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This article presents a theoretical analysis and numerical simulation studies to determine the suitable position for the lower slice roadway in a residual pillar area after top slicing a thick coal seam. We considered the load concentration on the coal pillar, the goaf floor, and the stress distribution characteristics of the coal pillar area before and after the top slice. With a mechanical model built of the residual pillar load propagation in the floor and the failure model of the floor surrounding rock, the analytical formula we deduced for the coal pillar floor stress and the expression of the floor failure depth of the roadway provides a basis for the reasonable determination of the position of the lower slicing roadway. Studies proved that after mining the top slice working face, the floor stress field of the residual pillar area presented characteristics of the non-uniform distribution. The stress concentration occurred below the coal pillar. The stress variation area appeared at the edge of the coal pillar, with a stable stress area appearing far away from the coal pillar area. Therefore, the roadway layout should avoid the areas below the coal pillar and the coal pillar edge with high stress levels and a large stress variation gradient. High stress concentration formed on the coal pillar transferred to the lower layered coal and floor strata, and decreased the stress concentrations layer by layer. However, mining of the top-layered working face affected the coal, and rock mass damaged the coal pillar floor area and weakened the mechanical properties, which was not conducive to the control of the roadway surrounding rock. The research results applied to No. 30117 working face of the lower slice of the Shancheng Coal Industry, and the proper position of the return airway of the working face was determined to be 8 m outside the east side of the residual pillar in the top slice, achieving a good surrounding rock control effect.
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INTRODUCTION
In Chinese coal reserves, thick coal seams account for more than 40% of the total resources and account for more than 50% of the coal production (Wang, 2009; Dai et al., 2013). Thick coal seam mining technology has experienced three gradual optimization stages: layered mining, top coal caving mining, and large mining height mining (Zhang, 2001; Wang and Zhong, 2008). However, due to the problems of different sizes of coal enterprises, unbalanced development of mining technology, and complex coal seam occurrences (Xu, 2003; Bai et al., 2014, 2017), many thick coal seam mines in Datong, Huainan, Chifeng, and other mining areas in China are still adopting layered mining technology, while in Jincheng and other mining areas, there is a situation of top-layered mining and bottom-layered re-mining. For the downward mining working face of a thick coal seam, the lower layered coal becomes affected by the top-layered mining, leaving a coal pillar; the stress environment is complex, seriously damaging the surrounding rock. Therefore, it was vital to clarify the stress distribution characteristics and damage law of the surrounding rock under the residual coal pillar to determine the lower layered roadway’s reasonable spatial layout.
Many scholars have studied the stress field characteristics and coal rock damage law of the left coal pillar area. Mu et al. (2021) constructed a mechanical model of the left coal pillar in close coal seam mining and found that the left coal pillar was the main reason for the stress concentration of the lower coal seam roadway. Tian et al. (2019) studied the stress evolution law of the lower coal seam under the influence of coal pillar disturbance after upper coal seam mining using the combination of physical and numerical simulations. Liu et al. (2016) studied the stress distribution characteristics of the residual coal pillar floor. They proposed that the stress in the coal pillar area is proportional to the abutment pressure on the coal pillar, inversely proportional to the vertical distance and diffusion angle, and extends elliptically along the direction of gravity. Yue et al. (2021) constructed the structural mechanics model of “elliptical stress arch” in the overlying coal seam and calculated the additional mining stress of the floor roadway under the left coal pillar. Zhao et al. (2020, 2021a, 2021b) studied the damage and failure characteristics and the stress distribution characteristics of floor strata under isolated island coal pillars and analyzed the asymmetric deformation mechanism of the lower layered roadway. Huang et al. (2019, 2020, 2021) studied the three-field evolution characteristics of close coal seam mining using the numerical simulation, established a coupling control model of the stress field, displacement field, and fracture field and proposed a reasonable calculation method of the lower roadway position. Shen et al. (2018) put forward the “three index method” of the roadway layout under the left coal pillar. They pointed out that the lower layered roadway was preferentially arranged in the area of 0 ≤ stress concentration coefficient (ratio of local stress to original material rock stress) ≤ 1, 0.8 ≤ coefficient of horizontal pressure (ratio of horizontal stress to vertical stress) ≤ 1.4, and 0 ≤ stress gradient ≤1. Many scholars have studied the stress distribution and the failure zone of the floor under the load effect of the coal pillar, but there is little research on the stress field characteristics of the floor rock and the damage law of the surrounding rock under the condition of the top slicing mining and the lower slicing mining, which did not lead to solve the problem of the roadway layout under this condition.
