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Abstract: In order to reveal the influence law of coal seam dip angle on the stability of the surrounding
rock of the gob-side coal–rock roadway in a gently inclined coal seam (GCRGICS), the deformation
characteristics of the surrounding rock under four different coal seam dip angles of this kind of
roadway were studied by field investigation, theoretical analysis and numerical simulation. The
results showed that, with the increase of the coal seam dip angle, the amount of the roadway roof
subsidence and the deformation of the upper and lower side arc triangle coal along the coal–rock
interface increased, and the maximum deformation was 479 and 950 mm, respectively, and the
maximum slip deformation area gradually shifted from the upper side arc triangle coal to the lower
side arc triangle coal. The asymmetric deformation characteristics of the surrounding rock became
more and more obvious. The asymmetric deformation rate of the GCRGICS showed a V-shaped
variation relationship with the coal seam dip angle, when the coal seam dip angle was 10◦, the
asymmetric deformation rate was the minimum, only 1.1%. The plastic zone of the surrounding rock
expanded with the increase of the coal seam dip angle, and the new extension range was mainly
located in the roof area of the roadway.

Keywords: dip angle of coal seam; coal–rock roadway; gob-side roadway; coal–rock interface;
asymmetric deformation

1. Introduction

The occurrence conditions of coal seams in Guizhou Province are complex, most
of them are (gently) inclined thin and medium-thick coal seams, resulting in a wide
distribution of the coal–rock roadway in the mining area [1–4]. Due to the asymmetry and
heterogeneity of the surrounding rock structures, this kind of roadway has low mechanical
strength compared with the full-coal or full-rock roadway and often presents complex
deformation and failure characteristics of the surrounding rock [5–7].

Some scholars have carried out relevant research on the deformation mechanism and
control technology of the surrounding rock in the coal–rock roadway. Such as Wang et al. [8]
who took near-horizontal coal–rock mining roadway as their research object and determined
that the key to maintaining the stability of the surrounding rock of such a roadway was to
control the shear slip misalignment deformation of the coal–rock interface. Liu [9] studied
the stability of the surrounding rock structure of the coal–rock roadway based on FLAC3D

numerical simulation software and found that the loosening circle of the surrounding rock in
the roadway side was the largest, and its average value was 1.5 times that of loosening circle of
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the roof and floor. Yao et al. [10] studied the deformation and failure mechanism of a coal–rock
roadway with extremely broken surrounding rock and found that, under the condition of
passive support, the deformation and failure of the roadway were influenced by multiple
effects of water absorption expansion, weak interlayer, joints, and so on, and the deformation
and failure of the roadway were serious. Zhang et al. [11] analyzed the change law of the
plastic zone of the surrounding rock of the coal–rock roadway with different buried depths
and found that the plastic zone of the surrounding rock gradually increased with the increase
of roadway buried depth, especially in the two sides and floor. Jin et al. [12] found that after
the coal–rock mining roadway was dug out, when the support strength was not enough,
the plastic zone development range of the surrounding rock in the process of stress balance
was mainly concentrated in the two sidewalls and roof. Luo et al. [13] found that the coal–
rock roadways have obvious discontinuities in the levels of the surrounding rock structure,
mechanical properties, and surrounding rock deformation and rupture. Wang et al. [14]
aimed at the serious deformation problem of a coal–rock roadway in China’s Meihuajing
coal mine and analyzed the characteristics of discontinuous surrounding rock structure
and asymmetric deformation of the surrounding rock by means of geological investigation,
mechanical experiment and numerical simulation. Sun et al. [15] concluded that the lack of
floor control in roadway support, the weakening of rock mass strength by geological tectonic
action and the water swelling of the argillaceous floor were the three main factors leading to
floor heave in a coal–rock soft floor roadway. Yu et al. [16] found that, when the specimen
of the coal–rock combination was under pressure, the coal body was mainly destroyed by
bulging under pressure. There was a certain relative sliding trend between the coal body
and the rock mass in the coal–rock roadway, and the roadway section would have uneven
deformation, resulting in a large deformation or destruction of key parts. Xu. [17] studied the
cross-section shape of the coal–rock roadway by numerical simulation and pointed out that
the arc angle shape was better than the acute angle heterotype. Gao et al. [18] used a numerical
simulation method to study the influence of different basic roof fracture forms on the stability
of surrounding rock of the coal–rock roadway along the goaf in an inclined coal seam and
found that the position of the basic roof fracture line on the goaf side had the least influence
on the stability of the surrounding rock. Zhang et al. [19] found that the surrounding rock of
the roadway arranged in thin-bedded coal–rock crossovers showed asymmetric deformation
characteristics, and the deformation of floor, shoulder angle, and arch angle were severe. The
conventional open and symmetrical support structures could not control the deformation of
the roadway. In view of the deformation and failure characteristics of the surrounding rock
of the coal–rock roadway under specific conditions, some scholars [20–24] have conducted
optimization analysis and research on the support scheme and specific support parameters of
the coal–rock roadway based on numerical simulation, theoretical analysis and field test.

