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1. Introduction

Steeply inclined coal seams are widely distributed in western and central China, accounting
for approximately 10% to 20% of the country’s proven coal reserves (Wu et al., 2020). Due to
their large dip angles, these seams exhibit highly complex mining conditions and are recognized
as a typical category of difficult-to-mine coal seams (Sun et al., 2019). Under steeply inclined
conditions, the downslope component of the gravitational force is enhanced, resulting in signif-
icant shear-induced strata sliding. This leads to pronounced asymmetry and unpredictability
in roof fracture behavior, ground pressure evolution, and support system stability (Xie et al.,
2020). These complex mechanical responses directly influence the effectiveness of roof control,
operational safety, and equipment adaptability. Therefore, elucidating the mechanisms govern-
ing roof fracture and pressure transmission in steeply inclined coal seams holds considerable
theoretical and practical engineering significance.
International research, particularly in the United Kingdom, France, Germany, and Ukraine,

began relatively early and focused on the characteristics of stress distribution and ground pres-
sure evolution during mining in steeply inclined seams (Eremin et al., 2022; Das et al., 2017).
These studies further promoted the development of fully mechanized mining technologies (Rak
et al., 2020; Kumar et al., 2023; Çelik et al., 2023; Das et al., 2021), the design of specialized
mining equipment (Proyavkin et al., 1993; Islavath et al., 2016; 2023), and detailed investigations
into post-mining strata deformation and surface subsidence (Do et al., 2017). In China, system-
atic research started in the 1990s and has since supported the transition from non-mechanized
to fully mechanized longwall mining (Luo et al., 2021; Tu et al., 2015), resulting in extensive
engineering experience and research achievements. Existing studies have revealed the temporal
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sequence of roof fracture (Lang et al., 2021), the non-uniformity of goaf filling – an effect that
intensifies with an increasing dip angle and the resulting asymmetric deformation patterns and
shell-like roof structures (Xie et al., 2020). Ground pressure is particularly severe in the central
region of the working face, while the roof weighting intervals vary along the inclination direction
(Yang et al., 2020). The asymmetric stress distribution and shear-dominated deformation ten-
dencies predispose hydraulic supports to instability cases, such as sliding, tilting, reverse tilting,
and torsion (Li et al., 2017), thus further complicating mining operations. Consequently, flexible
shield supports with enhanced anti-slip and anti-shear performance are more suitable for steeply
inclined conditions (Zhao et al., 2022), and lateral constraints must be provided during support
movement to prevent instability (Wang et al., 2016). To mitigate rock ejection and equipment
sliding, a pseudo-inclined face layout has been increasingly adopted in steep seam mining (Pan
et al., 2017), resulting in a parallelogram-shaped rather than rectangular roof structure behind
the working face. The selection of pseudo-inclination angle plays a critical role in roof control
and the stability of the coal wall ahead of the face (Zhang et al., 2025). However, current engi-
neering practices rely mainly on numerical simulations and field experience, lacking a systematic
theoretical framework.
In this study, a mechanical model of an elastic thin plate is established for the basic roof of

a pseudo-inclined working face in steeply inclined coal seams. The deformation characteristics,
principal stress distribution, and the spacing of initial and periodic roof fractures are systemati-
cally analyzed, and a rational range of pseudo-inclination angles is proposed. Theoretical results
are validated using field monitoring data, providing a transferable theoretical basis and engi-
neering reference for optimizing pseudo-inclined layout, predicting roof weighting behavior, and
designing support parameters in steeply inclined coal seam longwall mining.

2. Geological background and technology synopsis

2.1. Geological background

The II4 mining area of the Taoyuan Coal Mine extends approximately 2200 meters along
the strike, with a dip width ranging from 900 to 1500 meters, covering an area of about 2.5 km2.
The 1044 working face is located within the no. 10 coal seam in the II4 mining area, as depicted
in Fig. 1a. The coal seam thickness varies between 3.2 and 4.2 meters, with a localized parting
layer ranging from 0 to 0.23 meters. The coal seam dips at approximately 42◦. The immediate
roof comprises mudstone and fine sandstone, whereas the floor is predominantly composed of
mudstone. The stratigraphic column of the coal seam is presented in Fig. 1b.