Based on the existing research, this study takes the 30117 lower layers working face of the Shancheng Coal Industry as the engineering background, and established the calculation model of the load concentration of the top-layered left coal pillar and the goaf, used theoretical analysis and numerical simulation to derive the analytical formula of the stress of the coal pillar floor, and analyzed the distribution characteristics of the stress field. Finally, based on slip line theory, the coal and rock damage law under the coal pillar’s influence was studied, providing a theoretical basis for the proper location selection of the lower layer roadway.
ENGINEERING BACKGROUND
Position of Working Face and Surrounding Mining Situation
The Shancheng Coal Industry is located in Beiliu town, Yangcheng County, Shanxi Province, with a production capacity of 0.6 Mt/a, belonging to medium-sized mines, mainly mining the No. 3 coal seam. The No. 3 coal seam thickness is 5.43 ∼ 6.60 m, the average thickness is 6.24 m, and the dip angle is 1 ∼ 4°. Historically, the No. 3 coal seam mining was only the top layer, and the mining height was 2.3 m. However, it has the lower layer working face mining of 30117 located in 301 mining areas. Therefore, the goaf of 30105 top layer working face is above the working face, the goaf of 30,106 top layer working face is on the right, and the goaf of 30104 top layer working face is on the left. Figure 1 shows the underground relative position relationship of the 30117 working face.
[image: Figure 1]FIGURE 1 | Position of the working face and surrounding mining situation. (A) plan view, (B) I-I section view.
Characteristics of Coal Seam and Roof–Floor Strata
Figure 2 gives the comprehensive geological column of the No. 3 coal seam. The direct roof of the No. 3 coal seam is mudstone, siltstone, coal grained, and fine-grained sandstone strip with an average thickness of 2.79 m; the direct floor is mudstone with an average thickness of 2.48 m. According to the data provided by the mine production geological report, the physical and mechanical parameters of the No. 3 coal seam and roof and floor strata are in Table 1.
[image: Figure 2]FIGURE 2 | Comprehensive geological histogram of coal seam.
TABLE 1 | Test results of physical and mechanical properties parameters of the No. 3 coal seam and roof–floor strata.
[image: Table 1]Test Results of Ground Stress
The ground stress test results of the No. 3 coal seam are in Table 2. The vertical stress in the area near the 30117 working face is much higher than the horizontal stress, which varied from 12.42 to 21.42 MPa.
TABLE 2 | Test results of hydraulic fracturing stress.
[image: Table 2]LOAD CONCENTRATION CALCULATION OF RESIDUAL PILLAR AND LOWER LAYER
With mining the top layer working face, the roof strata were broken, moved, and deformed, and finally, the masonry beam structures were formed to bear the upper rock. Figure 3 shows the load on the coal pillar from the weight of the overlying strata and the exposed strata on one or both sides of the coal pillar transferred to the coal pillar.
[image: Figure 3]FIGURE 3 | Schematic diagram of coal pillar load calculation under incomplete collapse.
As seen in Figure 3, with mining of one side of the coal pillar, its weight bears mainly on the rock layer in the C area, and then load concentration q1 on the coal pillar is as follows:
[image: image]
The mining of the two side sections of the coal pillar mainly undertakes the weight of the rock layer in the area A. The load set q2 on the coal pillar is as follows:
[image: image]
The load concentration q3 of the goaf floor is as follows:
[image: image]
where b is the section width of the coal pillar, m; h is the rock roof caving height, m; and α is the caving angle of strata overlying goaf.