The above research has provided useful references for the control of the surrounding
rock of the near-horizontal coal–rock roadway. However, research on the mechanical
mechanism and control technology of the deformation and failure of the surrounding
rock of the GCRGICS in Guizhou Province has been rare. In addition, the research on the
deformation mechanism of the coal–rock roadway in the existing results mostly focused on
the difference in strength between the coal and the rock body in the roadway side, ignoring
the influence of the dip angle on the stability of the surrounding rock. Therefore, the
authors took the 1511 return air roadway of a mine in Guizhou as the research object and
studied the asymmetric deformation and failure characteristics of the gob-side coal–rock
roadway under different coal seam dip angles by numerical simulation, and the internal
relationship between the coal seam dip angle and asymmetric deformation and the failure
of the gob-side coal–rock roadway was further revealed.

2. Asymmetric Deformation Characteristics of Surrounding Rock in the Gob-Side
Coal–Rock Roadway

Based on the field engineering investigation, the surrounding rock deformation of the
1511 return air roadway (GCRGICS) mainly presented the following characteristics:



Sustainability 2022, 14, 7299 3 of 15

(1) Continuous floor heave. Due to the infiltration of fissure water in the surrounding
rock and the influx of water from the neighboring mining, the floor was seriously
flooded after roof watering, and floor heave deformation was continuously produced,
as shown in Figure 1a.

(2) Coal–rock interface slip dislocation. The coal–rock body at the coal–rock interface
on the side of the roadway, especially at the side of the narrow coal pillar, produced
an obvious slip dislocation deformation along the coal–rock interface. When it was
serious, it presented the phenomenon of stepped bulging, as shown in Figure 1b.

(3) The two sides showed asymmetric deformation characteristics. It was found in the
investigation that, under the existing support model, the deformation of the coal
pillar side of the roadway was generally greater than that of the solid coal side, as
shown in Figure 1c,d. According to the results of the field investigation, the sketch of
asymmetric deformation characteristics of the roadway was drawn in Figure 2.
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Figure 1. Pictures of roadway deformation characteristics. (a) Continuous floor heave; (b) coal–rock
interface slip dislocation; (c) asymmetrical failure of bolt–mesh–anchor support; (d) asymmetrical
failure of U-shaped steel support.
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Figure 2. Sketch of asymmetric deformation characteristics of roadway.

3. Engineering Geology Overview

The 1511 return airflow roadway of a mine in Guizhou is arranged in the No. 15
coal seam and floor strata of the mine. The roadway protection method of gob-side entry
driving with 3 m wide and narrow coal pillars has been adopted. The roof and floor are
mainly mudstones, argillaceous siltstone and other weak strata. The layout and thickness
of the rock strata are shown in Figure 3. The average thickness of the coal seam is 2.1 m, and
the average dip angle is 20◦. The cross-section shape of the roadway is a straight walled
semicircular arch, and the net size of the cross-section is 5000 mm × 3100 mm (lower width
× middle height). The coal part accounts for about 60% of the cross-section size area, it
belongs to the typical GCRGICS. The main mechanical parameters of the coal seam and
strata are shown in Table 1.
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Figure 3. Lithological column of the gob-side coal–rock roadway.
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Table 1. Mechanical parameters of coal seam and strata.

