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Reasonable roadway layout timing can effectively reduce the deformation of the rock surrounding the roadway and relieve mining and excavation tension. To analyze the mine pressure behavior of the gob-side entry at the edge of a goaf and the roof stability along the strike direction in the middle of a goaf, field observations and particle flow discrete element numerical simulation (PFC) method were performed. The results showed that deformation of the surrounding rock mainly occurred because of roof-to-floor convergence, caused mainly by floor heave. The mechanical behaviors of the rock mass, such as elasticity, fracture, and post-peak softening, could be simulated using the model of a jointed rock mass generated by rigid block elements in the PFC method. Considering the length of the violent and reduced roof activity zones and the activity duration as the indices to determine the basic stability of the goaf, the basic stability distance of the tested goaf edge was 135 m after coal seam mining, and the basic stability time was 27 days. The basic stable distance in the middle of the goaf was 183.4 m after coal seam mining, and the basic stability time was 37 days.
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1 INTRODUCTION
After coal seam mining, the original rock stress balance state around a mined-out area is disturbed, resulting in a redistribution of the surrounding rock stress, which causes the deformation, failure, and movement of rock strata that develops to the surface (Kuang et al., 2019). The movement of the overlying strata is the immediate cause of unstable goaf and roof activity and significantly affects the characteristics of the mine pressure of the working face and roadway (Sun et al., 2019; Sun et al., 2020). The mutual disturbance between coal seams is particularly severe in the mining of close-distance coal seam groups. After the upper coal seam is mined, the integrity of the rock surrounding the lower adjacent roadway is destroyed, making it extremely difficult to control the surrounding rock. The National Coal Mine Safety Supervision Bureau’s “Preventing Mining and Excavation Replacement Tension: Interim Measures” lists insufficient goaf and roof stability time as major hidden dangers during coal seam group mining near a roadway. Therefore, to ensure the safe mining of close-distance coal seam groups and to release the tension of mining and excavation replacement, it is important to study the stability characteristics of goafs and roofs.
Research on the stability of mined-out areas has mainly focused on the influence of surface subsidence on buildings and structures, while relevant research results provide little guidance for underground production practices (Li et al., 2016; Ren et al., 2022). The stability of the goaf and roof is reflected in the supporting effect of the caving zone on the roof and the compaction effect of the movement of overlying strata on the caving zone. Therefore, the bearing capacity of the caving zone and the movement law of the overlying strata are key factors affecting the stability characteristics of a goaf and roof (Arasteh et al., 2022). Research results of the compression deformation characteristics of caving zones showed that the stress–strain curve is exponential (Li et al., 2019; Li et al., 2020), indicating that the bearing capacity of the caving zone increases exponentially with an increased load of the overlying strata, and the influence of the overburden stress on the caving zone gradually weakens. Therefore, goafs are gradually stabilized behind the working face and the goaf and roof stability can be characterized by the changing trend of abutment pressure of the caving zone and the movement characteristics of the roof strata. After fracture of the main key stratum, the subsidence of the surface gradually reaches its maximum value under geological conditions and enters a full subsidence state. Therefore, the fracture of the main key stratum and full subsidence of the surface can be used as the basis for judging whether the roof activity is stable (Hu et al., 2015). Chen and Liu (2012) studied the size effect of a mined-out area and showed that when the width and height of the mined-out area were fixed, the stability of the roof decreased gradually with increasing mined-out area length and then remained almost unchanged. Hu and Li (2012) applied a Bayesian discriminant method to distinguish the degree of danger of a goaf. This method has significance for the analysis and judgment of goaf stability but requires a large amount of sample data. Deng et al. (2012) suggested that the void caused by rock fracture induced by mining is the main cause of residual subsidence in a goaf. Yang et al. (2019) studied the instability mechanism of key strata in overlying strata using a microseismic monitoring method and reported much higher energy generated by a fracture of the main key strata than that of the subkey strata, indicating that the main key strata are the controlling factors of roof activity. According to the strata control theory (Li et al., 2018), key strata fracture and movement control the subsidence of the ground surface, thus determining the goaf and roof stability.
The results of previous studies have mainly focused on the mechanical properties of caving zones and the movement law of overlying strata. However, few studies have investigated the stability characteristics of goafs and roofs. Therefore, this study analyzed the characteristics of mine pressure behavior in gob-side entry through the observation of on-site mining pressure. The particle flow discrete element numerical simulation (PFC) method was used to establish the stratum model of a jointed rock mass, and the movement law and stability characteristics of a goaf were analyzed.
