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Abstract

:

The original rock stress field is mainly divided into the σHZ-dominant stress field, the σZ-dominant stress field, and the σH-dominant stress field. Via theoretical analysis, the plastic zone morphology and the orientation of roadway surrounding rock under a three-dimensional stress field are studied in depth, and the theory is verified by numerical simulation. The results show that in the σHZ-dominant stress field, the plastic failure mode changes from elliptical to quasi-circular to butterfly, and the optimized angle range of the roadway orientation is determined by three principal stresses. In the σZ-dominant stress field, the shape of the plastic zone transforms from butterfly to ellipse, the optimized angle range of the roadway orientation is 50–90°, and the butterfly hidden danger zone is in the 0–50° range. In the σH-dominated stress field, the shape of the plastic zone transits from ellipse to butterfly. The optimized angle range of the roadway orientation is 0–40°, and 50–90° is the butterfly hidden danger zone.






Keywords:


ground stress; plastic zone morphology; butterfly destruction; roadway orientation; roofing












1. Introduction


In coal mine safety, the deformation and failure of roadway surrounding rock have been hot topics of research; the control of the plastic zone expansion of roadway surrounding rock is a problem that needs to be urgently solved. Ground stress is the main factor leading to the failure of roadway surrounding rock, and the original rock stress field is the basis for analyzing the stress redistribution of roadway surrounding rock. It is critical to study the roadway orientation under different stress fields for the stability of roadway surrounding rock [1,2].



Many in-depth studies have been conducted on the deformation mechanism and deformation characteristics of roadway surrounding rock [3,4,5,6,7]. Bagheri et al. deduced the boundary equation of the plastic zone of the surrounding rock of a circular roadway and established a two-dimensional numerical simulation model. The radius of the plastic zone was measured and analyzed by applying 13 stress states, helping to verify the theoretical analysis [8]. Xu et al. put forward the pressure relief method of slotting in the roof and floor of a roadway and studied the release effect of the slotting depth on the plastic zone by the Mohr–Coulomb criterion [9]. Hou et al. proposed the reasonable use of primary support and secondary support to achieve long-term stability of the roadway in view of floor heave and creep in the control of the surrounding rock of a deep roadway [10]. Ma et al. systematically used the two-dimensional distribution stress solution and Mohr–Coulomb strength theory in elastic–plastic mechanics to obtain the formula of deviatoric stress and the plastic zone radius of circular roadway surrounding rock under a non-uniform stress field and studied the distribution law of deviatoric stress and the plastic zone, providing a reasonable theoretical basis for roadway support optimization [11]. Chen et al. systematically studied the deformation and failure characteristics of deep roadway surrounding rock and obtained the surrounding rock mechanics and strata behavior characteristics of a deep mining roadway [12]. Sun et al. studied the influence of horizontal stress on the stability of roadway surrounding rock [13]. Based on the space–time relationship of plastic zone expansion during repeated mining, Liu et al. revealed the mechanical mechanism of the space–time relationship of the plastic zone with the expansion of roadway surrounding rock and put forward the method of graded reinforcement [14]. Based on the plane strain problem, Zhao et al. proposed the butterfly failure theory of roadway surrounding rock; they clarified that roadway surrounding rock failure has three basic forms, circular, elliptical, and butterfly, and explained the physical phenomena of asymmetric large deformation and roof fall of the roadway [15]. Guo et al. proposed the concept of the shape coefficient of the plastic zone, deduced the formula of the shape coefficient, and used its size to distinguish the shape characteristics of the plastic zone, significant for roadway stability analysis and support design [16].



According to the maximum horizontal stress theory proposed by Australian scholars, roadway surrounding rock is most stable when the roadway axial direction is parallel to the maximum horizontal stress direction [17]. However, this theory has some problems. According to the butterfly failure theory of roadway surrounding rock, the principal stress ratio η of the regional stress field influences the stability of roadway surrounding rock. When the confining pressure ratio is large, a large stress deviation occurs in two directions, forming a high-deviatoric-stress environment, which creates conditions for the formation of a butterfly plastic zone. Once formed, this zone causes the large-scale destruction of roadway surrounding rock. At the same time, the failure zone is sensitive to stress change, which can easily cause dynamic disasters, such as floor heave, roof fall, large deformation, and rock burst [18]. In addition, the butterfly plastic zone has the support micro-effect. Under the existing support conditions, the support resistance of the roadway butterfly plastic zone control effect is limited.



