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Abstract

:

To study the stability control of stope mining roadways below remaining coal pillars, the present study investigates the destabilization mechanism of coal pillars and roadways in sections under the dual action of supporting pressure on the floor of the remaining coal pillar in the overlying coal seam and the mining at the working face of the lower coal seam and clarify the principle of surrounding rock stability control based on theoretical analysis, numerical simulation, and industrial testing. The results yielded the following findings. After the stope mining of the overlying coal seam working face, the stress transfer of the T-shaped remaining coal pillar significantly increased the vertical stress of the lower coal seam. The lateral support pressure generated by the stope mining at the lower coal seam working face further aggravated the stress concentration in the coal, leading to severe compression-shear failure of the surrounding rock. As the sectional coal pillar becomes wider, the roadway gradually avoids the area of peak superimposed support pressure. The vertical stress curve of the sectional coal pillar shifts from single-peaked to asymmetrically double-peaked, and the stress difference between the two roadway ribs and the stress concentration coefficients decrease continuously. A stability control method of long anchor cable reinforcement support is proposed. In-situ industrial testing showed that the surrounding rock deformation was basically stable during the service period of the 42202 stope mining roadway, thus achieving the stability control of the stope mining roadway.






Keywords:


remaining coal pillar; stope mining roadway; stress transfer; support optimization; surrounding rock control












1. Introduction


Close-distance coal seam groups are widely distributed in China [1,2]. Limited by technical and coal seam reserve conditions, wide coal pillars are often reserved when mining the overlying coal seam to maintain the stope mining roadway [3,4]. The many remaining coal pillars after the stope mining of the coal seam alter the stress environment of their floor, causing stress elevations dominated by vertical stresses in the floor rock near the remaining coal pillars [5,6]. Under such high stresses, the surrounding rock of the stope mining roadways in the underlying coal seam inevitably develops cracks [7,8]. In the meantime, the superposition of lateral support pressure stresses during the mining at the working face of the underlying coal seam further aggravates the stope-mining roadway deformation and failure, which seriously affects the safe production of the mine [9,10,11,12,13]. Therefore, studies on the failure mechanism and stability control techniques of roadways under multiple disturbances in close-distance coal seams are urgently needed.



To clarify the effects of remaining coal pillars on the mine pressure behaviors of stope mining roadways in the underlying coal seam, scholars worldwide conducted extensive research based on methods such as mining theory analysis, numerical simulation, and field applications. Research by Zhang et al. [14] concluded that subjected to high vertical stress, part of the roadway under the remaining coal pillar developed large deformations and became difficult to maintain, and the stress concentration and surrounding rock deformation on the side of coal pillars could be effectively reduced by the reasonable roadway layout. Fang et al. [15] demonstrated that roadways were easily destabilized under the effect of mining if the remaining coal pillars were narrow in the gob of the overlying coal seam or if the roadway of the underlying coal seam was directly below while the roadway-supporting coal pillars near the working face of the current coal seam were small. Numerical simulations have been conducted to analyze the stress transfer of the coal pillar floor in the overlying coal seam [16,17]. To address the challenge of gob-side roadway stability control in close-distance coal seams, Zhang et al. [18] determined the design parameters of the roadway-side filling body based on the structural mechanics model of the gob-side entry retaining surrounding rocks and proposed a support technology combining high-strength anchor rods, anchor cables, and steel beams. Jiang et al. [19] analyzed the coal pillar-induced impact patterns in deep close distance coal seams and medium mining depth far distance coal seams. Through comprehensive research, Liu et al. [20] analyzed the destabilization and failure processes of roadways in the gob of close-distance coal seams and proposed a joint active-passive control method to improve the bearing performance of the surrounding rock. Xia et al. [21] adopted numerical methods to analyze the dynamic mechanical characteristics of the stope mining roadway under small-width coal pillars when subjected to repeated mining disturbances and proposed corresponding roadway surrounding rock control methods. To address the asymmetric plastic failure of the withdraw roadway under the dual action of remaining coal pillars in the overlying coal seam and mining disturbance, He et al. [22] proposed a zoning control strategy and achieved roadway stability. The research results at different engineering geological conditions practically solved the engineering difficulties brought by the remaining coal pillars to the mining of close-distance coal seam groups and enriched the technical application system of rock seam control. However, when the remaining coal pillars in the overlying coal seam are parallel to the advancing direction and spatially overlap with the underlying stope, the disturbance of the high stress in the floor at the remaining coal pillar increases under the dual action of the remaining coal pillar and the mining of the underlying coal seam, which significantly affects the layout and stability of the underlying coal seam roadways [23].



