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Abstract
The failure and instability of roadway is a main disaster with the highest frequency in coal mines. The development of surrounding rock control
technology is an important way to ensure mine safety. In order to obtain the failure characteristics of surrounding rock and optimize the support method
of the roadway, the numerical simulation and physical simulation were used to investigate the mechanical behavior of deep roadway under different
lateral pressure coe�cients. The evolution mechanism of meso tensile-shear cracks in excavation damaged zone (EDZ) were deeply revealed. The
results show that the shear bands which are basically in the form of sliding spiral extends from the two sidewalls to the roof and �oor with the increase
of lateral pressure coe�cient, and develop to the deep surrounding rock. The “crescent-shaped” tensile failure zones generate in the roof and �oor when
λ < 1, and gradually decrease with the increase of horizontal stress. When λ = 1, the failure pattern around the arch and right angle sides are different
in�uenced by the shape of different side. Under the special stress environment of high deviatoric stress, the pattern of plastic zone will lead to butter�y-
like failure mode induced by the stress relief of excavation. Judged from the curves of tangential and deviatoric stress, the surrounding rock in the two
sidewalls, the roof and �oor are greatly damaged under λ < 0.75 and λ > 1.5 respectively. The veri�cation of the numerical simulation experiment is
proved by the similar material simulation experiment.

1. Introduction
With the increasing of coal mining depth, the problem of large deformation of surrounding rock in the deep is becoming increasingly serious. Once the
underground space is excavated, the redistribution of in-situ stress and the varying degrees of rock damage will inevitably occur surrounding the
roadway. The post-peak failure and deformation characteristics have always been an important topic and the mechanical behavior are quite complex as
shown in Fig. 1. The lateral pressure coe�cient is the ratio of horizontal stress to vertical stress, which is one of the important parameters re�ecting the
in-situ stress state of rock mass. It is particularly important to explore the mechanical behavior and failure characteristics of surrounding rock under
complex stress environment, which is of great signi�cance to safety of roadway.

In terms of the research on lateral pressure coe�cient based on FEM, some scholars (Tan et al. 2020; Wang et al. 2019; Hou et al. 2015; Wang et al.
2015; Wang et al. 2019; Yang et al. 2019) studied the stress and deformation distribution of roadway under different lateral pressure coe�cients. Dong
et al. (2019) investigated the approximate analytical range of plastic zone of surrounding rock in two-way unequal pressure roadway through the
approximate implicit method and veri�ed by Abaqus �nite element software. Yu et al. (2019) used PFC discrete element software to explore the
in�uence of vertical stress and lateral pressure coe�cient on different energy characteristics. The usage of strain softening model is very important for
the simulation of tensile-shear bands. The strain softening model was used to qualitatively and quantitatively analyze the failure of roadway (Cao et al.
2019; Guan et al. 2020; Li et al. 2019; Kang et al. 2021; Zhou et al. 2009), which showed that the strain softening model can better simulate the dynamic
failure characteristics of surrounding rock of roadway. Lu et al. (2010) obtained the softening law of post-peak mechanical parameters of weak rock
through establishing the subsequent yield surface model of weak rock characterized by two state parameters (generalized cohesion and generalized
internal friction angle). Wang et al. (2019) introduced Weibull distribution function to study the in�uence of internal friction angle on the zonal
disintegration of surrounding rock of gradually excavated arch roadway. Wang et al. (2013) established a statistical damage constitutive model which
can simulate the whole process of strain-softening rock deformation, and proved its rationality and feasibility. Wang et al. (2012) obtain the elastic
modulus of rock under various damage state for the failure characteristics of deep roadway, the butter�y failure theory was adopted (Guo et al. 2020
and Ma et al. 2019), which provided a new method and idea for studying the mechanical behavior of underground rock mass. The process and
characteristic evolution of zonal disintegration in roadway surrounding rock failure were analysed (Luo et al. 2012; Wang et al. 2010; Gao et al. 2010),
Bai et al. (2019) developed a continuous-discontinuous method that coupled Lagrange element method, deformable body discrete element method and
virtual crack model and considered quadrilateral element cracking along diagonal line. This innovative method was used to simulate the deformation-
cracking process of void model under different con�ning pressures.

