
Geomechanics and Engineering, Vol. 25, No. 6 (2021) 509-520 

DOI: https://doi.org/10.12989/gae.2021.25.6.509                                                                  509 

Copyright © 2021 Techno-Press, Ltd. 
http://www.techno-press.org/?journal=gae&subpage=7                                                             ISSN: 2005-307X (Print), 2092-6219 (Online) 

 
1. Introduction 
 

The large deformation, roof fall and dynamic disaster in 

roadway are the major problems that perplex and restrict the 

safe and efficient mining (Yang et al. 2017a, Yang et al. 

2017b, Diederichs 2018). With the continuous increase of 

mining depth, a series of surrounding rock instability 

problems become more and more prominent (Konicek et al. 

2013, Lamich et al. 2016, Feng et al. 2018). According to 

the mechanism analysis of disaster mechanics, the large 

deformation, roof fall and rock burst in roadway are caused 

by the destruction of surrounding rock in different ranges 

and forms (Palumbo et al. 2017, Paul 2016, Vazaios et al. 

2019). The shape characteristics and evolution law of 

failure zone have a direct impact on the type and severity of 

disasters (Leitman and Villaggio 2009, Li et al. 2020). 

For a long time, Kastner formula or Fenner formula has 

been used to calculate the plastic zone of the roadway 

surrounding rock theoretically (Kastner 1971, Fan et al. 

2013). These formulas are based on the uniform stress 

environment, and the calculated plastic zone shape is 

circular. However, the stress environment of most 

underground engineering is non-uniform (Detournay and 

John 1988, Fan and Liu 2019, Atsushi et al. 2020, Vitali et 

al. 2020). Especially, affected by mining activities, the local 

mined out area will cause stress relief in one direction and 

stress concentration in another direction (Liu et al. 2012). 

As a result, the stress in different directions varies greatly,  
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and the partial confining stress environment will be formed 

(Kang et al. 2010, Garavand et al. 2020, Li et al. 2019). 

Therefore, we define the stress field with different stresses 

in different directions around the roadway as partial 

confining stress. Similarly, in the vicinity of the geological 

structure belt, due to the stress compression in one 

direction, the stress deviation in different directions is large, 

and the stress shows the characteristics of non-uniform 

distribution (Vidigal-Souza et al. 2020). There will be 

plastic zones with different shapes in the surrounding rock 

of roadway in non-uniform stress field (Ding and Liu et al. 

2018). The literatures (Aker et al. 2014, Zhu et al. 2020) 

studied the acoustic emission test of sandstone samples with 

a circular hole and found that the surrounding rock would 

appear X-type failure under uniaxial compression. The 

literature (Wang et al. 2020) found that the failure mode of 

surrounding rock under biaxial unequal stress presents a 

non-uniform shape. Others (Ma et al. 2015, Guo et al. 

2016) found that there were circular, elliptical and butterfly 

shaped plastic zone in the roadway surrounding rock in the 

non-uniform stress field. These research results are obtained 

through laboratory test or numerical simulation. The 

different failure modes and plastic zone shapes obtained are 

only visual fuzzy discrimination. The mechanical behavior 

of different shapes plastic zone in non-uniform stress field 

is still unclear, and the strict mechanical definition of 

different shapes plastic zone is also not clear. 

Affected by mining or located near the geological 

structure area, the roadway often deforms seriously and is 

prone to roadway disasters (Rezaei et al. 2015). In the deep 

condition, the stress level will increase, and the roadway 

will inevitably be affected by mining and in partial 

confining stress conditions (Tian et al. 2020). The research 
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on the failure mechanism of roadway surrounding rock 

under high stress and partial confining stress will help to 

reveal the mechanism of roadway disaster under deep 

mining conditions.  

To reveal the failure mechanism of roadway surrounding 

rock under the partial confining stress in deep mining, 

according to the plane strain model, this paper studied the 

shapes evolution of the plastic zone surrounding the circular 

roadway with the variation of the lateral stress coefficient. 