Based on the background of the occurrence conditions of the coal seams in Buertai Coal Mine, methods including theoretical analysis, numerical simulation, and field measurement were adopted to study the stress transfer pattern of the T-shaped remaining coal pillar floor in the overlying coal seam and analyze the destabilization and stability control principle of the roadway surrounding rock during the mining process of the adjacent working face in the underlying coal seam. The reasonable layout scheme of the 42202 mining roadway was put forward, and the surrounding rock dynamic reinforcement control techniques were also proposed. The research results could provide some reference for projects of similar engineering backgrounds.




2. Geological Condition


The Buertai Coal Mine has a simple geological structure, predominantly monoclines with gentle dip angles and no-fault development. The coal mine contains 9 mineable coal seams, and mainly the 2-2 and 4-2 coal seams are being mined now. The 2-2 coal seam is 3 m thick and 300 m deep on average. The 4-2 coal seam is 6.12 m thick and 368 m deep on average, and comprehensive mechanized top coal caving mining is adopted.



Stope mining at the two working faces of the overlying 2-2 coal seam, 22201 and 22202, has been completed, leaving a 20 m wide sectional coal pillar. Skip mining was carried out when stope mining the 22202 working face, leaving a 70 m skip mining coal pillar. The spatial layout of the two remaining coal pillars resembles a mutually perpendicular T-shape. The 42201 and 42202 working faces are below the 22201 and 22202 working faces, and the stope mining roadways of the adjacent working faces, i.e., the transport roadways of 42201 and 42202, are dug simultaneously, leaving a roadway-supporting coal pillar of certain width in the section. The location of the Buertai coal mine and schematic diagram of the 42202 stope layout is shown in Figure 1.



The original support design of the 42202 stope mining roadway is as follows. The roof is under the combined support by “left-hand thread rebar bolt without longitudinal bar + welded mesh + anchor cable + π-type steel strip”. The bolts are φ22 × 2200 mm in dimension and arranged rectangularly with six sets per row with an inter-row distance of 1000 × 1000 mm. The anchor cables are φ22 × 8000 mm in dimension and arranged rectangularly 3 sets per row with an inter-row distance of 2100 × 2000 mm. The coal pillar rib is under the combined support of “bolt + diamond-shaped mesh + wooden pallet”. The rebar bolts are φ22 × 2100 mm in dimension and arranged rectangularly in five sets per row with an inter-row distance of 800 × 1000 mm. The solid coal rib is under the combined support of “FRP bolt + double-layer high-strength plastic mesh + wooden pallet.” The bolts are φ22 × 2100 mm in dimension and arranged rectangularly in five sets per row with an inter-row distance of 800 × 1000 mm, as shown in Figure 2.



During the stope mining at the working faces under the same working conditions, the stope mining roadways showed the following failure characteristics.



(1) When the stope mining roadway is only affected by a single sectional coal pillar in the overlying coal seam, the roof and floor displacements are between 200 and 220 mm, and the displacements of the two ribs are between 190 and 215 mm. When affected by approximately T-shaped remaining coal pillars, the displacements of the roadway roof and floor increase by 54.5–56% to 440–500 mm, and the displacements of the two ribs increase by 51.3–55.2% to 390–480 mm. Therefore, the deformation of the roadway below the T-shaped remaining coal pillar has increased significantly, and the surrounding rock failure is severe.