DISTRIBUTION CHARACTERISTICS OF THE STRESS FIELD IN THE RESIDUAL PILLAR AREA
Analysis Based on Elastoplastic Theory
Mining of the top slice working face caused the redistribution of the surrounding rock stress. Additionally, causing the stress concentration of the coal and rock mass around the mining space will also transfer the stress to the deep floor through the remaining coal pillars. Therefore, simplifying the coal rock assembly to a homogeneous elastic body makes the stress distribution of the coal seam floor to the case of uniform load q acting on the semi-infinite plane, and the mechanical model of the residual coal pillar load propagating in the floor strata after stratified mining becomes as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Mechanical model of coal pillar load propagating in floor strata.
Using the elastic theory (Xu, 1979), the stress calculation at any point M in the bottom rock under uniform load on the free boundary was done by using the superposition principle:
[image: image]
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where σx is the positive stress along the horizontal direction, MPa; σy is the normal stress along the vertical path, MPa; τxy is the shearing stress, MPa; q is the uniform load on the coal pillar, kN/m; x is the horizontal distance from point M to the coal pillar center, m; and y is the vertical distance from point M to the coal pillar center, m.
The earlier equations show that the stress at any point in the floor strata mainly depends on the load of the upper coal pillar, the width of the coal pillar, the vertical distance between the point and the coal pillar, and the horizontal distance between the point and the central line of the coal pillar.
Taking the condition of the 30117 working face as an example, the width of the remaining coal pillar is 16 m. After mining, the 30105 working face of the top layer, the overburden of the stope is prone to non-full collapse. Therefore, the load concentration of the coal pillar became as in Eq. 2:
[image: image]
On substituting the coal pillar width and load concentration into Eqs 4–6, the horizontal stress distribution, vertical stress, and shear stress at different depths are as shown in Figure 5, respectively. The central point O in the figure is the central position of the coal pillar.
[image: Figure 5]FIGURE 5 | Stress distribution curve of the coal pillar floor. (A) distribution of horizontal stress, (B) distribution of vertical stress, (C) distribution of shear stress.
Figure 5A shows:
① The horizontal stress that transmits downward from the coal pillar toward left by the top layer is mainly the compressive stress under the coal pillar (x = 0 ∼ 8 m), showing an apparent stress concentration.
② Near the edge of the coal pillar (x = 8 ∼ 12 m), the horizontal stress decreases rapidly, and its change rate decreases with the increase in depth, which belongs to the transition zone affected by the coal pillar.
③ In the range of x = 12 ∼ 24 m, the horizontal stress tends to be stable and is less affected by the coal pillar.
Similarly, Figure 5B shows:
① The distribution of vertical stress transmitted from the remaining coal pillars to the floor is relatively concentrated, and the constrained high-stress area under the coal pillar (x = 0 ∼ 8 m) decreases with the increase in depth.
② Near the edge of the coal pillar (x = 8 ∼ 14 m), the vertical stress in floor strata fell rapidly, which belonged to the transition zone of the coal pillar influence; ③ In the range of x = 14 ∼ 24 m, the relatively minor vertical stress in the floor strata tends to be stable and less affected by the coal pillar.
Figure 5C shows:
① When the horizontal distance from the center of the coal pillar increases, the shear stress below the coal pillar increases. The shear stress is zero at the center of the coal pillar and reaches the maximum at the edge of the coal pillar.
② Near the edge of the coal pillar and in the range of x = 8 ∼ 16 m, the shear stress decreased with the increase in horizontal distance from the center of the coal pillar was the transition zone affected by the coal pillar.
③ In the range of x = 16 ∼ 24 m, the shear stress was relatively small and tended to be stable.
The previous analysis shows that the lower part of the residual coal pillar (x = 0 ∼ 8 m) was the coal pillar’s concentration area; the horizontal and vertical stresses were higher, and the shear stress gradient was large. The coal pillar edge (x = 8 ∼ 16 m) was the transition zone affected by the coal pillar, and the various gradients of horizontal stress, vertical stress, and shear stress were significant; arranging roadways in these two areas is not conducive to the stability control of the roadway surrounding rock; in the range of x = 16 ∼ 24 m, the horizontal stress, vertical stress, and shear stress were low, the stress gradient was slight and beneficial to the roadway control surrounding rock, and was a reasonable roadway layout range .
