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Abstract: In order to understand the instability characteristics of surrounding rock during deep
roadway excavation, the influence of different section shapes on the stability of surrounding rock was
systematically analyzed. Four sections of roadway with circular, rectangular, semicircular arch and
three-center arch were studied. Simulation revealed that the maximum principal stress concentration
and pressure relief degree of the three-center arch roadway is the highest, the minimum principal
stress relief degree of the rectangular roadway is highest, the roof subsidence of the semicircular arch
roadway is the lowest, the roof subsidence and left and right side displacement of the rectangular
roadway are the highest, the surrounding rock failure areas of the circular roadway are evenly
distributed, the surrounding rock failure areas of the other shape roadways are arch-distributed and
the surrounding rock failure of the two sides of the rectangular roadway is the deepest. The mining
stress environment coefficient is defined according to the stress state of the rock surrounding the
roadway, and the range in which the coefficient is greater than 0.2 is defined as the destructive danger
area. We found that the stability of the rock surrounding a circular roadway is greater than that of a
semicircular arch roadway, a three-center arch roadway and a rectangular roadway.

Keywords: section; shape; roadway; damage zone; destructive danger area

1. Introduction

For a long time, energy shortages have limited the development of the world economy.
Coal resources represent the largest reserves and the most widely distributed conventional
and strategic energy source. Coal resources account for approximately 25% of the world’s
one-time energy consumption [1-3]. With the rapid development of the world economy,
it is difficult to maintain coal output to support the demand for steel, electricity, chemical
and other industrial production, as well as residential demands; therefore, the coal gap is
growing. The amount coal resources buried in the shallow part of the Earth is decreasing
continuously, and the mining of deep coal resources has become a common practice [4-6]. In
the complex geomechanical environment of high ground stress, high ground temperature,
high osmotic pressure and strong mining disturbance, it is difficult to excavate roadways
inside deep rock masses, which are characterized by strong ore pressure, a large amount
of surrounding rock deformation and long duration, serious drift floor heave and strong
rheology [7-11].

In order to solve the above problems, a considerable amount of scientific research
has been conducted with respect to the shape of deep high-stress roadway sections in
order to identify and optimize construction methods [12-16]. Li et al studied six roadway
section shapes: a rectangle, a straight wall with an arched top, a horseshoe shape, a
three-centered arch, an ellipse and a circle. Roadway section shape was found to have a
minimal effect on the distribution of principal stress difference. The radius of excavation
determines the distribution of the plastic zone; a larger void-reinforced area results in
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increased deformation of the roadway surface and vice versa. A circle or an ellipse is a
reasonable section shape for a high-stress roadway based on the side-pressure coefficient
and the orientation of principal stress [17-21]. Xu et al studied the surrounding rock
plastic zone distribution and deformation characteristics after the excavation of three types
of roadway section, including an inclined roof echelon, a straight-wall half arch and an
inclined wall arch roof. Compared with the inclined roof echelon and straight-wall half
arch, the excavation of the inclined wall arc roof was reported to be more beneficial in
terms of deformation control of the surrounding rock of a gob-side coal-rock roadway
with an inclined seam. The influence of excavation on surrounding rock deformation and
damage differs for an inclined-wall arc roof of a roadway with varying outward angles;
an inclined-wall arc roof with an outward angle 10° results in the least deformation of
the surrounding rock after excavation, representing a relatively ideal section shape when
the roadway is in use [22-26]. Because the criteria for the selection and optimization
of roadway section shapes are not comprehensive and specific, roadway supports are
often not effective, with a high support cost. Therefore, in this study, we take the shape
of roadway sections as the starting point and investigate four types of roadway, namely
round, rectanglular, semicircular arch and three-center arch, all of which are common in coal
mines. The influences of the maximum principal stress, minimum principal stress, vertical
displacement, horizontal displacement, damage zone and destructive danger area on the
stability of rock surrounding roadways were studied by numerical simulation [27-33].