(2) On-site investigation shows that the force on the bolts in the roadway rib had a sudden stepwise decrease, and the pallet fell off. Thus, the range of surrounding rock plastic failure continuously increased under the effect of multiple disturbances, and the confining pressure of the bolt-supported section and rock mass integrity decreased, which significantly reduced the anchoring capacity of the bolts.




3. Methodology


In this paper, theoretical analysis, numerical simulation and engineering application are used to study the instability mechanism and stability control technology of the surrounding rock of the mining roadway below the remaining coal pillar. The technical flowchart is shown in Figure 3. The specific steps are as follows: (1) Through the theoretical analysis method, the superposition effect of T-shaped residual coal pillar on the abutment pressure of 4-2 coal seam in 2-2 coal seam of Buertai Coal Mine is studied, and combined with the Mohr-Coulomb criterion, the failure and instability mechanism of surrounding rock of 42202 mining roadway under multiple disturbances is revealed. (2) On the basis of theoretical analysis, an equal scale numerical model is established by using FLAC3D numerical software (version 6.00.74, Itasca, China, 2020) to simulate and analyze the surrounding rock plastic zone and vertical stress distribution characteristics of 42202 mining roadway under different layout schemes (different width section pillars), so as to propose the most reasonable section pillar retaining scheme, and propose the surrounding rock reinforcement support technology to control the roadway stability. (3) The scheme of section coal pillar reservation and the technology of surrounding rock reinforcement and support were applied in the 4-2 coal seam, and the effectiveness of the research results in this paper is verified through ground pressure monitoring.



3.1. Theoretical Analysis


3.1.1. Stress Distribution Pattern below Remaining Coal Pillars


After the 2-2 coal seam was extracted, the rock formation above the gob collapsed, causing the abutment pressure on the remaining coal pillar to rise sharply. These stresses transferred to the underlying coal seam, forming a larger area under the effects of the coal pillar abutment stress, i.e., the rock mass below the coal pillar entered the high abutment pressure state earlier. The abutment pressure distribution on the T-shaped remaining coal pillar [24] is shown in Figure 4. When the coal pillar was narrow (20 m), the roof fracture position moved toward the inside of the coal pillar, i.e., the range of the limit equilibrium area of the coal pillar increased significantly. As a result, the vertical stress on the coal pillar increased significantly, peaking at 70 MPa. As the coal pillar became wider (70 m), the pressure-bearing range increased. The peak vertical stress decreased significantly compared with that of the narrow coal pillar, but the range of effects on the underlying coal seam was increased relatively.



To investigate the stress transfer pattern of the 2-2 coal seam to the underlying coal seam, the coal pillar abutment pressure can be simplified to the mechanical model shown in Figure 5. Since the abutment pressure is symmetrically distributed on the wide coal pillar about its center axis, the center of the wide coal pillar is selected as the coordinate origin. For the narrow coal pillar, the minimum stress point in the internal elastic core is selected as the coordinate origin. The horizontal cross-sectional direction of the coal seam floor is selected as the x-axis direction, and the vertically downward direction is selected as the y-axis direction. γ is the volumetric weight of the rock, H is the depth, and k1, k2, k3, k4, and k5 are the maximum stress concentration factors.



In the figure, ①–⑩ are stress-concentrated areas of the coal pillar, and the vertical stress components of the floor rock mass are:


   σ y  = −  2 π     ∫  − ∞   + ∞      q x    (  y − ξ  )   2  d ξ     [  x 2  +   ( y − ξ )  2  ]  2        



(1)




where q is the micro-element load collection degree, and σy is the vertical stress (MPa); x and y are the vertical and horizontal distances of the concentrated force q to any point M on the floor (m).



As shown in Figure 5, the additional stress generated by the coal pillar at point M on the underlying coal seam is calculated based on the superposition principle, and the calculation results are as follows.



