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The formation and expansion of the plastic zone is always accompanied by the deformation and failure of the roadway-sur-
rounding rock. Based on elastoplastic theory, this paper considers the gas pressure parameters and uses the Mohr-Coulomb
strength criterion to derive the implicit equation of the plastic zone boundary in the rock surrounding gas-coal roadways. The
distribution characteristics of the plastic zone of gas-coal roadway-surrounding rock are studied, and the sensitivity to the gas
pressure, cohesion, internal friction angle, and support strength of the roadway free face on the plastic zone of the surrounding
rock is analyzed. The research results show that the plastic zone of the surrounding rock has four distribution patterns: circular,
elliptical, rounded rectangle, and butterfly. Additionally, the lateral pressure coefficient, gas pressure, cohesion, and internal
friction angle are found to jointly determine the distribution and range of the plastic zone. However, the support strength of the
roadway free face does not change the distribution of the plastic zone but only affects its range. The circular and elliptical plastic
zones are less sensitive to gas pressure, cohesion, and internal friction angle, whereas butterfly-shaped plastic zones are highly
sensitive to these factors. The main manifestation of this sensitivity is that the four butterfly leaves degenerate rapidly with any
decrease in the gas pressure or increase in the cohesion and internal friction angle. Larger butterfly leaves are prone to faster
degeneration. The research results presented in this paper have important theoretical guiding significance and engineering
application value for the design of high-gas-coal roadway support and gas drilling.

1. Introduction

Gas-rich coal has an unstable structure, low degree of
cementation, and significant variations in particle size and
adsorption characteristics. These characteristics lead to a
decrease in the overall strength and stability of the sur-
rounding rock of gas-coal roadways, leaving them vul-
nerable to disturbances such as mining activities. Part of
the coal body enters a pressurized state from the original
stress state, and its internal cracks shrink and close, causing
the gas pressure to increase [1-3]. Under the influence of
multiple factors (e.g., high ground stress, mining, and gas
pressure), the surrounding rock of gas-coal roadways ex-
hibits a series of engineering response characteristics

