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The Tashan coal mine is selected as a case study to determine the deformation and damage mechanisms of the lower roadway in a close-range residual coal pillar area. Roof drilling peephole technology is applied to detect the damage to the roadway roof surrounding rock. A boundary invisibility equation is derived for the plastic zone of a circular hole based on the theory of a butterfly plastic zone in a non-uniform stress field in which the principal stress occurs at an arbitrary angle to the vertical. Maple mathematical drawing software is combined with FLAC3D numerical simulations to investigate the influence of the principal stress ratio and direction on the roadway plastic zone. The results indicate that the plastic zone of the roadway surrounding rock assumes a butterfly shape when the bidirectional stress ratio is large, and the direction of the butterfly-shaped failure of the roadway is related to the principal stress direction. Field test images are combined to show that the asymmetric damage pattern of the lower roadway in a close-range residual coal pillar area is influenced by the presence of the roadway in a non-uniform stress field in which the main stress direction is deflected.
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1 INTRODUCTION
Close-range coal seam mining has become increasingly common in Chinese coal mines. Differing from single-seam mining, close-range coal seam mining is affected by a variety of factors (Lu et al., 1993; Fang et al., 2009; Kang et al., 2017; Zhang et al., 2020; Lv et al., 2022) that lead to the manifestation of distinct mine-pressure characteristics. When mining the lower roadway in the coal pillar area, the stress state of the roof rock layer of the lower coal seam is altered owing to the void area of the upper coal seam and the residual coal pillar, both of which affect the roadway excavation support and working face mining (Eberhardt, 2012; Zhang et al., 2014; Xia et al., 2021).
Roadway disasters are caused by the deformation and damage of the roadway surrounding rock under stress (Lee et al., 2011; Zou et al., 2015). Numerous studies have been conducted based on theoretical analyses and practical tests, and several related theories have been proposed including the natural caving supply theory (Zhao, 1978), axial variation theory (Yu, 1981; Yu, 1982), and maximum horizontal stress theory (Chen, 2009). The damaged area and range of the roadway surrounding rocks have been studied from a variety of different angles, and the development law of the roadway surrounding rock damage shape has been explored. Under hydrostatic pressure conditions, the quantitative calculation method involving the radius of the plastic zone around the circular hole can be calculated using the previously proposed Fenner formula and the Castellan formula (Goodman, 1982; Yang et al., 2012; Gan et al., 2015) and others have performed experimental tests and numerical simulations and demonstrated the reasonable arrangement of a mining tunnel in the lower position of a short-distance residual coal pillar.
Non-uniform stress will ultimately lead to the deformation and failure of the roadway surrounding rock (Kontogianni and Stiros, 2006; Zhang et al., 2008; Stiros and Kontogianni, 2009; Kong et al., 2014). The butterfly failure theory is based on the elastic-plastic theory, analyzes the failure mechanism of the roadway in a non-uniform stress field, establishes a physical model of the roadway surrounding rock failure, and deduces the quantitative calculation formula of the plastic zone of the roadway butterfly failure (Zhao, 2014; Zhao et al., 2016a; Zhao et al., 2016b; Ma et al., 2016; Ma et al., 2017). Guo et al. (2019) accordingly proposed an evaluation criterion for the shape of the plastic zone of a circular roadway—which can be applied to predict the potential danger zone of a circular roadway—and an evaluation criterion for the critical point of a dynamic roadway disaster based on the characteristic radius. Ma et al. (2019) showed that conjugate shear fracture seisms follow an “imitation of butterfly survival” law, and determined the necessary conditions for a conjugate shear fracture seism to occur. Hao et al. (2020) analyzed the energy characteristics of coal and rock masses upon impact failure from the perspective of energy accumulation and release.
The deformation and damage of the lower roadway in a close-range residual coal pillar area is very easy to lead to roadway disasters. Field tests were performed in this study to analyze the damage pattern of a roadway roof in a close-range residual coal pillar area of the Tashan coal mine, and to verify the deformation and damage mechanisms of the lower roadway. The deformation and damage mechanisms are explained based on the butterfly damage theory. The results provide a theoretical basis for the stability control theory of the surrounding rock of a lower roadway of a residual coal pillar during the mining process of the close-range coal seam group.
