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In the practical processes of coal mines and tunnel, rectangular roadways are widely used in the underground environment.
However, the stress distribution law of the rock mass around the rectangular roadways is relatively complicated that is
influenced by different parameters, such as the in situ stress, geological structure, and properties of the surrounding rock mass.
It is extremely significant to conduct systematic and in-depth research regarding the stress distribution and deformation failure
mechanism of the rock mass around the rectangular roadways. Based on theoretical analysis, the stress distribution law of the
surrounding rock of rectangular roadway under different rock mass strength grades is studied directly through rectangular
roadway in this paper. This further reveals the distribution law of secondary stress field after excavation of rectangular
roadway. A coal mine intends to excavate a roadway in rock mass, and then, the rectangular roadway is simulated by FLAC3D
software. Then, the strain distribution and failure types of roadway surrounding rock under different rock mass properties are
obtained. The results show that the failure of rectangular roadway is mainly shear failure and tensile failure. The roof and floor
of roadway are mainly tensile failure, and the side of roadway is mainly shear failure. Moreover, the stress shifting and
distribution of the rock mass around rectangular roadways is a complicated dynamic variation process. The damage degree of
the floor and roof of the rectangular roadway is greater than that of the two sides of the roadway. Its variation is mainly

related to the strength of surrounding rock mass.

1. Introduction

With the development of economy, the demand for coal is
also increasing day by day, and the mining of coal in China
is gradually extended to deep underground rock strata, and
the complexity of geological conditions increases accord-
ingly. Moreover, the quantity of roadways in rock mass
increases continuously. The stability issues of roadways
become an important research topic [1-3]. Before the coal
resources were excavated, the original in situ stress mode
remains. However, the exploiting of coal mines changes the
original in situ stress field and displacement field. Conse-
quently, the previous stress equilibrium situation is influ-
enced. The balance of the original stress field is broken,
which will lead to the redistribution of stress, and this leads

to the new stress distribution in the rock mass. In the stress
concentration area, high stress leads to the deformation fail-
ure of the roadways in coal mines [4, 5]. The variation of
those stresses results in the generation of the new stress field
around the mining area. The redistribution of stress and the
rebalance of rock structure will lead to some new failures. As
a consequence, research on the distribution field of the stress
and displacement in the surrounding rock mass plays a sig-
nificant role in guaranteeing the safe mining of coal mines.
Safe mining of coal has always been the top priority of
coal mining, and rock tunnel support and reinforcement is
also an important research topic of coal mine safety produc-
tion [6, 7]. Scholars have different research results in this
regard. Shan et al., based on theoretical analysis and numer-
ical simulation, concluded that the corner of roadway is the
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core area of roadway support, and strengthening its support
strength is conducive to improving the overall stability of
roadway [8]. In addition, Chen et al. studied the influence
of bolt support on the stability of reinforced rock mass and
carried out theoretical analysis [9].

For the stress state of surrounding rock of roadway, most
scholars adopt equivalent circle method. However, for rect-
angular roadway, the equivalent circle method can not well
explain the failure of some rectangular roadway, nor can it
get the stress distribution on both sides, top, and bottom of
rectangular roadway. As shown in Figure 1, the stress distri-
bution law in the surrounding rock mass of rectangular
roadways is plotted [10].

Under the influence of the in situ stress, relative larger
compressive stress occurs in the rock mass that is around
the rectangular roadway side. In the horizontal direction,
the principal tangential stress on both sides of the roadway
first increases and then decreases to the original rock stress
with the increase of the distance from the roadway center.
The tensile tangential stress state is at the top of the rectan-
gular roadway and reaches the maximum in the middle of
the roadway top. As the distance from the rectangular road-
way increases, the tensile stress gradually decreases and
becomes compressive stress and then increases to the origi-
nal rock stress. However, as for the radial compressive stress,
it increases from zero to the original in situ stress. At the top
corner of the roadway, the stress concentration is obvious,
and the size of the stress is affected by the curvature radius.
When the curvature radius is large, the stress concentration
is inversely small. Around the corner, the stress concentra-
tion coeflicient ranges from 2 to 5.

It is more significant to study the stress and strain state
of surrounding rock directly through the angle of rectangu-
lar roadway. This paper adopted the numerical software of
FLAC3D. The numerical analysis regarding the roadway sta-
bility was designed and performed. Moreover, valuable and
beneficial conclusions were drawn.