In general, the studies on the macroscopic pattern characteristics of plastic zone of surrounding of the roadway are deeply investigated. However, there
are few references about the meso-failure network of tensile-shear cracks in EDZ. The meso-failue characteristics has very important practice guidance
for the directional bolt support. Based on the previous studies, the plane strain models were used to investigate the in�uence of different lateral pressure
coe�cients on the stress distribution and failure network of the surrounding rock by FEM numerical simulation and similar material simulation, which
can accurately predict the distribution and evolution of the tensile-shear band in EDZ. The research results will provide signi�cant practice value for the
in-site engineering.

2. Establishment Of The Model And Variable Determination

2.1. Failure zoning of roadway surrounding rock
Due to the roadway excavation, the redistribution of in-situ stress appears in the surrounding rock. A series of deformation and failure induced by the
stress pressurization and unloading in surrounding rock forms. According to the failure characteristics and the mechanical state, the surrounding rock
could be zoned as shown in the Fig. 2 (a). The surrounding rock will get into the strain softening stage after reaching the peak stress. In the strain
softening stage, the bearing capacity of surrounding rock is not completely lost, but gradually decreases with the increase of the shear strain until it
reaches the residual.
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In this zone, the surrounding rock is deeply destroyed by tensile and shear stress. However, the failure network is not disordered, but shows obvious
directional effect according to the direction of the maximum principal stress. The study on the distribution and evolution of meso-cracks in the EDZ will
promote the research on the failure mechanism of surrounding rock from macro to meso scale, and has great signi�cance for the research and
development of directional targeted control method of the surrounding rock. The conceptualized characteristics of meso tensile-shear failure in EDZ
under hydrostatic pressure as shown in Fig. 2 (b).

2.2. Establishment of calculation numerical model
The radius of the simulated roadway is 2 m. According to the elastic theory, the in�uence radius of excavation-induced stress in practical engineering is
approximate 4.5 times of roadway radius. In order to ensure that there was enough computing space, and not affected by the boundary, 7.5 times of the
roadway radius (15 m) had been selected as the half size of the calculation domain. The size of the calculation model is 30 m × 30 m. Within the range
of stress redistribution, the calculation model and mesh division of the arched roadway are shown in Fig. 3. The 14 stress monitoring points were set
every 0.5 m in the roof and right sidewall of the surrounding rock respectively.

2.3. Strain softening model and the selection of rock parameter
The plane strain model of roadway was established by strain softening constitutive model which was embedded in FLAC3D numerical simulation
software. Strain softening is an anamorphism process after the plastic yield of material, which is becoming ever more inelastic. In the numerical
simulation, the material is weakened by gradually reducing the cohesion and internal friction angle. The detailed parameters of the numerical
simulation model are shown in Table 1, and the bulk modulus and shear modulus as the mechanical properties of rock materials can be obtained
according to the Young's modulus and Poisson's ratio. The weakening parameters and weakening law are shown in Table 2.

Table 1
Mechanical parameters of numerical simulation (Porathur et al.)

Name Density

(Kg/m2)

Elastic
modulus(GPa)

Tensile
strength(MPa)

Shear
strength(MPa)

Bulk
modulus(GPa)

Shear
modulus(GPa)

Cohesion

(MPa)

Friction
angle(°)