2. Engineering Background and Numerical Model
2.1. Engineering Background

The bottom extraction roadway of a coal mine working face was taken as the engi-
neering object in the present study. The main coal seam of the working face is a 2# coal
seam with a simple structure and a thickness of 3.4~7.1 m (6.23 m thick on average). The
coal seam changes considerably and dips by about 16°. The roof and floor are mostly
comprised of thin-layer siltstone, fine sandstone, carbonaceous mudstone and coal line, and
the lithology of the floor is mainly fine sandstone, siltstone, glutenite and mudstone. The
mine considered in this study is a coal and gas outburst mine. Therefore, a bottom roadway
needs to be arranged in advance for predrainage treatment before coal seam mining. The
bottom drainage roadway is arranged in the mudstone with a normal distance of 17-31 m
from the coal seam. The strata between the bottom drainage roadway and the 2# main coal
seam mined are mudstone, fine sandstone, siltstone, mudstone, glutenite and sandstone
from top to bottom. The floor strata of the bottom drainage roadway are fine sandstone,
mudstone, siltstone and sandstone along the depth; a comprehensive histogram of the rock
strata is shown in Figure 1 [34-38].
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Figure 1. Comprehensive histogram of rock strata.
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2.2. Establishment of a Numerical Model

Based on the above engineering background, a three-dimensional spatial numerical
model of the bottom drainage roadway was established by using FLAC3D numerical soft-
ware, as shown in Figure 2. FLAC3D is one of the most commonly used simulation software
programs for rock excavation engineering. The built-in Mohr-Coulomb constitutive model
can be used to simulate the stress change and displacement change of surrounding rock
after rock excavation, as well as the distribution the plastic zone of surrounding rock. The
range of the three-dimensional space numerical model of the bottom drainage roadway
is 85 m x 65 m x 85 m, 700-780 m deep. A total of nine layers are arranged from top
to bottom, including mudstone (12 m), fine sandstone (8 m), siltstone (8 m), mudstone
(5 m), medium-grained sandstone (5 m), sandstone (3 m), mudstone (21 m), fine sandstone
(4 m) and mudstone (10 m), with each layer dipping by 16°. The physical and mechanical
parameters of the rock strata are shown in Table 1.

FLAC3D 6,00

©2019 ltasca Consulting Group, Inc.

Minimum principal stress o,

Default=silt
Default=tunnel

(a) (b)

Figure 2. Three-dimensional space numerical model of a bottom pumping roadway [39]. (a) Force
analysis diagram; (b) numerical model diagram.

Table 1. Physical and mechanical parameters of rock strata.

Rock Parameter Siltstone Mudstone Glutenite Sandstone
Bulk modulus/GPa 1.11 0.83 1.0 0.97
Shear modulus/GPa 0.83 0.38 0.6 0.72
Cohesive forces/MPa 6.0 3.0 4.0 5.0
Angle of internal friction/° 38 32 34 38
Angle of dilatancy/° 10 10 10 10
Tensile strength/MPa 2.5 1.0 15 2.0

The bottom drainage roadway is arranged in the middle of the model (the 21 m
mudstone of the seventh layer), with an occurrence depths of approximately 740 m. The
adopted roadway cross-section shapes are circular, rectangular, semicircular arch and three-
core arch, with an excavation length of 60 m. The radius of the circular roadway is 3 m, the
side length of the rectangle is 6 m, the diameter of the semicircular arch is 3 m and the radii
of the three core arches are 2 m, 4 m and 2 m, respectively. Because the size of the roadway
section is much smaller than the numerical model, the boundary effect of the model does
not affect the numerical simulation results. The periphery and bottom of the numerical
model were set as fixed displacement boundaries, and the top surface was set as a stress
boundary applied with 18 MPa compressive stress to simulate the overburden weight,
which was not established in the model. The initial ground stress was assigned according
to the measured results in the mining area. The maximum principal stress was vertical
stress, and the middle principal stress and the minimum principal stress were parallel to
the X and Y axes, respectively, with 0.6 and 0.3 side-pressure coefficients. The roadway
excavation of surrounding rock is calculated by the Mohr—Coulomb constitutive model.
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3. Influence of Section Shape on the Stability of Roadway Surrounding Rock
3.1. Influence of Section Shape on Cloud Distribution of Maximum Principal Stress in
Surrounding Rock