during service periods, such as asymmetry and large-scale
instability failures. Roof and patchwork disasters fre-
quently occur. This represents a great threat to safe pro-
duction, and so the prevention and control of deformation
and instability of surrounding rock in gas-coal roadways
are of great importance. However, the increasing com-
plexity of the coal seam environment and the increasing
intensity of mining make the control of gas-coal roadway
stability more difficult. Therefore, we need to fully un-
derstand the mechanism of the deformation and failure of
surrounding rock in gas-coal roadways. This is the basis
and key to the scientific design of roadway-surrounding
rock and the prevention and control of various geological
disasters.
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There has been considerable research on the deformation
and failure mechanism of surrounding rock in roadways.
The formation and expansion of the plastic zone is always
accompanied by the deformation and failure of the sur-
rounding rock of the roadway, and the plastic zone is used as
the main basis for analyzing the deformation and failure
mode of the roadway-surrounding rock [4]. Zareifard and
Fahimifar derived analytical solutions for the stress and
displacement of the surrounding rock of a circular roadway-
surrounding rock and found that the distribution of the
plastic zone under a uniform stress field has a significant
influence on its stability [5]. Based on the deviatoric stress
theory of elastoplastic mechanics, Ma et al. found analytical
solutions for the deviatoric stress of the rock surrounding a
circular roadway under a nonuniform stress field and de-
veloped a calculation method for the radius of the plastic
zone, which showed that the distribution of the plastic zone
is closely related to the deviator correlation and irregular
distribution [6]. Using the Hoek-Brown strength criterion,
Xia et al. derived an analytical expression for the plastic zone
of the surrounding rock of a circular roadway considering
the strain-softening characteristics [7]. Zhao et al. derived
theoretical calculation formulas for the radius and stress
field of the plastic zone of a circular roadway-surrounding
rock based on the humidity stress field and elastoplastic
theory. The influence of the roadway-surrounding rock
humidity and support strength on the plastic zone of the
surrounding rock was analyzed, and the accuracy of the
humidity distribution function and radius of the plastic zone
was verified by field tests [8]. Liu et al. analyzed the plastic
zone range of the surrounding rock in shallow tunnels from
an energy perspective and divided the development process
of the plastic zone into three stages: (1) formation and
expansion of the plastic zone; (2) connection of the plastic
zone; and (3) extension of the plastic zone to the surface [9].
Zhou and Li used the nonlinear Hoek-Brown failure cri-
terion to derive analytical solutions for the plastic zone of
circular roadway-surrounding rock considering the mag-
nitude of ground stress. The influence of horizontal in situ
stress, vertical in situ stress, and rock mass strength pa-
rameters on the distribution of the plastic zone in the
surrounding rock was analyzed [10]. Ma et al. studied the
shape and size of the plastic zone around a deeply buried
double circular tunnel and analyzed the effects of tunnel
spacing, ground stress, cohesion, and internal friction angle
on the plastic zone [11]. Zhou et al. found that the plastic
zone enhances the effective permeability of gas-rich coal
seams through engineering field investigations [12]. Zhao
et al. used COMSOL to simulate the gas pressure distri-
bution around a roadway and found that the plastic zone is
the main channel for gas flow [13]. Liu et al. investigated the
effect of the plastic zone on the quality of gas extraction and
found that a larger plastic zone can significantly improve gas
extraction, thus preventing spontaneous coal combustion,
gas explosion, and other disasters [14]. Zhang et al. used
FLAC 3D software to analyze the stress state and defor-
mation law of a coal body after roadway excavation and
drilling. They determined the distribution range of the
plastic and elastic zones and studied the permeability of the
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coal near the drilling site [15]. Zhang et al. combined the
noncorrelated flow law and the Hoek-Brown criterion and
used an FVP model to derive an analytical solution for the
viscoplastic deformation of a circular roadway-surrounding
rock. The variation of the displacement of the viscoplastic
zone with respect to depth has been analyzed, providing a
rapid evaluation of the viscoplastic deformation of the
roadway-surrounding rock in the early design process [16].
Xu et al. derived an analytical solution for the plastic zone
around a noncircular tunnel based on the Mohr-Coulomb
criterion and the theory of complex variables. The influence
of the lateral pressure coefficient and the depth of the
pressure relief hole on the plastic zone of the tunnel-sur-
rounding rock was discussed [17]. Kabwe et al. derived an
elastoplastic analytical solution for noncircular tunnel-
surrounding rock considering the intermediate principal
stress based on the equivalent radius function and the
Drucker-Prager yield criterion. The analytical solution can
better predict the plastic zone range of the rock surrounding
the tunnel and the degree of convergent deformation of the
tunnel, enabling the design of an appropriate tunnel support
structure [18].

Analysis of the above results shows that researchers have
generally used the plastic zone as an important indicator for
theoretical analysis, numerical simulations, and engineering
test results when evaluating the rock surrounding a roadway.
However, little research has focused on the plastic zone itself,
and the influence of the gas pressure, original rock stress,
rock mass strength, and support strength on the plastic zone
of coal roadway-surrounding rock has rarely been consid-
ered. Thereby, it is impossible to truly reflect the defor-
mation and failure instability mechanism of the surrounding
rock of gas-coal roadways, making it impossible to propose
an effective surrounding-rock support strategy. Therefore,
based on elastoplastic theory and Mohr-Coulomb strength
theory, this paper derives the implicit equation for the
boundary of the plastic zone of the roadway-surrounding
rock considering the gas pressure. Using theoretical analysis,
the influence of the lateral pressure coefficient, gas pressure,
cohesion, internal friction angle, and support strength of the
roadway’s free face on the distribution morphology of the
plastic zone of the roadway-surrounding rock is examined.
The research results have important theoretical guiding
significance for the reinforcement of the surrounding rock of
gas-coal roadways.

2. Description and Hypothesis of Mechanical
Model of Surrounding Rock in Coal Roadway

In the vertical direction, the original rock stress is P;, the
horizontal direction of the original rock stress is P, and the
pore gas pressure is P, and the excavation radius is a
circular section of roadway. The supporting force acting on
the roadway wall is P;, and the gas pore pressure is P,. Taking
the unit length along the axis of the roadway, we have an
axisymmetric plane strain problem, assuming that the
physical strength can be ignored.

To analyze the stress state of the surrounding rock in a
disequilibrium circular roadway, the mechanical model of
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the surrounding rock of the roadway must be simplified
accordingly. Thus, the bidirectional stress field is regarded as
a uniform load, and the following basic assumptions are
made:

(1) The section of the roadway is circular, with radius a
and buried depth H>204, and is an infinitely long
flat roadway.

