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During the mining process of coal mines, coal pillars are often formed in the goaf on three sides, and the stress behavior of coal seams has a significant impact on the safety of coal mines. The upper part of panel 3104 of Xinwang Coal Mine is the room-pillar goaf of the 2# coal seam, and the lower part is the goaf of the 7# coal seam. The same coal seam is adjacent to the goaf of panel 3102. Therefore, there are hidden dangers for safe mining in panel 3104 affected by the goaf on three sides. Through FLAC3D numerical simulation, on-site Pasat-M detection, microseismic monitoring, and support resistance measurement, the stress distribution law of surrounding rock in the working face is analyzed. The following conclusions are obtained. There are several high wave velocity stress concentration areas in the coal body of 3104 working face. During the mining of the working face, the mining influence 90m in front of the working face began to spread to the area of the left coal pillar, and the vertical stress at the left coal pillar began to increase. Stress concentration appears in 0–20m strata at the top of 3# coal seams. At the top of a 3# coal seam, the vertical stress concentration coefficient can reach 2 in the range of 4–12m. The influence range of 3104 working face mining advance can reach 200m. Under the influence of mining, a large number of microseismic events occurred at 160m above and 150m below 3# coal seam. This law has reference value for the mining strata behaviors of coal seams under similar conditions.
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INTRODUCTION
In the early stage of the Datong mining area, a series of problems were left due to unreasonable mining arrangements, such as room-pillar mining, above-gob mining, and headspace mining, which seriously affected the safe and efficient mining of working face.
Domestic experts and scholars have done a lot of research on room-pillar mining and above-gob mining in the Datong mining area. Feng et al. studied the stress distribution law of the floor in the cutting pillar mining over the goaf, and concluded that the influence of mining stress is the main reason for the instability of the residual coal pillar in the goaf and the irregular collapse of the overburden (Feng et al., 2014; Wang, 2019). Tu et al. analyzed the roof control technology of near-distance fully mechanized coal seam mining under shallow buried chamber column goaf employing similarity simulation, numerical simulation, and field measurement methods (Tu et al., 2011; Li Z. et al., 2020; Yu et al., 2021). Based on this, they took control and prevention measures, such as blasting and releasing pressure of residual coal pillar, filling coal room with sand injection, and reasonable control of mining height, and realized safe and efficient production of working face. Xie et al. established a mathematical analysis model of the roof—coal pillar group system in the roof-pillar goaf of a shallow buried coal seam (Xie, 2014; Kai et al., 2017; Wang et al., 2020). They calculated the stability of the roof pillar group system of room pillar goaf in Kuiwu coal mine in Ordos area iteratively, which provided theoretical support for the stability evaluation of the roof pillar group system of room pillar goaf in a shallow coal seam. Fu et al. studied the stability of coal pillars in room-pillar goaf under shallow mining geological conditions by using the theory of mine rock mechanics and finite element strength reduction (Fu et al., 2011; Zhang et al., 2013; Du and Huang, 2022). Wang et al. took Shigegetai coal mine 31201 working face in the Shendong mining area as the research object, using the field measurement and theoretical analysis method to study the mechanism of abnormal mining pressure under unstable coal pillars (Wang et al., 2016; Chai et al., 2020).
Although a large number of scholars have carried out a large number of studies on the overlying room-pillar mining, above goaf mining, and adjacent sequential mining, the study on the working face affected by the three aspects of goaf at the same time is insufficient (Meng et al., 2007; Kong et al., 2016; Jiang et al., 2017; Zhang et al., 2018; Li et al., 2019; Liu et al., 2019; Li J. Z. et al., 2020). When there are three goaf in the working face space structure, the strata behaviors are more intense, so it is easier to cause the problems of support overload, wall caving, and support failure. Therefore, through the method of combining underground measurement and numerical simulation, taking the 3104 working face of Xinwang Coal Mine as the engineering background, this paper studies the law of strata behaviors of panel 3104 with a three-face goaf working face. The research results can provide a reference for similar mining in the future.