In addition, the formation mechanism of different plastic 

zone shapes was revealed on the basis of the distribution 

laws of the principal stress field around the circular hole 

under the condition of partial confining stress. 
 
 

2. Methods 
 

2.1 Theoretical model 
 

The roadway is located in the complex underground 

stress and surrounding rock environment. Under the 

existing mathematical and mechanical conditions, the plane 

strain model with circular hole is usually used to study the 

elastic-plastic problem of underground roadway 

surrounding rock (Hill 1950). In the infinite underground 

space environment, the roadway can be regarded as a long 

hole with uniform distribution. So we can take any section 

of roadway as its representative to study. Due to the 

influence of structure and mining, the in-situ stress presents 

the characteristics of non-uniform distribution and the stress 

in different directions is often different (Kang et al. 2010, 

Li et al. 2019). Therefore, we established the plane strain 

force model of roadway surrounding rock in non-uniform 

stress field, as shown in Fig. 1. 

In the figure, H is the depth of the roadway, m; γ is the 

rock bulk density, KPa/m; and the product of the two is the 

stress of the model in the vertical direction; λ is the lateral 

stress coefficient, and its product with the vertical stress is 

the horizontal stress of the model, so the lateral stress 

coefficient represents the difference level of stress in two 

directions; r and θ are the polar coordinates, m and rad; a is 

the roadway radius, m. In this model, the depth of roadway 

is considered, and the non-uniform distribution 

characteristics of in-situ stress are also fully considered. 
According to the plane strain model with circular hole 

and the Mohr-Coulomb strength theory, the boundary 
equation of the plastic zone surrounding the circular 
roadway in non-uniform stress field was deduced (Poulos 
and Davis 1974). We can study the shape of plastic zone on 
the basis of the boundary equation. The expression is as 
follows: 

 

(1) 

 

Fig. 1 Force model of roadway in partial confining stress 

field 

 

 

Fig. 2 Plane numerical simulation force model 

 

 

where φ is the rock internal friction angle, rad; C is the rock 

cohesion, MPa. 

 

2.2 Numerical simulation model 
 

In order to make the results reliable, the method of 

combining theoretical analysis and numerical simulation 

was used to analyze the plastic zone shape of the roadway 

surrounding rock in this study (Jiang et al. 2016). The 

FLAC3D numerical simulation software was adopted, and 

the numerical simulation model is shown in Fig. 2.  

Based on the existing numerical simulation results (Ma 

et al. 2015, Guo et al. 2016), when it is fixed by 

displacement in the axial direction of roadway, the 

boundary effect of model thickness on surrounding rock 

failure range is not obvious, and the shape and size of 

plastic zone with different thickness and cross-section are 

almost the same in the axial direction of roadway. 

Therefore, the numerical simulation model established in 

this paper adopts the thin plate stress model constrained by 

displacement in the axial direction of roadway. The side 

length of the model is more than 40 times of the hole 

diameter to ensure that the model size is large enough. 

Based on Saint-Venant's principle, the influence of roadway 

on the model boundary can be ignored in enough 

underground space, so the boundary around the model is  
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constrained by displacement and loaded with the initial 

command (Maihemuti et al. 2016). 

 

 

3. Shape evolution of the roadway plastic zone 
under partial confining stress 
 

3.1 Shape evolution of the roadway plastic zone 
 
Due to the influence of structure and mining, the in-situ 

stress presents the characteristics of non-uniform 

distribution and the stress in different directions is often 

different. The lateral stress coefficient is often not 1, and the 

stress in one direction is several times that in the other in 

the force model, so the partial confining stress state is 

formed. To obtain the shape evolution of the roadway 

plastic zone under partial confining stress, we study the 

effect of lateral stress coefficient on the shape of plastic 

zone on the basis of the plane strain model in Fig. 1-2. 