Poisson
ratio

Sandstone 2500 10 1.3 3.2 6.67 4 3.2 34 0.25

Table 2
Change in cohesion and friction angle with shear

strain
Shear strain Cohesion/MPa Friction angle/°

0 3.2 34

0.005 3.0 33.5

0.01 2.8 33

0.05 0 29

2.4. Scheme determination of simulation
In this scheme, the surrounding rock was assumed as an uniform and isotropic strata in FLAC3D �nite difference software. The far-�eld stress is
hydrostatic pressure without creep and viscosity behavior. The plane strain model was restrain along the axial direction. The model boundaries were
constrained by the displacement control. The loading was carried out by the far-�eld stress σv and σh of in-situ stress, as shown in Fig. 2. Assume the
buried depth of the roadway is 800 m, the vertical stress is 20 MPa. The lateral pressure coe�cient λ is 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 2.25, 2.5. The
values of σv and σh are shown in Table 3. By the implementation of this scheme, with the changing of lateral pressure coe�cient, the stress distribution
and evolution of surrounding rock and plastic zone pattern of arched roadway were compared and analyzed.

Table 3
In-situ stress conditions

Lateral pressure coe�cient 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5

Vertical stress(σv)/MPa 20 20 20 20 20 20 20 20 20 20

Horizontal stress(σh)/MPa 5 10 15 20 25 30 35 40 45 50

3. Analysis And Discussion On Numerical Simulation Results

3.1. Analysis on failure characteristics of surrounding rock under different lateral
pressure coe�cients
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Figure 4 (a-j) shows the pattern of plastic zone surrounding the deep roadway. With the increase of lateral pressure coe�cient, the surrounding rock
shows the following characteristics.

(1) When λ < 1, there are different degrees of shear slip bands in roadway sidewalls. With the increase of lateral pressure coe�cient, the shear slip zone
of roadway sidewalls is more obvious. It can be seen that the shear failure occurs at both corners of the �oor �rstly, forming a “crab-claw shaped”
failure zone which extends to the middle of the �oor with the increase of the lateral pressure coe�cient. When the lateral pressure coe�cient is 0.25,
butter�y-like plastic zone appears around the deep roadway.

(2) When λ = 1, the surrounding rock is in a bidirectional isobaric stress �eld, and the plastic zone of the surrounding rock is evenly distributed.
In�uenced by the shape of different side, the failure pattern around the arch and right angle sides are different. The order of failure depth of surrounding
rock from shallow to deep is the two corners, the arch, the two sidewalls and the �oor. A square-shaped plastic zone is formed around the roadway, and
the shear slip failure zone occurs in the whole sides of the roadway.

(3) When λ > 1, the plastic zone form of surrounding rock is elliptical, and with the increase of lateral pressure coe�cient, the plastic expansion of roof
and �oor is more signi�cant than that of sidewalls. When λ further increases, shear slip bands which expands to the deep surrounding rock generates
gradually in the surrounding rock of arch roof and �oor. There are obvious intersections of the shear bands in this area. Therefore, when λ > 1, the failure
type around the arch and �oor of the roadway under this in-situ stress is mainly shear failure.

3.2. Failure mechanism analysis of surrounding rock under different lateral pressure
coe�cients
The tensile and compressive strength is an important mechanical property of rock. In the rock mass, the magnitude of tensile and compressive strength
will directly affect the stability of surrounding rock. In the FLAC3D numerical simulation, the directions of shear failure and tensile failure of rock mass
has a signi�cant relationship with the directions of maximum principal stress and minimum principal stress. Therefore, a clear understanding of the
distribution of maximum principal stress and minimum principal stress is of great signi�cance in the judgment of tensile and shear failure in rock mass.
The distribution of tensile and compressive stress was analyzed by the principal stress contour under different lateral pressure coe�cients, so as to
explain the mechanical behaviors and failure mechanism of plastic zone of surrounding rock.