(2) The surrounding rock mass of the roadway is an
isotropic medium, forming an ideal elastic-plastic
body.

(3) The surrounding rock of the roadway is in a non-
uniform high-stress environment.

(4) The external boundary condition of the calculation
model is the vertical principal stress P; and the
horizontal principal stress Ps;, both of which are
parallel to the Cartesian coordinate axes.

Based on this, the mechanical model of the surrounding
rock of circular roadway is established as shown in Figure 1.

3. Gas Pressure Distribution in Rock
Surrounding a Coal Roadway

After the excavation of the roadway, the gas flow in the
surrounding rock has the form of axisymmetric radial
seepage. The gas flow rate Q through a cylindrical area of
unit length and radius r per unit time is

d

Q=-2arK —p, (1)

dr
where p is the pore gas pressure at radius r and K is the
permeability coefficient.

Integrating equation (1) gives

p(r)=¢ —%ln. (2)

From equation (2) and the boundary conditions p(a) =
P, p(b) =P,, we have

=P, + %ln a, (3a)

Q _Pg _Pu
27K In(a/b)’ (3b)

Substituting equations (3a) and (3b) into equation (2) for
the gas pressure distribution leads to

(P, - P,)In(alr)

4
In (a/b) ’ (42)

p(r)=P,+

dp_ (Py—Pa) (4b)
dr r In(a/b)’

4. Theoretical Solution of Plastic Zone around a
Coal Roadway

The circular roadway model in Figure 2 is decomposed into
two parts under the action of the initial ground stress and gas
pressure: the first part is the uniform stress field condition,
which bears the gas pressure effect, as shown in Figure 2(a);
the second part does not consider the gas pressure, but the
vertical and horizontal directions are subjected to equal
compression and tensile stress, respectively, as shown in
Figure 2(b).

4.1. Theoretical Solution of Stress Field in Elastic Zone of Rock
Surrounding a Coal Roadway

4.1.1. First Part of the Theoretical Solution of the Surrounding
Rock under the Uniform Stress Field (Figure 2(a)). For rock
materials, the modified Terzaghi effective stress principle
indicates that the relationship between the effective stress oi]'-
acting on the coal skeleton and the pore gas pressure p is

0;; = 0, = vpdi;, (5

I . .
where o;; is the effective stress tensor, 0; is the stress tensor

generated by the external load, p is the pore gas pressure, v is
the effective stress coefficient, and §j; is the Kronecker delta

function.
0, =0,—Vp
. (6)

0= 09— VP

The equilibrium equation for the axisymmetric plane
strain problem under the condition of neglecting the sur-
rounding rock mass of the roadway is
do, L0 =0 _
dr r

Substituting Equations (4b) and (6) into Equation (7)
gives

0. (7)

! _ I
dUr_V(Pg Pa)+‘7r 96 _ . (8)
dr  rlIn(a/b) r
Setting
p,-p
"Py = Fo) = A, (9)
In(a/b)
allows equation (8) to be expressed as
do, o, -0
oy, 0r=0_ 4 _y (10)

dr r

Let the radial strain component be ¢,, the hoop strain
component &g, and the radial displacement u. Then, the
geometric equation is
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FIGURE 1: Mechanical model of roadway.
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FIGURE 2: Decomposition of surrounding rock pressure for roadway.
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Set And substituting Equation (16) into Equation (8) gives
_ 2 2 2
me L# ‘L”Jrldj_ﬁ_M:o_ (17)
E & rdr r
(13)
7 Solving this differential equation, we obtain
n=——
1-u A(m-mn*)rInr
- we ey @ Al g
We can write Equation (12) as r 2
1 . . . . .
ol = . (e, + ney) Substituting Equation (18) into Equation (11), we then
m — mn haVe that
(14) c A(m - mnz)ln r A(m - mnz)
! 1 €. =c ——2+ +
Og = - 2 (I’lé’r + 89) r 1 r2 2 2
m—mn
Taking the derivative of Equation (14) gives . A(m B mnz)ln ;
! = = S A—
doj__ 1 (ds, iy et
dr m — ng dr dr
(15) which can be substituted into Equation (14) to give
a,'—aé_s,—ns,+n69—sg
r r(m - mnz)
Substituting Equation (15) into Equation (11) yields
do, 1 d*u . ndu nu
dr  m-mn’\dr* rdr ¢
(16)
a,'—aé_ (1-n) du (n-1u
r r(m - mnz) dr rz(m - mnz)
1 A(1+n)m—mn2 Inr A(m-—mn®
ol = A eme + -2+ ( Jior A )
m—mn r 2 2
(20)
1 l-me, Am+D)(m-—mn*)nr An(m - mn*
op=—7 (n1+1)c1+( 2)2+ ( ) + ( )
m— mn r 2 2
For r=a and r=b, we can write Substituting Equation (20) into Equation (21) then yields