Analysis Based on Numerical Simulation
Model Set-Up
Based on mining geological conditions around the 30,117 working face of the Shancheng Coal Industry, FLAC3D (version 6.0) (Itasca, 2019) numerical further understands the stress field characteristics of the residual coal pillar area. The model is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Numerical calculation model diagram.
The size of the model was 376 × 100 × 38 m (length × width × height). Horizontal constraints were applied around the model. Horizontal displacement and vertical displacement were constrained at the bottom of the model. We used the vertical load at the model’s top according to the in situ stress of 550 m depth. The failure criterion adopted was the elastoplastic constitutive model, and the failure criterion was the Mohr–Coulomb.
Based on the rock mechanics experiment, we determined a particular reduction coefficient according to different weights to obtain the rock mechanics parameters that were more consistent with the actual field. Table 3 gives each rock stratum’s physical and mechanical parameters in the model. The null element excavates the model, and the excavation sequence is the initial ground stress balance → excavation of the 30105 working face → excavation of the 30104 working face.
TABLE 3 | Physical and mechanical parameters of the coal seam in the model.
[image: Table 3]Simulation Result Analysis

1) The stress distribution characteristics of 30105 working face after mining
Figure 7 illustrates the vertical stress distribution of the surrounding rock after the end of mining in the 30105 working face. The diagram showed that after mining the 30105 working face, the failure movement of roof strata and the stress redistribution of the surrounding rock occur. As the activity of the mined-out rock tends to be stable, the falling gangue in the mined-out area is gradually compacted and restored the surrounding rock stress in the middle of the working face to the original rock stress. The roof strata near the coal pillar have rotary deformation and tensile failure, and the stress of the surrounding rock transfers to the coal pillar. The stress concentration formed at the coal pillar’s edge near the goaf was transferred to the coal and rock below.
[image: Figure 7]FIGURE 7 | 30105 working face after mining vertical stress distribution of surrounding rock.
Figure 8 shows the vertical stress distribution curves of the surrounding rock before and after stopping the 30105 working face. The diagram indicates that after mining 30105 working face, the stress of roof overburden transfers to the section coal pillar and passes down to the lower layered coal and the floor strata through the section coal pillar. Among them, stress concentration on the coal pillar was the highest, and a high-stress concentration area resulted in the range of 2 ∼ 4 m deep into the coal pillar. The stress value exceeds 25 MPa, the maximum is 30.55 MPa, and the stress concentration coefficient is 3.73. The high-stress concentration degree of the lower layered coal was the second, and the high-stress concentration area formed in the range of 3 ∼ 8 m from the edge of the goaf. The stress value exceeds 20 MPa, the maximum is 23.93 MPa, and the stress concentration coefficient is 2.89. The high-stress concentration degree of the floor strata was the lowest, close to 20 MPa in the range of 7 ∼ 11 m from the edge of goaf, the maximum was 19.57 MPa, and the stress concentration factor is 2.36. Finally, we noted that in the stress transfer of the weathered rock, the stress concentration degree shows the characteristics of the upper section coal pillar > lower layer coal > floor rock.
[image: Figure 8]FIGURE 8 | Vertical stress distribution of the surrounding rock at different positions before and after mining in 30105 working face. (A) the vertical stress distribution of coal pillar, (B) the vertical stress distribution of lower layered coal, (C) the vertical stress distribution of pavement stratum.
Figures 8B,C show that after the end of the mining of the 30105 working face, the coal and rock under the goaf have a tensile failure, surrounding rock pressure relief, and stress reduction. From the distribution of the stress value, the pressure relief degree of lower layered coal is greater than that of the floor rock. Consequently, the mining influence of lower layered coal is more significant than that of the floor rock.