Fig. 1. Geological overview of Coal Mine.
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2.2. Technology synopsis

When a steeply inclined working face is arranged along the dip direction of the coal seam,
excessive inclination can cause the advancing conveyor and support movement, particularly
the pushing of the conveyor to shift downward, creating challenges for coal mining operations
(Zhao et al., 2025). The primary issue is that extracted coal tends to slide freely along the
coal seam floor, leading to the formation of flying gangue within the entire mining space, which
poses significant safety hazards to both equipment and personnel. To address these issues, the
1044 working face adopts a pseudo-inclined layout with an inclination angle of β, as shown
in Fig. 1a. This layout offers two key advantages. First, coal naturally slides along the coal
wall, reducing potential damage to equipment and minimizing risks to personnel. Second, it
leverages the spatial offset between adjacent supports to balance the upward movement caused
by support advancement with the downward displacement due to the coal seam inclination,
effectively mitigating equipment slippage during the support and conveyor advancement process.
In this working face, the caving method is employed, whereby the goaf is formed as the basic

roof and the immediate roof naturally collapses with face advance, producing an accumulation
of caved rock. In addition, several engineering measures have been incorporated to enhance
equipment stability under mechanized mining conditions on steeply inclined seams. These include
anti-slip structures on the bases of hydraulic supports, increased initial supporting force, lateral
constraint devices between adjacent supports, and anti-slip control within the shearer traction
system, all of which prevent sliding or rolling instability along the dip direction.

3. Mechanical mechanism of main roof fracture

3.1. Mechanical model of the initial fracture

When pseudo-inclined mining is applied to steeply inclined coal seams, as the working face
advances, the main roof fails and collapses into the mined-out area, with the roof forming
a parallelogram that hangs above the cavity. This leads to periodic deformations and failure.
The main roof can be treated as a parallelogram plate for mechanical analysis. Prior to its first
fracture, the main roof behaves as an elastically supported thin plate with four fixed edges. The
load acting on the inclined plate is considered as the resultant of the normal and tangential forces
from the overlying strata. As illustrated in Fig. 2a, the working face has a length of b and an
advancement distance of a, with a roof thickness of h. The rock layer exhibits an inclination angle
of θ, while the working face is oriented at an angle α relative to the horizontal plane. The pseudo-
inclination angle of the working face is β. As shown in Fig. 2b, the boundaries of the working
face are constrained on all four sides.

Fig. 2. Mechanical model of initial fracture.
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The load function is given by:

P (y) = q0 − ky. (3.1)

In the equation, q0 represents the load applied to the bottom of the main roof, and k is the
load distribution coefficient.
The deformation of the parallelogram plate is solved using the Kantorovich approximation

method (Wang, 1983). The coordinate transformation is as follows:{
u = x− y cotα,

v = y/ sinα.
(3.2)

Let the deflection function of the roof deformation be denoted as ω1(u, v). The strain energy
of the main roof can be expressed as

U =
D

2

�

S

(
∇2w1

)2
dx dy =

D

2

�
1

sin3 α

[
∂2ω1

∂u2
− 2 cosα

∂2ω1

∂u∂v
+

∂2ω1

∂v2

]2
dudv, (3.3)

where D is the bending stiffness of the thin plate.
The work done by the load on the main roof is given by

W =

�
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�
(q0 − kv sinα) sinα cos θω1 dudv. (3.4)

According to the principle of minimum potential energy, the functional is given by∏
= U −W. (3.5)

Let the beam function that satisfies the boundary conditions v = 0 and v = b be
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By solving Eqs. (3.3), (3.4), (3.5), and (3.6) simultaneously, the following results can be
obtained:
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The following can be derived from the Euler-Lagrange equation:
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By simplifying the calculations, the following ordinary differential equation can be obtained:
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In the equation, K = (2q0 − kb sinα)b4 sin4 α · cos θ/(48D), and ±(η± ξi) represent the four
roots of the equation λ4 − 3(8 + 16 cos2 α)λ2 + 504 = 0.
The deflection function equation of the main roof is given by
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The boundary conditions for the initial fracture of the main roof are as follows:
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(3.12)