2 MATERIALS AND METHODS
2.1 Engineering Background
The Tashan coal mine is located on the middle eastern edge of the Datong coalfield. The main coal seam is the #3–5 coal, which is a combination of the #3 and #5 coal seams. The average thickness is 18.0 m and the reserves account for more than 65% of the entire mine. The coal mining technology in this mine has a large mining height for top coal caving. Among them, the 2# coal average thickness is 3.0 m and has been completely mining. The #3–5 coal seams are located 4.4 m from the mined #2 coal seam, as shown in Figure 1. The influence of other roadways is not considered here, thus only the air return roadway of the 30,503 working face is shown in the sectional view.
[image: Figure 1]FIGURE 1 | Two-dimensional view of the roadway layout between the #3–5 and #2 coal seams.
The 30,503 working face is the successful continuation of the 30,501 working face. The 30,503 working face return roadway was excavated for 860 m prior to the mining of the 30,501 working face.
Among them, the 30,503 working face return roadway is 4 m high and 5.7 m wide, the horizontal distance of the positive gang from the upper coal seam section coal pillar is 15.2 m, and the secondary gang is 25.15 m from the edge of the 30,501 working face, the section coal pillar is 20 m, as shown in Figure 1. The 30,503 working face return roadway was closed, owing to serious deformation of its return roadway, and managed while mining the 30,501 working face. After the 30,501 working face was completed, the 30,503 return roadway was opened and sealed, at which point it was found that the tunnel was basically closed. The mine has since renovated this roadway. During the renovation to 860 m, the roof, floor, and two sides of the roadway in the repaired section underwent increasing displacement, as shown in Figure 2. Large local deformations of the roadway and the two gangs have made a significant difference in the displacement. A borehole peephole was drilled into the roof of the 30,503 return roadway to visually observe the extent of damage and the damage pattern, as shown in Figure 3.
[image: Figure 2]FIGURE 2 | Damage to the excavation head during renovation.
[image: Figure 3]FIGURE 3 | On-site borehole probe images.
2.2 Field Tests
A roof drilling peephole probe can accurately and intuitively observe the lithology of the roof and the damage pattern of the roof surrounding rock. According to the actual production conditions at the site, 5 measurement points a, b, c, d, and e were located at 10, 40, 70, 100, and 130 m from the head of the return air tunnel. Measurement points were selected 10 m from the head of the return air tunnel at the roadway section for drilling and peeping, and one measurement point was arranged every 1 m at the top plate of the roadway section, marking drill holes numbered 1–7. The arrangement and numbering of the 12 measurement points are shown as a schematic diagram in Figures 4, 5.
[image: Figure 4]FIGURE 4 | Layout of the measuring points on the roadway roof.
[image: Figure 5]FIGURE 5 | Layout of the measuring points on the roadway section.
The field drilling peephole results are used to draw a drilling column comparison chart (Figure 6) according to the top plate of the roadway. The analysis shows that the fissures are mainly distributed in the top of the shallow part of the top plate, where fragmentation is particularly severe. There is a wide range of separation with differing fissure pattern distributions and horizontal and vertical interlacings. Large delaminations are observed at 0.25, 1.06, and 1.75 m. The distribution of deep fissures in the top coal of the roof plate is less severe in the areas where the peephole wall form is more complete, and the crushing situation is gradually reduced. More fissures occur at the 5–6 m peepholes, but in the range of 6–8 m, there are less fissures and the wall integrity of the peephole is high. This demonstrates that delamination has not occurred in this section.
[image: Figure 6]FIGURE 6 | Borehole columnar comparison chart.
The peeping analysis of the roadway section at 870 m of the 30,503 work face return roadway shows that the roof strata of the 30,503 working face return roadway are relatively simple within the observation range of 8 m. Approximately 1–6 thin interlayers are mixed in the coal seam with thicknesses between ∼0.1 and ∼0.7 m. The roof is relatively severely broken in the range of 0–2 m, there are many cracks in the range of 2–5 m, and there are few cracks in the range of 6–7 m. The breakage situation and damage range of the roadway surrounding the rock section at 870 m are drawn in Figure 7. The top coal in the shallow part exhibits crack development, is severely broken, and has undergone multiple episodes of layer separation. The fractures are found to gradually decrease in the deeper regions, but there are still many cracks in the range of 0–1, 2–4, and 6.5–8 m. The analysis of the damaged area shows that the breakage depth of the top plate of the residual coal pillar near the upper coal seam in the roadway section is significantly greater than that of the top plate on the other side. The damaged area follows an initially deepening trend and then becomes shallow from left to right, and exhibits an asymmetric and irregular shape distribution.
[image: Figure 7]FIGURE 7 | Surrounding rock fragmentation of the roadway section 870 m from working face 30,503.