The additional vertical stress generated by the wide coal pillar is:


   σ  y 1   = −  2 π   {       ∫  − c   − b       q 1  x   ( y − ξ )  2  d ξ   [  x 2  +   ( y − ξ )  2  ]      +    ∫  − b   − a       q 2  x   ( y − ξ )  2  d ξ   [  x 2  +   ( y − ξ )  2  ]      +    ∫  − a  0      q 3  x   ( y − ξ )  2  d ξ   [  x 2  +   ( y − ξ )  2  ]          +    ∫ 0 a      q 4  x   ( y − ξ )  2  d ξ   [  x 2  +   ( y − ξ )  2  ]   +    ∫ a b      q 5  x   ( y − ξ )  2  d ξ   [  x 2  +   ( y − ξ )  2  ]   +    ∫ b c      q 6  x   ( y − ξ )  2  d ξ   [  x 2  +   ( y − ξ )  2  ]               }  + γ y  



(2)




where    q 1  =    k 1  γ H  c  [ x − ( a + b + c ) ]  ,    q 2  =   (  k 2  −  k 1  ) γ H  b  [ x − ( a + b ) ]  ,    q 3  =  k 1  γ H  ,    q 4  =  k 1  γ H  ,    q 5  =   (  k 2  −  k 1  ) γ H  b  [ x − ( a + b ) ]  ,    q 6  =    k 1  γ H  c  [ x − ( a + b + c ) ]  , and y is the coal seam spacing.



The additional vertical stress generated by the narrow coal pillar is:


   σ  y 2   = −  2 π   {     ∫  − e   − d       q 7  x   ( y − ξ )  2  d ξ   [  x 2  +   ( y − ξ )  2  ]   +    ∫  − d  0      q 8  x   ( y − ξ )  2  d ξ   [  x 2  +   ( y − ξ )  2  ]   +    ∫ 0 f      q 9  x   ( y − ξ )  2  d ξ   [  x 2  +   ( y − ξ )  2  ]   +    ∫ f g      q  10   x   ( y − ξ )  2  d ξ   [  x 2  +   ( y − ξ )  2  ]                }  + γ y  



(3)




where    q 7  =    k 3  γ H  e  [ x − ( d + e ) ]  ,    q 8  =   (  k 4  −  k 5  ) γ H  d  ( x − e )  ,    q 9  =   (  k 5  −  k 6  ) γ H  f  ( x − f )  ,    q  10   =    k 6  γ H  g  [ x − ( f + g ) ]  .




3.1.2. The Effects of Working Face Mining on the Roadway Surrounding Rock


The 42202 transport roadway was affected by the stress transfer from the floor of the coal pillar in the overlying coal seam and the lateral abutment pressure generated in the stope mining process of the adjacent 42201 working face, respectively. The structural evolution of the overlying roof rock of the 42201 working face is shown in Figure 6a. After the coal seam is mined, the overlying rock structure of the gob roof fails, and the stress state is changed significantly. With the continuous advancement of the working face, the scope of the gob increases, and the immediate roof fracture and expand to fill the gob. As “O-X” periodic fracture occurs in the main roof, block B forms an arc triangle with the sectional coal pillar. One end of rock block B rotates and contacts the gangue in the gob, and the other end breaks off inside the rib of the sectional coal pillar. Despite the rotation and sinking, rock block B interlocks with rock block C and rock mass A, forming a hinge “macrostructure” [25,26]. In this process, the static force system transferred by the overlying remaining coal pillar is    σ 1 1   ; The static force system generated by roadway surrounding rock excavation disturbance is    σ 1 2   ; The lateral abutment pressure system due to mining at the 42201 working face is    σ 1 3   . Therefore, the total stress on the roadway surrounding rock  σ  can be expressed as   σ =  σ 1 1  +  σ 1 2  +  σ 1 3   , as shown in Figure 6.



A micro-element from the roadway rib shown in Figure 6b is selected for analysis. The surrounding rock stress states before and after multiple disturbances and the effect on its stability are illustrated in Figure 7.



