between boreholes gradually decreases. It can be seen
from Figure 25b that when the drainage time is 200 d, and the distance between boreholes
is 6 m, 10 m and 14 m, that is, the distance between measuring point and boreholes is 3 m,
5 m and 7 m, the gas pressure is 0.133 MPa, 0.154 MPa and 0.175 MPa respectively, and the
gas pressure increases gradually. Compared with 0.213 MPa, 0.233 MPa and 0.253 MPa at
the same time and position of single borehole drainage, the values decreased by 36.49%,
35.32% and 31.10%, respectively, similar to the findings above.
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Figure 23. Three-dimensional cloud chart of gas pressure distribution around boreholes with different
spacing: (I) 4 m; (II) 6 m; (III) 8 m; (IV) 10 m; (V) 12 m; (VI) 14 m.

Figure 24. Cloud chart of gas pressure distribution around boreholes with different borehole spacing:
(I) 4 m; (II) 6 m; (III) 8 m; (IV) 10 m; (V) 12 m; (VI) 14 m.
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Figure 25. Monitoring data of gas pressure of monitoring line and monitoring point. (a) Variation
law of gas pressure with monitoring line at different borehole spacing. (b) The law of gas pressure
variation with time with two boreholes.

For a high gas coal seam with gas pressure lower than 0.74 MPa, the effective range
of borehole drainage is often defined by relative pressure, that is, the boundary of the
effective drainage range is 51% decrease in gas pressure [28]. Therefore, the effective
drainage boundary of gas pressure is 0.172 MPa. It can be seen from Figure 25, when the
spacing between boreholes is 14 m, the gas pressure between boreholes will be greater
than 0.172 MPa, that is, the drainage between boreholes will not meet the standard. In
order to more clearly analyze the effective drainage range between boreholes, the range
of gas pressure lower than 0.172 MPa at different borehole spacing is drawn, as shown in
Figure 26. It can be seen from the figure that with the increase of borehole spacing, the
range of gas pressure lower than 0.172 MPa also gradually increases (the red part in the
figure). However, when the borehole spacing is 14 m, there is a non-standard drainage
zone between boreholes.

Figure 26. Range of gas pressure lower than 0.172 MPa at different borehole spacing: (I) 4 m; (II) 6 m;
(III) 8 m; (IV) 10 m; (V) 12 m; (VI) 14 m.

5. Field Application

5.1. Method Statement

According to the above numerical simulation results, the final borehole spacing is
determined to be 12 m. In order to control the coal seam within 15 m on both sides of the
pre-excavation roadway, four boreholes need to be arranged. According to the length of
roadway, four drilling fields with the size of 8 m × 5 m × 5 m are designed and constructed
in the 2302 auxiliary transportation roadway. The distance between drilling fields is 400 m.
There are eight boreholes designed and constructed in 1# drilling field and four boreholes in
2–4# drilling fields. The borehole layout plan is shown in Figure 27. The sealing method of
“two plugging, one injection and one row” is adopted, and the sealing depth of the borehole
is 20 m to ensure tight sealing without air leakage. And each borehole in the drilling fields
of 1–4# is equipped with a concentration measuring port and orifice flowmeter, which is
convenient for real-time monitoring of gas concentration and gas drainage flow.
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Figure 27. Borehole layout plan.

The drilling equipment used in the construction is shown in Figure 28, mainly in-
cluding operation console, guidance system console, water pump, directional drill, rotary
unit, front gripper, crawler, etc. The operation console controls the hydraulic system and
water system of the drilling rig. The guidance system console displays the collected data of
the unit in the borehole on the screen. The water pump is used to provide water for the
downhole motor. A directional drill is used to control drilling direction. The rotary unit is
used to rotate the drill pipe. The front gripper is used to push and dismantle the drill pipe,
and also to guide the drill pipe. The crawler can enable the drilling rig to walk freely in the
underground roadway.

Figure 28. Construction equipment. (a) Overall drawing of drilling rig. (b) Operation console.
(c) Front gripper. (d) Water pump. (e) Crawler. (f) Guidance system console. (g) Rotating unit.
(h) Directional drill.

5.2. Effect Analysis

After the completion of drilling construction, record the gas drainage flow and gas
concentration after different drainage times. After the completion of drainage, test the
effects on the coal seam within the scope of the pre-excavation roadway. At the same time,
record the excavation speed of the heading face during the excavation, and analyze the
drainage effect.

Figure 29 shows the data record during borehole drainage and 2302 return air roadway
excavation. Figure 29a,b show the gas concentration and gas drainage flow of a single
borehole in four drilling fields in the first 50 d. It can be seen from the figure that the gas
concentration and gas drainage flow change little in the first 35 d, with gas concentration
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higher than 70% and gas drainage flow higher than 0.38 m3/min. The gas concentration is
still higher than 65% and the gas drainage flow is still higher than 0.33 m3/min after 50 d of
drainage, with little decrease and good drainage effect. Figure 29c shows the measurement
of the drilling cutting quantity in the coal seam before the roadway excavation (after each
excavation distance of the roadway, it is necessary to predict the outburst in front of the
heading face, and the drilling cutting quantity is one of the important indicators). It can be
seen from the figure that the drilling cutting quantity is 3.1–4.7 kg/m, which is lower than
the critical value of outburst of 6.0 kg/m, and there is no danger of outburst, i.e., there is
no gas dynamic phenomenon in the process of roadway excavation. Figure 29d shows the
excavation length per month. It can be seen from the figure that the excavation length of
the long-distance gas pre-drainage method is more than 80 m per month; compared with
the in-seam ordinary borehole gas drainage technology (Figure 1b), the excavation length
can be more than 50 m per month, and the excavation speed is greatly increased.

Figure 29. Analysis of gas drainage effect. (a) Gas drainage concentration. (b) Gas drainage flow.
(c) Drilling cutting quantity. (d) Coal roadway excavation speed.

6. Discussion

This paper introduces and studies the technology of long-distance advance pre-
drainage of gas in the heading face, and has achieved good application results in the
field. This technology can enable drilling of boreholes to control the gas in the area of the
roadway to be excavated by use of the roadway that has been excavated. This technology is
applicable to the following situations: (1) The mine is a mine with high gas or coal and gas
outburst. (2) The mine needs long-term gas drainage to solve the gas problem. (3) There
is a shortage of mining and replacement, which affects the efficient production of mine.
This technology can save a large amount of cost compared with the technology of driving
bottom drainage, and can save a large amount of time compared with the technology of
digging while performing drainage, which has great technical advantages.
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7. Conclusions

In view of the shortcomings of the existing commonly used gas drainage methods
in the heading face, this paper proposes to adopt the long-distance gas pre-drainage
technology in the heading face by directional long borehole. The main conclusions are
as follows:

1. Taking the return air roadway of 2302 working face in Changcun coal mine as the
research object, a gas migration model considering the change of permeability with
drainage time was established. The results show that the permeability decreases
gradually from the borehole boundary to the coal depth in the same drainage time.
Whether with single borehole or multi-borehole drainage, the range of permeability
increases gradually with the increase of drainage time. In the process of multi-borehole
drainage, the permeability between boreholes will increase due to the interaction
between boreholes. The maximum permeability does not change with drainage time
and is 1.2 times the initial permeability.

2. With the increase of drainage time, the gas pressure around the boreholes gradually
decreases. When multi-boreholes are used for drainage, due to the mutual influence
between boreholes, the decrease in the range of gas pressure between boreholes
increases. Compared with single borehole drainage, the effective drainage radius of
boreholes increases, but with the increase of borehole spacing, the degree of mutual
influence between boreholes decreases. In the field construction, a reasonable borehole
spacing should be selected.

3. According to the field conditions and research results, a reasonable gas drainage
scheme was designed and implemented. The field application shows that the con-
centration and purity of gas drainage can maintain a high level for a long time. The
drilling cutting quantity index is always lower than the critical value of outburst,
and there is no gas dynamic phenomenon in the excavation process. Compared with
the in-seam ordinary borehole gas drainage technology, the excavation length of the
roadway is more than 50m per month, which greatly increases the excavation speed of
the roadway. This technology provides a new way of thinking for solving the problem
of mining replacement shortage in high gas or coal and gas outburst mines that need
long-time extraction.
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Abstract: According to the development requirements of green mining of coal resources, it is impera-
tive to improve the extraction rate of coal and the application of safe and efficient mining technology.
Pre-splitting and roof cutting technology is widely used in reducing residual coal pillars and safe
pressure relief mining, which has become the crucial technology for pillar-free mining methods.
Therefore, it is essential to review and discuss the research hotspots, cutting-edge methods, principles
of action, and application areas of the development of this technology. Above all, the research data on
pre-splitting and roof-cutting development in the past ten years are summarized and outlined. The
research’s hot spots are pressure relief technology and gob-side entry retaining technology. Then, the
functional forms of pre-splitting and roof cutting technology are discussed and compared, including
explosive blasting (directional energy gathering blasting, liquid explosive blasting, and composite
blasting), hydraulic fracturing, liquid CO2 gas fracturing, and mechanized roof cutting (chain arm
saw machine and directional cutting roof rig). Through the analysis of field application cases, the
application field is divided into three major areas: non-coal pillar mining (gob-side entry driving with
narrow coal pillar, gob-side entry retaining with the filling body, completely gob-side entry retaining,
and “N00” construction method), pressure relief at working face (thick and hard main roof cracking
and end area hard roof cracking), and pressure relief at roadway (gob-side roadway pressure relief
and blasting pressure relief technology for roadways). By detailing the process of each application
technology one by one, the principle and mode of pre-splitting in each technology are expounded.
Finally, the development prospects of pre-splitting and roof cutting in new technical methods, deep
pressure relief mining, intelligent unmanned mining, and green and efficient mining are prospected,
providing references for similar projects.

Keywords: pre-splitting blasting; roof cutting technology; hydraulic fracturing; no-coal pillar mining;
thick hard roof; pressure relief technology

1. Introduction

In Chinese coal mining, high-intensity mine pressure in the roadway and working
face has been the critical factor that endangers the average coal production [1–4]. In the
past 30 years, with the rapid development of computer science and sensor technology,
the study of mine pressure in the coal mining process has become more profound and
transparent [5–8]. Theoretical models of mine pressure in mining fields and roadways have
been proposed and gradually recognized by field engineers, such as the structural model
of “masonry beam” [9,10], the mechanical model of “plate structure” of the stope [11–15],
the theory of slip line of roadway floor [16], and the theory of butterfly plastic zone [17,18].
Many scholars have profoundly and extensively studied the location and causes of stress
concentration areas in the mining field and the roadway through pressure monitoring
in the field and numerical calculations by computer [19–22]. Among them, the stability
and movement of the roof after coal mining are closely related to the regional stress
concentration condition of the mining field and the roadway. Especially for the coal mining
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face with a hard roof, composite roof, and thick roof, when it adopts usual mining methods,
many problems such as support crushing, large deformation, and strong disturbance will
occur [23–27]. Simultaneously, the increase of the buried depth makes the surrounding
rock conditions of the roadway increasingly bad. Under the complex surrounding rock
environment, it is difficult to maintain the stability of the roadway only by support, and the
application of pressure relief technology is urgently needed [28–30]. Based on this, pre-split
or cutting off the roof before working face mining is gradually being implemented to study
pressure relief in mining fields and roadways.

Pre-splitting and roof-cutting control technology refers to the directional pre-fracturing
or cutting off of the roof of the mining field and roadway by explosive blasting or high-
strength hydraulic fracturing [31–33]. As shown in Figure 1, according to its application
method, it can be classified into directional blasting roof cutting technology, directional hy-
draulic fracturing technology, and liquid CO2 gas fracturing technology [34–36]. According
to its application object, it can be classified into pre-splitting control technology of mining
field’s roof and roadway’s roof. According to its application scenario, it can be classified
into the technology applied to roof cutting and pressure releasing of gob-side entry driving,
roof cutting and pressure releasing of gob-side entry retaining, roof cutting for self-forming
roadway technology, hard main roof cracking, and pressure relief on the surrounding rock
of the roadway.

 

Figure 1. Category of pre-splitting and roof-cutting technology.

With the development of roof cutting and pressure relief theory, pre-split means, and
supporting equipment, pre-splitting and roof-cutting technology has become essential to
realize pressure relief and no pillar mining. Based on this technology, the recovery rate of
coal mining increases and the roof disaster decreases, which is conducive to producing high-
quality and efficient green coal mining [37–40]. The research application of pre-splitting
and roof-cutting technology in the coal mining field in the past five years is analyzed by
VOSviewer, as shown in Figure 2.

By counting more than 300 papers on pre-splitting and roof-cutting in the global
mining industry in the past five years, we can get that the research hotspots are: 1© Pre-
splitting roof applied to the stability study of working face and roadway roof; 2© Analysis
of the mechanical mechanism of pre-cracked roof effect, including mechanical model
and pressure release principle; 3© Process design and optimization of support means of
pre-fractured roof technology; 4© Numerical simulation analysis study of pre-fractured
roof technology, including the evolution of its plastic zone, stress, and deformation; 5©
Application of pre-fractured roof technology, including hard-roof cracking and pressure
relief, no pillar mining (gob-side entry driving and gob-side entry retaining), and self-
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forming roadway technology; 6© Research on gas and rock explosion in the process of the
pre-fractured roof.

 

Figure 2. Research hotspot map of pre-splitting and roof-cutting technology.

China is the technological powerhouse country in coal underground mining. Pre-splitting
and roof-cutting technology is extensively implemented in Chinese coal mines [2,32]. By
searching the keywords “pre-splitting and roof-cutting” in CNKI (China National Knowledge
Internet), 180 related papers were obtained in the past 10 years. As shown in Figure 3,
the subject terms of these research papers are roof cutting and pressure relief application,
gob-side entry retaining technology, pre-split blasting technology, working face pressure
relief mining, technical parameter study, non-pillar mining, hard roof cracking, gob-side
entry driving technology, and non-pillar self-forming roadway. Among them, the study of
gob-side entry retaining through roof-cutting technology is the hot spot of research, which
accounts for 56%. The deformation of the roadway along the gob is extensive and challenging
to maintain [31,38]. By cutting the roof, the intense stress concentration of the roof can
be released, thus significantly improving the stress environment of the roadway along the
gob [34]. In addition, in the past four years, research on pre-splitting and roof-cutting has
been at the forefront of the industry in the field of gob-side entry retaining and pressure
relief mining at the working face. As the geological conditions of applied coal mine working
faces become more diverse and complex, scholars have begun to improve the traditional pre-
splitting and blasting technology, and the research on the effects of directional energy-gathered
blasting has gradually increased.

With the more widespread application of pre-splitting and roof-cutting technology by
Chinese and foreign scholars and engineers in coal mining sites, the technology has been
comprehensively developed in the coal mining field. Furthermore, four major application
scenarios have gradually been derived: roof cutting and pressure releasing for gob-side
entry driving and gob-side entry retaining, non-pillar self-forming roadway, cracking of
hard and thick layer roof, and pressure relief of working face and the roadway; this paper
presents a comprehensive summary of this technology in coal mining in recent years and
systematically describes the basic methods, technical principles, mechanical mechanisms,
and application scenarios. Currently, underground coal mines advocate the development of
safe and green mining technologies with high recovery rates; this technology is widely used
to increase recovery rates by reducing or eliminating pillars. Therefore, this paper takes the
pre-splitting and roof-cutting technology that helps coal achieve efficient and green mining
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as the research object of the review and comprehensively analyzes the current situation
and development prospect of the application of this technology; it provides reference
suggestions for the project experts who need this technology in the mining field to be
applied more effectively in green coal mining.

 
(a) 

 
(b) 

Figure 3. Category of pre-splitting and roof-cutting technology. (a) Nine research hotspots (b)
Research trends in the past four years.

2. Forms of Pre-Splitting Technology for the Roof

The technology of pre-splitting and roof-cutting is to destroy the roof of the working
face and roadway in advance to achieve the effect of releasing its stress concentration, and
its core is to fracture the roof successfully [41]. In the field, there are four primary forms of
this technology: blasting pre-split technology, hydraulic fracturing technology, liquid CO2
gas fracturing technology, and mechanical roof-cutting technology.

2.1. Pre-Splitting Roof Technology of Explosive Blasting
2.1.1. Directional Concentrated Blasting Technology

Drill-hole blasting applied in roof-cutting is different from regular blasting. As shown
in Figure 4, the blast wave and energy of ordinary blasting spread from the center of the
hole to the surrounding area. Due to the anisotropy of the rock mass, the cracks around
the hole are randomly extended after blasting. Although this is locally fractured in hard-
roof, the blast holes are not effectively connected and do not achieve the “cut-off” effect.
Therefore, most field applications of bidirectional energy-gathered tensioning and forming
blasting technology. The basic principle of this technology is to control the transmission
of blasting shock and stress waves through the energy-gathering pipe, which generates
high-pressure gas to stretch the fracture expansion directionally [42–45]. Each blasting hole
is blasted simultaneously, and the rock layer is cut off by producing directional fissures.
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Figure 4. Directional concentrated blasting technology.

In ordinary directional energy-gathered blasting, the explosive is in a dry explosive
environment, and its shock wave propagates in the air medium during blasting. Applying
this method in underground coal mines generates lots of dust and toxic gases, which
is not conducive to the green mining of coal. In order to overcome this drawback, the
energy-gathered charge hydrodynamic blasting technology is gradually applied [46]; it
is the application of the water medium filled with explosives, the use of water to spread
the explosive energy, which reduces the generation of coal dust and toxic gases while
enhancing the blasting effect, and it becomes a green and safe method for directional
roof-cutting.

2.1.2. Directional Pre-Splitting Technology of Liquid Explosive

Ordinary solid explosives dry blasting drawbacks, improved for water-filled pressure
blasting, which is effective in gas and dust control, but still shows the explosive explosion
instant power and cracking range is not enough. Therefore, liquid explosives blasting
technology gradually developed, the structure of the three as shown in Figure 5.

 

Figure 5. Charge structures of different blasting methods.

Liquid explosives to achieve the pumping method of filling the blast hole, the explosive
blast energy in the fracture during the explosion is continuously supplied, the rock breaking
load in the seam is robust and long duration, conducive to the full development and
expansion of rock fractures. In addition, compared with hydrogel explosives and emulsion
explosives, the fracture density of the borehole wall of the surrounding rock after blasting
is large, and the fractures are evenly distributed [47–49]. Therefore, liquid explosives in

49



Energies 2022, 15, 6489

coal mines with blasting the energy gathering pipe can achieve coupled charging in the
pipe while playing the flow characteristics; its directional blasting fracturing effect and
environmental protection are much better.

2.1.3. Directional Seam-Making Technology of Composite Blasting

In the actual roof-cutting work, the problem of precise and continuous fracturing of the
hard and thick roof is often encountered, which requires the composite means of multiple
blasting methods. For this reason, the composite blasting directional fracturing technology,
which includes energy-gathered injection and high-pressure splitting, is gradually being
applied in the field. The core device of this technology is a high-energy perforating gun,
which needs to be installed at a certain depth of the blast hole, to be sealed after the
excitation of the detonating cord to detonate the perforating bullet; its explosion also
stimulates the rapid detonation of the composite propellant to produce high-pressure gas
secondary splitting [50]. The result is a radially continuous fracture surface with the fusion
of holes and seams to achieve precise control of rock collapse of the roof.

2.2. Hydraulic Fracturing Pre-Splitting Roof Technology
2.2.1. Hydraulic Fracturing Principle

The roadway roof is drilled according to a certain elevation angle, and the radial
cutting groove is pre-fabricated on the inner wall of the borehole. After that, the hole is
sealed, and the high-pressure water pump is used for water injection fracturing. The roof
rock layer cracks and expands, and the crack generated by other boreholes is connected
to achieve the effect of cutting off the roof; its core is that the surrounding target rock is
pre-cut and fractured by high-pressure pre-water injection, thus weakening the overall
strength [51,52].

As shown in Figure 6, for the pre-splitting surrounding rock, the pre-cutting groove is
drilled first, and then the two sides of the groove are sealed by the packer, and then the
high-pressure water is injected into the sealing fracturing section to realize fracturing of the
surrounding rock. Concerning the fracture initiation mechanism, through the force analysis
of the coin-shaped crack section, the initial conditions of the coin-shaped fracture in the
water-saturated and natural state are obtained:⎧⎨
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where a is the radius of coin-type fracture, mm; σV and σh are vertical stress and minimum
horizontal principal stress, respectively, MPa; α is the elevation angle of the borehole,
α∈(0◦~90◦); KICW and KICN are the type-I fracture toughness values under full water and
natural state; PW and PN are the water pressure of groove initiation, MPa; μW and μN are
Poisson’s ratio; for parameter k, σV > σh takes an even number, and vice versa takes an odd
number. As a result, the trench inclination or borehole elevation angle α, which is most
favorable for fracture initiation in hydraulic fracturing, can be calculated under different
surrounding rock and stress environments [53,54].

2.2.2. Application of Hydraulic Fracturing Technology

The hydraulic fracturing technology includes fracture hole drilling, hole trenching,
hole sealing, roof hydraulic fracturing, and effect monitoring [55,56]. As shown in Figure 7,
the 2129 working face has a thick and hard main roof rock layer, designed to be hydraulically
fractured to the full extent of the top slab prior to its mining to attenuate the impact of solid
rock pressure from the hard roof.
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Figure 6. Principle of hydraulic fracturing rock.

 

Figure 7. Hydraulic fracturing technology for roof-cutting.

The straightforward steps of the hydraulic fracturing process: firstly, drilling is carried
out with a geological drilling rig, and after the drilling is completed, the drilling team will
proceed with the next drilling operation. Then a sealer is installed in the completed hole,
and the hole is sealed with a manual pump and an energy reservoir. Finally, a high-pressure
pump is connected for fracturing. The fracturing of the coal seam to be mined and the hard
roof above the roadway is achieved, after which the working face can be advanced and
mined [57]; this method is safe, does not produce toxic gas and dust, and is gradually being
more widely accepted at coal mine sites.

2.3. Liquid CO2 Gas Pre-Splitting Roof Technology

CO2 gas phase pre-fracturing refers to the rapid conversion of CO2 from liquid to gas
by a high-pressure detonation head and its instantaneous volume expansion pressure to
fracture rock along the fracture face.

As shown in Figure 8, liquid CO2 is stored in a storage tank, which requires an
environment with p > 7.35 MPa and T < 31 ◦C to maintain the liquid form. The volume
of liquid CO2 in the fracture expands 600 times in 20 ms under the action of the heating
device, creating an expansion pressure of 80–270 MPa to fracture the rock. Quick steps of
liquid CO2 blasting: After the heating device is activated, the liquid CO2 in the storage
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tank expands and destroys the fixed pressure shear sheet. CO2 is released sharply and
generates low temperature and high-pressure gas to act on the pre-fractured part to realize
pre-fracture blasting [58]; this method has excellent continuity, does not quickly produce a
lot of dust and sparks, has apparent safety and environmental advantages, and is currently
being applied in complicated rock fracturing in the excavation and recovery workings.

 
Figure 8. Liquid CO2 storage tank and cracker.

2.4. Mechanized Directional Roof-Cutting Technology
2.4.1. Continuous Cutting Technology of Chain Arm Saw Machine

The continuous cutting machine with a chain arm saw cuts the rock in a specific
direction and inclination with low-speed chipping; it considers both ductile and brittle
cutting methods, and the cutting head can make extrusion and shear damage to the rock
body, thus forming a continuous through-cutting slit and achieving precise directional
cutting of the top slab [59].

This method has a high degree of mechanization and can directly cut the roof by
remote directional control, and continuous operation reduces the time of cutting the roof.
The low-speed chipping way avoids spark generation and does not consume much water;
the mechanical cutting is highly accurate, and the cut surface is smooth and flat [60]. The
development of mechanized roof control is an essential step to intelligent mining in coal
mines, and the continuous cutting technology of chain arm saw gives an application idea.

2.4.2. Application of Directional Cutting Roof Rig

The directional roof cutting drilling rig is the mechanized roof cutting equipment
developed by Academician He Manchao’s “N00” construction method [32]; it has the
crucial technology of simultaneous drilling in multiple holes and dynamic adjustment
in multiple directions, which realizes multi-hole with the same surface and efficient cut-
ting [61]. According to the field test, it effectively cuts off the stress transfer between the
goaf’s roof and the roadway’s roof so that the roof of the roadway is in a specific range to
form a short arm beam structure. The method is being gradually improved, popularized,
and applied.

3. Pre-Splitting and Roof-Cutting Technology for Non-Pillar Mining

The method of non-pillar mining can significantly improve the coal recovery rate and
reduce the waste of coal resources, which is in line with the concept of high-efficiency and
green mining and has been extensively applied in the field [62,63].

3.1. Application in Gob-Side Entry Driving

Gob-side entry driving means that a narrow coal pillar (3~8 m) is set on one side of
the last working face to drive the roadway of the next working face.

As shown in Figure 9a, the main roof break appears “O-X” shape in the plane when
the working face is mined. The roadway and narrow coal pillar are under the “triangle”
key block in gob-side entry driving [64,65]. According to the support practice of gob-side
entry on-site, the gob-side entry is disturbed strongly by the superimposed stress, and
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its maintenance is quite tricky. The key influencing factor of mining pressure behavior in
gob-side entry driving is the fracture position of the “triangle” key block. The unfavorable
fracture position directly leads to large deformation of the roadway and roof collapse.
Therefore, it is necessary to actively control the fracture location of critical blocks to alleviate
the concentrated stress in the roadway, as shown in Figure 9b.

 

Figure 9. The schematic diagram of roof-cutting for gob-side entry driving. (a) Roof structure without
roof cutting (b) Roof structure after roof cutting (c) Cutting roof and unloading the pressure along
the gob-side entry.

As shown in Figure 9c, in the mining face, the subsequent mining face side of the
roadway driving along the goaf to carry out the pre-splitting operation, the location of roof
cutting is in the narrow coal pillar side of the roof. When a section of the roadway roof
cutting operation is completed, and the roof collapse in the goaf is stable simultaneously,
the roadway digging operation along the goaf. Attention should be paid to the replacement
relationship between the mining operation of the previous working face and the tunneling
operation of the next working face to ensure that the safety distance is maintained [66,67].
According to the field practice, the stress concentration degree along the empty roadway of
this method is small, and the roadway support effect is practical, ensuring the roadway
roof’s safety.

3.2. Application in Gob-Side Entry Retaining

The gob-side entry retaining technology realizes the succession of the completely
non-coal pillar between working faces, an efficient and green mining technology that is
booming and applying [68].
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3.2.1. Gob-Side Entry Retaining with the Filling Body

This gob-side entry retaining method uses an artificial filling body as a narrow coal
pillar in gob-side entry driving. The filling bodies include high water material, paste
material, and concrete [69].

(1) Delayed pre-splitting and cutting roof

As shown in Figure 10a, the force on the filling body is similar to that on the narrow
coal pillar in the gob-side entry driving. At this moment, the roof structure and fracture
state of the gob-side entry is similar to that of gob-side entry driving, which still leads to
roadway maintenance difficulties. In order to reduce the pressure of the filling body and
make the roof entirely collapse, pressure relief blasting technology with circular shallow
holes is used, as shown in Figure 10b. After mining, a row of round holes is drilled
towards the goaf next to the filling body about 20 cm to carry out energy-accumulating
blasting [70,71]. As a result, the roof above the mining area collapses, falls, and then
compacts and continues to support the overlying rock layer, as shown in Figure 10c.

 

Figure 10. Delayed pre-splitting and cutting roof for gob-side entry retaining. (a) Gob-side entry
retaining with backfill (b) Cutting roof on goaf side (c) Working methods of roof-cutting and gob-side
entry retaining with backfill.

The disadvantage of this method is that it interferes with the parallel operation of
mining and filling of the working face, which cannot realize the fast and high-intensity
operation of the comprehensive mining face.

(2) Advance pre-splitting and cutting roof

The method of roof-cutting along the side of the roadway to be mined is the most
commonly used in the field before mining the working face. As shown in Figure 11a,b,
setting the filling body in the roadway for gob-side entry retaining, the main roof structure
above the roadway and the filling body is more integral and stable after cutting the roof
in advance [72–74]. According to the size of roadway and backfill, ample ventilation, and
laneway equipment size, roadway expansion measures are often taken to ensure that the
roadway size is reasonable, as shown in Figure 11c; this method can be applied in thick
coal seams, soft rock, and deep high-stress environment.
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Figure 11. Advance pre-splitting and cutting roof for gob-side entry retaining. (a) Gob-side entry
retaining with backfill (b) Roof cutting operation in advance (c) Working methods of roof cutting in
advance and gob-side entry retaining with backfill.

3.2.2. Completely Gob-Side Entry Retaining

The method of fully gob-side entry retaining means not leaving the roadside filling
body, using a specific prop or single pillar to support the roof of the goaf side, and setting
up gangue protection and Air leakage prevention device [75,76]. Compared with cutting
the roof of retaining roadway leaving narrow coal pillar and roadside filling body, this
method is more straightforward; it fully uses mining pressure and rock mass fragmentation
to realize automatic lane formation.

(1) Cutting roof for retaining roadway with advance pre-splitting

During the working face mining period, pre-fracturing and roof-cutting are overrun
along the solid coal side in the roadway to weaken or release the physical-mechanical
connection between the roadway’s roof and the gob’s roof, as shown in Figure 12a,b; it
is supported by a temporary prop (portal prop) with a single pillar to provide upward
support resistance. The roof of the gob area is cut down as a whole by using mining
pressure and artificially created roof-cutting cracks in advance. The roadway is under
a complete and stable cantilevered structure, as shown in Figure 12c. According to the
mechanism of roof-cutting and roadway-retaining, the site is usually divided into three
operational phases: the pre-cracking and roof-cutting stage, the reinforcement support
stage, and the stabilization stage of the left roadway [77–80]. The three stages correspond
to different locations, so parallel operations are realized between the processes, which will
significantly improve the efficiency of the left roadway. Since this method does not require
the setting of a filling body, this has little effect on the advancing speed of the working face;
this method is being applied under the conditions of different coal seam thickness, burial
depth, dip angle, and roof conditions, and it has become a hot spot in the research of no
pillar mining methods.
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Figure 12. Gob-side entry retaining technology without coal pillar and filling body. (a) Pre-splitting
roof in advance of the working face (b) Cutting roof to form roadway automatically (c) Working
methods of roof cutting in advance and gob-side entry retaining with no-pillar.

(2) Combined support for cutting roof retaining roadway

For special roof conditions (e.g., thick direct roof), the pre-fracturing and roof-cutting
can be re-optimized. For the working face with a thick immediate roof, the roof breaks
down and collapses after working face mining. Due to the fragmentation of rocks, the
collapsed rock can adequately fill the goaf. At this time, the combined support can be used
to achieve roof cutting and roadway retaining, that is, to strengthen the support of the
roadway to be retained in advance; it mainly includes the firm anchoring of the deep hole of
the high-strength bolt cable on the roof and the support on the goaf side (π-shaped steel, the
cross-hinged roof beam, and the single pillar of the gob-side entry retaining); they provide
robust support resistance and use the mining pressure of the working face to realize the
cutting of the immediate roof of the goaf side and fill the goaf to complete the roadway
retaining operation. The overall approach covers four technologies: combined support
roof-cutting technology, advanced-area reinforcement support technology, prevention,
control technology of gangue in goaf, and beam-column auxiliary support technology of
roadway [81,82].

This method directly eliminates the process of over-advance pre-fracturing and roof-
cutting; meantime, it avoids the impact on the working face advancement efficiency due to
blasting or hydraulic fracturing, which realizes the efficient retention of the roadway with
the rapid advancement of the working face. Although its application conditions are still
limited at present, its method indicates the future need to develop a mechanized way of
cutting the roof and leaving the roadway without blasting.

3.3. “N00” Construction Method

The “N00” coal mining method efficiently combines the working face mining and
roadway tunneling to realize the mining of N working faces, the tunneling of 0 roadways,
and the retaining of 0 district sublevel coal pillars, as shown in Figure 13 [32]. In this
method, the working face is mined to form the next working face’s roadway, and the
roadway’s roof along the goaf is treated by pre-splitting and roof-cutting. The directional
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cutting method, such as energy-accumulating blasting, was successful at the initial test
stage; however, due to the large-scale blasting operation behind the working face, there are
hidden dangers to safety. After that, the team researched and developed the supporting
equipment for the “N00” method and developed a directional roof-cutting rig, which is
located on the side of the left-over roadway and follows the hydraulic support of the
working face to push forward the roof-cutting operation [83,84].

 

Figure 13. Cutting roof and retaining roadway technology in the “N00” construction method.
(a) Plane diagram of “N00” construction method (b) The diagram of the retained roadway.

In addition, with the roof-cutting prop to support the roof on the side of the mining
area of the roadway, to achieve automatic mechanical connection of coal mining, roadway
formation, roof-cutting and pressure relief, support, and other processes of the working face;
this method is being gradually improved and promoted in the field, providing a complete set
of solutions to achieve coal pillar-free automated mining in new mining areas ultimately.

4. Pre-Splitting and Roof-Cutting Technology for Pressure Relief Mining of Working Face

The hard roof is often encountered when the long-wall working face is mined. The
hard roof is difficult to collapse, and the support of the working face continues to bear the
high load, which requires pre-cracking and unloading the roof [85,86].

4.1. Fracturing Operation of Thick and Hard Main Roof

The physical and mechanical properties of the main roof above the coal seam directly
affect the smooth mining of the longwall working face. With the increase of mining depth,
the stress level during coal seam mining gradually increases. For the coal seam with a thick
and hard main roof, the weighting step and pressure of the main roof increase significantly
when the working face is mined. The intense pressure threatens the safety of equipment and
workers, such as hydraulic support in the working face [87–89]. Therefore, the pre-splitting
operation is usually carried out before the mining face for the thick and hard main roof.

As shown in Figure 14, the main roof rock is pre-cracked by hydraulic fracturing,
and the crack location includes the roof of the coal body to be mined, the roof of the
roadway on both sides, and the roof of the working face’s open-off cut. After the main
roof’s pre-splitting, the working face’s coal wall pressure is slight during the weighting
period. The shrinkage of the pillar is minor, and the roof collapse is closely followed by the
support, indicating that the main roof activity is not intense during the fracturing [90–92];
this method has been widely used in pressure relief mining of working faces with the thick
and hard main roof.
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Figure 14. Fracturing operation of the thick and hard main roof. (a) Plane diagram of pre-splitting
drilling hole (b) Side view of boreholes in roadway (c) Side view of boreholes in the open-off cut.

4.2. Fracturing Operation of Hard Roof at the End of the Working Face

For the broken roof of the longwall working face, there is a “triangle” key block
structure in the end area [93,94]. When the roof of the working face is hard, it is often
challenging to collapse on both sides of the roof, resulting in an excessive hanging roof
area. Improper treatment will cause air leakage in the working face, gas accumulation in
the goaf, and sudden caving of the sagging roof. Therefore, the hard roof at the end side
should be cracked in time, and the borehole layout is shown in Figure 15. Due to the goaf
behind the end support, there is a risk of explosive blasting, and hydraulic fracturing is
generally used to crack the roof [95,96]. According to the field practice, in the subsequent
mining process, the end top plate, after cracking, is no longer suspended but gradually
collapses with the advance of the end support, which dramatically reduces the pressure of
the support and achieves a good pressure relief effect.

 

Figure 15. Fracturing operation of a hard roof at the end of the working face.

5. Pre-Splitting and Roof-Cutting Technology for Roadway’s Pressure Relief

For gob-side entry, tunneling entry, and deep roadway with a high-stress environment,
standard support methods are often tricky to work, and active pressure relief is needed for
the position of a continuous deformation [97].
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5.1. Large Deformation of Roadway along Goaf

When one side of the working face is being mined, the phenomenon of large defor-
mation occurs in the local area of the roadway along the goaf of the adjacent digging
face, especially in the roadway section within the influence of the working face mining,
which rate is speedy and challenging to control [98,99]. In order to reduce the influence of
mining-induced stress on gob-side entry as much as possible, pre-splitting and roof-cutting
operations are designed in the adjacent roadways of this working face. The borehole layout
is shown in Figure 16. By cutting the roof in advance, the continuous structure between
the working face and the roof of the gob-side entry is severed, hindering mining-induced
stress transmission. Thus, the surrounding rock stress environment of the roadway along
the goaf is improved, and the stability of the roadway can be successfully maintained by
reinforcing the support means [100–103]. Pre-splitting and cutting the roadway’s roof in
the overhead section of the working face to unload the pressure for the roadway along the
goaf is commonly implemented in the field, which has become an important method to
control the large deformation of the roadway along the goaf.

 

Figure 16. Pressure relief technology of roof-cutting for large deformation of roadway along goaf.

5.2. Blasting Pressure Relief Technology for Roadways

The deformation characteristics have apparent continuity and persistence for the deep
high ground stress and robust rheological environment of the roadways. The general
reinforcement support method cannot prevent the rheological characteristics of the sur-
rounding rock, and the roadway needs to be expanded and repaired many times. At this
point, the key to controlling deformation is to relieve pressure and cut off the transmission
path of continuous high stress [104,105]. As shown in Figure 17, illustrates three blast-
ing methods to relieve pressure to cope with substantial deformation of the roof, gangs,
and floor. Blasting to relieve pressure means creating cracks by blasting to destroy the
integrity and continuity of the rock to release the concentrated stress and cut off the stress
transmission path to control the rheology of the surrounding rock in the roadway.

 

Figure 17. Blasting pressure relief technology for roadways.
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For the pressure relief of the roadway under the complex high-stress environment,
concentrated drilling is often carried out in the surrounding rock of the complex high-stress
area. The small-scale pressure relief and fracture area are generated through the deforma-
tion and collapse of the drilling hole. At present, directional pre-splitting and roof-cutting
pressure relief technologies such as concentrated energy blasting and hydraulic fracturing
have been widely applied [28]. According to different surrounding rock environments and
the mechanical properties of rock mass, a reasonable pressure relief method is selected to
better realize the stability of the roadway under complex conditions.

With the development of the method, the internal pressure relief method and hy-
draulic pressure relief method of roadway surrounding rock are gradually evolved [106],
which have achieved outstanding field application effect in controlling deep continuous
deformation roadway.

6. Discussion

This paper summarizes the four forms of application of pre-splitting and roof cut-
ting technology (explosive blasting, hydraulic fracturing, liquid CO2 gas fracturing, and
mechanized roof cutting) and elaborates its process in three major fields (non-pillar mining,
working face’s pressure relief, and roadway’s pressure relief). The following conclusions
and prospects are obtained:

(1) The pre-splitting method of explosive blasting has gradually developed to low pollu-
tion, low dust, high precision, and high safety. The methods of water-filled pressure
blasting, liquid explosive blasting, and liquid CO2 gas phase blasting improve environ-
mental protection and safety significantly. The composite blasting form is committed
to establishing a continuous fracture surface to achieve precise roof cutting.

(2) Hydraulic fracturing technology is gradually becoming more and more widespread
in the application of hard-roof fracturing, especially in roof pre-splitting near the
working face and the goaf; this method does not produce toxic gas and dust, which
has high application safety for gas mines.

(3) The research hotspots of pre-splitting and roof cutting focus on pressure relief tech-
nology and gob-side entry retaining technology. For deep high-stress mining envi-
ronments, applying roof pre-splitting technology will be more widely, including the
safe replacement of deep coal seam working face, deep hard roof cracking, and deep
roadway pressure relief.

(4) As an essential step of non-pillar mining, pre-splitting and roof cutting technology is also
developing towards mechanized roof cutting, while the mining method is mechanization
and automation. The research, development, and application of the chain arm saw
machine and directional cutting roof rig are representative; it is anticipated that the
future pre-splitting and roof-cutting technology will balance precision, automation, and
greening, which will help the development of intelligent and unmanned mining.
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Abstract: Mining-induced hydromechanical behavior of sandstone is critical to mining safety and
disaster prevention. To investigate the evolution behavior of the mechanical and permeability
properties of sandstone, mining-induced stress was imitated by increasing axial stress and decreasing
confining stress, and a set of hydromechanical experiments were further performed, incorporating
the effect of in situ stress, pore pressure, and mining stress. The results show the similar variation
tendencies of the deformation and permeability of sandstone under different loading paths of in situ
stress and pore pressure. Most sandstone samples maintain a compression state for the peak stress
condition. The failure mode evolved from shear failure to shear–tension failure with the increase
in in situ stress. The stress-relief effect significantly effects the permeability, since the permeability
of sandstone increases exponentially with decreasing effective confining stress. The growth rate
of permeability in Stage II is significantly greater than that in Stage I. One order of magnitude
of permeability was presented at the peak stress situation. A fitting exponential model based on
the alteration of effective confining stress was proposed to describe the permeability evolution
dominated by the stress-relief effect, and the discovered permeability model can accurately describe
the experimental results. The research results provide significant guidance for understanding the
hydromechanical behavior and water hazard prevention for underground coal mines.

