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Abstract: In the context of layered inclined surrounding rock in roadways, this study presents a comprehensive
analysis focusing on the asymmetrical deformation characteristics inherent to such geological structures. The
intersection of layered surrounding rock with roadways forms the basis for constructing a deformation partition
model, encompassing distinct sub-regions around the roadway. This model facilitates a detailed mechanical analysis,
wherein the stress exerted on rock formations within each sub-region is meticulously examined. Consequently,
specific mechanical formulas correlating to the stress in different sub-regions are established. This approach yields
insights into the failure modes of the layered surrounding rock across various sub-regions. Notably, the roadway’s
high side predominantly exhibits tensile failure, whereas the low side is characterized by shear failure. The application
of the Goodman model enables a simulation of interlayer slip occurring between the surrounding rock of the roadway,
distributed across different partitions. This study delineates the deformation of the layered inclined surrounding rock
road-way as a process with pronounced temporal characteristics. The progression of deformation and failure in the
surrounding rock typically initiates at the tangent point between the roadway roof and the rock layer, extending to
the roadway floor, the high-top bottom angle, and subsequently the low-top bottom angle. This sequence culminates
in the development toward the high-top shoulder angle. The research further establishes a direct correlation between
the onset of asymmetrical deformation and the angle of shear stress on the roadway surface relative to the inclination
of the rock formation; a smaller angle precipitates an earlier onset of this deformation.
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1 Introduction

Coal is the foundation of world economic and social development. It has been second only to oil for a long time,
accounting for 27.2% of the important energy in the global energy consumption structure. In 2021, coal will already
account for 56% of China’s energy consumption structure comparison. China is also the largest country in coal
production. In 2021, the global coal output will be 7.889 billion tons, and China’s coal output will be 4.071 billion
tons. China’s coal mining directly has a significant impact on the world’s coal production and consumption patterns.
With the gradual exhaustion of shallow resources, deep coal mining is an inevitable trend of coal mining [1, 2]. The
occurrence of coal in China determines that China’s coal mines are mainly underground mining, and many tunnels
need to be dug underground. According to incomplete statistics, the total length of newly excavated roadways in
China’s coal mines is nearly 20,000 kilometers every year. Keeping the roadways smooth and maintaining the
stability of the roadways is of great significance to the construction and production of coal mines. Statistics show
that about 55% of China’s recoverable coal reserves are found in sloping rock formations. Among the 50 counted
kilometer deep mine, there are 38 mines whose inclination angle is greater than 10°, and 11 of which have rock
formations whose inclination angle exceeds 30° [3]. Field measurements show that the inclination of rock formations
increases the complexity of roadway support. When the inclination angle of rock formation is more than 10°, it has
obvious influence on the deformation of deep roadway. The deformation of the surrounding rock of the roadway
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shows asymmetric characteristics such as time non-uniformity and spatial asymmetry. Especially after entering the
deep mining, the deep nonlinear mechanical system [4] and surrounding rock stability are related to the dip angle of
the coal seam, the length of the shear plane and the physical and mechanical parameters of the coal and rock mass [5].
Zhou et al. [6] established the instability model of the upper coal mass by using the Bishop algorithm, and deduced
the calculation formula of the stability safety factor of the upper coal mass. Scholars have established a mechanical
model for the stability of the roof “triangular structure” by establishing a mechanical model [7–9] and a plastic
zone mechanical model [10, 11] based on the two coal bodies in the mining roadway under the action of bearing
pressure [12–14]. Using elastic-plastic mechanics and the theory of rock pressure to reveal the law of rock pressure
in steeply inclined coal seam roadways [15–18], and put forward the calculation formula of entropy flow of roadway
roof support system [19–21]. It is concluded that the deformation and failure characteristics of the surrounding
rock in the steeply inclined coal seam roadway are different in the range of the loose circle and the uneven stress
distribution of the surrounding rock [22]. The lateral and vertical deformation and evolution characteristics of the
two sides and roof of the dynamic pressure roadway at different depths were quantitatively analyzed [23]. Using the
theory of slip line field, the slip line field of shear-slip failure of homogeneous elastic-plastic surrounding rock and
the calculation formula of ultimate load including failure characteristic parameters are obtained [24]. It is confirmed
that the lithology of the surrounding rock and the size of the roadway section are important factors affecting the
fracture range of the surrounding rock [25]. The mechanism and influencing factors of four types of kick drums,
including squeeze-fluid kick drum, flexurally folded kick drum, shear dislocation kick drum and water-expandable
kick drum, were analyzed [26]. On the basis of theoretical analysis, a support design scheme was proposed [27], and
an integral closed support was constructed with active supports such as bolts, anchor cables and grouting as the main
body [12, 13, 28, 29]. The anchor-net-cable coupling support design scheme is proposed in a targeted manner [30].
These researches have a certain guiding role for the formulation of support schemes for shallow steeply inclined and
deep high-stress roadways, but it is necessary to do further research on the influence of inclination angle on roadway
deformation. Li et al. [31] studied the evolution law of the distribution characteristics of the butterfly-shaped plastic
zone of the roadway with the deflection of the principal stress direction of the surrounding rock, and revealed the
formation mechanism of the butterfly leaf directionality of the butterfly-shaped plastic zone of the roadway. Through
big data analysis, Meng et al. [32] studied the law of rock inclination α, the angle between the rock strike and the
tunnel axis β, the maximum principal stress of the original rock stress field and the angle between the rock layer, and
asymmetric deformation. Liu and Zhang [33] believed that the mechanical properties of layered rock mass change
due to the change of the angle between the layer and the principal stress. Li et al. [34] believed that the greater
the inclination angle of the rock formation, the greater the probability of the failure of the tunnel to slide along the
bed, and the surface subsidence, vault displacement, and principal stress of the surrounding rock increase with the
increase of the inclination angle. Hu [35] believed that the strength of layered rock showed a U-shaped distribution
law with the increase of the layer angle, and the degree of anisotropy of the layered rock decreased with the increase
of the confining pressure. Tian et al. [36] studied the non-uniform deformation characteristics of tunnels. Wu et
al. [37], Wu et al. [38], and Jia et al. [39] studied the non-uniform deformation with good layering through similar
simulation experiments. Li et al. [40] and Wu et al. [41] think that the influence of confining pressure on Young’s
modulus is very significant. Zhang et al. [42] investigated the difference between uniform radial and non-uniform
convergence deformation patterns on the surface settlements and lateral deformation of soil. All of these analyses
have done some research on the deformation characteristics and deformation mechanism of the layered inclined
surrounding rock roadway, but the research on the mechanism of non-uniform deformation in different parts of the
roadway surrounding rock is not clear enough.