(1) Before the disturbance from coal seam mining, the original rock stress is distributed in the rock seam. According to field measurements [27], the ratio of the maximum principal stress    σ 1 0    to the minimum principal stress    σ 3 0    is approximately 1.3, i.e., the difference between the tangential stress and the radial stress is small. Thus, the diameter of the Mohr’s circle   (  σ 1 0  −  σ 3 0  )   representing the stress state is very small and below the strength envelope L1.



(2) As the overlying coal seam (2-2 coal seam) is mined, the tangential stress in the rock mass increases from    σ 1 0    to    σ 1 1    due to the stress transfer of the remaining coal pillar abutment pressure, and the underlying coal seam enters a high pressure-bearing state.



(3) At the moment of excavation and unloading of the 42202 stope mining roadway, the radial stress around the perimeter of the roadway decreases from    σ 3 0    to    σ 3 1    and decreases to zero at the roadway surface. However, the tangential stress in the surrounding rock increases rapidly from    σ 1 1    to    σ 1 2   . Thus, the radius of the Mohr’s circle   (  σ 1 2  −  σ 3 1  )   increases significantly, and the Mohr’s circle exceeds the strength envelope L1. It is thus evident that great deviatoric stress is generated in the surrounding rock after the roadway excavation, resulting in plastic failure of the surrounding rock.



(4) After the stope mining at the 42201 working face, the key stratum of the roof rock shows rotary movements. Due to the superposition of lateral abutment pressure transfer, the tangential stress of the surrounding rock increases sharply from    σ 1 2    to    σ 1 3   , and the plastic failure of the surrounding rock is intensified. In addition, after the large-scale compression-shear failure of the surrounding rock, dislocation failure occurs in the failure area along the shear surface. The strength of the rock mass decreases significantly in the plastic area, and the bearing capacity decreases. At this point, the rock strength envelope develops from line L1 to line L2.




3.1.3. Reinforcement Support for Stope Mining Roadway


The original support of the 42202 stope mining roadway mainly include bolts and anchor cables. According to the above numerical simulation results, when the coal pillar width is between 25 and 30 m, the plastic area in the roof is 2.5 m, and that in the two ribs is 3.0 to 3.5 m. Supported with anchor cables 6.3 m long, the bearing capacity is sufficient for the deep surrounding rock. Thus, the surrounding rock of the roof has good stability. The two ribs are only supported by bolts 2.1 m long, and the full length of the bolts is within the plastic area. As a result, the surrounding rock of the supported section has a relatively small confining pressure, and the support capacity of the bolts is greatly reduced, rendering the surrounding rock prone to overall instability. Therefore, in addition to leaving reasonable coal pillars and pressure relief, reinforcement support must be applied to the surrounding rocks of the two ribs to improve their stability and bearing capacity.



The following key issues should be noted when applying reinforcement support [28].



(1) The anchorage blind area of the weak coal mass must be controlled. The anchorage blind area is in the shallow triangle between the compression areas (Figure 8), and the deformation and loosening of the coal mass in this area weaken the bolt support force, forming a vicious circle. Appropriate increase in bolt density and the use of bolt and metal strip combination support are the main methods to control the anchorage blind areas. Higher bolt density reduces the range of the anchorage blind area, while steel strips spread the bolt supporting force to the shallow rock mass, thus restraining the deformation of the anchorage blind area.



(2) The bolt-supported area has low load-bearing capacity. Considering the relatively large range of the plastic area in the surrounding rock, it is difficult for the bolts to penetrate deeply into the stable rock mass. At this time, the main function of the bolts is to form the loose surrounding rock into a supporting structure with sound stability. However, long-term stability requires combining long and short bolt support, i.e., establishing a foundation bearing ring with short bolts in the shallow part and a thick reinforcing ring in the deep part with long anchor cables. Thus, the reinforced bolt-supported area is linked to the deep stable rock, and the range of the surrounding rock-bearing ring is expanded. Consequently, fracture interconnection and loosening fragmentation failures in the shallow surface are prevented, and a deep bolt layer is formed to resist disturbance, as shown in Figure 9.