2) The stress distribution characteristics of the 30104 working face after mining
Figure 9 shows the surrounding rock’s vertical stress distribution after mining in the 30104 working face. The figure shows that the vertical stress distribution of the surrounding rock changes significantly with the mining of the upper layer 30104 working face. With the activity of the upper strata in the middle of the 30104 working face stabilized, the gangue in the goaf was compacted, and the stress of some surrounding rock returned to the original rock stress before mining, and some exceeded the initial rock stress to form stress concentration. The roof strata near the coal pillar edge caused tensile failure due to rotary deformation and reduced the unloading stress of the surrounding rock. However, the coal pillar section bore more rock stress due to the support and thus formed high-stress concentration.
[image: Figure 9]FIGURE 9 | Vertical stress distribution of the surrounding rock after mining of 30104 working face.
Figure 10 illustrates the vertical stress distribution curve of the surrounding rock after mining in the 30104 working face. It is seen from Figure 10A that with the mining of the 30104 working face, the vertical stress on the section coal pillar changed significantly: the stress increase in the coal pillar near the edge of the 30104 goaf is the largest, from 13.89 to 43.11 MPa, the stress increase was as high as 29.22 MPa, and the stress concentration coefficient was 3.22. The vertical stress of the edge side of the 30105 goaf near the coal pillar also increased, but it was significantly smaller than that with the increase of the 30104 goaf side. The main reason was that the horizontal distance from the 30104 working face was far, and the influence of mining disturbance was small. We noted that due to the mining influence of the top layer 30104 working face, the stress increase amplitude of the coal pillar on the edge of the 30104 goaf was the largest. The stress increase amplitude of the coal pillar on the edge of the 30105 goaf was the smallest. With the increase in the distance from the mining face, the mining influence degree decreases, and the corresponding stress increase, amplitude decreases.
[image: Figure 10]FIGURE 10 | Vertical stress distribution of the surrounding rock at different positions before and after mining in 30104 working face. (A) the vertical stress distribution of coal pillar, (B) the vertical stress distribution of lower layered coal, (C) the vertical stress distribution of pavement stratum.
Figures 10B,C show that the vertical stress in the surrounding rock was significantly reduced due to the mining effect of top slicing the 30104 working face. At the same time, due to the increase in vertical stress on the section coal pillar caused by the mining of the 30104 working face, the vertical stress transmitted to the floor coal and rock mass was also increased, and the stress growth change on the coal pillar section was also reflected in the floor coal and rock mass, that is, the stress increase in the floor coal and rock mass near the edge of the 30104 goaf is the largest, and it is attached to the edge of the 30105 goaf.
The complete simulation results show that after mining 30104 and 30105 working faces in the top layer, high-stress concentration is formed on the coal pillar and transferred to the lower layer of coal and floor strata. The stress decreases gradually with the distance from the center of the coal pillar, which is consistent with the law obtained by theoretical calculation. However, due to the mining pressure relief, the surrounding rock stress of the lower layer of coal and floor strata in the goaf decreases.
ANALYSIS OF COAL ROCK DAMAGE AND FAILURE LAW IN RESIDUAL PILLAR AREA
According to the slip line field theory (Li, 2004), the failure depth in the floor caused by abutment pressure is evident in Figure 11.
[image: Figure 11]FIGURE 11 | Diagram of yield failure of the bottom plate formed by supporting pressure.
I—active limit zone; II—transition region; and III—passive limit zone.
The yield failure depth of floor under slip line field theory is expressed by Eq. 7:
[image: image]
[image: image]
where d is the floor yield failure depth, m; φf is the internal friction angle of floor rock, °; r0 is the area II starting point c to pole distance; and α is the angle between any point axis and starting point axis.
By derivation, the maximum yield failure depth of the floor rock is as follows:
[image: image]
where x0 is the width of the plastic zone of the coal wall, calculated by limit equilibrium theory:
[image: image]
[image: image]
So the maximum failure depth of stope floor calculated by slip line field theory is follows:
[image: image]
Similarly, the maximum horizontal range of floor yield failure under slip line field theory expressing Eq. 13:
[image: image]
where C is the coal cohesion, f is the friction coefficient of the contact surface between the coal seam and the roof and floor, ξ is the triaxial stress coefficient, Pi is the resistance of support to coal rib, and M is the coal seam thickness.