2 RESEARCH BACKGROUND
The 1295 working face of the Xuyong No.1 coal mine of the Sichuan Coal Group was selected as the research background. The coal mine is located in Zhengdong Town, Xuyong County, Sichuan Province. The coal-bearing strata in the mining area are from the Upper Permian Longtan Formation. The coal seams in the mining area are C19, C20, and C24 from the top to bottom. The average interlayer spacing of C19 and C20 is 2.7 m, which indicates an ultra-close-distance coal seam. The average interlayer spacing of C20 and C24 is 11.9 m, which indicates a close-distance coal seam. The average thicknesses of C19, C20, and C24 are 0.9 m, 1.0 m, and 1.1 m, respectively. If the actual average coal thickness is taken as the mining height, the height of the working face is very small, which is not conducive to the mining operation of workers and will significantly reduce the mining efficiency. In 2017, the mining company implemented safe and efficient high-power mining shearers and adopted a fully mechanized bottom-breaking mining method to increase the average mining height of the working face from 1.2 m to 1.5 m. As a result, the mining efficiency increased from 6.79 t/worker to 16.9 t/worker.
The 1295 working face of the mine comprises a first layer of C19 in 12 districts. The strike-retreating longwall mining method was used for the working face. The goaf was managed using a natural caving method. The average overburden depth, dip length, strike length, dip angle, and mining height of the working face are 314.7 m, 165 m, 380 m, 24°, and 1.5 m, respectively. To the east of the working face is the isolated coal pillar of districts 12 to 11, to the south is the mine boundary coal pillar, to the west is the protective coal pillar of the center rise in the 12 districts, and to the north is goaf 1297, which has been mined out. The 1295 tailgate is a gob-side entry with roof cutting, and the roadway is a special-shaped section with a width of 3.6 m, middle height of 2.5 m, and net section of 9 m2. The supporting method is a bolt–mesh–anchor combination. The length of the roof bolt is 2.2 m, the spacing is 1 m × 1 m, the length of the anchor cable is 6.3 m, and the anchorage method is end-anchor. The support methods in the gob-side roadway include a single hydraulic prop, I-steel, and full-section shotcrete.
The geological column of the 1295 working face is shown in Figure 1A. The immediate roof of C19 is 5-m-thick dark-gray sandy mudstone and is a Class I unstable roof, which caves during mining (Figure 1C). According to the calculated 1.3 bulking coefficient, the entire immediate roof caves and fills the goaf. The basic roof is fine sandstone with a thickness of 3.2 m. The tensile strength of the fine sandstone is 3.2 MPa, and the density is 3050 kg/m3. Based on the fixed beam and cantilever beam calculation methods of material mechanics, the initial and periodic fracture step distances of the basic roof are 26.1 m and 10.7 m, respectively. An in situ mine pressure observation showed initial and periodic fracture step distances of 25.5 m and 11.3 m, respectively. The fine sandstone layer is sandy mudstone with a thickness of 16.8 m. The sandy mudstone had a low strength, with joints and fissures in the rock mass. It moves synchronously with the fine sandstone of the basic roof as weak strata. The fine sandstone and overlying weak strata form the first rock beam of the basic roof, which plays a major role in the strata behavior of a coal face. A 3.1-m siltstone is present above the first rock beam of the basic roof. The siltstone strength is higher than that of the sandy mudstone; therefore, the second rock beam of the basic roof comprises siltstone and overlying weak strata, which affects the strata behavior of the working face. The main key strata of the roof controlling the surface deformation are 41.3-m-thick Changxing limestone.
[image: Figure 1]FIGURE 1 | Working face 1295. (A) 1295 plane diagram. (B) 1295 tail entry. (C) Geologic column.
3 CHARACTERISTICS OF THE STRATA BEHAVIOR IN THE GOB-SIDE ROADWAY
3.1 Displacement variation characteristics of the roadway surface
Four mine pressure observation points were arranged in the 1295 tailgate. The points were #1, #2, #3, and #4 from the opening of the roadway to the inside, with an average spacing between observation points of 20 m. Point #4 was 53.6 m from the coal wall of the working face, the advancing length was 52.2 m, and the remaining length was 327.8 m. The positions of the points are shown in Figure 1B. The mine pressure observation equipment included a total positioning station and multi-point displacement meter. The relative displacement of the roadway surface was measured using the cross-distribution point method.
In the early and late stages of mine pressure observation, the total positioning station was used to measure the roof elevation of the roadway, and the relative displacements of the roof and floor were measured using the cross-point method. The comparison results are presented in Table 1. During the two measurements of the total positioning station, the roof cumulative subsidences of points #1, #2, #3, and #4 were 26 mm, 126 mm, 98 mm, and 116 mm, respectively, and the amount of floor heave was 76 mm, 376 mm, 295 mm, and 349 mm, respectively. The respective amount of floor heave was 2.92, 2.98, 3.01, 3.01 times the roof subsidence with an average of 2.98, indicating that the relative approach of the roadway roof and the floor was mainly floor heave.