Lithology Density
(g/cm3)

Bulk
(GPa)

Shear
(GPa)

Cohesion
(MPa)

Friction
(◦)

Overlying strata 2.500 12.00 7.60 2.30 28
Siltstone 2.325 10.85 7.00 7.90 31

Argillaceous siltstone 2.370 11.90 7.80 8.60 33
No. 15 coal seam 1.395 0.75 0.23 0.21 13
Fine sandstone 2.325 10.85 7.00 7.90 31

Underlying strata 2.500 12.00 7.60 2.30 28

4. Asymmetric Deformation Mechanism of Coal–Rock Interface Slip Dislocation
under the Influence of Dip Angle

By summarizing the deformation and failure characteristics of the roadway, it can be
seen that the deformation of the roadway was mainly located on the coal side, and the
coal side deformation was mainly composed of the slip and dislocation of the coal–rock
interface. Some scholars have studied mining stress and the mechanical properties of the
coal pillar, the literature [25,26] established two different analytical models, respectively,
to determine the mining stress of the roadways and the pillars, and mathematically, the
transferred stress and coefficient of stress concentration over roadways and pillars were
determined. The literature [27] proposed that the strength of an inclined coal pillar should
be estimated by considering the dip angle of the coal seam and its related characteristics
because the shear effect along the dip angle will aggravate the instability of the inclined coal
pillar. In order to analyze the shear–slip dislocation mechanism of the coal–rock interface
of the roadway side of the GCRGICS, a simplified model of the mechanics (Figure 4) was
established by considering only the coal–rock interface between the narrow coal pillar and
the floor, taking the narrow coal pillar side as the object of study. In the figure, σy is the
normal y-direction stress at the coal–rock interface in the narrow coal pillar (Mpa); σx is the
x-direction stress along the coal–rock interface in the narrow coal pillar (Mpa); α is the dip
angle of the coal seam (◦).

Sustainability 2022, 14, x FOR PEER REVIEW 5 of 16 
 

Table 1. Mechanical parameters of coal seam and strata. 

Lithology 
Density  

(g/cm3) 

Bulk  

(GPa) 

Shear  

(GPa) 

Cohesion  

(MPa) 

Friction  

(°) 

Overlying strata 2.500 12.00 7.60 2.30 28 

Siltstone 2.325 10.85 7.00 7.90 31 

Argillaceous siltstone 2.370 11.90 7.80 8.60 33 

No. 15 coal seam 1.395 0.75 0.23 0.21 13 

Fine sandstone 2.325 10.85 7.00 7.90 31 

Underlying strata 2.500 12.00 7.60 2.30 28 

4. Asymmetric Deformation Mechanism of Coal–Rock Interface Slip Dislocation un-

der the Influence of Dip Angle 

By summarizing the deformation and failure characteristics of the roadway, it can be 

seen that the deformation of the roadway was mainly located on the coal side, and the 

coal side deformation was mainly composed of the slip and dislocation of the coal–rock 

interface. Some scholars have studied mining stress and the mechanical properties of the 

coal pillar, the literature [25,26] established two different analytical models, respectively, 

to determine the mining stress of the roadways and the pillars, and mathematically, the 

transferred stress and coefficient of stress concentration over roadways and pillars were 

determined. The literature [27] proposed that the strength of an inclined coal pillar should 

be estimated by considering the dip angle of the coal seam and its related characteristics 

because the shear effect along the dip angle will aggravate the instability of the inclined 

coal pillar. In order to analyze the shear–slip dislocation mechanism of the coal–rock in-

terface of the roadway side of the GCRGICS, a simplified model of the mechanics (Figure 

4) was established by considering only the coal–rock interface between the narrow coal 

pillar and the floor, taking the narrow coal pillar side as the object of study. In the figure, 

y
  is the normal y -direction stress at the coal–rock interface in the narrow coal pillar 

(Mpa); 
x

  is the x -direction stress along the coal–rock interface in the narrow coal pil-

lar (Mpa);   is the dip angle of the coal seam (°). 

