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Mechanism and application of
competitive fracture propagation in
layered group fracturing of massive
thick overburden strata

Xiaowu Zhang%3, Yue Cao'?*, Yunbo Gou'?, Shuangwu Wen?, Ning Huang* &
Yongchae Cho®

The massive thick overburden strata (MTOS) above the coal seam can result in high mining pressure in
the stope, with significant manifestations of mine pressure, potentially triggering safety issues such
as mine pressure bursts. In this paper, the fracture and migration characteristics of layered fracturing
in MTOS above the stope were analyzed. The competitive fracture propagation mechanism in closely
distances group fractures was revealed. Moreover, the layered group fracturing (LGF) technology

for MTOS above the stope was proposed. The results showed that: LGF technology can reduce the
caving step distance in the MTOS, and the formation of a “V”-shaped masonry beam structure by

the fractured blocks provides effective support for the working face. Smaller fracture spacing leads

to shorter initiation time for competitive fracture propagation within groups, and this competition is
more intense. The superposition of the internal stress fields in the rock caused by fracture expansion is
the fundamental reason for the “backward” competitive fracture propagation among group fractures.
The field application results showed that LGF of MTOS can effectively reduce the intensity of periodic
pressure on the working face, decrease the cycle pressure step distance, and lower the resistance of
supports on the working face.

Keywords Massive thick overburden strata, Directional drilling, Grouped fracturing, Competitive expansion
of fractures, Support resistance

As global energy demand continues to increase year by year, the depth of coal resource extraction and the scale
of recovery are expanding, presenting greater challenges for safe and efficient production in mines!2. A massive
thick overburden strata (MTOS) refers to a rock layer or a combination of multiple similar rock layers above the
coal seam, with a thickness ranging from tens to even hundreds of meters. Due to the significant thickness and
strength of the MTOS, the surrounding stress field is much higher than that of ordinary working faces, by tens
or even hundreds of times. Mining beneath a MTOS typically results in potential safety threats, such as large-
scale roof collapse in the goaf, enormous support stress on the working face, significant roadway deformation,
and the induction of rock burst hazards, which negatively impact the high-quality development of the mine3°.

Hydraulic fracturing (HF) involves injecting high-pressure water into rock layers through drilled holes,
which generates new fractures or extends existing cracks within the rock. This process aims to alter the overall
structure of the rock layer and reduce the strength of the rock mass”®. Compared to explosive fracturing
methods, HF allows for precise control of fracture expansion by adjusting the injection pressure and volume,
enabling modification of the rock structure while minimizing damage to the integrity of the rock layer. It can
achieve structural alterations without causing large-scale, unnecessary damage to the rock. Moreover, because
high-pressure water is used as the fluid medium, HF produces less disturbance to the overburden compared
to the intense vibrations generated by blasting, making it a more environmentally friendly and greener option.
Additionally, the equipment for HF is simple, easy to operate, and has lower initial investment costs®~!.

As a new type of rock layer fracture and stability control technology, HF has been widely applied in recent
years for various purposes, including coal seam permeability enhancement'?!4, roadway pressure relief!*-'7,
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and overburden fracturing in mining faces'®-?’. HF of the overlying rock layers above the safety coal pillar in
retreat roadways. This improves the stress environment of the safety coal pillar, reduces the resistance of the
support system in the mining face, decreases the width of the safety coal pillar, and increases the mining recovery
rate?!"23. HF of hard rock layers in the roadway boreholes to release the excessive stress in the surrounding rock,
solving the issue of large deformations caused by the dynamic pressure from mining®*. HF of the hard roof in
the recovery roadway toward the adjacent mined-out areas. This cuts off the high-stress transfer path caused by
the long-distance hanging roof of the mined-out area, reducing the accumulation of energy in the safety coal
pillar?>-2. HF of the roof in the mining face’s recovery roadway, severing the physical and stress transmission
link between the roadway roof and the mined-out area. The roof fall at the fractured location gradually stabilizes,
forming a supporting structure on one side of the roadway?. HF of the overlying rock layers in the coal seam
of the recovery roadway, blocking the impact of dynamic mining pressure on the large haulage roadway and
cutting off the high-stress transmission path from the mined-out area to the haulage roadway™. The hydraulic
fracturing of coal seam roof can effectively improve the large area of suspended roof in the goaf of working face,
thus reducing the high stress environment in the mining area and reducing the vibration and impact caused by
mining’"2,