2 Study on Deformation Characteristics of Deep Inclined Rock Strata Roadway Subareas

The deformation and failure process of the deep inclined roadway is affected by the layered joints and the
inclination angle of the rock formation, thus showing different characteristics from the ordinary near-horizontal
roadway. Combined with the rock mechanical parameters, occurrence conditions and deformation and failure
characteristics of the surrounding rock of the deep inclined roadway, and using the relevant theories of material
mechanics and rock mechanics [43, 44], the surrounding rock of the deep layered inclined roadway is divided
according to the deformation and failure characteristics of the surrounding rock.

2.1 Deformation Properties Measurement and Analyses of Inclined Rock Strata Roadway

The elevation of the roadway floor of Qujiang Mine is -850 m, the surface elevation is 40-50 m, and the dip angle
of the rock formation is 15°. The surrounding rock of the roadway shows asymmetric deformation characteristics:
the roadway floor is asymmetrically deformed, the deformation of the high side is large, and the deformation of
the low side is small. The deformation characteristics of the high and low sides of the roadway are different. The
shoulder angle of the low side is severely deformed, while the high side is relatively stable. As shown in Figure 1.
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Figure 1. Asymmetric deformation distribution of roadway surrounding rock

Figure 2. Deforming destruction zone division of roadway inclined rock strata

2.2 Deformation Subareas of Layered Inclined Surrounding Rock of Roadway

Generally, the horizontal or near-horizontal layered surrounding rock of the roadway is divided into four areas
and three parts for research, which are the roadway roof, bottom plate and both sides of the roadway [45]. However,
due to the existence of rock inclination, the partition of deep inclined rock roadway still cannot describe the roadway
deformation effectively by using this method. Therefore, the surrounding rock of the deep layered inclined roadway
is divided into more detailed deformation areas, and the surrounding rock failure of the roadway is divided into 7
different areas according to the positional relationship between the layered surrounding rock and the roadway and
the deformation difference of the roadway surrounding rock, as shown in Figure 2.