According to the present observation data of in-situ stress,  

 

Table 1 The parameters of surrounding rock 

Internal 

friction 

angle /° 

Cohesion 
/MPa 

Density 
/(kg/m3) 

Elastic 

modulus 

/GPa 

Poisson's 
ratio 

Uniaxial 

compressive 

strength / MPa 

25 3.0 1400 22.96 0.23 9.42 

 

 

the lateral stress coefficient increases gradually from 1 in 

this study; 800 m is taken as the reference level of the 

roadway depth, and the average value of 25 KPa/m is taken 

as the bulk density (Hill 1950); the roadway radius is 2 m, 

and The parameters of surrounding rock in the model are 

determined by referring to the parameters of coal (Guo et 

al. 2016), as shown in Table 1. The results are shown in Fig. 

3. 

From Fig. 3, we can see that with the increase of lateral 

stress coefficient from 1, there are three shapes of plastic 

zone and two evolution stages. The three shapes are 

circular, elliptical and butterfly, and the two evolution 

stages include ellipse evolution and butterfly evolution. At 

the same time, the results of theoretical calculation and 

Results of theoretical calculation 
 

   

Results of numerical simulation 
 

   

  λ=1 λ=1.4 λ=1.8 

(a) Evolution of elliptical plastic zone 

Results of theoretical calculation 
 

   

Results of numerical simulation 
 

   

  λ=2 λ=2.5 λ=2.8 

(b) Evolution of butterfly plastic zone 

Fig. 3 Shapes evolution of the roadway plastic zone 
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numerical simulation are in good agreement. (1) When the 

lateral stress coefficient is 1, the model is under hydrostatic 

stress, and the shape of plastic zone is circular; (2) with the 

lateral stress coefficient increasing from 1, the range of the 

plastic zone in the longitudinal direction gradually 

increases, while in the transverse direction it gradually 

decreases. The boundary of the plastic zone transits 

smoothly, and gradually evolves from a circle to an ellipse; 

(3) when the lateral stress coefficient exceeds 2, the 

maximum radius of the plastic zone gradually moves from 

the longitudinal axis to the middle of the quadrant, and the 

plastic zone is a butterfly shape with depression at the 

coordinate axis and protruding in four quadrants; (4) after 

the butterfly shaped plastic zone appears, the plastic zone 

expands in butterfly shape with the increase of lateral stress 

coefficient before the model failure. 

 

3.2 Mechanical meaning of plastic zone with different 
shapes 

 
With the increase of lateral stress coefficient from 1, the 

shape of plastic zone will be circular, elliptical and 

butterfly. However, these shapes are merely sensory visual 

descriptions, not strictly mechanical definitions. The results 

of theoretical calculation and numerical simulation are in 

good agreement in Fig. 3. So, each shape may have a 

strictly mechanical meaning. The boundary equation of 

plastic zone represents the set of all points satisfying the 

Mohr Coulomb criterion, so Formula (1) represents the 

relationship between r and θ on the boundary of plastic 

zone. The formula (1) is the 8 square function of r, at the 

same time, it can be transformed into an equation about θ, 

as shown in formula (2). 

 
(2) 

where 

; 

; 

 

When the lateral stress coefficient is 1, the formula (2) is 

a standard equation of circle about r. When the lateral stress 

coefficient is not 1, the formula (2) is a quadratic equation 

about cos2θ. Giving any r in circular direction, when the 

formula (2) has only one real root about cos2θ, there will be 

four θ corresponding to one r, and the shape of plastic zone 

is elliptical, as shown in the Fig. 4(b); when the formula (2) 

has two real roots about cos2θ, there will be eight θ 

corresponding to one r, and the shape of plastic zone is 

butterfly, as shown in the Fig. 4(c). Therefore, the shape of 

plastic zone is elliptical and the boundary equation has only  

 

(a) Circular shaped outline 

 

(b) Elliptical shaped outline 

 
(c) Butterfly shaped outline 

Fig. 4 Mechanical meaning diagrams of plastic zone with 

different shapes 

 

 

one real root about cos2θ, while the shape of plastic zone is 

butterfly and the boundary equation has two real roots about 

cos2θ. 