 

Figure 4. Mechanical model of shear–slip fault of coal–rock interface of the narrow coal pillar side. 

The tendency of relative slip dislocation at the coal–rock interface will generate two 

types of forces. One is shear stress   caused by 
x

  stress along the coal–rock interface 



x

y

O

f



tu
un

y

x

Figure 4. Mechanical model of shear–slip fault of coal–rock interface of the narrow coal pillar side.

The tendency of relative slip dislocation at the coal–rock interface will generate two types
of forces. One is shear stress τ caused by σx stress along the coal–rock interface direction, the
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other is friction stress f caused by normal stress σy along the coal–rock interface direction.
The relationship between the two forces can be expressed by an empirical equation [28].

τ = σy tan
[

JRClg
(

JCS
σy

)
+ ϕb

]
(1)

where JRC and JCS are the roughness coefficient and compressive strength of the coal–rock
interface, respectively, and ϕb is the basic internal friction angle of the rock.

Due to the influence of strength difference, the coal body above the coal–rock interface
will first produce normal displacement uy under normal stress σy and quickly reach the limit
value. After that, the shear displacement ux is continuously generated along the coal–rock
interface under the shear stress τ. It can be expressed by the following equation [2,29,30].

uy = umax

[
1− exp

(
−

σy

kn0

)]
(2)

umax = H + I(JRC) + J

(
JCS
aj

)K

(3)

kn0 = −7.15 + 1.75(JRC) + 0.02

(
JCS
aj

)
(4)

aj =
JRC

5

(
0.2

σc

JCS
− 0.1

)
(5)

where umax is the maximum normal closure quantity of coal–rock interface (m); kn0 is the
initial normal stiffness of the coal–rock interface (N/m); H, I, J, K are regression coefficients;
and σc is the uniaxial compressive strength (Mpa).

The following relationship between the normal stress σy at the coal–rock interface and
the stress σx along the coal–rock interface in the x direction.

σx = λσy (6)

where λ is the lateral pressure coefficient along the x direction of the coal–rock interface.
During the service of the GCRGICS, σy and σx rise sharply due to excavation distur-

bance and surrounding rock stress concentration, which accelerates the increase of shear
stress τ at the coal–rock interface. When τ and friction stress f satisfy Equation (7), the
slip dislocation deformation of the coal body will occur along the coal–rock interface. The
relationship between the shear displacement ux and the shear stress τ can be expressed by
the hyperbolic equation, Equation (8) [16].

τ ≥ f = σy tan
[

JRClg
(

JCS
σy

)
+ ϕb

]
(7)

τ =
ux

m + nux
(8)

where m and n are the reciprocal of the shear stiffness Ksi and the reciprocal of the hyperbolic
horizontal asymptotic line, respectively.

Therefore, after the roadway is dug out, the coal–rock interface of the two sides is
mainly dominated by the shear–slip dislocation deformation of the coal body, which becomes
the main channel for the release of stress and deformation energy. Affected by the shear
stress τ of the coal–rock interface, the larger the shear stress is, the larger the amount of
shear–slip deformation produced. Moreover, the shear stress is mainly caused by the stress σx
along the direction of the coal–rock interface. In other words, under the same conditions, the
larger σx is, the more obvious the tendency of shear–slip dislocation deformation.
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Different from a near-horizontal coal seam, mining the gently inclined coal seam
produces a self-weight stress component σzx along the coal–rock interface. Obviously, when
σzx is the same or opposite direction of stress σx along the coal–rock interface direction,
the effect of σx will be intensified or weakened, resulting in differences in the amount of
shear–slip misalignment deformation induced in the coal–rock interface. Therefore, for
the upper side of the GCRGICS, since the stress component of the self-weight stress of the
narrow coal pillar along the coal–rock interface is the same as that of σx, it will aggravate
the slip dislocation deformation of the coal body to the roadway space. For the lower solid
coal side, the self-weight stress along the stress component of the coal–rock interface is
opposite to the σx direction, which will slow down the deformation trend to a certain extent.
Combined with the influence of the strength difference of the upper and lower sides of
the gob-side roadway, the shear–slip dislocation deformation of the upper and lower sides
of the coal–rock interface is expanded, which is the internal direct cause of asymmetric
deformation and failure of the surrounding rock.