Therefore, it is necessary to consider the influence of different roadway orientations in the ground stress field on the shape of the plastic zone of roadway surrounding rock to avoid as much as possible the formation of a high-deviatoric-stress-difference environment, in line with the actual conditions of the project. A reasonable orientation range will ensure that the roadway is in the low confining pressure ratio range so that the plastic zone of the surrounding rock is round or oval, not butterfly. This will help avoid difficult support, high support cost, serious roof fall, and a series of other problems. In this paper, under the guidance of the butterfly failure theory of roadway surrounding rock, through theoretical analysis and numerical simulation, the evolution law of the plastic zone in rock surrounding a circular roadway with different orientations under different stress fields is studied, the stability of roadway surrounding rock is analyzed, and the guiding role of engineering is put forward based on theoretical analysis, which provides a theoretical basis for orientation optimization layout and roadway safety.




2. Theoretical Analysis of the Plastic Zone under a Non-Isobaric Stress Field


2.1. General Form of the Plastic Zone in Rock Surrounding a Circular Roadway


In coal mining, roadway layout, stope strata control and movement, roadway strata behavior control, and the coal mine dynamic pressure phenomenon are closely related to the crustal stress field. The size and direction of original rock stress largely affect roadway deformation and failure. Therefore, it is important to study the initial stress field environment of a roadway to analyze the internal stress change of a rock mass during excavation and design reasonable support.



The schematic diagram of roadway surrounding rock under a three-dimensional stress environment is shown in Figure 1.



In Figure 1, σH is the maximum horizontal principal stress, parallel to the roadway axis; σh is the minimum horizontal principal stress, perpendicular to the roadway side; and σZ is the vertical stress.



In the existing research, the actual roadway model can be simplified into the axisymmetric plane strain circular hole problem in elastoplastic mechanics. The mechanical model is shown in Figure 2, where P1 is the principal stress of the side of the vertical roadway, P3 is the direct lead stress, a is the radius of the roadway, r and θ are the polar coordinates of any point in the coordinates, and η is the confining pressure ratio (i.e., the ratio of the main stress of two sides of the vertical roadway to the vertical stress of the roadway). The expression is shown in Equation (1):


     |   P 1   |     |   P 3   |    = η ≥ 1  



(1)







Through the stress analysis of a circular roadway under a non-uniform stress field, the stress calculation formula of any point around the roadway under non-uniform pressure is substituted into the Mohr–Coulomb criterion, the 8-order implicit equation of the plastic zone boundary of the surrounding rock of a circular roadway under a non-uniform stress field is obtained, as shown in Equation (2), and the concept of the butterfly plastic zone is proposed [19].


  f  (   a r   )  =  K 1     (   a r   )   8  +  K 2     (   a r   )   6  +  K 3     (   a r   )   4  +  K 4     (   a r   )   2  +  K 5  = 0  



(2)




where
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where C is for coal and rock medium cohesion, a is the internal friction angle, r is the roadway radius, f is the radius of the plastic zone, and K is for the polar coordinates of any point around the roadway surrounding rock.



When η = 1, Equation (2) is the same as the famous Kastner formula. The plastic zone morphology of circular roadway surrounding rock under different η values under the same mechanical properties as those of roadway surrounding rock is obtained through Equation (2) and visual programing calculation, as shown in Figure 3. In the diagram, the plastic zone in the rock surrounding the circular roadway has three forms: circular, elliptical, and butterfly [20].



When the roadway plastic zone is circular and elliptical, the failure of the surrounding rock of the roadway is mostly uniform, the rock in the failure zone is not concentrated in a certain area, and the surrounding rock of the roadway is relatively stable. When the roadway plastic zone is butterfly shaped, the failure of the surrounding rock of the roadway is non-uniform. The rock in the failure zone is equivalent to the concentrated compression of the surrounding rock of the weak body. If the support is improper, roof fall accidents can easily occur, and the stability of the surrounding rock of the roadway is poor.



In the process of roadway axial rotation, the confining pressure of different angles varies greatly. When the stress difference is large, a high-deviatoric-stress environment is formed, creating stress conditions for the formation of a butterfly plastic zone. According to the stress conditions and mechanical mechanism of the butterfly plastic zone, the confining pressure in different axial directions of roadways is analyzed to further determine whether the roadways in different axial directions are in the stress conditions of a butterfly plastic zone, and the plastic zone morphology of different roadway orientations under different dominant stress fields is further analyzed.




2.2. Theoretical Analysis of Optimization Orientation of Roadway Surrounding Rock


In the three dominant stress fields, σHZ, σZ, and σH, by calculating the change in the surrounding rock stress under different orientations of roadway, combined with the butterfly failure theory of roadway surrounding rock, the influence of angle α between the roadway axial direction and the maximum horizontal principal stress direction on the stability of the roadway surrounding rock is analyzed to determine the reasonable excavation direction of the roadway.