 

 

4. Formation mechanism of plastic zones with 
different shapes 
 

4.1 Rock strength criterion 
 

In this study, the Mohr-Coulomb strength criterion is 

used to analyze the plastic zone of surrounding rock. 

According to the Mohr-Coulomb strength criterion, the 

failure state of rock element depends on the relative 

position between Mohr circle and rock envelope, as shown 

in Fig. 5. In the Figure, σ1 is the maximum principal stress 

of the element, and σ3 is the minimum principal stress of the 

element. When Mohr circle intersects or tangent to the 

envelope of rock, the rock element is in plastic state; when 

they are separated, the rock element is in elastic state. When 

the lithology of surrounding rock is determined, the 

character of Mohr circle determines the failure state of rock 

element. In other word, the larger the Mohr circle radius is  
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and the closer the circle center is to the origin, the more 

likely the rock element will be destroyed. We use rm 

represent the Mohr circle radius, and it can be expressed as 

formula (3). The maximum principal stress and minimum 

principal stress determine the character of Mohr circle. In 

the following, we will study the distribution of principal 

stress around a circular hole under partial confining stress. 

 (3) 

 

4.2 Distribution law of principal stress field in circular 
direction 

 
According to the plane strain force model in non-

uniform stress field in Fig. 1, combining with previous 

results of elastic mechanics (Poulos and Davis 1974), the 

stress solutions at any point around a circular hole were 

obtained, as expressed in formula (4). 

 

(4) 

 

 

 

where σr, σθ and τrθ are the radial, tangential and shearing 

stresses, respectively, at any point with polar coordinates (r, 

θ) around the circular hole. According to the stress solutions 

around a circular hole, we can get the principal stress at any 

point, as expressed in formula (5). 

 

(5) 

According to the formulas (4) and (5), we can see that 

the main factors affecting the principal stress around the 

hole are depth (H), lateral stress coefficient (λ) and location 

(r, θ). The maximum principal stress and minimum 

principal stress determine the character of Mohr circle on 

basis of the Mohr-Coulomb strength criterion, as shown in 

Fig. 5. The smaller the minimum principal stress is and the 

larger the Mohr circle radius is, the easier the rock element 

will be destroyed. Therefore, we will study the distribution 

of the principal stress field around the circular hole under 

partial confining stress to reveal the formation mechanism 

of the plastic zone with different shapes. Based on the 

symmetry of the stress model (shown in Fig. 1-2), we only 

study the stress distribution in the first quadrant (0<θ<90°). 

According to shapes evolution of the plastic zone with 

lateral stress coefficient (shown in Fig. 3), we will explain 

the distribution of stress field in three cases: hydrostatic  
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Fig. 5 Mohr-Coulomb strength criterion 

   

(a) r/a=1 (b) r/a=2 (c) r/a=3 

Fig. 6 Distribution of principal stress field around a circular hole under hydrostatic stress (λ=1) 
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stress state, low partial confining stress state and high 

partial confining stress state. 
 

4.2.1 Hydrostatic stress state (λ=1) 
Taking the depth of 800 m as an example, we study the  

 

 
 

variation of principal stress with polar angle in different 
radial directions in the first quadrant under hydrostatic 
stress, as shown in Fig. 6. We can see that the principal 
stresses do not change with the change of circumferential 
position when the radial position is determined. In other  

   

(a) r/a=1 (b) r/a=1.5 (c) r/a=2 

   

(d) r/a=2.5 (e) r/a=3 (f) r/a=3.5 

Fig. 7 Distribution of principal stress field around a circular hole under low partial confining stress (λ=1.4) 

   
(a) r/a=1 (b) r/a=1.5 (c) r/a=2 

   
(d) r/a=2.5 (e) r/a=3 (f) r/a=3.5 

Fig. 8 Distribution of principal stress field around a circular hole under high partial confining stress (λ=2.5) 
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words, the circumferential principal stress around the hole 
is the same everywhere. In the radial direction, with the 
increase of the distance from the center of the circle, the 
minimum principal stress increases and the difference of the 
principal stress decreases. 
 