PROJECT OVERVIEW
Xinwang Coal Mine is located in Xinrong District, Datong City, Shanxi Province. Xinwang Coal Mine is now mainly mining 3# coal seams. The thickness of the coal seam is 1.6–1.8 m, with an average of 1.7 m. The occurrence of coal seams is relatively stable, the average dip angle of coal seams is 3°, and the hardness coefficient f = 3-4, which belongs to the hard coal seam.
The distance between 3# coal seam and 2–3# coal seam is 1.0–2.8 m, the thickness of 2–3# coal seam is 1.2–1.8m, and the distance between 2 and 3# coal seam and 2–2# coal seam is 1.0–2.0 m. The basic top thickness of 2 # coal seams is about 120m, which is composed of cemented siltstone, coarse sandstone, and conglomerate, respectively. The 7# coal seam and the 11# coal seam at the bottom of 3# coal seam have been mined out. The average distance between 3# coal seam and a 7# coal seam is 40.2m, and the average distance between 11# coal seam and 3# coal seam is 80.5 m. 3# coal seam is currently mining panel 3104. The upper part of 3104 working face is the room-pillar goaf left by 2# coal seam, and the coal pillars are mainly distributed between 280 and 300m. The lower part of panel 3104 is 7# coal seam goaf. The north of panel 3104 is the goaf of panel 3102.
Under the influence of mined-out areas on the overlying, underlying, and north side of panel 3104, the mining strata behaviors of the working face appear strongly. The panel layout and the influence area of the overlying coal pillar are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Mining engineering plan.
ANALYSIS OF THE MAIN CONTROLLING FACTORS OF THE SURROUNDING ROCK STRESS AROUND THE PANEL
The degree of mine pressure in 3104 working face is affected by the lateral stress in goaf, the concentrated coal pillar in the overlying goaf, and the underlying goaf mining. Therefore, PASAT-M and microseismic monitoring were used to monitor the main influencing factors of surrounding rock stress in panel 3104 (Song et al., 2021; Wang et al., 2022).
PASAT-M microseismic detection analysis
PASAT-M microseismic detection system is mainly based on seismic wave tomography to complete the detection of the target rock mass (Lin et al., 2014; Liang, 2017). PASAT-M can obtain the distribution image of seismic wave velocity or attenuation coefficient of seismic wave inside the target rock mass through the change of seismic wave time or energy through the medium. Based on the positive correlation between wave velocity field and stress field, the distribution of typical abnormal regions such as geological structure, stress anomaly area, and thickness change in target rock mass is deduced. To clarify the stress distribution characteristics of the coal body in panel 3014, PASAT-M test was conducted on the working face. The detection area is shown in Figure 1, and the wave velocity distribution cloud diagram in the detection area is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Cloud image of wave velocity distribution in the detection area (m/s).
The wave velocity field in this region is at a relatively high level as a whole. The wave velocity is mainly 3400–3700 m/s, and the highest and lowest wave velocities are 4194 m/s and 2994 m/s, respectively. The high wave velocity zone of the transportation roadway is located at 275–280 m, 340–350 m, and 370–380 m, while the low wave velocity zone is located at 295 m, 330 m, and 360–370 m. The high wave velocity zone of the return air roadway groove is located at 285–295 m and 320–340 m, while the low wave velocity zone is located at 300–310 and 360 m. There are five high wave velocity areas between the two roadways, and the wave velocity is mainly 3900–4200 m/s. Since there is no fault development in this area, it can be considered that the high stress in this area is superimposed by the stress of the coal pillar of the overlying no.2 coal seam goaf and the stress of the side goaf of the 3102. It can also be seen from the distribution of PASAT-M high wave velocity that the concentrated stress generated by the coal pillar in the goaf of the overlying No.2 coal seam has a greater influence on the working face than the side stress in the goaf of 3102 coal seam.
Microseismic monitoring results and analysis
The KJ768 high precision microseismic monitoring system was used to monitor coal and rock vibration in 3104 working face. Source distribution positions during monitoring are shown in Figure 3 and Figure 4.