TABLE 1 | Point elevation variations.
[image: Table 1]Figure 2 shows the relative displacement variation characteristics of the roof and floor and the ribs of the four mine pressure observation points. The abscissa in the figure represents the advancing length of the working face during the mine pressure observation period. The position indicated by the arrow indicates that the current position of the working face coincides with that point, while the direction indicated by the arrow indicates the advancing direction of the working face. Figures 2A, B show that the relative displacements of the roof and floor at different measuring points increased slowly with the advance of the working face, then increased sharply, and finally increased slowly. In the early stage of rock pressure observation, points #1 and #2 were 120.2 m and 102.6 m from the coal wall, respectively. The influence of mining on the surrounding rock of the roadway was minor, and the relative displacement of the roof and floor of the roadway increased slowly. Points #3 and #4 were 70.2 m and 53.6 m from the coal wall, respectively. The influence of mining stress on the surrounding rock appeared gradually, and the growth rate of the relative displacement of the roof and floor was higher than that at points #1 and #2. When the measuring points of #1, #2, #3, and #4 were 38 m, 31 m, 26 m, and 28 m from the coal wall, respectively, the relative displacement growth rate began to increase significantly. After the coal face passed through the measuring points, the growth rate of roof-to-floor convergence did not decrease immediately but increased further, indicating a more intense impact of the goaf roof activity on the roadway surrounding rock. After the mining of the working face passed through the measuring points, the growth rate of the convergence of the roof and floor began to decrease, and the curve gradually became moderate. This indicated that the influence of the roofing activity of the goaf on the roadway along the goaf was governed by the distance between the coal wall of the working face and the measuring points. The cumulative relative displacements of #1, #2, #3, and #4 were 404 m, 798 m, 552 m, and 694 mm, respectively.
[image: Figure 2]FIGURE 2 | Relative displacement variation characteristics of the roof-to-floor and the rib. (A) Roof-to-floor convergence of points #1 and #2. (B) Roof-to-floor convergence of points #3 and #4. (C) Rib-to-rib convergence of points #1 and #4. (D) Rib-to-rib convergence of points #2 and #3.
Figures 2C, D present the various characteristics of the relative rib displacement. The characteristics of the side of the roadway were basically the same as those of the roof and floor, all of which first increased slowly, then sharply, and finally increased slowly. The cumulative relative displacements of points #1, #2, #3, and #4 were 181 m, 592 m, 525 m, and 262 mm, respectively, and the convergences of the roof and floor were 2.2, 1.3, 1.2, and 2.7 times that of the rib and 1.85 times on average.
The aforementioned analysis showed that the various characteristics of the relative displacements of the roof, floor, and rib were significantly related to the relative position relationship between the coal face and a point. Therefore, according to the influencing characteristics of the mining disturbance on the rock pressure behavior of the roadway, the characteristics of the relative displacement variation during the mining of the working face were divided into five zones: pressure appearance, pressure concentration, violent roof activity, reduced roof activity, and stable roof zones. From the partition characteristics of the roadway strata behavior, the influence range of the front abutment pressure of the working face and the roof movement of the goaf on the roadway surrounding rock could be determined.
After translation and obtaining the average convergences of the roof, floor, and rib as shown in Figure 2, the average cumulative convergence of the roof, floor, and rib of the roadway were obtained, as shown in Figure 3. The coordinate origin in the figure indicates the coal wall, while the black arrow indicates the mining direction of the working face. As shown, the average cumulative convergence of the roof, floor, and rib slowly increased, then sharply increased, and finally slowly increased. Therefore, the variation characteristics of the convergence were also divided into the pressure appearance, pressure concentration, violent roof activity, reduced roof activity, and stable roof zones. The amounts of roadway affected by the front abutment pressure in the pressure concentration zone for the roof–floor and rib–rib were 32 m and 50 m, respectively, and the amounts affected by the roof violent activity of the goaf and roof were 67 m and 23 m, respectively. The durations of influence were 44 days and 15 days, respectively. The roof–floor and rib–rib lengths of the roofing reduction activity zone of the goaf were 68 m and 92 m, respectively, with durations of 45 days and 64 days, respectively. The statistical results of the convergence characteristic partition table of the roadway roof, floor, and ribs are listed in Table 2.
[image: Figure 3]FIGURE 3 | Average displacement variation characteristics. (A) Roof-to-floor average displacement. (B) Rib-to-rib average displacement.
TABLE 2 | Zoning table showing the displacement variation characteristics of the roadway.