2. Numerical Model and
Determination of Parameters

2.1. Establishment of the Numerical Model. A coal mine in
China plans to dig a large cross-sectional roadway into rock
formations. The cross-sectional geometry of the road is rect-
angular. For the cross section of this road, the width is 8 m,
and the wall height is 8 m. Its main mechanical parameters
are listed in Table 1. The numerical software FLAC3D was
used for this simulation. The actual geometric size of the
road is 80 m x 100 m x 90 m. The self-weight of the overly-
ing rock mass of the rectangular tunnel is taken as the verti-
cal stress of the top surface of the numerical model, the
vertical displacement of the bottom surface of the numerical
model is fixed to zero, and the horizontal displacement of
the left and right sides of the horizontal numerical model
is fixed to zero. To simulate this geometry, the parallel hex-
ahedral radial mesh was used. Specifically, it is totally com-
posed of 16400 zones and 17602 grid points. The Mohr-
Coulomb constitutive model is used for numerical simula-
tion, as shown in Figure 1. At the center of this numerical
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1-damaged zone, 2-fractured zone, 3-plastic zone, 4-elastic zone, 5-
original in-situ stress zone, o-tangential stress, o,-radial stress, y-
volume weight of rock strata, H-buried depth

FIGURE I: Stress distribution of the roadway periphery based on the
equivalent circle analysis. 1: damaged zone; 2: fractured zone; 3:
plastic zone; 4: elastic zone; 5: original in situ stress zone; oy
tangential stress; 0,: radial stress; p: volume weight of rock strata;
H: buried depth.

model, it is a roadway embedded in the rock strata. The cross-
sectional plane at Y = 20 was selected. Moreover, being parallel
with the positive axis x, five measuring points with the equal
distance were arranged, namely, the point 1, point 2, point 3,
point 4, and point 5. The distance between the point 1 and
the rock roadway side is 0.5 m. In addition, parallel to the pos-
itive axis x, five equidistant measuring points are arranged,
namely, points 1, 2, 3, 4, and 5. The distance between point 1
and the rock roadway side is 0.5m. The distance between the
remaining measurement points and the previous measurement
point is 2.5m, and five measurement points are arranged,
namely, points A, B, C, D, and E. The distance between measur-
ing point A and rock roadway roof is 1 m. Along the positive
direction of z-axis, the distance between measuring point A
and the previous measuring point is 2.5 m, as shown in Figure 2.

2.2. Determination of Parameters. The numerical model
mainly consists of three different types of rock formations,
namely, mudstone, fine sandstone, siltstone, and coal. The
geometric dimensions of the road are 8 m in width and
8m in height. The roadway is excavated in the mudstone
layer, which is at the bottom of the coal seam. The practical
in situ observation shows that the principal stresses are
16.2MPa, 12.6 MPa, and 7.5MPa. The main mechanical
parameters of each rock stratum are obtained by sampling
and mechanical test. The primary mechanical parameters
of the rock strata are tabulated in Table 1. Carry out param-
eter analysis to further determine the distribution law of
stress and strain under the influence of various parameters.
In addition to those, the range of the plastic area is studied.

3. Validation of This Numerical Model and
Result Analysis

3.1. Validation of This Numerical Model. To validate the
credibility of this numerical model, preliminary running
was conducted on it. Then, the distributions of the
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TaBLE 1: Mechanical parameters of the principal rock strata.

Rock Bulk modulus E (GPa) Shear modulus G (GPa) Poisson’s ratio v Volume weight (t/m®) Internal friction angle ¢ ()
Mudstone 19.3 32.3 0.38 2.6 27.8
Fine sandstone 26.3 43 0.22 2.65 32.1
Siltstone 20 56.3 0.26 2.65 35
Coal 6 10.9 0.35 14 16

FIGURE 2: Numerical calculation model and the schematic diagram showing the measuring point location.

maximum stress and minimum stress were acquired. The
results show that there is a close match between the acquired
result and the stress distribution around the rectangular
roadway which was indicated in the reference book of “Mine
Pressure and Strata Control” by Minggao Qian [10]. More
specifically, the numerical simulation result is shown in
Figure 3.