In the initial stress field, it is assumed that the complex stress field around the roadway is represented by the regional main stress field, such as Equations (3)–(5):


   σ Z  = γ H =  S  zz      



(3)






   S  xx   =  σ h  ,  S  yy   =  σ H   



(4)






     S  xx      S  zz     =    σ h     σ Z    = η  



(5)




where γ is the rock bulk density (2.5 kN/m3); h is the depth of the roadway, m; and Sxx, Syy, and Szz are normal stresses in the X, Y, and Z directions, respectively.



Figure 4 shows the stress analysis when the roadway rotates at a certain angle. The maximum horizontal principal stress σH is parallel to the y-axis, the minimum horizontal principal stress σh is parallel to the x-axis, and the vertical stress σZ is parallel to the z-axis. The roadway is assumed to be arranged along the y-axis, and the initial axial direction of the roadway is parallel to the direction of the maximum horizontal principal stress. α is the rotation angle of the roadway, that is, the angle between the direction of the maximum horizontal principal stress and the axial direction of the roadway; S′xx is the stress perpendicular to the sidewall of the roadway; and S′yy is the stress parallel to the axial direction of the roadway.



Through the stress analysis of the plane stress state of the unit body, the equilibrium equation is listed according to the known stress components on each surface of the unit body. Combined with the reciprocal theorem of shear stress [21], the expressions of S′xx, S′xy, and S′xy are obtained as Equations (6)–(8):


    S ′   xx   =  σ h    cos  2  α +  σ H    sin  2  α =    σ h  +  σ H   2  +    σ h  −  σ H   2  cos 2 α  



(6)






    S ′   yy   =  σ H    cos  2  α +  σ h    sin  2  α =    σ h  +  σ H   2  +    σ H  −  σ h   2  cos 2 α  



(7)






    S ′   xy   =  σ h  cos α sin α −  σ H  cos α sin α =    σ h  −  σ H   2  sin 2 α  



(8)







According to the butterfly failure theory of roadway surrounding rock and the stress state of the surrounding rock with different orientations, the roadway orientation schemes under three dominant stress fields are analyzed.



2.2.1. Optimal Orientation Theory Analysis of the σHZ-Dominant Stress Field


In the σHZ stress field, σH > σZ > σh. It can be seen from Equation (6) that with the increase in the axial angle α, cos2α monotonically decreases and the stress S′xx of the corresponding vertical roadway side monotonically increases. In the process of increasing, at one point, angle S′xx = σZ and then S′xx continues to increase to become equal to the axial stress σH. In the σHZ-dominant stress field, there are four stress environments: (1) If the difference between |σH − σZ| and |σZ − σh| is small, it shows that the difference between S′xx and σZ is not significant during the rotation of the roadway, and the ratio of high confining pressure is not formed, which is not favorable to the formation of a butterfly plastic zone. (2) If the difference between |σH − σZ| and |σZ − σh| is large, the difference between S′xx and σZ is large, at 0° and 90°. The roadway is in a high-stress-ratio environment and the stress environment is in a high–low–high state in the axial rotation process. A certain angle range in the rotation process is conducive to avoiding the formation of a butterfly plastic zone. (3) If the difference between |σH − σZ| is large and the difference between |σZ − σh| is small, the difference between S′xx and σZ is small at 0°, and the roadway is in a low-stress environment. With the increase in the distance to σH, the stress difference gradually increases, and a deviatoric stress area begins to form. (4) If the difference between |σH − σZ| is small and the difference between |σZ − σh| is large, the difference between S′xx and σZ is large at 0°, and there is a high-stress difference, making it easy for a butterfly plastic zone to develop. With the increase in α, the deviatoric stress difference gradually decreases. In short, in the σHZ-dominant stress field, there is an angle α, which makes S′xx equal to σZ and minimizes the deviatoric stress difference.



Take   η =    S ′    xx     σ Z    = 1   into Equation (6) to obtain Equation (9):


  α =  1 2  arccos  (    2  σ Z  −  σ h  −  σ H     σ h  −  σ H     )   



(9)







This α is the optimal angle deduced from the butterfly failure theory of roadway surrounding rock to avoid the formation of a butterfly plastic zone. The adjacent range of this angle is the optimal orientation. In this range, the plastic zone is elliptical or quasi-circular, which is conducive to the stability of the roadway.