The analysis of the stress field in the area where the roadway is located (in which the 30,503 return roadway is in the residual coal column of the #2 coal above the positive gang slope and the #2 coal mining void area is above the negative gang slope) shows that the overall roadway is in the non-uniform stress field and that the main stress direction is deflected. The following is based on the mechanical model of butterfly damage to the roadway surrounding rock in the non-uniform stress field, which is designed to discuss the breeding and formation mechanisms of such damages. The invisible equation of the plastic zone boundary of a circular hole in a non-uniform stress field with the main stress at any angle in the vertical direction is derived, and the influence law of the regional stress on the plastic zone of the roadway surrounding rock is analyzed and discussed by means of numerical simulations. The influence of regional stress on the plastic zone of the roadway envelope is analyzed and discussed using numerical simulation, and a theoretical demonstration is made for the asymmetric irregular damage pattern generated in the lower roadway in a close-range residual coal pillar area.
3 MECHANICAL MODEL OF BUTTERFLY FAILURE OF ROADWAY SURROUNDING ROCK
The working face roadway in the close coal seam group is affected by the working face of the adjacent coal seam and other working faces in the same coal seam. The stressed environment is complex owing to the existence of residual coal pillars in the close coal seam, and the stress environment at the roadway becomes increasingly complicated. It is therefore very important to explore the failure and deformation mechanisms of the lower roadway in the near residual coal pillar area. Previous reports determined the stress distribution around the circular hole in a non-uniform stress field using the principal stress direction in the vertical direction. However, in the actual production of mining engineering, after being affected by mining activities, in the regional stress field around the roadway, the direction of the principal stress is often not horizontal or vertical distributions.
To simplify the solution conditions, it is assumed that the length of the roadway far exceeds its radius, the cross-sectional shape of the roadway is circular, and the surrounding rock where the roadway is located is homogeneous, isotropic, and continuous medium, regardless of creep and viscosity. These conditions meet the requirements of plane strain.
We select one of the sections for a theoretical analysis and regard the external force as a uniform load. The mechanical model shown in Figure 8A can be established when the principal stress direction is deflected and the directions of P1 and P3 are not horizontal and vertical, assuming that P3 is α° in both directions. The radius of the circular roadway is a. The polar coordinates of a point outside the roadway are (r, θ), and the tiny unit body at this point is taken for analysis. The radial stress, hoop stress, and shear stress are σr, σθ, and τrθ, respectively. At this time, the xOy coordinate system in Figure 8A can be rotated clockwise around the origin by α° through the coordinate transformation, and can be transformed into a mechanical model in the x'Oy’ coordinate system, as shown in Figure 8B.
[image: Figure 8]FIGURE 8 | Roadway model in the non-uniform stress field.
The two-dimensional plane stress solution at any point outside the circular hole in the non-uniform stress field where the principal stress forms any angle with the vertical direction is determined according to the aforementioned mechanical model and based on the theory of elastic mechanics (Zhao et al., 2016a; Zhao et al., 2016b; Ma et al., 2017):
[image: image]
The Mohr–Coulomb strength theory is used as the basis for assessing the failure of rock mass around the hole. Taking the stress value at any point in Eq. 1 into the Mohr–Coulomb strength criterion and defining η as the ratio of the maximum to the minimum principal stress, the invisible equation of the plastic zone boundary of the circular hole in the non-uniform stress field where the principal stress occurs at any angle relative to the vertical direction is obtained according to the work of Zhao (2014); Ma et al. (2016); and Guo et al. (2019):
[image: image]
Each variable is represented as
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where a is the circular hole radius, C is the surrounding rock cohesion, φ is the internal friction angle of the surrounding rock, and η is the maximum and minimum principal stress ratio.
The aforementioned formula indicates that the extent of the plastic zone of the roadway is related to parameters η, a, φ, and C. In actual mining engineering, the roadway radius is usually a given size owing to production factors. The extent of the roadway plastic zone can therefore be considered to be altered by the combined influence of the surrounding rock lithology itself and the regional stress field where the roadway is located. The plastic zone of the roadway can be regarded as the result of the combined action of the rock mass itself and the stress environment. Because of space requirements, this article does not address the influence of the surrounding rock strength on the plastic zone of the roadway surrounding rock, but rather only explores the influence of the regional stress field where the roadway is located in the surrounding rock plastic zone. Theoretical analysis and numerical simulation methods are applied in combination with a numerical simulation software (FLAC3D), mathematical drawing software (Maple), and the boundary equation of the plastic zone of a non-isobaric circular roadway. The influences of the principal stress ratio and the direction of the plastic zone of the cavern rock mass are analyzed and discussed.