In recent years, many scholars have put forward the method of layered fracturing coal seam roof*>~%.
However, the traditional HF treatment for mining faces with the MTOS is typically carried out by inclined
through-layer fracturing boreholes. However, this method is not ideal because the length of the borehole in
the target fracturing rock layer is relatively short, resulting in insufficient fracturing of the target rock layer and
often failing to achieve the desired fracturing effect. Moreover, it is impossible to achieve precise fracturing of the
target layer. Additionally, single-point fracturing methods within the borehole are commonly used for fracturing
the rock layers, which leads to low fracturing efficiency and fails to meet the requirements of high recovery
intensity mining faces.

Therefore, in this paper, a combined approach of similarity simulation, numerical analysis, and industrial
verification was employed to address the issue of large support pressures and significant mining-induced stresses
caused by the MTOS at the mining face. This study analyzed the characteristics of the fractured migration of
the thick overburden rock and revealed the competitive expansion mechanism of grouped fractures formed in
close proximity within the borehole. A layered group fracturing (LGF) technique for MTOS was proposed. The
technique had shown good results in field applications, and the findings provided useful references for fracturing
in similar thick overburden rock layers.

Project overview

The working face is located in the eastern part of the No. 1 shaft of the mine, covered by sand dunes at the
surface. The terrain is gently sloping and relatively flat, with little undulation. The vertical depth from the surface
to the working face ranges from 208.4 to 269.1 m, with an average vertical depth of 237.4 m. One wing of the
working face is adjacent to an recovered working face, while the other wing consists of unrecovered coal. The
ventilation gateway for the lower recovery face has already been established. A safety coal pillar of 40 m is left
between each working face. The information of the test working face is shown in Fig. 1.

The overburden of the working face primarily contains 18.1 m of medium sandstone and 52.4 m of coarse
sandstone, classifying it as a MTOS. The thickness of the coal seam in the working face is 8.2-9.4 m, with an
average thickness of 8.8 m. The dip angle of coal seam is 3°-9°, and the average dip angle is 4°. The working face
adopts a single-strike long-wall retreat layout, in which the inclined mining length is 200 m. The comprehensive
mechanized top coal caving mining technology is adopted in the working face, the mining height is 3.8 m, and
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Fig. 1. Engineering background.
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Medium sandstone | 2586 43.46 3.73 025 |24 | 1.9 3.6
Sandy mudstone 2198 5.80 1.48 022 |43 |26 23
Coarse sandstone | 2625 45.21 4.52 0.26 |21 | 1.7 4.6
Siltstone 2510 31.93 3.41 029 |29 |21 31
Coal 1437 5.00 0.52 027 |35 | 1.3 1.7

Table 1. Physical and mechanical parameters of coal and rock mass.

Fig. 2. Principles of LGF technology for MTOS.

the top coal caving thickness is 5 m. The ZF13000/25/43D top coal caving hydraulic support is selected in the
mining section of the mining face, and the maximum support height is 4.3 m. The roof information of the test
working face is shown in Table 1.

Due to the presence of this MTOS, the resistance of the support at the working face during excavation of coal
is significant, and there is noticeable pressure from the mining area, which severely affects the safe production of
the working face. Therefore, a layered group fracturing (LGF) technology of the MTOS is proposed, which could
artificially modify the structural characteristics of the MTOS and weaken its strength. The technical principle
involves using long-distance horizontal directional drilling technology to create high-level, middle-level, and
low-level fracturing boreholes in the target MTOS. Then, grouped fracturing is conducted within these boreholes
to achieve rapid and precise layered artificial modification of the MTOS, as schematically shown in Fig. 2.

Fracture migration characteristics in layered fracturing of thick overburden
Construction of physical similar models

The roof breaking and caving characteristics during the mining period of the coal mining face are significantly
affected by the boundary effect around the stope. Therefore, a three-dimensional physical similarity model
should be established when analyzing the roof breaking characteristics within the whole stope. However,
considering that the three-dimensional physical similarity model cannot directly observe the roof breaking
characteristics, and the two-dimensional physical similarity model established along the coal seam strike in the
middle of the working face can better reflect the roof breaking law of the stope. Therefore, a two-dimensional
physical similarity model is established to analyze the roof breaking characteristics of the layered fracturing
thick overburden working face.
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Fig. 3. Two-dimensional physical similarity simulation model.