Keywords: sandstone; deformation behavior; permeability evolution; mining stress path

1. Introduction

The mechanical properties and seepage characteristics of sandstone, a typical sedi-
mentary rock, have been widely investigated in underground rock mass engineering, such
as carbon geological storage, coal mining, water hazard prevention of mines, and so on.
As underground activities move towards the deeper crust, the stress–fracture–seepage
field behavior in the rock becomes more complex [1–3]. Therefore, the research on rock
deformation behavior and permeability evolution under hydromechanical coupling is an
urgent basic topic in the field of rock mechanics, which has extreme scientific significance
and application prospects for deep underground activities.

Existing related studies mainly concentrated on the mechanical property of the triaxial
compression test, and the seepage law in this loading process has been widely and deeply
discussed. At present, many researchers have carried out triaxial total stress–strain and
cyclic loading–unloading seepage tests on different types of rocks, such as sandstone,
limestone, and granite, including intact and fractured rocks [4–9]; analyzed the mechan-
ical and seepage characteristics with rock brittleness–ductility under different confining
pressures and osmotic pressures [10–15]; and obtained the variation relationship between
permeability and axial stress before and after peak strength [16]. Liu et al. [17] studied
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the hydromechanical behavior of sandstone with different physical properties, and mod-
eled the damage variables and permeability evolution of the Weibull random distribution.
Xiao et al. [18] investigated the hydromechanical properties of red sandstone, collected in
Ganzhou, with triaxial compression seepage tests, and established a piecewise model for
stress-dependent permeability to discuss the impact of osmotic pressure on the strength
and stiffness of red sandstone before the peak strength. Li et al. [19] carried out triaxial
compression tests of sandstone to research the effect of different confining pressures and
seepage pressures on the failure mechanism and permeability evolution of reservoir sand-
stone, and established COMSOL numerical model to accurately inverse the laboratory
experimental results. Moreover, CT scanning technology, as a hot visualization technology,
is widely used in this research field [20,21].

The current rock mechanics theory is mostly based on the total stress–strain test
obtained from the triaxial rock mechanics standardization test [22–24]. However, when
analyzing engineering disturbance and disaster, it can be found that this standardized test
is separated from engineering activities and does not reflect the influence of in situ stress
state and mining disturbance path. Therefore, Xie et al. [25,26] took the lead in proposing
the mining stress path of coal under different mining layouts, i.e., protective coal-seam
mining, top-coal caving mining, and non-pillar mining, which established a bridge between
laboratory experiment and field practice. In addition, corresponding mining-induced
mechanical behavior, fracture distribution, and coal permeability evolution were analyzed.
Zuo et al. [27] investigated the mechanical behavior of limestone under different stress
paths, including the complete stress–strain process and mining stress path. Xia et al. [28]
conducted loading and unloading triaxial mechanical tests with real-time ultrasonic moni-
toring for single fissure sandstone and studied the deformation characteristics, the failure
form, and the crack evolution of single fissure sandstone with specific angles and lengths
under the fully mechanized top-coal caving mining stress path.

As stated above, most of the existing work focused on the mechanical behaviors and
permeability evolution for coal in the mining process. However, there is still a lack of
quantitative analysis on the mining-induced mechanical behavior and seepage property of
sandstone. Moreover, it would be of great significance to investigate the differences in de-
formation and permeability responding to the change of the mining-induced underground
environment. Therefore, in this study, the influence of in situ stress, pore pressure, and
mining-induced stress on the deformation and transport behavior of sandstone was investi-
gated. The damage deformation at different mining-induced stress states was dynamically
monitored, and the failure mode under the peak stress condition was analyzed. Besides,
the effective stress-based permeability evolution was discussed.

2. Experimental Section

2.1. Sample Preparation

A gray sandstone block taken from a coal mine in the Ordos Basin was used in this
study. Some 50 mm diameter cylindrical samples were drilled from the sandstone block
in the same direction by a core-drilling machine. Then, the cylindrical samples were cut
to about 50 mm in diameter and 100 mm in length by a grinding machine with the high-
precision standard proposed by the ISRM. The X-ray diffraction (XRD) results show that
the sandstone is mainly composed of quartz (59.2%), clinochlore (12.3%), albite (10.1%),
and other minerals (18.4%) (Figure 1a). The pore spaces of sandstone are completely
dominated by intergranular pore, intercrystalline pore, and microfracture based on the
scanning electron microscope (SEM) results (Figure 1b). Moreover, the average density and
porosity of the sandstone are 2.44 g/cm3 and 11.2%, respectively.
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(a) (b)

Figure 1. The (a) XRD and (b) SEM test results.

2.2. Experimental Apparatus

The hydromechanical tests were carried out using a triaxial servo-controlled perme-
ation experimental apparatus. The apparatus, comprising six parts, a servo loading system,
a triaxial cell, a pressure control system, a liquid/gas testing system, a data collection
system, and an auxiliary system, can supply an axial and confining stress applied to the
samples with a stable temperature during the measurement of permeability in this work.
The experimental apparatus is shown in Figure 2, and the equipment parameters were
described in detail by a previous study [29].

Figure 2. Triaxial servo-controlled mechanical–seepage coupling experimental apparatus [29].
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2.3. Experimental Procedure

Nitrogen with a purity of 99.999% was used as the testing gas, and different in situ
stresses (15 MPa, 20 MPa, and 25 MPa) and gas pressures (1 MPa, 1.5 MPa, and 2 MPa)
were considered in the experiments. Nine sandstone samples were prepared, and each test
corresponded to one sample under one stress state. All the experiments were carried out at
20 ◦C. Moreover, the information on the sandstone samples with designated experimental
conditions was summarized in Table 1. The specific mining stress path is described below
(Figure 3):

(1) Hydrostatic pressure stage: The sandstone specimens were firstly dried at 100 ◦C for
48 h. Then, the dried specimens were sealed with a thermal-shrinkable sleeve and
placed into the triaxial cell. The specimens were hydrostatically loaded to the target
confining pressure (15 MPa, 20 MPa, and 25 MPa) at the rate of 3 MPa/min. Nitrogen
with a specified pressure (1 MPa, 1.5 MPa, and 2 MPa) was then injected into the
upstream of the specimens.

(2) Stage I: The axial stress was loaded to 1.5 times the initial confining pressure by
the stress control mode with a loading rate of 0.625 MPa/min, while the confining
stress was unloaded to 0.6 times the initial confining pressure with a loading rate
of −0.5 MPa/min.

(3) Stage II: In this study, the concentration coefficient of front abutment pressure was
determined as 2.5, and the horizontal stress unloaded to 0.2 times the initial state.
So, the axial stress was further loaded to 2.5 times the initial confining pressure by
the stress control mode with a loading rate of 1.25 MPa/min, while the confining
stress was unloaded to 0.2 times the initial confining pressure with a loading rate
of −0.5 MPa/min.

(4) Stage III: The confining pressure remained constant, which ensured that the pore
pressure is not larger than the confining pressure and the permeability can continue
to be measured while preventing equipment damage. In addition, the load mode
of displacement control with a rate of 0.1 mm/min was selected to control the axial
stress loading until the specimens were destroyed. Throughout the experiments, the
gas flows were continuously recorded at the downstream cylinders for calculating
the permeability.

Table 1. Information on sandstone samples.

Sample No.
Diameter

(mm)
Length (mm)

Density
(g/cm3)

Initial Confining Pressure
(MPa)

Seepage Pressure
(MPa)

B1 49.59 99.71 2.45 15 1
B2 49.41 99.72 2.47 15 1.5
B3 49.55 99.87 2.45 15 2
B4 49.99 100.07 2.44 20 1
B5 50.37 99.94 2.40 20 1.5
B6 49.70 99.82 2.44 20 2
B7 49.83 100.01 2.46 25 1
B8 50.01 100.04 2.44 25 1.5
B9 49.88 99.77 2.44 25 2

In this study, the permeability of sandstone was obtained by using Darcy’s law:

k =
2qP0μL

π
(

φ
2

)2
(P2

1 − P2
2 )

(1)

where k is the permeability of the sample, m2; q is the gas flow rate, m3/s; P0 is the
atmospheric pressure, Pa; μ is the gas viscosity, Pa·s; L is the length of the cylindrical
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sample, m; φ is the diameter of the cylindrical sample, m; P1 is the inlet gas pressure Pa;
and P2 is the outlet gas pressure, Pa.

(a) (b) (c)

Figure 3. Loading schemes of different sandstone samples ((a–c) are the initial confining pressure of
15 MPa, 20 MPa, and 25 MPa, respectively).

3. Results and Discussion

3.1. Deformation Behavior of Sandstone under Mining Stress

Taking the Biot coefficient remain constant at 1, the effective stress can be expressed
as [30]:

σe =
1
3
(σ1 + 2σ3)− P (2)

where σe is the effective stress, MPa; σ1 is the axial stress, MPa; σ3 is the confining stress,
MPa; and P is the pore pressure, MPa. Besides, ignoring high-order small quantities, the
volume strain can be approximately expressed as:

εv = ε1+2ε3 (3)

where εv is the volumetric strain, ε1 is the axial strain, and ε3 is the radial strain. The
mechanical deformation characteristics of the sandstone samples under the mining stress
path at Stages I and II are shown in Figures 4–6. As shown in Figures 4–6, the variation
tendency of the axial strain, the radial strain, and the volumetric strain of sandstone
under different load conditions of the axial stress, confining stress, and effective stress
are approximately similar, respectively. The axial strain of the sandstone shows a linear
growth trend with the increase in the axial stress, and the growth rates of Stage I and Stage
II remain unchanged (Figure 4). For the radial strain, it presents an exponential function
growth trend with the unloading of the confining stress, and the growth rate of Stage II is
significantly higher than that of Stage I (Figure 5). As for the volumetric strain of sandstone,
its trend with the variation of effective stress roughly depicts a transverse “V” symmetrical
distribution, which corresponds to the reduction in the effective stress at Stage I and the
increase in the effective stress at Stage II (Figure 6: the arrow in the figure indicates the
stress path of the effective stress). In detail, at the end of the loading process in Stage II,
the volumetric deformation of sandstone changes from compression to expansion with
the increase in initial confining pressure. Under the same initial confining pressure, the
influence of mechanical deformation in the sandstone is mainly affected by mining stress
compared with pore pressure.
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(a) (b)

(c)

Figure 4. Axial strain variation of sandstone under different initial confining pressures ((a–c) are the
initial confining pressure of 15 MPa, 20 MPa, and 25 MPa, respectively).

(a) (b)

(c)

Figure 5. Radial strain variation of sandstone under different initial confining pressures ((a–c) are the
initial confining pressure of 15 MPa, 20 MPa, and 25 MPa, respectively).
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(a) (b)

(c)

Figure 6. Volumetric strain variation of sandstone under different initial confining pressures ((a–c) are
the initial confining pressure of 15 MPa, 20 MPa, and 25 MPa, respectively).

The peak parameters of sandstone, including deformation and permeability parame-
ters, at the peak stress state in Stage III, are listed in Table 2. To intuitively summarize the
corresponding effects of initial confining pressure and pore pressure, Figure 7 is drawn
by using the data in Table 2. Under the same initial confining pressure, the peak stress of
sandstone reduces with the increase in pore pressure, while the peak stress of sandstone
increases with the incremental confining pressure under the same pore pressure. The
absolute value of both the axial strain and the radial strain increases with the incremental
confining pressure. Under the same confining pressure conditions, the volumetric strain
at the peak stress state gradually decreases due to the increase in pore pressure. Most
sandstone samples still maintain compression at the peak stress state, except for samples B5
and B8, which was significantly different from the coal samples [26]. The mineral composi-
tion and pore–fracture structure are the main reasons for this distinction. The sandstone
is mainly composed of brittle minerals and is dense, with fewer pores and microcracks
resulting in it being hard to deform. Conversely, the coal is composed of ductile minerals
and has more microcracks and cleats, so it becomes more easily deformed at low confining
stress. Note that the individual difference in samples leads to a slight deviation between
the test results and the overall test law.
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Table 2. Information of peak parameters of sandy mudstone sample.

Sample No.
Peak Stress

(MPa)

Corresponding Test Value of Peak Stress Peak
Permeability
(×10−17 m2)

Axial Strain
(%)

Radial Strain
(%)

Volumetric Strain
(%)

Permeability
(×10−17 m2)

B1 89.68 1.251 −0.51 0.23 12.73 52.14
B2 98.71 1.558 −0.698 0.161 13.60 90.77
B3 71.50 0.831 −0.269 0.292 28.76 96.44
B4 113.80 1.695 −0.678 0.339 5.58 61.65
B5 107.30 1.325 −0.746 −0.166 13.89 72.85
B6 87.43 1.065 −0.455 0.154 17.44 88.23
B7 133.11 1.550 −0.672 0.206 7.29 68.21
B8 113.80 1.287 −0.678 −0.069 8.64 89.22
B9 96.93 1.091 −0.506 0.079 12.92 53.98

(a) (b)

(c) (d)

Figure 7. Peak stress and corresponding deformation of sandstone ((a–d) are the peak strength,
corresponding axial, radial, and volumetric strain, respectively).

3.2. Failure Mode of Sandstone under Mining Stress Conditions

The failure characteristics of the sandstone at Stage III are shown in Figure 8. Overall,
after the sandstone undergoes a simulated mining stress loading path, its failure mode at
Stage III is mainly a shear failure, because the low confining stress makes the sandstone
more brittle, which is manifested as follows: the macroscopic shear fracture pierces through
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the top and bottom end surfaces of the entire sample, so a part of the samples is in shear–
tension failure mode, accompanied by some secondary tensile cracks and shear cracks.
Under the same pore pressure, the final fracture morphology of the sandstone tended to
be complicated with the increase in initial confining pressure. The overall performance
is the transition from shear failure to shear–tension failure, which corresponded to the
transformation from a single shear fracture to multiple positive and negative shear fractures,
which tend to form an approximate “X”-shaped conjugate shear fracture (samples B5 and
B8) or to the main shear fracture followed by a secondary shear–tension fracture (samples
B7 and B9). At the same time, the number of fractures developed by the final failure form of
the sandstone has a good correspondence with the peak permeability under the same initial
confining stress, which represents the greater number of fractures, the better connectivity
of the pore–fracture system of the sandstone, the increase in the seepage channel of the
fluid, and the improved permeation property, which caused the peak permeability to be
larger (samples B3, B5, and B8), indicating that the number of fractures has a significant
impact on the permeability of the sandstone.

Figure 8. Mining-induced failure characteristics of sandstone.

3.3. Permeability Evolution of Sandstone under Mining Stress

Under the different initial confining stress and pore pressure, the variation charac-
teristics of the permeability of sandstone samples in the mining stress path are shown in
Figure 9. It can be seen from Figure 9 that the permeability of sandstone samples, under
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the same initial confining pressure and pore pressure, presents a gradual increasing trend
in the form of exponential function with the axial loading and radial unloading, which are
mainly induced by the confining stress relief, also called the stress-relief effect. In addition,
the growth rate in Stage II is significantly greater than that in Stage I. This phenomenon
suggests that under the mining activities, the impact of radial unloading on the permeabil-
ity of the sandstone (the seepage direction is axial) is dramatically higher than that of axial
loading; the main reason for this is that under the action of simulated mining stress, the
unloading of the confining stress leads to the aperture broaden of the seepage channels,
which are mainly composed of pores and throats, in the sandstone. At the same time, the
loading of the axial stress also contributes to the unloading of the confining stress, which
can be also proven by the obvious increase in the permeability of the sandstone in Stage II,
further enlarging the radii of the pores and the throats and increasing the flow capacity of
the seepage path in the sandstone, which results in a gradual increase in the permeability
of the sandstone.

(a) (b)

(c)

Figure 9. Permeability variation of sandstone under different initial confining pressures ((a–c) are the
initial confining pressure of 15 MPa, 20 MPa, and 25 MPa, respectively).

To represent the variation of the permeability of sandstone samples at different loading
stages intuitively, the permeability growth rate η is introduced as follows:

η =
ki − kini

kini
× 100% =

(
ki

kini
− 1
)
× 100% (4)

where η is the permeability growth rate; ki is the permeability of sandstone, m2; and kini is
the initial permeability of sandstone, m2. Under different initial confining pressures and
pore pressures, the η of the sandstone samples changed with the mining stress, which is
presented in Figure 10. The η of the sandstone samples in Stage I range from 0% to 20%, and
the maximum value is 19.92%, indicating that the mining stress in Stage I has a slight impact
on the permeability of the sandstone. Once reaching Stage II, the η increases markedly,
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ranging from 20% to 680%, and the maximum value is 678.81%. With the increasing of
the in situ stress, the η of the sandstone samples changes more obviously. When the axial
stress was loaded to 2.5 times of the in situ stress, and the confining stress was unloaded to
0.2 times of the in situ stress, the η of the sandstone samples is the largest; this indicates that
at the end of Stage II, the sandstone enters the deformation stage of the stable expansion of
the cracks, and a large number of new microfractures in the sample germinate and nucleate,
connecting and converging with the original seepage channels, so the enlargement of
the radii of the original pores and throats finally leads to a sharp increase in the η of the
sandstone under this stress state.

(a)

(b)

(c)

Figure 10. Permeability change ratio variation of sandstone under different initial confining pressures
((a–c) are the initial confining pressure of 15 MPa, 20 MPa, and 25 MPa, respectively).
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The relationships between the permeability and the effective stress under the different
initial confining pressure and pore pressure conditions are shown in Figure 11. Under the
action of mining stress, the permeability of the sandstone samples increases linearly with
the decrease in the effective stress in Stage I and increases exponentially with the increase
in the effective stress in Stage II. It can be concluded that selecting the confining stress can
better reflect its relationship with the permeability, compared with the axial stress and the
effective stress.

(a) (b)

(c)

Figure 11. Permeability variation of sandstone under different effective stresses ((a–c) are the initial
confining pressure of 15 MPa, 20 MPa, and 25 MPa, respectively).

The peak permeability of the sandstone samples in the peak stress state at Stage III is
shown in Figure 12. As seen in Figure 12, on the whole, under the same initial confining
pressure, the permeability of the sandstone samples at peak stress gradually increased with
the increasing pore pressure, while, under the same pore pressure, the permeability of the
sandstone samples at peak stress decreased with the increasing initial confining pressure.
The permeability of all sandstone samples at peak stress increased by up to one order of
magnitude. The influence of the initial confining pressure on the mining-induced seepage
behavior of sandstone is stronger than that of the pore pressure.
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Figure 12. Peak stress and corresponding permeability of sandstone.

3.4. Permeability Fitting Model of Sandstone under Mining Stress

The permeability of the rock is a function of the characteristics of rock media, which
describes an average property of the ability to transport fluid. As the unloading confining
stress is the dominant factor on the permeability change of sandstone in the mining stress
path, the permeability is related to the effective confining stress. In Stages I and II of the
mining stress path, the sandstone permeability is mainly contributed to by the variation in
pore radius because of the change of the effective confining stress. The exponential rela-
tionship between the permeability and the effective confining stress is discovered through
regression and analysis using the experimental data, which is expressed as Equation (5).

ki = k0 + Ae−B(σc−σc0) (5)

where ki is the sandstone permeability, m2; k0 is the initial sandstone permeability, m2; A
and B are fitting parameters; σc is the effective confining stress, MPa; and σc0 is the initial
effective confining stress, MPa.

In this study, furthermore, the effective confining stress σc can be calculated by the
following equation:

σc = σ3 − ν(σ1 + σ3) + (2ν − 1)P (6)

where ν is the Poisson’s ratio of sandstone, with a value of 0.02 obtained by the mechanical
tests.

To verify the mentioned permeability fitting model, the theoretical permeabilities ac-
quired using Equation (5) are compared with the testing permeability data for the sandstone
in the simulated mining stress path (see Figure 13). In addition, the corresponding fitting
parameters used in the model are listed in Table 3. Figure 13 shows that the permeability
of sandstone increases slightly with the decrease in effective confining stress in Stage I
of mining stress. In Stage II of mining stress, the permeability grows rapidly with the
decrease in effective confining stress. It can be clearly obtained from Figure 13 that the
analytical permeability results attained from the exponential function fit well with experi-
mental results based on the original experimental permeability data of sandstone, with the
R-square value exceeding 0.98, which indicates that the fitting model can fully capture the
permeability evolution for sandstone under the mining stress state. Table 3 illustrates that
the permeability model coefficient A has a large variation span, varying from 1.8 × 10−6 to
0.21, while that of B ranges from 0.23 to 1.32. The fitting accuracy increases with increasing
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in situ stress and pore pressure. Notably, the discovered fitting permeability model is
validated with data from sandstone samples under the mining stress state only. Whether
this model can be employed on other rocks requires further investigation. Moreover, its
physical significance also needs further derivation.

(a)

(b)

Figure 13. Cont.
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(c)

Figure 13. Permeability of the sandstone samples under different effective confining stresses and
pore pressures, and modeling results from the proposed model in this study ((a–c) are the initial
confining pressure of 15 MPa, 20 MPa, and 25 MPa, respectively).

Table 3. Parameters used for data fitting.

Sample No.
In Situ Stress

(MPa)
Pore Pressure

(MPa)

Parameters
R2

A B

B1 15 1 5.63 × 10−3 0.506 0.988
B2 15 1.5 1.12 × 10−3 0.650 0.989
B3 15 2 1.80 × 10−6 1.311 0.997
B4 20 1 0.021 0.255 0.981
B5 20 1.5 0.012 0.343 0.991
B6 20 2 5.98 × 10−5 0.693 0.992
B7 25 1 7.28 × 10−3 0.250 0.996
B8 25 1.5 0.017 0.235 0.997
B9 25 2 8.23 × 10−3 0.253 0.996

4. Conclusions

In this study, a series of mechanical–seepage coupling experiments were conducted,
considering the mining stress paths. The response of permeability and mechanical proper-
ties was observed. A fitting exponential permeability model was proposed for sandstone.
The main conclusions are given as follows:

(1) In the imitated mining stress path, the variation tendency of the axial strain, the
radial strain, and the volumetric strain for sandstone show a linear growth trend, an
exponential function growth trend, and a transverse “V” symmetrical distribution,
respectively. Under the same in situ stress, the mechanical deformation in sandstone
is more sensitive to mining stress than to pore pressure.

(2) Most sandstone samples maintain compression state at the peak stress condition
due to the mineral composition and pore–fracture structure. The absolute value of
both the axial strain and the radial strain at the peak stress state increases with the

79



Energies 2022, 15, 7030

incremental confining pressure. Under the same in situ stress, the volumetric strain at
the peak stress gradually decreases, which is caused by the increased pore pressure.
The failure mode of sandstone evolved from shear failure to shear–tension failure
with the increase in in situ stress, which corresponds to the transformation from a
single shear fracture to form an approximate “X”-shaped conjugate shear fracture or
to the main shear fracture followed by a secondary shear–tension fracture.

(3) The sandstone permeability, under the same in situ stress and pore pressure, increases
exponentially with the mining stress simulated by axial loading and radial unloading.
The permeability under a mining stress state was well-characterized by the stress-
relief effect.
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Abstract: The low permeability of coal seams has always been the main bottleneck restricting coalbed
methane drainage. In this paper, a coal seam anti-reflection technology with solid-propellant blasting
was proposed, and the composition and proportion of the solid propellants were determined based
on the principle of oxygen balance. The authors designed a solid-propellant blasting damage fracture
experiment of simulation coal, tested the impact pressure on a blast hole wall, measured the ultrasonic
wave velocity, explosive strain and crack propagation velocity, and then revealed the blasting damage
fracture process and mechanism of coal based on the experimental results and damage fracture
mechanics theory. The history curve of impact pressure time can be divided into three processes
including the slow pressurization process, dramatic increase process, and nonlinear pressure relief
process. The pressure distribution along the whole blasting hole was uneven, and the peak pressure
was relatively small, but the pressure action time was long. The damage and fracture process of
coal solid-propellant blasting can be divided into two stages including the rapid damage fracture
development stage and the stable slow damage fracture development stage. Firstly, the explosion
stress wave produced and rapidly accelerated the radial cracks extension; secondly, the cracks slowly
expanded over a large area by the combined effects of the high-pressure gases, the gas, and the
original rock stress.

Keywords: coal; solid propellant blasting; borehole wall pressure; damage fracture law; experimen-
tal study

1. Introduction

China’s energy situation of ‘rich coal, less oil, and natural gas’ and the stage of
economic and social development determine the main energy status of coal, and it will
continue to play a supporting role in energy supply for a longer period in the future [1].
At the same time, the energy strategic direction of ‘Reducing Coal, Stabilizing Oil and
Increasing Gas, Developing New Energy’ was proposed by the Chinese government in
the ‘Energy Development Strategic Plan for 2020–2050’. The proportion of natural gas
in energy consumption will increase to about 15% in 2050. The ‘increasing reserves and
production’ of coal-measure gas is one of the important ways to make up for the gap in the
natural gas supply. Large-scale firedamp extraction and utilization is an important part
of the coal-measure gas industry. Therefore, the effective development and utilization of
coal-measure gas resources is an important way to ensure the safety of the national natural
gas supply, help the safe production of coal, and achieve the goal of ‘peak carbon emissions
by 2030 and reach carbon neutrality by 2060’ in China.

The reserve of only coalbed methane is about 36.8 trillion m3 (shallow coalbed methane
buried depth of 2000 m) in China, ranking third in the world, and the recoverable quantity
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of coalbed methane is about 10 trillion m3. However, the occurrence conditions of coalbed
methane resources in China are complex, the technical requirements are high, the regional
adaptability is poor, and the proportions of high-stress tectonic coal and low permeability
coal-measure gas resources are high [2,3]. The low permeability of coal seams has become
the key to restricting coalbed methane extraction in China. Therefore, it is one of the major
scientific and technological needs to promote the construction of a large coal-measure
gas industry to develop and improve the key technology of high-efficiency and low-cost
coalbed methane extraction, improve the fracture development level of coalbed methane
reservoirs, dredge the seepage channel, and improve the permeability of coal reservoirs
and achieve the efficient extraction of coalbed methane.

Researchers at domestic and foreign levels have carried out multi-path research to en-
hance the permeability of coal seams with low permeability and high-gas content and have
achieved fruitful research results. The anti-reflection measure of interlayer pressure relief
seam making is adopted for low permeability and high gas coal seams with protective layer
mining conditions, having good anti-reflection effects, and is a mature technology [4,5].
For most high-gas and low-permeability coal seams without protective layer mining con-
ditions, hydraulic anti-reflection technologies including hydraulic fracturing, hydraulic
punching, and hydraulic slotting are the main measures for anti-reflection transformation
of low-permeability coal seams [6–9]. However, hydraulic measures require a lot of water
resources, and the invasion and retention of water will also cause water lock and water sen-
sitivity damage to the coal reservoir [10]. At the same time, a large amount of water-based
fracturing fluid occupies the gas flow channel, thus affecting gas production. In addition,
the penetration of hydraulic fracturing fluid containing chemical additives into the surface
and underground drinking water layer will also produce a certain degree of pollution [11].
Therefore, researchers in various countries are also actively seeking alternative methods for
hydraulic anti-reflection measures. The non-hydration anti-reflection technologies includ-
ing deep-hole presplit blasting fracturing technology [12], high-energy and high-pressure
gas impact [13,14], controllable shock wave impact [15,16], acoustic shock and ultrasonic
disturbance [17,18], and liquid nitrogen injection fracturing technology [19] have been
widely used. Among them, the fracturing technology with high-energy and high-pressure
gas is considered to be a fracturing anti-reflection technology that can be comparable to
hydraulic fracturing.

High-energy, high-pressure gas fracturing refers to the use of rapid discharge of
high-energy, high-pressure gas impact on the borehole wall to achieve the purpose of
fracturing and increasing permeability. Aerospace solid propellants can be treated as weak
explosives, they can be excited to produce a large number of high-energy, high-pressure
gas products [20]. Therefore, it is feasible to use solid propellants to fracture and increase
the permeability of the coal body. Studies have shown that propellant blasting technology
can easily fracture coal seams and create multiple cracks that are not controlled by ground
stress due to the advantages of the pressure strength and pressure transfer rate [21]. It
also generates oscillating high-pressure pulses to enlarge the fracture extension, and it
does not require large equipment and is highly adaptable to the environment [22]. At
present, solid propellants have been widely used in the field of conventional oil and gas
extraction in highly brittle rock formations [23], but its application in the field of coal
reservoir permeability enhancement is still in the initial stage, especially the damage
fracture mechanism of the coal body from solid-propellant blasting is still unclear.

Aiming at the characteristics of high gas and low permeability of coal reservoirs in
China, this paper proposes a solid-propellant blasting, permeability-increasing technology.
Firstly, the composition and proportion of solid propellants were determined according
to the principle of propellant gas production and oxygen balance, and then the solid-
propellant blasting test of simulation coal bodies was carried out. Based on the results
and the theory of damage fracture mechanics, the blasting damage fracture process and
mechanism of coal from solid-propellant blasting were analyzed. It provides a reference
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for the practical application of solid-propellant blasting technology in low-permeability
coal seams.

2. Development of Solid Propellant

Solid propellants are mainly composed of a heating agent, gas supply agent, oxygen
supply agent, and other components. The oxygen supply agent provides oxygen to the
heating agent, causes the oxidation reaction to occur, and releases a lot of heat, and then
the gas generating agent is thermally decomposed to produce a large amount of gas. Solid
propellants utilized as a coal seam anti-reflection technology should first meet the require-
ments of gas produced to be non-toxic, harmless, and non-corrosive; secondly, the coal
body after solid-propellant blasting does not produce a small crushing zone, and the energy
utilization rate is improved as much as possible. Thirdly, the gas production of a solid
propellant is large, which can steadily drive the crack to expand within the range. Finally,
safety must be ensured during the production process and usage of solid propellants.

A solid propellant is essentially a weak explosive. Therefore, based on the principle
of zero oxygen balance of explosives, the authors chose aluminum powder as the heating
agent, ammonium perchlorate as the oxygen donor and the main gas generating agent
to make a solid propellant. The solid propellant’s composition and ratios are shown in
Table 1. The main role of HTPB is as an adhesive to bond various materials together, and
can give the propellant moisture-proof and antistatic properties. The role of ammonium
oxalate is to decompose after heating to produce ammonia to inhibit the decomposition
rate of ammonium perchlorate, thereby controlling the gas production rate. The oxygen
balance values of three solid propellants with high, medium, and low burning rates were
1.6%, −6.2%, and −18.6%, respectively. The positive oxygen-balance explosives have better
detonation performance, but the micro-negative oxygen-balance explosives are safer.

Table 1. Composition and ratio of solid propellant.

Raw Material Specification
Percentage (%)

High Burning Rate Secondary Burning Rate Low Burning Rate

HTPB Type I
13.39 17.37 24.19TDI Industrial grade

KZ Industrial grade 3.50 4.50 4.23
AP Type I 0.00 68.00 0.00
AP Type III 73.00 0.00 61.00
AP Type IV 5.00 5.00 5.20

Ammonium oxalate Industrial grade 0.00 0.00 2.50
AL Industrial grade 5.00 5.00 0.00

Others 0.11 0.13 2.88

Note: (1) HTPB (HO- [CH2CH = CHCH2] n-OH) is hydroxyl-terminated polybutadiene; (2) TDI(C9H6N2O2)
is toluene diisocyanate; (3) KZ(C26H50O4) is dioctyl sebacate; (4) AP(NH4ClO4) is ammonium perchlorate; and
(5) AL is aluminum.

Under high-temperature conditions, ammonium perchlorate decomposes to produce
oxygen, and aluminum powder is oxidized by oxygen to release a lot of heat, which in turn
promotes the thermal decomposition of the mixture dominated by ammonium perchlorate
to produce a large number of high-temperature and-high pressure gas products. The main
reaction equations are shown in Equations (1)–(3).

4Al + 3O2 = 2Al2O3 (1)

2NH4CLO4 = N2 + 4H2O + CL2 + 2O2 (2)

(NH4)2C2O4 = 2NH3 + CO + CO2 + H2O (3)

In order to understand the basic performance parameters of solid propellants, the
burning rate, pressure resistance, and temperature resistance of three solid propellants
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were tested according to conventional explosives testing methods. The basic performance
parameters of the solid propellants are shown in Table 2.

Table 2. Performance parameters of solid propellant.

Name Recipe Code m/kg v/(mm/s) Vm(L/kg) Q/(kJ/kg) ρ/(g/cm3) σ/(MPa) T/(◦C/48 h)

Sy-high YLD 0.3 14 >1400 ≥3500 1.4~1.7 120 163
Sy-mid YLDA 0.3 10 >1200 ≥3200 1.4~1.7 120 163
Sy-low E3 0.3 5 >1091 ≥3000 1.4~1.7 120 163

Note: (1) m is explosive quantity; (2) v is burning rat; (3) Vm is gas production; (4) Q is explosion heat; (5) ρ is
density; (6) σ is pressure resistance; and (7) T is Temperature resistance.

After a solid propellant is excited, the high-temperature and high-pressure gas is
produced in the hole and rapidly expands and impacts the hole wall, thus forming a large
range of crack zone around the blast hole, which improves the crack development level
of the coal reservoir to a certain extent, dredges the seepage channel, and improves the
permeability of coal seam. At the same time, the blasting of a solid propellant will also
disturb the dynamic equilibrium state of adsorption and desorption of coalbed methane
in the coal reservoir, and finally form disturbance desorption, thermal effect desorption,
and replacement desorption of coalbed methane, improving the extraction efficiency of
coalbed methane.

3. Experimental Study on Blasting Damage Fracture Process of Coal Solid Propellant

3.1. Test Method

During the field collection and post-processing of the coal samples, secondary distur-
bance damage occurred inside the coal samples. In addition, the corresponding sensors
needed to be placed inside the specimen to obtain the strain waves induced by high-energy
gas. This was difficult to achieve in the actual coal samples. Therefore, simulated coal
samples were selected as the research sample to carry out the related experimental research
work. According to the test results of existing literature [24], the mixing ratio and basic
physical and mechanical properties of the simulation coal body are shown in Table 3. Ce-
ment, sand, and water were used as the main materials to control the structural strength
of the simulated coal body; gypsum, broken coal, perlite, a foaming agent, and mica were
used as additional materials to control the micro-cracks, micro-voids, structural planes, and
gas of the simulated coal body.

Table 3. Mixing ratio and physical and mechanical properties parameters of simulated coal body.

Materials and
Proportioning

Density
ρ (g/cm3)

Compressive Strength
σe/MPa

Longitudinal Wave
Velocity
cp/(m/s)

Young’s Modulus E/GPaSand: Water: Cement:
Gypsum: Crushed Mica:
Perlite: Foaming Agent

1.4:0.6:1.4:0.2:0.028:0.027:0.048 1.71 12.23 1660 2.32

Note: (1) ρ is density, (2) σe is compressive strength, (3) cp is longitudinal wave velocity, and (4) E is
Young’s modulus.

Three simulated coal test blocks were made to carry out the blasting test of solid
propellants with a high burning rate. The size of the test block was 1000 × 1000 × 600 mm,
as shown in Figure 1a. The block was made using manual stirring, tamping, and forming
with a small vibrating rod in the template, and manually cured for 28 days. A charge hole
with a diameter of 50 mm and a depth of 400 mm was reserved in the middle of the test
block. After the solid propellant was placed, it was filled with planting glue and detonated
by the ignition powder head. The solid propellant samples and ignition powder head are
shown in Figure 1b,c.
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(a) Simulated coal test blocks (b) Propellant charge reel (c) Excitation device 

Figure 1. The test block and cartridge of solid propellant blasting.

To explore the load characteristics and pressure distribution law in the borehole well
from propellant blasting, a pressure sensor and signal acquisition system were used to test
the borehole wall pressure. The pressure sensor used was a PVDF piezoelectric film sensor;
the pressure signals were collected by the DH5922 N dynamic strain gauge with a sampling
frequency of 200 kHz. The test instrument and pressure sensor were arranged as shown in
Figure 2.

   
(a) DH5922N dynamic strain meter (b) PVDF pressure sensor (c) Point diagram 

Figure 2. The instruments and measuring point arrangement of hole wall pressure testing.

To explore the degree of damage to coal from solid propellant blasting, the ZT-801 non-
metallic ultrasonic detector (Figure a) was used to test the ultrasonic wave velocity before
and after blasting. The measuring points were arranged on the horizontal line passing
through the center of the charge, the first measurement point was 50 mm from the borehole
and each subsequent measuring point was arranged at an interval of 100 mm, as shown in
Figure 3. The damage value was calculated with the formula [25] D = 1 − (v/v0)

2 (v0 and
v are the ultrasonic velocities of the test block before and after blasting, respectively).

 
(a) (b) 

Figure 3. Ultrasonic test: (a) ZT-801 inorganic non-metallic ultrasonic detector and (b) ultrasonic
measurement point schematic diagram.

In order to explore the propagation and attenuation law of solid-propellant blasting
stress wave in coal, the stress wave was collected by embedding strain bricks in the test
block. The strain bricks were embedded in the four positions of 100, 200, 300, and 400 mm
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from the center height of the cartridge to the center of the reserved hole. The size of the
strain brick was 20 mm × 20 mm × 20 mm, and the proportion of the strain brick was
consistent with the large test block. The strain gauge on the strain brick was a BF120-3AA
strain gauge. The DH5922N dynamic signal acquisition system was used to collect the
strain waveform.

In order to test the crack propagation velocity of coal during the blasting process of
the solid propellants, an enameled copper wire with a diameter of 0.14 mm was embedded
as a metal probe sensor at a distance of 100 mm between the center of the cartridge and
from 50 mm the edge of the blast hole, and the enameled wire was fixed with a U-shaped
iron wire. The BSW-3A intelligent five-stage detonation velocity meter was used to test the
crack propagation speed in the test block.

The position of the stress wave and crack propagation velocity test sensor is shown in
Figure 4.

 

Figure 4. Arrangement of strain brick and metal probes.

3.2. Results and Analysis of Load on Solid-Propellant Blasting Hole Wall

A penetrating crack was formed in all three test blocks after blasting. A half-hole mark
of the blast hole was complete, and no crushing zone appeared. The test block after blasting
is shown in Figure 5. The representative history curves of the impact pressure time for the
middle and bottom hole walls of the blast hole are shown in Figure 6.

  

Figure 5. The test block after blasting.

Figure 6. The pressure time history curve of blast hole walls.

It can be seen from Figure 6 that the hole wall pressure after solid-propellant blasting
exhibited three stages: transient accumulation pressurization, rapid pressurization, and
nonlinear depressurization. The pressure distribution along the whole length of the hole
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was uneven, the peak pressure was relatively small, and the pressure action time was
relatively long.

After a solid propellant is excited, it decomposes and produces a large number of
high-temperature and high-pressure gas products. After a short period of accumulation
(0.15 s in the middle of the borehole, and 0.21 s at the bottom of the borehole), the gas
products rapidly expanded, impacted the hole wall, and generated a stress wave in the test
block, and the hole wall pressure rapidly increased. With the propagation of a stress wave,
cracks began to appear in the specimen, high-temperature and high-pressure gas quickly
wedged into the crack, and the hole pressure began to nonlinearly decline.

The high-temperature and high-pressure gas products produced by the excited solid-
propellant impacted the hole wall and induced the stress wave in the coal near the borehole
after a short period of accumulation. When the stress wave intensity was higher than
the dynamic compressive (tensile) strength of the coal, the initial crack appears near the
borehole, and then the high-temperature and high-pressure gas products began to wedge
into the initial crack and drove the crack propagation. Because the ignition end of the
solid propellant sample in this test was at the upper part, the initial crack appeared at the
upper part of the borehole. When the gas flowed from the upper part of the borehole to the
bottom of the borehole, some of the gas leaked from the initial crack in the upper part of
the borehole, which caused the peak pressure on the borehole wall to gradually decrease
from the upper part of the borehole to the bottom of the borehole. This was consistent with
the test results, the peak pressure in the hole (118.1 MPa) was greater than the bottom of
the hole (85.4 MPa).

The detonation pressure of an explosion was generally 10~40 GPa, and the detonation
velocity of an explosive was generally 1000~8500 m/s [26], so the pressure in the hole
was basically uniform in distribution and the loading time was very short. However, the
reaction rate of the solid propellants was slow (Table 2) and the impact action was small.
The chemical reaction process of the solid propellants was parallel to the impact cracking
process of the high-pressure gas product generated by the previous reaction, that is, the
formation and diffusion of the high-pressure gas product were also simultaneously carried
out. As a result, the pressure in the hole after being blasted with the fracturing agent was
relatively small and the pressure maintenance time in the hole was relatively long.