ENGINEERING PRACTICE
To ensure the regular mining replacement of the working face, the Shancheng Coal Industry needs to optimize the location of the return airway of the 30117 working face. The relevant calculation parameters of 30117 working face are in Table 4.
TABLE 4 | Relevant calculation parameters of 30117 working face.
[image: Table 4]According to the theoretical analysis in Analysis Based on Elastoplastic Theory before, the stress concentration area is below the coal pillar of 16 m, and the stress level is high. The stress variation area is within the range of 0–8 m at the edge of the coal pillar, and the stress variation gradient is large. Therefore, the stable stress area is outside 8 m at the edge of the coal pillar. Outside the edge of the coal pillar, 8 m is the stable stress area, the stress level is low, and the stress gradient is slight. Therefore, the return airway of the 30117 working face should be outside 8 m on both sides of the left coal pillar.
From Eqs 12, 13, the plastic failure range of floor based on slip line field theory is:
[image: image]
[image: image]
According to the theoretical calculation results, the coal to be mined in the lower layer 30117 working face is affected by mining the top layer. Therefore, in the range of l × d = 7.95 × 4.45 m on both sides of the coal pillar floor, it will be damaged to varying degrees, and the mechanical properties of the surrounding rock will be weakened, which is not conducive to the control of the surrounding rock of the roadway. Therefore, the roadway layout was outside the above range.
In addition, Figure 1 showed that when the roadway was on the east side of the left coal pillar, the left coal pillar was outside the end area of the working face, which is conducive to the rapid advancement of the working face and the high safety factor. In contrast, when the roadway was on the west side of the left coal pillar, because of the existence of the left coal pillar, the pressure at the end area of the working face was significant, and there was a security risk.
Based on the earlier analysis results, the layout position of the return airway in the 30117 working face is determined to be 8 m away from the east side of the left coal pillar. In addition, field practice shows that the roadway surrounding rock control effect is favorable.
CONCLUSION

1) Based on the collapse of the mined-out area, we constructed the coal pillar and mined-out area’s load calculation model and the load set calculation method was obtained.
2) The mechanical model of residual pillar load propagation in the floor is established, and the analytical formula of floor stress is derived. We concluded that the stress field in the residual coal pillar area presents the characteristics of the non-uniform distribution. The stress concentration area appears below the coal pillar, the stress variation area appears at the edge of the coal pillar, and the stress stability area appears in the distance. The stress level below the coal pillar is high, and the stress gradient at the edge of the coal pillar is large, which is not conducive to the layout of the roadway. On the other hand, the stress level away from the coal pillar area is low, and the stress change gradient is slight, which is a proper roadway layout position.
3) FLAC3D was used to simulate the stress distribution of the coal pillar area before and after mining the top-stratified working face. After mining the top-stratified working face, the results showed that a high-stress concentration was formed on the coal pillar and transmitted to the lower stratified abutment area and the floor rock layer. In contrast, the lower stratified abutment area and the floor rock layer in the goaf is due to mining pressure relief, the stress of the surrounding rock was reduced, and the degree of stress concentration was characterized by the section coal pillar > lower stratified abutment area > floor rock layer.
4) Based on the slip line field theory, the yield failure model of the floor is established. The expressions of yield failure depth of floor were obtained and the damage range of coal and rock mass, on both sides of coal pillar floor affected by the mining of top slice working face was defined.
5) Based on the research results of the stress field distribution characteristics and the failure law of coal and rock in the residual coal pillar area, the excellent layout area of the roadway was determined to be 8 m away from the two sides of the coal pillar, avoiding the influence of stress concentration, facilitated the rapid advancement of the working face, and solved the problem that the residual coal pillar was located in the end area of the working face, which caused the hydraulic support to be stressed.
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