2.2.2. Optimal Orientation Theory Analysis of the σZ-Dominant Stress Field


In the σZ stress field, σZ > σH > σh. It can be inferred from Equation (6) that as the roadway axial angle α increases, cos2α monotonically decreases and S′xx monotonically increases. As angle α increases, S′xx increases from σh to σH. In the σZ-dominant stress field, there are four stress environments: (1) If the difference between |σZ − σH| and |σH − σh| is small, the roadway does not produce an excessive deviatoric stress difference in the rotation process, and the butterfly failure zone is not formed. (2) If the difference between |σZ − σH| and |σH − σh| is large, the roadway is in a high confining pressure ratio environment when the roadway is 0°. With the increase in the axial angle α of the roadway, the deviatoric stress difference gradually decreases. Although there is a butterfly risk when the angle α is 90°, the risk is much lower than that of 0°. (3) If the difference between |σZ − σH| is large and the difference between |σH − σh| is small, the butterfly risk gradually decreases with the increase in angle α when the roadway transits from 0° to 90°. (4) If the difference between |σZ − σH| is small and the difference between |σH − σh| is large, the stress difference between S′xx and σZ decreases rapidly with the increase in angle α during the rotation of the roadway, and the butterfly risk is greatly reduced, preventing the formation of a butterfly plastic zone. In conclusion, in the σZ stress field, with an increase in the axial angle α, when the angle range is small, the high confining pressure ratio environment is more likely to form, and the probability of butterfly risk greatly increases.




2.2.3. Optimal Orientation Theory Analysis of the σH-Dominant Stress Field


In the σH stress field, σH > σh > σZ. It can be seen from Equation (6) that with the increase in the axial angle α of the roadway, cos2α decreases monotonically and the stress S′xx corresponding to the vertical roadway sidewall increases monotonically. As angle α increases, S′xx transits from σh to σH. In the σHZ-dominant stress field, there are the following four stress environments: (1) If the difference between |σH − σh| and |σh − σZ| is small, in the process of roadway rotation, the stress difference between S′xx and σZ is small. With the increase in the axial angle α of the roadway, the deviatoric stress difference of the surrounding rock of the roadway gradually increases but the high confining pressure ratio environment is not formed. (2) If the difference between |σH − σh| and |σh − σZ| is large, when the roadway is at 0°, the difference between S’xx and σZ is large and the deviatoric stress difference continues to increase with the increase in angle α, rapidly increasing the risk of butterfly malignant plastic zone formation. (3) If the difference between |σH − σh| is large and the difference between |σh − σZ| is small, the difference in the stress of roadway orientation in the low-angle range is small and the butterfly risk coefficient increases with the increase in the roadway angle. (4) If the difference between |σH − σh| is small and the difference between |σh − σZ| is large, then there is a high-deviatoric-stress environment in the roadway at 0°. With the increase in the angle, the butterfly risk will continue to increase as in situations (2) and (3). In short, in the σH-type stress field, with an increase in the roadway angle, when the angle range is large, the high confining pressure ratio environment is easier to form, and the probability of butterfly risk also increases greatly.





2.3. Morphological and Size Characteristics of Theoretical Plastic Zones with Different Orientations under Three Dominant Stress Fields


According to the above three different dominant stress fields, the plastic zone boundary in Equation (1) under the condition of a non-uniform stress field is used to theoretically analyze the distribution characteristics and geometric forms of the plastic zone of a surrounding rock in the 0–90° range under the three stress fields. Under three dominant stress fields, each stress field gives a set of stress values, and the shape and size of the plastic zone are preliminarily determined by the equation.



In a σHZ-dominant stress field, when σH = 20 MPa, σZ = 8 MPa, and σh = 7 MPa, the shape of the plastic zone is shown in Table 1a. With the increase in the roadway angle α, the plastic zone morphology of the roadway surrounding rock transits from ellipse to quasi-circular to butterfly. In addition, the maximum sizes of the roadway plastic zone from 0° to 90° are 0.47, 0.46, 0.5, 0.68, 0.85, 1.06, 1.5, 2.15, 2.74, and 2.98 m, respectively, and the difference between the maximum plastic zone size and the minimum plastic zone size is 2.52 m.



In the σZ-dominant stress field, with σH = 18 MPa, σZ = 20 MPa, and σh = 7 MPa, the shape of the plastic zone is shown in Table 1b. With the increase in the roadway angle α, the plastic zone morphology of the roadway surrounding rock transits from butterfly to ellipse. In addition, the maximum sizes of the roadway plastic zone from 0° to 90° are 4.37, 3.85, 2.69, 1.75, 1.34, 1.18, 1.12, 1.09, 1.07, and 1.06 m, respectively. The difference between the maximum plastic zone size and the minimum plastic zone size is 3.31 m.



In σH-dominant stress field, with σH = 20 MPa, σZ = 8 MPa, and σh = 9 MPa, the shape of the plastic zone is shown in Table 1c. With the increase in the roadway angle α, the plastic zone morphology of the roadway surrounding rock transits from ellipse to butterfly. In addition, the maximum sizes of the roadway plastic zone from 0° to 90° are 0.56, 0.55, 0.57, 0.72, 0.87, 1.03, 1.29, 1.66, 2.01, and 2.15 m, respectively. The difference between the maximum plastic zone size and the minimum plastic zone size is 1.60 m.