(1) Failure characteristics of roadway surrounding rock (λ = 0.25)

When the lateral pressure coe�cient is 0.25, the vertical stress is 4 times that of the horizontal stress. It can be seen from the minimum principal stress
(Min-P-S, only used in �gure caption, See Fig. 5 (b)) and maximum principal stress(Max-P-S, only used in �gure caption, See Fig. 5 (c)) contours that the
tensile stress is mainly distributed in the shallow part of surrounding rock, and the shear bands is mainly distributed in the two sidewalls of the
roadway. According to the distribution pattern of plastic zone(P-Z, only used in �gure caption, See Fig. 5 (a)), under the high vertical stress, the “crescent-
shaped” tensile failure zones generate in the roof and �oor respectively. The good stress state of arch structure makes the tensile failure of arch roof far
less than that of �oor. High vertical stress is transmitted to the two sidewalls of the roadway after excavation, so that a “crab-claw shaped” stress
unloading area, which includes the conjugate shear bands and radial tensile failure, is formed in the two sidewalls. Under the condition of the lateral
pressure coe�cient of 0.25, because of the high differential stress magnitude between the two principle stresses, the stress state is signi�cantly uneven
in the surrounding rock. Induced by the arti�cial excavation of roadway, large-scale shear failure originated from the concentration point of the roadway
is prone to occur in the strata. A butter�y-like shear failure zone, just like the X-shaped failure mode in the UCS experiment, generates around the
roadway, as shown in the Fig. 5 (a). This may be the main reason for the large area dynamic damage in the roadway.

(2) Failure characteristics of roadway surrounding rock (0.5 ≤ λ ≤ 1)

1) When the lateral pressure coe�cient is 0.5, tensile failure under high vertical stress still generate in the roof and �oor, as shown in Fig. 6 (a). It is
found that the tensile stress zone is signi�cantly reduced compared with that when λ is 0.25, but the tensile failure of �oor is much greater than that in
the roof, and tensile stress area still exists in the shallow part of the two sidewalls. The shear slip bands mainly appear in the sidewalls, and the “crab-
claw shaped” failure zone formed in the �oor gradually decreases and closes to the middle of the �oor.

2) With the further increase of horizontal stress, when the lateral pressure coe�cient is 0.75, according to the maximum and minimum principal stress
distribution (See Fig. 6 (e, f)), the tensile failure area around the roadway decreases greatly. Meanwhile, the shear slip bands around the roadway
increase, and a small amount of shear failure occurs in roof. The “crab-claw shaped” failure area continues to expand in the �oor under the in�uence of
horizontal stress increasing, as shown in the Fig. 6 (d).

3) When the lateral pressure coe�cient is 1, the roadway is in the state of bidirectional isobaric stress. According to the distribution pattern and contour
of the plastic zone and principal stress as shown in the Fig. 6 (g-i), shear slip bands occur all around the whole roadway, and the plastic failure zone is
approximately square distribution. The “crab-claw shaped” shear slide bands penetrates the �oor strata of the roadway. An “inverted-triangle” non-
failure zone surrounded by the shear slip cracks above the penetration zone are formed.

Therefore, when the lateral pressure coe�cient is between 0.5 and 1, the plastic failure area in the roof and �oor is signi�cantly smaller than that of
sidewalls. With the increase of lateral pressure coe�cient, the tensile failure area mainly occurs in the roof and �oor and gradually decreases. Shear slip
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band is the main form of shear failure in the two sidewalls.

(3) Failure characteristics of roadway surrounding rock (1.25 ≤ λ ≤ 2)

1) When the lateral pressure coe�cient is 1.25, the horizontal stress is higher than the vertical stress. From the principal stress contour (See Fig. 7 (b-c)),
it can be seen that the tensile stress area generates in the �oor of roadway, and the V-shaped plastic failure area is formed in the deep surrounding rock
of �oor. In the distribution pattern of the plastic zone, it is found that the shape of roof forms a stable arch structure when the horizontal stress is
greater than the vertical stress, and the failure area of the �oor is larger than that of the roof.

2) When the lateral pressure coe�cient is 1.5, the plastic zone of roadway further expands, but the plastic failure zone of �oor expands faster than that
of roof. From the principal stress contour, as shown in Fig. 7 (e-f), it can be seen that the roof and �oor have obvious tensile stress due to high
horizontal stress and deep shear action, which makes the roof and �oor have obvious tensile-shear mixed failure area, and the anti-arch failure zone
formed in the �oor surrounding rock is more obvious.