No | Lithology Overall weight/kg | Sand/kg | Lime/kg | Gypsum/kg | Water/kg | Height/cm
11 | Sandy mudstone 256.85 220.16 25.69 11.01 32.11 18.68
10 | Coarse sandstone 101.20 80.96 6.07 14.17 12.65 7.36
9 | Sandy mudstone 366.30 313.97 | 36.63 15.70 45.79 26.64
8 Siltstone 41.80 33.44 4.18 4.18 523 3.04
7 | Medium sandstone | 45.10 33.83 5.64 5.64 5.64 3.28
6 Siltstone 69.30 55.44 6.93 6.93 8.66 5.04
5 Coarse sandstone | 576.40 461.12 34.58 80.70 72.05 41.92
4 Medium sandstone | 199.10 149.33 24.89 24.89 24.89 14.48
3 | Sandy mudstone 22.00 18.86 2.20 0.94 2.75 1.60
2 Coal 96.80 84.70 8.47 3.63 12.10 7.04
1 Sandy mudstone 163.90 140.49 16.39 7.02 20.49 11.92
Total 1938.75 1592.28 | 171.67 174.80 242.34 141.00

Table 2. Physical similarity simulation model parameter.

In addition, in order to achieve the optimal effect of stratified fracturing in the thick rock strata of the stope,
the length of the horizontal section of the fracturing fracture in each layer should be maximized. At the same
time, taking into account the difficulty of directional fracturing drilling construction in the test face and the
thickness of the thick rock strata of the coal seam, the high-level fracturing fracture and the medium-level
fracturing fracture are arranged at the third position of the upper thick rock strata, and the low-level fracturing
fracture is arranged at the second position of the lower thick rock strata, so as to realize the stratified fracturing
of the thick rock strata of the stope. Therefore, the EPS high-density foam board with a thickness of 1 cm is
buried at the preset position during the model laying process. Before the first excavation of the model, the EPS
high-density foam board was melted by a resistance hot melter with a length of 12 cm and a diameter of 5 mm
to simulate layered cracks. The physical similarity model of layered fracturing in thick overburden working face
is shown in Fig. 5. The displacement measuring points with a diameter of 20 mm were pasted on the surface of
the model according to the row spacing of 100 mm x 100 mm, and the displacement photogrammetry system
was used to monitor the displacement data of the coal seam roof during the mining process of the model. The
two-dimensional physical similarity simulation is shown in Fig. 3. Similar model experiment material ratio table
is shown in Table 2.

Characteristics of failure and collapse in layered fracturing of thick overburden
Figure 4 presents the failure and collapse characteristics of the overburden in the layered fracturing model of the
MTOS. When the working face advances to 67.5 m, the immediate roof exhibits maximum bending deformation,
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Fig. 4. Failure and collapse characteristics of layered fracturing in thick overburden.

but no collapse occurs. However, when the working face reaches 75 m, the immediate roof experiences its first
collapse, forming a hinge structure at both ends of the recovery space, with a maximum collapse length of
62.87 m. At 97.5 m, the lower overburden below the low-level fractures experiences its first collapse, creating a
larger hinge structure in the direction of the working face’s advancement, while the area above the mined-out
space collapses completely, resulting in a cantilever beam structure for the overburden. When the working face
reaches 120 m, the upper overburden above the lower rock layer collapses for the first time, forming a masonry
beam structure with collapse lengths of 42.93 m and 54.04 m, respectively. At 150 m, the lower overburden below
the mid-level fractures collapses for the first time, with the maximum thickness of the collapsed block measuring
25.5 m, adhering to the lower masonry beam and creating a total thickness of 31.25 m for the mid-level masonry
beam structure. As the working face advances from 150 to 165 m, the mid-level masonry beam structure provides
effective support for the lower recovery space. At this point, the influence of recovery is limited to the immediate
roof, with negligible impact on the overburden above the low-level fractures. When the working face reaches
180 m, the lower overburden below the high-level fractures collapses for the first time, forming a larger masonry
beam structure, with collapse lengths of 26.41 m and 127.14 m, respectively. Finally, at 200 m, the overburden
above the high-level fractures experiences a collapse, but its impact on the working face recovery is negligible.
Overall, the layered fracturing of very thick overburden effectively reduces the step distance of collapses at the
working face, lowers the pressure from the overburden, and the resulting low-level, mid-level, and high-level
masonry beam structures provide substantial support for the recovery space, significantly weakening the mining
pressure on the working face.