4.2.2 Low partial confining stress state (1<λ<2) 
According to shapes evolution of the plastic zone with 

the lateral stress coefficient as shown in Fig. 3, when the 

lateral stress coefficient is less than 2, the shape of plastic 

zone is elliptic; when the lateral stress coefficient is greater 

than 2, the shape of plastic zone is butterfly. So we define 

the stress state with the lateral stress coefficient less than 2 

as low partial confining stress state, and stress state with the 

lateral stress coefficient greater than 2 as high partial 

confining stress state. Taking the depth of 800 m and the 

lateral stress coefficient of 2 as an example, we study the 

variation of principal stress with polar angle in different 

radial directions in the first quadrant under low partial 

confining stress, as shown in Fig. 7. We can see that the 

variation of principal stresses with polar angle is the same 

in different circumferential positions. In the circumferential 

direction, the minimum principal stress decreases with the 

polar angle, and the principal stress difference increases 

with the polar angle. 

 

4.2.3 High partial confining stress state (λ>2) 
Similarly, taking the depth of 800 m as an example, we 

study the variation of principal stress with polar angle in 

different radial directions in the first quadrant under high 

partial confining stress, as shown in Fig. 8. We can see that  

 

 

 

the variation of principal stresses with polar angle is the 

same in different circumferential positions when r/a is 

greater than 1. In the circumferential direction, the 

minimum principal stress decreases first and then increases 

with the polar angle, showing the characteristics of concave 

function; the principal stress difference increases first and 

then decreases with the polar angle, showing the 

characteristics of convex function. The distribution of 

principal stress field under high and low partial confining 

stress is obviously different. 

 

4.3 Mechanical mechanism of plastic zone with 
different shapes 

 

According to the distribution of the principal stress field 

around the hole under different confining stress and the 

Mohr-Coulomb strength criterion, we will explain the 

formation mechanism of plastic zone with different shapes 

in three cases. 

 

4.3.1 Mechanical mechanism of circular plastic zone 
The shape of plastic zone is circular when the model is 

under hydrostatic stress (λ=1). Based on the above research 

results, the circumferential principal stress around the hole 

is the same everywhere, as shown in Fig. 9(a). The Mohr’s 

circle is exactly the same everywhere in the circumferential 

direction (A. B and C represent any three points in the 

circumferential direction), as shown in Fig. 9(b). The failure 

force of circumferential stress on rock is the same 
everywhere, and uniform failure occurs around the hole,  

 

 

 

 

 

(a) Distribution of principal stress  (b) Strength criterion  (c) Circular plastic zone 

Fig. 9 Formation mechanism of circular plastic zone 

 

 

 

 

 

(a) Distribution of principal stress  (b) Strength criterion  (c) Circular plastic zone 

Fig. 10 Formation mechanism of elliptical plastic zone 
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that is, circular plastic zone, as shown in Fig. 9(c). 

 

4.3.2 Mechanical mechanism of elliptical plastic zone 
The shape of plastic zone is elliptical when the model is 

under low partial confining stress (1<λ<2). In the 

circumferential direction, the minimum principal stress 

decreases and the principal stress difference increases with 

the polar angle, as shown in Fig. 10(a). In the figure, A 

represents the point on the circumferential abscissa axis, B 

represents the point on the middle axis in the first quadrant, 

and C represents the point on the circumferential ordinate 

axis. According to the distribution of principal stress, we 

can see that the radius of Mohr’s circle at point C is the 

largest, followed by point B and the smallest at point a. At 

the same time, the minimum principal stress at point C is 

the smallest, followed by point B and the maximum at point 

A. The relative position relationship of Mohr’s circle at 

points A, B and C is shown in the Fig. 10(b). The radius of 

Mohr’s circle is the largest and the minimum principal 

stress is the smallest at point C, and the rock element is 

most likely to be destroyed here. The radius of Mohr’s 

circle is the smallest and the minimum principal stress is the 

largest, and the rock element is least likely to be destroyed 

at point A. Therefore, under the condition of low partial 

confining stress, in any circumferential direction, the rock 

element at the abscissa axis is most likely to be destroyed, 

while it is the least likely to be destroyed at the ordinate 

axis, resulting in the formation of an elliptical plastic zone, 

as shown in Fig. 10(c). 