3.3. Results and Analysis of Solid-Propellant Blasting Damage Fracture

The test results of peak strain, damage value, and crack propagation velocity of the
coal body from solid-propellant blasting and explosive blasting are shown in Table 4.
Among them, the results of coal damage fracture tests from explosive blasting refer to the
references [27,28], and the solid-propellant blasting damage fracture results are the average
of the valid values of the three test block results.

Table 4. Results of Coal body damage and fracture test.

Results
Grouping and Points

Grouping 1 2 3 4 5

Peak strain
Solid-propellant blasting 4845 2088 1005 560

Explosive blasting 8946 3691 1834 875

Damage value Solid-propellant blasting 0.655 0.430 0.304 0.263 0.221
Explosive blasting 0.865 0551 0.275 0.216 0.161

Crack propagation velocity Solid-propellant blasting 280.8 162.4 137.4 120.6 109.2
Explosive blasting 559.5 264.8 187.4 132.6 97.5

According to the table data, the variation curves of stress peak strain, damage, and
crack propagation velocity of coal solid-propellant blasting, along with the distance from
the center of the blast hole are shown in Figure 7. From Figure 7a, it can be seen that the
stress wave intensity in the coal body from propellant blasting is lower, but the decay
rate is slower than that of explosive blasting; from Figure 7b, it can be seen that in the
adjacent area, the damage value of coal from solid-propellant blasting is less than that
of explosive blasting, but with the increase of distance, the damage value of coal from
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propellant blasting gradually approaches or even exceeds that of explosive blasting; from
Figure 7c, it can be seen that the cracking rate of the coal from propellant blasting is much
smaller than that of explosive blasting in the adjacent area, but the two are gradually
approaching parity with the increase of distance.

   

(a)Peak strain (b)  (c)  

με

Figure 7. Peak strain, damage value, and crack propagation velocity of coal body from blasting.

In order to further analyze the process and law of blasting damage and fracturing of
coal, the damage test results were expanded by 1000 times, the strain peak was reduced by
10 times, and the crack propagation speed was in the same order of magnitude. The curves
of damage, strain peak, and crack propagation speed with distance from the center of the
blast hole from propellant blasting and explosive blasting are shown in Figure 8.

Figure 8. The damage and fracture process curves of coal.

According to Figures 7 and 8, the damage fracture process of the coal body from
solid-propellant blasting can be divided into two stages: rapid-damage fracture and slow
steady-state damage fracture.

The stress waves generated near the borehole wall by solid-propellant blasting were of
low intensity, so no crush zone was generated near the borehole. However, the tensile waves
derived from the compressive stress waves can contribute to the initial radial cracking of
the coal body that is:

σθ > (1 − D0)σdtension, σθ = σr·μ/1 − μ (4)

where σθ is the tangential stress generated by the propagation of explosive stress wave in
coal, MPa; and μ is Poisson’s ratio of coal.

The initial radial crack propagation velocity of coal from solid-propellant blasting
was only 280.8 m/s, and the stress wave in the coal caused by propellant blasting rapidly
decayed in the adjacent area with the increase of distance, so the crack expansion velocity
in the adjacent area of the shell hole, although fast, could expand in a small area. As the
distance increased, the attenuated stress wave was unable to continue driving the initial
crack propagation in the coal body, as a result, the quasi-static effect of the high-temperature
and high-pressure gas products became the main contributor to driving the continued
crack propagation. High-temperature and high-pressure gas products wedged into the
initial radial crack and drove the crack steady-state expansion from the combined effects of
high-temperature and high-pressure gas internal pressure, gas, and original rock stress [29].
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Cracks then started to steadily expand when the stress intensity value generated at the
crack tip was greater than the fracture toughness of the coal body, that is:

2

√
C
π

∫ a

0

p(r)√
a2 − r2

dr − σ∞
√

πC ≥ KIC (5)

where a is the initial radial crack length, m; σ∞ is the original rock stress, MPa; KIC is the
dynamic fracture toughness of coal; p(r) is the gas pressure on the crack surface, MPa;
and P(r) = P0·(a − r)/a, where P0 is the initial impact compressive stress on the hole
wall, MPa.

As the crack continues to expand, the gas pressure in the crack decreases, but the free
gas desorbed is involved in driving the further expansion of the crack for the pressure
reduction in the crack and the dynamic disturbance of the solid-propellant blasting. At
the same time, under the quasi-static stress field of high-pressure gas products and gas,
the brittleness of coal increases with the increase of gas pressure. Therefore, when the
tangential stress at the crack tip is greater than the critical stress of crack propagation, the
crack continues to slowly propagate in a steady state.

a
r2

[
r0 p0 +

∫ a

r0

p(r)dr +
∫ a

r0

p′(r)dr
]
− σ∞

(
1 +

a2

r2

)
≥ √

π/4aKIC (6)

where r0 is the radius of the blast hole, m; p′(r) is the gas pressure at the crack surface, MPa;
and because the gas pressure is smaller than the detonation gas pressure, the gas pressure
in the crack is usually taken as a constant, namely p′(r) = pg (pg is the gas pressure in coal).

At the same time, solid-propellant blasting is a sustainable and slow reaction. The
solid propellant that reacts in the middle and late stages of the crack-formation process of
the high-pressure gas product produced by the earlier reaction will continue to produce
high-temperature and high-pressure gas products. Therefore, the high-pressure gas that
drives crack propagation will not decrease too quickly, and is similar to the uniform internal
pressure that drives crack propagation. This is the main reason for the steady-state slow
propagation process of crack formation in coal from solid-propellant blasting. Moreover,
it can be observed from Formula (6) that with the slow propagation of crack length, the
critical stress required for the continuous propagation of brittle fracture cracks in coal
will continue to decrease, and the lower tangential stress can drive the crack to continue
to slowly propagate. Therefore, the crack propagation range is large, although the crack
propagation speed in this stage is only 109.2~137.4 m/s.

4. Conclusions

(1) The impact pressure of the hole wall for solid-propellant blasting exhibits three
stages: temporary accumulation pressurization, rapid pressurization, and nonlinear
depressurization. The pressure is unevenly distributed, and the peak pressure is
smaller than that of explosive blasting, but the time of pressure exertion is relatively
long, which is more conducive to improving its energy utilization.

(2) The crack propagation velocity and stress wave intensity of coal are small from propel-
lant blasting, but the crack propagation velocity and stress wave slowly attenuate with
the increase of distance, which can cause a wide range of crack area and effectively
improve the permeability of the coal reservoir.

(3) The damage and cracking of coal from propellant blasting is due to the combined
effect of blast stress waves, high temperature and pressure gases, gas, and original
rock stress. The damage fracture process can be divided into two stages: the rapid
development stage dominated by stress wave action and the slow development stage
dominated by the quasi-static action of gas products.
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Abstract: A large coal pillar (usually more than 90 m) is generally left in place to ensure the stability
of main roadway groups, due to its long service lifespan, which commonly also causes a significant
loss of coal resources. The design of the width of the protective coal pillar and the control system of
the surrounding rock are directly determined by the characteristics of the stress field and the damage
mechanism under the influence of the mining activities. However, there are few studies on the effects
of the partial-stress boosting and the direction deflection of the stress field on the failure evolution
of the surrounding rock (especially in multi-seam mining). In this paper, theoretical analysis and
numerical simulation are used to investigate the direction evolution of the maximum principal stress
in front of the working face with malposition distances between the upper and lower working faces
during the influence of double coal seams mining. Furthermore, a large-scale numerical model is
used to study the deviatoric stress evolution of the surrounding rock and the propagation process of
the plastic zone in the main roadway group with different widths of protective coal pillars. Then,
an asymmetric cooperative anchoring classification method is proposed to strengthen the roadway
support, depending on the critical area of the deviatoric stress in the roadway surrounding rock. The
peak zone deflection of the deviatoric stress determines the evolution direction of the plastic area,
and the peak value of the deviatoric stress presents a typical asymmetric stress boosting on both sides
of the roadway. These findings are validated by the on-site ground pressure monitoring results and
the practical failure modes of the surrounding rock.

Keywords: main roadway group; mining-induced stress; surrounding rock stability; ground control;
deflection of principal stress

1. Introduction

Energy and mineral resources serve as the economic development drivers for countries
around the world [1]. China’s proven coal resource reserves rank second in the world,
and the total consumption of coal in China’s primary energy consumption in 2020 still
accounts for more than 50% of the proportion [2,3]. Ensuring the safe production of
coal means a stable economic development. Long-wall underground mining arose in
Europe and is widely used in China because of its high productivity. About 85 percent
of China’s coal production comes from underground, and long-wall mining is used for
most of it, about 20 percent of the total; and about 5 percent of India’s production comes
from underground [4–7]. Although long-wall mining has a high productivity, because of
the characteristics of roadway layout, large coal pillars should be set in terminal stage of
long-wall face to ensure the safety of the roadway group [8]. Due to the long service life of
the main roadway group, the mine tends to set up excess coal pillars to maintain the main
roadway safety, so the study on the width of the roadway protective coal pillar is important.

The main roadways are the lifeblood of mine transportation, ventilation, pedestrians,
etc., and they generally need to serve the whole production process of the mine. Therefore,
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most of the main roadways are built on the roof or floor of the coal seam in underground
mining. Furthermore, the coal seam roadways are easy to excavate, and coal resources can
be recovered as soon as possible, reducing the financial pressure on mine production. In
recent years, the main roadways are increasingly inclined to be placed in coal seams in some
mine areas with relatively good geological conditions, such as in Yulin and Erdos, China.

For the roadway problems of a coal mine, scholars around the world have made many
efforts to study the properties of the roadway surrounding rock, the state of the deposit, the
influence of mining stress, the mechanism of the surrounding rock deformation, and the role
of support, etc., and have accumulated rich theoretical and practical engineering experience.
Gao et al. [9–11] conducted a series of numerical simulations to study the roadway’s
squeezing failure and shear failure, using the UDEC Trigon method and analyzed the
effects of rock bolts on the roadway support. Wang et al. [12] tested the properties of
surrounding rock considering the influence of the lower coal seam on the stress state by
a numerical simulation. The creep characteristics of the surrounding rock of the mining
roadway and its effects on the deformation were systematically performed. Pan et al. [13]
focused on the deformation and failure process and the mechanism of the surrounding
rock induced by the stress adjustment in a deeply arched roadway. A self-developed
large-scale simulation test was carried out. Mohammadi et al. [14] developed a geometric
computational model to calculate the extension of the excavation-damaged zone above the
gate roadways, induced by longwall mining and proposed a new mathematical formulation
to determine the face influence coefficient.

Huang et al. [15] clarified the connotation of roadway mining and large deformation
under the consideration of the deviatoric stress. They proposed a theoretical framework
of a large deformation of surrounding rock rheology and structural instability in deep
mining roadways. Y et al. [16] investigated the problems of roadway stability with repeated
mining-induced disturbance and focused on the direction and emphasis of the stability
control of roadway surrounding rock. Shan et al. [17] summarized the current research
status of coal tunnel support technology at home and abroad, in recent years.

Moreover, they proposed that roadway support adopted a more diversified integrated
active support technology and showed the trend of gradually moving into intelligent
support. Some researchers [18–24] concentrated on the significant deformation of the
surrounding rock in deep roadways and targeted control technologies were proposed to
solve this problem. These papers are dedicated to discovering the failure mechanism of the
roadway or efficient roadway support technology to prevent the instability of the roadway.
The Coal pillar width does contribute an essential part to the stability of the roadway.
The non-pillar technologies (gob-side entry driving or gob-side entry retaining) have been
widely used in China, due to the high coal resource recovery rate [25–32]. Currently, for a
coal seam main roadway group in China, the protective coal pillar is usually larger than
90 m for the stability of the roadway, which causes a tremendous waste of coal resources.
Some experts have also studied the width of coal pillars to protect the main roadways.
For example, some scholars [33,34] studied the stability control of the main deep roadway
groups, considering the characteristic rheology coupled with multiple disturbances of
mining activities of the adjacent working faces. It determined that it was rational to leave a
protective coal pillar for main roadway groups with a width of 100 m.

However, at present, for the close multi-seam mining, when the width of the end-
mining coal pillar of each coal seam is different, the stress superposition and direction
deflection law in the area in front of the working face, caused by the influence of mining
and the evolution law of the damage to the main roadway surrounding rock, is rarely
studied. Therefore, it is impossible to determine the location of the high deviatoric stress
area and the critical control orientation of the main roadway surrounding rock. This also
leads to the roadway surrounding rock support design that is not a targeted basis.

The study background of this paper is to examine the specific engineering geological
conditions of close two-seam coal mining and the different widths of end-mining coal
pillars. On this basis, the following studies are conducted: the law of the principal stress
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direction deflection and plastic damage evolution in the main roadway surrounding rock,
the stress superposition and deflection of the peak deviatoric stress area. Through the study,
the location of critical high deviatoric stress zones and support orientation of the roadway
surrounding rock are obtained, and the asymmetric reinforcement support technology of
the channel steel-anchor cable truss with a bi-directional reinforcement function is proposed.
The experimental results show that the technique is effective.

2. Project Overview

2.1. Geological Conditions

The No.3 and No.4 coal seams are mainly exploited in the mine, and the No.4 coal seam
is located 25 m above the No.3 coal seam. The relationship between the two coal seams
is shown in Figure 1. Both are near horizontal coal seams adopting the comprehensive
mechanized top coal caving mining method. The thickness of the No.4 coal seam is about
7.5 m, which has been recovered, and a 90 m coal pillar was left to ensure the stability of
the main roadway group. The geological histogram of the long-wall working face (LWF)
8216 is shown in Figure 1. The long-wall working face (LWF) 8216 in the No.3 coal seam
under the residual coal pillar is the main mining face, with an average coal seam thickness
of about 5.5 m and a burial depth of about 400 m. The spacing between the two adjacent
roadways is 30 m, and there is slight deformation in the surrounding rock of the roadway
group during the upper coal seam recovery. Therefore, during the retreating of the lower
coal seam, the mine intended to further reduce the width of the protective coal pillar for
the roadway group to maximize the recovery of coal resources. The location of the project
is shown in Figure 2.

 

Figure 1. Main roadway group layout of the multiple coal seam and generalized stratigraphic column
in the test site.
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Figure 2. Location of the Project.

2.2. Description of the Mining Conditions

The No.4 coal seam above the longwall working face 8216 of the No.3 coal seam in the
mine has been mined out, and the width of the protective coal pillar of the main roadway
group is 90 m. During the mining process of the No.3 coal seam, it usually chooses a giant
protective coal pillar (90 m~140 m) to avoid the damaging effect with multi-seam mining
stress disturbance to the main roadway. The main roadway is supported by a symmetrical
anchor bolting and cable combination using a large coal pillar width. The anchor cables are
Φ17.8 × 7000 mm with an inter-row distance of 1500 × 3000 mm and pallet size of 300 × 300
× 16 mm (length × width × height); the anchor bolts are left hand non-longitudinal rebar
threaded steel anchor bolts with Φ20 × 2400 mm and inter-row distance of 900 × 1000 mm,
and the pallet is a dished pallet with 150 × 150 × 10 mm (length × width × height). The
roof, floor, and two ribs of the roadway use a shotcrete support. The roof and two ribs’
concrete thickness is 100 mm, and the concrete grade is C20. The support parameters of the
main return-air roadway and main haulage roadway are shown in Figure 3.

Although the giant protective coal pillar prevented the main roadway group from
destruction and instability, it also caused the loss of coal resources. In addition, the
asymmetrical damage to the main roadway can occur under symmetrical anchor rope
support conditions after the suspension of mining at specific working faces of the No.3
coal seam. In the ribs of the main return-air roadway and the main haulage roadway, the
support structure showed apparent damage, as shown in Figure 4. This is inconsistent
with our traditional understanding of the location of the roadway damage. The roadway
failure location under the influence of mining stress should first appear in the area near
the working face. Therefore, in the study of multi-seam mining conditions, the direction of
the evolution of the roadway damage is conducive to the better design of targeted support
programs to improve support efficiency.
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Figure 3. Support parameters of the main roadway group.

 

Figure 4. Asymmetric damage of the main roadway after stopping mining. (A) main return-air
roadway, and (B) main haulage roadway.

3. Theoretical Analysis of the Direction Deflection of the Stress and Partial-Stress
Boosting in the Surrounding Rock

3.1. Solution for the Direction of Stress Deflection and Partial-Stress Boosting in the Mining
Superposition Conditions

The problems of stress distribution and plastic damage depth of a coal mass have
been of great concern. Especially the superimposed loading law of the stress field with
multi-seam mining, which is an essential guideline for engineering practice.
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The traditional view mainly focuses on the change of lead vertical pressure (vertical
direction). However, vertical stress only represents one of the nine stress components. The
direction is all vertical, so the simple vertical stress cannot scientifically and comprehen-
sively characterize the change of stress in the over-front area, caused by the mining of the
working face, and it cannot effectively propose the damage characteristics of the advanced
abutment pressure on the main roadway and the critical direction of control.

Deviatoric stress synthesizes three principal stresses, making the analysis more compre-
hensive and scientific than the single vertical stress index. According to the elastic-plasticity
theory [35], the deviatoric stress plays a dominant role in the plastic deformation of the
surrounding rock, so the analysis of the mining superposition main roadway surrounding
stress increase law by the deviatoric stress index, can more comprehensively reflect the
essence of the surrounding rock deformation damage development.

The S1 is the principal deviatoric stress, which plays a dominant role in the stress
tensor, and the commonly referred deviatoric stress refers to the maximum principle of the
deviatoric stress, which is also the analytical index of the deviatoric stress in this section,
and its formula is as follows.

S1 = σ1 − σ1 + σ2 + σ3

3
(1)

In the three-dimensional stress field, the magnitude of the principal stress and its
direction can be solved by the magnitude of nine (six independent) stress components (σxx,
σyy, σzz, τxz, τxy, τyz, τzx, τzy, τyx). Take any unitary body for an oblique section ABC, as in
Figure 5, and let the outer normal of the plane ABC be N, whose direction cosine is

cos(N, x) = l, cos(N, y) = m, cos(N, z) = n (2)

Figure 5. Stress components of the oblique section of the element body.

The full stress P of the triangle ABC can be decomposed into px, py, pz, and the
following formula is satisfied:

px = lσx + mτyx + nτzx
py = mσy + nτzy + lτxy
pz = nσz + lτxz + mτyz

⎫⎬
⎭ (3)

Let the positive stress on triangle ABC be σN . Then from the projection, we have

σN = lpx + mpy + npz (4)

It follows that

σN = l2σx + m2σy + n2σz + 2mnτz + 2nlτzx + 2lmτxy (5)

p2 = σ2
N + τ2

N = p2
x + p2

y + p2
z (6)

100



Energies 2022, 15, 8257

Suppose there is a principal stress plane at P, and the projection of the full stress
(principal stress σ) on this plane on the coordinate axis is:

px = lσ, py = mσ, pz = nσ (7)

Satisfies Equation (9)
l2 + m2 + n2 = 1 (8)

Equation (9) can thus be obtained

(σx − σ)l + τyxm + τzxn = 0
τxyl +

(
σy − σ

)
m + τzyn = 0

τxzl + τyzm + (σz − σ)n = 0

⎫⎬
⎭ (9)

Following a simplification, Equation (10) can be derived
{

τyx
m1
l1

+ τzx
n1
l1
+ (σx − σ1) = 0(

σy − σ1
)m1

l1
+ τzy

n1
l1
+ τxy = 0

(10)

The two equations solved for the two unknowns (m1/l1) and (n1/l1) so that l1, as well
as m1 and n1, can be obtained by bringing in the following equation:

l1 =
1√

1 +
(

m1
l1

)2
+
(

n1
l1

)2
(11)

l1, m1, and n1 are the cosine of the angle between the principal stress of the principal
plane and the three axes. Therefore, based on the nine stress components at any point, the
three principal stresses and the direction of the principal stresses can be solved.

3.2. Solution for the Degree of the Stress Direction Deflection and the Partial-Stress Boosting and
the Damage Analysis with the Disturbance of Multi-Seam Mining

As shown in Figure 6, the stress components and the changes of the principal stress
during the mining of each coal seam can be extracted through a numerical calculation.
Then, the changes in the magnitude and direction of the principal stress before and after
being affected by the mining superposition at any location, can be obtained. At the same
time, as the magnitude of the principal stress and its direction change, the peak area of
the deviatoric stress of the roadway surrounding rock is bound to change, which will
inevitably lead to asymmetric damage to the surrounding rock. That is, through the size
of the principal stress field of the roadway surrounding rock and its direction, changes to
determine the critical damage area of the roadway, to guide the determination of the vital
reinforcement direction of the roadway.

 
Figure 6. Expression of the principal stresses for the stress components. (a) Arbitrary stress field,
(b) The direction deflection of the principal stress field and the partial-stress boosting.
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According to the principal stress field, to solve the damage range of the roadway,
using the stress distribution formula around the hole in the elastoplastic mechanics, the
stress expression at any point of the surrounding rock of a circular roadway in polar
coordinates [36] can be found as follows.⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩
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where: σr is the radial stress at any point; σθ is the circumferential stress at any point; τrθ is
the shear stress at any point; γ is the weight density of rock; H is the burial depth of the
roadway; λ is the lateral pressure coefficient; a is the radius of the circular roadway; the
polar coordinates of any point are set as (θ, Rθ). In the polar coordinate system, the formula
for calculating the principal stress determined by the stress component [36] is:⎧⎨
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The stress state of a point can be decomposed into spherical stress and deviatoric
stress, where the deviatoric stress is the dominant factor leading to the plastic deformation
of the surrounding rock, so use the deviatoric stress for the theoretical analysis.

When conducting the study of the stress in the roadway enclosure, the problem
can be simplified to a plane problem, which results in the principal deviatoric stress
calculation formula:

S1 = γH
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(14)
The surrounding rock plasticity criterion satisfies the following relation [37,38].

σc
2(σ1 + σ3)

2(σc + 2σt)
+

σtσc
2

σc + 2σt
− σc

4

8(σc + 2σt)
2 − (σ1 − σ3)

2

2
= 0 (15)

By combining the deviatoric stress formula and its plasticity criterion, we can analyze
the location of the high deviatoric stress zone in the roadway surrounding rock. We can
also make it possible to quantify the deflection of the high deviatoric stress zone when
the principal stress direction changes. Combined with the numerical simulation tests,
the evolution of the peak stress zone of the surrounding rock in the roadway, from no
stress deflection and partial-stress boosting to stress deflection and partial-stress boosting
conditions, is shown in Figure 7.
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Figure 7. Evolutionary pattern of surrounding rock damage under different stress direction deflection
and partial-stress boosting conditions.

With different degrees and directions of stress deflection and partial-stress boosting,
there exist different deviatoric stress critical zones in the roadway surrounding rock, and
this zone highlights the roadway surrounding rock’s key damage development area and
direction: When the degree of stress deflection and partial-stress boosting is small, the road-
way surrounding the rock’s deviatoric stress critical zone mainly develops symmetrically
in two directions of the roadway; when the degree continues to increase, the deviatoric
stress critical zone is symmetrically distributed on both sides of the roadway surrounding
rock, and the damaged area tends to develop from four directions to the deep part of the
surrounding rock. Therefore, under stress deflection and partial-stress boosting conditions,
the surrounding rock is not gradually and uniformly damaged to the deep part of the
surrounding rock, but it is a non-uniform process. The different stress direction deflection
and partial-stress boosting conditions lead to two directions of damage development or
four directions of the damage development pattern of the surrounding rock, which has an
essential guidance significance for the design of the surrounding rock control scheme.

4. Numerical Simulation

The influence with multi-seam mining will cause a stress increase effect on the main
roadway. Under different principal stress field conditions, the roadway’s stress peak area
and damage development area will be deflected, forming the phenomenon of stress deflec-
tion and partial-stress boosting. There is an essential difference between the development
of the surrounding rock deformation and the critical area of its control. The numerical
simulation can more intuitively study the law of the deflected loading of the main roadway
surrounding rock, caused by mining multiple coal seams. This is essential for analyzing
the plasticization law of the main roadway surrounding rock and determining the critical
reinforcement location of the main roadway surrounding rock.

The model selects the LWF 8216 as the test working face. The X-axis length is 400 m in
the length direction, the Y-axis length is 100 m and parallel to the main roadway group,
and the Z-axis length is 90 m in the vertical direction, as shown in Figure 8. The boundary
displacement of the model is constrained in the horizontal and bottom. The upper of the
model is subjected to a stress of 7.75 MPa, equivalent to the weight of the overburdened
rock, and the lateral stress coefficient is 1.2. The model is calculated using the Mohr–
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Coulomb model. In contrast, the double-yield model is used for the job. The mechanical
parameters of the coal and rock mass were very important to the accuracy of the numerical
simulation results. Cai et al. [39] suggested that the tensile strength, cohesion and elastic
modulus of the coal and rock mass could be estimated in the range of 0.10–0.25 times of the
experimental results in the laboratory. Mohammad et al. [40] suggested that the average
uniaxial compressive strength of the numerical model should be 0.284 of the laboratory
strength and the average stiffness should be 0.469 of the laboratory stiffness. Combined with
the generalized Hoke–Brown failure criterion [41–43], the simplified physical parameters
of the coal seam are shown in Table 1.

Figure 8. Numerical model overview.

Table 1. Properties of the rock mass in LWF 8216.

Lithology Density
(kg·m−3)

Elastic Modulus
(GPa) Friction (◦) Cohesion

(MPa)
Tensile Strength

(MPa)

Gritstone 2650 17.43 32 3.16 2.42
Siltstone 2602 14.59 35 3.07 2.17

No.4 coal seam 1400 3.79 18 1.49 1.21
Conglomerate 2660 18.08 34 3.5 3.13
No.3 coal seam 1400 3.80 18 1.49 1.21

Carbonaceous-mudstone 2200 14.77 29 2.94 2.22
Kaolinite rock 2570 17.00 38 5.18 2.78

Medium-sandstone 2557 12.69 38 6.26 3.63

The numerical model is used to study two aspects: (1) The change of the abutment
pressure in front of the working face when the upper and lower coal seams are in different
positions (outer fault, overlap, internal fault). (2) To investigate the stress distribution and
the mechanism of the surrounding rock damage in the surrounding rock of the roadway
when the width of the coal pillar is different in the working face of the lower coal seam,
when the protective pillar of the upper coal seam is 90 m.

4.1. Stress Field Advance of the Working Face, Caused by Multi-Seam Mining
4.1.1. Deflection of the Principal Stress

Multi seam mining generally adopts a downward mining practice, so the relative
position relationship between the underlying coal seam and the overlying coal seam mainly
includes three types. Namely: external staggering (the end-mining line of the lower coal
seam is under the gob of the upper coal seam), overlapping (the end-mining line of the
upper and lower coal seams overlap), and internal staggering (the end-mining line of the
lower coal seam is under the entity coal of the upper coal seam). Suppose the width of
the final end-mining coal pillar of the lower coal seam is smaller than that of the upper
coal seam. In that case, the working face of the lower coal seam will experience the whole
process of the above three types of positional relationships.
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The stress component of each point before each working face, is extracted through a
numerical calculation. The maximum principal stress direction of the leading working face
under three positional relations, is calculated using the stress component. It is specified that the
angle of the maximum principal stress line rotating counterclockwise to the vertical direction
line is “+” and vice versa is “−”. The absolute value of the principal stress direction angle is
less than 90◦. When the upper and lower coal seams are at different off-set distances, the
deflection characteristics of the principal stress of the element in the center of the lower
coal seam with variable distances from the working face are shown in Figure 9.

 

Figure 9. Deflection law of the principal stress in front of the different layout modes of the upper
and lower coal seams. (A) External-offset of 30 m. (B) Overlapping arrangement. (C) Internal-offset
of 30 m.

The primary conclusions are as follows.

(1) The external staggered arrangement differs from the overlapping and internal stag-
gered arrangement. The evolution trajectory of the maximum principal stress direction
is approximately vertical → horizontal → deflection to the vertical direction in the
external staggered arrangement; while that in the overlapping and internal staggered
arrangement is approximately vertical → vertical → inclined to the two ribs.

(2) The distance between the turning point of the maximum main stress direction (deflec-
tion angle of 0◦ or 90◦) and the mining area, gradually decreases as the arrangement
of the upper and lower coal seams changes from outer staggered type → overlap-
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ping type → internal staggered type. It is reasonable to adopt symmetrical support
measures for the roadway at the turning point of the principal stress.

(3) Under the condition of multi-seam mining, the maximum principal stress direction
within 60 m in front of the lower coal seam is approximately vertical and deflected
to the mining void. If the roadway is arranged here, the roadway surrounding rock
will be damaged first along the direction of the minimum principal stress, namely the
entity coal top angle of the roadway.

4.1.2. Direction Deflection of the Principal Stress

Under the influence of the repeated mining of multiple coal seams, the bearing stress in
front of the workings will be subjected to the cyclic loading-unloading effect of mining stress.
The geological rock body shows a typical non-homogeneity in the vertical stress direction,
and the nature of the different rock seams varies. Therefore, the different relative positions
of the upper and lower coal seams will significantly affect the peak and distribution
characteristics of the stress field in front of the workings. The vertical stress of the model is
selected as the index, and the distribution of the bearing stress field of the working face
of the lower coal seam, when the upper and lower coal seams are at different staggered
distances, is shown in Figure 10.

Figure 10. Abutment stress field distribution in the lower coal seam with different offset distances.
(A) External-offset of 30 m. (B) Overlapping arrangement. (C) Internal-offset of 30 m.
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As shown in Figure 10:

(1) When the working face is staggered outward, the upper and lower coal seam abutment
stress shows a trend of increasing to the peak first, then gradually stabilizing. The
peak stress ratio between the lower and upper coal seam is Rs = 0.69, and the depth
ratio is Rd = 0.6. When the working face of the lower coal seam is ahead by 60 m, the
loading factor of the peak stress, compared with the original rock stress is L = 1.46.
Furthermore, the abutment stress curve of the working face of the lower coal seam
shows double peak characteristics, due to the position of the working face of the
upper coal seam.

(2) When the working face overlaps, the abutment stress trend in the upper and lower
coal seams increases first and then decreases. The ratio of the peak stress between
the lower coal seam and upper coal seam is Rs = 1.15, and the depth ratio is Rd = 0.33;
when the working face of the lower coal seam is ahead by 60 m, the stress peak,
compared to the original rock stress has a loading factor of L = 1.18.

(3) When the working face is staggered internally, the trend of the abutment stress in
the upper and lower coal seams still increases first and then decreases. The ratio of
the peak stress between the lower and upper coal seams is Rs = 1.40, and the depth
ratio is Rd = 0.13; when the working face of the lower coal seam is ahead by 60 m, the
loading factor of the peak stress, compared with the original rock stress is L = 1.18.

(4) In the process of the upper and lower working face from the outer fault → overlap
→ inner fault arrangement, the abutment stress peak of the lower coal seam working
face increases continuously, and the value is gradually larger than that of the upper
coal seam. The peak stress in the upper coal seam is the opposite of the peak stress in
the upper coal seam. The peak stress depth of the lower coal seam does not change
much and remains at a 6 to 7 m depth. In contrast, the peak stress depth in the upper
coal seam is significantly affected by the working face layout, and the depth increases
from 10 m to 52 m, an increase of 520%.

4.2. Roadway Group Stress Field Characteristics under Various Protective Coal Pillars

The relative positional relationship of the upper and lower coal seams working face
significantly affects the abutment stress distribution condition in front of the working face.
Due to the superimposed influence of the mining stress in multiple coal seams, the stress
loading law of the main roadway group in the process of the upper and lower coal seams
working face going from an outer staggered arrangement → overlapping arrangement →
inner staggered arrangement, is significant for the selection of the width of the protection
coal pillar. This section explores the stress evolution process of this seam’s main roadway
group affected by mining when the end-mining coal pillar of the upper coal seam is 90 m,
with the gradual mining of the lower coal seam, as shown in Figure 11.

As shown in Figure 11:

(1) When the end-mining coal pillar of the upper coal seam is 90 m, the protective coal
pillar’s width of the lower coal seam main roadway reduces from ∞ m (which means
that the lower coal seam is not mined) to 30 m, the abutment stress’ peak of the
lower coal seam main roadway group is gradually increasing. The maximum loading
increase factor is L = 2.03. Furthermore, when the width of the coal pillar is less than
60 m (i.e., the overlapping arrangement of the upper and lower coal seams), the stress
of the main roadway surrounding rock increases sharply.

(2) The surrounding rock of the main roadway group shows a typical asymmetric effect
of the direction deflection of the stress and partial-stress boosting. The peak stress
of the mining side is more extensive than its entity coal side of the main return-air
roadway and main haulage roadway, and the degree of stress direction deflection
and partial-stress boosting increases with the shortening of the end-mining coal pillar
width. The direction deflection of stress and the partial-stress boosting phenomenon
of the main roadway group surrounding rock shows that the stress distribution of the
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surrounding rock is asymmetric, so it is necessary to use targeted support solutions in
some places where the surrounding rock is weak.

 

Figure 11. Stress evolution process of the main roadway group during the lower coal seam recovery.
(A–E) with the protective coal pillar widths of ∞ m, 120 m, 90 m, 60 m, and 30 m, respectively, and
(F) distribution of peak stress value in both ribs.

4.3. Law of Stress Direction Deflection and Partial-Stress Boosting of the Deviatoric Stress Field of
the Surrounding Rock with Different End-Mining Coal Pillar Widths

Deviatoric stress is the stress that deviates from hydrostatic stress and causes defor-
mation, reflecting the essence of plastic deformation at a point in the surrounding rock.
The high deviatoric stress area in the surrounding rock indicates that the area is in a state
of damage development. Mining activities, especially the disturbance of multi-seam min-
ing, will promote the direction deflection of stress and partial-stress boosting effect of the
main roadway surrounding rock, further leading to the formation and transfer of the high
deviatoric stress zone in the surrounding rock. It is of great significance to investigate
the development and evolution of the high deviatoric stress zone in the surrounding rock
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to develop the damage mechanism and key reinforcement technology of the roadway
surrounding rock. This section explores the evolution of the peak deviatoric stress zone and
plastic zone of this seam’s main roadway group affected by mining when the end-mining
coal pillar width of the upper coal seam is 90 m, with the gradual mining of the lower coal
seam, as shown in Figure 12.

 

Figure 12. Development characteristics of the deviatoric stress peak zone and plastic zone.
(A–E) with the protective coal pillar widths of ∞ m, 120 m, 90 m, 60 m, and 30 m, respectively.
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As shown in Figures 12 and 13:

(1) The peak value of deviatoric stress shows an overall increasing trend with advancing
the lower coal seam workings. When the width of the end-mining coal pillar is from
∞ m → 60 m → 30 m, the peak value of deviatoric stress in the main return-air
roadway is from 5.25 MPa → 6.04 MPa → 11.20 MPa. The maximum stress loading
factor is L = 2.1, and the peak value of the deviatoric stress in the main haulage
roadway is from 4.82 MPa → 4.60 MPa → 6.99 MPa, and the maximum stress
loading factor is L = 1.45. When the width of the lower end-mining coal pillar is more
than 60 m, the peak value of the deviatoric stress in the main roadway group is more
fluctuating. When the width of the lower end-mining coal pillar is bigger than 60 m,
the peak value of the deviatoric stress in the main roadway group is more fluctuating,
indicating that the peak distribution is not significantly affected by the larger width of
the end-mining coal pillar.

(2) The peak deviatoric stress area gradually expands during the gradual decrease of the
lower coal seam end-mining coal pillar width. As the influence of mining intensi-
fies, the peak deviatoric stress area gradually surrounds the roadway surrounding
rock and shows an apparent directional deflection. The location of the peak zone
gradually transitions from the roof and floor to both ribs of the roadway. The plastic
zone’s contour line of the roadway passes through the core area of the peak of the
deviatoric stress. Furthermore, the plastic zone evolution direction also has obvious
directionality; with the minimum principal stress direction deflection, the plastic zone
development position occurs with a corresponding shift.

(3) The maximum principal stress direction shows a significant deflection with the ad-
vancing lower coal seam workings (main return-air roadway). With the increase of
the distance of the main roadway from the gob area, the direction of the maximum
principal stress gradually transitions from the direction of the deflected gob area to
the direction of the deflected entity coal. The direction of the minimum principal
stress passes through the center of the peak deviatoric stress area of the two ribs of
the roadway. The location of the peak of the deviatoric stress shows a significant
asymmetry, and this type is to be avoided in the actual project.

(4) When the width of the end-mining coal pillar in the lower seam is 60 m, the direction
of the maximum principal stress of the main return-air roadway is approximately
perpendicular to the roof and floor of the roadway (deflected 8◦ toward the side of the
gob area). That means the direction of the minimum principal stress in the roadway
points to the entity coal top angle of the roadway, which also corresponds to the
direction of the development of the plastic zone in the roadway. The failure results of
the main roadway by a numerical simulation are consistent with the failure position
of the main roadway under field working conditions, and the failure mechanism of
the surrounding rock of the roadway is well revealed. This is conducive to applying
an early warning and asymmetric control technology for the deformation orientation
of the main roadway surrounding rock.

Figure 13. Stress distribution of the main roadway group in the lower coal seam.
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5. Surrounding Rock Control Techniques

5.1. Principle of the Asymmetric Reinforcement Support Cooperation

In the process of the lower coal seam mining, with the reduction of the width of
the protective coal pillar of the main roadway group, the principal stress magnitude and
direction will change in the main roadway surrounding rock. In the process of the mining
influence, there is critical area of the direction deflection of stress and partial-stress boosting
in the main roadway surrounding rock, and the area of the direction deflection of the stress
and partial-stress boosting is the peak area of the deviatoric stress in the main roadway
surrounding rock, which is also the precursor and leading area for the development
of damage or continuous damage in the surrounding rock. Thus, the principle of the
asymmetric directional cooperative anchorage in the critical area of the stress direction
deflection and the partial-stress boosting, is proposed in the roadway surrounding rock.
Based on the evolution process of the stress direction deflection and the partial-stress
boosting area of the roadway surrounding rock, a directional high prestressing anchorage
reinforcement technology is adopted to realize the synergistic anchorage with the original
support scheme and guarantee the stability of the main roadway group.

Based on the study mentioned above, the multi-coal seam mining disturbance leads to
a significant change in the magnitude and directional deflection of the principal stress. In
a comprehensive view, there are three main categories of the deflected load critical areas
in the upper and lower coal seam main roadway: two ribs area, roof area, floor area, and
rib angle area (two types). The critical area of the directional cooperative anchorage is the
peak area of the deviatoric stress, the key area of the stress direction deflection and the
partial-stress boosting of the main roadway surrounding rock. For this reason, four types
of essential roadway surrounding rock reinforcement anchorage schemes are proposed for
the different degrees of the direction deflection of the stress and partial-stress boosting, as
shown in Figure 14.

 

Figure 14. Principle of the directional cooperative anchoring in the roadway.
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In the principle of the high pre-stressed anchor cable reinforcement anchoring effect,
the average equivalent mechanical parameters of the surrounding rock in the critical area
of the stress direction deflection and the partial-stress boosting can be increased from Cs0
and ϕs0 to the equivalent Cs1 and ϕs1, Cs2 and ϕs2, or Cs3 and ϕs3, by the high prestress and
high shear failure resistance provided by the anchor cable, where Cs3 > Cs2 > Cs01 > Cs0
and ϕs3 > ϕs02 > ϕs01 > ϕs0. This means that the mechanical properties of the surrounding
rocks in the key zone of the direction deflection of the stress and partial-stress boosting
are strengthened to improve the overall bearing capacity of the surrounding rocks of the
main roadway.

5.2. Support Parameters

Based on the principle mentioned above of the directional cooperative anchoring of the
roadway, a targeted support scheme is put forward for the main return-air roadway of the
No.3 coal seam. Based on the original support scheme, two anchor cables are additionally
supported on the mining side of the roadway, with an angle of 15◦ with the horizontal,
the anchor cable specification of Φ17.8 × 7000 mm, and the row spacing of 1500 mm ×
2000 mm. The same row of anchor cables and each row of anchor cables are connected with
the W steel strip, respectively, forming a crisscross net-like combined support structure,
increasing the surface stress range of the roadway surrounding rock. Add one anchor
cable of Φ17.8 × 7000 mm with 2000 mm row spacing on the entity coal side and the W
steel strip connects each row of the anchor cables. Detailed support parameters are shown
in Figure 15.

Figure 15. No. 3 coal seam main return-air roadway reinforcement support program. (A) Entry
section. (B) Support pattern in roof. (C) Support patter in coal pillar rib. (D) Support pattern in virgin
coal rib.