5. Numerical Simulation of Asymmetric Deformation and Failure Characteristics of
the GCRGICS under Different Dip Angles
5.1. Establishment of Numerical Calculation Mode

The deformation and failure of the surrounding rock of the GCRGICS was a three-
dimensional spatiotemporal evolution process, so the finite-difference software FLAC3D

was used to establish a three-dimensional numerical calculation model as shown in Figure 5,
the model size (X × Y × Z) was 350 m × 120 m × 170 m. The coal seam and its immediate
roof, main roof, immediate floor, main floor and other strata within 25 m around the
roadway were used for local grid refinement, and the model was divided into 127,280 grids
and 13,938 mesh nodes. The bottom of the model was fixed, the horizontal displacement
was limited around the model and 7.5 MPa was applied on the top of the model to simulate
the weight of the overlying strata on the buried depth of the roadway, and the Mohr–
Coulomb yield criterion was selected for this structural model.
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In order to analyze the coal seam dip effect of asymmetric deformation and failure of
the surrounding rock, four numerical models with dip angles of 0◦, 10◦, 20◦ and 25◦ were
established, as shown in Figure 6.
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5.2. Numerical Simulation Results
5.2.1. Asymmetric Deformation Characteristics of the Gob-Side Coal–Rock Roadway under
Different Dip Angles

Figures 7–12 show the contour map of the vertical displacement of the surrounding
rock, the deformation evolution law of the roof, floor and two sides of the coal–rock body
and the evolution law of the asymmetric deformation rate after the disturbance was stable
under different coal seam dip angles.
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(1) Vertical displacement

It can be seen from Figures 7 and 8 that, when the dip angle was 0◦, the vertical
deformation of the surrounding rock was dominated by the arc triangle coal on the solid
coal side. The second was the arc triangle coal on the goaf side, and the maximum
subsidence sizes were 350 and 200 mm, respectively. The deformations of the two sides
of rock mass were small and the difference was small, and the deformation of floor heave
was only 33 mm. At the coal–rock interface between the two sides of the roadway, the
upper and lower sides of the coal and rock bodies showed discontinuous deformation. The
vertical displacement of the upper coal body was downward, and the vertical displacement
of the lower rock mass was upward, and the “vertical zero displacement” dividing line
appeared in the area near the coal–rock interface.

As the dip angle gradually increased from 0◦ to 10◦, 20◦ and 25◦, the vertical displace-
ment of the surrounding rock was still dominated by the roof subsidence but compared
with the dip angle of 0◦, the maximum subsidence of the roof turned to the arc triangle coal
area on the upper side of the goaf, and the maximum subsidence sizes were 346, 380 and
479 mm. The second was the deformation of the lower rock mass, which were 50, 60 and
114 mm in turn. The deformations of the upper rock mass and floor heave were small and
had little change; they remained at 20–30 and 30–40 mm, respectively. Moreover, with the
increase of dip angle, the vertical displacement of the surrounding rock on both sides of
the roadway still had obvious boundary characteristics near the coal–rock interface, and
the boundary line of “vertical zero displacement” on both sides gradually rotated with the
inclination direction of coal seam from the approximate horizontal position.