 

4.3.3 Mechanical mechanism of butterfly plastic zone 
The shape of plastic zone is butterfly when the model is 

under high partial confining stress state (λ>2). In the 

circumferential direction, the minimum principal stress 

decreases first and then increases ,  showing the 

characteristics of concave function; the principal stress 

difference increases first and then decreases, showing the 

characteristics of convex function, as shown in Fig. 11(a). 

The peak of the principal stress difference curve and the 

trough of the minimum principal stress curve are near the 

middle axis (θ=45°), as shown in point B in Fig. 11(a). The 

positions of the two axes are in the low position of the 

principal stress difference curve and the high position of the 

minimum principal stress curve, as shown in points A and C 

in Fig. 11(a). The relative position relationship of Mohr’s  

 

 

Fig. 12 Location of events (Aker et al. 2014) 

 

 

Fig. 13 Failure modes of specimens containing a single 

hole under biaxial compression (Li et al. 2017) 

 

 

circle at points A, B and C is shown in the Fig. 11(b). 

Therefore, under the condition of high partial confining 

stress, in any circumferential direction, the rock elements 

near the middle axis are easier to be destroyed, while the 

destructive force decreases gradually when it approaches 

the two axes, resulting in the formation of a butterfly plastic 

zone protruding in the quadrant and concave at the 

coordinate axis., as shown in Fig. 11(c). 

 

4.3.4 Comparison with the results previously 
published 

There are many researches on the circular or elliptical 

plastic zone around the circular roadway in the existing 

literature, and the results have become part of academic 

orthodoxy. The research results of butterfly shaped plastic 

zone around roadway under high partial confining stress are 

relatively few. Most of the existing literatures are obtained 

from numerical simulation or laboratory tests. 

Literature (Aker et al. 2014) studied the failure process 

of compressed sandstone sample with prefabricated holes 

by the acoustic emission test. Fig. 12 shows the statistical 

 

 
 

 

 

 

 

 

(a) Distribution of principal stress  (b) Strength criterion  (c) Circular plastic zone 

Fig. 11 Formation mechanism of butterfly plastic zone 
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chart of source location captured by acoustic emission 

during the test. It can be seen from the figure that the 

statistical figure of the source position obtained by the 

damage around the hole is similar to the butterfly 

distribution. Although the macro cracks around the holes in 

the test are different from those in the theoretical analysis, 

the macro cracks in the sample are similar to the two 

butterfly lobes in the butterfly shaped plastic zone, and the 

crack propagation position is also similar to that in the 

butterfly shaped plastic zone. 

Literature (Li et al. 2017) used PFC2D software to study 

the crack growth process of the sample with holes under 

biaxial compression, and obtained the failure mode of the 

sample with holes under biaxial compression, as shown in 

Figure 13. The mode of macro cracks in the surrounding 

rock with holes in the non-uniform stress field is consistent 

with the theoretical results of the butterfly shaped plastic 

zone expansion law in this paper. 

The uniaxial compression is that the confining pressure 

is 0 and the load is in the vertical direction, which 

constitutes the condition of partial confining stress. The 

butterfly failure of surrounding rock under partial confining 

stress is obtained by laboratory test conditions and different 

numerical simulation software. It can be seen that the 

theoretical results are reliable. 
 

 

5. Discussions 
 

We studied the distribution of principal stress field 

around a circular hole under partial confining stress from a 

microscopic view, and revealed the formation mechanism of 

plastic zones with different shapes. Next, we will discuss 

the influence of lateral stress coefficient and depth on the 

distribution of stress field from a macroscopic view, and 

further reveal the influence mechanism of lateral stress 

coefficient and depth on the shape of plastic zone. 