3. Numerical Simulation Analysis


3.1. Model Establishment


In this paper, a numerical model of 50 m × 22 m × 50 m (length × width × height) is established. The model has 660,000 elements, as shown in Figure 5. It adopts a unified lithology. The physical and mechanical parameters of rock strata are shown in Table 2, where the x-axis is the direction of the minimum horizontal principal stress, the y-axis is the direction of the maximum horizontal principal stress, and the z-axis is the direction of the lead direct stress. The front, rear, left, and right sides of the model are set as a horizontal displacement boundary, the bottom is set as a vertical displacement boundary, and the top is set as a stress boundary. The Mohr–Coulomb model is adopted.




3.2. Simulation Scheme


The simulation is carried out under three different stress fields. The boundary loading conditions under the three stress fields are consistent with the theoretical calculation, as shown in Figure 6. Under the three stress fields, the angle between the roadway axial direction and the direction of the maximum horizontal principal stress starts from 0° and rotates 10° clockwise each time. When the angle is 90°, that is, the maximum horizontal principal stress is perpendicular to the roadway side, the simulation stops. Ten groups of numerical models were established under each stress field, and the hist command was used to monitor the roof, side, and floor of the roadway.




3.3. Numerical Simulation Results and Analysis


The formation, development, and evolution of the surrounding rock plastic zone are the basis of the roadway surrounding rock deformation and failure. The morphological characteristics and distribution law of the plastic zone of surrounding rock are closely related to the stability of surrounding rock and the failure mode of a roadway. Only by fully understanding the evolution law and distribution characteristics of plastic zones in different roadway axial directions can a reasonable optimization scheme be made for the roadway layout so as to avoid the formation of a butterfly plastic zone morphology, which causes greater dynamic disasters. In this section, the evolution law of the plastic zone in different orientations of the roadway under three dominant stress fields is studied from the point of view of two core elements, plastic zone morphology and size, in different axial directions of the roadway.



3.3.1. Evolution Characteristics of the Plastic Zone under the σHZ-Dominant Stress Field


Figure 7 shows the distribution pattern of the plastic zone when angle α between the axial direction of the roadway and the direction of the maximum horizontal principal stress varies from 0° to 90° under the dominant stress field of σHZ. When the axial direction of the roadway is parallel to the maximum horizontal principal stress, the plastic zone of the surrounding rock of the roadway is quasi-circular. With the increase in the axial angle α of the roadway, the area of the two sides of the roadway decreases significantly and the area of the roof and the floor increases gradually. The plastic zone gradually transits from quasi-circular to vertical elliptical, and the area of the roof and the floor is much larger than that of the two sides. When α starts from 60°, the plastic zone size of roadway surrounding rock begins to develop obliquely and the butterfly shape is slowly revealed. The plastic zone of the roadway roof and floor continues to expand. When α is 90°, the plastic zone shape of the roadway is transverse butterfly.



Figure 8 shows the variation curve of the plastic zone size of the roadway with the axial angle α of the roadway. The following can be seen from the curve:




	(1)

	
When α is 0~60°, the maximum plastic zone size of the roadway occurs in the middle of the roof, and when α is 60~90°, the maximum plastic zone size of the roadway surrounding rock occurs at the wing angle.




	(2)

	
When α = 0°, the plastic zone at the roadway wing angle is 2.21 m. When α is 0~40°, the depth of the wing angle decreases by 0.83 m. When α is 40–90°, the size of the wing angle begins to increase rapidly and the sizes of the plastic zone are 1.38, 1.74, 2.06, 3.12, 4.04, and 4.40 m, respectively, increasing by 2.19 times.




	(3)

	
The depth of the plastic zone in the middle of the roof gradually decreases from 2.50 to 1.49 m when α increases from 0° to 40°, a decrease of 1.01 m. In the 50~90° range, the size of the plastic zone in the middle of the roof gradually increases, by 0.77 m.




	(4)

	
When the axial angle α of the roadway is in the 0~70° range, the size of the plastic zone in the middle of the roadway sidewall gradually decreases from 2.00 to 0.25 m, a decrease of 1.75 m or by 0.88 times. When α is 80~90°, the size of the plastic zone in the middle of roadway the sidewall slowly increases by 0.25 m.




	(5)

	
In the σHZ-dominant stress field, when the axial angle α of the roadway increases, the variation slope of the wing angle plastic zone size is the largest, followed by the roof, and the roadway side is the smallest. Therefore, in the σHZ-dominant stress field, the sensitivity of different positions of roadway to angle α is wing angle > roof > side.