3.2. Numerical Simulation


Based on the actual situation of the working face and the roadway at the site, a 770 m × 600 m × 175 m numerical model was established using the finite difference software FLAC3D, as shown in Figure 10. The vertical movement is restricted at the bottom of the model, and the horizontal movement is restricted at the front, rear, and both ends. The overlying rock unit weight is replaced with a uniform load of 9.6 MPa applied on the top of the model, and the lateral pressure coefficient is set to 1.3 [27]. The coal seam was simulated with the Mohr-Coulomb model, and the initial support components of the roadway were simulated using FLAC3D built-in structural units.



The simulation scheme and process are as follows. (1) Application of initial ground stress and initial equilibration. (2) Progressive excavation of the 22201 and 22202 working faces. (3) In order to investigate the effects of the overlying remaining coal pillar and the adjacent 42201 working face on the 42202 stope mining roadway, the 42202 roadway was excavated when the coal pillar width was 10, 15, 20, 25, and 30 m and immediately supported after excavation. (4) The 42201 working face was gradually excavated after equilibrium calculation until the coal seam excavation was completed.





4. Results


4.1. Results of Theoretical Analysis


Taking the location of the 42202 stope mining roadway below the T-shaped remaining coal pillar as an example, the vertical stress distribution directly below the T-shaped remaining coal pillar (inclined to the profile along the working face) calculated based on the stress distribution model in Figure 5 and Equations (2) and (3) is shown in Figure 11, and the vertical stress can be obtained as approximately 13.45 MPa. Therefore, the location of the roadway is affected by the abutment pressure transfer of the overlying coal pillar, and the vertical stress in the surrounding rock has reached 1.4 times the original rock stress before roadway excavation in the underlying coal seam.



In addition to effectively improving the roadway stability and reducing the surrounding rock maintenance cost, the reasonable coal pillar size also greatly reduces the waste of coal resources. The surrounding rock of reusable roadways is generally affected by the superimposed disturbance from roadway excavation and stope mining at the adjacent working faces, especially with roadways below remaining coal pillars. Therefore, the sectional coal pillar size in the underlying working face should be fully considered and designed.



In accordance with conventional coal pillar width determination methods, an elastic core area of 2 times the mining height should be reserved in the middle of the coal pillar during the service of the roadway. Considering the above numerical simulation results, the distribution range of abutment pressure from the remaining coal pillar and adjacent working face, a reasonable roadway should avoid the peak superimposed abutment pressure area and be arranged in the pressure-reducing section. Therefore, the coal pillar width should not fall below 20 m.




4.2. Results of Numerical Simulation


Figure 12 shows the distribution of vertical stress and plastic area in the two ribs of the 42202 auxiliary transport roadway after mining at the 42201 working face. The red area and blue area indicate the plastic yielding and elastic states of the roadway surrounding rock, respectively. Parameters σpmax and σscmax indicate the peak vertical stresses in the coal pillar rib and the coal mass rib.



As shown in Figure 12, the plastic area of the roadway surrounding rock and the stress concentration of the two ribs show significant decreasing trends with the increase of coal pillar width. According to Figure 12a, plastic failures, mainly shear failures, occur diagonally across the whole coal pillar when the coal pillar width is 10 m. The peak vertical stress in the coal pillar rib is 57.33 MPa in its middle. The peak vertical stress of the coal mass rib is 43.57 MPa and about 4.0 m from the surface of the roadway. The stress concentration coefficients of the two ribs are 5.97 and 4.54, respectively. Therefore, the roadway is in the stress elevation area formed by the T-shaped remaining coal pillar in the overlying coal seam and the mining at the adjacent working face. As a result, the surrounding rock is subjected to great deviatoric stress, leading to a large number of cracks and a wide range of plastic failures. In the meantime, the coal pillar has a relatively large bearing capacity but is highly unstable after fracture and compaction.