By applying the boundary conditions from Eq. (3.12), the following results can be obtained:

A1 = −K,

A2 =

K
[
cosh

(
η
a

b

)
cos

(
ξ
a

b

)
− 1

]
+

η

ξ
A4 cosh

(
η
a

b

)
sin

(
ξ
a

b

)
−A4 sinh

(
η
a

b

)
cos

(
ξ
a

b

)
sinh

(
η
a

b

)
sin

(
ξ
a

b

) ,

A3 = −η

ξ
A4,

A4 =


−
[
η cosh

(
η
a

b

)
sin

(
ξ
a

b

)
+ ξ cos

(
ξ
a

b

)
sinh

(
η
a

b

)]
K

[
cosh

(
η
a

b

)
cos

(
ξ
a

b

)
− 1

]
+sinh

(
η
a

b

)
sin

(
ξ
a

b

) [
−A1η sinh

(
η
a

b

)
cos

(
ξ
a

b

)
+A1ξ cosh

(
η
a

b

)
sin

(
ξ
a

b

)]


/


η cosh
(
η
a

b

)
sin

(
ξ
a

b

)[
η

ξ
cosh

(
η
a

b

)
sin

(
ξ
a

b

)
− sinh

(
η
a

b

)
cos

(
ξ
a

b

)]
+ ξ cos

(
ξ
a

b

)
sinh

(
η
a

b

)[
η

ξ
cosh

(
η
a

b

)
sin

(
ξ
a

b

)
− sinh

(
η
a

b

)
cos

(
ξ
a

b

)]
− sinh2

(
η
a

b

)
sin2

(
ξ
a

b

)(
η2

ξ
+ ξ

)


.

(3.13)

3.2. Mechanical model of periodic fracture

During the periodic fracturing stage of the main roof, it remains in a state where three edges
are fixed while one edge is suspended. To simplify the boundary conditions, let us refer to Fig. 3.
The solution process for the periodic fracture of the main roof is similar to that of the initial

fracture. Let the deflection function for the periodic failure of the main roof be
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Similarly, the calculation for the periodic fracture of the main roof yields:
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Fig. 3. Mechanical model for the periodic failure.

The boundary conditions for the periodic failure of the main roof are as follows:
ω2|v=0,b =
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(3.16)

Based on the boundary conditions, the expressions for each parameter can be derived as
follows:
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3.3. Stress distribution in the main roof

According to plate theory (Xu, 2006), the deflection functions of the main roof (Eqs. (3.11)
and (3.14)) yield:
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The expression for the maximum principal stress is as follows:

σ1 =
1

2

[
σx + σy +

√
(σx − σy)2 + 4τ2xy

]
. (3.19)

The failure criterion for the roof is defined as follows:

σ1 > σt. (3.20)

In this equation, σt represents the tensile strength of the roof rock mass.

3.4. Analysis of main roof stress distribution

Taking the 1044 working face of the Taoyuan Mine as an example, the working face length is
b = 165m, and the main roof is composed of fine sandstone. For the convenience of parameter
analysis, the mechanical properties of the basic roof are assumed to be homogeneous. The rock
layer elastic modulus is E = 8GPa, µ = 0.23, h = 3.9m, σt = 6.4MPa, and θ = 42◦. The
pseudo-inclination angle is taken as β = 6◦ for the analysis.
Figure 4 illustrates the stress distribution patterns during the initial fracture stage. The stress

distribution exhibits an asymmetrical pattern, with the maximum tensile stress of 9.08MPa
occurring at the center of the lower surface. This indicates that fracturing of the lower surface
will initiate at the central region. In contrast, the edges of the lower surface are primarily
subjected to compressive stress, with a maximum value of 4.25MPa. The maximum tensile
stress of 18.32MPa occurs in the central region of the long edge on the upper surface of the
main roof. The stress on the upper surface is greater than that on the lower surface, indicating
that the initial fracture occurs first in the central region of the long edge on the upper surface.