3.3.2. Evolution Characteristics of the Plastic Zone under a σZ-Dominant Stress Field


Figure 9 shows the distribution pattern of the plastic zone under the σZ-dominant stress field when the angle α between the roadway axial direction and the maximum horizontal principal stress direction changes between 0° and 90°. When α is 0°, the plastic zone in rock surrounding the circular roadway is an irregular vertical butterfly shape. With an increase in the axial angle of the roadway α, the wing angle of the roadway begins to decrease. When α is 50°, the butterfly shape of the roadway plastic zone is not obvious. The area of the two sides of the roadway is significantly larger than the area of the roof and the floor, which is similar to the flat ellipse. When α is 60–90°, the area of the plastic zone of the roof and the floor of the roadway surrounding rock increases gradually, and the plastic zone is close to a ring in shape.



Figure 10 shows the variation curve of the plastic zone size of the roadway with the axial angle α of the roadway. The following can be seen from Figure 11:




	(1)

	
When α = 0°, the maximum size of the plastic zone of roadway surrounding rock occurs at the wing angle and the plastic zone size is 10.71 m, i.e., 3.57 times that of the roadway radius (3.57 a). With the increase in the axial angle α of the roadway (10~40°), the failure depth at the wing angle decreases sharply, and the failure radii are 9.12, 6.90, 4.39, and 3.00 m (i.e., decreases by 1.18, 1.55, 2.44, and 3.57 times, respectively). When α is 40–70°, the shoulder size is in a relatively stable stage, only decreasing by 0.4 m. When α is 80–90°, the plastic zone size of the roadway slowly increases by 0.86 m.




	(2)

	
With the increase in the roadway axial α (0~40°), the plastic zone size of the roadway roof decreases from 1.28 to 0.42 m, a decrease by 3.04 times. When α is 40~90°, the plastic zone depth slowly increases, from 0.42 to 2.78 m, increasing by 2.36 m.




	(3)

	
When the roadway axial angle α increases from 0° to 70°, the size of the plastic zone in the middle of the roadway sidewall does not change, and the size of the plastic zone is roughly 3 m. When α increases from 70° to 90°, the size of the plastic zone in the sidewall increases from 3 to 3.8 m, an increase of 0.8 m.




	(4)

	
In the process of axial rotation of the roadway, when α is between 0° and 40°, the maximum plastic zone depth of the roadway occurs at the roadway wing angle, and from 50°, the maximum failure depth of the roadway occurs at the roadway side.




	(5)

	
In the three positions of the roadway roof, sidewall, and four wings, as the roadway axial angle α increases, the curve slope of the wing angle changes the most, followed by the change in the roof, and the slope of the sidewall changes the least. Therefore, in the σZ-dominant stress field, the sensitivity of different positions of the roadway to angle α is wing angle > roof > side.










3.3.3. Evolution Characteristics of the Plastic Zone under a σH-Dominant Stress Field


Figure 11 shows the distribution pattern of the plastic zone under the σH-dominated stress field when the angle α between the roadway axial direction and the maximum horizontal principal stress direction changes between 0° and 90°. When α is 0°, the plastic zone morphology of roadway surrounding rock is quasi-circular and the plastic zone is evenly distributed around the roadway. With an increase in the axial angle of the roadway (10~50°), the plastic zone area of the two sides gradually decreases. When α is 50°, the plastic zone area of the two sides is significantly smaller than that of the roof and the floor and the plastic zone is overall thin and highly elliptical. When α is 60°, distortion begins at the four corners of the plastic zone, and the butterfly plastic zone is gradually generated. The uneven malignant expansion occurs with the increase in the angle α.



Figure 12 shows the variation curve of the plastic zone size of the roadway with the axial angle α of the roadway. The following can be seen from the curve:




	(1)

	
When α is 0~60°, the maximum radius of the plastic zone in the rock surrounding the circular roadway occurs in the middle of the roadway roof. When α is 60–90°, the maximum size of the plastic zone of the surrounding rock occurs in the two roadway wings.




	(2)

	
When α is in the 0~40° range, the size of the plastic zone of the two roadway wings does not change much and is in a relatively stable stage. When α = 40°, the size of the plastic zone of the wing angle begins to increase sharply and the failure radii are 1.50, 1.68, 2.44, 3.32, 4.04, and 4.42 m, respectively. When the axial angle is 90°, the radius of the roadway plastic zone expands by 1.95 times.




	(3)

	
When the axial angle of roadway increases from 0° to 40°, the size of the plastic zone in the middle of roof decreases gradually. When α is 30°, the size of the plastic zone in the middle of the roof is the smallest, 1.50 m. From 40°, the depth of the plastic zone in the middle of the roof gradually increases, with the maximum value of 2.76 m, increasing by 0.84 times.




	(4)

	
Overall, the plastic zone size in the middle of the roadway decreases with the increase in the axial angle of the roadway. The size of the plastic zone is the largest at 0°, which is 1.74 m, and it is stable at 0.26 m at 40~80°. When α is 90°, the radius of the plastic zone in the sidewall increases slightly.