Migration characteristics of layered fracturing in thick overburden

Figure 5 presents the characteristics of the migration of layered MTOS during different stages of excavating. The
results show that: (1) When the working face reaches 70 m, the immediate roof exhibits the maximum bending
subsidence, with a maximum subsidence of 4.78 mm; (2) At 75 m, the first collapse occurs in the immediate
roof, where the migration curve shows a distinct “concave” shape, and the maximum vertical collapse distance
is 61.32 mm. Simultaneously, slight subsidence is observed in the upper overburden area, with a maximum
subsidence of 7.12 mm; (3) As excavating progresses, the migration curve of the immediate roof gradually
descends in the direction of advancement, maintaining an overall “concave” shape; (4) When the working face
reaches 120 m, the lower overburden measurement line(M-L) shows a “V” shape in its descent, with a maximum
vertical collapse distance of 62.48 mm; (5) At 150 m, the first coordinated “V” type collapse occurs in the upper
overburden 1st and 2nd M-Ls, indicating close contact and synchronized migration of the layers below the
mid-level fractures; (6) At 180 m, a coordinated “V” type collapse is observed in 3rd and 4th M-Ls of the upper
overburden, suggesting close contact and synchronized migration of the layers below the high-level fractures; (7)
When the working face reaches 200 m, the layer above the high-level fractures, represented by 5th M-L, shows
a descent with a maximum vertical collapse height of 45.61 mm. In summary, as the working face progresses,
the migration curve of the immediate roof presents a “concave” shape, while the migration curves of the lower
and upper rock layers display a “V” shape. During the excavating period, the thick overburden experiences two
coordinated “V” type collapses, indicating that the layered fracturing of the thick overburden effectively reduces
the thickness of the rock layers and mitigates the risk of sudden drops, which could lead to extensive roof
pressure impacts. Furthermore, once the “V” shaped masonry beam structure forms from the collapsed blocks
of the layered MTOS, the periodic breakage and collapse of the working face roof does not significantly impact
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Fig. 5. Migration characteristics of layered fracturing in thick overburden.
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the overlying rock layers, demonstrating that the “V” shaped masonry beam structure can effectively support the

overburden and greatly reduce the roof pressure intensity at the working face.

Fracture initiation and expansion characteristics in grouped drilling fracturing

Numerical model construction

Using Abaqus numerical analysis software and the extended finite element method, an analysis model for the
competitive expansion of group fracturing fissures in the thick overburden of the stope is constructed, and the
competitive expansion characteristics of fracturing hydraulic fissures in rock mass under different fracturing
spacing conditions are analyzed. The numerical analysis model is based on the physical and mechanical parameters
of the thick overburden rock in the test working face. The model size is designed as long x wide =300 m x 300 m,
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Name Value Name Value
Elastic modulus/Pa 15x10° Poisson’s ratio 0.25
Tensile strength/Pa 9.5x10° | Permeability coefficient/m s™! 1.0x 107
Filtration coefficient 1.0x 1071 | Porosity ratio 0.1
Fracturing fluid viscosity | 0.001 Viscous regularization coefficient | 0.001

Table 3. Physical and mechanical parameters of model.

and a total of 22,500 quadrilateral solid elements are created. According to the previous rock fracture parameters
of the test working face, the fracture spacing is selected to be 2 m, 3 m, 4 m and 5 m respectively to construct four
numerical models of competitive expansion of group fracture in super thick overburden rock under different
fracture spacing conditions, as shown in Fig. 6.

The model is constrained with fixed displacement boundaries on all sides and is subjected to an initial
boundary condition of 0 MPa of hydrostatic pressure. The initial stress conditions are set with a horizontal
stress of 6 MPa along the x direction and a vertical stress of 8 MPa along the y direction. The model is defined
as a linearly elastic porous material, with its physical and mechanical parameters listed in Table 1. Additionally,
the initial saturation of the model is set to 1.0, indicating that the model’s pores are completely filled with the
fracturing fluid (Table 3).