In Figure 2, the four partition lines (dotted lines 1O, 2O, 3O, and 4O) are parallel to the inclination of the rock
formation. After the four partition lines intersect the surface of the roadway, the surrounding rock of the roadway
is divided into 7 areas. The 1O subdivision line is tangent to the roof of the roadway, and the area above this line is
divided into Zone I; The 3O subdivision line intersects with the bottom corner of the roadway, and the area below this
line is divided into Section IV; The high gang and the adjacent roof area included in the middle of the two partition
lines of 1O and 3O are divided into Zone II and Zone III by the 2O partition line passing through the intersection of the
surface line of the high gang and the roof; The low-top and the adjacent bottom plate area included in the middle
of the two partition lines of 1O and 3O are divided into V and VI areas by the 4O partition line passing through the
intersection of the low-top surface line and the bottom surface line. Partition line No. 5O divides the surrounding
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rock at the shoulder angle of the low-top-side and the roof into Zone VI and Zone VII from the tangent position
of the roof and the low-top. The integrity of the rock formation in Zones I and IV was not damaged by roadway
excavation, while the rock masses in Zones II, III, V, VI and VII were damaged by roadway excavation. Therefore,
according to the constraints and failure forms of rock mass in different regions, mechanical models are established
respectively, and simplified mechanical analysis is carried out [46, 47].

2.3 Mechanics Analysis of Different Rock Deformation Subareas

According to the surrounding rock structural conditions, mechanical conditions and deformation mechanism
of different partitions, the structural models of surrounding rock deformation and failure of deep layered inclined
roadways can be divided into two categories according to the integrity of the rock stratum: the rock stratum is intact
and the rock stratum is cut off by the roadway. The rock mass in Zone I and Zone IV in Figure 2 belongs to the rock
formation integrity type; Zone II, Zone III, Zone V, Zone VI and Zone VII belong to the cut-off type of roadway.

(1) Mechanical model of rock mass deformation in zone I and zone IV
The integrity of the layered surrounding rock in Zone I and Zone IV is not affected by the roadway excavation,

and the bending deformation of the surrounding rock in Zone I is symmetrically distributed on the normal line 7O of
the tangent point between the rock layer and the roof of the roadway; The bending deformation of the surrounding
rock in the IV area is symmetrically distributed with the normal line of the rock stratum high, the upper and the
bottom angle 6O, and the mechanical model of the deformation of the rock mass beam is established. The rock
inclination angle is α, the axial load of the rock mass beam is F , and the normal uniform load concentration is q1(x),
and the resistance load concentration of adjacent rock mass beams is q2(x). The length of the rock mass beam is L
(the influence range of the roadway deformation and the length of the intersection of the rock formation), as shown
in Figure 3.

Therefore, the bending moment equation of the rock mass beam is:

M(x) =
qL

2
x− q

2
x2 − Fw (1)

Among them, F is the bedding pressure on both ends of the rock mass beam; q = q1(x) − q2(x); w is the
deflection line of the rock mass beam. If the bedding pressure on both ends of the rock mass beam is not considered,
that is: F = 0, then there are:

M(x) =
qL

2
x− q

2
x2 (2)

Figure 3. Mechanical model of bending deformation of complete rock mass beam
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There is a maximum value for M(x) when x = L
2 :

M(x)max =
qL2

8
=

[q1(x)− q2(x)]L
2

8
(3)

2.4 Mechanical Model of Rock Mass Deformation in Zone II and Zone III

The lower part of the rock formation in Zone II and Zone III intersects with the roadway, the inclination angle of
the rock formation is α, and the uniform load of the inclined rock mass beam is q1(x). The resistance load of the
adjacent rock beam is q2(x).The length of the inclined rock mass beam is l. As shown in Figure 4.