	(5)

	
In the σH-dominated stress field, with the increase in the axial angle α of the roadway, the size slope of the wing angle plastic zone shows high sensitivity. The curve slope changes greatly, followed by the sidewall curve slope, and the roof is the smallest. Therefore, in the σH-dominant stress field, the sensitivity of different positions of the roadway to angle α is wing angle > side > roof.












4. Comprehensive Analysis of the Orientation Criterion under Three Dominant Stress Fields


4.1. σHZ-Dominant Stress Field Orientation Criterion


In the σHZ-dominant stress field, it can be seen from the analysis in Section 2 that the roadway surrounding rock may be under four different stress environments, and the optimal orientation of the roadway in the rotation process is determined by the three principal stresses of the stress field. In the above numerical simulation scheme, the three principal stress values are introduced in Equation (9), and the optimal orientation angle is about 16°. From the numerical simulation results, it can be seen that the plastic zone size is slightly less than 16° when the roadway angle is about 40°. This is because the axial stress of the roadway has a certain effect on the size of the plastic zone but has little effect on the shape of the plastic zone of the surrounding rock. By determining the optimized angle, the butterfly hazard risk area is effectively avoided.



Therefore, in the σHZ-dominant stress field, according to the optimization angle formula, the orientation optimization angle can be obtained. In the neighborhood of the optimization angle, there is no butterfly stable area or butterfly hidden danger risk area.




4.2. σZ-Dominant Stress Field Orientation Criterion


In the σZ-dominant stress field, when α is 0°, the roadway is in a high-deviatoric-stress environment, which creates conditions for the formation of a butterfly plastic zone. With the increase in the axial angle α of the roadway, the confining pressure ratio gradually increases (close to 1), and the butterfly risk gradually decreases. When α is 90°, although the confining pressure ratio of the roadway is closest to 1, due to the influence of the axial stress of the roadway, the size of the plastic zone of roadway surrounding rock is slightly larger than 50° but the shape is slightly affected by axial stress, which is lateral ellipse and easy to support. When α is about 50°, the influence of the confining pressure ratio begins to increase, and the butterfly risk increases sharply with an increase in the angle.



Therefore, in the σZ-dominant stress field, the roadway is a butterfly-free stable area within the 50~90° range, and the requirements for the surrounding rock support of the roadway are not high. In the 0~40° range, it is a butterfly-shaped risk area, where it is difficult to provide support and there is a high risk of roof fall.




4.3. σH-Dominant Stress Field Orientation Criterion


In the σH-dominated stress field, when the axial angle α of the roadway is 0°, the confining pressure ratio of roadway surrounding rock is the smallest. With an increase in the axial angle α of the roadway, the confining pressure ratio gradually increases, and a high-deviatoric-stress-environment area gradually forms. When α is 0°, although the confining pressure ratio of the roadway is the smallest, the size of the plastic zone in rock surrounding the circular roadway is slightly larger than 40° due to the influence of the axial stress of the roadway, but this stress has little effect on the shape of the plastic zone, only on the size. When α is about 40°, the influence of the axial stress of the roadway on the size of the plastic zone decreases and the influence of the confining pressure ratio begins to increase. With an increase in angle α, high deviatoric stress leads to the formation of a butterfly plastic zone.



Therefore, in the σH-dominated stress field, different from maximum horizontal stress theory, the roadway is a butterfly-free stable region in the 0~40° range, which is conducive to roadway maintenance. In the 50~90° range, it is a butterfly-shaped risk area, which is not conducive to roadway maintenance.





5. Guidance to Engineering Practice


It can be seen from the above analysis that the roadway layout direction under different stress fields influences the deformation and failure of roadway surrounding rock and the different layout directions of the roadway have an important effect on the stress state of roadway surrounding rock. When the stress state of the roadway is under the condition of a high confining pressure ratio, the roadway surrounding rock will produce butterfly failure, and the butterfly plastic zone has an important influence on the stability of roadway surrounding rock. This study can guide engineering practice from the following three aspects:




	(1)

	
For mine production preparation, as far as possible, use the analysis method in this paper for the layout directions of the return airway, the transportation roadway, the contact roadway, and some chambers to avoid the high confining pressure ratio stress field of roadway and chamber. Before excavating the roadway, the stability of surrounding rock in different directions of the roadway should be analyzed based on the test results of ground stress. According to the test results of ground stress, the plastic zone should be circular or elliptical so as to avoid the formation of a butterfly plastic zone.




	(2)

	
When the roadway is in a different stress environment, the shape and size of the plastic zone of the roadway can be obtained according to the ground stress data of the mine and the above theoretical analysis, the stability of the surrounding rock of the roadway can be evaluated theoretically, and the surrounding rock can be supported in a targeted manner according to different plastic zone shapes.