According to the numerical simulation results, there is a
tensile stress zone in the middle of the rectangular roadway
roof. When the tensile strength limit of roadway surround-
ing rock is reached, the roadway roof surrounding rock will
be subject to tensile failure. There is a large compressive
stress on both sides of the roadway, which reaches the max-
imum in the middle of the edge of the roadway, and the fur-
ther away from the roadway, the lower the initial in situ
stress gradually. Specifically, it can be summarized as fol-
lows: (1) in the center of roadway roof and floor, tensile
stress area appears, as shown in the dashed line in
Figure 3. The tensile stress is the largest around the bound-
ary near the roadway. In the deep rock mass around the
roadway, the stress is mainly transferred from tensile stress
to compressive stress. Then, it shifts to the original in situ
stress state; (2) relatively large compressive stress will appear
on both sides of rectangular roadway. In the middle of the
periphery, it is the largest. In the deep region, it gradually
decreases to the original in situ stress; (3) shear stress is con-
centrated at the corner of rectangular roadway. The greater
the curvature, the more concentrated the stress.

3.2. Research on the Stress Distribution Law in the
Surrounding Rock Mass around the Roadway. After the
roadway was excavated, the stress contour is shown in
Figure 4. The principal stress on the surface of both sides
of the rectangular roadway is the minimum. With the

increase of the distance between the side and the inner sec-
tion of the roadway, the principal stress reaches the maxi-
mum and then decreases gradually. At the middle of the
roadway roof and the roadway floor, the tensile stress con-
centration occurs [11, 12]. Based on this figure, it can be
known that in the surrounding rock mass around the road-
way, the four corner shear stresses around the cross section
of rectangular roadway reach the maximum, and obvious
stress concentration occurs.

Based on Figure 4(a), it can be known that for the floor
that has the strength level like this, the tensile stress is con-
centrated at the top of the rectangular roadway under the
influence of vertical stress and relatively high horizontal
stress. When the external tensile stress reaches or even
exceeds the critical strength of the roof strata, tensile failure
gradually occurs from the bottom to the top of the roof.
Under the influence of the support pressure in the rectangu-
lar roadway roof, the two sides of the rectangular roadway
moved to the inner section of the roadway, so that the road-
way roof sank and deformed. When the rock stratum
strength of the roadway floor is large, the roadway floor
may bend and deform upward under the combined influ-
ence of the support pressure and horizontal in situ stress
on both sides of the roadway. However, when the rock stra-
tum strength of the roadway floor is low, the roadway floor
will be damaged by tensile cracks from top to bottom, result-
ing in serious floor heave disaster.

Based on Figure 4(b), it can be known that the stress in
the surrounding rock will be redistributed after road excava-
tion. Large support pressure appears on both sides of the
roadway. When the strength of rock mass on both sides of
the roadway is weak, under the influence of support pressure
and horizontal tectonic stress, elastic-plastic deformation
occurs, and when it reaches equilibrium, a critical
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(b) Stress distribution around the periphery of the rectangular roadway

FiGure 3: Validation of the numerical model.

equilibrium zone and an elastic zone are formed. Tensile
failure occurs on the surface of surrounding rock mass.

It can be seen from Figures 4(a) and 4(b) that tangential
compression stress is the main part of roof stress after rect-
angular roadway excavation. Through the comparison of
these two figures, it is found that the vertical stress is higher
than the horizontal stress.

Figure 5 shows the results of the cross section of the rect-
angular roadway at position Y = 50. The horizontal axis rep-
resents the distance between the measuring points arranged
in the rock mass and the center point of the rectangular
roadway (point O). The vertical axis shows the stress value
at the measurement point. Figure 5(a) shows that at the ini-
tial stage, with the increase of the center distance from the

rectangular roadway, the stress increases gradually, and at
the later stage, the stress increases gently. Figure 5(a) shows
that, in the vertical direction, the stress increases gradually
with the increase of the center distance from the rectangular
roadway in the initial stage, and the stress increases gently in
the later stage. Figure 5(b) shows that, in the horizontal
direction, with the increase of the distance from the center
point of the rectangular tunnel, the stress increases first
and then decreases gradually. At two sides of the roadway,
unequal stress distribution occurs.