The deformation of the surrounding rock mass of the roadway can be obtained according to the deflection
equation of the structural rock mass beam. According to the superposition method of deflection deformation, the
deflection equations of q1(x) and q2(x) are obtained respectively, and then superimposed. The deflection equations
for q1(x) and q2(x) are:

w1 =
−q1(x)

24EI

(
x2 − 4lx+ 6l2

)
(4)

w2 =
−q2(x)

24EI

(
x2 − 4lx+ 6l2

)
(5)

The bending moment equation of the rock mass beam can be obtained as:

M(x) =
− [q1(x)− q2(x)] (l − x)2

2
(6)

2.5 Mechanical Model of Rock Mass Deformation in Zone V, zone VI and Zone VII

Similarly, see Figure 5, the deformation of the rock formation in the V, VI and VII areas can be calculated
according to the deflection equation of the rock beam. The deflection equation of the rock layer can be calculated
according to the superposition method of deflection deformation, and the deflection equations of q1(x) and q2(x)
can be obtained respectively, and then superimposed. The deflection equations that can have q1(x) and q2(x) are:

w1 =
−q1(x)

24EI

(
x2 − 4lx+ 6l2

)
(7)

Figure 4. Mechanical model of bending deformation of rock mass beam
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Figure 5. Bending deformation mechanical model of rock mass beam

w2 =
−q2(x)

24EI

(
x2 − 4lx+ 6l2

)
(8)

From this, the bending moment equation of the rock mass beam can be obtained as:

M(x) =
− [q1(x)− q2(x)] (l − x)2

2
(9)

2.6 Criteria for Surrounding Rock Failure of Layered Inclined Roadway

The failure of the surrounding rock of the layered inclined roadway is the shear failure or tensile failure of the
surrounding rock under stress and strain conditions, that is, the shear force or tensile force of the surrounding rock
of the roadway exceeds the shear strength or tensile strength.

σc ≥ [σc] or τT ≥ [τT ]

In the formula, σc is the tensile stress in the rock mass beam, [σc] is the tensile strength of the rock material; τT
is the shear stress in the rock mass beam, and [τT ] is the shear strength of the rock material.

2.7 Tensile Failure Criterion of Surrounding Rock in Layered Inclined Roadway

The tensile stress on the cross-section of the rock mass beam in different partitions of the surrounding rock of
the layered inclined roadway is the criterion for judging whether the rock mass beam has tensile failure, as shown in
Figure 6.

Figure 6. Mechanical relationship diagram of rock mass beam
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The tensile stress in the rock mass beam is:

σc =
My

I
(10)

where, M is the bending moment in the section of the rock mass beam; y is the distance between the neutral axis of
the rock mass beam and the surface of the rock mass beam, the unit is m; I is the moment of inertia of the rock mass
beam section about the neutral axis. The structural section of the rock mass beam is a rectangular section, so there
are:

I =
bh3

12
, y =

h

2
(11)

where, b is the width of the rock mass beam, m; h is the thickness of the rock mass beam, the unit is m. Substituting
11 into 10 gives:

σc =
My

I
=

M(h/2)

bh3/12
=

6M

bh2
(12)

According to the beam bending theory of material mechanics, the maximum bending moment equations of
structural rock mass beams in zone I and zone IV are as follows:

M(x)max =
[q1(x)− q2(x)]L

2

8
(13)

Therefore, the maximum stress expression of the rock mass beam in Zone I and Zone IV is:

σcmax =
3 [q1(x)− q2(x)]L

2

4bh2
(14)

Because the maximum bending moment equation of the rock mass beam in the II area, III area, V area, VI area
and VII area is:

Mmax =
[q1(x)− q2(x)]

2
l2 (15)

The maximum stress expressions of rock mass beams in Zone II, Zone III, Zone V, Zone VI and Zone VII are
obtained as:

σcmax =
3 [q1(x)− q2(x)] l

2

bh2
(16)

If: ζ = [q1(x)−q2(x)]
bh2 .