In order to further analyze the rationality of the directional cooperative anchoring
support scheme, the support stress field of the No. 3 coal seam main return-air roadway is
shown in Figure 16. A deep compressive stress zone and a shallow core compressive stress
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zone are formed in the surrounding rock after adopting the bolt-cable combined support.
The stress field of the anchor rods of the two ribs avoided the fall of the broken surrounding
rock of the roadway surface but did not form a practical strengthening effect on the peak
area of the deviatoric stress. The principle of support reinforcement is shown in Figure 17.
Following the use of the asymmetric reinforcement support with anchor cables, the channel
steel anchor cable reinforced mining rib formed two functional compressive stress areas in
the center of the deviated stress core area. This can effectively deliver the external mining
stress of the surrounding rock to the deep elastic rock, thus inhibiting the damage to the
roadway surrounding rock in this area.

Figure 16. No.3 coal seam main return-air roadway support stress field.

 

Figure 17. The support reinforcement principle of the No.3 coal seam main return-air roadway.
(A) No support. (B) Original support. (C) Strengthen support.

113



Energies 2022, 15, 8257

5.3. Ground Pressure Monitoring

To analyze the mining pressure response of the working face and the return-air road-
way of this coal seam during the pushing process of the C3# coal seam, we arranged three
measurement stations (each with an interval of 15 m) along the axis of the working face
return-air road and the C3# coal seam return-air roadway, respectively. The observation
indexes of the stations are mainly: (1) the abutment stress of the mining roadway; (2) the
stress of the bolts in the mining roadway and main roadway; (3) the amount of surrounding
rock displacement. The changing trend of these indicators is analyzed to reveal further the
law of change of the stress field in the surrounding rock of the main roadway when the
width of the protective coal pillar is different, to determine the width of the protective coal
pillar in the main roadway of LWF 8216. The monitoring principle is as Figure 18.

Figure 18. Ground pressure monitoring arrangement.

The location of the drilling stress monitoring is the C3# coal seam working face mining
roadway. Each measurement point has two stress gauges, A and B, where A is 14 m deep
into the coal body, and B drill holes are 8 m deep into the coal body. The results of the LWF
8216 track roadway’s abutment stress monitoring are shown in Figure 19.

Figure 19. Monitoring results of the deep hole stress meters.

114



Energies 2022, 15, 8257

When the distance between the working face and the stress meter is more than 90 m,
the reading of the stress meter is stable, and there is no apparent stress-increasing trend.
However, the reading shows a slow and slightly increasing trend when the working face is
90~50 m from the stress meter. When the distance between the working face and the stress
meter is less than 50 m, and the face is closer to the monitoring section of the high-sensitivity
borehole stress station, the abutment stress value begins to show an apparent acceleration
trend in front of the working face.

The anchor cable support resistance can reflect the deformation state of the roadway
surrounding rock and the influence of the working face in real time. It can effectively
determine the reasonable width of the end-mining coal pillar of the main roadway group.
Monitoring stations were set up in the LWF 8216 track roadway, and the C3# coal seam
main return-air roadway, respectively, and the stress meters were arranged, as in Figure 18;
the monitoring results are shown in Figure 20.

Figure 20. Anchor bolts stress meter monitoring results. (A) The main haulage roadway. (B) The
main return-air roadway.

The pre-stress range of the anchor bolts in the LWF 8216 track roadway is 50~53 KN.
The values of the stress meters are 163~170 KN after the working face is stopped mining
and is stabilized, which is about 90.6~94.4% of its breaking load, and still in a safe working
condition; with the decrease of the distance between the working face and the anchor meter,
the values of stress meters goes through the process of basic stability (more than 100 m) →
slow increase (100~40 m) → accelerated increase (less than 40 m). This indicates that the
stress of the advanced mining will be significantly enhanced within 40 m in front of the
working face.

In the C3# coal seam main return-air roadway, the anchor pre-stress values range from
49 to 53 KN. Once the working face has stopped mining 56 m from the main roadway, the
anchor stress meter of the main roadway showed an apparent asymmetry, and the values
of the two ribs were significantly larger than the roof. With the decrease of the distance
between the working face and the anchor bolts stress meter, the values of stress meters went
through the process of a primary stability (greater than 100 m) → slow rise (100~56 m),
and the final value of the stress meters was about 34.4.0~48.3% of its breaking load. The
comparison and analysis of the values of the stress meters (G1~G6), G1 > G2 > G5, G6 > G3
> G4, show that the surrounding rock of the two sides of the main roadway, especially the
mining side, is more sensitive to the mining effect of the working face. The field monitoring
results are consistent with the numerical simulation results of the critical control area of the
surrounding rock, indicating that the theory of the stress direction deflection and the partial-
stress boosting of the surrounding rock is suitable for early warning and strengthening the
support of the surrounding rock deformation.
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6. Conclusions

In this paper, the theoretical analysis, numerical simulation, and on-site ground
pressure monitoring are used to study the effects of the partial-stress boosting and the
direction deflection of the stress field on the failure evolution of the surrounding rock. The
conclusions are as follows:

(1) Mining-induced stress prompted two modes of critical zones of the deviatoric stress
in the roadway. When the extent of the partial-stress boosting is weak, the critical
zones of the deviatoric stress in the roadway mainly developed symmetrically in two
directions of the roadway. While the extent of the partial-stress boosting was strong,
the critical zones of the deviatoric stress were symmetrically distributed on both sides
of the roadway, and the damaged area tended to develop from four directions to the
deep part of the surrounding rock.

(2) With the influence of the multi-seam mining activities, the stress fields in the main
roadway showed an asymmetric effect of the partial-stress boosting, and as the
end-mining coal pillar width in the lower coal seam was shortened, the extent of
partial-stress boosting increased. The direction of the maximum principal stress in the
roadway showed a significant characteristic of deflection, and the peak points of the
stress field were asymmetrically distributed.

(3) On-site mine pressure monitoring showed that when the upper and lower working
faces overlapped, the mining stress tended to be significantly enhanced in the range
of 40~50 m in front of the lower coal seam working face. Once the lower working
face was stopped at 56 m from the main roadway, the surrounding rock of both ribs,
especially the mining side, was more sensitive to the impact of mining.
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Abstract: Under the condition of fully mechanized top coal caving in close-distance coal seams,
the surrounding rock of the stopping space easily loses stability during the withdrawal of mining
equipment in the working face because the lower coal seam working face is located under the goaf
and the overburden rock has a large range of complex interaction. Field investigation, theoretical
analysis, laboratory experiment, similar simulation experiment, numerical simulation, and field
industrial tests are used to carry out the research on the stability and control of the surrounding
rock in the large section stopping space under the goaf in this paper. The research conclusions are as
follows. (1) It is determined that the lower coal seam working face can only stop mining under the
goaf, and the reasonable stopping position under the goaf should ensure that the key block fracture
line of the main roof is behind the support. (2) The interaction law between the main roof’s key
blocks of the upper and lower coal seams is analyzed, and the catastrophic conditions for sliding
instability and rotary instability of the main roof’s key blocks of the upper and lower coal seams are
obtained. (3) “Anchorage with push and pull equipment-Embedded anchorages and trays” integral
anchoring technology is developed. The dimensions of the push and pull equipment are determined.
(4) Through numerical simulation of the distribution characteristics of the anchor cable pre-stress field,
the asymmetric control scheme of “Partition long and short anchor cables + Integral polyurethane
mesh + Embedded anchorages and trays for roof protection” is determined. The rock pressure
observation shows that the withdrawal of the working face equipment is implemented safely.

Keywords: close-distance coal seams; stopping space; roof rocks; stability; asymmetric control

1. Introduction

The coal seam group is the main occurrence condition of coal seams in China, and
the mining of close-distance coal seams is one of the main problems faced by coal mining
enterprises in China [1,2]. Thick coal seam reserves account for approximately 45% of all
coal reserves in China. The mining of thick coal seams is the main part of coal mining in
China, and fully mechanized top coal caving is the first choice for thick seam mining [3–5].
After the mining of the working face is completed, the retracement channel is reserved
in order to facilitate the rapid withdrawal of hydraulic supports, shearers, and other
equipment [6]. At present, equipment withdrawal is performed in mainly two ways: pre-
driven retraction channel and non-pre-driven retraction channel [7]. It is not simple to
control the deformation of surrounding rock under the influence of advance abutment
pressure of the working face with pre-driven retracement channels [8]. In contrast, a
non-pre-driven retraction channel can avoid the strong incoming pressure and can be
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set up flexibly, which has a better application value [9,10]. During the retraction of the
equipment of the working face, a large section stopping space is constitutive of the retraction
channel and the supporting area of supports. The stability of the surrounding rock in the
stopping space guarantees the efficient and safe retraction of the equipment [11]. Many
scholars have conducted research on the stability and control of the surrounding rock in
the stopping space. Yang et al. [12] studied the influence of the main roof rupture position
and overburden structure on the stability of surrounding rock in the stopping space in
order to achieve the safe retraction of equipment at the working face of soft coal seams and
proposed a differentiated support scheme for the roof and lane gang of retraction channels.
In view of the complex fault structure and the difficulty of roof management during the late
mining period of the working face, Song [13] selected a reasonable position of the stopping
line through the study of roof transport law and analysis of mine pressure measurements.
Through numerical simulation, Chen et al. [14] concluded that there are four different
damage zones around the stopping space, namely the shear damage zone, tensile damage
zone, partial elasticity zone, and plastic damage zone, and adopted various measures such
as optimizing the position of the stopping line, reducing the width of the stopping section,
and increasing the number of anchor cables to ensure the stability of the surrounding rock
in the stopping space. Wu et al. [15] proposed a rapid withdrawal technology for non-
pre-driven retraction channels in heavily mechanized top-coal caving faces by studying
the law of mine pressure appearing on the working face and the reasonable position of
stopping lines for the problem of crushed pre-driven retraction channels. Liu et al. [16]
analyzed the most dangerous rupture patterns of the immediate roof and main roof in
the stopping space in view of roof-fall accidents and withdrawal accidents in the deep
stop mining space. The study showed that the immediate roof presented showed a zonal
progressive rupture pattern under strong loads, and the main roof formed a lateral rotation
structure with the retraction of the support and triggered the instability of the support.
Wang et al. [17] analyzed the position of the stopping line and the key block of the main
roof to investigate the stability of the surrounding rock of the retraction channel using
UDEC numerical simulation software and clarified the reasonable position relationship
between the stopping line and the key block of the main roof.

The above research is of great significance to ensure the stability of surrounding rock in
the stopping space and the efficient withdrawal of equipment, but they are all concentrated
on the condition of a single coal seam with fully mechanized mining. There are few studies
on the stability of surrounding rock in the stopping space under the condition of fully
mechanized top coal caving in close-distance seams. Under the condition of close-distance
coal seam mining, if the upper coal seam is not mined, the stopping space of the lower
coal seam is located under the solid coal, and its ground pressure law and surrounding
rock control are not different from that of single coal seam mining, as shown in Figure 1. If
the upper coal seam has been mined, the stopping space of the lower coal seam is located
under the goaf. As shown in Figure 2, the ground pressure is relatively severe due to
the influence of the large-scale joint movement of overburden, and the stopping space is
difficult to control. [18–22] The top coal above the stopping space of the fully mechanized
top coal caving face is easily broken. It is difficult to push the anchoring agent when using
the anchor cable support, and the anchor cable anchorage in the stopping space is generally
exposed. During the last mining and hanging of the net, the anchorage will be damaged
when moving the support. This causes the failure of the support components and brings
difficulties to the surrounding rock control [23–25].
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Figure 1. Schematic diagram of stopping mining under solid coal.

Figure 2. Schematic diagram of stopping mining under goaf.

Based on the above discussion, it is necessary to study the stability and control of the
surrounding rock in the large section stopping space under the goaf with fully mechanized
top coal caving. By means of field investigation, theoretical analysis, laboratory experiment,
similar simulation experiment, numerical simulation, and industrial field tests, this paper
clarifies that the stopping space of the lower coal seam can only be located under the goaf.
The reasonable stopping position under the goaf should ensure that the fracture line of
the main roof’s key block is behind the support. The catastrophic conditions for sliding
instability and rotary instability of the main roof‘s key blocks of upper and lower coal
seams are obtained. The integral anchoring technology of “Anchorage with push and
pull equipment + embedded anchorages and trays” is developed. The asymmetric control
scheme of surrounding rock in the stopping space is proposed, and the industrial field test
is finally carried out.

2. Engineering Geological Conditions

A mine is currently mining the overlying No. 4 coal seam and the underlying No. 3
coal seam, both of which are flat seams. The mining method is fully mechanized top coal
caving mining. The average thickness of No. 4 coal seams and No. 3 coal seams are about
7.5 m and 7 m, respectively. The average distance between the two coal seams is 25 m. The
strike length of the No. 8201 working face is 2517 m, the dip length is 180 m, and the average
dip angle is 2◦, which corresponds to the No. 8210 goaf of the overlying No. 4 coal seam.
The coal seam structure of the No. 8201 working face is complex, with gangue distributed.
The lithology of the immediate roof of No. 8201 working face is kaolinite, carbonaceous
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mudstone, fine sandstone, etc., mainly composed of quartz, and joint fissures are not
developed. The lithology of the main roof is medium-grained sandstone, consisting mainly
of quartz, with low joint fissure rate, dense sand body cementation, and good stability. The
geological histogram of the No. 8201 working face and the position relationship diagram
of the upper and lower working faces are shown in Figure 3.

Figure 3. Geological histogram of panel and position relationship diagram of the upper and lower
working faces.

According to the field survey, the width of the coal pillar between the stopping line and
the main roadway of the No. 8210 working face is 65 m. To avoid the serious deformation
and instability of the main roadway caused by the mining disturbance of the working face,
the distance between the stopping line and the main roadway in the No. 8201 working face
of the underlying No. 3 coal seam should not be less than 65 m. Therefore, the stopping
line of the No. 8201 working face can only be located below the goaf of the upper coal seam.
The stopping caving coal distance of the No. 8201 working face is 35 m. If the top coal
caving is stopped before the stopping of the fully mechanized top coal caving face, the top
coal that has not been caving can be used as the bearing body of the roof rock to reduce the
amount of roof rotary subsidence, which is conducive to the stability of the large section
stopping space, as shown in Figure 4a [26,27]. If the top coal caving is not stopped, the
height of the immediate broken roof cannot reach the position of the main roof, and the
turning angle of the key blocks of the main roof becomes larger, which very easily loses
stability. It is a threat to the safety of the lower support and the stopping space, as shown
in Figure 4b. Therefore, in order to ensure the safety of the stopping space, coal caving is
generally stopped within a certain length from the stopping line [28–30].
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Figure 4. Schematic diagram of no top coal caving and top coal caving before stopping mining. (a) No
top coal caving before stopping mining. (b) Top coal caving before stopping mining.

3. Analysis of Stopping Position under Goaf

Different stopping positions under the goaf will also affect the stability of the stop
mining space [31]. According to the location relationship between the main roof fracture
line and the support, the stopping positions can be divided into three categories. (1) When
the main roof fracture line is in front of the support, the key block is supported by the
immediate roof, the top coal, and the support. With the withdrawal of the lower support,
the support ability of the support to the main roof is weakened, and the key block is prone
to instability, which brings great hidden dangers to the safety of the stopping mining space,
as shown in Figure 5a. (2) When the main roof fracture line is above the support, the
key block is supported by the gangue, the top coal, the immediate roof, and the support.
To ensure the stability of the key block, enough top coal should be reserved behind the
support. If the parking distance is short, the key block easily loses stability, and the support
below the key block is difficult to withdraw, as shown in Figure 5b. (3) When the main
roof fracture line is behind the support, the key block is supported by the gangue and the
top coal, and its rotary instability has little impact on the stopping mining space. At this
time, the stopping mining space is under the protection of the cantilever beam structure of
the main roof, which is the best stopping position, as shown in Figure 5c. In comparison,
the stopping positions (1) and (2) should be avoided in actual production. The reasonable
stopping position under the goaf should ensure that the fracture line of the key block of the
main roof is behind the support.
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Figure 5. Schematic diagram of different stopping positions under the goaf. (a) The main roof fracture
line is in front of the support. (b) The main roof fracture line is above the support. (c) The main roof
fracture line is behind the support.

4. Stability Analysis of Key Blocks in Close Distance Coal Seam Mining

The No.4 coal seam was mined first, its main roof collapsed, and the goaf has been
compacted. The No.3 coal seam is being mined. The distance between the two coal seams is
25 m, which belongs to a close-distance coal seam. Therefore, it is necessary to consider the
damage of the overlying coal seam mining to its floor strata. According to the measured
data of the upper coal seam panel mining, the floor damage depth is 8.5 m. When the lower
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coal seam is mined, its key block is locally damaged and interacts with the key block of the
upper coal seam, as shown in Figure 6.

Figure 6. Interaction between key blocks of the upper main roof and lower main roof.

The main roof of the upper coal seam shall bear the rock strata load with a thickness
of 20 m, about 0.52 MPa. The stability of the key block in the upper coal seam is analyzed.
The average length of the key block is 19.7 m. In the periodic weighting stage, the critical
loads for sliding instability and rotary instability are quh and quz, and the expression is as
follows [32]: ⎧⎨

⎩
iuh = cos θ1 tan ϕ+sin θ1(1+tan θ1 tan ϕ)

1−tan θ1 tan ϕ

quh =
5i2uh [σt ]

15−i2uh

(1)

quz =
η[σc](iu − sin θ1)

2

2[cos θ2 + (iu + sin θ1) tan θ1]
(2)

In the formula:

iu is the lumpiness of the key block in the upper coal seam;
iuh is the critical lumpiness for sliding instability of the key block;
θ1 is the rotating angle of the key block, ◦;
[σc] is the ultimate compressive of rock mass, MPa;
[σt] is the ultimate tensile strength of rock mass, MPa;
tanϕ and η are the friction coefficient between rock blocks, taken as 0.3.

Now, carry out a mechanical analysis on the damaged main roof of the lower coal
seam. The top 2.5 m of the main roof rock is damaged by the mining of the upper coal seam,
and the sequence degree is 0.77. Meanwhile, when the working face is mining, the average
length of its key block is 19.1 m. In the periodic pressure stage, the key block’s critical loads
qlh and qlz for sliding instability and slewing instability are as follows: (3), (4) [33,34]:

⎧⎨
⎩

ilh = cos θ2 tan ϕ+sin θ2(1+tan θ2 tan ϕ)
1−tan θ2 tan ϕ

qlh =
5i2lh [σt ]ψ

15−i2lh

(3)
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qlz =
η[σc]ψ(il − sin θ2)

2

2[cos θ2 + (il + sin θ2) tan θ2]
(4)

In the formula:

il is the lumpiness of the key block in the lower coal seam;
ilh is the critical lumpiness of the key block for sliding instability;
θ2 is the rotation angle of the key block, ◦;
ψ is sequence degree, and its value is 0.77.

From this, we can obtain the curves of critical load, lumpiness, and rotation angle of
the damaged key block in the lower coal seam, as shown in Figure 7.

Figure 7. Linkage analysis of upper and lower main roof key blocks.

Obtained by calculation: the critical loads of the key block in the upper coal seam
are 0.72 MPa and 0.68 MPa, which are both greater than the load value of the overlying
load layer of 0.52 MPa. Therefore, when mining the lower coal seam, it is only necessary
to consider the stability of the damaged main roof key blocks and its load layer. The load
of the damaged key block in the lower coal seam is 0.53 MPa. The balance force of the
damaged key block cannot bear the load of 0.61 MPa. However, because the hydraulic
support provides a bearing capacity close to 1 MPa, the key block of the damaged basic roof
will not slide and lose stability when mining in the lower coal seam. At the same time, the
load of the damaged key block in the lower coal seam is 1.08 MPa, which can balance itself.
Therefore, in view of the damage to the main roof strata of the lower coal seam caused by
the mining of the upper coal seam, when mining in the lower coal seam working face, the
key blocks will not slide and rotate instability, which can ensure safe mining.

5. “Anchorage with Push and Pull Equipment-Embedded Anchorages and Trays”
Integral Anchoring Technology

5.1. Development of Anchorage with Push and Pull Equipment

The stopping space of a fully mechanized top coal caving working face is characterized
by a large section span, large top coal thickness, and unsynchronized deformation of roof
coal and rock strata, which easily causes layer separation and dislocation. Moreover, the
strength of the top coal is low, and cracks are easily produced under the influence of mining
pressure. Especially, the top coal above the hydraulic support is seriously crushed by the
extrusion of the upper roof and support. To accurately understand the broken situation of
the top coal in the stopping mining space, the top coal above the stopping mining space in
the final mining stage is peeked by the borehole peep method, as shown in Figure 8. The
coal body in the borehole is severely broken, the hole-forming effect is poor, the cracks are
seriously developed, and there are obvious phenomena of delamination dislocation and
hole collapse. The broken top coal has severely challenged the control of surrounding rock
in the stopping mining space.
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Figure 8. Borehole peep of top coal. (a) Delamination occurred in the borehole. (b) Collapse occurred
in the borehole. (c) Cracks occurred in the borehole.

Bolts-anchor cable support is a common means to realize effective control of surround-
ing rock, and the installation of an anchoring agent is an important link in the supporting
operation. At present, the anchoring agent pushing generally adopts the method of un-
constrained whole pushing, which can improve the installation efficiency of the anchoring
agent compared with staged pushing. However, when there is delamination or hole col-
lapse in the roof drilling hole, the front-end anchoring agent can easily get stuck in the
delamination or hole collapse. If it continues to push in, the anchoring agent will bend and
then be cut and leaked by sharp coal rock. Because the anchoring agent leaked in advance
and failed to reach the anchoring point at the bottom of the hole, the anchoring effect could
not be achieved. The unconstrained pushing experiment of the anchoring agent was carried
out using a transparent acrylic pipe to simulate the drilling hole, as shown in Figure 9.

Figure 9. Disadvantages of unrestrained integral pushing anchoring agent.

If push and pull technology is adopted, the problem of anchoring agent pushing can
be effectively solved. The push and pull anchoring equipment is shown in Figure 10. The
anchorage with push and pull equipment comprises a push–pull tray and a U-shaped clip.
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The pushing force of the anchor cable acts on the bottom tray and is transmitted upwards
through the U-shaped clip, thus forming a double force of pushing and guiding the middle
anchoring agent in the same direction. The U-shaped clip has a certain rigidity, which can
dredge the drilling hole and guide the anchoring agent to reach the top of the drilling hole
smoothly through the delamination or hole collapse area. Then, the anchor machine is used
to push the anchor cable. When the anchor cable pierces the tray, stir the anchoring agent.
The effect of anchoring with push and pull is shown in Figure 11. The equipment has a
simple structure and good stability and fundamentally solves the problems of easy hole
plugging, difficult pushing, and poor anchoring effect of the anchoring agent.

Figure 10. Schematic diagram of anchorage with push and pull equipment.

Figure 11. Effect diagram of anchorage with push and pull equipment.

The push–pull tray is the key equipment to bear the push force of the anchor cable, fix
the U-shaped clip, and realize the double force of “push” and “pull”. The push–pull tray
in kind is shown in the figure. The push–pull tray should not be damaged during normal
pushing to ensure that the anchoring agent can reach the hole top smoothly. After that, the
top of the tray is damaged by a manual pushing force, and the anchor cable passes through
the tray to stir the anchoring agent. To meet the above requirements, it is necessary to test
the mechanical properties of the top plate of the push–pull tray. The push–pull tray is made

128



Energies 2022, 15, 8498

of brittle and easily cracked plastic. To ensure that it is pierced by the anchor cable after
lifting the anchoring agent, the top plate of the pushing tray needs a reasonable thickness.
Therefore, the thickness of the top plate is 0.3 mm, 0.6 mm, and 1 mm, respectively, for the
mechanical loading test, and the test process is shown in Figure 12.

Figure 12. Mechanical loading test of push–pull tray.

The failure pattern of the top plate after the loading test is shown in Figure 13. the
top plate of 0.3 mm and 0.6 mm suffered shear failure, whereas that of 1 mm suffered
tensile shear failure. The time–load curves for different top plate thicknesses are shown in
Figure 14. The maximum load that the 0.3 mm thick top plate can carry is 68.9 N; for the
0.6 mm thick top plate, the maximum load is 340.6 N; the 1.0 mm thick top plate is loaded
with a maximum load of 1222.1 N.

Figure 13. Failure patterns of top plates of different thicknesses. (a) shear failure; (b) shear failure;
(c) tensile shear failure.

The measured mass of the push–pull tray and U-shaped clip M1 = 70 g, the mass of
the anchor agent M2 = 1500 g, taking the acceleration of gravity g = 10 N/kg, resulting in
the total gravity of the push–pull device and anchor agent G = 15.7 N. Considering the
resistance during the pushing process and the unevenness of the anchor cable end, the
bearing capacity of the top plate should not be less than 150 N. To ensure that the final tray
can be pierced by the anchor cable, the load-bearing capacity of the top plate should not be
too large. Combining the peak pressure and the fitting curve of the top plate thickness, as
shown in Figure 15, the reasonable thickness of the top plate was finally determined to be
0.5 mm, and the whole size of the push–pull anchorage device is shown in Figure 16.
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Figure 14. Loading curves for different thicknesses of the top plate. (a) Plate thickness 0.3 mm;
(b) Plate thickness 0.6 mm; (c) Plate thickness 1.0 mm.

Figure 15. Peak stress with fitting curve for top tray thickness.
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Figure 16. Dimensional drawing of the push–pull anchorage device (a) Home view of push–pull tray.
(b) Home view of U-shaped clip.

In order to test the effect of anchorage with push and pull equipment, pull-out experi-
ments were carried out on the anchor cable in the field. The anchor cable can be divided into
a free section and an anchorage section in the borehole, as shown in Figure 17. According
to the theory of elasticity, the total elongation of the anchor cable should be the elongation
of the free section under the pull-out force. If the total elongation of the anchor cable is
greater than the theoretical elongation of the free section of the anchor cable, it proves that
the stress in the anchorage section is shifted to the deeper part, and the anchorage section
is partially failed.

Figure 17. Schematic diagram of the anchor cable in the borehole.

The field test data are shown in Figure 18. The anchor cable anchorage reliability is
higher with the use of the integral push–pull anchorage installation process. No. 1 and
No. 2 anchor ropes of unconstrained anchorage showed a significant increase in expansion
when the pull-out force was greater than 160 kN, and the total elongation of the anchor
cable was significantly greater than the theoretical elongation of the anchor cable. There
are two reasons for this phenomenon. On the one hand, it is due to the partial failure of the
anchor section, resulting in the growth of the free section length of the anchor cable; on the
other hand, it is caused by the relative sliding of the anchor cable under the pulling load
due to the reduced frictional resistance between the grouted body (bonded body) of the
anchor section and the borehole wall. No. 3 and No. 4 anchor cables were installed with a
pull-out force of 200 kN, and the elongation of the anchor cable was approximately equal
to the theoretical elongation of the free end of the anchor cable, which indicates that no
partial anchor failure or relative slippage occurred in the anchor cable anchorage section.
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Figure 18. Pull-out test results for anchor cables.

5.2. Anchoring Technology with Embedded Anchorages and Trays

The anchorages of the anchor cables in the stopping space are generally exposed.
When the anchor cables exist in the top coal in front of the support during the terminal
mining hanging net shifting, the exposed anchorages will prevent the support from shifting
the frame with stress, and if the frame continues to be shifted, the anchorages will be
damaged, causing the anchor cables to separate from the tray and the support force of the
anchor cables to be sharply reduced, resulting in the failure of the support function of the
anchor cables, as shown in Figure 19.

Figure 19. Disadvantages of exposed anchorages of the anchor cable.
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In order to overcome the disadvantages of exposed anchorages, a new anchoring
method with embedded anchorages and trays has been developed, as shown in Figure 20.
The top coal is drilled with a reaming bit to form an embedded slot, the depth of which is
such that the anchorages and trays are fully embedded and do not interfere with the support
movement. Compared with the exposed anchorages, the technology with embedded
anchorages and trays can effectively solve the problems of support movement with pressure,
damage to the anchorages, and weakening or invalidating the support system. The effect
of embedded anchorages and tray support is shown in Figure 21.

Figure 20. Schematic diagram of embedded anchorages and trays.

Figure 21. Comparison of the effect between exposed and embedded anchorages and trays.

“Anchorage with push and pull equipment-Embedded anchorages and trays” integral
anchoring technology in the stopping space can improve the efficiency of anchor cable
installation, enhance the effect of anchor cable, strengthen the support capacity of anchor
cable, and realize the effect of anchor cable on the surrounding rock.
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6. Support Schemes for Stopping Space

Unlike a traditional roadway, the large section stopping space has a special rock
structure, so it is necessary to analyze the structural characteristics of the stopping space
when designing the support scheme. As shown in Figure 22, the stopping space consists of
the retracement channel, the support bearing area, and the front coal wall area. In terms
of the overburden structure, it is safest for the stopping space to be under the protection
of the main roof cantilever beam structure. Namely, the main roof fracture line is located
behind the support. To satisfy this condition, the working face needs to be stopped just
after passing the fracture line (in effect, the stopping point is the end of the working face
pressure cycle), followed by the construction of the retracement channel.

Figure 22. Illustration of the stopping space zoning in fully mechanized top coal caving min-
ing method.

According to the characteristics of the surrounding rock structure of the stopping space
and the on-site support withdrawal process, different zones of the stopping space have
the following different requirements for the support effect. (1) The roof of the retracement
channel needs strong support because this area is the key passage area for support with-
drawal, so it is necessary to ensure that it is stable before and during support withdrawal.
(2) The roof of the support area needs relatively weak support because after the support is
withdrawn, the roof of the support area cannot be suspended in a large area and needs to
be withdrawn and collapsed at the same time, but it still needs a certain bearing capacity;
otherwise, the collapsed roof is close to the support, which easily causes the support to be
difficult to pull out. (3) The front coal mass needs surface protection and support to avoid a
large area of wall spalling during withdrawal.

Four support schemes are designed according to the actual situation on the site. In
order to evaluate the support effects of different support designs, the distribution of the
pre-stress field of large-section spatial support for stopping mining is simulated by FLAC3D
numerical simulation software. The model is 100 m long, 50 m wide, and 100 m high. The
displacement condition is used around the model to fix the boundary. Mohr-Coulomb
criterion is selected as the constitutive relation of the model. The anchor cable shall be
applied with a pre-tightening force of 120 kN, and the anchor bolt shall be applied with a
pre-tightening force of 80 kN. The distribution of the pre-stress field is shown in Figure 23.
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From the pre-stress field, it can be seen that the bolt (cable) support has changed the stress
distribution of the surrounding coal body. The boundary stress of the pre-stress field is
0.02 MPa. The high-stress area is mainly concentrated in the tray and anchorage section.
Scheme (a) is that the support area and the retracement channel are supported by anchor
cables, and the front coal wall area is supported by bolts. The length of anchor cables
is 4500 mm, the spacing is 2500 mm, and the length of bolts is 1700 mm, the spacing is
1600 mm. From the distribution of pre-stress, it can be seen that the high pre-stress is
concentrated at the end of the anchor cable and distributed sporadically. The upper roof
and the front coal wall do not realize the connection of the pre-stress field. In scheme (b),
the spacing of roof anchor cables above the support area is 1800 mm, the spacing of roof
anchor cables above the retracement channel is 1200 mm, the length of front coal wall bolts
is 1700 mm, and the spacing is 1000 mm. It can be seen from the distribution of pre-stress
that the high pre-stress is connected between the upper roof anchor cables, and the low
pre-stress field of the upper roof and the front coal wall is connected. In scheme (c), the
length of the roof anchor cable above the support area is 4500 mm, and the spacing is
1800 mm. The length of the roof anchor cable above the retracement channel is 6300 mm,
and the spacing is 1200 mm. The length of the front coal wall bolt is 1700 mm, and the
spacing is 1000 mm. From the distribution of the pre-stress field, it can be seen that the
range of the pre-stress field of the roof anchor cable above the retracement channel is larger
than that above the support area, and the lower pre-stress field of the upper roof and the
front coal wall are interconnected. In scheme (d), the included angle between the right
anchor cable of the roof above the retracement channel and the vertical direction is 15 ◦, and
the included angle between the uppermost bolt of the front coal wall and the horizontal
direction is 15 ◦. The other parameters are the same as scheme (c).

Figure 23. Schematic Diagram of Prestressing Field of Different Support Schemes (a–d).
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From the distribution of the pre-stress field, it can be seen that the control range
of the pre-stress field of the roof anchor cable of the retracement channel is large, and
the support effect is better than that of the roof of the support area, which reflects the
asymmetric support characteristics of relatively strong support in the retracement channel
and relatively weak support in the roof above the support area. In addition, the high pre-
stress field of the upper roof and the front coal wall are interconnected, which realizes the
effective control of the anchor (cable) support over the entire space for mining suspension.

Combined with the distribution of the support pre-stress field and the actual situation
on site, and referring to the support design of the stopping space in other working faces
of this mine, the asymmetric support scheme of “Partition long and short anchor cables +
Integral polyurethane mesh + Embedded anchorages and trays for roof protection” was
finally determined, as shown in Figures 24 and 25.

Figure 24. Asymmetric support parameters of stopping space.

Figure 25. Top view of stopping space support.
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7. Industrial Test

When the 8201 working face enters the final mining stage, the above support scheme
will be applied to the field practice. Stop top coal caving before stopping mining of the
working face. After stopping top coal caving for 5 m, start to lay the overall polyurethane
mesh of the full section, and then the working face will continue to advance without caving
until the polyurethane mesh is inserted into the broken top coal that is not placed behind the
support for about 1 m, and then drive the retracement channel to form a large section space
of about 9 m for stopping mining. “Anchorage with push and pull equipment-Embedded
anchorages and trays” integral anchoring technology is used to install the anchor (cable),
forming an efficient asymmetric support system. After field comparison, the new anchoring
agent installation method can save half the time compared with the traditional installation
method. The installation efficiency of the anchoring agent is doubled. The on-site support
effect is shown in Figure 26.

Figure 26. Effect picture of on-site support.

In order to evaluate the surrounding rock control effect of the stopping space, measur-
ing points are set to monitor the displacement of the roof and coal wall in the retracement
channel. The layout plan of measuring points is shown in Figure 27. The monitoring data
are shown in Figure 28. Within 10 days of the arrangement of the measuring points, the
displacement of the coal wall in front of the retracement channel maintained a growth
trend, but the growth rate gradually slowed down. After 10 days, the growth rate grad-
ually stabilized, and the maximum displacement of the coal wall was 150 mm. At the
initial monitoring stage, the roof displacement increased significantly. Due to the support
of the hydraulic support, the roof displacement tends to be stable quickly. After 8 days
of monitoring, the roof displacement increases and tends to be flat. The maximum roof
displacement is 127 mm.
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Figure 27. Layout of measuring points.

Figure 28. Deformation of surrounding rock.

8. Conclusions

(1) It is determined that the stopping line of the lower coal seam can only be located
below the goaf of the upper coal seam, and the reasonable stopping position is that the
fracture line of the main roof key block is located behind the support.

(2) It is concluded that the key block of the upper coal seam main roof will not lose
stability during the mining of the lower coal seam, and the damaged key block of the lower
coal seam cannot bear the load of overlying rocks, but it will not lose stability under the
supporting action of the support.

(3) Anchorage with push and pull equipment is developed. It is determined that the
height of the push and pull tray is 45 mm, the thickness of the top plate is 0.5 mm, and the
length of the U-shaped clip is 1575 mm. A new anchoring method of embedded anchorages
and trays is proposed to realize the synergetic control of the surrounding rock.

(4) The asymmetric control scheme of “Partition long and short anchor cables + Integral
polyurethane mesh + Embedded anchorages and trays for roof protection” is determined.
The rock pressure observation shows that it realizes the safe withdrawal of the working
face equipment.
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Abstract: Previous studies have shown that the influence of deep dynamic pressure on the surround-
ing rock control of a coal roadway is one of the difficulties in mine roadway support. Based on the
investigation of the headgate 11231 in a coal mine, this study analyzes the damage characteristics
of coal roadway surrounding rock affected by deep dynamic pressure, expounds on the difficulties
of controlling the roadway surrounding rock, and creatively proposes a cooperative control tech-
nology of external anchor–internal unloading for regulating large deformation of roadways. The
vertical stress distribution and transfer law of surrounding rock with different hole-making depths,
spacing, and lengths after roadway excavation were simulated and studied, and an appropriate
parameter range of hole-making space in the stage without dynamic pressure influence was obtained.
Considering the influence of mining dynamic pressure, the surrounding rock pressure relief effect
of each optimized hole-making parameter was analyzed. In addition, the optimal hole-making
parameters (the hole-making depth, spacing, and length were 8 m, 3.2 m, and 3 m, respectively) that
can effectively reduce the high stress of roadway shallow surrounding rock in two stages (without
and with dynamic pressure) and ensure integrity of the shallow surrounding rock were obtained.
The actual field application shows that the new technology can reduce the higher rib deformation
by approximately 850 mm and achieve a good surrounding rock control effect. The research and
practice show that the pressure relief control for soft coal roadways with deep, violent mining and
large deformation has achieved success, providing technical support for the maintenance of the same
type of roadway.

Keywords: deep mine; coal roadway; numerical simulation; pressure relief; external anchor–internal
unloading; surrounding rock control technology

1. Introduction

With the deep mining of coal resources gradually becoming the norm [1–3], the
engineering response problems of discontinuous, uncoordinated large deformation and
large-scale instability of roadway surrounding rock caused by the typical deep “three
high” occurrence environment and coal mining dynamic pressure have become urgent
engineering problems that need to be solved [4,5]. Research shows that the complex stress
field [6], deformation brittle–ductile transition [7], continuous deterioration [4,8], and
strong rheology of deep coal and rock mass are the major reasons for the continuous large
deformation of deep roadway surrounding rock. In China, coal roadways excavated by
underground coal mines account for approximately 80% of the total roadway excavation
volume [9]. Coal science and technology workers have conducted a lot of research on the
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surrounding rock properties [10,11], stress environment [12,13], and roadway deforma-
tion characteristics [14,15] of deep coal roadways through field investigation, theoretical
analysis, experimental research, and numerical simulation.

In recent years, a lot of work has been carried out to study the impact of mining on
the rock mass and to recommend measures for reducing strain changes of rock mass and
minimizing the stress on the surface. Since mining production has a significant effect on the
stress-strain behavior of rock mass, the issues of reducing this influence are very relevant
and scientists around the world are trying to minimize it. Adigamov, A.E., et al. [16] estab-
lished the stress-strain behavior model of disturbed rock mass with regard to anisotropy
and discontinuities, which can be used to calculate the strength of underground rock mass;
Khayrutdinov, A.M., etc., [17] studied the change of stress-strain characteristics of rock
mass after using different-strength backfill and carried out research on the stress-strain
relationship of disturbed rock mass under different conditions. On the basis of studying the
influence of mining activities on the stress-strain relationship of rock mass [18,19], scholars
at home and abroad have developed many targeted coal roadway surrounding rock support
technologies. High prestressed strong bolt support [20], high strength, high stiffness and
high prestressed bolt support [21], and butted long bolt support [22] technologies can effec-
tively control the generation and development of separation, sliding, and cracks in shallow
surrounding rock as well as improve the post-peak strength of deformed surrounding rock
and its mechanical parameters. Support technologies, such as the constant resistance and
large deformation bolt support technology [23] and high-strength pressure relief anchor
box beam support system [24] can release the uncontrollable deformation energy in the
surrounding rock after the roadway support is completed, and then, give full play to the
support capacity of the bolt, so that the bolt and the pressure relief surrounding rock can
form a stable support bearing body. The anchor cable truss support technology [25] can
simultaneously provide extrusion stresses in the horizontal and vertical directions of the
roadway roof and rib, thus effectively reducing the maximum tensile stress and maximum
shear stress of the surrounding rock in the anchorage zone. The anchor-grouting combined
support technology [26] can re-condense the broken surrounding rock of the coal roadway,
effectively improve the mechanical properties of the surrounding rock, and ensure the
integrity and safety of the roadway surrounding rock. In addition, the active–passive
coupling support technology [27] involves combining bolts (cables) with the passive sup-
port components to maintain stability of the coal roadway surrounding rock under special
geological conditions and fully utilize the initial support resistance from the active support
and the high deformation resistance of the passive support. To control the deformation of
deep coal roadway surrounding rock, while seeking innovation of the support technology,
it has become an important research direction for the surrounding rock control of deep coal
roadways to realize the release or transfer of high concentrated stress in the coal roadway
surrounding rock through stress control (surrounding rock pressure relief) to achieve sta-
bility of the surrounding rock. Currently, many roadway pressure relief control methods
are available, such as arranging the roadway in the stress reduction zone [28], physical
pressure relief of surrounding rock (e.g., by drilling [29] and blasting [30,31]), excavating
the pressure relief roadway [32], and roof cutting pressure relief [33]. The pressure relief
control technology can solve the problem of controlling the surrounding rock under various
working conditions to a certain extent.