As shown in Figure 3, the maximum principal stress decreases in the shallow sur-
rounding rock of the roadway under all four section shapes, and the pressure relief range
of the roof and floor is significantly than that of the surrounding rock on two sides. When
the section shape is round, the pressure relief area develops evenly in the shallow rock
surrounding the roadway. The pressure relief range of the roof and floor of the deep road-
way is significantly wider than that of the surrounding rock on two sides of the roadway,
and the minimum value is reduced to 9.86 MPa. When the section shape of roadway
is rectangular, the pressure relief range of surrounding shallow rock decreases, and the
minimum value is reduced to 2.89 MPa. When the section shape of the roadway is a
straight-wall semicircular arch or three-core arch, the pressure relief phenomenon of the
two sides of the roadway almost disappears, and the minimum maximum principal stress
varies minimally: 1.30 MPa and 1.37 MPa, respectively. The maximum principal stress
concentration phenomenon around the roadway occurred in the surrounding rock on
the two sides, presenting with a crescent distribution with all four section shapes. The
maximum value of the maximum principal stress of the circular roadway was 33.27 MPa,
and that of the rectangular roadway was 34.07 MPa. There was little difference between
the maximum value of the maximum principal stress of the straight-wall semicircular arch
roadway and the three-center arch roadway, at 35.10 MPa and 35.58 MPa, respectively. The
figure shows that the maximum principal stress concentration degree and pressure relief
degree of the straight-wall semicircular arch and three-center arch roadway both increased
compared with those of the circular and rectangular sections.
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Figure 3. Influence of section shape on the cloud map of maximum principal stress distribution.
(a) Circular section; (b) Rectangular section; (c) Semicircular arch section; (d) Three-center arch section.
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3.2. Influence of Section Shape on Cloud Distribution of Minimum Principal Stress in
Surrounding Rock

As shown in Figure 4, the minimum principal stress decreases in the shallow sur-
rounding rock of the four sections of roadway, and the relief area is almost uniformly
distributed around the circular roadway, with the minimum value reaching 0.03 MPa. Both
sides of the roof and floor are arched, and the minimum value is 0.74 MPa. The distribution
pattern around the straight-wall semicirular arch roadway and the triple-arch roadway is
basically the same. The surrounding rock and roof pressure relief area of the two sides
are evenly distributed, and the floor pressure relief range is increased, with minimum
values of 0.97 MPa and 0.98 MPa, respectively, and the difference is not obvious. In the
deep rock surrounding the roadway, the minimum principal stress concentration occurs
on the two sides, and there is no concentration on the roof or floor. The shape of the
relief area is a fat crescent. The maximum value of the minimum principal stress in the
surrounding rock of the circular section increases to 8.52 MPa, and the maximum value
of the minimum principal stress in the rectangular section increases to 8.79 MPa, whereas
that of the straight-wall semicircular arch and the three-center arch roadway is increased to
9.24 MPa and 9.46 MPa, respectively. The figure shows that the concentration degree of
minimum principal stress in the surrounding rock of the straight-wall semicirular arch and
three-center arch roadways increases compared with the circular and rectangular roadway
sections, whereas the degree of pressure relief decreases.
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Figure 4. Influence of section shape on the cloud map of minimum principal stress distribution.
(a) Circular section; (b) Rectangular section; (c) Semicircular arch section; (d) Three-center arch section.

3.3. Influence of Section Shape on Vertical Displacement Cloud Distribution of Surrounding Rock

As shown in Figure 5, vertical displacement mainly occurs on the roof and the floor
of the roadway under all four investigated roadway section shapes. When the section is
round, the maximum subsidence of the roof is 4.65 cm, and the maximum bulking of the
floor is 5.27 cm. When the section is rectangular, the maximum subsidence of the roof is
5.07 cm, and the maximum bulking of the floor is 5.6 cm. When the section is a straight-wall
semicircular arch, the maximum subsidence of the roof is 3.82 cm, and the maximum heave
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of the floor is 5.01 cm. When the section is a three-core arch, the maximum subsidence of
the roof is 4.29 cm, and the maximum bulking of the floor is 5.32 cm. The section shape has
a minimal influence on the heave of the floor, but the semicircle arch and the three-center
arch can effectively reduce the subsidence of the roof.
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Figure 5. Influence of section shape on the vertical displacement cloud map of the surrounding rock
of a bottom drainage roadway. (a) Circular section; (b) Rectangular section; (c) Semicircular arch
section; (d) Three-center arch section.