From this there are:
The maximum stress expressions of rock mass beams in Zones I and IV are:

σcmax = ζ
3L2

4
(17)

The maximum stress expression of the rock mass beam in the II zone, III zone, V zone, VI zone and VII zone is
as follows:

σcmax = ζ3l2 (18)

The tensile failure criterion of rock mass beam is:

σcmax ≥ [σc] (19)

It can be seen from this that the length L of the rock mass beam is related to l. The longer its length is, the easier
the bending internal force in the rock mass beam is to exceed its ultimate tensile strength, resulting in tensile failure
of the rock mass beam.

Further analysis in combination with Figure 2 shows that the length of the rock mass beam is longer in the
junction area of Zone I, Zone II and Zone VII and the junction zone of Zone IV, Zone III and Zone VII, so the tensile
failure occurs first in these two areas. However, the length of the rock mass beam is relatively short in the junction
area of II and III and in the junction of V and VI and VII, so the tensile failure occurs relatively late in these areas.
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2.8 Analysis of Stress Direction in Surrounding Rock of Layered Inclined Roadway

After the excavation of the roadway, the original rock stress field of the surrounding rock of the roadway
was destroyed, and the rock mass on the roadway surface changed from the original three-direction force to the
two-direction force, as shown in Figure 7.

The inclination angle of the rock formation in the surrounding rock of the layered inclined roadway is α, and the
horizontal stress is σh and the vertical stress is σv in the area around the roadway that is not affected by the roadway
excavation. Due to the formation of free face of the rock mass near the surface of the roadway, the directions of
these two forces change, and are converted into a force σt tangential to the surface of the roadway and a force σr

perpendicular to the surface of the roadway.
(1) Stress Analysis of Rock Mass in Areas II and VII
Due to the excavation of the roadway, the integrity of the rock formations in Zones II and VII is damaged, which

also affects the stress characteristics of the rock mass in the zones. Figure 8 is a schematic diagram of the force of
the rock mass on the roadway surface in Zone II. Due to the excavation of the roadway, the normal stress rotation
of the roadway surface is parallel to the roadway surface, so on the roadway surface, the stress σr is zero, only
the tangential principal stress σt. σt at different positions in Zone II, the inclination angle of the rock formation is
different. As it goes deeper into the surrounding rock of the roadway, σr increases gradually.

It can be seen from Figure 8 that the stress on the rock mass in Zone II can be decomposed into the bedding
force and the force perpendicular to the rock layer. x’ is the inclination direction of the rock formation, and y’ is
the normal direction of the rock formation. The force expressions of the inner rock mass without considering the
influence of gravity are:

σIIx′ = σtx′ − σrx′ = σt cosβ − σr sinβ (20)

σIIy′ = σry′ + σty′ = σt sinβ + σr cosβ (21)

In the formula: β is the angle between the tangential line of the roadway surface and the inclination of the rock
formation, and α is the inclination angle of the rock formation. The direction of the force points to the inside of
the surrounding rock of the roadway is positive, which is the pressure; the direction of the force is negative when it
points to the outside of the roadway, which is the tension force.

Figure 9 is the force diagram of the rock mass on the roadway surface in zone VII. The stress of the surrounding
rock on the surface of the roadway in Zone VII is as follows:

σVIIx′ = σrx′ − σtx′ = σt cosβ − σr sinβ (22)

σVIIy′ = −σry′ − σty′ = −σr sinβ − σt cosβ (23)

(2) Stress Analysis of Rock Mass in Zones III, V and VI
According to the force of the rock mass in zone III on the roadway surface, the force σIII y′ of the rock mass in

zone III on the normal line of the rock formation and the force σIII x′ on the inclination direction of the rock formation
are shown in Figure 10:

Figure 7. Change of force on the surface of surrounding rock of roadway
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σIIIy′ = σty′ − σry′ = σt cosα− σr sinα (24)

σIIIx′ = −σrx′ − σtx′ = −σr cosα− σt sinα (25)

Figure 8. The force diagram of the rock mass in the II area

Figure 9. Force diagram of rock mass in area VII

Figure 10. Force diagram of rock mass in zone IIIC

Since the included angle between the rock mass and the roadway surface in Zone III is equal, that is, the stress
and magnitude of the rock mass are the same, so the deformation of the rock mass between different rock layers is the
same, and there is no interlayer sliding between different rock layers. According to formulas 24 and 25, since σr on
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the surface of the roadway is zero, σIII y′ is the downward pressure along the normal direction of the rock formation,
and σIII x′ is the resultant force of σr and σt both pointing to the center of the roadway. Therefore, the state of stress
of rock in zone III of the roadway is is a state of “both tension and compression”. The rock mass beam in the area is
prone to tensile failure.