Characteristics of competitive HFs expansion in group fracturing

Characteristics of HFs competitive expansion paths

Taking the geometric center of the model as the origin of the coordinate axis, the expansion direction and length
of each hydraulic fracture during rock mass fracturing are extracted. The Matlab software is used to draw the
competitive expansion path of hydraulic fractures with different fracture spacing in borehole group fracturing,
as shown in Fig. 7. It can be observed that HFs symmetrically expand from the Y-axis towards both wings at
various spacings. Specifically, when the fracturing distances are 2 m and 3 m, the upper and lower HFs expand
in opposite directions. However, at fracturing distances of 4 m and 5 m, the upper and lower HFs expand in
parallel. This indicates that when the fracturing distance is small, there is a competitive expansion phenomenon
between the upper and lower HFs. The tendency for the upper and lower HFs to expand in opposite directions
is particularly pronounced at a fracturing distances of 2 m. Conversely, at a fracturing distances of 4 m, the
competitive expansion characteristics between the upper and lower HFs are significantly weakened.

Evolution law of HFs extension length during competitive expansion

Figure 8 illusrates the evolution patterns of group HF lengths under different fracturing distances. It can be
observed that the competitive expansion of HFs under varying fracturing distances conditions can be divided
into two stages: (1) Independent Expansion Stage: During the early stages of fracturing, the expansion range of
the upper and lower HFs are relatively small, leading to minimal impact on the surrounding rock. Consequently,
the two HFs expand independently, resulting in their expansion length characteristic curves being largely
overlapping. (2) Competitive Expansion Stage: As high-pressure water continues to be injected, the expansion
range of both HFs within the rock increases. Gradually, competition for expansion emerges between the two
HFs, causing their expansion length characteristics to diverge. Moreover, as the fracturing distances increases,
the duration of independent expansion for the upper and lower HFs gradually extends, resulting in a delayed
onset of competitive expansion between the HFs.
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Evolution law of fluid pressure within HFs during competitive expansion

Figure 9 shows the evolution characteristics of fluid pressure within group HFs at different fracturing distances.
The accompanying cloud diagrams of rock pore pressure for varying fracturing spacings are shown in Fig. 10.
It can be observed that when the fracturing fluid is injected into the HFs, some of it filters and permeates into
the rock, increasing the rocK’s pore pressure. Meanwhile, the remaining fracturing fluid gradually fills the

Scientific Reports | (2025) 15:9308

| https://doi.org/10.1038/s41598-025-91591-y

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

12
Independent Competitive
< p tion propagation
E 10
142s

£ 8-

L

S

g 64

x

_g‘ — Upper fissure
‘5 Lower fissure
= 24

[

0 T T T T
0 100 200 300 400 500
Fracturing duration/s
(a) 2m
12! —
Independent Competitive

a propagation propagation
S 10 273s
4
T 81

[
L=}
£ 61

2

Z

£ 4

2 —— Upper fissure
% — Lower fissure
= 21
™

0 T T T 1
0 100 200 300 400 500

Fracturing duration/s

(c) 4m

12

Independent Competitive

o ropagation propagation
ey 10 -
2 224s
4
T 81

Q
L=}
g 6

=

Z

£ o
_g" — Upper fissure
= 5 — Lower fissure
[

0 T T T T
0 100 200 300 400 500
Fracturing duration/s
(b)3m
12
Independent Competitive

s propagation propagation
= 107 337s

o8-

L

L=}

£ 61

2

Z

£ 4

S,

1

B 2 ~— Upper fissure

[ Lower fissure

0 T T T T
0 100 200 300 400 500

Fracturing duration/s

(d) 5m

Fig. 9. Evolution characteristics of fluid pressure within HFs at different fracturing distances.
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Fig. 10. Pore pressure cloud diagram of rock at different fracturing distances.
Scientific Reports|  (2025) 15:9308 | https://doi.org/10.1038/s41598-025-91591-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