3.4. Step-by-Step Influence of Section Shape on Horizontal Displacement Cloud Map of
Surrounding Rock

As shown in Figure 6 from the perspective of horizontal displacement, the rock
surrounding rock a rectangular roadway is significantly more affected by mining than the
rock surrounding the other three sections, with the largest horizontal displacement. The
maximum deformation of the left and right sides is 4.72 cm and 4.85 c¢m, respectively. The
horizontal deformation of the circular roadway is followed by the displacement of the left
and right sides reaching 4.29 cm and 4.37 cm, respectively. The horizontal deformation
degree of the rock surrounding the straight-wall semicirular arch roadway is the lowest, and
the displacement of left and right sides is 3.47 cm and 3.54 cm, respectively. The horizontal
deformation degree of rock surrounding the three-center arched roadway is higher than
that of the straight-wall semicircular arch, and the left- and right-side displacement is
4.01 cm and 4.14 cm, respectively, although the deformation degree is lower than that of
the circular and rectangular sections.

3.5. Influence of Section Shape on the Morphology of the Surrounding Rock Damage Zone

Figure 7 shows the failure state of the surrounding rock of different roadway sections.
The zones in plastic failure state in the simulation are collectively referred to as the damage
zone and were separately extracted for display. For the four investigated section shapes, the
damage zone of the surrounding rock on both sides presents a trend of more damage than
that of the roof and floor. When the section is round, the damage zone of the surrounding
rock on the two sides is basically uniform, and the damage zone of the rock surrounding
the roof and floor is also uniform. When the section is rectangular, the damage zone of
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the rock surrounding the roof and floor is uniformly distributed, but the damage zone
of the rock surrounding the two sides is arched, and the destructive depth of horizontal
surrounding rock on the two sides is the largest. When the sections are a straight-wall
semicircular arch and three-core arch, the destructive depth of the rock surrounding the
floor considerably greater than that of the rock surrounding the roof, and the damage zone
of the rock surrounding the two sides is still arched, but the destructive depth of the rock
surrounding the two sides is considerably smaller than that of the rectangular roadway.
The straight-wall semicircular arch and the three-center arch sections considerably improve
the stability of the rock surrounding the roadway roof.
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Figure 6. Influence of section shape on the horizontal displacement cloud map of surrounding rock
of a bottom drainage roadway. (a) Circular section; (b) Rectangular section; (c) Semicircular arch
section; (d) Three-center arch section.

As shown in Figure 8, the damage area around the tunnel with circular sections is the
smallest, and the damage area around the tunnel with rectangular sections is the largest.
There is little difference in the damage area around the tunnel between three-center arch
and straight-wall semicircle arch, which is larger than that of the circular tunnel and smaller
than that of the rectangular tunnel.

3.6. Influence of Section Shape on the Form of the Destructive Danger Area of Surrounding Rock

Rock fractures within the scope of the roadway destruction area grow rapidly, and
destruction zone is a key area of support and reinforcement. The neighboring area is a part
of the destruction rock. Although it is within range of the elastic state, its mining stress
environment is poor, and it is easily affected by external disturbances, which can cause it to
enter a state of destruction, becoming a destructive danger for surrounding rock in region.
When a bolt or anchor cable support is installed, it is necessary to consider that the anchor
end cannot be completely located in the destructive danger area. Otherwise, once the
destructive danger area enters the failure state under the influence of external disturbance,
the supporting structure will fail, and the reliability of the roadway support will be reduced.
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In order to characterize the advantages and disadvantages of the stress environment in the
rock surrounding the roadway, the mining stress environment coefficient is defined as

Vb
=7 ¢y
1
where I is the first invariant of the principal stress, and |, is the second invariant of
deviatoric stress and can be expressed as

1
Jo=5(st+s3+53) @)

L =0+0+03 3)

where 01, 07 and o3 are the maximum, intermediate and minimum principal stresses,
respectively; S1, S and S3 are maximum, intermediate and minimum deviatoric stresses,
respectively; g, S; and o; (i = 1, 2, 3) are hydrostatic stress, deviatoric stress and principal
stress, respectively; and S; - 0; — 09, 09 =11 /3.