3) When the lateral pressure coe�cient is 1.75, the radial tensile failure zones and shear slip bands of the roof and �oor become larger, and the number
of shear slip bands increases, as shown in Fig. 7 (g-i).,

4) When the lateral pressure coe�cient is 2, the shear slide bands of roof and �oor gradually expand to the deep surrounding rock. The failure area of
the �oor is obviously faster than that of roof. Induced by the increase of high horizontal stress, the shear slip bands of the �oor are accelerated to
expand to the deep surrounding rock, and the deep rock masses are cut to heterogeneous fracture network, as shown in Fig. 7 (j-l).

In summary, when the lateral pressure coe�cient is between 1 and 2, with the increase of lateral pressure coe�cient, the plastic zone expansion speed
in the roof and �oor is more obvious. The number of shear slip bands in the two sidewalls decrease and increase in the roof and �oor gradually. The
tensile failure zone is mainly concentrated in the arch shoulder and �oor corners.

(4) Failure characteristics of roadway surrounding rock (λ = 2.25 and λ = 2.5)

When the lateral pressure coe�cient is between 2 and 2.5, through the plastic zone pattern and principal stress contour (See Fig. 8), it can be clearly
seen that the tensile-shear failure is mainly concentrated in the roof and �oor. A butter�y-like failure of the �oor, which is perpendicular to the case of λ 
= 0.25, generates in the deep surrounding rock. The surrounding rock in the roof shows a trend of shear-slip spiral bands to butter�y-like failure. The
failure zone of the roadway further expands to the deep, and develops rapidly with the increase of horizontal stress. At the same time, the failure of the
surrounding rock under high deviatoric stress is directional, that is, the butter�y wing is the maximum failure depth and width of the surrounding rock
and located at the position of 45°-φ/2 with the maximum principle stress.

3.3. Distribution characteristics of the stress in the surrounding rock under different
lateral pressure coe�cient
(1) The tangential stress evolution of the sidewall and roof

For the tangential stress distribution characteristics curve of roof and right sidewall under different lateral pressure coe�cients, the peak strength and
abutment pressure are sensitive to the change of lateral pressure coe�cient. For the sidewall (See Fig. 9 (a)), when λ ≥ 1.5, the tangential stress of
surrounding rock is generally lower than the original stress, and the high horizontal stress makes the surrounding rock in a residual failure state. When
0.25 < λ < 1.5, with the increase of lateral pressure coe�cient, the range of limit equilibrium zone gradually decreases, the range of elastic zone gradually
increases, and the stress peak position of the monitoring points in surrounding rock shifts towards the direction of the roadway (See Fig. 10 (a)). For the
roof (See Fig. 9 (b)), when λ < 0.75, the tangential stress are no obvious differences with the horizontal stress. When λ > 0.75, with the increase of the
lateral pressure coe�cient, the limit equilibrium zone in the roof gradually becomes larger, the elastic zone becomes smaller, and the position of the
stress peak shifts to the deep part of the surrounding rock, as shown in Fig. 10 (b). In the summary, when λ > 1.75, the surrounding rock of the sidewalls
and roof is signi�cantly affected by the lateral pressure coe�cient.

