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Abstract

:

Aiming at the phenomenon of a large amount of roof subsidence and rib caving in the gob-side roadway under the special “umbrella” coal pillar in isolated panel No. 325 of Yangcun Coal Mine, the stress distribution regularity of the gob-side roadway under a “umbrella” coal pillar was studied in detail by establishing mathematical models, theoretical analysis, and numerical simulations. The results show that the following: (1) The stress distribution regularity of the irregular coal pillar is actually the mechanical structure of irregular gob. (2) The abutment pressure of the gob is always distributed vertically along the edge of the gob. When the edge of the gob intersects diagonally with the gob roadway, the stress distribution of the surrounding rock of the roadway cannot be calculated only by the width of the coal pillar—the angle between the edge of the gob and the roadway should also be considered. (3) The abutment pressure at each cusp position in irregular gob extends in the opposite direction of the bisection cusp line, which may lead to peak stress concentration area in gob roadways with solid coal on both sides, and even roof caving and sidewall deviation disasters.
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1. Introduction


In the 1960s and 1970s, due to the underdeveloped production technology of China’s coal mines, in order to avoid the mutual influence of mining and tunneling, the panel in the mining area in some mines adopts the methods of jumping mining and cross-mining, which make it easy to form one side, two ribs, or even four sides of the gob panel—that is, the isolated panel [1]. In addition, due to the unreasonable early mine planning, most old mines in China have the problem of irregular gob in the recovery of protective coal pillars. In the recovery of isolated coal pillars under irregular gob, the distribution regularity of abutment pressure is quite different from the general mining of isolated coal faces, and the overburden movement is more complex.



In the past half-century, many scholars have conducted a lot of research on the overburden movement regularity and ground pressure characteristics of isolated panels. Li [2] conducted optimization research on the coal pillar of an isolated coal pillar panel formed by upper and lower layers, according to the status of the deep isolated mining panel. Cheng [3] divided a gob-side roadway into three areas according to the distance from the panel. Wang [4] found that having a reasonable coal pillar size of the gob-side roadway in an isolated face can not only prevent dynamic disasters in the excavation process, but also improve the utilization rates of resources. Shan and Zhang [5,6] constructed a mechanical model of “gob-coal pillar-roadway-solid coal” at the position of a gob-side roadway. Zhao [7] studied the stress distribution and prevention of rock burst during isolated panel mining under irregular remaining coal pillars. Gu [8] studied the internal strength of triangular coal pillars in the process of panel mining, and analyzed the strength changes of triangular coal pillars during panel mining. Jiang [9] studied the evolution regularity of a roof structure with irregular gob on both sides, and put forward the risk assessment of impact instability of isolated panels in irregular gob. At present, there are many pieces of research on stress distribution and measures for the prevention of rock burst for regular coal pillar gob-side roadways in isolated panels [10,11,12]. There are few studies on the distribution of irregular abutment pressure in irregular gob and pillars.



Taking Yangcun Coal Mine as the engineering background, according to the actual geological conditions of headentry in isolated panel No. 325, panel No. 325 was selected to pass through the gob of No. 321 and No. 322. The two gobs are located on the same side of panel No. 325, and are vertically distributed with panel No. 325. In addition, the coal pillars between panel No. 325 and the gob of No. 321 and No. 322 are in an “umbrella” shape. This coal pillar shape is special, and its width varies greatly. The study of the stress distribution regularity of the gob-side roadway along the isolated panel under this type of coal pillar is actually a study of the mechanical structure of irregular gob.




2. Engineering Background


The No. 3 coal seam is mined in panel No. 325 of Yangcun Coal Mine, with an average dip angle of 4°, which is near-horizontal coal seam. The average thickness of a coal seam is 8.13 m, and the thickness in most sections is above 8 m. The direct roof of the No. 3 coal seam is mainly siltstone and sandy mudstone, with a general thickness of 0.35~11.36 m. The main roof is mainly medium-to-fine sandstone, with relatively developed fractures and a partial false roof. The direct bottom is siltstone or mudstone, and the main floor is medium-to-fine sandstone or siltstone.



The next section of panel No. 325 consists of five gobs. The specific distribution is shown in Figure 1. Among them, gobs No. 319, No. 320, and No. 324, along with panel No. 325, form irregular coal pillars, which can be approximately regarded as “T”-type coal pillars. This type of coal pillar has been analyzed in detail in the literature [7]. Meanwhile, gobs No. 321 and No. 322, along with panel No. 325, form special “umbrella”-type coal pillars, as shown in Figure 2. There is a great difference between the “umbrella”-type and “T”-type coal pillars in terms of the stress distribution and migration of the surrounding rock. Hence, the stress state, stress distribution regularity, and break characteristics of the surrounding rock are comprehensively analyzed in this paper.




3. Mechanical Analysis of Irregular “Umbrella” Coal Pillars


3.1. Mechanical State Analysis of Coal Pillar


According to the key strata theory of the academic Qian [13], after the panel is pushed and mined, a small structure composed of key blocks A, B, and C is formed in the gob-side roadway of the panel, as shown in Figure 3. In Figure 3, m is the coal thickness (m), n is the direct roof thickness (m), x1 is the width of the coal pillar (m), x2 is the width of the roadway (m), x3 is the distance between the fault position of key block B and the left boundary of the roadway (m), and l is the length of key block B (m). Key block B’s length (l) is equal to the periodic weighting interval of the mining face. η1 is the stiffness coefficient in the vertical direction of the direct roof, η2 is the stiffness coefficient in the vertical direction of the coal pillar, and Δs is the sink amount of key block B (m).