Grlr:a:Pi_VPa

21
P, +P, 1)
arlr:b = 2 -V g

~ T(m - mnz)azb2 S(m - mnz)azb2 Aa’b* (1 + n)(m - mnz)ln(a/b)
2= (bz—az)(n—l) _(bz—az)(n—l)_ Z(bz—az)(n—l)

- T(m - mnz) T(m - mnz)b2 S(m - mnz)b2 A(m - mnz)ln a A(m - mnz) Abz(m - mnz)ln(a/b)
R s R () Y R e I s 2 T2k 2P -d)

(22)



where

(23)
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Substituting Equation (22) into Equation (20), the stress
expression in the elastic phase is

o = (b2 - rz)Ta2 . (rz - a2)8b2 s A(l+n) (rz - (12)192 In (a/b) tlnr—lna
r (b2 ~ az)rz (b2 ~ az)rz P (b2 — az)rz
- (24)
, P +b)Ta® (a®+1*)Sb" A+ 1) [(r* +a°)b’ In(alb)
0y = ((b2 - az)rz + ((b2 - az))rz LA * [( (b2 2 az)rz +In7r-1In a]
If b is much larger than a, Equation (24) can be ap-
proximated as
, Ta’ 2 a(l+n)(P,-P, 2
e )
- (25)

Ta? 2 a(l+n)(P,-P, 2
op= (1 Jo [ ()
r r 2 r ]

4.1.2. Second Part of the Theoretical Solution for the Sur-
rounding Rock Stress Field of the Roadway under Pressure
and Tensile Stress Field (Figure 2(b)). When r=b, we can
write

p,-P
Oplpepy = — 32 Lcos26

(26)

-P
Togl,op = — 5 Lsin 260

Obviously, the stress solution is related to r and 26, and
the stress function is

y = f(r)cos26. (27)

Substituting Equation (27) into the biharmonic equa-

tion, and recalling the boundary conditions r=a, 0,=0,
7,9 =0, the elastic phase stress expression is

2 2
a 3a
g, =W c0320<1 _r_2><1 _r_2>

3t
09 =-W cos 20(1 + —i > " (28)
r
. a* 3a%
Tr9=—Ws1n20 1——2 1+—2
r r )
where
w o B P1) (29)

2

In the above expressions, 7,y is the shear stress of a point
in the surrounding rock of the roadway in polar coordinates,
and 6 is the polar coordinate of this point.
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4.1.3. Theoretical Solution of Surrounding Rock Stress Field in
Gas-Coal Roadway. The first and second partial stress
components are superimposed; that is, Equations (25) and
(28) are added together to obtain the theoretical solution for

2 2 2 2 277 )
3 T, v(l+n)(P,-P,
or’=Wcos20<1—a2>(1—Z)+(1—6’2>S+Z+[( (P, )<1—a2>]
r r r r 2 r

3q% 2 T v(1+n)(P,-P, 2
09’=—Wc0529<1+i4>+(1+a—2)8——3+|:( )( g )(l+a—2)} -
r 2

r

a’ 3a”
Ty = -W 81n29<1 —r—z)(l +r—2>

4.2. Theoretical Solution of Stress Field in Plastic Zone of Rock
Surrounding a Coal Roadway. When the stress in the sur-
rounding rock of the roadway is greater than the strength of
the rock mass, the surrounding rock undergoes plastic

the elastic stress field of the surrounding rock of a gas-coal
roadway under the condition of a nonuniform stress field.
The specific expression is as follows:

(30)

deformation, and a plastic deformation zone appears in the
surrounding rock from the free face of the roadway. At this

time, the surrounding rock stress satisfies the
Mohr-Coulomb yield criterion [19], namely,

1 —cos2 "+ o,

(1 - cos 2¢) + (o, + ) ¢ sin2¢ + e, (31)

2 2
(=o', [<o;+og) ]

g T 4

where ¢ is the cohesion [MPa] and ¢ is the internal friction
angle [°].