(2) The deviatoric stress evolution of the sidewall and roof

Figure11 shows the distribution characteristics of deviatoric stress of the roof and right sidewall under different lateral pressure coe�cients. The
deviatoric stress distribution characteristics is roughly similar to the tangential stress, but there are also some differences. For the sidewalls of the
roadway (See Fig. 11 (a)), when λ > 1.5, the deviatoric stress has a little change and keep a straight line basically. When λ < 1.5, the deviatoric stress
curve �rst increases and then decreases. The position of the concentrated deviatoric stress peak transfers from the deep to the shallow part of the
surrounding rock with the increase of lateral pressure coe�cient, indicating that the increase of horizontal stress reduce the failure range, which is good
for the stability of the sidewalls. For the roof (See Fig. 11 (b)), when λ < 0.75, there is no obvious �uctuation of the deviatoric stress. When λ > 0.75, the
deviatoric stress increases �rst and then decreases. The failure range and the concentrated deviatoric stress of arch roof expands to the deep with the
increase of lateral pressure coe�cient. Different from the two sidewalls, the increase of horizontal stress aggravates the damage of the roof and has
signi�cant effects on its stability.
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3.4. Variation characteristics of the deviatoric stress with the different distance away
from the roadway
The curve of deviatoric stress of surrounding rock with the different distance away from the roadway is shown in Fig. 12. In the deviatoric stress
distribution curve of sidewalls (See Fig. 12 (a)), it can be seen that obvious deviatoric stress concentration appears in the surrounding rock of sidewall
in the condition of λ = 2. With the increase of the distance between the monitoring point and the surface of the roadway, the concentrated deviatoric
stress increases �rst and then decreases. When the distance away from the roadway is 4 m, the deviatoric stress concentration reaches the maximum.
For surrounding rock in the roof (See Fig. 12 (b)), with the increase of lateral pressure coe�cient, the concentrated deviatoric stress gradually transfers
to the deep, so the tensile-shear failure area caused gradually transfers to the deep surrounding rock.

4. Physical Veri�cation Of Similar Material Simulation
4.1. Design of similar material simulation experiment

1) Self developed experiment device

A Self developed similar material simulation equipment which was composed of hydrostatic system, main steel frame and loading plate was used in
the experiment, as shown in Figure13. The model size of the similar material is 500 mm × 180 mm × 500 mm. In order to equalizing pressure, rubber
mats had been added between the loading plate and similar materials in this experiment. The model boundary was subjected to biaxial servo loading.

2) Discussion of similar ratio and the loading scheme

Based on the similarity law, combined with the size of similar simulation model, the geometric ratio was determined to be 1: 50. The similarity ratio
calculation can be seen in Formula 1-3. According the parameter of the real rock (See Table. 1), the material ratio of simulation material are shown in
Table. 4. The vertical stress and horizontal stress in this simulation is 10 MPa and 20 MPa respectively, the simulated in-situ stress was converted to
0.13 MPa and 0.26MPa. The excavation mode of “loading �rst, then excavating” was adopt in this experiment. In the loading process, the vertical
loading 0.13 MPa (simulated vertical stress) was kept, the horizontal stress 0.26 MPa (simulated horizontal stress) was increased from hydrostatic
pressure by using hydraulic system. The experimental process and failure characteristics were recorded.

In the Formula (1-3), H represents the model, M represents the prototype. Where α1 is the size similarity ratio, αγ is the bulk density similarity ratio, ασ is
the stress similarity ratio.

Table. 4 Model parameters and material ratio

Material ratio

Proportion number Total weight /Kg Sand /Kg Gypsum /Kg Lime /Kg Water /Kg

655 84 72 6 6 8.4

4.2. Analysis of material simulation experiment results

Fig.14 shows the physical experiment results of roadway and the comparison with numerical simulation. When the horizontal loading increases to
0.26MPa, the roof and �oor of roadway are seriously damaged. The failure mode is in the form of heart failure, and an inverted V-shaped shear failure
area is formed in the roof of roadway. Serious �oor heave occurred in the middle of the �oor, and large deformation and failure occurred on both corners
of the �oor. A large range of extrusion deformation is found in the two sides of the roadway, and the displacement of the two sides of the roadway is
large.

In the FLAC3D numerical simulation experiment, the yield criterion is still valid, and there are two states: “now” and “past”. The “now ” state indicates
that the failure element is in the yield surface at this moment, and the “past” state indicates that the failure element has left the yield surface and
entered the elastic state, so only the “now” state element can play a role in the failure (Chen and Xu, 2008). By comparing the “now” state unit area with
the similar simulation experiment failure area, it is found that the failure area forms are consistent and both are heart failure. The inverted V-shaped
failure mode of the vault due to shear slip is shown in Fig.14 (a-b), and obvious shear cracks can be found at the bottom of the arch, as shown in Fig.14
(f-g).