[image: Table 2]3.2 Displacement variation characteristics of the roof strata in the roadway
A multipoint displacement meter was used to measure the displacement variation characteristics of the roadway roof strata. The base point depths of the multipoint displacement meter were 2 m, 4 m, 6 m, 8 m, and 10 m. The characteristics of the displacement variation of the roof strata were indirectly reflected by measuring the changes in the exposed length of the wire rope. Assuming that the exposed length of the wire rope is Li (i is the base-point number), each measurement is the value after L changes. L represents the exposed length of the wire rope after the relative displacement of the strata at the base point and the roadway surface. Because of the relative displacement between the roadway surface and the roof stratum at the base point, and because the displacement of the surface is usually larger than that of the deep rock stratum, L decreases continuously. The relative displacement variation of the roof strata is the difference between the exposed length of the wire rope measured in two adjacent times, expressed as ΔL = L0 ˗ L1, where L0 and L1 represent the exposed length of the wire rope at the first and second measurements, respectively, and ΔL represents the relative displacement variation of the surrounding rock at the base point and the roadway surface. Assuming that the subsidence of the rock stratum at the base point is Δl and the subsidence of the roadway surface is ΔLS, then Δl = ΔLS ˗ ΔL. During roof subsidence, the interlayer rock strata between the roadway surface and the base point are separated and may cause the subsidence value above the separation position to be greater than that of the roadway surface, leading to an increase in the exposed length L of the base point, ΔL ˂ 0. If ΔL ˃ 0, the subsidence value of the rock stratum at the base point is less than that of the roadway surface. If ΔL = 0, the subsidence value is equal to that of the roadway surface. Therefore, when the subsidence of the roadway surface is determined, that of the rock strata at each base point of the roof can also be determined.
Figure 4 shows the variation in the relative displacement of the rock strata 8 m and 10 m from the roof. The differences in the relative displacement of rock strata at 8 m and 10 m at each observation point were small, and the variation law was the same, indicating minor relative movement of the rock strata at 8 m and 10 m. According to the loose circle theory of roadway surrounding rock (Wang et al., 2020), the thickness of a loose circle of soft rock is usually 2.16 m, and the strata displacement outside the loose circle is typically small. Therefore, the possibility of subsidence of a rock mass at a roof base point 10 m deep is small and can be regarded as a fixed point and as the reference zero point for the displacement conversion of the other points. Thus, the cumulative variation of the exposed length of the wire rope at 10 m is the subsidence of the roadway surface, and the subsidence value of the roof strata at each measuring point can be obtained. As shown in Table 3, the subsidence of the roof decreased with increasing height, and the subsidence of the roadway surface was the largest. The maximum subsidences of the roadway surface at points #1, #2, #3, and #4 were 127 mm, 189 mm, 78 mm, and 200 mm, respectively. According to the cumulative convergence of the roof and floor, the floor heaves of the roadway were 277 mm, 609 mm, 474 mm, and 494 mm, respectively. The floor heaves were 2.18, 3.22, 6.08, and 2.47 times those of the roof subsidences with an average of 3.49-fold increase, indicating that the convergence of roof and floor occurred mainly due to floor heave, consistent with the measurement results from the total positioning station.
[image: Figure 4]FIGURE 4 | Relative displacement variations in rock strata at 8 m and 10 m from the roof. (A) Point #1. (B) Point #2. (C) Point #3. (D) Point #4.
TABLE 3 | Roof subsidence.
[image: Table 3]Roof separation is defined as the difference in fracture time and subsidence between two adjacent strata owing to the difference in physical and mechanical properties of rock masses (Xie et al., 2016). Roof separation is mainly manifested in the difference in subsidence value between two rock strata. The roof separation is defined as Δlm = Δlk ˗ Δli, where Δlk and Δli are the subsidence of the lower and upper rock strata, respectively. According to the subsidence of each roof strata, the roof separation is calculated as shown in Table 4. The roof separation was compared to the critical value of Δlm = 30 mm to determine whether the separation was significant. Table 4 demonstrates that the possibility of significant separation of rock strata at 0–4 m at points #1 and #2 was large, while that above 4 m it was small. Moreover, the possibility of significant separation at 0–2 m at points #3 and #4 was greater. The possibility of significant separation of rock strata within 2 m of the roof in the Xuyong No.1 coal mine is large, while the length of the roadway roof bolt is 2.2 m. The significant roof separation in the bolt anchorage range may increase the failure probability of the bolt. Therefore, the length of the roof bolt must be increased.
TABLE 4 | Roof separation.
[image: Table 4]Figure 5 shows the various characteristics of the subsidence value of the roof strata. With the mining of the working face, the roof subsidence value first increased slowly, then sharply, and finally slowly. The subsidence value decreased with increased roof height. The roof subsidence speed was fast during the working face mining through the measuring point. When the measuring point lagged behind the working face for a certain distance, the roof strata subsidence gradually became stable, indicating that the roof had entered a relatively stable state. Table 5 is the partition table of roof subsidence law obtained by statistics showing lengths of violent goaf roof and reduced activity zones of 14 m and 94 m, with durations of 9 days and 63 days, respectively.