 

5.1 The influence of the partial confining stress on 
principal stress field around circular hole 

 

Taking the depth of 800 m as an example, we study the 

influence of the partial confining stress on principal stress 

field around circular hole. At the same time, the 

circumferential position of 3a is taken as a representative to 

explain the influence of lateral stress coefficient on 

principal stress difference and minimum principal stress, as 

shown in Fig. 14. With the increase of the lateral stress 

coefficient from 1, the principal stress difference generally 

increases, the curve gradually changes from straight line to 

convex curve, and the characteristics of convex function are 

gradually obvious (the peak increases and the low position 

at both ends decrease relatively), as shown in Fig. 14(a); the 

curve of minimum principal stress changes from straight 

line to concave curve, and the characteristics of convex 

function are gradually obvious (the trough decreases and the 

high position at both ends increase), as shown in Fig. 14(b). 

The shape of the plastic zone is determined by the 

distribution characteristics of the principal stress field 

around the hole. The concavity and convexity of the 

minimum principal stress and the principal stress difference  

 
(a) Distribution of principal stress difference (r/a=3) 

 
(b) Distribution of minimum principal stress (r/a=3) 

Fig. 14 Distribution of principal stress with the lateral 

stress coefficient 

 

 

results in the non-uniform distribution of the plastic zone 

around the circular hole, as shown in Fig. 11. In addition, 

the more concave the minimum principal stress curve is and 

the more convex the principal stress difference curve is, the 

more inhomogeneous the plastic zone distribution is, and 

the more obvious the butterfly feature is. Therefore, the 

lateral stress coefficient is the main factor causing the non-

uniform failure of the roadway surrounding rock. 

 

5.2 The influence of the depth on principal stress field 
around circular hole 

 

Similarly, keeping the lateral stress coefficient at a fixed 

value of 2, we take the circumferential position of 3a as a 

representative to explain the influence of depth on principal 

stress difference and minimum principal stress, as shown in 

Fig. 15. With the increase of the depth, both principal stress 

difference and minimum principal stress  increases 

exponentially as a whole, and it is equivalent to the curve 

moving upward in the coordinate system. The depth can 

only change the size of the principal stress around the hole, 

but not the concavity and convexity of the principal stress 

curve. This property can also be obtained by formula 4. In 

the formula stresses at any point can be expressed as a 

multiple function of depth. When the depth increases, the 

stress at each point will increase exponentially. The increase 

of depth will improve the overall level of the  
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(a) Distribution of principal stress difference (r/a=3) 

 
(b) Distribution of minimum principal stress (r/a=3) 

Fig. 15 Distribution of principal stress with the depth 

 

 
circumferential principal stress field and increase the failure 

range of surrounding rock. Therefore, the depth is the main 

factor causing the large-scale failure of the roadway 

surrounding rock. 

 

5.3 The influence mechanism of the depth on the 
roadway plastic zone under partial confining stress 

 

To reveal the influence mechanism of the depth on the 

roadway plastic zone under partial confining stress, we 

compare the shape and size of plastic zone under low and 

high partial confining stress, as shown in Fig. 16. Rmax is the 

maximum radius from the center of the roadway to the 

boundary of the plastic zone, and the range of plastic zone 

is expressed by the ratio of maximum radius to roadway 

radius. The rock cohesion and internal friction angle in the 

model are 3 MPa and 25° respectively (Ma et al. 2015, Guo 

et al. 2016). We can see that the shape of plastic zone is 

elliptical under low partial confining stress, and that the size 

of the plastic zone increases gradually with the increase of 

depth. Similarly, the shape of plastic zone is butterfly under 

high partial confining stress, and that the size of the plastic 

zone increases gradually with the increase of depth. 

However, when the lateral stress coefficient is constant, the 

shape of plastic zone will not change with the depth 

increase. Therefore, the lateral stress coefficient is the main 

factor determining the shape of plastic zone, and the depth 

is the main factor determining the size of plastic zone. 