According to Figure 12b, when the coal pillar width is increased to 15 m, the plastic failure does not penetrate the coal pillar, and an elastic core area of about 4.0 m appears in its middle. Compared with those at the coal pillar width of 10 m, the peak vertical stress of the coal pillar rib is reduced by 3.39 MPa, and that of the coal mass rib is reduced by 4.7 MPa. The stress concentration coefficients of the two ribs are 5.62 and 4.05, respectively. The large stress difference between the two ribs causes the asymmetrical distribution of the plastic area, and the surrounding rock failure is severe.



According to Figure 12c–e, the elastic core area of the coal pillar rib keeps increasing while the range of surrounding rock failure gradually decreases with the increasing coal pillar width. When the coal pillar width is 20–30 m, the plastic area of the coal pillar rib is 3.5 to 4.0 m, and the plastic area of the coal mass rib is about 3.0 m. The vertical stress distribution on the coal pillar evolves from a single-peak shape to an asymmetric double-peak shape, the stress concentration tends to decrease, and the peak stress difference between the two roadway ribs gradually decreases. The reason is that as the coal pillar width increases, the roadway gradually avoids the superimposed stress elevation area, resulting in a decreased load on the surrounding rock and increased roadway stability. Combining the results in Section 4.1, the width of the coal pillar in the 42202 mining roadway section should be 25 m.




4.3. Industrial Testing


4.3.1. Scheme of Reinforcement Support


Impacted by the mining, rib spalling and support failure were observed in the roadway. According to the above study, the depth of plastic failure in the surrounding rock of the 42202 auxiliary transport roadway after being disturbed by the first stope mining gradually exceeds the range of bolt support, and the bolt support of the two ribs has basically failed during the secondary stope mining. Thus, it is necessary to strengthen the support of the two ribs. According to the principle of asymmetric support, the solid coal rib was supported with 28.6 mm × 6500 mm anchor cables, and two rows of anchor cables with a spacing of 2000 mm were installed at the rib part together with 300 × 300 × 16 mm pallets. The coal pillar rib was first supported with 22 mm × 6500 mm anchor cables, and two rows of anchor cables with a spacing of 2100 mm were added together with 4600 × 140 × 8 mm π-steel strips. In addition, a row of 28.6 mm × 6500 mm anchor cables with a spacing of 2100 mm were added together with 4600 × 140 × 8 mm π-steel strips, as shown in Figure 13.



In order to verify the stability control effect of bolting support technology on 42202 transportation roadway, the plastic zone state of surrounding rock before and after bolting support was compared by numerical simulation software, as shown in Figure 14. According to Figure 14b, when the width of the coal pillar is set as 25 m and anchor cable reinforcement support technology is adopted, the plastic range of the two walls of surrounding rock is 2.0 m at most. Compared with that before support, the plastic zone of the coal pillar is reduced by about 1.5 m and the solid wall is reduced by about 1.0 m. It can be seen that the use of anchor cable reinforcement support can effectively prevent the plastic destruction of surrounding rock and fully ensure the stability of the mining roadway.




4.3.2. Displacement Monitoring of Roadway Surface


Based on the sectional coal pillar retaining scheme and the roadway surrounding rock anchor reinforcement support technology proposed in this paper, the experiment was carried out in the 42202 mining roadway. Multiple on-site full-section scanning monitoring tasks were conducted on the 42202 auxiliary transport roadway directly below the skip mining coal pillar during the second stope mining. The results are shown in Figure 15, where the roadway deformation remains basically the same as the working face advances. In the meantime, no significant mine pressure behaviors, including large deformation, rib spalling, and roof fall, are observed at the site, as shown in Figure 16. Therefore, the adopted control techniques can well control the destabilization of the roadway below the remaining coal pillar after multiple mining processes, thus ensuring safe and efficient production at the working face.