Figure 11 shows the stress analysis of the rock strata in Zone V and Zone VI; Figure 12 shows the mechanical
analysis of the rock mass in Zone VI and Zone VII.

It can be seen from Figure 11 that the normal force σV y′ and bedding force σV x′ of the rock mass in zone V are:

σV y′ = σry′ + σty′ = σt sinα+ σr cosα (26)

σV x′ = σtx′ − σrx′ = σt cosα− σr sinα (27)

It can be seen from Figure 12 that the normal force σV Iy′ and bedding force σV Ix′ of the rock mass in Zone VI
and Zone VII are:

σV Iy′ = −σry′ − σty′ = −σt cosα− σr sinα (28)

σV Ix′ = σtx′ − σrx′ = σt sinα− σr cosα (29)

In the rock mass in zone V and zone VI of the roadway, in the normal direction of the rock formation, the stress
components in the tangential and radial directions of the roadway are in the same direction. The stress components
in the tangential and radial directions are opposite to each other in the bedding direction of the rock formation. The
stress state of the rock mass in zone V is represented by the tensile force along the normal direction of the rock
formation and the bedding pressure on the rock formation inclination. Under this stress state, the rock mass is prone
to bending deformation.

Eqs. (28) and (29) show that, after decomposing the stress of the rock mass and rock strata in zones III, V, VI and
VII of the surrounding rock along the normal direction of the rock stratum and along the bedding direction, when
the dip angle of the rock stratum is constant, the size of the decomposition force is different. Therefore, assuming
that a and b remain unchanged, a schematic diagram of the variation curve of the rock mass stress component with
the dip angle of the rock formation in these three regions can be drawn.

Figure 13 shows that the stress of the rock mass in Zone III shows that along with the increase of the dip angle
of the rock layer, the tensile force in the direction of the rock layer inclination gradually increases, and the shear
stress in the normal direction of the rock layer gradually decreases. The rock mass in the area mainly exhibits tensile
failure.

The stress situation of the rock mass in the V area shows that with the increase of the dip angle of the rock layer,
the bedding pressure in the direction of the rock layer inclination gradually decreases, the shear stress in the normal
direction of the rock layer gradually increases, and the rock mass occurs shear failure.

Figure 11. Force diagram of rock mass in area V
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Figure 12. Force diagram of rock mass in area VI and VII

Figure 13. Schematic diagram of the relationship between stress components and rock formation dip

The stress of the rock mass in zone VI shows that with the increase of the dip angle of the rock layer, the bedding
pressure in the direction of the rock layer inclination gradually increases, the shear force in the normal direction of
the rock layer gradually decreases, and the rock mass suffers pressure failure.

It can be found from the figure that σhigh−y′ and σlow−y′ decrease continuously with the increase of the dip
angle of the rock formation, that is, the interlayer pressure decreases continuously with the increase of the dip angle
of the rock formation; σhigh−x′ and σlow−x′ increase with the increase of the dip angle of the rock formation, that
is, the bedding pressure increases with the increase of the dip angle of the rock formation. When the formation dip
angle α increases to 90◦, σhigh−x′ and σlow−x′ are equal to the tangential pressure on the roadway surface, and
σhigh−y′ and σlow−y′ become radial pressure and equal to zero.

Based on the above analysis, there are differences in the force form of the free-standing rock mass in the high
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and low sides of the roadway. The force form of the high side free-standing rock mass is the combined effect of
the pressure perpendicular to the rock formation and the pulling force along the rock formation downwards to the
direction of the roadway. The rock mass is prone to tensile failure under this ”both compression and tension” force.
In the roadway bottom side, the rock mass is subjected to the combined action of the pressure perpendicular to
the rock formation and the pulling force along the rock layer down to the direction of the surrounding rock of the
roadway. This results in the asymmetry of the two sides deformation in the sloped rock roadway.