[image: Figure 5]FIGURE 5 | Roadway roof subsidence law.
TABLE 5 | Roof subsidence zoning.
[image: Table 5]According to the key stratum theory (Li et al., 2018), after the mining of a working face, the basic roof is broken by O-X, a masonry beam structure is formed along the advancing direction of the working face, and an arc triangular block is formed along the tendency direction. Under the support of the caving zone, the arc triangular block gradually reaches equilibrium and stabilizes the surface displacement of the gob-side entry and roof strata. The fractures of the overlying strata gradually increase with time. The movement of the overlying strata affects the stability characteristics of the middle of the goaf and the block equilibrium structure at the edge of the goaf, thus affecting the behavioral characteristics of the roadway mine pressure. Therefore, the stability of a goaf edge can be estimated based on the gob-side entry stability. The characteristics of the displacement variation of the roadway surface and roof strata showed that the roof gradually became stable after experiencing severe and slow subsidence corresponding to the violent roof activity and reduced roof activity zones in Figures 3, 5. Therefore, the length and duration of the violent roof activity and reduced roof activity zones after mining were considered the stable distance and time of the goaf edge. As shown in Tables 2, 5, the maximum stable distance of the goaf and roof obtained by comprehensive analysis of the convergence of the roof, floor, and rib was 135 m after mining, with a stable time of 89 days. The stable time without considering the disruption in production of the working face was 27 days (5 m/d). According to a comprehensive analysis of the displacement change of the roof strata, the stability distance of the goaf and roof was 108 m, with a stability time of 72 days. The time without considering the disruption in production of the working face was 22 days. Considering safety factors, both obtained the maximum values.
4 NUMERICAL SIMULATION OF GOAF STABILITY
4.1 Modeling analysis
In a natural rock mass, from a macro point of view, the joints and fissures arranged with the occlusion of the rock combination cut each other. Rock masses have obvious geological relics such as unconformities, folds, faults, joints, cleavage, bedding, and schistosity that are generally referred to as joints in rock mass mechanics (Zhou et al., 2018; Wu et al., 2022). A rock mass belongs to a discrete medium on a macro scale, and the movement of a rock mass under the influence of severe mining belongs to the movement of the discrete medium. Therefore, the PFC method based on the discrete medium theory can simulate the fracture and movement characteristics of a jointed rock mass after coal seam mining (Zhao et al., 2015a). Some scholars (Yang and Huang, 2014; Zhao et al., 2015b; Cheng et al., 2016) have used circular particles in the PFC method to establish a jointed rock mass model to simulate the mechanical behavior of rock; however, the circular particle element and the rock block formed by joint cutting differ. With the development of simulation technology, rigid block elements have been introduced into the PFC method that can interact with other elements with different block shapes. Therefore, the rigid block element can be used to simulate a rock mass cut into blocks and arranged by joints and fissures. A jointed rock mass is generated by the shape of the rock block. To ensure the integrity of the rock mass generated by rigid blocks, the triangular rigid block element shown in Figure 6 was used to generate a jointed rock mass.
[image: Figure 6]FIGURE 6 | Influencing characteristics of the maximum edge length of the rigid block on the joints.
As shown in Figure 6, the number and spacing of joints in a rock mass can be changed by changing the maximum edge of the rigid block. Figure 6 shows the development characteristics of joints in a rock mass with a thickness of 2 m and length of 20 m at different maximum edge lengths. The statistical results for the joint development characteristics are presented in Table 6. As the maximum edge length of the rigid block increased from 0.1 m to 2.5 m, the number of rigid blocks decreased from 9184 to 16, the number of joints decreased from 13,918 to 15, the fissure degree decreased from 20.0 to 0.8, and the classification of joints changed from very dense to sparse. Therefore, the maximum length of a rigid block significantly affects the number of joints and the degree of fissures, which increase exponentially with decreased maximum block length.
TABLE 6 | Influence of the maximum edge length of the rigid block on the joint development characteristics.
[image: Table 6]The immediate roof of the 1295 working face is 5.0 m sandy mudstone. The first rock beam of the basic roof is 3.2 m fine sandstone overlying a 16.8-m weak rock stratum. The second rock beam of the basic roof is 3.1 m siltstone overlying a 39.3-m weak rock stratum. The main key stratum is 41.3-m Changxing limestone. According to the test results of the mechanical parameters of coal and rock, the strengths of the fine sandstone, siltstone, and Changxing limestone were high, and the fissure degree of the rock mass was low. In the modeling, a larger edge length was used to simulate dense or sparse joints. The strength and fissure degree of the sandy mudstone rock mass were low and high, respectively. Smaller edge lengths were used to simulate dense or very dense joints during modeling.