5. Conclusions


(1) Affected by the T-shaped remaining coal pillar in the 2-2 coal seam, the vertical stress at the stope mining roadway of the underlying 4-2 coal seam increased sharply, reaching a stress concentration coefficient of up to 1.4 times. In addition, the superimposed effect of lateral high abutment pressure generated during stope mining at the 42201 working face caused great deviatoric stress in the coal mass, and the radius of Mohr’s circle of the stress increased significantly. After roadway excavation and unloading, the surrounding rock is prone to wide-range compression-shear failures. Thus, the peak lateral pressure area should be avoided.



(2) Based on the on-site engineering conditions, numerical simulation software was applied to obtain the stress characteristics and plastic area development pattern in the surrounding rock of the 42202 stope mining roadway below the T-shaped remaining coal pillar. As the width of the sectional coal pillar in the 4-2 coal seam increased, the stress curve of the surrounding rock shifted from single-peaked to asymmetrically double-peaked, and the stress concentration coefficient gradually decreased. Meanwhile, the stress difference between the two ribs of the roadway showed a decreasing trend, and the failure mode of the coal pillar changed from penetrating failure to only producing a 2.5 to 3.0 m plastic area. The large vertical stress increase in the surrounding rock was the main reason for the failure and destabilization of the roadway.



(3) Considering the high-stress area under the T-shaped remaining coal pillar, the sectional coal pillar width in the 42202 mining roadway is 25 m. In the meantime, the asymmetric reinforcement anchor cable support technology for both sides of the roadway is proposed. Based on the numerical calculation verification, it is believed that the scheme reduces the plastic zone of surrounding rock by 1.0–1.5 m, which can effectively maintain the stability of the roadway.



(4) On-site industrial testing showed that the roadway deformation of the 42202 stope roadway was small and basically constant, and no rib spalling or roof fall was observed, thus achieving the stability control of the stope mining roadway below the remaining coal pillar.
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Figure 1. (a) The location of the Buertai coal mine. (b) Schematic diagram of 42202 stope layout. 
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Figure 2. Initial support measures of mining roadway in 42202 stope. 






Figure 2. Initial support measures of mining roadway in 42202 stope.



[image: Processes 10 02192 g002]







[image: Processes 10 02192 g003 550] 





Figure 3. Flowchart of the research procedure. 
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Figure 4. Abutment stress distribution on the T-shaped remaining coal pillar in the 2-2 coal seam. 
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Figure 5. Coal pillar force models. (a) Wide coal pillar force model; (b) Narrow coal pillar force model. 
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Figure 6. Roof fracture structure after mining at the working face. (a) Mining at the 42201 working face; (b) Gob-side entry retaining masonry beam structure. 
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Figure 7. Changes in the stress state and strength of roadway surrounding rock under multiple disturbances. 
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Figure 8. Supporting effect of anchor cable and anchor belt on broken surrounding rock. 






Figure 8. Supporting effect of anchor cable and anchor belt on broken surrounding rock.



[image: Processes 10 02192 g008]







[image: Processes 10 02192 g009 550] 





Figure 9. Surrounding rock-bearing structure after reinforcement and support with anchor cable. 
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Figure 10. Global 3D numerical model. 
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Figure 11. Abutment pressure distribution on the T-shaped remaining coal pillar. 
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Figure 12. Stress and plastic area of surrounding rock under different widths of coal pillars: (a) The width of the coal pillar is 10 m; (b) The width of the coal pillar is 15 m; (c) The width of the coal pillar is 20 m; (d) The width of coal pillar is 25 m; (e) The width of coal pillar is 30 m. 
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Figure 13. Cross-sectional view of the reinforcement support of the two ribs of the roadway. 
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Figure 14. Numerical simulation verification of anchor cable reinforcement support effect. (a) Schematic Diagram of Anchor Cable Reinforcement and Support. (b) Distribution of plastic zone of surrounding rock before anchor cable reinforcement. (c) Distribution of plastic zone of surrounding rock after anchor cable reinforcement. 
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Figure 15. Full section scan of the roadway. 
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Figure 16. Field observation of roadway stability. 
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