[image: Figure 3]FIGURE 3 | The plane distribution range of microseismic events.
[image: Figure 4]FIGURE 4 | Longitudinal spatial distribution range of microseismic events.
According to the analysis of microseismic monitoring results, the following conclusions are drawn. The leading influence range of 3104 working face is 200m. Microseismic events are concentrated in the range of 280–380 m overlying coal pillars. The failure height of the overlying rock of the working face can reach 160m. There are a few microseismic events within 150 m of the goaf. It shows that under the influence of the three mined-out areas, the coal seam mining in the middle of the near-room mining area will have a great influence on the mining range. The distribution density of microseismic events in 7# and 11# coal seams at the bottom of a 3# coal seam is relatively small. The density distribution of microseismic events is large in the low and high basic roof of the overlying strata of the 3# coal seam. This shows that the 7# coal seam and the 11# coal seam have little influence on the safety mining of 3# coal seam, and the upper 2# coal seam and the lateral goaf 3102 have a great influence on the safety mining of the 3# coal seam.。
The following conclusions can be deduced from the characteristics of pillar mining and microseismic monitoring results in the near goaf. In room-pillar mining, the pillar supports the basic roof and overburden load. When mining the 3# coal seam, the overlying rock strata of the upper 2# coal seam will be partially destroyed and acted on the coal pillar of 2# coal seam. Coal pillar movement will change the stress of the underlying rock, resulting in the accumulation of stress in panel 3104. At the same time, under the influence of goaf 3102 on the side, the superposition of advanced mining stress and lateral stress is formed in front of 3104’s working face to accumulate and release energy.
To sum up, the concentrated coal pillar of the overlying 2–2# coal seam has the greatest influence on the safe mining of panel 3104. Therefore, it is necessary to carry out further targeted research on the influence of concentrated coal pillars on the overlying goaf.
STRESS DISTRIBUTION OF THE COAL PILLAR ABOVE THE PANEL
Taking the 3104 working face of Xinwang Coal Mine as the research object, the FLAC3D numerical model is established. The model covers panel 3104 and its section coal pillars in the horizontal direction, and the vertical direction is from the 7# coal floor siltstone to the 2–2# coal roof strata. The length of the model in the X, Y and Z directions is 120, 580, and 300 m, respectively. A vertical stress of 2 MPa was applied above the model, and the lateral pressure coefficient was 1.0. Fixed displacements were applied to the front, rear, left, right, and bottom of the model to define the boundary, and the Mohr-Coulomb constitutive relation was used as the model operation criterion (Gao, 2019; Yang et al., 2019; Xue et al., 2020; Yu et al., 2020; Zhou et al., 2020; Li et al., 2022). The three-dimensional numerical model is shown in Figure 5, and the rock mechanical parameters are shown in Table 1.
[image: Figure 5]FIGURE 5 | Three-dimensional numerical model.
TABLE 1 | Mechanical parameters of model rock strata.
[image: Table 1]During the model calculation, the initial stress balance of the model is carried out first, and then the 2–2# coal seam covering panel 3104 is excavated. The room-pillar mining method is adopted, and three 20m concentrated coal pillars are left. After the 2–2# coal seam is excavated and the balance is calculated, panel 3104 is excavated, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Mining plan of room and pillar mining. (A) Room and pillar mining of 2-2 coal seam (B) Panel excavation of 3# coal seam
Stress distribution law of surrounding rock in overlying strata of 3# coal seam
Figure 7 shows the cloud diagram of vertical stress distribution at 0m above the roof of a 3# coal seam. It can be seen from Figure 7 that when 2–2# coal is mined, there is stress concentration in the rock layer below the concentrated coal pillar. The vertical stress is 7.5–9.22 MPa, the vertical stress of the original rock is 5.4MPa, and the stress concentration coefficient is 1.39–1.71. The vertical stress of the surrounding rock under the chamber column is 6.0–9.0 MPa, and the stress concentration coefficient is 1.11–1.67.
[image: Figure 7]FIGURE 7 | Vertical stress distribution of strata at 0 m on top of 3# coal seam (Pa).