The physical and mechanical parameters of coal and rock in the Xuyong No. 1 coal mine were obtained by laboratory tests. The parameters were calibrated using a numerical simulation method based on the roof-to-floor convergence obtained by on-site mine pressure observations. The strengths of the engineering rock masses are listed in Table 7. To analyze the influence of the maximum edge length of the rigid block on the strength of the rock mass and obtain the mesoscopic parameters of the rigid block, 50 m × 100 m jointed rock mass models with different maximum edge lengths were generated. Uniaxial compression and direct tensile tests were simulated, with a loading rate of 0.5 m/s in the models. The model and loading test results are presented in Figure 7. The maximum edge lengths of the rigid blocks from left to right were 0.5 m, 1.0 m, 1.5 m, and 2.0 m.
TABLE 7 | Physical and mechanical parameters.
[image: Table 7][image: Figure 7]FIGURE 7 | Rock mass strength test results. (A) Numerical model. (B) Uniaxial compression tests. (C) Fracture propagation. (D) Direct tension test.
According to the uniaxial compression simulation results of the rock masses (Figure 7B), the failure mode of the jointed rock mass generated by the rigid block was split, which was unrelated to the maximum edge length of the block; however, the number of cracks generated during rock mass failure decreased with increased maximum edge length of the block (Figure 7C). Figure 8 shows the stress–strain curves obtained from the model loading tests. The jointed rock mass models generated by the rigid block simulated the elasticity, fracture, and post-peak softening of the rock mass. Table 7 presents the statistical results of the tests. When the maximum side length of the block was 2.0 m, the compressive and tensile strengths of the rock mass obtained by the model loading test were 69.23 MPa and 3.21 MPa, respectively, and were basically the same as the strength of fine sandstone. Similarly, when the maximum side lengths were 1.5 m, 1.0 m, and 0.5 m, the model strengths were the same as those of the Changxing limestone, siltstone, and sandy mudstone, respectively. The aforementioned conclusions provided the basis for establishing a working face excavation model.
[image: Figure 8]FIGURE 8 | Influence of the maximum edge length of the rigid block on the rock mass strength. (A) Uniaxial compression stress–strain curve. (B) Direct tension stress–strain curve. (C) Effect of the maximum edge length on the compressive strength. (D) Effect of the maximum edge length on the tensile strength.
Based on the geologic column of the 1295 working face, a two-dimensional plane strain model along the strike direction in the middle of the working face was established. The model was 400 m wide and 200 m high, with a total of 353,300 rigid blocks. The PFC model is illustrated in Figure 9. The bottom of the model had a fixed boundary, and a 1.5-MPa self-weight stress of rock strata was applied to the top of the model. The horizontal displacement was limited to both sides of the model. The simulated coal seam excavation step was 5 m, and the simulated working face mining height was 1.5 m. The advancing length of the working face was 300 m along the strike direction, and 50-m boundary coal pillars were reserved on both sides. Only the C19 coal seam was mined during the simulation. Ten measuring circles were set up in the coal seam and roof strata to monitor and record the variation characteristics of the abutment pressure and displacement. Points #1–5 were separated by 50 m in the coal seam, point # 6 was located in the immediate roof, point # 7 in the fine sandstone of the basic roof, point # 8 in the siltstone of the main roof, point # 9 in the main key strata, and point # 10 in the near-surface.
[image: Figure 9]FIGURE 9 | Working face 1295 excavation model.
4.2 Contact model and constitutive parameters
In the PFC method, the force and displacement are transmitted by the contact between blocks, and its generation and fracture law is the contact model. Potyondy and Cundall (2004) proposed a contact model that simulated the mechanical behavior of rocks (i.e., a linear parallel-bond model) to reproduce their elasticity, fracture, acoustic emission, and post-peak softening. Their contact model provided a force–displacement law for particles, linking the internal force and relative motion between the contacts. When the particle gap was ≤0, the contact model was activated, and the force–displacement law for the linear parallel-bond model updated the contact force [image: image] and moment [image: image], expressed as
[image: image]
[image: image]
where Fl is the linear force, Fd is the dashpot force, [image: image] is the parallel-bond force, and [image: image] is the parallel-bond moment.
The coal and rock masses are in a three-dimensional compression state under in situ stress. After a coal seam mining operation, the vertical stress of the roof decreases, resulting in a contact stress state from compression to tension. The maximum tensile stress [image: image] and shear stress [image: image] are expressed as
[image: image]
[image: image]
where [image: image] and [image: image] are the components of the parallel-bond force in the normal and shear directions, respectively; [image: image] and [image: image] are the parallel-bond bending and twist moments, respectively; [image: image] is the bond cross-section ([image: image]); [image: image] is the moment-contribution factor ([image: image]); [image: image] and [image: image] are the polar and inertial moments of the bond cross-section ([image: image]; [image: image]), respectively; and [image: image] is the particle radius.