	(3)

	
When the roadway or chamber is inevitably arranged in the range of a high confining pressure ratio due to the influence of production replacement or geological structure (such as faults) in the process of roadway layout, the butterfly plastic zone should be strengthened according to the above analysis and the parts where the butterfly leaf is easy to expand should be strengthened.










6. Discussion


Based on the butterfly failure theory of roadway surrounding rock, this paper studied the evolution law and orientation criterion of the plastic zone in rock surrounding a circular roadway under different stress fields, providing theoretical guidance for optimal roadway layout. Based on the theory, the description method, and the technology used in this paper, there are still some problems to be solved, and further research and learning are needed in the following aspects:




	(1)

	
Due to the large depth, the in situ stress field environment of a deep roadway becomes complex, reflected not only in the size but also in the direction of the stress, which will change to different degrees. In this paper, only the size of the stress vector was analyzed, not the change in the stress direction. Next, it is necessary to analyze the evolution law and orientation criterion of the roadway plastic zone under different deflection angles.




	(2)

	
In the study of the plastic zone size of roadway surrounding rock, the solution of the plastic zone boundary equation under a three-dimensional stress field is complex. Therefore, this paper adopted the 8-order implicit equation of a butterfly plastic zone, which is based on the Mohr–Coulomb criterion and does not consider the influence of the roadway axial stress on the plastic zone size of roadway surrounding rock. In the next step, it is necessary to further analyze the size of the plastic zone under a three-dimensional stress field to study the influence of axial stress of the roadway on the stability of the surrounding rock.










7. Conclusions


	(1)

	
The original rock stress field is mainly divided into the σHZ-dominant stress field, the σZ-dominant stress field, and the σH-dominant stress field. Under different dominant stress fields, the angles between the axial direction of the roadway and the direction of the maximum horizontal principal stress are different, and the degree of damage of the surrounding rock of the roadway is different. When the axial direction of the roadway is consistent with the direction of the maximum horizontal principal stress, the stability of the surrounding rock of the roadway is not necessarily good, and it may be in the butterfly risk area, which is different from the maximum horizontal stress theory.




	(2)

	
According to the butterfly failure theory of roadway surrounding rock, the stability of roadway surrounding rock with different axial angles under three different dominant stress fields is analyzed theoretically. The stress environment under different dominant stress fields is classified, and each stress field is divided into four stress environments.




	(3)

	
The theoretical analysis results show that in the σHZ-dominant stress field, the shape of the plastic zone changes from elliptical to quasi-circular to butterfly, and the difference between the maximum and minimum plastic zone sizes is 2.52 m; in the σZ-dominant stress field, the shape of the plastic zone transitions from butterfly to ellipse, and the difference between the maximum and minimum plastic zone sizes is 3.31 m; and in the σH-dominant stress field, the shape of the plastic zone transitions from ellipse to butterfly, and the difference between the maximum and minimum plastic zone sizes is 1.60 m.




	(4)

	
The numerical simulation results show that in the σHZ-dominant stress field, the optimized angle range of roadway orientation is determined by three principal stresses. In the σZ-dominant stress field, the optimized angle range of roadway orientation is 50~90° and the butterfly hidden danger zone is in the 0~50° range; in the σH-dominated stress field, the optimized angle range of roadway orientation is 0~40° and 50~90° is the hidden danger zone.
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Figure 1. Schematic diagram of the stress field environment in the roadway envelope. 
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Figure 2. Mechanical calculation model and plastic zone evolution model of a circular roadway under a non-uniform stress field. 
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Figure 3. Theoretical calculation results of the butterfly plastic zone in the rock surrounding a circular roadway. 
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Figure 4. The stress analysis chart of the roadway after an axial rotation at α angle. 
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Figure 5. Numerical simulation model. 
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Figure 6. Boundary loading conditions under three stress fields. 
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Figure 7. Distribution pattern of the roadway plastic zone under different values of angle α under the dominant stress field of σHZ. 
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Figure 8. Variation in the depth of the plastic zone with axial angle α. 
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Figure 9. Distribution pattern of the roadway plastic zone under different values of angle α under the dominant stress field of σZ. 
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Figure 10. Variation in the depth of the plastic zone with axial angle α. 
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Figure 11. Distribution pattern of the roadway plastic zone under different values of angle α under the dominant stress field of σH. 
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Figure 12. Variation in the depth of the plastic zone with axial angle α. 
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Table 1. Theoretical analysis of plastic zone morphology with different orientations under three dominant stress fields.
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(a) σHZ-dominant stress field
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(b) σZ-dominant stress field
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(c) σH-dominant stress field
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Table 2. Physical and mechanical parameters of rock formation.
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	Rockiness
	Density/kg·m−3
	Tensile/MPa
	Bulk/GPa
	Shear/GPa
	Cohesion/MPa
	Friction/(°)





	Coal
	2400
	0.35
	14.17
	9.33
	3
	25
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