Fig. 4. Stress distribution during the initial failure of the main roof: (a) lower surface; (b) upper surface.

Figure 5 depicts the stress distribution on the upper and lower surfaces of the main roof dur-
ing the periodic fracture stage. The maximum tensile stress of 2.16MPa occurs slightly above the
center of the free edge on the lower surface, which may be attributed to the linearly distributed
overlying load and the parallelogram-shaped roof structure resulting from the inclined mining
layout. This configuration leads to an uneven stress distribution. The maximum stress on the
fixed long edge of the upper surface of the main roof is 18.74MPa, occurring at the central
region, which is greater than the maximum tensile stress on the lower surface. This indicates
that the periodic fracture of the main roof first occurs in the central region of the fixed long
edge on the upper surface.

3.5. Analysis of the optimal pseudo-inclined angle

In steeply inclined coal seams, a pseudo-inclined layout is commonly adopted to prevent coal
self-flow and the safety hazards associated with flying debris. Therefore, determining the optimal
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Fig. 5. Stress distribution during the periodic failure of the main roof: (a) lower surface; (b) upper surface.

pseudo-inclination angle is a critical issue. Figures 6 and 7 illustrate variations in the maximum
principal stress at the main roof under different pseudo-inclination angles.

Fig. 6. Variations in deflection and maximum principal stress during initial fracture.

Fig. 7. Variation curves of maximum deflection and maximum principal stress with pseudo-inclination
angle.
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Figure 6 illustrates the variation patterns of the maximum principal stress during the initial
fracture stage. As illustrated in Fig. 6a, the maximum principal stress during the initial fracture
stage decreases gradually as the pseudo-inclination angle increases, thereby resulting in an ex-
tended initial weighting step distance. This is due to the fact that as the pseudo-inclined angle
increases, the long edge of the roof becomes progressively larger, enhancing the support con-
straints along this direction, and thereby increasing the roof stability. Figure 6b illustrates the
variation patterns of the maximum principal stress during the periodic fracture stage. Figure 6b
indicates that the stress on the fixed boundary of the upper surface (u = a, z = −h/2) decreases
as the pseudo-inclination angle increases, as is the case with the stress variation observed in the
initial fracture stage. In contrast, the maximum principal stress on the free edge of the lower
surface (u = 0, z = h/2) exhibits an irregular M -shaped distribution, with an increasing trend
as the pseudo-inclination angle grows. The stress in the upper-middle section of the working
face tends to increase, whereas the stress in the lower-middle section decreases, leading to the
initial fracture of the lower surface in the upper-middle region. Because the load on the lower
part of the roof is greater than that on the upper part, the fractured roof rock blocks rotate
downward from the upper-middle region, posing challenges to the support of hydraulic props in
the lower-middle section of the working face and the stability of the coal wall.
Figure 7 illustrates the variation curves of the maximum deflection and maximum tensile

stress of the roof with respect to the pseudo-inclination angle. As the pseudo-inclined angle
increases, both the deflection and the maximum principal stress decrease. As shown in region I
of Fig. 7, when the pseudo-inclined angle is between 0◦ and 10◦, the changes in both deflection
and stress are relatively gradual. In region II of Fig. 7, when the pseudo-inclined angle ranges
from 10◦ to 60◦, the maximum deflection and the maximum principal stress decrease sharply,
and the step distance for roof fracture also increases. Based on the above analysis, when the
pseudo-inclination angle of the working face exceeds 10◦, the stress distribution of the basic
roof becomes significantly more uneven. This increased heterogeneity poses challenges to the
hydraulic supports in the middle and lower sections of the working face and compromises coal
wall stability, making roof control more difficult. Consequently, mechanized mining may face
issues with equipment stability and safety. Considering these factors, the maximum pseudo-
inclination angle for the 1044 working face layout should not exceed 10◦.
In summary, when designing the pseudo-inclined angle for the working face, it is essential