(2) Horizontal displacement

It can be seen from Figures 9 and 10 that, when the dip angle was 0◦, the horizontal
deformation of the surrounding rock was dominated by the slip bulging deformation of the
arc triangle coal on the solid coal side, and the maximum horizontal displacement reached
900 mm. The second was the arc triangle coal and rock mass on the goaf side, and the
bulging amounts were 400 and 100 mm, respectively. The deformation of rock mass on
the solid coal side was small, only 0–5 mm. The coal and rock bodies above and below
the coal–rock interface of the two sides showed the deformation characteristics of sliding
dislocation steps due to uncoordinated horizontal deformation, which was more obvious
on the solid coal side.

As the dip angle gradually increased from 0◦ to 10◦ and 20◦, the horizontal displace-
ment of the surrounding rock began to transform into the slip bulging deformation of
the arc triangle coal on the goaf side of the upper side, with the horizontal displacement
reaching 500 and 600 mm, respectively. The second was the arc triangle coal on the lower
solid coal side, with the horizontal bulging deformation reaching 350 and 400 mm, re-
spectively. The deformation of the upper rock mass was small and had little change; it
was 36 and 53 mm, respectively, and that of the lower rock mass was 50 and 151 mm,
respectively. The overall surrounding rock presented an asymmetric large deformation
trend characterized by the slip dislocation of the coal–rock interface, and the relative slip
dislocation deformation of the upper coal–rock body was 464 and 547 mm, respectively.

When the dip angle increased to 25◦, the coal and rock strata of the surrounding rock
showed obvious inclination characteristics. Compared with the dip angle of 10◦ and 20◦,
the deformation of the surrounding rock changed significantly, again manifested as the
deformation of the surrounding rock with the lower side arc triangle coal slip bulge; the
maximum deformation was 950 mm. The second was the arc triangle coal on the upper side;
the bulging deformation was 450 mm, and the deformation of the rock mass in the upper
and lower sides was small, about 50–60 mm. The relative dislocation deformation of the
upper and lower sides of the coal and rock bodies were 387 and 900 mm, respectively, and
the asymmetric large deformation trend of the surrounding rock was further highlighted.
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(3) Asymmetric deformation rate

The complexity of underground mining conditions in coal mines presents more types
of roadways with asymmetric deformation characteristics, but their analysis has been
mostly described qualitatively in the past.

In order to further analyze the quantitative correlation between the asymmetric de-
formation characteristics and the influencing factors of the GCRGICS and to seek the
quantitative control and evaluation method, the literature [31] proposed the concept of
“asymmetric deformation rate” and quantitatively characterized the degree of asymmetric
deformation by the relative difference in degree of deformation between the two sides of
the roadway, calculated as shown in Equation (9).

η =
max (∆S1, ∆S2)−min (∆S1, ∆S2)

min (∆S1, ∆S2)
× 100% (9)

where ∆S1 and ∆S2 are the shrinkage of the two sides of the roadway bounded by the center
line of the original roadway section, (m2). As shown in Figure 11, ∆S1 = S1 − S1

′ ≥ 0,
∆S2 = S2 − S2

′ ≥ 0. Among them S1, S2 and S1
′
, S2

′
are the original design section area

on both sides of the roadway bounded by the original roadway center line and the section
area after contraction, respectively (m2). Obviously, the larger η is, the more obvious the
asymmetric deformation characteristics of the roadway.

(4) Evolution law of asymmetric deformation rate

It can be seen from Figure 12 that, in the inclination angle range of 0◦–25◦, the asym-
metric deformation rate of the gob-side coal–rock roadway and the inclination angle of
the coal seam were roughly V-shaped. When the dip angle of the coal seam was 0◦, the
deformation of the surrounding rock was mainly the slip dislocation deformation of the
coal body of the solid coal side, and the asymmetric deformation rate was larger, which
was 20.8%.