Because the first invariant of principal stress (I;) represents the compression degree of
the surrounding rock in three directions, the higher its value, the better the stress environ-
ment of the surrounding rock. The second invariant of deviatoric stress (/) represents the
shear degree of surrounding rock, so the higher its value, the worse the stress environment
of the surrounding rock. The mining stress environment coefficient is defined as the ratio
of the second invariant deviatoric stress to the first principal stress invariants. Owing to
rock compressive shear, the greater the value of the mining stress environment coefficient,
the more easily the rock mass can be destroyed. The rock shear strength is approximately
10-40% of rock compressive strength, so a scope of mining stress environment coefficient
greater than 0.2 is defined as the destructive danger area. The spatial distribution morphol-
ogy of surrounding rock in the destruction-danger area under different roadway section
shapes was extracted in [39]. As shown in Figure 9, the distribution pattern of the shallow
destructive danger area is exactly the same as that of the damage zone, indicating that the
established destructive danger coefficient can correctly represent the stress environment
of the rock surrounding the roadway, and the destructive danger area of the deep sur-
rounding rock is butterfly-shaped. When straight-wall semicircular arch and three-center
arch roadway sections are adopted, the destructive danger area in the roof only extends
to the siltstone in the upper mudstone, which is considerably smaller than that of the
rectangular roadway.

As shown in Figure 10, the destructive danger area around the roadway with circular
sections is the smallest, and the destructive danger area around the roadway with rect-
angular sections is the largest. The destructive danger area of the rock surrounding the
three-center arched roadway is slightly larger than that of the straight-wall semicircular
arch roadway, and both are larger than that of the circular roadway and smaller than that
of the rectangular roadway.

Figure 7. Cont.
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Figure 7. Influence of section shape on the damage zone morphology of the rock surrounding a
bottom drainage roadway. (a) Circular section; (b) Rectangular section; (¢) Semicircular arch section;
(d) Three-center arch section.
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Figure 8. Influence of section shape on the scope of the damage zone of the rock surrounding a
bottom drainage roadway.
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Figure 9. Influence of section shape on destructive danger area form of the rock surrounding a
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Figure 10. Influence of section shape on the scope of the destructive danger area of the rock surround-
ing a bottom drainage roadway.

4. Conclusions

In this paper, the advantages and disadvantages of the stress environment of rock
surrounding roadways were characterized, and the mining stress environment coefficient
was defined as 7 = | 51/2/1,, where I is the first invariant of principal stress, and J; is the
second invariant of deviant stress. The greater the mining stress environment coefficient,
the greater the larger the stress environment of the surrounding rock. A range of the
coefficient greater than 0.2 is defined as the destructive danger area. Comparative analysis
of four types of roadway, i.e., round, rectangular, semicirular arch and triple arch, showed
that the roadway section shape has an influence on the distribution of mining stress,
displacement, damage zone and destructive danger area of the surrounding rock. The
stability of rock surrounding the circular roadway was found to be the highest, whereas that
of the rectangular roadway was the worst, and that of three-center arch roadway and the
straight-wall semicirular arch roadway was higher than that of the rectangular roadway but
lower than that of the circular roadway. The destructive danger area of the rock surrounding
the circular roadway and the semicircular arch roadway was the smallest; owing to the
influence of operating conditions, circular roadways represent an engineering challenge, so
the optimal roadway support shape is a semicircular arch. A limitation of the present study
is that we only conducted analysis using numerical simulation, and the conclusions were
not verified through on-site engineering measurement. In the future, physical tests and
field observations will be carried out to verify the conclusions presented herein.
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