Figure 8 shows the cloud diagram of vertical stress distribution at 2m above the roof of 3#coal seams. Figure 8 shows that the vertical stress of surrounding rock under a concentrated coal pillar is 8.0–9.77 MPa, the vertical stress of raw rock is 5.37 Mpa, and the stress concentration coefficient reaches 1.49–1.82. The vertical stress of the surrounding rock under the chamber column is 6.0–9.5 MPa, and the stress concentration coefficient is 1.12–1.77.
[image: Figure 8]FIGURE 8 | Vertical stress distribution of strata at 2 m on top of 3# coal seam (Pa).
Figure 9 shows the cloud diagram of vertical stress distribution at 4 m above the roof of 3#coal seams. Figure 9 shows that the vertical stress of surrounding rock under a concentrated coal pillar is 8.0–10.0MPa, the vertical stress of raw rock is 5.32 MPa, and the stress concentration coefficient reaches 1.50–1.88. The vertical stress of the surrounding rock under the chamber column is 6.0–12.0 MPa, and the stress concentration coefficient is 1.13–2.26.
[image: Figure 9]FIGURE 9 | Vertical stress distribution of strata at 4 m on top of 3# coal seam (Pa).
Figure 10 shows the cloud diagram of vertical stress distribution at 6 m above the roof of 3#coal seams. Figure 7 shows that the vertical stress of surrounding rock under a concentrated coal pillar is 8.0–11.0MPa, the vertical stress of raw rock is 5.28 MPa, and the stress concentration coefficient reaches 1.52–2.08. The vertical stress of the surrounding rock under the chamber column is 6.0–17.0MPa, and the stress concentration coefficient is 1.14–3.22.
[image: Figure 10]FIGURE 10 | Vertical stress distribution of strata at 6m on top of 3# coal seam (Pa).
Figure 11 shows the cloud diagram of vertical stress distribution at 8 m above the roof of 3#coal seams. Figure 11 shows that the vertical stress of surrounding rock under a concentrated coal pillar is 4.5–12.5 MPa, the vertical stress of raw rock is 5.25 MPa, and the stress concentration coefficient reaches 1.42–2.38. The vertical stress of the surrounding rock under the chamber column is 15.0–30.0 MPa, and the stress concentration coefficient is 2.86–5.71.
[image: Figure 11]FIGURE 11 | Vertical stress distribution of strata at 8m on top of 3# coal seam (Pa).
Figure 12 shows the cloud diagram of vertical stress distribution at 10m above the roof of a 3# coal seam. Figure 8 shows that the vertical stress of surrounding rock is 7.5–11.0 MPa, the vertical stress of original rock is 5.21MPa, and the stress concentration coefficient is 1.44–2.11. The vertical stress of the surrounding rock is 6.0–16.0 MPa and the stress concentration coefficient is 1.15–3.07.
[image: Figure 12]FIGURE 12 | Vertical stress distribution of strata at 10m on top of 3# coal seam (Pa).
Figure 13 shows the cloud diagram of vertical stress distribution at 12 m above the roof of 3#coal seams. Figure 13 shows that the vertical stress of surrounding rock under a concentrated coal pillar is 8.0–10.0MPa, the vertical stress of raw rock is 5.17 MPa, and the stress concentration coefficient reaches 1.55–1.93. The vertical stress of the surrounding rock under the chamber column is 6.0–11.0 MPa, and the stress concentration coefficient is 1.16–2.13.
[image: Figure 13]FIGURE 13 | Vertical stress distribution of strata at 12m on top of 3# coal seam (Pa).
Figure 14 shows the cloud diagram of vertical stress distribution at 14 m above the roof of 3#coal seams. Figure 14 shows that the vertical stress of surrounding rock under a concentrated coal pillar is 7.0–9.46 MPa, the vertical stress of raw rock is 5.11 Mpa, and the stress concentration coefficient reaches 1.37–1.85. The vertical stress of the surrounding rock under the chamber column is 5.5–8.5 MPa, and the stress concentration coefficient is 1.08–1.67.