Analyzing the above, it can be noted that the surrounding rock control in soft coal
roadways with deep, violent mining and large deformation is a very topical issue, but
the existing research results have not made a big breakthrough in the surrounding rock
control of this type of roadway. Given the above problems, this study creatively proposes
a cooperative control technology of external anchor–internal unloading of surrounding
rock in deep coal roadways. First, the roadway shallow surrounding rock is strengthened
through an anchor-grouting combined support. Then, a hydraulic hole-making machine is
used to create pressure relief space with appropriate spacing in a certain range of the deep
coal roadway to transfer the high concentrated stress from the shallow to the deep rock and
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effectively improve the stress environment of the roadway surrounding rock. The drawings
in Figure 1 show how by combining the characteristics of new and old pressure relief
technologies, both conventional pressure relief drilling [29] and hole-making pressure relief
can effectively realize the transfer of high concentrated stress in the shallow surrounding
rock to the deep rock. However, the conventional pressure relief dense drilling makes the
shallow surrounding rock more broken, reducing its strength. In contrast, the hole-making
pressure relief technology uses steel pipes to effectively solidify the borehole surrounding
rock and ensures the integrity and effectiveness of the shallow surrounding rock and
support structure. The new cooperative control technology was first applied to the deep
dynamic pressure mining roadway and achieved success, ensuring the roadway rib did not
expand during the service period. This has important research value for the surrounding
rock pressure relief support of a high stress and large deformation coal roadway.

 
Figure 1. Comparison between the internal hole-making pressure relief technology and conventional
pressure relief technology of surrounding rock.

2. Project Overview

2.1. Engineering Geology and Problems

The headgate 11231 of a coal mine is located in the 1100 southern mining area. In
the south of the headgate is solid coal panel 11231, in the northern part is fault SF86, in
the eastern part is the −760 m horizontal main roadway, and in the western part is the
concentrated roadway of the 1100 southern mining area. The average buried depth of the
headgate is 740 m, and the roadway size is 5.0 × 3.5 m (width × height), with an anchor
mesh cable combined support. The average thickness of the No. 2 coal seam is 4.5 m, and
the average dip angle is 14◦. Panel 11231 is a gangue backfilling panel, and the compressed
ratio of the gangue after compaction is approximately 80%. A drawing of the location and
columnar of panel 11231 is shown in Figure 2.

In the process of advancing each panel in the 1100 southern mining area, although the
goaf is filled with gangue, the surrounding rock of the section roadway within 90–120 m in
front of the panel still has large deformation owing to the mining dynamic pressure. As the
mining progresses, the surrounding rock is continuously renovated by a team to ensure
normal mining, as illustrated in Figure 3. According to statistics, during the service period
of the 1100 southern mining area, the section roadways need to be renovated at least once,
and some sections even require two to three renovations. The high frequency of renovation
work has greatly increased the cost of roadway support and the labor intensity of workers.
Moreover, it has seriously restricted the safe and efficient production of the mine. To solve
the engineering problem caused by the repeated roadway renovation and improve the
production efficiency of the mine, this study selects a reasonable position of headgate 11231
in a coal mine as a test roadway for applying the new support technology. The position of
the test roadway is displayed in Figure 2.
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Figure 2. Location of panel 11231 and the columnar section of the coal and rock strata. (a) Location of
panel 11231; (b) Columnar section of the coal and rock strata.

 

Figure 3. Renovation site of headgate 11231. (a) Deformation and crack diagram of roadway
surrounding rock; (b) Roadway rib renovation site; (c) Repair depth of roadway rib; (d) The roadway
rib has been renovated.

As indicated in the curve chart in Figure 4, the accumulated approach of the two
ribs is approximately 610 mm (no mining influence stage) between the completion of
headgate 11231 and 9 months before the mining dynamic pressure. The influence range
of the increased dynamic pressure of panel 11231 is approximately 90 m. Because of the
influence of mining dynamic pressure on the panel, the deformation of the surrounding
rock increases sharply. The data show that within the period (approximately 21 days) from
the influence of dynamic pressure on the roadway surrounding rock to 30 m from the panel,
the accumulated approach of the two ribs of the roadway surged to 1240 mm (mining
influence stage). Then, the roadway was renovated, and the displacement monitoring was
performed again. The accumulated approach of the two ribs of the renovated roadway to
the completion of mining of the panel was approximately 520 mm (mining influence stage).
Therefore, the total approach of the two ribs of the roadway is approximately 1760 mm. The
continuous large-scale extrusion of the two ribs of headgate 11231 (Figure 4(II)-a–c) led to
damage of the support structure (Figure 4(I)-a–c). The reduction in support strength of the
roadway rib coal aggravated the continuous large deformation of the coal body, forming
a vicious cycle of large deformation of the surrounding rock and damage of the support
body, which posed a great threat to the safety of underground personnel and equipment.
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Figure 4. Deformation overview of the two ribs of headgate 11231 surrounding rock. (I-a) Tearing of
metal mesh; (I-b) Large deformation of roadway rib; (I-c) Anchor bolt failure; (II-a) Large deformation
of the panel rib; (II-b) Large deformation of non-panel rib; (II-c) Roadway rib bulges out.

2.2. Analysis of Control Difficulties of Roadway Surrounding Rock

Through investigation and analysis of the mining and production geological conditions
of panel 11231, the reasons for the large deformation of headgate 11231 are as follows:

(1) High in situ stress. The average buried depth of headgate 11231 is 740 m, and
the primary rock stress reaches 20 MPa. After roadway excavation, the shallow
surrounding rock changed from a three-dimensional to a two-dimensional stress
state. Moreover, the stress was redistributed, which increased the surrounding rock
stress by two to three times at a certain depth. The surrounding rock of the roadway
deteriorates rapidly owing to the high in situ stress and stress state change (as depicted
in Figure 5a, the roadway in this section (near panel 11231) experiences deformation
of surrounding rock dominated by vertical stress, which is mainly manifested in large
roof subsidence).

(2) Complex tectonic stress. The geological structure of the 1100 southern mining area is
complex, and the tectonic stress caused by tectonic movement has a great influence
on the stability of the roadway surrounding rock. As illustrated in Figure 5b, this
section of the roadway (near panel 11231) undergoes deformation of surrounding
rock dominated by tectonic stress, which is mainly manifested by the large amount of
movement of the two ribs getting closer.
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(3) The coal body is soft and broken. The strength of the coal body in a coal mine is low,
owing to the loose and soft properties of the coal body. The borehole peep (Figure 5c-I)
shows that the coal body is broken when the roadway rib depth is 3 m. It can be
seen from Figure 5c-II that when the roadway rib has no large deformation, the soft
coal body in the roadway rib peels off under an effective support. The low strength
and weak self-supporting capacity of the coal body is the main reason for the large
deformation of headgate 11231.

 

Figure 5. Schematic for the analysis of surrounding rock failure difficulties of headgate 11231.
(a) Roadway deformation caused by high field stress; (b) Roadway deformation caused by complex
tectonic stress; (c-I) Borehole peeping; (c-II) Crushed coal; (d) Large deformation of roadway rib;
(e) Large mining height.

(4) The roadway section is large. Headgate 11231 has a center height of 3.5 m and a
roadway width of 5 m. Research shows that the larger the roadway section, the easier
it is to cause greater stress concentration, and the more serious the deformation and
damage of the roadway surrounding rock. In addition, headgate 11231 is a trapezoidal
roadway driven along the coal seam roof, and the height of the roadway panel rib
(higher rib) reaches 4.2 m. The irregular cross-sectional shape causes the surrounding
rock of the roadway to be subjected to unbalanced pressure, and the surrounding rock
of the roadway undergoes asymmetric deformation. The displacement monitoring
data show that the deformation of the higher rib of the headgate is larger than
that of the non-panel rib (lower rib). As displayed in the curve data in Figure 4,
the deformation of the higher rib accounts for 65.6 and 67.0% of the accumulated
approach of the two ribs in the stage without and with dynamic pressure, respectively.

(5) Strong influence of mining. The average mining height of panel 11231 is 4.5 m. As
indicated in Figure 5e, although the goaf is filled with gangue, owing to the low
compressed ratio and large mining height, the overburden movement is strong after
mining, and the strong disturbance range of the panel is up to 90 m. The broken
coal body of the roadway surrounding rock within the disturbance range can easily
undergo large deformation.
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3. Principle and Key Technical Parameters of the Cooperative Control Technology of
External Anchor–Internal Unloading of Coal Roadway Surrounding Rock

According to the above analysis, to solve the problem of repeated renovation of mining
roadways caused by their large deformation, technical research should be conducted
from the following two perspectives: (1) complex stress environment in coal roadways
(difficulties 1, 2, and 5) and (2) soft and broken characteristics of surrounding rock (difficulty
3). Based on this, the cooperative control technology of external anchor–internal unloading
of coal roadway surrounding rock is proposed in this study.

3.1. Principle of Cooperative Control Technology of External Anchor–Internal Unloading of Coal
Roadway Surrounding Rock

The cooperative control technology of external anchor–internal unloading refers to
strengthening the shallow surrounding rock of the roadway through the combined strategy
of anchor-grouting and then using physical means to make pressure relief holes with
reasonable spacing in a certain range of the deep part of the roadway to improve the stress
environment of the roadway surrounding rock. The pressure relief holes can also provide
a large compensation space for the deep coal body to transfer to the roadway space and
effectively block the intermediate source of large deformation of roadway surrounding rock.
In addition, the strengthening of the surrounding rock in the shallow part of the roadway
can restrict the shallow coal body from moving to the pressure relief space. Generally,
the internal pressure relief method involves making large-diameter holes with reasonable
spacing in a certain range in the deep part of the roadway by using hydraulic hole-making
equipment. The method mainly includes determining reasonable technical parameters
using geological steel pipes with an appropriate diameter to effectively support the ordinary
boreholes in the shallow part of the roadway and creating large-diameter holes in the deep
part of the roadway.

Figure 6 illustrates the principle of cooperative control technology of external anchor–
internal unloading. This technology mainly includes two aspects, namely “external anchor”
and “internal unloading”. As mentioned above, the external anchor is a high-efficiency
and strong pre-tightening support structure of anchor cable truss beams formed by strong
anchor cables and a channel steel or steel belt beam. The shallow coal roadway is grouted
to form an anchor-grouting reinforced bearing body of shallow surrounding rock of the
roadway (Figure 6A), which creates a good surrounding rock environment for internal
hole-making and pressure relief. Internal unloading mainly includes two objectives. (1) The
pressure relief space in the deep part of the roadway makes the peak area of the abutment
stress caused by the roadway rib substantially transfer to the deep part (Figure 6B,C), which
reduces continuous damage (due to high concentrated stress) to the shallow coal and rock
mass and improves its stress environment. (2) Continuous large-diameter holes provide
a large compensation space for the transfer of deep coal body to the roadway space and
effectively block the intermediate source of large deformation of roadway surrounding rock
(Figure 6D). It should be pointed out that the structural integrity of the surrounding rock
in the shallow anchorage zone should not be damaged during internal hole-making and
pressure relief, and the pipe-fixing method can be used to effectively support the shallow
ordinary drilling area to ensure that the strength of the coal and rock mass in this area is
not reduced by the hole-making.
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Figure 6. Principle of cooperative control technology of external anchor–internal unloading of
roadway surrounding rock.

3.2. Key Technical Parameters of Internal Hole-Making and Pressure Relief

Effective implementation of the internal hole-making and pressure relief technology
mainly involves the reasonable selection of three technical parameters, as shown in Figure 7.

 

Figure 7. Schematic for the layout of hole-making in the two ribs of the roadway.

(1) Hole-making depth L1. The hole-making depth affects the abutment stress distribution
of the roadway rib and the anchorage range of the shallow surrounding rock after the
completion of roadway excavation. When the hole-making depth is extremely large,
it cannot effectively relieve the pressure, and even more seriously, it may increase
the stress peak in the shallow anchorage zone and affect the stability of the shallow
surrounding rock. On the other hand, when the hole-making depth is extremely small,
the stress transfer effect is not significant, and the hole-making space can easily cause
damage to the shallow anchorage zone.

(2) Hole-making spacing L2. After the hole-making space is created, the coal body outside
the hole-making space migrates to this space, forming a certain range of surrounding
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rock loose areas. Appropriate spacing of hole-makings can connect the loose areas
of two adjacent holes-making along the axial direction of the roadway, and the loose
areas of continuous hole-making connect with each other in the axial direction of the
roadway to form a pressure relief continuous zone (Figure 6E). When the spacing is
extremely large, the pressure relief continuous zone cannot be formed. In addition,
the coal body between the hole-making spaces is still in a state of high concentrated
stress, and the surrounding rock pressure relief effect is poor. In contrast, when
the spacing is extremely small, dense ordinary boreholes cause great damage to the
shallow surrounding rock, which affects its integrity, and at the same time increases
the labor of workers and reduces construction efficiency.

(3) Hole-making length L3. The hole-making length has a significant influence in terms
of two aspects: (1) the greater the hole quantity and length, the greater the coal output
and the more obvious the compensation effect of the hole-making space on deep coal;
(2) pressure relief amplitude, namely, the transfer distance of highly concentrated
stress. In general, when the hole-making depth is appropriate, the greater the hole-
making length, the greater the transfer distance of the peak value of the roadway rib
abutment stress to the deep rock. When the hole-making length is extremely small,
the pressure relief range is small, the pressure relief effect is not sufficient, and the
pressure relief hole-making is closed in a short time, preventing its blocking effect on
the transfer of deep coal body to the roadway space. On the other hand, when the
hole-making length is extremely large, the deeper hole-making space has little effect
on the pressure relief of the shallow surrounding rock of the roadway.

Owing to the large dip angle of the coal seam and limited by the technical capability
of the hydraulic hole-making equipment, the coal output effect of the internal hole-making
space in the lower rib of the headgate 11231 test section is poor and cannot meet the
technical requirements. Meanwhile, comparing the displacement monitoring data of
headgate 11231, the higher rib deformation of the headgate accounts for more than 65%
of the total displacement of the two ribs of the roadway. Therefore, effectively limiting
the deformation of the higher rib surrounding rock of the headgate can greatly relieve the
renovation pressure of headgate 11231 and meet the engineering requirements of the panel.

4. Study on Key Technical Parameters of Pressure Relief by Internal Hole-Making

4.1. Establishment of Numerical Model and Research Ideas

To determine the key technical parameters of pressure relief by internal hole-making
in deep coal roadways affected by dynamic pressure, a numerical simulation study was
carried out according to the actual situation on-site and the technical principle of pressure
relief by internal hole-making combined with the FLAC3D finite element software. The
numerical model is depicted in Figure 8. The numerical model size is 130 × 70 × 90 m.
The length of panel 11231 is 59 m. The mining height is 4.5 m, and the dip angle of the
coal and rock strata is 14◦. Considering that panel 11231 is a gangue backfilling panel, the
final compressed ratio is approximately 80%. It is considered that the equivalent mining
height of the panel is 0.9 m. The mining roadways are arranged along the coal seam roof.
The roadway width is 5 m, the center height of the roadway is 3.5 m, the distance from
the borehole to the roadway floor is 1.5 m, and the upward angle of the hole-making in
different schemes ranges from 3.0 to 8.5◦. Each coal and rock stratum in the numerical
model adopts the Mohr-Coulomb constitutive model. The left and right boundaries of
the model are fixed with horizontal displacement along the x-direction, the front and rear
boundaries of the model are fixed with horizontal displacement along the y-direction, and
the bottom boundary of the model is fixed with z-displacement along the vertical direction.
Moreover, a load of 17.115 MPa is applied to the top boundary of the model to simulate
the overburden weight. The coefficient of lateral pressure of the model is 1.2. Based on
the basic mechanical parameters of coal rock mass measured in the laboratory and data
from the literature, the mechanical parameters were calculated [34–36]. Table 1 presents
the physical and mechanical parameters of each coal and rock stratum.
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Figure 8. Numerical simulation model.

Table 1. Mechanical parameters of coal and rock strata.

Rock Strata K/GPa G/GPa Cm/MPa σtm/MPa ϕm/(◦) D/(kg·m−3)

No. 1 coal seam 2.60 1.60 1.00 1.32 25.0 1.40

Siltstone 4.77 4.59 3.60 3.15 32.5 2.65

Sandy mudstone 4.87 4.18 3.20 3.10 35.0 2.40

Medium grained
sandstone 4.50 4.10 3.15 3.05 33.0 2.65

No. 2 coal seam 2.60 1.60 1.00 1.32 25.0 1.40

Mudstone 4.20 4.10 2.00 2.00 28.0 2.40

No. 2 lower coal seam 2.60 1.60 1.00 1.32 25.0 1.40

Medium fine
sandstone 4.77 4.88 4.10 3.80 33.0 2.65

Overlying strata 4.87 4.18 3.20 3.10 35.0 2.40

Lower strata 4.77 4.59 3.60 3.15 32.5 2.65

Given the key technical parameters (L1, L2, and L3) of pressure relief by internal hole-
making of headgate 11231 in a coal mine, a variety of numerical simulation schemes were
set up by using a control variable method. The goals were to study the vertical stress
distribution law of the surrounding rock under different hole-making parameters and
determine the final hole-making parameters of the roadway. As presented in Table 2, there
are 15 numerical simulation schemes in total (the technical parameters of Schemes 3, 8, and
13 are the same).
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Table 2. Numerical simulation schemes.

Scheme Number Technical Parameter of Hole-Making

Schemes 1–5
L2/m L3/m L1/m

4.0 3.0 4.0 6.0 8.0 10.0 12.0

Schemes 6–10
L1/m L3/m L2/m

8.0 3.0 2.4 3.2 4.0 4.8 5.6

Schemes 11–15
L1/m L2/m L3/m

8.0 4.0 1.0 2.0 3.0 4.0 5.0

According to the field investigation, the surrounding rock deformation of headgate
11231 can be divided into two stages: the no mining influence stage and the mining
influence stage. Based on the displacement monitoring data in Figure 4, the displacement
of the two ribs and deformation of the higher rib, respectively, account for 34.1 and 33.9% of
the total deformation in the no mining influence stage. That is, the deformation of the two
ribs of the coal roadway in the no mining influence stage accounts for approximately 1/3
of the total deformation, and the roadway first goes through the no mining influence stage
after the support is completed. In this stage, the surrounding rock of the deep coal roadway
is mainly affected by the high abutment stress of the roadway rib formed after roadway
excavation. Therefore, it is necessary to study the pressure relief law of the coal roadway
surrounding rock under different hole-making parameters in the no mining influence stage
after roadway excavation to determine the appropriate hole-making parameters and reduce
the deformation of the roadway rib at this stage. The abutment pressure caused by coal
mining has changed the original stress distribution state of the roadway surrounding rock.
The superposition of the advanced abutment pressure and the original high abutment stress
of the roadway rib makes the stress of the roadway rib (panel rib) complex and changeable.
Based on the key technical parameters of pressure relief by hole-making determined in
the stage without mining influence, the parameters of pressure relief by hole-making are
continuously optimized so that it can effectively relieve the surrounding rock pressure and
reduce the influence of the superimposed high stress on the roadway rib on the surrounding
rock in the mining influence stage.

4.2. Key Technical Parameters of Pressure Relief by Internal Hole-Making in the No Mining
Influence Stage

(1) Hole-making depth

The vertical stress distributions in the higher rib of the roadway with different hole-
making depths are illustrated in Figure 9b–f. When the hole-making depths are 4, 6, and
8 m, the peak stress of the higher rib of the roadway is located in the deeper part of the
hole-making space. When the hole-making depth increases from 8 m to 10 m and 12 m,
a new high stress peak zone is formed between the roadway space and the hole-making
space, which is not conducive to the stability of the roadway surrounding rock. The stress
monitoring lines are arranged at the higher rib of the roadway along the direction of hole-
making, as displayed in Figure 9(A1-A1) to (F1-F1). According to the stress distribution
value of the higher rib of the roadway under the conditions of no hole-making and different
hole-making depths, a comparison diagram of the stress curve of the roadway rib is drawn,
as indicated in Figure 10.
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Figure 9. Layout scheme under different hole-making depths and distribution nephogram of verti-
cal stress.

To effectively evaluate the pressure relief effect of different hole-making depths on
the surrounding rock, two evaluation indices were selected according to the stress transfer
law. First is the transfer amplitude of the high concentrated stress, which is the transfer
distance from the original stress peak position to the deep part of the roadway. Second is the
reduction in the high concentrated stress in the shallow surrounding rock of the roadway,
that is, the pressure relief effect on the surrounding rock in the high abutment stress zone
of the roadway rib after roadway excavation. The pressure relief effect from high to low
is categorized as excellent, good, fair, no, and poor. As shown in Figure 10a, when the
hole-making depth is 4 m, the transfer distance from the original stress peak position to the
deep part is 0.5 m. The pressure relief space only reduces the stress in the low stress zone
of the shallow roadway, which cannot achieve the purpose of inward movement of the
original high concentrated stress of the roadway rib, and there is almost no pressure relief
effect. As depicted in Figure 10b, when the hole-making depth is 6 m, the transfer distance
is 1.5 m. The pressure relief space makes the stress in the original stress peak zone of the
roadway rib decrease significantly: the stress at the peak position decreases by 7.6 MPa,
and the high stress zone transfers to the deep part. Thus, the pressure relief effect is evident.
As illustrated in Figure 10c, when the hole-making depth is 8 m, the transfer distance is
3.0 m. The pressure relief space makes the stress in the original stress peak zone of the
roadway rib decrease overall: the stress at the peak position decreases by 17.3 MPa, and the
high stress zone transfers to the deep part considerably. Therefore, the pressure relief effect
is remarkable. As displayed in Figure 10d,e, when the hole-making depths are 10 and 12 m,
the stress distributions on the original stress peak zone and shallower surrounding rock
are not changed significantly after pressure relief. Furthermore, the original stress peak
position is not moved inward effectively, and even the shallow abutment stress increases
locally, aggravating the damage on the surrounding rock.
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Figure 10. Comparison diagram of the roadway rib stress curve at different hole-making depths.
(a) Hole−making depth = 4 m; (b) Hole−making depth = 6 m; (c) Hole−making depth = 8 m;
(d) Hole−making depth = 10 m; (e) Hole−making depth = 12 m.

(2) Hole-making spacing

The vertical stress distributions on the higher rib of the roadway with different values
of hole-making spacing are indicated in Figure 11a–e. When the hole-making spacing is 2.4
and 3.2 m, a good pressure relief zone can be formed between the hole-making spaces, so
that multiple holes form a continuous pressure relief zone along the axis of the roadway.
Moreover, the high concentrated stress in the shallow part of the surrounding rock can
be uniformly transferred to the deep surrounding rock. Thus, the pressure relief effect is
good. When the hole-making spacing is increased to 4.0 m, the transfer effect of the high
concentrated stress of the coal mass between the two holes to the deep surrounding rock
becomes worse, and a stress concentration zone (Zones A and B) near the inner and outer
ends of the hole-making area appears. When the hole-making spacing is 4.8 m, Zones A
and B are connected, and the stress of the coal mass between the two holes is restored to the
original stress state, resulting in no pressure relief effect. When the hole-making spacing
continues to increase to 5.6 m, the high stress moving inward to the deep part accumulates
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in the coal mass between the two holes, forming a stress-increasing area, which not only
has no pressure relief effect, but also causes great damage to the coal mass.

 

Figure 11. Layout scheme under different hole-making spacing and distribution nephogram of
vertical stress.

To accurately evaluate the pressure relief effect of different values of hole-making
spacing on the surrounding rock, the two evaluation indices proposed above were used. It
can be seen from Figure 11 that the coal mass between the two holes (the position with the
worst pressure relief effect) has the greatest impact on the stress change of the surrounding
rock with different values of hole-making spacing. Therefore, the vertical stress monitoring
lines ((F2-F2) in Figure 9 and (A2-A2) to (E2-E2) in Figure 11) were arranged at the center
of the two holes and parallel to the holes in the different hole-making spacing schemes.
Figure 12 presents the stress curve comparison diagram of the roadway rib under different
values of hole-making spacing.

As shown in Figure 12a, when the hole-making spacing is 2.4 m, the transfer distance
from the original stress peak position to the deep part is 3.0 m. After pressure relief, the
stress in the original stress peak zone decreases significantly, and the stress at the peak
position decreases by 13.5 MPa. Thus, the pressure relief effect is excellent. As depicted in
Figure 12b, when the hole-making spacing is 3.2 m, the transfer distance is 2.5 m. After
pressure relief, the stress at the original stress peak position decreases by 6.0 MPa, and
the pressure relief effect is good. When the hole-making spacing is increased to 4.0 m, the
stress in the peak zone of the original stress does not decrease significantly after pressure
relief but increases slightly in local areas, and the pressure relief effect is generally fair.
As illustrated in Figure 12d,e, when the hole-making spacing values are 4.8 m and 5.6 m,
the stress in the original stress peak zone increases significantly after pressure relief. The
stress at the peak position increases by 3.8 MPa and 4.5 MPa, respectively, and the transfer
distances are 2.0 m and 1.0 m, respectively. Hence, the pressure relief effect is fair.
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 12. Comparison diagram of the roadway rib stress curve at different vales of hole-making
spacing. (a) Hole−making spacing = 2.4 m; (b) Hole−making spacing = 3.2 m; (c) Hole−making
spacing = 4.0 m; (d) Hole−making spacing = 4.8 m; (e) Hole−making spacing = 5.6 m.

(3) Hole-making length

The vertical stress distributions of the higher rib of the roadway with different hole-
making lengths are indicated in Figure 13b–f. With an increase in the hole-making length,
the transfer distance from the peak stress zone of the roadway rib to the deep part gradually
increases, and the range of the stress peak zone of the roadway rib gradually decreases.
When the hole-making length increases to 3 m, the range of the stress peak zone of the
increased hole-making length does not change significantly.
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Figure 13. Layout scheme under different hole-making lengths and distribution nephogram of
vertical stress.

The layout of stress monitoring lines is shown in Figure 13(A3-A3) to (F3-F3), and
Figure 14 presents a comparison of the roadway rib stress curves with different hole-making
lengths. The two indices proposed above were used to evaluate the pressure relief effect
of the surrounding rock with different hole-making lengths. In addition, to analyze the
influence of the different hole-making lengths on the range of the peak stress zone, the
stress of 25 MPa was defined as the stress boundary value to measure the range of the
stress peak zone. Thus, the reduction coefficient K of the surrounding rock stress peak zone
under different hole-making lengths is

k =
si
s0

× 100% (1)

where Si is the area of the stress peak zone (greater than 25 MPa) when the hole-making
length is 1–5 m, i = 1–5; and S0 is the area of the stress peak zone (greater than 25 MPa)
without hole-making. By defining the area of the original stress peak zone (greater than
25 MPa) as 1, measuring Figure 13, and combining with Equation (1), we obtain ki = 1.90,
0.90, 0.56, 0.51, and 0.54 (i = 1–5). Analysis shows that the smaller the value of k, the greater
the pressure relief effect.

As depicted in Figure 14a–e, when the hole-making lengths are 1, 2, 3, 4, and 5 m,
the transfer distances from the original stress peak position to the deep part are 1.5, 2.0,
3.0, 3.5, and 5.0 m, respectively, and the stress reduction values at the peak position are
4.8, 14.8, 17.3, 19.31, and 20.3 MPa, respectively. From the stress curve, it can be observed
that the different hole-making lengths have good pressure relief effects. To effectively
evaluate the cost performance K of the different hole-making lengths in transferring the
original stress peak point to the deep part, the ratio of the transfer distance from the original
stress peak position to the deep part to the hole-making length (which can represent the
construction cost, that is, the greater the hole-making length, the greater the construction
cost) is calculated as follows:

K =
li

L2−i
× 100% (2)

where li is the transfer distance (in m) from the original stress peak position to the deep
part, i = 1–5; and L2−i is the hole-making length (in m), i = 1–5. Substituting the known
data into Equation (2), we obtain Ki = 1.5, 1.0, 1.0, 0.875, and 1.0, respectively. It can be
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observed from the analysis that the greater the K value, the higher the cost performance of
hole-making and pressure relief.

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 14. Comparison of the roadway rib stress curves with different hole-making lengths. (a) Hole-
making length = 1 m; (b) Hole-making length = 2 m; (c) Hole-making length = 3 m; (d) Hole-making
length = 4 m; (e) Hole-making length = 5 m.

(4) Research and analysis of key technical parameters

According to the above analysis, the pressure relief effect of the different hole-making
schemes was evaluated with the vertical stress as the main index. The comprehensive
evaluation results of each key technical parameter evaluation index on the pressure relief
effect of the surrounding rock of different hole-making schemes are listed in Table 3.
According to the analysis, Schemes 2 and 3 can be selected with respect to the hole-making
depth, that is, the hole-making depths are 6 and 8 m, respectively. Schemes 6, 7, and 8
can be selected in terms of the hole-making spacing; thus, the hole-making spacing values
are 2.4, 3.2, and 4.0 m, respectively. When the hole-making length is 1 m, the reduction
coefficient of the range of the stress peak zone k1 > 1. In addition, the transfer distance
from the original stress peak position to the deep part is small, so this scheme should be
excluded. For the other hole-making length schemes (Schemes 12–15), it is not appropriate
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to analyze the pressure relief effect simply from the perspective of stress, as it should be
analyzed in combination with other factors.

Table 3. Evaluation results of surrounding rock pressure relief for different hole-making schemes.

Evaluation Index
Scheme Number (Hole-making depth)

Scheme 1 Scheme 2 Scheme 3 Scheme 4 Scheme 5

1 Pressure relief
effect No Good Excellent No Poor

2 Transfer distance
to deep/m 0.5 1.5 3.0 −1.0 1.0

Evaluation index
Scheme number (Hole-making spacing)

Scheme 6 Scheme 7 Scheme 8 Scheme 9 Scheme 10

1 Pressure relief
effect Excellent Good Fair+ Fair Fair

2 Transfer distance
to deep/m 3.0 2.5 2.0 2.0 1.0

Evaluation index
Scheme number (Hole-making length)

Scheme 11 Scheme 12 Scheme 13 Scheme 14 Scheme 15

1 Pressure relief
effect Fair Good Good Good Good

2 Transfer distance
to deep/m 1.5 2.0 3.0 3.5 5.0

3 k 1.90 0.90 0.56 0.51 0.54

4 K 1.5 1.0 1.0 0.875 1.0

4.3. Optimization Analysis of Key Technical Parameters of Pressure Relief by Internal Hole-Making
in the Mining Influence Stage

Panel 11231 adopts step-by-step mining with an interval of 5 m. Figure 15 shows the
nephogram of abutment stress distribution and the stress monitoring curve in front and
behind the panel near the rib of the headgate. By analyzing Figure 15, the following can
be inferred: (1) The stress reduction zone is from the coal rib of the panel to 4 m in front
of the panel. Moreover, the stress rise zone is 4 m in front of the panel and further away,
and the distance between the stress peak position and the coal rib of the panel is 12 m. (2)
Affected by the dynamic pressure of coal mining, the stress value in the higher rib of the
headgate increases sharply. The vertical stress values of the coal body at depths ≥ 6 m are
greater than the primary rock stress, forming a high concentrated stress zone. The stress
peak zone of the roadway rib shifts deeper under the influence of mining, with a transfer
distance of 4–5 m. (3) The advanced abutment pressure caused by coal mining and the high
abutment stress of the roadway rib are superimposed on each other, which jeopardizes the
stability of the roadway rib coal in the area affected by dynamic pressure. To summarize,
transferring the high concentrated stress in the shallow coal body of the roadway using
hole-making and reducing the continuous damage caused by the high stress to the shallow
coal and rock are essential for maintaining the stability of the surrounding rock of the coal
roadways affected by mining.
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Figure 15. Distribution law of abutment stress in front of panel 11231. (a) 3D stress distribution of
roadway rib; (b) Line layout; (c-1) 22 m in front of the panel (c-2) 12 m in front of the panel; (c-3) 2 m
in front of the panel.

Based on the key technical parameters of hole-making determined at the stage without
dynamic pressure influence and in combination with the dynamic pressure disturbance
law of panel 11231, we continued to optimize the hole-making parameters and arranged
stress monitoring lines at reasonable positions in the stress rise zone in front of the panel to
analyze the stress distribution law of surrounding rock with different hole-making schemes
under the influence of superimposed stress.

(1) Hole-making depth

As illustrated in Figure 16, when the hole-making depth is 6 m or 8 m, the stress
decreases in the area where the stress on the higher rib of the panel increases during the
dynamic pressure influence stage. Comparing Figures 15a and 16b, the following can be
observed: (1) When the hole-making depth is 8 m, the range of the stress reduction zone
and the pressure relief degree are larger than that when the hole-making depth is 6 m.
(2) When the hole-making depth is 8 m, the pressure relief space transfers the peak zone
of the superimposed stress of the roadway rib to the deeper part, and the pressure relief
effect is good. (3) When the hole-making depth is 6 m, the hole-making space causes great
damage to the coal body at the roadway depth of 5 m, which affects the stability of the rock
mass of bolt-grouting coal in the shallow part of the roadway. Based on the above analysis,
Scheme 3 is preferred with respect to the hole-making depth of headgate 11231; that is, the
hole-making depth is 8 m.

  
(a) (b) 

Figure 16. Comparison of stress curves of the roadway rib at different hole-making depths in the
mining influence stage. (a) Hole-making depth = 6 m; (b) Hole-making depth = 8 m.

(2) Hole-making spacing

Figure 17(a-1), (b-1), and (c-1) show the vertical stress nephogram of the higher rib
of the roadway with different values of hole-making spacing in the advanced dynamic
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pressure zone. The center positions of the two holes are respectively selected to monitor
their stress values. The corresponding stress curves are displayed in Figure 17(a-2), (b-
2), and (c-2). Figure 17(a-2), (b-2) indicate that the pressure relief zone is still formed
at the center of the two holes. When the hole-making spacing increases to 4.0 m, stress
concentration between the two holes occurs, and the hole-making space threatens the
stability of the roadway rib coal body, which is not conducive to the stability of the roadway
rib surrounding rock in the advanced dynamic pressure zone. The hole-making spacing is
extremely small, and the boreholes are dense. The dense boreholes cause great damage
to the coal body in the shallow anchorage zone of the roadway, which is not conducive to
the stability of the roadway surrounding rock. Through comprehensive comparison and
analysis, it is determined that the optimal hole-making spacing is 3.2 m.

 

Figure 17. Stress distribution on roadway rib at different values of hole-making spacing in the mining
influence stage. (a-1) Stress nephogram with spacing of 2.4 m; (b-1) Stress nephogram with spacing
of 3.2 m; (c-1) Stress nephogram with spacing of 4.0 m; (a-2) Stress curve with spacing of 2.4 m; (b-2)
Stress curve with spacing of 3.2 m; (c-2) Stress curve with spacing of 4.0 m.

(3) Hole-making length

As shown in Figure 18, with an increase in the hole-making length, the pressure
relief range increases, the peak position of the superimposed stress shifts deeper into the
surrounding rock, and the pressure relief effect becomes more evident. However, con-
sidering the construction capacity of hole-making machines and the use efficiency of the
hole-making space, the hole-making length cannot be increased without limit. Comparing
Figure 18a–d, the hole-making lengths of 3 and 4 m can meet the pressure relief require-
ments of the surrounding rock in the mining influence stage. As depicted in Figure 18b,c,
when the hole-making lengths are 3 and 4 m, the effective pressure relief ranges of the
surrounding rock are 4.5 m and 5.0 m, respectively. As the hole-making length increases by
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1 m, the effective pressure relief range does not increase significantly. In combination with
equation (2), K3 = 1.0 > K4 = 0.875. Comparing the pressure relief effect and construction
quantities of the two schemes, the hole-making length of 3 m can better meet the pressure
relief requirements, reduce the construction quantities, and obtain the optimal solution of
hole-making pressure relief and efficient construction.

  
(a) (b) 

  
(c) (d) 

Figure 18. Comparison of stress curves of roadway rib at different hole-making lengths in the mining
influence stage. (a) Hole-making length = 2 m; (b) Hole-making length = 3 m; (c) Hole-making length
= 4 m; (d) Hole-making length = 5 m.

(4) Determination of key technical parameters

According to the stress distribution law of the surrounding rock with different hole-
making schemes in the advanced dynamic pressure zone of panel 11231 and the compre-
hensive analysis of factors such as construction benefit, cost, and construction period, the
key parameters for pressure relief of higher rib by hole-making in headgate 11231 were
determined as follows: the hole-making depth, spacing, and length are 8 m, 3.2 m, and 3 m,
respectively.

5. Cooperative Control Technology of External Anchor–Internal Unloading of
Surrounding Rock in Deep Coal Roadways

5.1. Technical Parameters of External Anchor–Internal Unloading of Surrounding Rock in the Test
Section of Headgate 11231

The cooperative control technology of external anchor–internal unloading of sur-
rounding rock in the test section of headgate 11231 was implemented in two stages, namely,
strengthening of the shallow surrounding rock and pressure relief by hole-making in the
deep part. As illustrated in Figure 19I-a–c, reinforcement of the shallow surrounding rock
is first carried out for the test section of the headgate, and three steel strand anchor cables
with dimensions of ϕ21.8 × 10,500 mm and a row spacing of 2.0 × 1.6 m are added to the
roof. Moreover, three steel strand anchor cables with dimensions of ϕ21.8 × 4500 mm are
added to the two ribs. The row spacing between the higher ribs is 1.3 × 1.6 m, whereas
that between the lower ribs is 1.1 × 1.6 m. Each anchor cable uses three resin anchor agents
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of model Z2360 for each hole. The roof and rib anchor cables are connected by H-type
double steel belt beams supporting large square pallets (400 × 400 mm) and small pallets
(200 × 200 mm) to form the roof and rib anchor cable truss beam structure, which can resist
the overall outward heave of the two ribs of soft coal in the roadway. The pre-tightening
force of the anchor cables is not less than 250 kN. After completing the anchor cables,
shotcrete was applied on the higher rib surface of the roadway in the test section, and C20
concrete was sprayed with a thickness of 30 mm. After completion of the surrounding rock
shotcrete, coal grouting was conducted on the roadway rib. Three grouting holes were
arranged on the higher rib of the roadway with a spacing of 1.2 m, and two grouting holes
were arranged on the lower rib with a spacing of 1.4 m. The grouting material was cement
slurry and soluble silicate, in which the water–cement ratio was 1.3:1–1.4:1 (mass ratio), and
the ratio of the cement slurry to soluble silicate was 1:0.5–1:1.0 (volume ratio). The cement
used was P.O42.5 normal Portland cement, and the Baume density of soluble silicate (liquid
sodium silicate) was 35◦ Bé. The depth of the grouting hole was 3 m, the grouting pressure
was not less than 2.5 MPa, and the row distance of the grouting hole was 3.0 m.

 

Figure 19. Schematic of cooperative control technology of external anchor–internal unloading of coal
roadway surrounding rock. (I-a) 3D schematic diagram of roadway support; (I-b) Front view; (I-c)
Top view; (II-a) Drilling rig; (II-b) Steel pipe; (II-c) Grouting materials.

After completing the bolt-grouting support of the shallow surrounding rock of the
roadway, deep coal hole-making was performed to relieve the pressure, as indicated in
Figure 19. The distance from the borehole to the roadway floor is 1.5 m, and the upward
angle is 6.5◦. The diameter of the shallow drilling hole is 100 mm. To protect the integrity of
the shallow surrounding rock and reduce the damage caused by hole-making to the shallow
coal, steel pipes were imbedded in shallow boreholes (Figure 19(II)-a), and grouting was
conducted for pipe fixing. The deep part is the hole-making space, and its key parameters
are as described above: the hole-making depth, spacing, and length are 8 m, 3.2 m, and
3 m, respectively.
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5.2. Analysis on the Effect of Cooperative Control Technology of External Anchor–Internal
Unloading in Roadway Surrounding Rock

(1) Analysis of the prestressed field of the surrounding rock reinforced anchor cables in
the coal roadway test section

According to the support parameters of the original bolts and reinforced anchor
cables in the test section of headgate 11231, the numerical simulation software was used
to simulate the prestressed field formed by the roadway shallow surrounding rock and
hole-making space, and the effective control range and control principle of the cooperative
control technology of external anchor–internal unloading were comprehensively analyzed.
As shown in Figure 20, two supporting bodies (anchor coal mass and hole-making space,
as depicted in Figure 20a) and three zones (external anchor zone, buffer protection zone
for anchorage zone, and internal unloading zone, as illustrated in Figure 20b) are formed
in the roadway surrounding rock after adopting the cooperative control technology of
external anchor–internal unloading. After implementing the anchor-grouting support in
the roadway shallow surrounding rock, anchored coal mass is formed in the range of
0–5 m depth of the surrounding rock. The strength of the surrounding rock is improved
effectively, which provides a basic protection environment for resisting large deformation
of the surrounding rock caused by deep high ground pressure and strong mining. After the
hole-making space is formed, a pressure relief deterioration zone is created within 7–12 m
depth of the surrounding rock, which transfers the high stress in the shallow surrounding
rock to the deep part, alleviating the continuous damage due to the high stress in the
shallow surrounding rock. At the same time, the large-diameter hole-making space can
effectively absorb the continuous deformation caused by the transfer of the deeper coal
body to the roadway space due to the high horizontal stress. The depth of the surrounding
rock (5–7 m) is the buffer protection space, whose function is to avoid damage to the
shallow anchored coal mass caused by the hole space.