When the dip angle increased to about 10◦, the deformation difference on both sides
of the roadway decreased due to the obvious increase of the slip dislocation deformation
of the upper coal body, and the asymmetric deformation rate decreased significantly to
1.1%. When the coal seam dip angle further increased to 20◦ and 25◦, the slip dislocation
deformation of the lower side of the roadway increased significantly due to the increase
in coal area, and the asymmetric deformation rate increased to about 15%. Therefore, for
the GCRGICS, from the perspective of reducing the asymmetric deformation rate, it was
more favorable when the coal seam dip was about 10◦, while the asymmetric deformation
characteristics were more obvious when the coal seam dip was too small or too large.

5.2.2. Asymmetric Failure Characteristics of the Gob-Side Coal–Rock Roadway under
Different Dip Angles

The distribution of the plastic zone of the surrounding rock after the influence of
driving and mining disturbance stabilization at different dip angles is shown in Figure 13.

When the dip angle was 0◦, the plastic zone range of the surrounding rock on the solid
coal side was larger than that on the goaf side and was dominated by shear failure. The
plastic zone of the floor was symmetrically distributed and mainly underwent shear failure.
The surrounding rock of the two sides was affected by the strength difference between
the coal and rock bodies, the arc triangle coal area was characterized by tensile–shear
composite failure. The shear failure was the main part of the roadway, and the deformation
and failure of the roadway were mainly concentrated in the solid coal side area.

With the dip angle increased to 25◦, compared with 0◦, the plastic zone range of the
roadway roof and its two sides expanded continuously, and it showed that the failure range
of the surrounding rock of the gob-side roadway increased significantly with the increase
of the coal seam dip angle. The plastic zone of the floor was mainly concentrated in the
floor area near the solid coal side, and with the increase of dip angle, it gradually shifted
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from the symmetric distribution to the asymmetric distribution, and the trend was more
obvious, indicating that the dip angle was closely related to the failure mode of the floor.
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Figure 13. Plastic zone distribution with different dip angles. (a) α = 0◦; (b) α = 10◦; (c) α = 20◦; (d) α = 25◦.

6. Conclusions

(1) This study found the influence law of the dip angles on the asymmetric deformation
and failure of the surrounding rock of the gob-side coal–rock roadway. With the
increase of the dip angle, the shear–slip dislocation deformation of the coal–rock inter-
face intensified. The deformation of the upper coal body slippage and misalignment
was increased, the narrow coal pillar yielded instability gradually, and the surround-
ing rock stress transferred to the lower solid coal side. The maximum slip deformation
area gradually transferred from the upper arc triangle coal to the lower arc triangle
coal, and the asymmetric deformation characteristics of the surrounding rock were
more obvious.

(2) For the GCRGICS, the relationship between asymmetric deformation rate and coal
seam dip angle was roughly V-shaped. When the coal seam dip angle was 10◦, the
asymmetric deformation rate was the smallest, only 1.1%. When the coal seam dip
angles were 0◦, 20◦ and 25◦, due to the difference of slip dislocation deformation
between the solid coal side and the upper goaf side, the asymmetric deformation rates
were relatively large, 20.8%, 12.6% and 14.9%, respectively.

(3) The plastic zone range of the surrounding rock expanded with the increase of the
dip angle, it showed that the failure range of the surrounding rock of the gob-side
roadway increased significantly after the increase of the dip angle. The new expansion
range was mainly located in the roof area, and the plastic zone of the floor was mainly
concentrated on the side of solid coal and developed from symmetric distribution to
asymmetric distribution with the increase of dip angle.
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(4) Compared with the existing research on the coal–rock roadways, the significance of
this study was to provide a scientific basis and theoretical guidance for the formulation
of the surrounding rock control scheme of the gob-side coal–rock roadway under
different dip angles. For the asymmetric deformation roadways under different
dip angles, the asymmetric support designs should be carried out according to the
load distribution law of the surrounding rock, such as anchor cable reinforcement
support or adjustment of bolt (cable) support parameters for differential support
countermeasures, so as to realize the strength coupling between the support body and
the surrounding rock and make the surrounding rock and the support body uniformly
and harmoniously deform within the allowable range of engineering application.
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