[image: Figure 14]FIGURE 14 | Vertical stress distribution of strata at 14m on top of 3# coal seam (Pa).
Figure 15 shows the cloud diagram of vertical stress distribution at 16m above the roof of a 3# coal seam. Figure 9 shows that the vertical stress of surrounding rock overlying a concentrated coal pillar is 7–8.58 MPa, the vertical stress of raw rock is 5.06MPa, and the stress concentration coefficient reaches 1.38–1.7. The vertical stress of the surrounding rock overlying the room pillar is 5.5–7.5 MPa, and the stress concentration coefficient is 1.09–1.48.
[image: Figure 15]FIGURE 15 | Vertical stress distribution of strata at 16m on top of 3# coal seam (Pa).
Figure 16 shows the cloud diagram of vertical stress distribution at 18m above the roof of 3# coal seam. Figure 16 shows that the vertical stress of surrounding rock overlying a concentrated coal pillar is 6.5–8.21MPa, the vertical stress of raw rock is 5.01 MPa, and the stress concentration coefficient reaches 1.30–1.64. The vertical stress of the surrounding rock overlying the room pillar is 5.5–7.5 MPa, and the stress concentration coefficient is 1.10–1.30.
[image: Figure 16]FIGURE 16 | Vertical stress distribution of strata at 18m on top of 3# coal seam (Pa).
Figure 17 shows the cloud diagram of vertical stress distribution at 20m above the roof of 3# coal seam. Figure 10 shows that the vertical stress of surrounding rock overlying a concentrated coal pillar is 6–7.94MPa, the vertical stress of raw rock is 4.96MPa, and the stress concentration coefficient is 1.21–1.6. The vertical stress of the surrounding rock overlying the room pillar is 5.5–6MPa, and the stress concentration coefficient is 1.11–1.21.
[image: Figure 17]FIGURE 17 | Vertical stress distribution of strata at 20m on top of 3# coal seam (Pa).
Advance stress distribution law of working face in 3# coal seam
Figure 18 shows the vertical stress distribution cloud diagram when the 3104 working face is 90m away from the overlying coal pillar. 3# coal seam is affected by the overlying 2–2# coal mining. When the working face of a 3# coal seam is excavated, the superimposed area of mining stress will appear in front of the working face. When 3104’s working face is 90 m away from the overlying residual coal, the maximum vertical stress of the residual coal pillar is about 8.98 MPa, while before 3104’s working face is mined, the maximum vertical stress of the residual coal pillar is about 8.55 MPa, and the stress concentration coefficient is 1.05.
[image: Figure 18]FIGURE 18 | Cloud diagram of vertical stress distribution at 90m of overlying residual coal pillar (Pa).
Figure 19 shows the vertical stress distribution cloud diagram when 3104 working face is 70m away from the overlying coal pillar. When the distance between the 3104 working face and the overlying coal pillar is 70m, the maximum vertical stress of the remaining coal pillar is about 9.21 MPa. Compared with the maximum vertical stress of the remaining coal pillar before mining (8.55 MPa), the stress concentration coefficient is 1.08.
[image: Figure 19]FIGURE 19 | Cloud diagram of vertical stress distribution at 70m of overlying residual coal pillar (Pa).
Figure 20 shows the vertical stress distribution cloud diagram when the 3104 working face is 50 m away from the overlying coal pillar. When the distance between the 3104 working face and the overlying coal pillar is 50m, the maximum vertical stress of the remaining coal pillar is about 9.51 MPa. Compared with the maximum vertical stress of the remaining coal pillar before mining (8.55 MPa), the stress concentration coefficient is 1.11.
[image: Figure 20]FIGURE 20 | Cloud diagram of vertical stress distribution at 50m of overlying residual coal pillar (Pa).
Figure 21 shows the vertical stress distribution cloud diagram when the 3104 working face is 40m away from the overlying coal pillar. When the distance between the 3104 working face and the overlying coal pillar is 40 m, the maximum vertical stress of the remaining coal pillar is about 9.66 MPa. Compared with the maximum vertical stress of the remaining coal pillar before mining (8.55 Mpa), the stress concentration coefficient is 1.13.