The increase of depth will improve the overall level of 

the circumferential principal stress field and increase the  

 
(a) Under low partial confining stress (λ=1.4) 

 
(b) Under high partial confining stress (λ=2.5) 

Fig. 16 The influence of depth on the shape and size of 

plastic zone under partial confining stress (γ=25 KPa/m; 

C=3 MPa; φ=25°) 

 

 

failure range of surrounding rock. The increase of the lateral 

stress coefficient will enhance the concavity and convexity 

of the principal stress field around a circular hole and 

promote the non-uniform failure of surrounding rock. Under 

the condition of deep and high partial confining stress, the 

roadway surrounding rock will appear large-scale and non-

uniform failure zone. 

 

5.4 The guiding effect on engineering practice 
 

This paper studied the shapes evolution and formation 

mechanism of the plastic zone surrounding circular 

roadway under partial confining stress in deep mining. 

Under the condition of deep and high partial confining 

stress, the roadway surrounding rock will appear large-scale 

and butterfly plastic zone, which will threaten the stability 

of the roadway surrounding rock. This study can guide the 

practice of roadway engineering from the following three 

aspects. 

(1) Roadway layout 

In the deep condition, the roadway should not be 

arranged in the high partial confining stress environment as 

far as possible. Before the excavation of roadway, based on 

the in-situ stress test results, the stress conditions in 
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different directions should be determined. The direction of 

roadway should be parallel to the direction of maximum 

principal stress rather than vertical. The roadway should be 

located in the stress environment where the plastic zone of 

surrounding rock is round or oval after excavation, and 

should not be arranged in the stress environment where the 

plastic zone of surrounding rock is butterfly. 

(2) Roadway disaster prediction 

By using theoretical method, the shape of plastic zone of 

roadway surrounding rock in a certain stress environment is 

judged, and the stability of roadway surrounding rock is 

mastered in advance. In the layout of the roadway, try to 

avoid the butterfly position. If the butterfly failure occurs in 

the surrounding rock of the roadway, timely measures 

should be taken to strengthen the support to avoid the 

occurrence of disasters. 

(3) Roadway disaster control 

This study provides a way for roadway disaster control 

under partial confining stress in deep mining. If the 

roadway is inevitably in the high partial confining stress 

environment, the stress environment can be destroyed by 

engineering means, such as unloading in the high stress 

direction, so as to improve the stress environment of the 

roadway. 

 

 

6. Conclusions 
 

In this study, we explored the shape evolution of the 

plastic zone surrounding circular roadway under partial 

confining stress in deep mining. We also studied the 

distribution of the principal stress field around the circular 

hole from the microscopic and macroscopic perspectives 

and revealed the formation mechanism of plastic zone with 

different shapes. Based on the work presented in this paper, 

the following conclusions are made: 

(1) The formation mechanism of plastic zone with 

different shapes was revealed. Under hydrostatic stress 

(λ=1), the circumferential principal stress around the hole is 

the same everywhere, and the shape of plastic is circular; 

under low partial confining stress (1<λ<2), the rock element 

at the abscissa axis is most likely to be destroyed, while it is 

the least likely to be destroyed at the ordinate axis, resulting 

in the formation of an elliptical plastic zone; under high 

partial confining stress (λ≥2), the rock elements near the 

middle axis are easier to be destroyed, while the destructive 

force decreases gradually when it approaches the two axes, 

resulting in the formation of a butterfly plastic zone. 

(2) The concavity and convexity of the principal stress 

curve will be changed by the lateral stress coefficient, and 

the lateral stress coefficient is the main factor causing the 

butterfly failure of the roadway surrounding rock. 

(3) The increase of depth will improve the overall level 

of the circumferential principal stress field and increase the 

failure range of surrounding rock. The depth is the main 

factor causing the large-scale failure of the roadway 

surrounding rock. 

(4) Under the condition of deep and high partial 

confining stress, the roadway surrounding rock will appear 

large-scale and butterfly failure zone. 
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