4 RESULTS AND DISCUSSION
4.1 Influence of Principal Stress Ratio
Vertical stress in the measured original rock stress field is generally believed to be equal to the weight of the overlying rock, and the vertical stress is considered to be generally smaller than the horizontal stress (Yoshio et al., 1974). The underlying mechanical parameters for the numerical simulations in this article were obtained from the data provided by the Tashan coal mine.
1) Theoretical analysis of a homogeneous circular roadway
In the theoretical analysis, the radius of the circular roadway is 2 m and the surrounding rocks of the roadway are by default homogeneous rocks. Two different initial stress conditions are selected for analysis and study. Scenario 1 uses P3 = 6.4 MPa, α = 90°, C = 3 MPa, and φ = 25°, and scenario 2 uses P3 = 14 MPa, α = 90°, C = 3 MPa, and φ = 25°. According to the non-isobaric circular roadway plastic zone boundary equation (Eq. 2), the change law of the surrounding rock plastic zone is calculated under different maximum and minimum principal stress ratios of the roadway by constantly changing the maximum and minimum principal stress ratio η.
Table 1 shows that Basic information, parameters, and graphic form of scenarios 1 and 2. Figure 9 shows that the plastic zone is an elliptical shape when P3 = 6.4 MPa, α = 90°, C = 3 MPa, and φ = 25°, when 0 < η ≤ 1.4, and the maximum plastic zone values appears on the X-axis. When 1.4 < η ≤ 2.3, the plastic zone is butterfly-shaped, and the maximum value of the plastic zone appears at the four corners of the butterfly-shaped front. When η > 2.3, the plastic zone of the roadway surrounding rock is butterfly-shaped, the primary and larger stress ratios are associated with larger butterfly leaves, and the maximum plastic zone appears at the four corners of the butterfly.
[image: Figure 9]FIGURE 9 | Variation of the plastic deformation ratio and main stress area of the roadway.
TABLE 1 | Basic information, parameters, and graphic forms of scenarios 1 and 2 (Kong, 2020).
[image: Table 1]Figure 10 shows that when P3 = 14 MPa, α = 90°, C = 3 MPa, φ = 25°, and 1 < η ≤ 1.6, the plastic zone is elliptical, and the maximum value of the plastic zone appears on the X-axis. When 1.6 < η ≤ 2.1, the plastic zone is butterfly-shaped, and the maximum value of the plastic zone appears at the four corners of the butterfly-shaped front. When η > 2.1, the plastic zone of the roadway surrounding rock is butterfly-shaped. A larger principal stress ratio area is associated with a larger butterfly leaf, and the maximum plastic zone appears at the four corners of the butterfly.
[image: Figure 10]FIGURE 10 | Variation law of the plastic deformation ratio and main stress area of the roadway.
The analysis of Figure 11 shows that the size of the plastic zone of the roadway surrounding rock and the principal stress ratio to which it is subjected exhibit an overall positive linear correlation. The maximum depth of the plastic zone gradually increases with the increasing principal stress ratio. At certain times, the depth of the plastic zone shows a jumping increase. A comparative analysis of the two pictures shows that under different minimum principal stress conditions, the shape of the plastic zone successively changes from an ellipse to a butterfly shape with an increasing principal stress ratio and ultimately becomes a butterfly shape. The shape of the plastic zone of the roadway surrounding rock is greatly affected by the principal stress ratio.
2) Numerical simulation analysis of a homogeneous circular roadway
[image: Figure 11]FIGURE 11 | The shape and size of the roadway plastic zone are affected by the principal stress ratio.
Numerical simulation tests were similarly carried out with a homogeneous circular roadway to verify the aforementioned theoretical analysis. The numerical simulation uses a homogeneous thin plate model with a circular hole radius of 2.0 m and a grid size of 0.5 m. The surrounding rock of the roadway is considered to be a homogeneous single lithology, the same vertical direction stress is used for each loading test, η is continuously changed, and the model is loaded according to the obtained stress conditions.