to ensure an angle that provides sufficient advance distance, thereby preventing the sliding of
coal or rock that may pose a safety risk to personnel and equipment. However, during the
cyclical fracture of the main roof, excessively large pseudo-inclined angles may pose challenges
for hydraulic support and compromise the stability of the coal wall. Therefore, the reasonable
design range of the pseudo-inclination angle of the 1044 working face is 5◦ to 10◦, the leading
distance of the working face is 14.3m to 28.6m. While mining the working face, the pseudo-
inclination angle is set to about 8◦. According to theoretical calculations, the initial fracture
step distance of the main roof is 32m, and the periodic fracture step distance is 13m.

4. Engineering analysis

The 1044 working face utilizes a pseudo-inclined layout, with the pseudo-inclined angle con-
trolled between 5◦ and 10◦ during mining. The hydraulic supports used on the working face are
of the ZZ10000/21/45D model, with a total of 110 units, spaced at 1.5m intervals. Pressure
sensors are installed on the support units to monitor the mining pressure. A sensor is installed
for every 10 sets of electromagnetic valves. The monitoring of support loads serves as a funda-
mental technique for assessing the stability of the working face, providing key information on
roof structure evolution and the response of the support system. The layout of the working resis-
tance measurement zones for the hydraulic supports, shown in Fig. 8a, divides the working face
into five areas: lower, lower-middle, middle, upper-middle, and upper. By analyzing variations in
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Fig. 8. Monitoring of hydraulic support load.

hydraulic support pressure, the roof fracture pattern and the collapse step distance can be de-
termined. Based on the data obtained from hydraulic support monitoring, pressure distribution
contour maps were generated using Origin software. The load distribution of hydraulic supports
at different mining distances is shown in Fig. 8b.
In the load distribution map, area I represents the initial roof pressure, area II represents the

periodic roof pressure, and area III shows a significant increase in support load compared to other
locations, indicating roof pressure caused by the fracture of the key strata above the working
face. The initial roof pressure occurs at around 30 meters, the first periodic roof pressure occurs
at around 42 meters, and key strata fractures in the roof occur at 72 meters and 136 meters.
During the periodic roof pressure phase, the loads on the upper and lower hydraulic supports are
noticeably smaller than those in other areas. The reduced load on the upper hydraulic supports
is due to the uneven distribution of the roof load, with the upper part of the roof carrying
significantly less load than the lower part. The reduced load on the lower hydraulic supports
may be due to two reasons: first, the pseudo-inclined mining layout results in a sharp angle at
the bottom of the roof, where the constraints of the coal and overlying rock layers are stronger.
Second, after the overlying strata fracture, the rock fragments slide downward, filling the lower
goaf and counteracting some of the vertical stress on the roof, which slows the roof’s fracture
and rotation.
The support load curves for five positions on the working face: upper, upper-middle, middle,

lower-middle, and lower, are shown in Fig. 9. From the variation in hydraulic support pressure at
different locations, it can be observed that the initial roof pressure occurs at around 30 meters.
The maximum average load during the initial roof pressure phase is 32.9MPa, with the load at
the middle of the working face exceeding that at other locations. The 50# support at the center
of the working face experiences the first roof pressure at the earliest, with a maximum load of
47.3MPa. Since the middle of the roof experiences the greatest deflection, the first fracture
occurs in the middle, which is consistent with the field results and theoretical analysis.
The step distance for periodic roof pressure is 10 to 15meters, and the first periodic roof

pressure has a maximum load of 49.1MPa, occurring at the 80# support in the middle-upper
section, as shown in Fig. 9e. From the curve, it can be seen that the load at the first periodic
roof pressure on the middle-upper supports is greater than the initial roof pressure, unlike
the roof pressure behavior at other locations. The maximum average load during the periodic
roof pressure phase is 36.9MPa, and the load on the middle-upper section is significantly higher
than that at other locations. The theoretical analysis indicates that when a pseudo-inclined
layout is used, periodic fractures in the roof first occur in the middle-upper section, which
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Fig. 9. Hydraulic support working resistance.