Let the boundary of the plastic zone be 7, and set P; = AP;.
Now, bringing Equation (31) into Equation (30), we can

2a®

2

derive the boundary stealth equation of the plastic zone of
the circular roadway-surrounding rock around r, 6, namely,

r2

f(r,0) Z{Pl (A - 1)C0829<1_r_2+ o

3a4) a*(AP, + P, - 2vP,)
— |- +

2a*(P; - vP,) “2[(V(Pg_Pa)/1_‘“)_2vpg] }2
TZ r2

2
2¢> 3a*\]° (1-cos2 2P, (A - 1)a? cos 2 P,-P,
oo simae(1+ 2% 30| L (mcos2g) [Ty 2RO Dateos20 L AP P)T oL (s
rr ot 2 r2 g 1-u
1) p,-P
—2CSinz‘P|:P1(/1+1)_w_4"1)g+w:|—462‘
r —p

The point at which f(r, 0) =0 is the boundary line be-
tween the elastic zone and the plastic zone of the sur-
rounding rock of the circular roadway, that is, the boundary
equation of the plastic zone. If A =1, then the radius of the

plastic zone of the circular roadway-surrounding rock under
the normal uniform stress field can be obtained from
Equation (32) as

2a2(pi_vpa)_2a2(Pl—ng) “2[(V(Pg_Pu)/1_/")_2VP5]}2

f(r,0) = { 3 - _

B (1 —cos2¢) |:

2 - u

2
(33)

l1-p

2
vP,—-P vP,—-P
2P1—4vpg+w —a b -2 sinz<,o[2131—4vpg+M -4



5. Factors Affecting the Theoretical Solution for
the Plastic Zone Surrounding a Coal Roadway

We now analyze the influence of the lateral pressure coef-
ficient, gas pressure, support strength, surrounding rock
cohesion, and internal friction angle on the plastic zone
boundary. According to Equation (32), the circular roadway
is calculated using MATLAB, and the boundary of the
surrounding rock plastic zone approximates a curve.

5.1. Influence of Lateral Pressure Coefficient on Plastic Zone of
Rock Surrounding a Coal Roadway. Figure 3 shows the
approximate curve of the plastic zone boundary of the
circular roadway-surrounding rock under different lateral
pressure coefficients, where P; =19 MPa, ¢ =3 MPa, ¢ =25,
#=03,a=2m, P;=0MPa, P,=P,=0MPa, and v=0.

It can be seen from Figure 3 that when the lateral
pressure coefficient is equal to 1, the distribution pattern of
the surrounding plastic zone of the circular roadway-sur-
rounding rock under the uniform stress field is circular. As
the lateral pressure coefficient increases, the distribution
pattern of the plastic zone changed from circular to elliptical,
and then a rounded rectangle, before finally forming a
butterfly shape with four symmetrical butterfly leaves. Once
the plastic zone of the roadway forms a butterfly shape,
further increases in the lateral pressure coefficient cause the
four butterfly leaves in the plastic zone to expand.

To describe the relationship between the lateral pressure
coefficient and the plastic zone range of the roadway-sur-
rounding rock, the relationship between the lateral pressure
coefficient A and the effective radius (maximum radius, see
Figure 4) R of the plastic zone is plotted in Figure 5. Larger
values of the effective radius R result in more severe plastic
failure of the surrounding rock in the direction of the radius.
For ease of description, the plastic zone radii discussed below
all refer to the effective radius.

It can be seen from Figure 5 that increasing the lateral
pressure coefficient causes the radius of the plastic zone to
increase. According to the difference in the growth rate of
the radius of the plastic zone, the process can be divided into
two stages. In the first stage, when the lateral pressure co-
efficient is small, the radius of the plastic zone increases
slowly with respect to the lateral pressure coefficient in an
approximately linear manner. The growth rate at this stage is
less sensitive to changes in the lateral pressure coefficient.
For example, when the lateral pressure coeflicient increases
from 1.6 to 1.9, the radius of the plastic zone only increases
by 0.5m. The distribution of the plastic zone at this stage
mainly transitions from circular — ellipse — rounded
rectangle.