fractures, causing a rapid rise in fluid pressure within the HFs and leading to their gradual opening. When
the fluid pressure within the HFs reaches the rupture strength of the rock, the rock fractures, generating new
fractures. The fracturing fluid then enters these new fractures, causing a sharp drop in fluid pressure within the
fractures, which stops their expansion. As the injection of fracturing fluid continues, the fluid pressure in the
newly created fractures increases again. When this pressure reaches the rock’s rupture strength, the fractures
expand once more, resulting in another sharp drop in fluid pressure. This cyclical process of fracture initiation
and expansion leads to a generally serrated characteristic of the fluid pressure curve within the fractures.
Additionally, as the fracturing distances increases, the fluid stress within the fractures at the first instance of
fracture initiation gradually decreases. For instance, at spacings of 3 m, 4 m, 5 m, and 6 m, the fluid stress
within the upper HF at the first instance of fracture initiation is 9.53 MPa, 9.48 MPa, 9.31 MPa, and 9.24 MPa,
respectively, while for the lower HE, the corresponding values are 9.55 MPa, 9.41 MPa, 9.33 MPa, and 9.17 MPa.
Moreover, as the fracturing distances increases, the duration of independent expansion for the upper and lower
HFs also increases, indicating that a greater fracturing distances facilitates the initiation and expansion of HFs
while reducing the intensity of competitive expansion between them. Furthermore, as high-pressure water is
injected, the fracturing fluid penetrates into the rock and gradually connects the upper and lower HFs, resulting
in increasing mutual interference between them. This interference primarily manifests as the upper and lower
HFs exerting compressive forces on the intermediate rock, causing the fractures to diverge in their expansion.
Additionally, as the fracturing distances increases, the rock’s pore pressure gradually decreases, and the extent of
the fracturing fluid penetrating the rock diminishes, leading to reduced mutual interference between the upper
and lower HFs during their expansion.

Mechanism of HFs competitive fractur expansion in group fracturing

Figure 11 shows the evolution characteristics of the rock stress field under different fracturing durations for
group fracturing. Evolution characteristics of the maximum principal stress in rock under different fracturing
distances are shown in Fig. 12. It can be observed that the impact range of the fracture initiation and expansion
primarily presents an upper and lower symmetric “hourglass” shape. As the fracturing duration increases, the
influence range of fracture initiation and expansion gradually expands, and the maximum principal stress within
the rock also increases. Figure 11 illustrates the evolution characteristics of the principal stress between the
upper and lower hydraulic fractures. It is evident that as the fracturing spacing increases, the onset time for
the competitive expansion mechanism between the hydraulic fractures also increases. Specifically, at fracturing
spacings of 2 m, 3 m, 4 m, and 5 m, the times for the onset of competitive expansion between the upper and
lower hydraulic fractures are 13.26 s, 22.65 s, 33.21 s, and 46.91 s, respectively. Moreover, as the fracturing
spacing increases, the degree of impact from competitive expansion between the hydraulic fractures gradually
decreases. For spacings of 2 m, 3 m, and 4 m, the maximum principal stresses in the rock between the fractures
are 13.15 MPa, 11.81 MPa, and 10.79 MPa, respectively, with corresponding fracturing durations of 23,149 s,
336.85 s, and 498.77 s.

Layered group fracturing of MTOS: engineering practice

Engineering implementation

Based on the aforementioned research, the key parameters for the layered grouped fracturing (LGF) technology
of the MTOS at the mining face are shown in Table 2. The LGF technology process of the MTOS consists of
two main steps: (1) Directional Drilling: In the next constructed return airway, three long-distance directional
drilling rigs are arranged. Simultaneously, long-distance horizontal boreholes are conducted within the MTOS
of the mining area, with the drilling direction aligned with the advancement direction of the working face,
as illustrated in Fig. 13. (2) Sealing and fracturing : According to the fourth part, based on the physical and
mechanical characteristics of the super-thick overburden rock in the test working face, the analysis of the

143 74m

(b) 100s (c) 200s
Maximum principal Maximum principal
stress/Pa stress/Pa

0008 40.000e+00
B earos 22870406
-4.3480406 -4.574
-6.521e+06 -6.861e+06
-8.695e+06 -9.149¢ 406
-1.087e+07 -1.144e407
-1.304e+07 -1.372e407
-1.5220407 -1.601e+07
-1.73%+07 -1.830e 407

-2.058e 407
-2.287e+07
-2.516e407
<2.745¢+07

-2.609e+07

(d) 300s (e) 400s (f) 500s

Fig. 11. Stress field cloud diagram of rock at different fracturing spacings.
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Fig. 12. Evolution characteristics of the maximum principal stress in rock.

competitive expansion characteristics of the group-cracking cracks was carried out. It was found that when the
crack spacing was 4 m, the competitive expansion characteristics of the upper and lower hydraulic cracks were
significantly weakened, which was conducive to the long-distance expansion of the hydraulic cracks. Therefore,
when the long-distance directional horizontal drilling was completed, the holes were sealed and cracked in
groups from the bottom of the hole to the orifice according to the 4 m spacing, as shown in Fig. 14 (Table 4).