results in higher periodic roof pressure in this area. The field monitoring results confirm the
reliability of the theoretical analysis. The ultimate working resistance of the hydraulic supports
is 70MPa. When the support load exceeds this limit, the support system may become overloaded,
potentially compromising the stability of the mining space. Field monitoring results indicate that
the peak loads during roof failure did not exceed the ultimate working resistance of the hydraulic
supports. No support collapses occurred, and no large-scale coal wall spalling was observed,
demonstrating that the hydraulic supports effectively maintained working face stability.
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5. Discussion

This study establishes a mechanical model for the basic roof failure of pseudo-inclined working
faces in steeply inclined coal seams based on elastic thin-plate theory and validates it through
field monitoring. Compared with conventional roof-breakage theories that assume a rectangular
plate, the present work introduces a parallelogram-plate model that better represents the spatial
geometry after pseudo-inclined layout. This approach improves the applicability for simulating
asymmetric deformation, stress distribution, and roof failure locations. The results indicate that
both the initial and periodic breakage of the basic roof exhibit pronounced asymmetry, with
failures more likely to occur in the upper-middle region, consistent with the observed mine
pressure behavior.
The theoretical derivation further quantifies the influence of pseudo-inclination angle adjust-

ment on roof deflection, principal stresses, and breakage intervals, thereby defining a rational
range of angles and enhancing the theoretical basis and generalizability of angle design. It should
be noted, however, that the mechanical model adopted herein remains based on the elastic
thin-plate assumption and does not account for more complex factors such as stratified rock
structures, jointed weak planes, or shear-dominated failure. Future research may incorporate
discrete-element methods to improve the model’s completeness.

6. Conclusion

To investigate the fracture mechanism of the roof in an inclined mining face of a steeply
dipping coal seam and determine the optimal pseudo-inclination angle for face layout, a me-
chanical model of roof fracture was established. The stress and deformation characteristics of
the roof were analyzed, and the reasonable range of pseudo-inclination angles was identified. Fur-
thermore, field monitoring data were employed to validate the theoretical model. The following
conclusions were drawn:
1) A mechanical model for the initial and periodic breakage of the basic roof in pseudo-inclined
working faces was developed based on elastic thin-plate theory, revealing the asymmetric
deformation and stress distribution induced by the pseudo-inclined layout. The results
show that initial roof breakage first occurs near the fixed long edge of the upper surface and
the central region of the lower surface. Periodic breakage also exhibits strong asymmetry,
appearing first at the central area of the fixed long edge on the upper surface and the
upper–middle portion of the free edge on the lower surface, which differs substantially
from the breakage patterns typically observed in conventional coal-seam extraction.

2) As the pseudo-inclined angle increases, the maximum tensile stress in the upper-middle
region of the working face rises, whereas the maximum tensile stress in the lower region
decreases, resulting in reduced roof stability and concentrated loading on the hydraulic
supports, thereby increasing the risk of support adaptation failure. Theoretical analysis
indicates that the optimal pseudo-inclined angle for the 1044 working face ranges from
5◦ to 10◦, which satisfies the combined requirements for equipment anti-slip performance,
spontaneous gangue sliding control, and coal wall stability. Field monitoring data show
that the support loads did not exceed the ultimate working resistance during extraction,
and no support collapses or severe coal wall spalling occurred, confirming the rationality
of the design parameters.

3) Field mine-pressure monitoring reveals that initial weighting is concentrated in the mid-
dle of the working face, while peak periodic loading occurs in the upper–middle region.
These observations are fully consistent with the theoretical predictions, demonstrating that
the proposed model effectively identifies roof-breakage locations and the intensity of mine-
pressure manifestation in pseudo-inclined working faces. The findings provide a theoretical
basis for evaluating roof stability and designing support parameters for hydraulic supports.
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