As the lateral pressure coefficient continues to increase,
the sensitivity of the plastic zone radius to the lateral
pressure coeflicient increases rapidly, and the growth rate of
the plastic zone radius increases rapidly, entering the second
stage. The growth mode of the radius of the plastic zone in
the second stage is mainly manifested in the nonlinear
growth of the butterfly leaves in the plastic zone, with the
distribution of the plastic zone rapidly expanding in a
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butterfly shape. For example, when the lateral pressure
coefficient increases from 2.5 to 2.8, the radius of the plastic
zone increases from 6.4 to 12.5 m. This demonstrates that the
plastic yield failure of the surrounding rock mass in this
range is extremely sensitive to the lateral pressure coef-
ficient—even if the lateral pressure coefficient does not
change by much, it may cause localized deformation and
failure of the surrounding rock. Through field investigations
and a literature search [20, 21], it is apparent that many
underground roadways are in high-ground-stress areas with
relatively large lateral pressure coeflicients, leading to but-
terfly plastic zones around the roadways. The formation and
nonlinear expansion of the butterfly plastic zone also the-
oretically proves that the two top and bottom corners of the
roadway obtained from field investigations often suffer from
shear deformation and failure. At the same time, it is clear
that this type of roadway undergoes greater deformation
than ordinary roadways and has features that are more
difficult to control.

5.2. Influence of Gas Pressure on Plastic Zone of Rock Sur-
rounding a Coal Roadway. Figure 6 shows approximate
curves of the plastic zone boundary of the circular roadway-
surrounding rock under different gas pressures, where
P;=19MPa, c=3MPa, ¢=25", u=0.3, a=2m, P;=0MPa,
P,=0MPa, and v=0.5; the other parameters are unchanged
from the previous subsection.

It can be seen from Figures 6(a) and 6(b) that when the
plastic zone of the surrounding rock of the roadway is
circular or elliptical, that is, when the lateral pressure co-
efficient is small, changes in the gas pressure have little effect
on the distribution pattern of the plastic zone. As shown in
Figure 6(c), when the gas pressure is 7.0 MPa, the plastic
zone of the roadway-surrounding rock presents an ap-
proximate butterfly shape, while the shape of the plastic zone
when the gas pressure is reduced to 0.0 MPa is a rounded
rectangle. That is, a reduction in the gas pressure can
promote the transformation of the distribution form of the
plastic zone from an approximate butterfly shape to a
rounded rectangle. The plastic zone expands slightly in the
horizontal direction as the gas pressure decreases, while the
plastic zone remains almost unchanged in the vertical
direction.

For the butterfly-shaped plastic zone, when the gas
pressure is large, the four butterfly leaves are extremely
sensitive to the gas pressure and rapidly degrade as the gas
pressure decreases. The sensitivity of the butterfly leaves to
the gas pressure in the plastic zone gradually weakens, and
the nonlinear relationship between the two gradually
changes to an approximately linear relationship, as shown in
Figure 6(d). If the gas pressure decreases from 6.75 to
5.75MPa, the radius of the plastic zone decreases rapidly
from 10.3 m to 9.1 m. When the gas pressure decreases from
1.75 to 0.75 MPa, the plastic zone radius only decreases by
0.3m, as shown in Figure 7.

5.3. Influence of Cohesion on the Plastic Zone of Rock Sur-
rounding a Coal Roadway. Figure 8 shows approximate
curves of the plastic zone boundary of the circular roadway-



Advances in Civil Engineering

15 T T T T T T T T T

12 +

~15 L . L I I 1 L 1 I
-5 -12 -9 -6 -3 0 3 6 9 12 15

—— Roadway A=1.96
— A=1.00 — A=244
—— A=148 — 1=2.86

Ficure 3: Distribution characteristics of plastic zone for various
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FiGure 4: Effective radius of plastic zone.

surrounding rock under different cohesion forces, where
P, =19MPa, ¢=25, u=03, a=2m, P;=0MPa,
P,=P,=0MPa, and v=0; the other parameters remain
unchanged.