When roof strata are in a tensile stress state, the following formula can be used to determine whether the parallel bond breaks:
[image: image]
[image: image]
where [image: image] and [image: image] are the parallel-bond tensile and shear strengths, respectively, and [image: image] is the average normal stress acting on the parallel-bond cross-section.
First, the tensile strength criterion was applied during cycling. If [image: image], then parallel-bond tensile failure occurred; if [image: image], then the shear-strength criterion was applied; if [image: image], then shear failure occurred in the parallel bond. The failure envelope of the parallel-bond model is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Failure envelope of the linear parallel-bond model.
The trial-and-error method was used to obtain the mesoscopic parameters of the block (Wu et al., 2020; Gao et al., 2021). The mesoscopic parameters of the block were obtained by calibrating the macroscopic mechanical parameters of the rock mass (Figure 8; Table 7), as listed in Table 8. As shown in the table, the maximum edge length, effective modulus, parallel-bond tensile strength, and parallel-bond cohesion were the main parameters affecting the strength of the rock mass, which decreased with decreases in these parameter values.
TABLE 8 | Calibration results of particle mesoscopic parameters.
[image: Table 8]4.3 Results of the numerical simulation
Figure 11 shows the characteristics of the roof fracture and movement after coal seam mining. As shown in Figure 11A, the immediate roof filled the goaf with mining and caving, consistent with the field observations. The basic roof first broke when the working face advanced to 25 m (Figure 11B). The initial fracture step distance was basically the same as that of the theoretical calculation of 26.1 m and the mine pressure observation of 25.5 m. After the first rock stratum of the basic roof broke, the overlying 16.8-m weak rock strata broke and acted on the basic roof. When the working face advanced to 35 m (Figure 11C), the first rock beam of the basic roof broke periodically; the periodic fracture step distance of 10 m was basically the same as the theoretical calculation of 10.7 m and the observation result of the mine pressure of 11.3 m. After the initial periodic weighting, there was an obvious separation phenomenon between the first and second rock beams of the basic roof, with a maximum separation value of 0.32 m. When the working face advanced to 40 m (Figure 11D), the second rock beam of the basic roof broke. Compared to the block length formed after the fracture of the first rock beam, the block size after the fracture of the second rock beam was smaller. When the working face advanced to 80 m (Figure 11E), the second rock beam separated from the Changxing limestone, and a separation fracture with a maximum value of 0.18 m was generated between the second rock beam and main key strata. The separation value and width increased with the advance of the working face. Before the main key strata broke, the width of the separation fracture increased to 56 m. When the working face advanced to 150 m (Figure 11F), the main key strata broke, resulting in the closure of the separation fracture. The actual fracture step distance of the main key strata was 56 m. After the main key stratum broke, rock stratum fractures gradually developed near the surface.
[image: Figure 11]FIGURE 11 | Roof fracture and movement characteristics. (A) 10 m. (B) 25 m. (C) 35 m. (D) 40 m. (E) 80 m. (F) 150 m.
Figure 12 shows the characteristics of the abutment pressure. With the mining of the working face, the abutment pressure at the measuring point first increased, then decreased sharply, and finally increased slowly. Within the range of 35 m in front of the working face, the abutment pressure increased rapidly, which is the concentrated area of advanced abutment pressure. When the working face mining passed through the measuring point, the abutment pressure dropped immediately. After the mining of the working face passed through the measuring point for a distance, the roof broke and moved, leading to the re-compaction of the caving zone and further increasing the abutment pressure. Figure 12A shows that the abutment pressure increased rapidly in the range of the violent roof activity zone, the abutment pressure increased slowly in the range of the reduced roof activity zone, and the growth rate gradually approached zero in the roof basic stable zone. According to the various characteristics of abutment pressure, the length of the violent roof activity zone was 48.9 m, while that of the reduced roof activity zone was 134.5 m.
[image: Figure 12]FIGURE 12 | Abutment pressure variation characteristics of the working face. (A) Points #1 and #2. (B) Points #3, #4, and #5.
Figure 13 shows the distribution characteristics of abutment pressure for goaf lengths of 90 m, 180 m, and 270 m. The fluctuation of abutment pressure with advancement along the working face decreased. Owing to the non-uniformity and discontinuity of the rock block in the goaf, the abutment pressure in the goaf showed a discontinuous distribution characteristic of high pressure in the middle and low pressure on both sides. The peak abutment pressures at the three goaf lengths were 8.4 MPa, 9.5 MPa, and 10.3 MPa, respectively. The average abutment pressures were 1.3 MPa, 2.1 MPa, and 2.2 MPa, respectively. The peak abutment pressure increased with increased goaf length. The average abutment pressure increased slowly when the length of the goaf was greater than 180 m, indicating gradual stabilization of the roofing activity of the goaf at 180 m behind the coal face.