Figure 12 shows that when η = 1, the roadway is in a three-way isobaric state, the plastic zone is circular, and the plastic zone is small. When η is slightly less than 1, the vertical stress is greater than the horizontal stress, and the failure of the roadway gradually increases on the left and right sides. When η = 0.5, the plastic zone gradually takes on an elliptical shape. Affected by the large vertical stress, the long axis of the ellipse is in the horizontal direction; when η is further reduced, the plastic zone gradually changes from an elliptical shape to a butterfly shape. When η = 0.2, a clear butterfly shape is present and the direction of the smaller angle between the two butterfly leaves is in the vertical direction. When η gradually increases from 1, the horizontal stress plays a dominant role, in which a larger damage zone of the roadway appears in the vertical direction. When η = 2 and under the influence of the larger horizontal stress, the plastic zone involves the long axis in the vertical direction. The plastic zone then gradually develops and expands in the direction of the four sharp corners, and enters a butterfly-shaped gestation state. When η = 2.5, the plastic zone tends to develop along with the four sharp corners, and the sharp corners are destroyed. When η = 3, the plastic zone initially has a butterfly shape, and the butterfly plastic zone is then further developed and expanded.
[image: Figure 12]FIGURE 12 | Plastic zone of the roadway under different principal stress ratios.
Figure 13 shows the numerical simulation results of the maximum failure depth of the roadway surrounding the rock plastic zone for different η values obtained by statistical calculations. When the surrounding rock properties are uniform and P3 is held consistently, the maximum failure depth of the roadway and η are approximately symmetrically distributed about η = 1. When η is very small, the roadway presents a butterfly shape. As η continues to increase and approaches 1, the extent of the butterfly-shaped plastic zone gradually decreases and eventually degenerates into an ellipse with a long axis located in the horizontal direction, and then gradually degenerates to a circular shape with the smallest plastic zone extent. The maximum damage range and shape of the plastic zone follow a relatively symmetrical law. The plastic zone gradually expands from a circle to an elliptical shape with a long axis in the vertical direction, and then gradually enters a butterfly-shaped gestation state, which eventually expands into a butterfly-shape and grows butterfly leaves.
[image: Figure 13]FIGURE 13 | Maximum depth of the damage in the plastic zone of the roadway at different principal stress ratios.
4.2 Influence of the Principal Stress Direction
The principal stress direction will change and deviate from vertical and horizontal directions. The previous theoretical analysis showed that the principal stress direction also affects the roadway plastic zone. This section explores the shape and extent of the plastic zone when the principal stress direction is deflected.
1) Theoretical analysis of a homogeneous circular roadway
As shown in Figure 14A, when P3 = 6.4 MPa, η = 1.5, C = 3 MPa, φ = 25°, and α = 0°, the maximum principal stress is in the horizontal direction, and the shape of the plastic zone is elliptical, and the maximum depth of the plastic zone appears in the vertical direction (with the Y-axis forming an angle of 30°). When α = 30°, the maximum principal stress forms an angle of 30° in the horizontal direction, the plastic zone shape is elliptical, and the maximum depth of the plastic zone occurs at an angle of 60° to the X-axis. When α = 30°, the maximum principal stress forms an angle of 60° in the horizontal direction, the plastic zone shape is elliptical, and the maximum depth of the plastic zone occurs at an angle of 30° with the X-axis. When α = 90°, the maximum principal stress occurs in the vertical direction, the shape of the plastic zone is elliptical, and the maximum depth of the plastic zone occurs in the horizontal direction.
[image: Figure 14]FIGURE 14 | The plastic zone shape of the roadway surrounding the rocks is affected by the maximum principal stress direction.
Figure 14B shows that when P3 = 14 MPa, η = 2.3, C = 3 MPa, φ = 25°, and α = 0°, the maximum principal stress is in the horizontal direction, the plastic zone is butterfly-shaped, and the maximum depth of the plastic zone appears in the four butterfly leaves of the graph. The top occurs at an angle of approximately 45° with the vertical direction. When α = 30°, the maximum principal stress occurs at an angle of 30° with the vertical direction, the plastic zone is butterfly-shaped, and the maximum plastic zone depth appears at the top of the four butterfly leaves. When α = 60°, the maximum principal stress forms an angle of 60° with the vertical direction, the plastic zone is butterfly-shaped, and the maximum plastic zone appears at the top of the four butterfly leaves. When α = 90°, the maximum principal stress direction is horizontal and forms an angle of 90°, and the shape of the plastic zone is consistent with the previous deflection angle, showing a butterfly shape, in which the maximum plastic zone appears at the top of the butterfly leaf. In summary, regardless of how much the principal stress is deflected, the shape of the plastic zone still maintains its pre-rotation shape. In contrast, the direction of the plastic zone is greatly affected by the principal stress direction, and the two show a standard positive correlation.