Figures 8(a) and 8(b) indicate that the plastic zone of the
surrounding rock of the roadway is circular or elliptical
when the lateral pressure coeflicient is small. In this case, the
cohesion force has little influence on the distribution of the
plastic zone, and the plastic zone maintains its original shape
and slowly decreases in size as the cohesion increases. It is
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FIGURE 5: Variation of plastic zone radius with respect to the lateral
pressure coefficient.

also clear from Figure 9 that the sensitivity of the plastic zone
radius to cohesion is relatively weak, with an approximately
linear decrease as the cohesion increases. For example, when
the cohesion increases from 0.25 to 1.00 MPa, the radius of
the plastic zone only decreases by 0.16 m.

Figure 8(c) shows that the plastic zone of the sur-
rounding rock of the roadway exhibits an approximate
butterfly shape when the cohesion is 0.25 MPa. The plastic
zone shape when the cohesion increases to 4.00 MPa is a
rounded rectangle; that is, an increase in the cohesive force
promotes the transformation of the plastic zone from an
approximate butterfly to a rounded rectangle. At this stage,
the rate of decrease of the plastic zone distribution is dif-
ferent. The four sharp corners of the plastic zone exhibit the
fastest rate of decrease, followed by the vertical extent of the
plastic zone, with the horizontal extent of the plastic zone
exhibiting the smallest rate of decrease.

When the surrounding rock of the roadway presents a
butterfly-shaped plastic zone, as shown in Figure 8(d), the
four butterfly leaves in the plastic zone are extremely sen-
sitive to cohesion, when the cohesive force is small, and
rapidly degrade as the cohesion increases. As the cohesive
force continues to increase, the sensitivity of the butterfly
leaves to the cohesive force in the plastic zone gradually
weakens, and the nonlinear relationship between the two
gradually changes to an approximately linear relationship. If
the cohesion increases from 0.25 to 1.00 MPa, the radius of
the plastic zone decreases rapidly from 18.04 m to 12.86 m.
When the cohesion increases from 10.00 to 10.75 MPa, the
plastic zone radius only decreases by 0.08 m, as shown in
Figure 9.

5.4. Influence of Internal Friction Angle on Plastic Zone of Rock
Surrounding a Coal Roadway. Figure 10 shows approximate
curves of the plastic zone boundary of the circular roadway-
surrounding rock under different internal friction angles,
where P, =19MPa, c=3MPa, y=0.3, a=2m, P;=0MPa,
P,;=P,;=0MPa, and v=0; the other parameters remain
unchanged.

Figure 10 has a similar pattern to that in Figure 8. As
shown in Figures 10(a) and 10(b), the internal friction angle
has little effect on the distribution of the circular or elliptical
plastic zone, and the plastic zone maintains its original shape
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Figure 8: Continued.
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F1GURE 9: Change of radius of plastic zone with respect to cohesion.

and slowly decreases in size as the internal friction angle
increases. The sensitivity of the radius of the plastic zone to
the internal friction angle is also relatively weak and tends to
decrease linearly as the internal friction angle increases. For
example, with A =1.48, the radius of the plastic zone only
decreases by 0.20m when the internal friction angle in-
creases from 20 to 23°, as shown in Figure 11.

It is apparent from Figure 10(c) that when the plastic
zone of the surrounding rock of the roadway is rectangular
with rounded corners, a continuous increase in the internal
friction angle promotes the transformation to an elliptical
plastic zone, whereas a continuous reduction promotes the

transformation to an approximate butterfly shape. For ex-
ample, when the internal friction angle is 26°, the plastic zone
is rectangular with rounded corners. When this value in-
creases to 35°, the shape of the plastic zone becomes ellip-
tical, and when it decreases to 20°, the shape of the plastic
zone is an approximate butterfly. In addition, the rate of
change of each part of the plastic zone distribution is dif-
ferent. The four sharp corners change the fastest, followed by
the vertical extent of the plastic zone, and finally the hor-
izontal extent of the plastic zone.

When the surrounding rock of the roadway presents a
butterfly-shaped plastic zone, as shown in Figure 10(d), the
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FIGURE 11: Variation of the radius of the plastic zone with respect to the friction angle.

four butterfly leaves in the plastic zone are extremely sen-
sitive to the internal friction angle, when this angle is small,
and degrade rapidly as the internal friction angle increases.
With the continuous increase of the internal friction angle,
the sensitivity of the butterfly blades in the plastic zone to the
internal friction angle gradually weakens, and the nonlinear
relationship between the two gradually becomes an ap-
proximately linear relationship. If the internal friction angle
increases from 20 to 23°, the radius of the plastic zone
decreases from 19.35 m to 7.80 m, whereas an increase from
45 to 48° only reduces the radius by 0.16 m, as shown in
Figure 11.