 

Figure 20. Schematic of the external anchor prestressed field and the hole−making space of coal
roadway surrounding rock. (a) Three-dimensional prestress field; (b) Three zones of roadway rib;
(c) Anchor bolt (cable) simulation scheme.

(2) Observation results and analysis of roadway surrounding rock displacement

The roadway surrounding rock displacements in the test section (using the new tech-
nology) and in the non-test section were monitored on-site. The results are displayed in
Figure 21. The values of the deformation of the higher rib of the roadway in the non-test
section are 400 mm and 780 mm in the no mining and mining influence stages, respec-
tively. The deformation of the higher rib of the roadway in the test section is 190 mm after

163



Energies 2022, 15, 9208

hole-making, and the accumulated reduction in the higher rib deformation of the roadway
is approximately 850 mm. As indicated in Figure 22, after the new support technology
is adopted, the available width of the roadway is not less than 4.2 m, which can always
meet the ventilation and transportation requirements of the roadway. Furthermore, there
is no need to renovate the roadway rib. This technology effectively limits the continu-
ous deformation of the rib surrounding rock in the test section of headgate 11231 and
ensures the stability of the surrounding rock of the mining roadway affected by the deep
dynamic pressure.

 

Figure 21. Deformation curve of coal roadway surrounding rock.

 
Figure 22. Advanced support section of the panel after adopting the external anchor–internal
unloading technology.

6. Conclusions

(1) Given the surrounding rock control problem of a large deformation mining roadway
disturbed by deep dynamic pressure in a coal mine, the cooperative control technology
of external anchor–internal unloading of surrounding rock of a large deformation coal
roadway was proposed.

(2) A numerical model conforming to the production of the geological conditions of
panel 11231 of the coal mine was constructed, and the vertical stress distribution
and transfer rule of surrounding rock under the conditions of five schemes for three
key hole-making parameters were studied. The pressure relief degree and effect of
each scheme’s hole-making space in the no dynamic pressure influence stage were
analyzed using a variety of evaluation indices, and the reasonable parameter range of
the surrounding rock hole-making space in this stage was obtained.

(3) The pressure relief effect of each optimized scheme under the mining dynamic pres-
sure condition of panel 11231 was studied, and the effective pressure relief range
of each scheme was compared and a comprehensive evaluation of factors, such as
construction benefit, cost, and construction period, was performed. Based on the
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results, the major technical parameters for pressure relief during hole-making were
finally determined as follows: the hole-making depth, spacing, and length were 8 m,
3.2 m, and 3 m, respectively.

(4) The field practice was carried out in the test section of headgate 11231. The mon-
itoring results showed that the displacement of the hole-making rib was reduced
by 850 mm, making the available width of the roadway no less than 4.2 m, which
meets the ventilation and transportation requirements of the roadway, and eliminates
roadway rib renovation, which ensures the stability of the surrounding rock. Thus, the
new technology is of great significance for the further development of strategies for
controlling the surrounding rock of deep coal roadways affected by dynamic pressure.
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Abstract: It is of great significance to obtain the source of mixed gas emission from the working face
and the law of gas emission from each coal seam for the targeted implementation of gas control
measures. Based on the principle that the hydrocarbon isotope values of gas in different coal seams
have significant variability, a hydrocarbon isotope method for identifying the source of gas emission
is proposed. Taking Pingmei No. 6 Coal Mine as the study area, the distribution characteristics of
each value were obtained by testing the values of carbon and hydrogen isotopes in the gas of mined
coal seams and adjacent coal seams; by testing the hydrocarbon isotope value of CH4 in the mixed
gas of coal seam, the proportion of gas emission in each coal seam is determined and the law of gas
emission in each coal seam is studied. The results show that the variation law of the proportion of
gas emission in each coal seam can be divided into three stages: the dominant stage of gas emission
in the mining layer (stage I), the stage of gas emission in the long-distance adjacent coal seam (stage
II), and the dynamic equilibrium stage of gas emission in each coal seam (stage III). In the process of
working face mining, the amount of gas emission in the mining layer remains in a small fluctuation
state, and the proportion of gas emission decreases rapidly in stage I and stage II, and remains stable
in stage III; the amount of gas emission and the proportion of gas emission in adjacent coal seams
increase rapidly in stage I and stage II, and remain stable in stage III; the mixed gas emission of the
working face increases rapidly in stage I and stage II, and remains stable in stage III. The calculation
formula of the gas emission rate of the adjacent coal seam is established; during the development
of the height of the mining fractured zone, the gas emission rate of the adjacent coal seam increases
exponentially, and the gas emission ratio and gas emission amount of the adjacent coal seam increase;
after the height of mining fracture zone tends to be stable, the gas emission rate, the proportion of gas
emission, and the amount of gas emission remain of adjacent coal seams remain in a small fluctuation
state.

Keywords: multi-seam mining; gas emission of working face; hydrocarbon isotope; gas emission
rate of adjacent coal seam; mining fracture zone height

1. Introduction

Gas emission in the working face has the characteristics of high prediction difficulty,
large damage range, and serious consequences, so it has always been the focus of mine
disaster prevention and control. In particular, under the condition of multi-coal seam
mining, when the layer spacing of each coal seam is small, the gas of the adjacent coal
seam will pour into the mining coal seam, resulting in a relatively high gas emission
of the mining coal seam, which increases the risk of the working face and the difficulty
of gas control [1,2]. Gas extraction is the fundamental measure of gas control in order
to reasonably and efficiently formulate the gas extraction measures of the working face,
identify the source of gas emission from the working face, and analyze the law of gas
emission from the working face [3,4].

The traditional prediction methods of gas emission mainly include the source predic-
tion method [5] and the statistical analysis method [6]. The gas geology research group
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of Jiaozuo Mining Institute uses the statistical analysis method to analyze the geological
factors affecting gas emission and predict the amount of gas emission, the influence of
geological factors on gas emission is deeply studied from qualitative analysis to quanti-
tative research [7]. However, the mathematical model established by this method fails to
consider the influence of mine pressure and adjacent coal seam on gas emission during
mining. Lunarzewski [8] used the geomechanics of “Floor gas” and “Roof gas” and the
gas emission model to calculate the contribution ratio of different gas sources to the total
gas content, but this method cannot realize the dynamic prediction of gas emission in the
working face. Zhang et al. [9] used statistical analysis and source prediction methods to
predict the gas emission of mining faces and analyzed the influencing factors and sources
of gas emission in mining faces; however, this study failed to obtain the dynamic change
characteristics of gas emission during mining. Whittles et al. [10] studied the influence of
geological factors on the gas flow in the goaf of the longwall coal mining face in the United
Kingdom by numerical simulation; however, this method failed to obtain the influence of
working face mining on gas emission and the source of gas emission in the working face.

With the development of artificial intelligence technology, some mathematical models
and methods have also been introduced into the prediction of gas emission. Gu and
Zhang et al. [11,12] established a new prediction model of gas emission by combining gray
theory and a wavelet neural network. According to the measured data of gas emission and
related geological factors in the mining area of the mine, Zhang et al. [13] established a multi-
factor mathematical geological model for predicting gas emission by using quantitative
theory [14], considering various influencing factors including mining depth. Xiao and
Zhu et al. [15,16] established a BP neural network source prediction model by combining
the source prediction method with the neural network prediction technology. The above
gas emission prediction method can obtain higher accuracy for short-term prediction in the
case of existing gas emission data, but there is a large error for long-term prediction, and it
is also difficult to obtain the source of gas emission in the working face.

The research on the law of gas emission in the process of working face mining has
also achieved more results. Xu and Li et al. [17,18] studied the gas emission characteristics
and gas distribution law of fully mechanized mining face through theoretical analysis and
field measurement. Gao et al. [19] believed that when the mine pressure appeared, the
absolute gas emission of the working face increased obviously, and the mining intensity was
consistent with the change trend of gas concentration in the upper corner of the working
face. Zhang et al. [20] believed that in the early stage of mining, the absolute amount of
gas emission increased continuously, reached the peak when the initial pressure came, and
then showed a wave-like downward trend. Cui et al. [21] considered that the absolute gas
emission of the working face was positively correlated with daily output, and the relative
gas emission was negatively correlated with output. Yuan and Dai et al. [22,23] mainly
used the source prediction method to study the gas emission law of the protective layer
working face and then took the corresponding gas control measures.

From the above, researchers have carried out a lot of research on gas emission predic-
tion methods and emission laws, but mainly based on the constructed model to predict gas
emission. The disadvantage of this method is that the applicability of the model is poor,
and it is difficult to reflect the change in geological conditions over time. In addition, the
research on the law of gas emission under the condition of multi-coal seam mining mainly
adopts the source prediction method, which cannot realize the dynamic prediction of the
proportion of gas emission and the amount of gas emission in each coal seam at the initial
stage of mining. In view of the above problems, the hydrocarbon isotope method is used to
dynamically predict the mixed gas in the working face, and the proportion of gas emission
in each coal seam is quantitatively obtained. Then, the gas emission rate of adjacent coal
seams and the variation law of gas emission in each coal seam during the mining process of
the working face are studied, and the calculation formula of gas emission rate in adjacent
layers is proposed, which provides a theoretical basis for formulating gas control measures
in the working face under multi-coal seam mining conditions.
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2. Materials and Methods

2.1. Determination Method of Mixed Gas Emission Source in the Working Face
2.1.1. Theoretical Foundation

Coal seam gas is generated with the formation of coal, the main gas component of
coal seam gas is CH4. During the peatification phase, i.e., the biochemical gas generation
period, anaerobic microorganisms decompose organic matter to produce a large amount of
CH4; in the period of coalification metamorphism, under the action of high temperature
and pressure, the volatile of organic matter decreases and the fixed carbon increases, and a
large amount of CH4 will be generated. Due to the different strengths of biodegradation or
pyrolysis during the generation of CH4, the effect of isotope fractionation is also different,
resulting in obvious differences in the carbon and hydrogen isotope values of CH4 in each
coal seam gas, the difference in carbon and hydrogen isotope values is the theoretical basis
for studying the source of mixed gas emission in the working face [24,25].

2.1.2. Calculation Model of Mixed Gas Emission Source in the Working Face

The mixed gas emission from the working face during multi-coal seam mining comes
from different coal seams. The gas is only a simple physical mixture, and its chemical
properties have not changed, but the carbon and hydrogen isotopes of the gas from different
coal seams in the mixed gas are different, which provides the possibility for calculating the
composition of gas emission from the working face. Based on this, the calculation formula
of hydrocarbon isotope value in the mixed gas is derived according to the principle of mass
conservation [26,27]:

δmix =
VAδA + VBδB

VA + VB
(1)

Among them, δmix is the measured value of CH4 hydrocarbon isotope in mixed gas,
‰; δA is the hydrocarbon isotope value of CH4 in the first coal seam, ‰; VA is the volume
of CH4 in the first coal seam, m3; δB is the hydrocarbon isotope value of CH4 in the second
coal seam, ‰; VB is the volume of CH4 in the second coal seam, m3; δmix, δA, and δB can be
directly measured by an isotope mass spectrometer.

For the unit volume of mixed gas, VA = aZA, VB = bZB, where a is the gas emission
proportion of the first coal seam in the mixed gas, %; b is the gas emission proportion of the
second coal seam in the mixed gas, %, a + b = 1; ZA is the gas component of CH4 in the first
coal seam, %; ZB is the gas component of CH4 in the second coal seam, %; ZA and ZB can
be tested by a gas chromatograph for the gas composition of each coal seam.

Similarly, when the composition source of mixed gas has n endmembers, the calcula-
tion formula of hydrocarbon isotope value in mixed gas can be expressed as:

{
δmix = aZAδA + bZBδB + · · ·+ nZNδN
a + b + · · ·+ n = 1

(2)

The gas emission ratio a and b · · · n of each coal seam in Equation (2) can be solved by
the software MATLAB.

2.2. Test Method for Hydrocarbon Isotope Value
2.2.1. Field Test Background and Conditions

Pingdingshan Tian’an Coal Co., Ltd.’s sixth mine is affiliated with China Pingdingshan
Shenma Group, the administrative division is under the jurisdiction of Pingdingshan City
and Baofeng County, Henan Province. The approved production capacity of the mine is
3.2 million t/a, the mine adopts the multi-level development mode of vertical shaft and
inclined shaft, adopts the long wall retreating mining technology, and manages the roof by
all caving methods. It is a coal and gas outburst mine [28].

The main mining method of the Ding5−6 coal seam, the Wu8 coal seam, and the
Wu9−10 coal seam in the minefield is multi-coal seam mining. The Ding5−6 coal seam
belongs to the most unstable minable coal seam, the Ding5−6 coal seam is divided into
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two layers: Ding5 and Ding6, the direct roof of the coal seam is sandstone and sandy
mudstone, the main roof is sandy mudstone, and the floor is sandy mudstone or mudstone.
The coefficient of variation of coal thickness of the Wu8 coal seam is 39.88%, the mining
index is 0.91, the elevation of the coal seam is 60 to −1000 m, the burial depth is 150 to
1100 m, and the coal-bearing area is 36.3 km2. In terms of the characteristics of the roof and
floor, the direct roof is sandy mudstone and mudstone, and the main roof is fine-grained
sandstone; the floor is dark gray mudstone and sandy mudstone, and the old bottom is
medium-grained sandstone, which belongs to the more stable roof and floor. The coefficient
of variation of coal thickness of the Wu9−10 coal seam is 38.37%, the recoverability index
is 0.95, the elevation of the coal seam is 60 to −1000 m, the burial depth is 150 to 1100 m,
and the coal-bearing area is 31.3 km2. It is a more stable area-wide recoverable coal seam,
the characteristics of the top and bottom plate are: the direct top plate is mainly medium-
grained sandstone or sandy mudstone, the old top is sandy mudstone, and the sandy
mudstone pseudo-top can be seen locally. The direct bottom plate is mudstone, and the
old bottom is sandy mudstone, which is a more stable top and bottom plate. The Wu8
−32010 working face is located in the third-level second mining area, and the working
face elevation is −570 to −660 m. The strike length of the working face is 2300 m, the dip
length is 220 m, and the mining height of the working face is 3.7 m. The long wall retreating
mining technology is adopted, and the roof is managed by all caving methods, the working
face strike section is shown in Figure 1. In order to reduce the impact of the risk of coal and
gas outbursts, they first mine the Wu8 coal seam as a protective layer and then mine the
Ding5−6 coal seam and the Wu9−10 coal seam. However, the average distance between
the Wu8 coal seam and the upper Ding5−6 coal seam is 71 m, and the average distance
between the Wu8 coal seam and the lower Wu9−10 coal seam is 13 m. During the mining
process of the Wu8 coal seam, a large amount of gas from adjacent coal seams will enter the
working face, which will bring potential safety hazards to the mining of the Wu8 coal seam.
Therefore, it is of great practical significance to obtain the proportion of gas emission and
the law of gas emission in each coal seam during the mining process of the Wu8 coal seam
to ensure the safe and efficient mining of the working face.

Figure 1. Wu8 −32010 working face strike section.

2.2.2. Testing of Hydrocarbon Isotope Value of Gas in Each Coal Seam

According to the standard AQ1018−2006 “mine gas emission prediction method”
middle spacing and adjacent coal seam emission rate relationship curve [29], the Ding5−6
coal seam and Wu9−10 coal seam gas will pour into the Wu8 coal seam, other coal seam gas
will not pour into the Wu8 coal seam. Therefore, desorption gas is collected in the Ding5−6
coal seam, the Wu8 coal seam, and the Wu9−10 coal seam, respectively, to determine the
gas composition and hydrocarbon isotope values, including 13C (CH4), 13C (CO2), 13C
(C2H6), and 2H (CH4). Four samples are collected from each coal seam, and a total of
twelve samples are collected.

The specific test method is as follows: first, six sealed tanks with a capacity of 1 L
should be prepared, the sealed tank should be washed and dried before use, and the air
tightness of the sealed tank should be ensured to be intact, so there is no air leakage at 300 to
400 kPa; then the coal sample containing gas is drilled by the special drilling rig for coal core
in the selected place of the coal mine, and the coal sample is put into the prepared sealed
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tank; after leaving the well, the sealed tank is connected with the experimental equipment
for gas component test and hydrocarbon isotope value test. The instrument used for the
gas component test is the GC−2000 TCD gas chromatograph, and the instrument used for
the hydrocarbon isotope value test is the Delta V stable isotope mass spectrometer. The
experimental instruments are shown in Figure 2.

  
(a) (b) 

Figure 2. Experimental instrument diagram. (a) GC−2000TCD gas chromatograph. (b) Delta V stable
isotope mass spectrometer.

2.2.3. Testing of CH4 Hydrocarbon Isotope Value of Mixed Gas in the Working Face

(1) Working face mixed gas CH4 hydrocarbon isotope value determination scheme

The two areas of the upper corner and goaf of the Wu8−32010 working face are
selected as the sampling sites of mixed gas samples, in which the sampling point of the
goaf is 20 m deep into the goaf. The specific sampling site is shown in Figure 3. The
sampling time is calculated from the beginning of the working face, and the sampling time
is one month, that is, from 7 June 2018 to 6 July 2018. The samples are collected once a
day after the samples are collected, and the samples are sent to the laboratory for mixed
gas component test and CH4 hydrocarbon isotope value test. During this period, a total of
30 groups of mixed gas samples are collected.

Figure 3. Mixed gas sample collection location diagram.

(2) Sample collection method of mixed gas

The collection method of mixed gas samples in the upper corner of the working face is
as follows: the sampling personnel stands on the footplate of the end support of the return
air side and extends the expansion rod to a distance of 1.5 to 2 m from the support and
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a distance of 300 mm from the top side; the other end of the telescopic rod is connected
with a high negative pressure suction tube, the gas in the sampling tube and the airbag is
discharged, and the sampling bag is connected to start sampling. It is strictly prohibited to
extend the head into the windshield during sampling.

The collection method of mixed gas samples in goaf is as follows: the sampling tube
with a diameter of 20 mm is arranged in the return airway; one end of the sampling tube
is 20 m deep into the goaf and a sampling device is arranged; the other end is connected
to the extraction system in the return air trough, and the valve is set when connected to
facilitate sampling.

3. Results

3.1. Test Results of Hydrocarbon Isotope Value of Gas in Each Coal Seam

The test results of gas composition and hydrocarbon isotope value of each coal seam
are shown in Table 1. From Table 1, it can be seen that CH4 is the main gas component
of each coal seam, among which the average proportion of CH4 gas component in the
Ding5−6 coal seam is 71.563%, the average proportion of CH4 gas component in Wu8 coal
seam is 87.340%, and the average proportion of CH4 gas component in the Wu9−10 coal
seam is 88.642%, which indicates that there are some differences in CH4 gas components in
each coal seam. In addition to CH4, the gas composition of each coal seam also includes
N2, CO2, and C2H6.

Table 1. Test results of gas components and hydrocarbon isotope values of each coal seam.

Coal
Seam

Sample
Number

Gas Component/% Carbon Isotope Values/‰
Hydrogen

Isotope
Values/‰

CH4 C2H6 N2 CO2
13C (CH4) 13C (CO2)

13C
(C2H6)

2H (CH4)

Ding5−6
coal seam

1 73.269 0.015 17.26 9.456 −32.335 −13.210 −8.152 −164.257
2 70.456 0.01 20.493 9.041 −32.864 −10.548 −12.754 −165.952
3 74.387 0.014 18.031 7.568 −29.543 −9.526 −11.853 −172.346
4 68.14 0.009 21.752 10.099 −30.790 −13.284 −8.265 −170.765

Average
value 71.563 0.012 19.384 9.041 −31.383 −11.642 −10.256 −168.33

Wu8 coal
seam

1 85.562 0.021 12.06 2.357 −28.250 −9.518 −8.265 −158.359
2 89.843 0.024 8.541 1.592 −28.652 −10.475 −8.351 −155.458
3 89.425 0.016 8.695 1.864 −28.225 −8.865 −9.026 −155.269
4 84.53 0.011 13.444 2.015 −28.613 −9.642 −8.938 −156.314

Average
value 87.340 0.018. 10.685 1.957 −28.435 −9.625 −8.645 −156.35

Wu9−10
coal seam

1 90.365 0.02 8.268 1.347 −26.158 −7.854 −6.892 −155.128
2 86.525 0.024 8.469 4.982 −28.045 −8.526 −7.264 −153.284
3 88.942 0.028 9.251 1.779 −27.816 −10.365 −9.350 −153.649
4 88.736 0.02 9.296 1.948 −26.629 −10.263 −9.742 −155.059

Average
value 88.642 0.023 8.821 2.514 −27.162 −9.252 −8.312 −154.28

In order to more intuitively show the distribution characteristics of hydrocarbon
isotope values of gas in each coal seam, the tested hydrocarbon isotope values are presented
in a box diagram (Figure 4), the upper and lower bounds of the box represent 75% and
25% quantiles of the data, respectively, and the hollow point in the middle of the box
represents the average value of the data, while the upper and lower bounds of the vertical
lines represent the maximum and minimum values of the data, respectively.
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(a) Carbon isotope values of CH4 (b) Carbon isotope values of CO2 

  
(c) Carbon isotope values of C2H6 (d) The hydrogen isotope value of CH4 

Figure 4. Box diagram of hydrocarbon isotope value distribution of gas in each coal seam.

It can be seen from Figure 4a that the distribution range (25% to 75%) of the carbon
isotope values of CH4 gas in each coal seam does not overlap, so the carbon isotope value
of CH4 gas has the condition to identify the source of mixed gas emission. It can be seen
from Figure 4b that the distribution range (25% to 75%) of the carbon isotope values of CO2
gas in the Wu8 coal seam and the Wu9−10 coal seam overlaps, so the carbon isotope value
of CO2 gas does not have the condition to identify the source of mixed gas emission. It can
be seen from Figure 4c that the distribution range (25% to 75%) of carbon isotope values
of C2H6 gas in the Ding5−6 coal seam, the Wu8 coal seam, and the Wu9−10 coal seam
overlaps, so the carbon isotope values of C2H6 gas does not have the condition to identify
the source of mixed gas emission. It can be seen from Figure 4d that the distribution range
(25% to 75%) of hydrogen isotope values of CH4 gas in each coal seam does not overlap, so
the hydrogen isotope value of CH4 gas has the condition to identify the source of mixed
gas emission. Based on the above analysis, the hydrocarbon isotope value of CH4 gas can
be selected to identify the source of mixed gas emission.

3.2. Test Results of Mixed Gas Emission Source in the Working Face

The working face mixed gas CH4 hydrocarbon isotope value test results are shown in
Table 2.
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Table 2. Test results of CH4 hydrocarbon isotope value in the mixed gas of the working face.

Measurement
Locations

Isotope
Category

7 June 8 June 9 June 10 June 11 June 12 June 13 June 14 June 15 June 16 June

Upper corner
13 C(CH4)/‰ −24.778 −24.756 −24.742 −24.676 −24.610 −24.579 −24.557 −24.502 −24.482 −24.425
2H(CH4)/‰ −136.302 −136.315 −136.326 −136.162 −136.019 −136.031 −136.041 −135.872 −135.896 −135.407

Goaf
13C (CH4)/‰ −24.769 −24.753 −24.733 −24.705 −24.659 −24.620 −24.570 −24.529 −24.509 −24.449
2H(CH4)/‰ −136.263 −136.253 −136.282 −136.306 −136.321 −136.328 −136.152 −136.021 −135.996 −135.537

Measurement
locations

Isotope
category 17 June 18 June 19 June 20 June 21 June 22 June 23 June 24 June 25 June 26 June

Upper corner
13C (CH4)/‰ −24.430 −24.366 −24.343 −24.270 −24.227 −24.161 −24.200 −24.243 −24.273 −24.245
2H(CH4)/‰ −135.405 −134.906 −134.908 −134.257 −133.958 −133.460 −133.773 −134.121 −134.276 −134.087

Goaf
13C (CH4)/‰ −24.405 −24.339 −24.318 −24.278 −24.253 −24.243 −24.179 −24.235 −24.197 −24.202
2H(CH4)/‰ −135.187 −134.688 −134.543 −134.219 −134.057 −134.042 −133.557 −133.989 −133.718 −133.706

Measurement
locations

Isotope
category 27 June 28 June 29 June 30 June 1 July 2 July 3 July 4 July 5 July 6 July

Upper corner
13C (CH4)/‰ −24.209 −24.187 −24.202 −24.282 −24.178 −24.251 −24.273 −24.203 −24.161 −24.199
2H(CH4)/‰ −133.788 −133.631 −133.793 −134.281 −133.631 −134.077 −134.266 −133.800 −133.466 −133.777

Goaf
13C (CH4)/‰ −24.213 −24.171 −24.196 −24.205 −24.237 −24.217 −24.200 −24.156 −24.168 −24.173
2H(CH4)/‰ −133.881 −133.548 −133.718 −133.728 −134.042 −133.867 −133.744 −133.394 −133.575 −133.557

We substitute the test results of CH4 hydrocarbon isotope values in Tables 1 and 2 into
Equation (2), and use MATLAB software to obtain the proportion of gas emission from
each coal seam in the upper corner and goaf during the mining process of the working
face (Figures 5 and 6). From Figures 5 and 6, it can be seen that the change trend of gas
emission proportion of each coal seam in the upper corner and goaf during the mining
process of the working face is basically the same. The gas emission proportion of the Wu8
coal seam shows a change rule of decreasing first and then stabilizing, and the gas emission
proportion of the Wu9−10 coal seam and the Ding5−6 coal seam shows a change rule of
increasing first and then stabilizing.

Figure 5. Gas emission proportion of each coal seam in the upper corner.

Further analysis of Figures 5 and 6 shows that the change law of the proportion of
gas emission in each coal seam can be divided into three stages: the dominant stage of gas
emission in the mining layer (stage I), the stage of gas emission in long-distance adjacent
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coal seams (stage II), and the dynamic equilibrium stage of gas emission in each coal seam
(stage III).

 
Figure 6. Gas emission proportion of each coal seam in goaf.

The mining time of the stage I working face is from 7 June to 15 June, and the advancing
distance of the working face is 54 m. The proportion of gas emission in the Wu8 coal seam
shows a trend of rapid decline, and the proportion of gas emission decreases from 95% at
the beginning of mining to 60%; the proportion of gas emission in the Wu9−10 coal seam
shows a trend of rapid increase, and the proportion of gas emission increases from 3% at
the beginning of mining to 30%; the proportion of gas emission in the Ding5−6 coal seam
shows a trend of slow increase, and the proportion of gas emission increases from 1% at
the beginning of mining to 5%.

The mining time of the stage II working face is from 16 June to 22 June, and the
advancing distance of the working face is 42 m. The proportion of gas emission in the Wu8
coal seam shows a trend of slow decline, and the proportion of gas emission decreases
from 60% to 53%; the proportion of gas emission in the Wu9−10 coal seam shows a slow
downward trend, and the proportion of gas emission decreases from 30% to 27%; the
proportion of gas emission in the Ding5−6 coal seam increases rapidly from 5% to 18%.

The mining time of the stage III working face is from 23 June to 6 July, and the advance
distance of the working face is 84 m. The proportion of gas emission in each coal seam
enters the dynamic equilibrium stage. The proportion of gas emission in the Wu8 coal seam
is stable at about 54%, the proportion of gas emission in the Wu9−10 coal seam is stable
at about 28%, and the proportion of gas emission in the Ding5−6 coal seam is stable at
about 18%.

4. Discussion

4.1. Gas Emission Law of the Working Face and Each Coal Seam

While testing the CH4 hydrocarbon isotope value of the working face, the gas concen-
tration value in the return airflow of the working face is recorded. Combining this with the
test results of the air volume of the working face and the gas emission ratio of each coal
seam in the upper corner, the gas emission of each coal seam can be obtained (Table 3).
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Table 3. Gas emission test results of each coal seam.

Date
7 June 8 June 9 June 10 June 11 June 12 June 13 June 14 June 15 June 16 June

Category

Gas
concentration/% 0.41 0.43 0.46 0.51 0.56 0.62 0.66 0.69 0.72 0.74

Wu8 coal seam gas
emission/m3t−1 4.72 4.79 5.02 5.18 5.24 5.49 5.61 5.46 5.45 5.51

Wu9−10 coal seam
gas emission/m3t−1 0.12 0.29 0.42 0.78 1.24 1.68 2.03 2.44 2.80 2.71

Ding5−6 coal seam
gas emission/m3t−1 0.08 0.08 0.08 0.16 0.24 0.26 0.28 0.38 0.39 0.67

Working face gas
emission/m3t−1 4.92 5.16 5.52 6.12 6.72 7.44 7.92 8.28 8.64 8.88

Date
17 June 18 June 19 June 20 June 21 June 22 June 23 June 24 June 25 June 26 JuneCategory

Gas
concentration/% 0.75 0.77 0.78 0.79 0.81 0.82 0.81 0.82 0.83 0.81

Wu8 coal seam gas
emission/m3t−1 5.64 5.61 5.41 5.38 5.34 5.21 5.24 5.41 5.66 5.41

Wu9−10 coal seam
gas emission/m3t−1 2.68 2.65 2.95 2.71 2.77 2.71 2.77 2.91 2.85 2.78

Ding5−6 coal seam
gas emission/m3t−1 0.68 0.98 1.00 1.39 1.60 1.93 1.72 1.53 1.45 1.53

Working face gas
emission/m3t−1 9.00 9.24 9.36 9.48 9.72 9.84 9.72 9.84 9.96 9.72

Date 27
June

28
June

29 June 30 June 1 July 2 July 3 July 4 July 5 July 6 July
Category

Gas
concentration/% 0.82 0.81 0.81 0.82 0.83 0.81 0.81 0.83 0.82 0.81

Wu8 coal seam gas
emission/m3t−1 5.40 5.25 5.24 5.71 5.27 5.50 5.54 5.38 5.19 5.23

Wu9−10 coal seam
gas emission/m3t−1 2.71 2.67 2.77 2.71 2.84 2.69 2.77 2.84 2.72 2.78

Ding5−6 coal seam
gas emission/m3t−1 1.73 1.80 1.70 1.43 1.85 1.53 1.42 1.74 1.92 1.71

Working face gas
emission/m3t−1 9.84 9.72 9.72 9.84 9.96 9.72 9.72 9.96 9.84 9.72

Based on the basic parameters of the working face, the “mine gas emission prediction
method” (AQ1018−2006) is used to calculate the gas emission of the working face. Combin-
ing this with the gas emission test results of each coal seam in Table 3, the change trend of
the measured value and the calculated value of the gas emission can be obtained (Figure 7).

The measured value in Figure 7 is the test result using the method in this paper, and the
calculated value is the calculated result using the “mine gas emission prediction method”
(AQ1018−2006). It can be seen from Figure 7 that the gas emission of each coal seam
and working face has different variation rules. During the mining process of the working
face, the gas emission of the Wu8 coal seam is maintained in a small fluctuation state, and
the difference between the measured value and the calculated value is small. From the
beginning of mining to 15 June, the gas emission of the Wu9-10 coal seam increases rapidly,
after 15 June, the gas emission of the Wu9-10 coal seam remains in a small fluctuation
state when it reaches the calculated value. From the beginning of mining to 15 June, the
gas emission of the Ding5-6 coal seam increases slowly, from 15 June to 22 June, the gas
emission of the Ding5-6 coal seam increases rapidly, and remains in a slight fluctuation
state after reaching the calculated value. The mixed gas emission of the working face
increases rapidly before 22 June and remains in a small fluctuation state after reaching the
calculated value.
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Figure 7. Variation trend of measured and calculated values of gas emission.

In summary, it can be seen that the gas emission amount of the working face and the
measured value of the gas emission amount of each coal seam show an increasing trend in
the early stage of the working face mining. The change range and change time of the gas
emission amount are related to the geological conditions of the working face mining. The
existing gas emission prediction method [30,31] makes it difficult to dynamically display
and describe this change law; when the working face advances for a certain distance, the
measured values of the gas emission amount of the working face and the gas emission
amount of each coal seam will remain in a small fluctuation state. This small fluctuation
state actually reflects the dynamic changes in coal seam mining conditions and geological
conditions. The existing gas emission prediction method [32,33] usually cannot show this
small fluctuation state. From the test results, it can be seen that the measured gas emission
in this paper shows a small fluctuation state, which indicates that the mining conditions
and geological conditions of the working face in this paper change little; however, in some
cases, the changes of coal seam mining conditions and geological conditions are more
intense, at this time, the gas emission will also fluctuate greatly, which will bring serious
hidden dangers to the safe production of coal mines. Through the test method in this
paper, the dynamic change law of gas emission in each coal seam can be obtained, so as
to formulate and implement gas control measures in a targeted manner and avoid the
occurrence of coal mine safety production accidents.

4.2. Analysis of Influencing Factors of Gas Emission
4.2.1. Analysis of Influencing Factors of Gas Emission in the Mining Layer

According to the standard “mine gas emission prediction method” (AQ1018 –2006),
the calculation method of the mining layer gas emission is as follows:

Q1 = K1 · K2 · K3 · m
M

· (W0 − Wc) (3)

where Q1 is the relative gas emission of the mining coal seam (including surrounding rock),
m3/t; K1 is the gas emission coefficient of the surrounding rock, and the value range is
1.1 to 1.3. When the roof is managed by all caving methods, 1.3 is taken; K2 is the coal loss
coefficient of the working face, which is the reciprocal of the recovery rate of the working
face; K3 is the influence coefficient of roadway pre-drainage gas on gas emission in mining
layer; m is the thickness of mining layer, m; M is the mining height of the working face,
m; W0 is the original gas content of coal seam, m3/t; Wc is the residual gas content of coal
seam, m3/t.
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The calculation method of K3 is as follows:

K3 =
L − 2h

L
(4)

where L is the length of the mining face, m; h is the width of the coal seam gas emission
zone in the roadway, m, which is considered according to the average exposure time of 200
days in the roadway.

It can be seen from Equation (3) that the gas emission of the mining layer is related to
the gas emission coefficient of the surrounding rock, the coal loss coefficient of the working
face, the influence coefficient of the pre −drainage gas of the preparation roadway, and the
original gas content of the coal seam. In the test of this paper, the basic parameters such as
the gas emission coefficient of surrounding rock, the coal loss coefficient of the working
face, the influence coefficient of pre-discharge gas in preparation roadway, and the original
gas content of coal seam do not change, so the gas emission of mining layer remains in a
small fluctuation state and the difference between the measured value and the calculated
value is small (Figure 7).

4.2.2. Analysis of Influencing Factors of Gas Emission in Adjacent Coal Seam

The standard “mine gas emission prediction method” (AQ1018 –2006) also gives the
adjacent coal seam gas emission calculation method as follows:

Q2 =
n

∑
i=1

(W0i − Wci) · mi
M

· ηi (5)

where Q2 is the relative gas emission of the adjacent coal seam, m3/t; mi is the thickness
of the ith adjacent coal seam, m; M is the mining thickness of the mining layer, m; W0i is
the original gas content of the ith adjacent coal seam, m3/t; Wci is the residual gas content
of the ith adjacent coal seam, m3/t; ηi is the ith adjacent coal seam gas emission rate, %,
which can be seen in Figure 8.

1: Upper adjacent coal seam. 2: Adjacent coal seam under gently inclined coal seam. 
3: Adjacent coal seam under inclined and steeply inclined coal seams 

Figure 8. Relationship curve between gas emission rate of adjacent coal seam and layer spacing.

Equation (5) is a common method for calculating the gas emission of adjacent coal
seams [34]. According to Equation (5), the gas emission of adjacent coal seams is positively
correlated with the original gas content of adjacent coal seams, the thickness of adjacent
coal seams, and the gas emission rate of adjacent coal seams. In the process of working face
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mining, the original gas content of the adjacent coal seam, the thickness of the adjacent coal
seam, and other parameters remain unchanged, they have no effect on the change of gas
emission of the adjacent coal seam, so the gas emission rate of the adjacent coal seam is the
main parameter affecting the change of gas emission of the adjacent coal seam. When using
Equation (5) to calculate the gas emission of adjacent coal seams, the gas emission rate of
adjacent coal seams is usually selected from Figure 8; however, the gas emission rate of
adjacent coal seams in Figure 8 is the gas emission rate when the dynamic equilibrium stage
is reached after the full mining of the working face. Before the dynamic equilibrium stage
is reached, the calculation of the gas emission rate of adjacent coal seams in Figure 8 will
inevitably produce large errors, which is the problem with using Equation (5) to calculate
the gas emission of adjacent coal seams.

The gas emission rate of adjacent coal seams is related to the gas flow characteristics
of adjacent coal seams. The principle of adjacent coal seam gas flowing to the working face
is (Figure 9): after the mining of the mining layer, a certain mining space will be formed,
the coal rock layer around the coal seam will move to the mining space, and the original
equilibrium relationship of the coal rock mass will be disturbed and destroyed, so that
the original stress–strain state of the coal rock mass will change. The results of the change
will lead to the release of pressure and elastic potential energy in the coal rock around the
coal seam, thus forming mining fractures in the coal rock around the coal seam. As an
associated gas of the coal seam, the gas itself has fluidity, and the generation of mining
cracks will provide a channel for the seepage movement of gas in the coal seam. During the
mining process of the mining layer, the pressure-relief gas of the adjacent coal seam flows
into the mining face through the mining-induced cracks, which increases the gas emission
of the mining face [35].

   
(a)  (b)  (c)  

Figure 9. Gas flow characteristics of adjacent coal seams during advancing of the working face.
(a) Unmined coal seams. (b) Stage I. (c) Stage II.

In order to further analyze the influence of the gas emission rate of the adjacent coal
seam on the gas emission of the adjacent coal seam, based on the geological conditions of
this paper, FLAC3D software is used to simulate the development characteristics of the
fracture zone in the process of the working face advancing. According to the numerical
simulation results, the change trend of the development height of the mining fracture zone
with the advancing distance of the working face can be obtained. Then the adjacent coal
seam gas emission rate is calculated according to Equation (5) by using the measured data
of the adjacent coal seam gas emission (Figure 10).
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Figure 10. Variation of mining fracture zone height and gas emission rate of adjacent coal seams with
the advancing distance of the working face.

It can be seen from Figure 10 that the height of the mining fracture zone increases with
the advance of the working face. The height of the fracture zone increases rapidly in the
early stage of mining, and the growth rate slows down after full mining; when the working
face advances to a certain distance, the height of fracture zone does not increase anymore.
It can also be seen in Figure 10 that the adjacent coal seam gas emission rate is a dynamic
change parameter in the working face mining process.

Based on the test results of this paper, combined with Figures 9 and 10, the influence
of the gas emission rate of adjacent coal seams on gas emission of adjacent coal seams can
be analyzed as follows:

(1) In the process of advancing the working face, the height of the mining-induced
fracture zone of the coal seam roof and the coal seam floor in stage I shows an
increasing trend. Due to the small interlayer spacing between the Wu8 coal seam and
the Wu9−10 coal seam, the Wu9−10 coal seam quickly enters the mining-induced
fracture zone of the coal seam floor, so that a large amount of gas in the Wu9−10
coal seam enters the working face through the mining-induced fracture zone of the
coal seam floor, resulting in a rapid increase in the gas emission rate of the Wu9−10
coal seam. Although the height of the mining fracture zone of the coal seam roof
increases rapidly, due to the large interlayer spacing between the Wu8 coal seam
and the Ding5−6 coal seam, the Ding5−6 coal seam has not yet entered the mining
fracture zone of the coal seam roof, so that only a small amount of the Ding5−6 coal
seam gas enters the working face, so the gas emission rate of the Ding5−6 coal seam
increases slowly.