3.3. Research on the Displacement Distribution Law in the
Surrounding Rock Mass around the Roadway. After the rect-
angular roadway is excavated, in the surrounding shallow
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FiGure 4: Contour of the stress distribution.

rock mass of the roadway, plastic zone has relatively large area
generates. Tensile failure occurs in the central area of the road-
way floor and roof. In the vertical direction, shear failure occurs
with the increase of the distance from the roadway. In the hor-
izontal direction, large area shear failure will occur on both sides
of the roadway. At the corner of rectangular roadway, the depth
of plastic zone is relatively large. This indicates that the sur-
rounding rock is seriously damaged in this area.

According to Figure 6(b), it can be seen that the stress in
surrounding rock is redistributed after rectangular excava-
tion. In addition, on both sides of the roadway, relatively

large support pressure will be generated. When the strength
of rock mass on both sides of roadway is relatively low,
elastic-plastic deformation occurs under the influence of
support pressure and horizontal tectonic stress. Then, the
critical equilibrium region and the elastic region are formed.
On the surface of surrounding rock, tensile crack failure
occurs, and uplift is generated inside the rectangular
roadway.

Based on Figure 7, it can be known that along the direc-
tion of axis x, both sides of the rectangular roadway move to
the central part under the influence of horizontal stress.
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FIGURE 5: The equilibrium stress distribution after the roadway is excavated.

However, the change is not so obvious. In the horizontal
direction, with the increase of the distance from the road-
way, the rock mass is at a stage that is not affected by the sur-
rounding rock stress of the roadway. Even if the
displacement deviates from the road centerline, the displace-
ment value is relatively small and can be ignored. According

to Figure 7(a), along the z-axis direction, the roadway roof is
affected by vertical stress and has a displacement of 48 mm.
At the same time, the roadway floor has a floor heave, and
the floor heave displacement is 30 mm. As a consequence,
there is a gradual increasing impact, and there is a gradual
increasing trend. In the roadway floor, with the distance to
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FiGgure 6: Contour of the displacement for the roadway.

the roadway further increasing, the disturbing that is suf-
fered is smaller. As a consequence, with the distance to the
roadway further increasing, the deformation of the sur-
rounding rock mass becomes smaller.

4. Parameter Analysis

In kinds of numerical simulation methods, the finite differ-
ence method is widely used. Among them, the most widely
used software is the FLAC3D which is designed based on
the fast Lagrangian analysis method. The operation of this

program is simple, and the application is wide [13]. More-
over, it can be used in the tunnelling engineering, landslide,
and foundation trench. And it is especially suitable for the
rock and soil engineering [14-17]. In addition to those, in
this program, the structural element is incorporated, such
as the cable element and the pile element. Those structural
elements can be used to simulate the rock reinforcement
tendons, such as the rock bolt and cable bolt. And those
structural elements can be modified by the users to realise
the special purposes [18, 19]. For the research on the stabil-
ity of the rock mass around the roadway [20], the most
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FIGURE 7: Displacement curve of the roadway.

widely used constitutive law is the Mohr-Coulomb model.
The project has different geological conditions, so it is
important to set reasonable parameters when using the
FLAC3D software to simulate the tunnel. In the numerical
calculation, how to select the appropriate parameters for
the constitutive model to guarantee the rationality of the cal-
culated results is a valuable research topic.

Figures 8 and 9 show the distribution of plastic zone
after excavation of rectangular roadway. When rectangu-

lar roadway is excavated, the stress is redistributed in
the surrounding rock of rectangular roadway. This will
lead to yield failure of surrounding rock. According to
the existing research, the study of the volume or range
of plastic zone is closely related to the size of surround-
ing rock stress and geotechnical properties, which is of
great significance to the stability of surrounding rock.
When analysing the stability of the surrounding rock
mass, the influence of the plastic zone cannot be
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FIGURE 8: Variation of the plastic zone when the bulk modulus changes.
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FIGURE 9: Displacement magnitude under the condition that the bulk modulus changes.
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neglected. Based on Figure 8, it can be known that the
range of the plastic zone in the roadway side is larger
than the range of the plastic zone in the roof. This indi-
cates that when the roadway is excavated, instability

issues are likely to occur in the roadway sides. This
place should be the core position in the roadway sup-
port. During the construction process, special emphasis
should be given to this section.
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F1GURE 13: Variation of the stress when the shear modulus is different.