3 Slip Danger Identification of Inclined Rock Strata Roadway Surrounding Rock Subareas

The interlayer slip model in the surrounding rock area of the roadway is judged by the slip angle (ω) theory based
on the sliding trend judgment of the thin layered surrounding rock of the roadway proposed by Goodman in 1989.

In Figure 14, ω is the angle between the external force and the normal line of the rock joint plane. The slip force
on the joint surface between rock formations is F sinω. The anti-slip force of the joint surface is F cosα tanϕ. If
interlayer slip and dislocation occur in the surrounding rock of the roadway, Eq. (30) is established, where, ϕ is the
internal friction angle of the rock joint plane.

F sinω > F cosα tanϕ (30)

Simplifying Eq. (31) yields:

F tanω > F tanϕ ⇒ tanω > tanϕ (31)

That is: ω > ϕ. When the included angle (slip angle) between the external force and the normal direction of the
rock formation is greater than the friction angle in the joint plane, the layered surrounding rock of the roadway tends
to slip between layers.

For the rock mass in Zone III, Zone V and Zone VI, the direction of surface force of the roadway in Zone III
and Zone VI and the angle between the normal line of the rock formation are the same but different from Zone V.
Suppose the inclination angle of the rock formation is α, because the force on the roadway surface is parallel to the
roadway surface, so there is a relationship diagram between the tangential force of the surrounding rock and the joint
surface of the rock formation in the II, III, VI and V areas.

Figure 14. Force model of joint surface

Figure 15. Schematic diagram of slip direction in different partitions

It can be seen from Figure 15 that the slip angle of the rock mass and the dip angle of the rock formation are the
same for the roadway surface in Zone III and Zone VI, namely: ω = α; The rock mass in zone V has a slip angle:
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ω = 90− α; The slip angle of zone II and zone VII is the largest at the tangent between the rock formation and the
roadway roof. Therefore, when the dip angle α of the rock formation is less than 45◦, the slip angle of the rock mass
in Zones III and VI is smaller than that in Zone V. Under the same conditions of friction angle and stress in the joint
plane, the sliding trend of rock mass in V zone is more obvious than that of zone III and VI. Based on this, it can be
determined that the rock mass in the V zone appears to slip earlier than the rock mass in the III and VI zones when
the stress increases. From this, the sequence relationship of interlayer slip in surrounding rock of layered inclined
roadway can be obtained: Zone II, Zone VII>Zone V>Zone I, Zone IV>Zone VI, Zone III. When the dip angle of
the rock formation is greater than 45◦, Zone II, Zone VII>Zone VI, Zone III>Zone I, Zone IV > Zone V.

4 Conclusion and Discussion

(1) Different partition models of the layered inclined surrounding rock of the roadway show that the bending
internal force in the beam of the surrounding rock mass is related to its lengths L and l. The longer its length is, the
greater the bending internal force in the rock mass beam, and the easier it is to exceed its ultimate tensile strength,
resulting in tensile failure of the rock mass beam.

(2) There are differences in the force form of the surrounding rock in the high and low sides of the roadway.
The stress form of the high-side free rock mass is the combined effect of the pressure perpendicular to the rock
formation and the pulling force along the rock formation downward to the direction of the roadway. Under this “both
compression and tension” stress form, the rock mass is prone to tensile failure; In the bottom of the roadway, the
rock mass is subjected to the combined action of the pressure perpendicular to the rock formation and the pulling
force along the rock formation to the direction of the surrounding rock of the roadway. The form is different from
the high gang, and it shows three-way pressure, so the bottom gang of the roadway is not easy to be damaged. This
results in the asymmetry of the two-gang deformation in the sloped rock roadway.

(3) The sequence relationship of interlayer slip in the surrounding rock of the layered inclined roadway is: when
the dip angle of the rock formation is less than 45◦, zone II, zone VII>zone V > zone I, zone IV>zone VI, zone
III; when the dip angle of the rock formation is greater than 45◦, zone II, zone VII>zone VI, zone III>zone I,
zoneIV >zone V.
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