(2) In the process of advancing the working face, the height of the mining-induced
fracture zone of the coal seam floor in stage II tends to be stable. Because the coal
seam of Wu9−10 has entered the mining-induced fracture zone of the coal seam floor
in stage I, the gas of the Wu9−10 coal seam entering the working face in stage II will
remain in a small fluctuation state, resulting in the gas emission rate of the Wu9−10
coal seam also remaining in a small fluctuation state. In stage II, the height of the
mining fracture zone of the coal seam roof is still increasing. With the increase of the
height of the mining fracture zone of the coal seam roof, the Ding5−6 coal seam will
enter the mining fracture zone of the coal seam roof, so that the gas of the Ding5−6
coal seam enters the working face through the mining fracture zone of the coal seam

180



Energies 2023, 16, 1225

roof, resulting in the rapid increase of the gas emission rate of the Ding5−6 coal seam
in stage II.

(3) With the advance of the working face, in stage III, the mining-induced fracture zone
height of the coal seam roof and floor tends to be stable. The Ding5−6 coal seam and
the Wu9−10 coal seam also enter into the mining-induced fracture zone of the coal
seam roof and floor, respectively, the gas emission rate of adjacent coal seams and the
gas emission of adjacent coal seams will remain in a small fluctuation state until the
end of working face mining.

According to the above analysis, the gas emission rate of adjacent coal seams in the
process of the working face shows a phased change characteristic, which is the result of the
combined effect of the working face mining method and geological conditions. Therefore,
the gas emission of adjacent coal seams is the result of a combination of multiple factors,
it is difficult to predict the gas emission of adjacent coal seams only by establishing a
mathematical model or calculation formula [36–38], and there will be obvious defects in
accuracy and timeliness.

4.3. Gas Emission Rate of Adjacent Coal Seams

In Section 4.2., the influencing factors and changing trends of the gas emission rate
of adjacent coal seams have been analyzed. Because the gas emission rate of adjacent
coal seams shows a phased change during the mining process of the working face, the
calculation formula for the gas emission rate of adjacent coal seams will also be established
in stages.

Firstly, according to Figure 11, the calculation formula of the height of the fracture
zone of the coal seam roof with the advancing distance of the working face is obtained
by fitting:

h1 = −0.004l2 + 1.337l − 5.884
(

R2 = 0.994
)

l ≤ l1 (6)

where l is the advancing distance of the working face, m; h1 is the height of the coal seam
roof fracture zone, m; l1 is the advancing distance of the working face when the height of
the fracture zone of the coal seam roof reaches the upper adjacent coal seam, m.

 

Figure 11. Variation of the gas emission rate of lower adjacent coal seams with the advancing distance
of the working face.

Similarly, according to Figure 11, the calculation formula of the height of the fracture
zone in the coal seam floor with the advancing distance of the working face is obtained
by fitting:

h2 = −0.002l2 + 0.572l − 1.055
(

R2 = 0.994
)

l ≤ l2 (7)
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where l is the advancing distance of the working face, m; h2 is the height of the coal seam
floor fracture zone, m; l2 is the advancing distance of the working face when the height of
the fracture zone of the coal seam floor reaches the lower adjacent coal seam, m.

Then, according to Figure 11, the calculation formula of the gas emission rate of the
upper adjacent coal seam with the height of the coal seam roof fracture zone is obtained
by fitting:

P1 = 1.236e0.042h1
(

R2 = 0.98
)

l ≤ l1 (8)

where P1 is the upper adjacent coal seam gas emission rate, %.
Similarly, according to Figure 11, the calculation formula of the gas emission rate of

the lower adjacent coal seam with the height of the fracture zone of the coal seam floor is
obtained by fitting:

P2 = 2.609e0.168h2
(

R2 = 0.976
)

l ≤ l2 (9)

where P2 is the gas emission rate of the lower adjacent coal seam, %.
According to the gas flow characteristics of the adjacent coal seam during the advanc-

ing process of the working face, the higher the height of the mining fracture zone, the
higher the gas emission rate of the adjacent coal seam, and the gas emission rate of the
adjacent coal seam and the height of the mining fracture zone are exponentially related.
From the layer spacing of adjacent coal seams, the smaller the layer spacing of adjacent
coal seams, the higher the gas emission rate of adjacent coal seams, and the layer spacing of
adjacent coal seams is inversely proportional to the gas emission rate of adjacent coal seams.
In addition, it can be seen from Equations (8) and (9) that the gas emission rates of upper
adjacent coal seams and lower adjacent coal seams have similar variation trends with the
height of the fracture zone, and the gas emission rates of upper adjacent coal seams and
lower adjacent coal seams can be combined for study.

Based on the above analysis, combined with Equation (6)–(9) and Figure 8, the calcula-
tion formula of the gas emission rate of the upper adjacent coal seam with the advancing
distance of the working face can be obtained by introducing the interlayer spacing H1 of
the upper adjacent coal seam and the interlayer spacing H2 of the lower adjacent coal seam:

⎧⎨
⎩

h1 = −0.004l2 + 1.337l − 5.884
(

R2 = 0.994
)

l ≤ l1
P1 = (−0.024)H1 − 16(+2.609)e(−0.00218(H1−16)+0.168)h1 l ≤ l1

P1 = (115 − H1)/115 l > l1
(10)

where H1 is the distance between the upper adjacent coal seam and the mining layer, m.
Similarly, the calculation formula of the gas emission rate of the lower adjacent coal

seam with the advancing distance of the working face can be obtained:

⎧⎨
⎩

h2 = −0.002l2 + 0.572l − 1.055
(

R2 = 0.994
)

l ≤ l2
P2 = (−0.024)H2 − 16(+2.609)e(−0.00218(H2−16)+0.168)h2 l ≤ l2

P2 = (50 − H2)/50 l > l2
(11)

where H2 is the distance between the lower adjacent coal seam and the mining layer, m.
According to Equations (10) and (11), the variation trend of the gas emission rate of

adjacent coal seams with the advancing distance of the working face can be drawn under
different interlayer spacings (Figures 11 and 12). From Figures 11 and 12 it can be seen
that as the working face advances, the gas emission rate of the upper adjacent coal seam
and the lower adjacent coal seam has the same change trend. In the early stage of working
face mining, the gas emission rate of adjacent coal seams increases exponentially with
the advancing distance of the working face. After the working face is fully mined, the
gas emission rate of adjacent coal seams remains stable; the larger the layer spacing with
the mining coal seam is, the smaller the gas emission rate of the adjacent coal seam is
and the longer the distance for the working face to reach the dynamic equilibrium state.
In Figures 11 and 12, the curve of seam gas emission rate of adjacent coal seam with an
interlayer spacing of 74 m and the curve of seam gas emission rate of adjacent coal seam
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of the Ding5 –6 coal seam basically coincide, and the curve of seam gas emission rate of
adjacent coal seam with an interlayer spacing of 16 m and the curve of seam gas emission
rate of adjacent coal seam of Wu9-10 coal seam basically coincide. This shows that the
error between the calculated value and the test result is small, and the accuracy of the gas
emission rate of adjacent coal seam calculated by Equations (10) and (11) is high, which can
meet the needs of gas emission prediction of the adjacent coal seam in production practice.

Figure 12. Variation of the gas emission rate of upper adjacent coal seams with the advancing distance
of the working face.

The test method of gas emission in adjacent coal seams and the calculation formula
of the gas emission rate in adjacent coal seams proposed in this paper can make up for
the shortcomings of the existing methods, and have good applicability under complex
geological conditions. Its popularization and application under the complex geological
conditions of multiple coal seams can obtain considerable safety and economic benefits.

5. Conclusions

1. The CH4 hydrocarbon isotope values in the gas of the Wu8 coal seam, the Wu9−10 coal
seam, and the Ding5−6 coal seam are obviously different, which has the conditions
to identify the source of gas emission in the working face by using the hydrocarbon
isotope method.

2. The variation law of the proportion of gas emission in each coal seam during the
mining process of the working face can be divided into the dominant stage of gas
emission in the mining layer (stage I), the stage of gas emission in the long-distance
adjacent coal seam (stage II), and the dynamic equilibrium stage of gas emission
in each coal seam (stage III). The proportion of gas emission in the Wu8 coal seam
decreases from 95% to 60% in stage I, from 60% to 53% in stage II, and stabilizes
at about 54% in stage III. The proportion of gas emission in the Wu9−10 coal seam
increases from 3% to 30% in stage I, decreases from 30% to 27% in stage II, and
stabilizes at about 28% in stage III. The proportion of gas emission in the Ding5-6 coal
seam increases from 1% to 5% in stage I, from 5% to 18% in stage II, and stabilizes at
about 18% in stage III.

3. During the mining process of the working face, the gas emission amount of the Wu8
coal seam remains in a stable state. The gas emission amount of the Wu9−10 coal
seam increases rapidly in stage I and remains stable in stage II and stage III. The
gas emission amount of the Ding5−6 coal seam increases slowly in stage I, increases
rapidly in stage II, and remains stable in stage III. The mixed gas emission of the
working face increases rapidly in stage I and stage II and remains stable in stage III.
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4. The adjacent coal seam gas emission rate is the main influencing factor of the adjacent
coal seam gas emission, and the adjacent coal seam gas emission rate is related to
the development process of the mining fracture zone. When the height of the mining
fracture zone increases, the gas emission rate of the adjacent coal seam increases
exponentially, and the gas emission of the working face increases. After the height of
the mining fracture zone tends to be stable, the gas emission rate of adjacent coal seams
and the gas emission amount of each coal seam remain in a small fluctuation state.

5. The calculation formula of the gas emission rate of the adjacent coal seam is estab-
lished. Compared with the test results, the error of the calculated value is small,
which can meet the needs of gas emission prediction of adjacent coal seams in produc-
tion practice.
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Abstract: China has abundant coal resources, and the distribution of coal seams is complex. Thick
coal seams account for more than 45% of all coal seams. Fully mechanized top coal caving mining has
the advantages of large production, high efficiency, and low cost. In fully mechanized caving mining,
especially in fully mechanized caving mining of extra-thick coal seams, the mining space is ample,
the mine pressure is severe, and the roadway maintenance is complex. As a result, it is necessary to
summarize and discuss the gob-side entry driving of fully mechanized caving in theory and technol-
ogy, which will help to promote the further development of fully mechanized caving gob-side entry
driving technology. First, in recent years, the research hotspots of gob-side entry driving have focused
on the deformation mechanism and the control method of the roadway surrounding rock. Secondly,
this paper discusses the theoretical models of the “triangle-block” and “beam” for the activity law of
the overlying strata in gob-side entry driving, including the lateral breaking “large structure” model,
compound key triangle block structure model in the middle and low position, the high and low
right angle key block stability mechanics model, elastic foundation beam model, low-level combined
cantilever beam + high-level multilayer masonry beam structure model, and the vertical triangular
slip zone structure model. It introduces the “internal and external stress field theory” and the “stress
limit equilibrium zone model”. Thirdly, it summarizes several numerical simulation analysis methods
in different conditions or research focuses and selects appropriate constitutive models and simulation
software. Finally, it introduces surrounding rock control technology, including two ribs, the roof, and
under challenging conditions. It provides a method reference for support in similar projects.

Keywords: fully mechanized top coal caving mining; gob-side entry driving; triangle-block structure;
beam structure; cable truss; support

1. Introduction

The recoverable reserves of thick coal seams in China account for about 45% of the
total reserves of production mines [1]. The thick coal seam mining method has always
been an important research topic in the coal industry [2–4]. The most common method
of mining thick coal seams in China is fully mechanized top coal caving. In mining, most
of the working face roadways will leave a certain width of a section coal pillar to protect
the roadway, which is responsible for supporting the overlying strata and isolating the
goaf water and harmful gas [5–8]. The width of the coal pillar increases as the mining
intensity and geological conditions become more complex, resulting in a significant loss of
coal resources [9,10]. Nonpillar or narrow coal pillar mining methods have been proposed
to improve the recovery rate of coal resources. Gob-side entry driving is an important
method of nonpillar mining in mining roadways [11]. Maintaining narrow coal pillars not
only puts the roadway in the stress reduction zone [12,13] but also reduces coal pillar loss
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and improves the resource recovery rate. As a result, gob-side entry driving mining has
been extensively used in thick coal seam mining.

Scholars from both home and abroad have researched the related problems of gob-
side entry driving [14–16]. In terms of the activity law of the overlying strata [17] in
gob-side entry driving, they put forward various theories based on the mechanical model
of the “triangle-block” [18–21] and “beam”. In fully mechanized caving section roadway
surrounding rock control theory, they put forward the “internal and external stress field
theory” and the “stress limit equilibrium zone model”. The proposal of these theoretical
models has extensively promoted the development and application of gob-side entry
driving in fully mechanized caving mining. Based on these theories, we can make correct
guidance for production practices. However, the current theory has limitations, and
theoretical research must be strengthened. The numerical simulation [22] of gob-side entry
driving in fully mechanized caving found that the strain-softening constitutive model
is mainly used to study the reasonable width of the coal pillar [23–26]. Considering the
compaction effect of gangue in goaf, the double-yield model is often used to study its
influence on stress redistribution [27]. Numerical simulation is an indispensable technical
means in mining engineering. Although the numerical simulation results sometimes do
not reflect the actual situation well, they can also provide some reference. To control
the surrounding rock of gob-side entry driving in fully mechanized caving, with the
development of coal mine support technology [28–30], this method gradually changed
from an initial shotcrete wall [31,32] and shed support [33] to a high prestressed anchor
bolt and anchor cable support. In addition, for the asymmetric deformation problem
of gob-side entry, they proposed an asymmetric cable truss [34–37] and step-bundled
anchor cable [31,32] support way and achieved an excellent supporting effect. In order to
ensure efficient and safe production, roadway surrounding rock control has always been
an important research topic in the mining field. The mine pressure is severe in a fully
mechanized caving roadway, and roadway maintenance is complex. Therefore, a safe and
efficient support method is needed.

Gob-side entry driving is usually arranged at the edge of the goaf of the previous
working face. After the overlying rock in the goaf has collapsed and become stable, retaining
the smaller width coal pillar (generally 5–8 m) plays an isolation role. It drives the roadway
along the edge of the goaf [38]. The popularization and application of gob-side entry
driving mining are conducive to promoting the development of mining roadway support
theory, effectively improving the recovery rate of coal resources and having obvious social
and economic benefits. As shown in Figure 1, according to the mining geological conditions,
gob-side entry driving in fully mechanized caving mining is mainly applied to incline
extra-thick coal seam caving mining, three soft coal seam caving mining, large mining
height caving mining, thick and hard basic roof caving mining, island working face caving
mining, deep well caving mining, and large section caving mining [39–41].

With theoretical research and mine equipment development, gob-side entry driving
has gradually become an essential means in fully mechanized caving mining [42]. There-
fore, the coal recovery rate increases, the surrounding rock of the roadway is effectively
controlled, and the incidence of accident disasters is reduced, promoting high-quality and
efficient coal mining. The research hotspot map was obtained by analyzing the research
status of gob-side entry driving in fully mechanized caving mining in recent years, as
shown in Figure 2.

It can be seen from Figure 2 that the research hotspots of gob-side entry driving in
fully mechanized caving mainly focus on the following five aspects: 1© stability of the
surrounding rock; 2© deformation mechanism of the surrounding rock; 3© reasonable
roadway positions and the coal pillar width; 4© numerical simulation analysis of gob-side
entry driving; and 5© roadway surrounding rock control technology.

By searching the keywords “gob-side entry driving” in CNKI, more than 170 related
pieces of literature in recent years were obtained. Figure 3 depicts the subject words of these
research papers: gob-side entry driving, extra-thick coal seam mining, fully mechanized
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top coal caving mining, reasonable width of coal pillar, surrounding rock control [43],
large mining height mining, research and application, large section, numerical simulation,
and island working face. Among them, research on the appropriate section coal pillar
width [44,45] of gob-side entry driving in fully mechanized caving is a hot topic, accounting
for 25%.

 

Figure 1. Some research directions of gob-side entry driving in fully mechanized caving mining.

 

Figure 2. Research hotspot map of gob-side entry driving in fully mechanized caving.
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Figure 3. Research on gob-side entry driving technology in fully mechanized caving mining in China:
(a) 10 research hotspots and (b) research trends in recent 5 years.

In this paper, the technology of gob-side entry driving with fully mechanized caving
in recent years will be summarized in an all-around way. The related theories, numerical
simulation constitutive models, research methods, and surrounding rock control technology
will be systematically expounded. With proposals such as “carbon neutralization” and
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“carbon peak”, coal mining is increasingly advocating for the development of safe mining
technology with a high recovery rate. Fully mechanized caving along the goaf is widely
used to realize a coal pillar reduction or no coal pillar. Therefore, this paper takes this
as the research object. We analyze the application status and development prospects of
gob-side entry driving in fully mechanized caving. When some experts or scholars need to
preliminarily understand the relevant knowledge on gob-side entry driving, this paper can
provide some guidance.

2. Research on the Theoretical Model of Gob-Side Entry Driving in Fully Mechanized
Caving Mining

Fully mechanized top coal caving mining is a necessary technical means for high
yield and high efficiency of coal mines in China. In terms of the movement law of the
overlying strata in gob-side entry driving, scholars have constructed a mechanical model
of the “triangle-block” and “beam” of the overlying rock, including the lateral breaking
“large structure” model, compound key triangle block structure model in the middle and
low position, the “high and low right angle key block stability mechanics model”, elastic
foundation beam model, low-level combined cantilever beam + high-level multilayer
masonry beam structure model, and the vertical triangular slip zone structure model.
In fully mechanized caving section roadway surrounding rock control theory, they put
forward the “internal and external stress field theory” and the “stress limit equilibrium
zone model”.

2.1. Activity Law of Overlying Strata in Gob-Side Entry Driving
2.1.1. Mechanical Model of the “Triangle-Block”

(1) The lateral breaking “large structure” model

When the working face is left with narrow coal pillars, mining will significantly affect
the surrounding rock, and the movement of the overlying strata will be violent, which
will cause potential safety hazards. By analyzing the characteristics of the surrounding
rock, scholars put forward the stability control principle of the “large structure” of the
lateral breaking of the overlying strata in the adjacent goaf and the “small structure” of the
overlying roof of the roadway surrounding rock. They established the large structure model
of the overlying rock mass of the roadway driving along the goaf, as shown in Figure 4 [46].
By analyzing the stability of the triangular arc block of a basic roof, as shown in Figure 5,
scholars proposed a surrounding rock control mechanism. Among them, FZ is the resultant
force of the self-weight of key block B, FR is the resultant force of the self-weight of the
upper weak overburden rock, the vertical force and horizontal force of rock block A to key
block B are RA and FA, respectively, and the vertical shear force and horizontal thrust of
structural block C to key block B are RB and FB, respectively, the supporting force of the
gangue, end coal, and lateral coal in the goaf to key block B are FG, FSM, and FM.

Figure 4. The lateral breaking structure model [46].
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Figure 5. Mechanical analysis of the lateral breaking “large structure”.

(2) Compound key triangle block structure model in the middle and low position

The construction of a mechanical model of a middle and low composite key triangular
plate structure with synchronous and asynchronous migration of a basic roof (low position)
at the end of the adjacent goaf of a fully mechanized caving face and the adjacent key
hard rock layer (middle position) is shown in Figures 6 and 7. The stability characteristics
and engineering disaster conditions of the key triangular plate structure in three-time
states (before the formation of the section coal lane, after the formation of the section coal
lane, and at the time of mining) were explored. The fracture position of the main roof
of fully mechanized caving and its influence were obtained [47]. The same symbols in
Figures 5 and 7 also have the same meaning. In addition, F’

Z is the resultant force of the
self-weight of key block B (mesoposition), and F’

R is the resultant force of the self-weight
of the upper weak overburden (mesoposition). The movement of weak rock strata above
key block B separates from the hard rock strata above it and loses the transmission of force,
namely, FX = 0.

 

Figure 6. Compound triangle block structure model [47].
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Figure 7. Mechanical analysis of the key triangular plate structure [47].

(3) The high and low right angle key block stability mechanics model

In fully mechanized caving mining of extra-thick coal seam with a hard and thick
main roof, the mining space is large, and the strength is high, which causes the overlying
strata to fracture, move, and collapse, and the influence is vast. Therefore, the low-key and
high-key strata play a key role in the stability of the surrounding rock of the gob-side entry.
Based on the theory of internal and external stress field and limit equilibrium theory, as
shown in Figures 8 and 9, scholars have deduced a mechanical model for the stability of
high and low right-angle key blocks with periodic breaking [48] and analyzed the joint
stability of high and low key blocks.

Figure 8. Fracture morphology of key blocks [48].
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Figure 9. Mechanical analysis of high and low right angle key blocks [48].

2.1.2. Mechanical Model of the “Beam”

(1) Elastic foundation beam model

This model was based on the theory of masonry beams with lateral roof fracture,
considering the deformation characteristics of coal seam and immediate roof. Scholars
have established the basic roof elastic foundation beam model, as shown in Figure 10. They
deduced the expressions of the lateral roof bending moment and displacement and then
obtained the basic roof breaking position; the influence of the main roof, immediate roof,
and coal seam thickness and elastic modulus on the lateral fracture position of the roof was
explored [49]. Figure 11 shows the overburdened structure after the basic roof is broken.

Figure 10. Structural model of elastic foundation beam [49].

(2) Low-level combined cantilever beam + high-level multilayer masonry
beam structure model

The mining space formed by the mining of the fully mechanized caving face in the
extra thick coal seam is large, the roof breaking and migration range are wide, and the
development height of the overburdened caving zone and the fracture zone is significantly
increased. When there are multiple layers of hard rock strata in the roof, the overlying
hard key stratum breaks not only one layer but multiple layers. Therefore, for the mining
of extra-thick coal seam with a hard roof, scholars have proposed a lateral overburden
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structure model of “low-level combined cantilever beam + high-level multi-layer masonry
beam” in the roadway of extra-thick coal seam with a hard roof, as shown in Figure 12 [50].

Figure 11. Overburden rock structure.

Figure 12. Low-level combined cantilever beam + high-level multilayer masonry beam structure
model [50].

(3) The vertical triangular slip zone structure model

Scholars took a fully mechanized caving face with a large mining height in an extra-
thick coal seam as their research object and analyzed the activity range, fracture field
distribution, motion characteristics, and structural characteristics of the overlying strata
at the end of the working face with a large mining height in the extra-thick coal seam.
It was proposed that there is a stable stress reduction zone with a triangular slip zone
structure at the end of the goaf. This is conducive to the layout of gob-side entry driving
with a small coal pillar and the maintenance of a small coal pillar roadway. According
to the movement characteristics of the overlying strata in the goaf and the time–space
relationship, the reasonable position and time of the small coal pillar driving along the goaf
were determined, as shown in Figure 13 [51].
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Figure 13. The vertical triangular slip zone structure model [51].

2.2. Surrounding Rock Control of Fully Mechanized Caving Section Roadway
2.2.1. The “Internal and External Stress Field Theory”

Scholars have established the structural mechanics model of gob-side entry driving by
the theoretical analysis method. They established the expression of “internal stress field”
width and determined the reasonable position of gob-side entry driving and the reasonable
width of the coal pillar. They predicted the deformation of the surrounding rock of gob-side
entry driving, as shown in Figure 14 [52]. The movement law and deformation failure
characteristics of the surrounding rock of the roadway and the curved triangular block of
the end basic roof in different stages were studied. The overall mechanical environment of
the fully mechanized caving along the goaf was analyzed, and stability control theory was
preliminarily formed. In Figures 15–17 [53], scholars also established a mechanical model of
the roadway surrounding rock structure. The relationship between the key block’s rotation
angle and the coal pillar’s overlying load was obtained, and the coal pillar’s width was
calculated to determine the fracture position of the basic roof. In Figure 14, the interval
calibrated by S1 is called the “internal stress field”, and the interval calibrated by S2 is called
the “external stress field”. σy is the lateral support pressure; K is the stress concentration
factor; and γ is the average bulk density of the overlying strata. Moreover, H is the buried
depth of the roadway.

Figure 14. Structural mechanics model of gob-side entry driving [52].
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Figure 15. Structure model with main roof fracture line above the solid coal [53].

Figure 16. Structure model with main roof fracture line above the roadway [53].

Figure 17. Structure model with main roof fracture line above the coal pillar [53].

2.2.2. The “Stress Limit Equilibrium Zone Model”

In Figures 18 and 19, based on the stress characteristics of the surrounding rock of
gob-side entry driving in deep-well fully mechanized caving, considering the strength-
softening characteristics of coal and rock mass at the interface between the roadway side
and roof and floor, scholars have established the mechanical analysis model of two ribs
and deduced the theoretical calculation of the limit equilibrium zone width and the coal
stress displacement of two ribs [54]. Based on the distribution characteristics of the inclined
abutment pressure of the coal body on the goaf side and the limit equilibrium theory of a
coal pillar in roadway protection, the analytical expressions of the upper and lower limits
of a reasonable width of a narrow coal pillar in roadway protection were determined [55].
Based on analyzing the stress environment of gob-side entry driving, the principle of
damage mechanics was used to analyze the abutment pressure distribution of the solid coal
side of gob-side entry driving under the given deformation, and the relationship between
the abutment pressure distribution and parameters such as the coal rock thickness and
elastic modulus was discussed. It is of great significance to the upkeep of gob-side entry
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as well as the study of the floor heave mechanism and control [56]. In Figure 18, the shear
stress at the interface between the coal seam and the roof and floor is τxy, the vertical
pressure is σy, the horizontal stress inside the coal rock mass is σx, and the roadway rib
support resistance is f i. In Figure 19, f s is the support resistance of the general goaf side, f z
is the support resistance of the roadway side, and the peak stress in the limit equilibrium
zone of the coal pillar side should be σym.

k H
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Figure 18. The mechanical model of solid coal rib [54].
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Figure 19. The mechanical model of coal pillar rib [54].

Among the above many theoretical models, the rock beam model belongs to a relatively
simplified model, and the triangular block structure is a theoretical model that is more
recognized by scholars at present. It is also more often used in the related research of
gob-side entry driving.

3. Numerical Analysis Method of Gob-Side Entry Driving in Fully Mechanized
Caving Mining

Numerical simulation is an indispensable technical means in mining engineering.
At present, the most commonly used numerical analysis methods are the finite element
method, boundary element method, finite difference method, weighted residual method,
discrete element method, rigid body element method, discontinuous deformation analysis
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(DDA) method, manifold element method [57], etc. In the study of fully mechanized caving
gob-side entry driving engineering problems, scholars often use FLAC3D, UDEC, PFC,
and other numerical software according to different working conditions and select the
appropriate software analysis [58–61]. As shown in Figure 20, it shows the constitutive
model used in FLAC3D.

 

Figure 20. Constitutive model of FLAC3D used gob-side entry driving in fully mechanized caving.

3.1. Constitutive Model of FLAC3D

3.1.1. Strain-Softening Model of Yielding Coal Pillar

In studying the surrounding rock control of gob-side entry driving in fully mechanized
caving, many scholars mostly choose the strain-softening constitutive model when studying
reasonable coal pillar width. Compared with the Mohr–Coulomb constitutive model, it can
more truly reflect the yield of the small coal pillar, especially when retaining a small coal
pillar. It can also provide an accurate and reliable basis for formulating a sensible coal pillar
width and support [23–26]. The strain-softening model reflects the real failure properties of
coal pillars as follows: the elastic stage is consistent with the Mohr–Coulomb model. After
entering the plasticity, the cohesion and friction will gradually decrease with the plastic
strain [30,62,63].

FLAC3D finite difference software has a strain-softening constitutive model [60].
Scholars have established a standard specimen model for a uniaxial compression 1:1
simulation and carried out the corresponding parameter iterative inversion through indoor
test and numerical simulation then fitted the standard specimen parameters for numerical
simulation [64–66].

3.1.2. Double-Yield Model of Goaf

Due to the compaction of gangue in the goaf, the stress state of the surrounding
rock in the gob-side entry will be affected [67]. Therefore, the double-yield model can
well-simulate the influence of gangue on stress redistribution [27]. In the gob-side entry
driving process, the coal pillar’s bearing capacity needs to be considered, and the influence
on the goaf cannot be ignored [68–73]. In the numerical simulation, the “cap pressure”
is the parameter that mainly determines the compaction characteristics of the goaf ma-
terial in the simulation, which is controlled by Table [74,75]. According to the classical
theoretical formula of Salamon, the corresponding parameter inversion is carried out by
establishing a 1 m × 1 m × 1 m model in the numerical simulation so that the parameters
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can precisely reflect the actual condition [76,77]. The specific parameter inversion process
in the numerical model is shown in Figure 21.

Figure 21. Inversion fitting process of constitutive model parameters in numerical simulation:
(a) strain-softening model and (b) double-yield model.

3.2. UDEC Simulation of Coal Pillar Fracture

Through the UDEC (a discrete element software), many scholars can intuitively see the
fracture development and damage degree in the coal pillar of gob-side entry driving [78–81].
By analyzing the crack propagation morphology and plastic state in the coal pillar, they
can guide the reasonable setting position of the gob-side entry and coal pillar width to
minimize the influence of the coal pillar on the stability of the roadway [82–84]. As shown in
Figure 22, it indicates the development state of coal pillar cracks in gob-side entry driving.

Figure 22. Development state of coal pillar fracture of gob-side entry driving in fully mechanized
caving: (a) fracture pattern, (b) cracks, and (c) state.
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3.3. Other Numerical Analysis Methods

Many scholars have carried out uniaxial and triaxial compression simulation tests by
sampling coal on-site and combining discrete element software PFC2D/PFC3D to explore the
crack propagation law of coal specimens under the condition of prefabricated cracks [85–87]
to guide the setting of coal pillars in gob-side entry driving to ensure the optimal stress
field environment of roadway surrounding rock. Some scholars have studied the dynamic,
progressive failure process of coal rock samples through CDEM to analyze the influence of
cracks on the stability of coal rock columns [88,89].

4. Surrounding Rock Control Technology of Gob-Side Entry Driving in Fully
Mechanized Caving Mining

The structural characteristics of overburdened roadway rock differ in different mining
stages of gob-side entry driving, which has a significant impact on the surrounding rock
support [90]. It is essential for the stability of the surrounding rock to optimize the support
parameters according to the structural characteristics of the overlying rock [91]. Scholars
have put forward various supporting technologies for roadway driving along the goaf. This
paper will introduce the surrounding rock control technology from three aspects: two ribs,
the roof, and other complex conditions.

4.1. Two-Rib Support of the Roadway
4.1.1. Support of Coal Pillar Rib

In gob-side entry of fully mechanized caving, the coal pillar rib usually adopts general
support forms, such as a bolt + ladder beam of steel (W, JW steel strip) + mesh and anchor
cable support. However, with the progress of fully mechanized caving mining, the fracture
development of the coal pillar is obvious, and the stress concentration at the end of fracture
is obvious, which leads to the weakening of the bearing capacity and an antideformation
and failure ability of the coal pillar [92,93]. The linkage between the coal pillar and top coal
is large. The failure of the coal pillar reduces the stability of the top coal, increasing the
deformation and pressure of the roadway and increasing the difficulty of support. Using an
ordinary bolt and cable support on the coal pillar’s rib to maintain stability is challenging.
Roadside support can assist the coal pillar in bearing roof pressure and improve the bearing
capacity of the coal pillar.

The roadside support of gob-side entry driving is mainly divided into concrete wall
support on the side of the coal pillar roadway and filling support on the side of the coal
pillar goaf, as shown in Figure 23. The pouring concrete wall support on the side of the
coal pillar roadway refers to establishing a certain width of the reinforced concrete wall
in the roadway. The supporting wall is connected with the roof, floor, and the coal pillar
rib through the preset high-strength bolt. Therefore, the reinforced concrete wall and the
surrounding rock are coordinated [31,32]. The filling support of the goaf side of the coal
pillar refers to the injection of foam, fly ash material, high water material, paste material, or
cement slurry near the goaf side of the coal pillar. It can replace part of the falling gangue
or directly fill it, thereby reducing the roof activity space [94,95].

Figure 23. Cont.
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Figure 23. Support diagram of coal pillar rib: (a) filling support on the side of the goaf, (b) concrete
wall support on the side of the roadway, and (c) general bolt and anchor cable support. (a,b) [31,32]
and (c) [94,95].

4.1.2. Support of Virgin Coal Rib

The degree of mine pressure on the virgin coal rib is small, and the damage to the
surrounding rock of the roadway is also tiny. As a result, the support method is simple.
Bolt + ladder beam of steel (W, JW steel strip) + mesh is often used, and sometimes a single
anchor cable is also used for reinforcement support.

4.2. Roof Support of Gob-Side Entry Driving

For a long time, scholars have conducted much research on the problem of roof
control in gob-side entry driving. The roof is usually controlled with a combination of
various support methods, among which, the most commonly used is bolt support [44]. The
arrangement of bolt support in various fully mechanized caving roadways is the same, so
this paper focuses on roof control technology with an anchor cable as the core.

4.2.1. Single Anchor Cable Support or Anchor Cable + Steel Strip Support

When the coal seam thickness is less than six m, two or three independent single
anchor cables are arranged on the roof for support, as shown in Figure 24a,b, and the
anchor cable can be anchored to the stable rock stratum. W steel strips are also commonly
used to connect the anchor cables, as shown in Figure 24c,d.

4.2.2. Anchor Cable Truss Support

The anchor cable truss comprises a long anchor cable and a special connecting lock
device [96]. Figure 24e,f represents symmetric and asymmetric layouts, respectively. The
special connecting lock device connecting the long anchor cable is shown in Figure 24g.

Figure 24h indicates its control principle [97,98]: The cable truss system gradually locks
during roof rock deformation, increasing the compression value of shallow surrounding
rock and preventing excessive deformation of roadway surrounding rock; the anchor cable
truss has a long length and solid shear resistance. It crosses the greatest shear stress area at
the coal pillar–roof junction obliquely, enhancing the surrounding rock’s shear resistance
and maintaining its stability in the coal pillar’s corner area.

4.2.3. Cable Beam Truss Support

The cable beam truss structure comprises a long anchor cable, channel steel support
beam, steel support beam, and lock. The single anchor cable is first connected with a
high-strength steel support beam, and the anchor cable near the side of the coal pillar is
connected with a channel steel support beam for a secondary connection. The support
structure is arranged near the side of the coal pillar rib, as shown in Figure 24i,j. Figure 24k
is the on-site support diagram, and Figure 24l is the supporting principle diagram.

The control principle is as follows: After applying a high pretightening force, the
anchor cable, steel (channel steel) support beam, and coal–rock mass form an inverted
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trapezoidal bearing structure. When subjected to unbalanced abutment pressure, the
inverted trapezoidal structure jams the two corners. The greater the load, the greater
the force of the anchor cable and the formation of a stress arch with a base point at the
two corners. The formation of the stress arch weakens the transfer of external pressure
to the interior, reducing the asymmetric subsidence of the roof and horizontal extrusion
deformation [99]. The anchor cables are connected by the high-strength steel support beam,
which is more flexible to adapt to extrusion deformation and can prevent the connection
structure from failing due to horizontal dislocation of surrounding rock. Increasing the
internal hole size of the channel steel can reserve the deformation space for horizontal
movement and avoid the stress concentration between the channel steel and the anchor
cable due to the horizontal movement of the rock stratum [100].

4.2.4. Anchor Cable + Channel Steel Support

In mining hard and thick main roof coal seams, there are some control problems,
such as severe overburden activity and asymmetric deformation in the roof. Scholars
have proposed the asymmetric combined control technology of the roof with anchor cable–
channel steel combination [101]. Figure 24m,n shows that each row contains four or five
anchor cables. The anchor cables near the two ribs are deflected outward by 15◦, and the
anchor cables in the middle position are arranged perpendicular to the roof. Figure 24p is
the supporting principle diagram.

4.2.5. Step Bundled Anchor Cable Support

For the roof support of ultra-thick coal seams (up to 15 m), some scholars have pro-
posed the supporting technology of step-bundled anchor cables, as shown in Figure 24q,r.
Moreover, the step bundle anchor cable comprises 5 anchor cables and a bundle anchor
cable tray arranged in a “2-1-2” manner. The center is a 22 mm × 10,300 mm anchor cable
surrounded by two 22 mm × 6300 mm and two 22 mm × 8300 mm anchor cables. The
anchor cables are arranged diagonally and connected by a porous tray [32], as shown in
Figure 24s [32].

4.3. Support under Difficult Conditions such as a Broken Roof

Figure 25 depicts an early support form of roadway driving along the goaf, primarily
shed support, including I-steel and U-steel support. Secondary or multiple mining may
influence the roads during layered mining and the mining of coal seam groups, and the
deformation and failure of the surrounding rock are severe. The shed support and steel
mesh combination can effectively limit the roadway’s severe deformation. At the same time,
it can improve the stress environment and the mechanical properties of the surrounding
rock with a high-strength grouting anchor cable, indirectly improve the majestic residual
strength and self-bearing capacity, significantly slow down the large deformation of the
surrounding rock, and ensure the stability of the surrounding rock [33].

Figure 24. Cont.
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Figure 24. The roof support of gob-side entry driving: (a) single anchor cable support, (b) on-site
support diagram, (c) anchor cable + W steel strip support, (d) on-site support diagram, (e) symmetric
cable truss support, (f) asymmetric cable truss support, (g) connecting lock device, (h) supporting
principle diagram, (i) asymmetric double anchor cable support, (j) cable truss + single anchor cable
support, (k) on-site support diagram, (l) supporting principle diagram, (m) channel steel + four
anchor cables support, (n) channel steel + five anchor cables support, (o) on-site support diagram,
(p) supporting principle diagram, (q) single-step bundled anchor cable support, (r) step bundled
anchor cable support, (s) stepped anchorage beam cable, and (t) supporting principle diagram. (f) [96],
(h) [97,98], and (m,n) [101].

A single support method in the gob-side entry of fully mechanized caving often cannot
meet the support requirements. Therefore, the combined support form with an anchor
cable support as the core and other support methods (bolt, metal mesh, etc.) is often used
to achieve adequate control of the surrounding rock, as shown in Table 1. The ‘

√
’ in Table 1

represents the support form used in a certain spatial orientation of the roadway.

204



Energies 2023, 16, 2691

T
a

b
le

1
.

R
oo

fc
om

bi
ne

d
su

pp
or

tt
ab

le
of

go
b-

si
de

en
tr

y
dr

iv
in

g
in

fu
lly

m
ec

ha
ni

ze
d

ca
vi

ng
.

S
u

p
p

o
rt

P
o

si
ti

o
n

S
u

p
p

o
rt

P
a

tt
e

rn
B

o
lt

+
L

a
d

d
e

r
B

e
a

m
(W

,
JW

S
te

e
l

S
tr

ip
)

+
N

e
t

S
in

g
le

A
n

ch
o

r
C

a
b

le

A
n

ch
o

r
C

a
b

le
+

W
,

JW
S

te
e

l
S

tr
ip

G
ro

u
ti

n
g

R
o

a
d

w
a

y
S

id
e

C
o

n
cr

e
a

te
W

a
ll

G
o

b
S

id
e

F
il

li
n

g
S

h
e

lf
A

n
ch

o
r

+
C

o
n

n
e

ct
in

g
L

o
ck

D
e

v
ic

e

A
n

ch
o

r
+

C
h

a
n

n
e

l
S

te
e

l

S
te

p
B

u
n

d
le

d
A

n
ch

o
r

C
a

b
le

+
P

o
ro

u
s

L
a

rg
e

T
ra

y

Pi
lla

r
ri

b

I
√

II
√

II
I

√
√

√

IV
√

√
√

V
√

√

..
.

V
ir

gi
n

co
al

ri
b

I
√

II
√

√

II
I

√
√

..
.

R
oa

dw
ay

ro
of

G
en

er
al

su
pp

or
t

√

A
nc

ho
r

tr
us

s
I

√
√

II
√

√
√

St
ep

bu
nd

le
d

an
ch

or
ca

bl
e

√
√

√

..
.

Sp
ec

ia
lc

on
di

ti
on

I
√

√
√

..
.

205



Energies 2023, 16, 2691

Figure 25. Shed support-grouting anchor cable cooperative support diagram [33].

5. Engineering Monitoring

In addition to the above research, other scholars also analyzed the stress and de-
formation laws of surrounding rock in gob-side entry driving using field engineering
monitoring.