[image: Figure 13]FIGURE 13 | Distribution characteristics of abutment pressure in goaf. (A) 90 m. (B) 180 m. (C) 270 m.
Figure 14 shows that the subsidence roof subsidence increased with increased working face advancing length and decreased with increased roof height. After the mining of the working face, the intensity of roof activity decreased with increased roof height, and the immediate roof sank sharply and gradually stabilized within 10 m behind the working face. The first rock beam of the basic roof subsided rapidly and gradually stabilized within 20 m behind the working face. The second rock beam of the main roof began to slowly sink after 80 m into the goaf. After the initial fracture of the main key strata, the subsidence speed of the key stratum and the overlying weak rock stratum began to increase and gradually stabilized after 182 m into the goaf, indicating a gradual weakening of the roofing activity.
[image: Figure 14]FIGURE 14 | Roof subsidence characteristics.
5 COMPREHENSIVE ANALYSIS OF GOAF AND ROOF STABILITY
The maximum stable distance along the strike direction in the middle of the goaf obtained by numerical simulation was 183.4 m, and that at the edge of the goaf obtained by the behavior characteristics of mine pressure in the gob-side entry was 135 m. This indicated that the influence of roof strata movement was greater on the middle of the goaf than that on the edge, resulting in the stability of the middle lagging behind that of the edge. The stability time of the edge of the goaf obtained from the behavior characteristics of the gob-side entry included the time when the working face was disrupted in production owing to special circumstances. When the working face advanced normally (5 m/d), the stability times of the goaf and roof obtained from the numerical simulation and field observation were 37 days and 27 days, respectively. From the aforementioned analysis, the basic stable distance along the strike direction in the middle of the goaf was 183.4 m after the coal mining, with a stable time of 37 days, while that of the goaf edge was 135 m after mining, with a stable time of 27 days. Therefore, when a mining roadway is excavated along the edge of a goaf, the heading face should lag behind the working face by at least 135 m or mining should be stopped at 27 days. When excavating a mining roadway along the middle of a goaf, the heading face should lag behind the working face by at least 183.4 m or mining should be stopped at 37 days.
The 1599 tail entry of the Xuyong No.1 coal mine is a gob-side entry driver. When the roadway was excavated, the adjacent 1597 working face was stopped at 52 days. The maximum roof-to-floor convergence during the excavation was 153 mm. Compared to the roof-to-floor convergence of 618 mm at 52 days after mining in Figure 3A, the displacement of the excavation roadway was significantly reduced, indicating that the influence of the goaf and roof activity on the gob-side entry was greatly reduced.
6 CONCLUSION
The study site was the 1295 working face of the Xuyong No.1 coal mine of the Sichuan Coal Group. The field mine pressure observation and numerical simulation method were used to analyze the rock pressure behavior characteristics of the gob-side roadway along the goaf edge and the roof stability characteristics along the strike direction in the middle of the goaf. The basic stability time and distance of the goaf and roof were also obtained. The main conclusions were as follows:
1) The influences of coal mining and roof activity on the mine pressure behavior of a mining roadway can be divided into five zones: pressure appearance, pressure concentration, violent roof activity, reduced roof activity, and stable roof.
2) The jointed rock mass model generated by the rigid block elements in the PFC method can simulate the elasticity, fracture, and post-peak softening of a rock mass. The maximum edge length of the rigid block increased from 0.1 m to 2.5 m, the number of joints decreased from 13,918 to 15, the fissure degree decreased from 20.0 to 0.8, and the classification of joints changed from very dense to sparse.
3) Owing to the non-uniformity and non-continuity of the rock blocks in the goaf, the abutment pressure in the goaf showed a discontinuous distribution characteristic of being high in the middle and low on both sides along the strike direction. The peak stress of some rock blocks in the goaf exceeded the in situ stress. The peak abutment pressure increased with increased goaf length; however, the average abutment pressure increased slowly after the goaf length exceeded 180 m, indicating that the roofing activity decreased gradually.
4) The influence of roof strata movement on the middle of the goaf was greater than that on the edge, resulting in the stability of the middle lagging behind that of the edge. The behavior characteristics of mine pressure in the gob-side entry included a basic stable distance along the strike direction of the goaf edge of 135 m after mining, with a basic stable time of 27 days. From the characteristics of abutment pressure and roof subsidence, the basic stable distance along the strike direction in the middle of the goaf was 183.4 m after mining, with a basic stable time of 37 days.
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