Monitoring of injection pressure in HFs

Figure 15 presents the evolution characteristics of the pumping pressure during the LGF of the MTOS. The
characteristics of the high-pressure pumping station can be divided into three stages: (a) When high-pressure
water is injected into the fractures and quickly fills the fracturing section of the boreholes, the pumping pressure
rises rapidly. The maximum pumping pressure during this stage corresponds to the fracture initiation pressure.
(b) As high-pressure water continues to be injected, the water pressure within the fractures increases again.
When this pressure reaches the rock’s fracture strength, the rock fractures once more, leading to further
expansion of the fractures and a rapid decrease in water pressure within them. Consequently, the pumping
pressure can partially reflect the state of fracture expansion. (c) When the pumping is artificially stopped or
when the fractures encounter natural cracks or other drainage channels, the water pressure within the fractures
drops rapidly and does not increase again, indicating that the fractures have entered a unloading phase. As the
depth of the fracturing layer increases, the rocK’s fracture initiation pressure rises, and the average pumping
pressure also increases. Specifically, when fracturing the upper-level, middle-level, and lower-level fractures, the
initiation pressures are 20.09 MPa, 22.19 MPa, and 24.92 MPa, respectively, while the corresponding average
pumping pressures are 17.24 MPa, 18.95 MPa, and 20.15 MPa.

Comparison of support resistance before and after LGF

Figures 15 and 16 respectively give the evolution law of working resistance of support before and after
stratification and group fracturing of thick overburden in stope. The average working resistance of the stope
support is reduced from 17.59 KN to 15.85 KN, with a decrease of 9.89%. In addition, the pressure step distance
of the stope is significantly reduced, and the average pressure step distance of the stope is reduced from 127.45 m
to 41.71 m, with a decrease of 67.27%. Before the fracturing of the thick overburden strata in the stope, the
average working resistance difference of the support before and after the weighting of the stope is 9.46 KN,
while after the fracturing of the thick overburden strata in the stope, the average working resistance difference
of the support before and after the weighting of the stope is 7.28 KN. It shows that the fracturing of the thick
overburden strata in the stope changes the roof structure of the coal seam, makes the roof of the working face
break in the form of small fracture step, greatly reduces the working resistance of the working face support, and
effectively alleviates the impact of the roof fracture pressure on the working face support (Fig. 17).

Conclusion

1. After the LGF technology for MTOS is adopted, the roof of the working face are periodically broken and
collapsed with a smaller caving step distance, and the joint fracture occurs between the MTOS. The upper
strata of the MTOS is mainly supported by the ' V' type masonry beam structure formed by the caving rock
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. 13. LGF technology of MTOS with directional boreholes drilling.

block in the goaf. At this time, the periodic weighting strength of the working face is mainly affected by the
direct roof breaking of the coal seam, which greatly reduces the mining pressure of the stope.

The group fracturing technology can multiply improve the efficiency of LGF for MTOS of stope. In the initial
stage of grouped fracturing, HFs exhibit free expansion characteristics. As the fracturing duration increases,
a “backward” competitive expansion feature gradually emerges between the HFs. When the fracturing dis-
tance is small, the onset of competitive expansion occurs sooner and is more intense. The evolution of the
stress field within the rock due to fracture expansion is the fundamental reason for the “backward” compet-
itive expansion of the HFs.

In the process of LGF technology for MTOS, the expansion pressure of hydraulic fracture in surrounding
rock can be divided into three stages: compression, expansion and unloading. In addition, with the increase
of buried depth of rock strata, the fluid pressure required for the initiation of surrounding rock increases
gradually, and the fluid pressure required for the expansion of hydraulic fractures in rock mass increases
gradually. At the same time, the LGF technology for MTOS can effectively reduce the support resistance and
periodic weighting step distance of the working face, and then reduce the periodic weighting strength of the
working face, so as to provide guarantee for the safe production of the working face.
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Fig. 14. LGF technology of MTOS with group sealing and fracturing.
Initial Length of | Total
Height to | Borehole inclination | Total deflection | Length of inclined | horizontal | length of
Borehole name coal/m diameter/mm angle/° angle/° borehole/m borehole/m | borehole/m
High-level fracturing borehole | 65.75 75 60 60 151.52 128.12 279.64
Mid-level fracturing borehole | 44.83 75 50 50 122.95 143.75 266.70
Low-level fracturing borehole | 12.85 75 33 33 66.37 187.5 253.88
Table 4. Key parameters for LGF of MTOS.
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