4.1. Bulk Modulus. Figure 8 shows the variation of the plastic =~ ing rock mass around the roadway increases, the distribution
zone when the bulk modulus changes. Based on this figure, it of the plastic zone shifts from those four corners of the road-
can be known that when the bulk modulus of the surround- ~ way to the periphery of the roadway. Moreover, at the
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corners, the shear failure declines. Then, the stress in the
roadway floor increases, and this will lead to the generation
of the tensile failure.

Figure 9 shows the displacement magnitude under the
condition that the bulk modulus changes. Initially, with the
increase of the bulk modulus, the displacement of the sur-
rounding rock mass along the X direction gradually
increases. When the bulk modulus continues to increase,
the increase of the deformation of the surrounding rock
mass decreases. Furthermore, with the increase of bulk mod-
ulus, the influence on tunnel deformation decreases. The
displacement along the z-axis will decrease as the bulk mod-
ulus increases. This shows that when the surrounding rock
has a large strength, it can produce favorable supporting
effects.

Figure 10 shows the stress at the measuring point 1#
when the bulk modulus is different. The figure shows that
the change of bulk modulus has no obvious influence on
the stress distribution in the surrounding rock around the
roadway. As a whole, with the increase of bulk modulus,
the stress of surrounding rock of roadway increases, but
the amplitude of stress increase is small.

4.2. Shear Modulus. Figure 11 shows the plastic deformation
when the shear modulus is different. According to the figure,
the change of shear modulus has a significant impact on the
stress distribution of surrounding rock around the roadway.
The plastic zone at the corner of the rectangular tunnel has a
large range and volume, which indicates that the damage at
the corner is relatively serious. According to the figure, the
change of shear modulus has a significant impact on the
stress distribution of surrounding rock around the roadway.
The plastic zone at the upper corner of the rectangular tun-
nel has a large range and volume, which indicates that the
damage at the corner is relatively serious. In addition, the
stress distribution of the roadway floor is reduced. The
increase of shear modulus has no obvious effect on the vol-
ume and range of plastic zone on both sides of the roadway.
As shown in Figure 11, stress concentration also occurs at
the bottom corner of roadway.

Figure 12 shows the displacement magnitude under the
condition that the shear modulus is different. Based on
Figure 12, it can be known that increasing the shear modulus
has apparent influence on the displacement along the hori-
zontal direction and the displacement along the vertical
direction. When the shear modulus is small, it has relatively
large impact on the displacement variation of the roadway.
Along the direction of x-axis, the shear modulus gradually
increases. When the shear modulus is small, the displace-
ment of both sides of the roadway will have a significant
impact. When the shear modulus continues to increase, the
influence of the shear modulus on the horizontal displace-
ment of the surrounding rock of the roadway will gradually
decrease. Along the direction of the z-axis, with the increas-
ing of the shear modulus, the deformation magnitude of the
roadway roof decreases gradually.

Figure 13 shows the variation of the stress when the
shear modulus is different. It can be seen from Figure 13 that
the change of shear modulus has no significant effect on the
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stress distribution of surrounding rock of roadway. When
the shear modulus increases, the stress tends to increase.
This further indicates that the characters of the rock mass
properties have certain influence on the distribution of the
stress around the roadway.

5. Conclusions

In this paper, numerical simulation with the three-
dimensional software FLAC3D was conducted to analyse
the stress and displacement distribution around the rectan-
gular roadway. The influence of kinds of parameters on the
plastic zone, stress variation, and displacement variation of
the roadway was studied. The numerical simulation results
were compared with theoretical analysis. There was a close
match between the numerical simulation results and the the-
oretical analysis results. This confirmed the effectiveness of
the numerical simulation method. Based on this study, the
main conclusions are summarized as follows:

(1) The deformation of both sides of rectangular road-
way and roof will change with the change of sur-
rounding rock properties. It is found that the
roadway side and the roadway corners are the core
position that needs to be especially supported during
the roadway support

(2) The plastic zone range or volume of surrounding
rock of rectangular roadway will change obviously
with the change of surrounding rock strength. In
addition to this, the increasing trend of the plastic
zone at the roadway side and the roadway corners
is larger than that of the roof. This further indicates
that during the excavation process of the roadway,
the roadway side and the roadway corners are the
weakest part to be damaged

(3) When the strength of the surrounding rock mass
increases, the ability that the surrounding rock mass
around the roadway can bear the stress increases
apparently
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