[image: Figure 21]FIGURE 21 | Cloud diagram of vertical stress distribution at 40m of overlying residual coal pillar (Pa).
Figure 22 shows the vertical stress distribution cloud diagram when 3104 working face is 30m away from the overlying coal pillar. When the distance between the 3104 working face and the overlying coal pillar is 30 m, the maximum vertical stress of the remaining coal pillar is about 10.24 Mpa. Compared with the maximum vertical stress of the remaining coal pillar before mining (8.55 Mpa), the stress concentration coefficient is 1.2.
[image: Figure 22]FIGURE 22 | Cloud diagram of vertical stress distribution at 30m of overlying residual coal pillar (Pa).
Figure 23 shows the vertical stress distribution cloud diagram when the 3104 working face is 20m away from the overlying coal pillar. When the distance between the 3104 working face and the overlying coal pillar is 20m, the maximum vertical stress of the remaining coal pillar is about 10.24 MPa. Compared with the maximum vertical stress of the remaining coal pillar before mining (8.55 MPa), the stress concentration coefficient is 1.2.
[image: Figure 23]FIGURE 23 | Cloud diagram of vertical stress distribution at 20m of overlying residual coal pillar (Pa).
Figure 24 shows the vertical stress distribution cloud diagram when the 3104 working face is 10 m away from the overlying coal pillar. When the distance between the 3104 working face and the overlying coal pillar is 10 m, the maximum vertical stress of the remaining coal pillar is about 10Pa. Compared with the maximum vertical stress of the remaining coal pillar before mining (8.55 MPa), the stress concentration coefficient is 1.17.
[image: Figure 24]FIGURE 24 | Cloud diagram of vertical stress distribution at 10m of overlying residual coal pillar (Pa).
According to the above numerical simulation analysis, the main results can be summarized. After the room-pillar mining of the 2–2# coal seam, the stress concentration appears in the range of 0–20m in the overlying rock of the 3# coal seam under the influence of the overlying coal pillar. At the top of 3# coal seam, the vertical stress concentration coefficient can reach 2 in the range of 4–12 m, and the vertical stress increases greatly. When 3104 working face pushes 90m in front of the left coal pillar, the vertical stress at the left coal pillar begins to increase, and the influence of advanced mining of 3104 working face begins to spread to the left coal pillar area. With the advance of the working face, the vertical stress at the remaining coal pillar gradually increases, resulting in the apparent ore pressure on the working face.
CONCLUSION

1) There are three high-wave velocity stress concentration zones in 280–380 m of 3104 return air roadway, and two high-wave velocity stress concentration zones in 285–340 m of transportation roadway. Because 3104 return air roadway is affected by the stress of the coal pillar in the goaf of the overlying 2–2# coal seam and the side goaf of 3102, while 3104 transport roadway is only affected by the goaf of 3102 working face.
2) The mining of panel 3104 under three mined-out conditions has caused a large mining influence range. There are many microseismic events at 160 m above, 150 m below, and 200 m ahead of the working face. However, the influence of coal pillar concentration stress in the upper 2# coal seam goaf is greater than that in the lower 7# coal seam goaf, which shows that the number of microseismic events above the 3# coal seam is greater than that below the coal seam.3104.
3) After the room-pillar mining of 2–2# coal seams, the overburden rock of 3# coal seams appear to have a high-stress concentration in the range of 0–20 m under the influence of the overburden remaining coal pillar. The vertical stress concentration coefficient of overlying rock in the range of 4–12 m in a no.3 coal seam can reach 2. When the working face is pushed 90 m away from the coal pillar, the vertical stress at the remaining coal pillar begins to increase.
4) Panel 3104 was mined under the condition of three mined-out areas distributed around it, therefore the mining process of 3104 working face is mainly affected by the concentrated coal pillar in the goaf of overlying coal seam. It can be used as a reference for similar working face mining in the Datong mining area.
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