2) Numerical simulation analysis of a homogeneous circular roadway
The numerical simulation results in Figure 15 show that the shape of the surrounding rock plastic zone is related to the stress environment. When the bidirectional stress ratio is small, the shape of the plastic zone is circular or elliptical. When the bidirectional stress ratio increases to a certain value, the plastic zone becomes butterfly-shaped, which is consistent with the previous analysis results, and in which the maximum failure position of the plastic zone changes with the principal stress direction of the regional stress field. With different principal stress directions, the maximum failure depth of the plastic zone appears at different positions of the roadway. A butterfly blade of the butterfly-shaped plastic zone may be the maximum failure position of the roadway roof, which leads to large-range damages to the roadway roof and is difficult to effectively and safely control. The previous results show that the surrounding rock plastic zone obtained by the numerical simulation is consistent with those obtained by the theoretical analysis with changing principal stress direction.
[image: Figure 15]FIGURE 15 | Roadway plastic zone for different main stress directions.
4.3 Analysis of the Damage Range of the Return Air Tunnel in the 30,503 Working Face
The spatial position and stress situation of the 30,503 working face return roadway were analyzed. The 30,503 return roadway is located in the residual coal column of the #2 coal above the positive gang slope and #2 coal mining void area above the negative gang slope, and the overall roadway is in the non-uniform stress field. Upon completion of mining the #2 coal, the ratio of the maximum principal stress to the minimum principal stress in the regional stress field increases to a maximum. The principal stress direction in the regional stress field is affected by the mining and other factors. The direction of the roof will change and will no longer be vertical and horizontal. According to the drawn roof damage range, the roof surrounding rock is asymmetrically damaged. The damage range is 1/4 butterfly leaf state, and the maximum damage range appears at the top of the butterfly leaf. Figure 16 shows that the minimum position of the failure area is similar to the principal stress direction. The analysis shows that the roadway exhibits a butterfly-shaped failure trend under a non-uniform stress field. The direction of the butterfly leaf changes with the principal stress direction, which is the direction of the butterfly failure zone symmetry axis.
[image: Figure 16]FIGURE 16 | Failure range and principal stress distribution map.
5 CONCLUSION
In this study, the large deformation and closure of the 30,503 working face return roadway of the China National Coal Group Corporation Tashan coal mine during the repair stage were investigated. The field measurements show that the fracture form of the lower back mining tunnel surrounding rock in the coal column area exhibits an asymmetrically irregular distribution. The boundary invisibility equation was derived for the plastic zone of a circular hole in a non-uniform stress field with the principal stress at an arbitrary angle to the vertical direction based on the butterfly plastic zone theory. The evolution law of the failure form of the roadway surrounding rock is obtained with regard to the changes in the regional stress field, as well as the influence of the maximum principal stress. The effects of the maximum principal stress and minimum principal stress ratios and their associated changes in the regional stress field were elucidated, as well as the effect of directional rotation on the plastic zone of the roadway. And it revealed the non-uniform failure mechanism of the lower roadway in the coal pillar area. These conclusions are summarized as follows.
1) The return roadway of the 30,503 working face was influenced by the residual coal column of the upper coal seam. The deformation and damage forms of the surrounding rock appear to exhibit asymmetric deformation distribution characteristics. The sinking amount of the roof plate is found to be greater than that along the two walls. The damaged area of the symmetric position of the roof plate shows obvious differences: the damaged area from left to right shows an initially deepening trend and then becomes shallower. The damaged area also shows an asymmetric distribution.
2) The invisible equation for the plastic zone boundary of a circular hole in a non-uniform stress field with the main stress at an arbitrary angle to the vertical direction was derived, and obtained the influencing factors of the plastic zone distribution of the lower roadway in the close-range residual coal pillar area, analyzed the evolution law of the damage pattern of the roadway surrounding rock with the change of the regional stress field, and revealed the mechanical mechanism of the asymmetric damage of the lower roadway in the residual coal pillar area under a non-uniform stress field.
3) The stress distribution around the circular roadway in the non-uniform stress field under the changing principal stress ratio conditions and the deflection of the principal stress direction were analyzed. The plastic zone of the roadway surrounding rock shows a butterfly shape when the bidirectional stress ratio is large. The breeding and evolution mechanisms of the butterfly-shaped damage in the circular roadway are determined in a non-uniform stress field under the deflection of the main stress direction. Combined results of roof drilling peephole detection to explain that the asymmetric damage pattern of the lower roadway in the residual coal column area is produced because the roadway is in a non-uniform stress field and that the main stress direction is deflected.
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