Conclusions
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Mechanical behavior and failure network of surrounding rock in deep roadway under different lateral pressure coe�cients was studied through
numerical simulation and similar material simulation experiments. The following conclusions can be drawn:

1. When the lateral pressure coe�cient is 0.25, the butter�y-like failure zone is prone to generate in sidewalls of deep surrounding rock, and the “crab-
claw shaped” failure zone generates in the shallow surrounding rock. When λ > 2, the butter�y-like failure zone is prone to generate in the roof and
�oor. Both show that under the special stress environment of high deviatoric stress, the pattern of plastic zone will lead to butter�y-like failure mode
induced by the stress relief of excavation, and the butter�y wing is the maximum failure depth and width of the surrounding rock and located at the
position of 45°-φ/2 with the maximum principle stress.

2. When λ < 1, the shear bands mainly appear in the sidewalls intensively. The tensile failure zone is concentrated in the roof and �oor in the form of
“crescent-shaped” exceptionally when λ = 0.25 and gradually decreases with the increase of lateral pressure coe�cient. When λ = 1, it can be seen
that in�uenced by the shape of different side, the failure pattern around the arch and right angle sides are different. When λ > 1, the shear bands is
mainly concentrated in the roof and �oor, and the tensile failure area of surrounding rock is large and mainly distributed in the arch shoulders and
�oor corners of surrounding rock.

3. According to the tangential stress evolution of the sidewall and roof, with the increase of lateral pressure coe�cient, the range of limit equilibrium
zone gradually decreases of sidewall when λ < 1.5 and gradually increases of roof and �oor when λ > 0.75. The surrounding rock of the sidewall
and roof is signi�cantly affected by the lateral pressure coe�cient when λ > 1.75. According to the deviatoric stress evolution of the sidewall and
roof, the increase of horizontal stress reduce the failure range of sidewall when λ < 1.5, which is bene�cial to the stability of the sidewall. Different
from the two sidewalls, the increase of horizontal stress aggravates the damage of the roof when λ > 0.75, which is not conducive to the stability of
the sidewall.

4. The similar material simulation experiment was carried out under the condition of λ = 2. The results of similar material simulation experiment are
compared with that of numerical simulation experiment, which can be seen that there are obvious shear bands in the roof and �oor of surrounding
rock and the large deformation of the sidewalls. Therefore, the veri�cation of the numerical simulation experiment is proved by the similar material
simulation experiment.
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Figures

Figure 1

Failure characteristics of the surrounding rock (a. Sun et al. 2020; b. Yang et al. 2020)

Figure 2

The failure zoning of surrounding rock
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Figure 3

Numerical calculation model

Figure 4

Plastic zone distribution of surrounding rock under different lateral pressure coe�cients
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Figure 5

Plastic zone and principal stress distribution of roadway surrounding rock when λ = 0.25

Figure 6

Plastic zone and principal stress distribution of roadway surrounding rock when 0.5 ≤ λ ≤ 1



Page 12/15

Figure 7

Plastic zone and principal stress distribution of roadway surrounding rock when 1.25 ≤ λ ≤ 2

Figure 8
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Plastic zone and principal stress distribution of roadway surrounding rock when λ = 2.25 and λ = 2.5

Figure 9

Tangential stress curve distribution of roadway side and arch roof surrounding rock

Figure 10

Distribution of peak stress with lateral pressure coe�cient
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Figure 11

Distribution of deviatoric stress curve of the right sidewall and roof

Figure 12

Variation curve of deviatoric stress with the different distance away from the roadway
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Figure 13

Similar simulation experiment device

Figure 14

Comparison between physical experiment and numerical simulation experiment