The lateral roof structure type and lateral abutment pressure distribution charac-
teristics were determined using microseismic monitoring and stress dynamic monitor-
ing [44,102]. As a result, the deformation, failure mechanism, and control of fully mech-
anized caving roadway along the goaf were studied. The borehole peeping method was
used to measure the main roof’s fracture position and the roof’s two-way movement char-
acteristics. Combined with the CT identification of the asymmetric evolution process of
the microcracks in the roof coal, comprehensive support technology was proposed [37,103].
In addition, to evaluate the feasibility of the support scheme and understand the work-
ing state of the support scheme in detail, the surface displacement of the roadway was
monitored by arranging the measuring station; using the steel ruler and the measuring
line, the separation sensor monitored the roof separation; the stress of the coal pillar was
monitored with the borehole stress meter; and the bolt cable dynamometer monitored the
working resistance of the bolt cable [104,105]. As shown in Figure 26, represents a variety
of monitoring instruments.

Figure 26. Cont.
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Figure 26. Engineering monitoring instruments: (a) detection equipment for internal fracture
of the coal mass, (b) industrial CT scanning system, (c) roadway surface displacement monitor-
ing equipment, (d) roof abscission layer instrument, (e) borehole stress gauge, and (f) anchor
cable dynamometer.

6. Discussion

Gob-side entry driving is usually arranged at the edge of the goaf of the prior working
face, retaining a certain width coal pillar (generally 5–8 m).

This paper summarized seven theoretical models of the overlying strata activity law
and surrounding rock control in fully mechanized caving gob-side entry driving (the
lateral breaking “large structure” model, compound key triangle block structure model in
the middle and low position, the high and low right angle key block stability mechanics
model, elastic foundation beam model, low-level combined cantilever beam + high-level
multilayer masonry beam structure model, the vertical triangular slip zone structure model,
the “internal and external stress field theory” and the “stress limit equilibrium zone model”).
Three kinds of constitutive models (strain-softening, Mohr–Coulomb, double-yield) and
numerical simulation methods were discussed. The support methods of coal pillar ribs,
virgin coal ribs, and roofs of gob-side entry driving in a fully mechanized caving face are
summarized. The following conclusions and prospects have been reached:

(1) With the wide application of gob-side entry driving without a coal pillar or with a
narrow coal pillar, theoretical research on the activity law of the overlying strata and
the stability control of the surrounding rock is gradually improved and developed. It
lays a solid theoretical foundation for further promotion and application.

(2) Numerical simulation is an important technical means to study the problem of gob-
side entry driving in fully mechanized caving. By selecting the appropriate constitu-
tive model and numerical simulation software, the crack propagation morphology
and plastic state in the coal pillar can be simulated, which can guide the reasonable
location of gob-side entry driving and the design width of the coal pillar.

(3) The stability of the surrounding rock in the gob-side entry of fully mechanized caving
is essential. On the side of the virgin coal rib, bolt cable support is often used with a
ladder beam of steel (W, JW steel strip) and mesh. On the side of the coal pillar rib, it is
mainly divided into three categories: anchor cable support, concrete wall support on
the side of the roadway, and filling support on the side of the goaf; among them, the
process of pouring a concrete wall and filling support is cumbersome and costly, which
is only used under some special conditions. In the roof of the roadway, five kinds of
support forms, such as anchor cable support, anchor cable truss support, anchor beam
truss support, anchor cable + channel steel support, and step bundle anchor cable
support, are often used. The roof often adopts a combination of multiple support
methods. Under complete conditions, such as a broken roof, the deformation of the
roadway is controlled by shed support, anchor cable grouting composite support, and
other forms.

(4) Mine pressure monitoring is a research method often used in engineering. Under-
standing the stress and deformation law of surrounding rock in gob-side entry driving
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is essential in optimizing the support design scheme using microseismic monitoring,
dynamic stress monitoring, and borehole peeping for on-site engineering monitoring.

(5) Gob-side entry driving in fully mechanized caving is an important method of thick
coal seam mining. In the future, we still need to strengthen the research on the basic
theory to help us gain a more in-depth understanding of the various problems in gob-
side entry driving. Further, we need to explore the nonpillar mining technology and
develop more effective surrounding rock control technology to improve the recovery
rate of coal resources in fully mechanized caving mining. In addition, the future
method of gob-side entry driving with fully mechanized caving will also take into
account precision, automation, and greening to realize safe and efficient mining of
coal mines.

In this paper, we have summarized the relevant theories and technologies of gob-side
entry driving in fully mechanized caving face and put forward that its future development
direction should focus on theoretical research, nonpillar mining, and efficient surrounding
rock control, which is helpful to promote the further development of gob-side entry driving
technology in fully mechanized caving face.
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Abstract: Due to their tense mining succession relationship, gob-side roadways may undergo signifi-
cant deformation under multi-mining pressure. In this article, many methods, such as on-site research,
a theoretical analysis, a numerical simulation and an industrial experiment, are used to research
the mechanism of asymmetric floor heave in a gob-side coal roadway affected by mining pressure
during the mining of extra-thick coal seams. Our main research is as follows: (1) By monitoring the
floor deformation in the roadway on site, it is concluded that the roadway floor shows asymmetry,
indicating that the floor displacement near the coal pillar side is relatively large. (2) Based on a
lateral overburden structure model of the roadway, the calculation formulas of the horizontal vertical
stress caused by the roadway excavation and the excavation of the upper working face are derived
separately, and the vertical stress coupling curves on both sides of the roadway during the mining of
the upper working face are obtained through a numerical simulation. It is concluded that the cause
of the asymmetric floor heave in the roadway is an uneven distribution of vertical stress. (3) The
numerical simulation shows a symmetrical distribution of the floor displacement curve during the
roadway excavation with a max. displacement of 49.5 mm. The floor displacement curve during the
mining of the upper working face is asymmetric with a max. displacement of 873 mm at a distance
of 1 m from the central axis near the coal pillar side. The range of the plastic zone in the roadway
gradually expands with the mining of the upper working face, and the maximum depth of floor
failure is 5.5 m. (4) According to the cooperative control principle of “roof + two sides + floor”, an
asymmetric floor heave joint control scheme of “floor leveling + anchor cable support + concrete
hardening” is proposed. The floor deformation monitoring results indicate that the max. floor heave
at the measurement point near the coal pillar in the roadway is 167 mm, and the floor heave is
effectively controlled.

Keywords: mining pressures; gob-side coal roadway; asymmetric floor heave; failure mechanism;
cooperative control

1. Introduction

Mining roadways are seriously deformed by strong mining activities in extra-thick
coal seams [1,2]. Setting coal pillars in sections is a conventional method to maintain the
stability of roadways. Serious floor heave occurs when the roadway floor is weak rock
and the coal pillar’s width is unsuitable, which considerably hinders pedestrians as well
as adequate ventilation and transportation [3,4]. The formation mechanism and control
technology of roadway floor heave are a problem in the industry at present. In addition,
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due to tension in mining relationships, roadways are affected by multiple intense mining
pressures, the stress distribution and failure law of the floor have changed significantly
compared with conventional roadways, and the difficulty of floor control has further
increased [5–9]. Many scholars have conducted a large amount of research on the floor
deformation mechanism and control of roadways. Indraratna et al. [10] conducted research
on the crack expansion process of floor strata and proposed that the main stress difference
is the major factor leading to the cracking of the floor strata. Małkowski et al. [11,12]
proposed two methods for simulating roadway floor heave: one is that the roadway floor
is made of dry rock mass, and the other is that the roadway floor is made of water-rich rock
mass. The second modeling method is more in line with the actual situation of roadways
and has been applied more widely. Sakhno et al. [13] showed that the rock in the stress-
increasing area of a roadway is in a state of failure and is a discrete medium that is prone to
floor heave. Moreover, the grouting reinforcement of the floor can effectively control floor
heave. Wang et al. [14] calculated the relative displacement of the floor by establishing
a mechanical model. They proposed the main causes of floor heave as follows: tensile
damage to the floor strata, the plastic flow after the damage of the floor and the sinking of
solid coal gangs. Based on the basic features of floor heave, Jiang et al. [15] summarized
the types of floor deformation into four categories: shear, extrusion, flexural and expansion.
He et al. [16] posited that a solution to floor heave might be taking the support structure
of the surrounding rock as a whole to coordinate the deformation. Bai et al. [17] showed
that the weaker the strength of the rock strata of the floor, the greater the probability of
floor heave, and there is a threshold for the influence of horizontal stress. When it is
greater than this threshold, the deformation depth of the floor will increase. Chen et al. [18]
proposed an overall control strategy of an anchor mesh cable, full-section grouting and a
reverse bottom arch based on the great asymmetric deformation of the floor of a roadway.
Jia et al. [19] analyzed the stress environment around a roadway and the failure patterns
under the action and showed that the uneven distribution of stress is the internal cause of
the asymmetric floor heave of the roadway. Yang et al. [20] used the methods of a numerical
simulation and mechanical analysis to obtain the failure mechanisms of a layered floor as
follows: (1) the lower rock mechanics performance of the floor; and (2) an increase in the
floor load and lateral pressure. Wang et al. [21] applied Rankine’s theory of earth pressure
to study the reason for floor heave. He believed that the vertical stress is greater than the
horizontal stress in the formation factors of floor heave, and the difference in vertical stress
around a roadway is the root cause of the asymmetric distribution of floor heave.

The above research is significant in clarifying the floor heave mechanism to ensure the
stabilization of roadways. However, for roadways affected by repeated mining, the stress
environment is relatively complex, and the laws of floor deformation are also particular.
Therefore, further research on the floor heave of such roadways is required. This paper uses
many methods to study the formation mechanism and control of asymmetric floor heave in
a gob-side coal roadway under multiple mining operations in extra-thick coal seams. After
measuring the distribution characteristics of the roadway stress during roadway excavation
and the horizontal vertical stress of the goaf of the upper working face by establishing a
mechanical model, it is concluded that the internal factor of the asymmetric floor heave
is due to the nonuniform distribution of vertical stress. The evolutionary trend of vertical
stress during roadway excavation is studied by a numerical simulation. Additionally, the
lateral vertical stress of the goaf and the coupled vertical stresses when mining of the upper
working face are determined, which verify the correctness of the theoretical calculation and
explain the plastic zone of the roadway and the asymmetric deformation characteristics
of the floor. An asymmetric floor heave joint control scheme of “floor leveling + anchor
cable support + concrete hardening” is proposed based on the joint control principle of a
roof, two sides and a floor. The floor deformation monitoring results demonstrate that the
asymmetric floor heave is effectively controlled during mining.
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2. Overview of Geological Engineering

The object of this article is the 5209 return air roadway in the 8209 fully mechanized
top coal caving working face. The 5209 return air roadway lies in the North Second Panel
with the 8210 working face on the north side, and the coal pillar section is 30 m. The
inclination length of the 8209 working face is about 220 m, and the strike length is about
1346 m. The main mined coal seam is the #3–5 coal seam. The average burial depth
is 415 m. The coal seam is nearly horizontal with an average thickness of 15 m. The
coal seam structure is complex with a serious internal fissure. The coal seam contains
0.7~3.5 m gangue, such as mudstone, carbonaceous mudstone, etc. The immediate roof
of the 8209 working face is mainly composed of mudstone with a developed fissure
and low strength. The main roof includes medium–coarse-grained sandstone with
high strength and an average thickness of 14 m. The immediate floor is carbonaceous
mudstone with low strength and an average thickness of about 5.3 m. The main floor
consists of medium–fine-grained sandstone. Figure 1 is the layout of the working face
and the geologic histogram.

 

Figure 1. Layout of working face and geologic histogram. (a) Layout of the 8209 working face;
(b) geologic histogram.

To mitigate the tense mining succession relationship, the excavation of the 5209 return
air roadway lagged behind the excavation of the 2210 transportation roadway in the mine,
and the 5209 return air roadway had already been completed when the 8210 working
face was excavated. The size of the 5209 roadway is 5.0 m × 3.9 m. The 5209 roadway
experienced severe impacts during the mining of the 8210 working face because of the
special mining and excavation succession relationship. As shown in Figure 2, the floor of
roadway underwent severe deformation and damage due to the advanced and lateral sup-
port pressure formed during the mining. The roadway floor shows asymmetry, indicating
that the maximum position of the floor heave is located on the coal pillar side.
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Figure 2. Failure characteristics of the roadway floor. (a) Floor heave; (b) Asymmetric floor deformation.

3. Monitoring the Floor Deformation

During the mining process of the 8210 working face, the asymmetric floor heave
phenomenon is significant in the 5209 return air roadway. In order to specifically know
the deformation laws of the floor, monitoring stations of the floor displacement were set
up in the 5209 roadway. Figure 3 shows the arrangement of the monitoring stations and
measurement points. Station 1 and station 2 are placed 150 m and 50 m away from the
working face, respectively, as shown in Figure 3a. The locations of the measurement points
at each station are shown in Figure 3b,c. Measurement points A (D), B (E) and C (F) are
arranged on the solid coal side, the middle of roadway and the coal pillar side at each
station, respectively. The centerline of the roadway height is used as the reference line. The
height of the floor from the reference line is measured with a steel ruler. The monitoring
ended when the measuring station lied at 150 m of the 8210 working face. Station 1 was
monitored for 75 days, with a working face advance distance of 300 m. Station 2 was
monitored for 50 days, with a working face advance distance of 200 m.

The deformation monitoring curve of the 5209 return air roadway floor is shown in
Figure 3b–d. The maximum deformation of the roadway floor at Station 1 and Station 2
lies on the coal pillar side (i.e., the positions of measurement points C and F). The roadway
floor shows an asymmetric deformation law in that the displacement of the coal pillar
side is more than that of the solid coal side. The max. deformation of the floor near the
coal pillar side at Station 1 reaches 1064 mm, the max. deformation of the middle floor
reaches 713 mm, and the max. deformation of the solid coal side floor reaches 396 mm, as
shown in Figure 3d. The three measurement points at Station 1 all experience two sharp
increases in the deformation rate. The first time is where the roadway is about 20 m in
front of the upper working face, which is subjected to the advanced support pressure of the
upper working face. The deformation rate at the three measurement points significantly
increases, and the deformation rate of the coal pillar side floor increases from 4.8 mm/m to
7.7 mm/m. The second time is when the upper working face is 120 m in front of Station
1, in which the roadway is subjected to lateral support pressure from the upper working
face, resulting in a more severe deformation of the floor. The deformation rate of the coal
pillar side grows from 4.9 mm/m to 13.8 mm/m. When the working face is 130 m from
Station 1, the deformation rates of the three measurement points tend to ease off. The max.
deformation of floor near the coal pillar reaches 969 mm, the max. deformation in the
roadway middle reaches 633 mm and the max. deformation of the floor near the solid coal
reaches 295 mm, as shown in Figure 3b. There are two sharp increases in the deformation
rate at three measurement points. The first time is when the working face is 20 m behind
the measuring station, in which the deformation rate on the coal pillar side increases from
3.2 mm/m to 10.3 mm/m. The second time is when the working face is 120 m in front of
the measuring station, in which the deformation rate on the coal pillar side increases from
5.5 mm/m to 15.3 mm/m. It is clear that the asymmetric deformation phenomenon of the
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floor is significant because of the effect of the lateral and advanced support pressures of the
upper-section working face. The lateral support pressure has the most influence.

 

Figure 3. Layout of measuring stations and deformation curve of roadway floor. (a) Layout of
measuring stations; (b) Layout of measurement points and deformation curve of the floor at Station 1;
(c) Layout of measurement points and deformation curve of the floor at Station 2; and (d) Summary
diagram of floor deformation curves.

4. Stress Calculation of Surrounding Rock

The deformation features of roadways are closely related to the stress environment.
The 5209 return air roadway is affected by multiple mining movements caused by the
roadway and the excavation of the 8210 working face, and the stress environment is complex
and variable. There is a stress concentration around the roadway after the excavation.
Taking a circular roadway within a biaxial isobaric stress field as an example, the stress
distribution is calculated using the elastic mechanics method based on the plane strain
problem. Figure 4 shows the area where the stress around the roadway is less than the
strength of the rock, which is called the elastic zone (C). If the stress is more than the strength
of rock, the roadway will undergo plastic deformation, forming a plastic deformation zone
(B) with a radius of R. The area where the stress in the plastic zone is less than the original
stress is called the fracture zone (A). The area outside the elastic zone is the original stress
zone (D) [22].
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Figure 4. Surrounding rock zoning for circular roadway excavation.

The tangential stress of the plastic zone can be obtained by the following formula [23]:

σt = (Pi + c cot ϕ)

(
1 + sin ϕ

1 − sin ϕ

)(
r
r0

) 2 sin ϕ
1−sin ϕ − c cot ϕ (1)

In the formula, c represents the rock cohesive strength, with a value of 1.5 MPa; ϕ
represents the internal friction angle of coal with a value of 18◦; r is the radius of the studied
point within the limit equilibrium zone in m; and r0 is the radius of the roadway, with a
value of 2.4 m. According to the famous modified Fenner equation, the radius of the plastic
zone is obtained as follows:

R = r0

[
(p + c cot ϕ)(1 − sin ϕ)

Pi + c cot ϕ

] 1−sin ϕ
2 sin ϕ

(2)

In the formula, p is the original stress in MPa. Pi is the support resistance of the
roadway, with a value of 0.2 MPa. The tangential stress in the elastic zone can be obtained
as follows:

σt = p + (c cos ϕ + p sin ϕ)

[
(p + c cot ϕ)(1 − sin ϕ)

Pi + c cot ϕ

] 1−sin ϕ
sin ϕ

(
r0

r
)

2
(3)

H represents the burial depth of the roadway, which is 415 m. The unit weight of
the overlying rock γ is 2500 kN/m3. The following formulas can be obtained through
our calculations: ⎧⎪⎪⎨

⎪⎪⎩
σt ≈ 9.15 × ( r

2.4
)0.89 − 4.62 (2.4 ≤ r ≤ 5.61 m)

σt ≈ 10.38 + 152.81
r2 (r > 5.61 m)

R ≈ 5.61 m

(4)

Based on the monitoring results of the roadway floor heave in the previous section,
it can be concluded that the lateral support pressure due to the mining of the 8210 work-
ing face has a significant impact on the roadway floor heave. Therefore, the following
section focuses on analyzing the distribution of the lateral support pressure caused by
the 8210 working face. The pressure is determined by the lateral overlying rock structure
of the goaf. The main roof rock blocks are difficult to form a stable masonry beam with
because of the large mining height. Instead, they form a cantilever beam structure, which
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can only form a stable hinge structure in higher rock layers. Whether the main roof can
form a masonry beam can be determined based on the following formula [24]:

Δ = M + (1 − Kp)∑ hi > h −
√

2ql2

σc
(5)

M represents the thickness of the coal seam with a value of 15 m; the coefficient of the
collapse and expansion Kp of the collapsed rock block is taken as 1.3; ∑ hi represents the
thickness of the immediate roof with a value of 5.4 m; the main roof thickness h is 14.8 m;
the periodic weighting step l is taken as 25 m; the load on the overlying rock is q; and the
main roof compressive strength σc is 78.5 MPa. It is calculated that Δ is 13.38, which is
greater than 12.85, so a cantilever beam is formed on the main roof, as shown in Figure 5.

Figure 5. Overlying rock structure of roadway.

The reason for the lateral support pressure is consistent with that of the leading
support pressure, and the form of the lateral support pressure is also similar to that of the
leading support pressure, which can be expressed by a simplified exponential function. A
model to calculate the lateral support pressure is established using the limit equilibrium
theory, as shown in Figure 6 [25,26]. In the figure, P0 represents the support resistance in
MPa. x represents the distance from the inspection point to the coal wall in m. 0 − x0 is the
plastic zone, x0 − x1 is the elastic zone, and K is the lateral support pressure concentration
coefficient. From the plastic zone, a unit is taken, and the force balance in the x-direction is
shown as follows [27]:

M(σx + dσx)− Mσx − ( f1σy + c1)dx − ( f2σy + c2)dx = 0 (6)

In the formula, σx is the horizontal stress of the coal body. f 1 and f 2 are the friction
coefficients of the bedding plane; and c1 and c2 are the cohesion between the coal seam and
the immediate roof and floor interfaces, respectively. We assume that the yield of coal in
the plastic zone satisfies the Mohr–Coulomb criterion, i.e.:{

σy = Sc + σxε

Sc =
2c cos ϕ
1−sin ϕ , ε = 1+sin ϕ

1−sin ϕ

(7)

In the formula, ϕ represents the internal friction angle in the coal. Substituting
Formula (7) into Formula (6) yields the following:

dσy

dx
− ( f1 + f2)ε

M
σy =

(c1 + c2)ε

M
(8)
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Figure 6. The mechanical model of the lateral support pressure.

Considering the boundary conditions, when x equals 0 and σx equals p0, the stress in
the y-direction is as follows:

σy |x=0 = εσx |x=0 + Sc = εP0 + Sc (9)

Solving Formula (8) can obtain:

σy = (Sc + P0ε +
c1 + c2

f1 + f2
)e

( f1+ f2)εx
M − c1 + c2

f1 + f2
(10)

We substitute σy = KγH into Formula (9) to obtain the position of the peak point of
the support pressure as follows:

x0 =
M

( f1 + f2)
ln

(
KγH + c1+c2

f1+ f2

Sc + P0ε + c1+c2
f1+ f2

)
= 23.93 (11)

Taking a unit body from the elastic zone, the following can be inferred from the force
balance in the x-direction:

M(σx + dσx)− Mσx + ( f1σy + c1)dx + ( f2σy + c2)dx = 0 (12)

In the elastic zone, it satisfies the following conditions: σx = λσy, dσx = λdσy, λ, which
represents the coefficient of the lateral pressure. Considering the boundary conditions, our
calculation results are as follows:

σy = (KγH +
c1 + c2

f1 + f2
)e

( f1+ f2)
Mλ (x0−x) − c1 + c2

f1 + f2
(13)

We substitute σy = KγH into Formula (12) to obtain the farthest position under the
support pressure as follows:

x1 = x0 +
Mλ

f1 + f2
ln

(
KγH + c1+c2

f1+ f2

γH + c1+c2
f1+ f2

)
= 60.68 (14)

Assuming that the friction coefficient of each layer is equal, the cohesion between the
coal seam and the immediate roof and floor interfaces is equal, i.e., f1 = f2 = f = 0.15,
c1 = c2 = 1.5 MPa. The stress concentration coefficient K is 2.5. The resistance p0 of the
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coal wall support is 0.2 MPa. λ has a value of 1.3. By incorporating the above formulas, the
following can be concluded:

{
σy ≈ 14.51e0.038x − 10 (0 ≤ x ≤ 23.93 m)

σy ≈ 35.94e0.015×(23.93−x) − 10 (23.93 < x ≤ 60.68 m)
(15)

5. Mechanism and Deformation Law of Roadway Floor Heave

The stress characteristics, the size of plastic zone and the deformation of the road-
way floor under the roadway excavation and pressure disturbance due to the mining
of the upper working face are analyzed by a numerical simulation analysis. The nu-
merical calculation model is shown in Figure 7. A Flac3D numerical calculation model
(x × y × z = 540 × 250 × 116 m) is established with a displacement of 0 at the bottom
and side boundaries of the model based on the actual geological conditions. The Mohr–
Coulomb criterion is adopted for a constitutive relationship. The applied stress on the
upper boundary is 8.7 MPa with a lateral pressure coefficient of 1.2. The cross-section of the
working face is 220 m × 15 m, and that of the 5209 roadway is 5 m × 4 m. Table 1 shows
the mechanical parameters of each rock layer.

Figure 7. Numerical calculation model.

Table 1. Mechanical parameters of each rock layer and coal seam.

Lithology K (GPa) G (GPa) ρ (kg/m3) C (MPa) ϕ (deg.) σt (MPa)

Fine sandstone 8.91 6.23 2500 2.8 32 1.67
Medium-coarse sandstone 12.58 7.75 2656 3.3 38 2.14

Siltstone 3.15 1.52 2587 1.58 33 1.52
Coal 2.56 0.51 1336 0.45 20 0.49

Carbonaceous mudstone 2.87 0.83 2615 0.77 25 1.16
Medium-fine sandstone 13.27 7.85 2630 2.9 38 2.89

Mudstone 12.15 7.23 2660 3.1 37 2.65

5.1. Stress Distribution of Roadway Surrounding Rock

The vertical stress distribution laws of the surrounding rock due to the roadway
excavation are shown in Figure 8. The vertical stress of the rock mass on both sides centered
on the central axis of the roadway presents a symmetrical distribution pattern. The vertical
stress curve is obtained by setting a monitoring line in the roadway. The vertical stress on
the right side of the roadway is analyzed as an example: the vertical stress is the lowest at
the edge of the roadway. The vertical stress curve grows first and then decreases as it gets
farther away from the central axis of the roadway. The vertical stress curve exhibits a single
peak distribution pattern. At the position 6 m from the central axis of the roadway, the max.
stress is 15.5 MPa, and then the vertical stress is gradually reduced until it approaches the
original stress, which is 10.38 MPa. According to the vertical stress calculation formula
during the roadway excavation, a theoretical curve is obtained. The vertical stress reaches
its peak at a distance of 5.6 m away from the central axis of the roadway, and the max. stress
is 15.4 MPa. Then the vertical stress is gradually reduced until it approaches the original
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stress. The theoretical curve is basically identical to the numerical simulation curve, which
validates the correctness of the theoretical calculation.

  

Figure 8. Vertical stress distribution of roadway excavation. (a) A map of vertical stress; (b) Vertical
stress distribution along the monitoring line.

The distribution laws for the lateral vertical stress caused by the 8210 working face are
simulated for a situation in which the 5209 roadway is not excavated. Figure 9 shows that
the lateral vertical stress first grows and then is reduced with the increasing distance from
the goaf side coal wall. A stress core is formed at a distance of 33 m from the coal wall,
and the max. stress reaches 27 MPa. The distribution curve of the horizontal vertical stress
caused by the upper working face is obtained by arranging a monitoring line in the coal
seam. An analysis shows that the vertical stress at the edge of the coal wall in the goaf is
the lowest, and the vertical stress curve grows first and then is reduced further away from
the goaf. The max. stress is 25.4 MPa at a position 5.5 m from the left of the central axis of
the 5209 roadway, and then the stress is gradually reduced until it approaches the original
stress with a value of 10.38 MPa. According to the above calculation formula of the lateral
abutment pressure, the theoretical curve of the lateral vertical stress in the goaf is obtained.
The stress reaches its peak at a position of 6 m on the left side of the central axis of the
roadway for which the max. stress is 25.9 MPa, and then the stress is gradually reduced
until it approaches the original stress. The theoretical curve is basically identical to the
numerical simulation curve, which validates the correctness of our theoretical calculation.

The coupled vertical stress distribution laws under the influence of mining at 120 m
behind the working face during the advance of the 8210 working face after the roadway
excavation are simulated. Figure 10 shows the stress distribution: the left side of the
roadway is a coal pillar, and the right side is solid coal. Stress cores are formed on the
roadway both sides. A stress core on the coal pillar side is located at the lower left side
of the roadway, while the stress core on the solid coal side is located at the upper right
side of the roadway. The max. stress of stress core on the left side is 26 MPa, and the
max. stress on the right side is 24 MPa. The coupled stress distribution curve is obtained
by setting a monitoring line. The stress at the edges of both sides is the lowest, and the
vertical stress curve grows first and then decreases as the distance from the central axis
of roadway increases. The max. coupling stress on the left side of the roadway is located
12.5 m from the central axis of the roadway, and the max. stress is 26.9 MPa with a stress
concentration coefficient of 2.6. The max. coupling stress on the right side of the roadway
is located 11.4 m from the central axis of the roadway, and the max. stress is 19.5 MPa with
a stress concentration coefficient of 1.9. Then the vertical stress is gradually reduced until it
approaches the original rock stress. The stress curve on both sides of the roadway presents
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an asymmetric distribution pattern in which the stress of the roadway near the coal pillar is
more than the stress near the solid coal. Additionally, the max. stress near the coal pillar is
1.4 times that of near the solid coal.

  
(a) (b) 

Figure 9. Vertical stress distribution of 8210 working face excavation. (a) A map of vertical stress;
(b) Vertical stress distribution along the monitoring line.

 

 

(a) (b) 

Figure 10. Vertical stress distribution of 8210 working face mining after roadway excavation (a) A
map of vertical stress; (b) Vertical stress distribution along the monitoring line.

5.2. Mechanism of Asymmetric Floor Heave

This article analyzes the reasons for the formation of roadway floor heave based on the
slip line theory. After the stress of the floor exceeds its ultimate strength under the influence
of mining, the floor will undergo elastic and plastic deformation and failure, forming a plastic
zone. The failure zoning of the floor is shown in Figure 11. The plastic zone of the floor
consists of three parts: the voluntary stress zone ABM, GHF, the enforced stress zone MEH,
MCD, and the transitional stress zone MBC, EFH [28]. The rock in the voluntary stress area is
subjected to stress compression in the vertical direction, causing an expansion deformation in
the horizontal direction and increasing stress in the horizontal direction, leading to tensile failure
in the horizontal direction. The deformation state of the rock is tensile strain, and the deformed
rock compresses the rock in the transition stress zone. The rock is in a compressive strain state,
resulting in compressive shear compression failure. Continuously compressing the rock in the
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passive stress area, the rock in the passive stress zone undergoes shear slip deformation. With
the continuous disturbance of mining stress, the rock in this area will inevitably move towards
the free face of the roadway floor, and the accumulated distortion energy in this area will be
released, causing the floor to bulge. Under the mining of the upper working face, the max. value
and stress range of the support pressure near the coal pillar of the 5209 roadway are significantly
more than those near the solid coal. Therefore, the failure area of the floor caused by support
pressure near the coal pillar is inevitably more than that near the solid coal, and the roadway
floor will undergo asymmetric failure.

 

Figure 11. Schematic diagram of roadway floor failure zoning.

5.3. Distribution Laws of the Plastic Zone in the Roadway

The distribution laws of the plastic zone in the roadway and the excavation of the
upper working face are simulated. Figure 12 shows that the plastic zone has a symmetrical
distribution along the central axis of the roadway during the roadway excavation, and the
depth of the floor plastic zone is 3 m. During the excavation of the upper working face, the
plastic zone of the roadway floor 100 m in front of the working face begins to expand to
the left, and the depth of the floor plastic zone is 3.5 m. During the mining of the upper
working face, the scope of the plastic zone of the roadway 20 m in front of the working
face is greatly expanded and interacts with the plastic zone near the coal pillar. The plastic
zone of the floor presents an asymmetric distribution pattern in which the scope near the
coal pillar is bigger than that near the solid coal, and the depth of the floor plastic zone
is 5 m. During the excavation of the upper working face, the scope of the plastic zone
120 m behind the working face is further expanded, and serious deformation occurs in the
roadway. Additionally, the plastic zone’s depth increases to 5.5 m.

  

Figure 12. Cont.
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Figure 12. Plastic zones in different periods. (a) Roadway excavation; (b) 100 m in front of the
upper working face; (c) 20 m in front of the upper working face; and (d) 120 m behind the upper
working face.

5.4. Displacement Distribution of the Floor

The distribution of the vertical displacement of the floor during the roadway excava-
tion is simulated. The vertical displacement distribution and displacement curves of the
floor at different depths (0–4 m) are shown in Figure 13. The vertical displacement of the
floor centered on the central axis of the roadway presents a symmetrical distribution after
the roadway excavation. The displacement of floor decreases with the increase in the depth;
this is the case for the floor on the roadway on both sides. The floor failure of the roadway
is the floor heave. The central axis displacement is the largest, and the peak displacement
is 49.5 mm. The deformation on both sides shows subsidence, and the max. displacement
is 31.6 mm.

Figure 13. Curve and cloud of floor displacement during roadway excavation.

The floor displacement distribution at 120 m behind the working face during the
mining of the upper working face is simulated. A vertical displacement distribution
nephogram and the displacement curves of the floor at different depths (0–4 m) are shown
in Figure 14. The displacement of the floor centered on the central axis of the roadway
shows an asymmetric form in which the coal pillar side is relatively large under the
mining of the upper working face. The displacement of the roadway floor is reduced with
the increase in the depth. Floor deformation is manifested as floor heave, and the max.
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displacement is reached 1 m away from the central axis on the left side of the roadway. The
peak displacement is 873 mm. Floor subsidence occurs on both sides of the roadway. The
maximum displacement of the floor near the coal pillar is 627 mm, and that near the solid
coal is 131 mm.

Figure 14. Curve and cloud of floor displacement during 8210 working face mining after roadway
excavation.

6. Control Measures of Roadway Asymmetric Floor Heave

The roof and two sides of the coal body of the roadway have low strength, a poor
bearing capacity and insufficient support strength, which lead to the instability of the
roof and rock of the two sides and the transfer of stress to the floor under strong mining
stress, leading further to floor failure [29,30]. Therefore, our priority in solving floor heave
is strengthening the roof and two sides of the roadway, blocking or reducing the stress
transfer of the roof and two sides, controlling the stability of the roof and two sides, and
then avoiding floor stress concentration. Control methods are implemented to the floor
based on the above.

6.1. Strengthening the Support to the Roof and Coal Wall

The instability of the roof will aggravate the failure of the two sides, and stress will
be transferred to the two sides, which will indirectly lead to an increase in the supporting
stress of the floor and aggravate the appearance of the floor heave. Therefore, controlling
the stability of the roof is important for preventing floor heave. In the original support
scheme, the strength of an anchor cable support is not enough, which leads to serious roof
subsidence near the coal pillar and then causes the formation of a high stress concentration
and floor heave at the coal pillar side. Therefore, an asymmetric truss anchor cable is chosen
to control the roof’s asymmetric deformation. As shown in Figure 15, the asymmetric truss
anchor cable structure is composed of a high-strength anchor cable, reinforced ladder beam
and U-bar, with a supporting pallet, a thick gasket and other auxiliary components. The
anchor cable on the coal pillar side is linked with a U-bar. It is necessary to ensure that the
anchoring section of the anchor cable is located in a stable rock mass deep in the roadway.
The structure increases the strength and stiffness required by the supporting system,
ensuring the coordinated deformation between the supporting body and surrounding
rock [31–33].
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Figure 15. Asymmetric truss anchor cable structure.

It is important to increase the supporting strength of the two sides, improve their
ability to resist deformation, lower the high stress transmitted on both sides and lower the
high stress transmitted by the two sides of the floor. Our original support scheme of bolts
on the two sides of the roadway would not be able to control the deformation. As shown in
Figure 16, it is necessary to match the anchor cable with a high preload force to meet the
support stiffness and strength requirements of the supporting system [34–36].

 

Figure 16. The support effect of anchor cables.

6.2. Floor Control Measures

Floor leveling is a common treatment method for floor heave, but it does not solve
floor heave at its root. For roadways affected by repeated mining, frequent floor leveling is
inefficient and uneconomic. A floor anchor cable can connect shallow, low-strength rock
strata with deep, high-strength stable rock strata and prevent the sliding deformation of
the weak surfaces and the floor heave phenomenon by improving the friction between the
floor strata [37]. For the existing roadway floor heave, it is necessary to take floor-leveling
measures first to ensure the original roadway section. After floor leveling, an anchor
cable support is implemented on the floor and a high-strength concrete layer is laid on the
surface to increase the floor’s deformation resistance. The thickness of the concrete layer is
200 mm, with an inner lining of a Φ6 metal mesh. The concrete strength grade is C30. The
combination of the above methods is able to efficiently control floor heave.

Our initial scheme to support the roadway is as follows. The roof cables are
Φ21.8 mm × 6300 mm prestressed-steel strands, with three pieces in each row. The row
spacing is 1800 mm × 1800 mm, the angle between the most lateral anchor cable in the hor-
izontal direction is 60◦ and the roof anchor cable tray size is 250 mm × 250 mm × 16 mm.
The roof bolts are Φ22 mm × 2400 mm screw steels, with six pieces in each row. The row
spacing is 900 mm × 900 mm, the angle between the most lateral bolt in the horizontal
direction is 75◦ and the roof anchor bolt’s tray size is 130 mm × 130 mm × 10 mm. The two
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sides have Φ20 mm × 2000 mm screw steel bolt, with four pieces in each row. The upward
and downward angles of the upper- and lower-side bolts are 15◦. The row spacing is
1000 mm × 900 mm. The bolt tray size is 130 mm × 130 mm × 10 mm. The roof uses a Φ6
steel wire mesh with a size of 100 × 100 mm. The two sides have a #8 diamond mesh, with
a size of 50 mm × 50 mm. The roof bolt support is matched with a 4800 × 280 × 3.75 mm
W steel belt, the roof cable support is matched with a 3900 × 330 × 6 mm JW steel belt and
the side bolt is matched with a 450 × 280 × 3.75 mm W steel belt. The scheme is shown
in Figure 17.

 

 

Figure 17. Supporting scheme of roadway. (a) Front view; (b) Top view.

The roadway reinforcement control scheme is shown in the figure (labeled in red).
The asymmetric truss anchor cables for the roof are Φ21.8 mm × 6300 mm steel strands,
with four pieces in each row. The angle between the side anchor cable in the horizontal
direction is 15◦, and the middle one is arranged perpendicular to the roof. The row spacing
is 1300 mm + 1700 mm × 1800 mm, and the range between the anchor cables near the coal
pillar and coal wall is 800 mm. The bolt tray size is 250 mm × 250 mm × 16 mm. The
anchor cables are linked with 3700 mm × 70 mm steel ladder beams. The roadway’s
middle and anchor cables at the coal pillar side are linked by a U-bar, with a length
of 2200 mm. The size of the steel gasket is 250 mm × 120 mm × 16 mm. The two
sides have Φ21.8 mm × 4300 mm screw steel bolts, with three pieces in each row. The
upward and downward angles of the upper- and lower-side cables are 75◦. The row
spacing is 1100 mm × 1800 mm. The cable tray size is 250 mm × 250 mm × 16 mm. The
side anchor cable support is matched with a 2600 × 330 × 6 mm JW steel belt. The
floor has Φ21.8 mm × 4500 mm screw steel bolts, with two pieces in each row. The angle
between the two anchor cables in the horizontal direction is 75◦. The row spacing is
5200 mm × 1800 mm. The cable tray size is 150 mm × 150 mm × 12 mm.

7. Engineering Practice

The 5209 roadway was repaired after the mining of the 8210 working face to ensure
normal use for the mining of the 8209 working face. The above combined control scheme of
“floor leveling + anchor cable support + concrete hardening” was applied to the floor heave
treatment in the roadway repair stage. To verify the effectiveness of the asymmetric floor
heave control, a surface displacement monitoring station was established in the central
position of the roadway alignment (at a mining position of 500 m) to monitor the floor
deformation. The layout of the measurement points and the monitoring results are shown
in Figure 18. Three measurement points were arranged at this station. The following is
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an analysis of our monitoring data of the roadway floor displacement: the first stage is
the slow deformation stage, in which the deformation rate of the floor slowly increases
between 60 m and 130 m in front of the working face; the second stage is the stage of the
rapid deformation of the floor, in which the deformation rate rapidly increases between
20 m and 60 m in front of the working face; and the third stage is the stable deformation
stage of the floor, in which the deformation rate of the roadway floor decreases and tends
to stabilize between 0 m and 20 m in front of working face. The monitoring work ends
when the working face pushes past the station position. The maximum floor heave near the
coal pillar is 167 mm, the max. floor heave at the central roadway is 113 mm and the max.
floor heave near the solid coal is 81 mm. The results show that the floor heave is obviously
controlled during the mining of this working face, which proves that the asymmetric
control strategy of floor heave can achieve the long-term stabilization of roadways under
strong mining.

Figure 18. Layout of measure points and monitoring curve. (a) Layout of measure points; (b) Monitoring
curve.

8. Conclusions

(1) The formulas to calculate the horizontal vertical stress of the roadway caused by
the excavation and mining of the upper working face are derived separately. The
theoretical curve is basically identical to the numerical simulation curve. The vertical
stress coupling curve on both sides during the mining of the upper working face is
obtained through a numerical simulation.

(2) The cause of the asymmetric floor heave is the uneven distribution of vertical stress
on both sides of the floor. The stress concentration coefficient near the coal pillar of
the roadway is 2.6, and the stress concentration coefficient near the solid coal is 1.9.
The failure area of the floor near the coal pillar is more than that near the solid coal.

(3) Our numerical simulation shows a symmetrical distribution of the displacement curve
of the floor during the roadway excavation, with a max. displacement of 49.5 mm.
The displacement curve of the floor during the mining of the upper working face
is asymmetrical with a max. displacement of 873 mm at a distance of 1 m from the
central axis near the coal pillar. The maximum depth of floor failure is 5.5 m.

(4) According to the cooperative control principle of a roof, two sides and a floor, the
asymmetric floor heave joint control scheme of “floor leveling + anchor cable support
+ concrete hardening” is proposed. The floor deformation monitoring results indicate
that the max. floor heave at the measurement point near the coal pillar is 167 mm, and
the floor heave is effectively controlled.
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