5.5. Influence of Support Strength on Plastic Zone of Rock
Surrounding a Coal Roadway. Figure 12 shows approximate
curves of the plastic zone boundary of the circular roadway-
surrounding rock under different supporting strengths,
where P;=19MPa, ¢=3MPa, =03, a=2m, ¢=25,
P,=P;=0MPa, and v=0; the other parameters remain
unchanged.

Figures 12 and 13 show that when the mechanical
properties and stress environment of the surrounding rock
of the roadway are constant, increasing the support strength
at the free face of the roadway has a limited effect on the
distribution and range of the plastic zone. The radius of the
plastic zone decreases as the support strength increases, but
the rate of decrease is extremely slow. For example, when
A =2.44, the radius of the plastic zone only decreases by 0.1 m
when the support strength increases from 0.0 to 5.0 MPa. It
must be emphasized that the support strength discussed in
this article refers to the support strength for the free face of
the roadway. Its function is mainly to prevent the defor-
mation of the roadway-surrounding rock and the expansion
of the plastic zone, rather than to change the strength of the
roadway-surrounding rock mass. The main functions in
underground engineering are for shotcrete support, ma-
sonry support, steel arch support, and so on. Therefore, for

the control of gas-coal roadways, it is necessary to increase
the support strength and to increase the strength of the
surrounding rock mass, thereby restraining the expansion of
the plastic zone and ensuring the normal use of gas-coal
roadways.

6. Discussion

The theoretical analysis presented in the previous section has
found that the plastic zone of the surrounding rock of a
roadway mainly has four distribution patterns: circular,
elliptical, rounded rectangle, and butterfly. The lateral
pressure coefficient, gas pressure, surrounding rock cohe-
sion, and internal friction angle all affect the distribution and
range of the plastic zone of the surrounding rock of the
roadway. For the support problem of high-gas-coal road-
way-surrounding rock, targeted support should be designed
according to the shape and range of the plastic zone. The
length of the anchor rod and the anchor cable must be
greater than the range of the plastic zone, thus reinforcing
the support of the leaves of butterfly-shaped plastic zones,
reducing the gas pressure, and improving the strength and
overall stability of the surrounding rock mass.

The research results presented in this paper will con-
tribute to the improvement of gas drainage efficiency. The
plastic zone effectively increases the permeability of high-
gas-coal seams, and the plastic zone is the main channel for
gas flow. When there is a butterfly-shaped plastic zone in the
coal seam, the distance between the drainage boreholes
should be designed scientifically and reasonably. The but-
terfly blades in the plastic zone between the drainage
boreholes should be connected to each other to avoid the
appearance of blind areas. When there is a nonbutterfly
plastic zone in the coal seam, its range can be expanded by
means of hydraulic fracturing and blasting fracturing,
thereby increasing the permeability of the coal seam and
increasing the gas drainage rate.
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FIGURE 12: Relationship between tunnel radius and shape of plastic zone. (a) A =1.00. (b) A=1.48. (c) A =1.96. (d) A =2.44.
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7. Conclusions

(1) The implicit equation for the boundary of the plastic
zone in the surrounding rock of a gas-coal roadway
has been obtained, and the plastic zone was found to
have four main distribution patterns: circular, el-
liptical, rounded rectangle, and butterfly.

(2) Circular and elliptical plastic zones are less sensitive
to gas pressure, cohesion, and internal friction angle,
whereas butterfly-shaped plastic zones are extremely
sensitive to these variables. The main manifestation
is that the four butterfly leaves rapidly degenerate as
the gas pressure decreases or as the cohesion and
internal friction angle increase; larger butterfly leaves
tend to degenerate faster.

(3) The rounded rectangle is a transitional plastic zone
between the butterfly and elliptical plastic zones.
Changes in gas pressure, cohesion, and internal
friction angle can all promote the transformation of
the rounded rectangular plastic zone to the butterfly-
shaped plastic zone or the elliptical plastic zone.

(4) The support strength at the roadway free face has a
limited impact on the plastic zone. The support
strength does not change the distribution of the
plastic zone but does affect its range.
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