Zhang Yang and Yang Yongjie, the authors of this paper, carried out mechanical analysis of the gob-side roadway coal pillar in goaf in [14]:


  p =     m + n − k n      E 1   E 2   x 1       x 1  +  x 2  +   m A   2 tan α   ln   k γ H +    C 0    2 tan α        C 0    tan α   +    P x   A        l    E 1  m +  E 2  m      



(1)




where p is the pressure acting on the coal pillar; E1 and E2 are the elastic modulus of the immediate roof and the coal pillar, respectively (MPa); A is the side-pressure coefficient; α is the angle of internal friction; k is the direct roof-bursting coefficient; γ is the gravity density of the strata (kN/m3); H is the mining depth (m); C0 is the cohesion at the junction between the coal seam and the roof and floor; Px is the prestressing force of the roof bolting (kN); and M is the mining height (m). In this paper, coal thickness is equal to mining height (m = M).



As for the “umbrella” coal pillar in this paper, the key blocks A, B, and C form an arcing triangular block structure above the coal pillar. When panel No. 325 passes through mined-out areas No. 321 and No. 322, due to the irregular shape of the mined-out areas, x1 first decreases and then increases. When x1 decreases to a certain range, the coal pillar is subjected to the maximum pressure when it just enters mined-out area No. 321 and is about to pass through mined-out area No. 322. Therefore, it can be inferred that this area is prone to roof collapse, deviation, and even rock-burst disasters.




3.2. Abutment Pressure Distribution Regularity of Irregular Coal Pillars


3.2.1. Abutment Pressure Distribution Regularity at the Irregular Coal Pillar Edge


After stoping the panel, the stress state of the gob roof changes from three-way stress to bidirectional stress, and the stress of the gob roof is redistributed [15]; the roof strata rotate and sink under the action of stress, and then cause extrusion and damage to the residual coal pillar, resulting in the reduction in the physical properties of the residual coal pillar and the reduction in the bearing capacity. At the same time, by applying beam theory [16,17], the abutment pressure in gob is transferred to the internal section of solid coal along the unbroken strata of the roof.



There have been few previous studies on irregular coal pillars caused by irregular gob, and most studies take regular coal pillars as an example. Under the regular rectangular pillar [18], the edge of the gob is parallel to the gob-side roadway, and the abutment pressure of the gob is transferred vertically to the internal part of the unmined solid coal. However, in this paper, taking gob No. 322 as an example, the stop-mining line of gob No. 322 crosses diagonally with the gob-side roadway and panel No. 322 after mining; a series of strata movements such as fracture, rotation, and subsidence occur in key blocks, and the fracture line of the key blocks is parallel to the direction of the stop-picking line. The distribution direction of abutment pressure of gob No. 322 is shown in Figure 4. It should be distributed along the direction perpendicular to the stop-production line, as shown in Figure 5.




3.2.2. Abutment Pressure Distribution Rules at Irregular Coal Pillar Fracture Points


Take gob No. 322 as an example, after the completion of panel No. 322, its roof breaks along the stop-production line, and a small structure composed of key blocks A, B, and C is formed by rotary subsidence. Key block B is the main part of the coal pillar, so mechanical analysis of key block B was carried out. In general studies, because the gob is generally distributed parallel to the gob-side roadway, only the vertical direction was considered in the analysis of key block B. However, in this paper, the angle α is generated between key block B and the surrounding roof strata that did not break. Hence, it is necessary to conduct a mechanical analysis of key block B in the vertical and horizontal directions.



In Figure 6, F is the load of the overburden, ΔH is the collapse height, VA and VB are horizontal thrust, VA′ is the supporting force of the coal pillar, G is the dead weight of the key block, h is the thickness of the key block, l is the horizontal length of the key block, α is the included angle between the key block and the gob, HA and HA′ are the extrusion pressure of non-caving rock strata on key block B in the horizontal direction, HAA is the resultant force of HA and HA′, and HA′A′ is the counteracting force of HAA.



According to the elastic equilibrium equation   ∑  M A  = 0  ,    H   A ′   A ′      is found by the following formula [19]:


   H   A ′        A ′    =   F l sin α + G   l + h tan α     2 l + 2 h tan α    



(2)







As can be seen from Figure 6b, when key block B rotates and sinks, the force    H   A ′   A ′      on the unbroken roof strata is in the opposite direction to the gob bisector.






4. Numerical Simulation Analysis of an Irregular “Umbrella” Coal Pillar on a Gob-Side Roadway in an Isolated Panel


4.1. Establishment of Numerical Model


The model size was 200 m × 150 m × 70 m, and there were eight strata of rock. The detailed mechanical parameters of each rock stratum are shown in Table 1. Horizontal constraints were imposed on the four boundaries to limit the vertical displacement at the bottom. The bottom was a fixed boundary to limit the horizontal and vertical displacement at the bottom. The gravity overburden of 3.5 MPa was applied on the upper boundary of the model, and the attached statement was used to connect the mesh size. The model adopted the Mohr–Coulomb criterion. The FLAC3D model is shown in Figure 7.



In the simulation calculation, the attributes of each rock stratum, the dead weight, and the pressure on the top surface of the model are loaded first, and the initial equilibrium is calculated, in strict accordance with the scenario of the actual mining order. First of all, the excavation of panel No. 321, using the hulking coefficient and physical and mechanical characteristics of the elastic material filling the gob, along with calculation of balance, record the corresponding data as the initial values. After excavation of panel No. 322, the same calculation is performed for balance and finally, in panel No. 325, for mining work and to calculate balance.




4.2. Stress Analysis of Surrounding Rock during Gob-Side Roadway Excavation


Figure 8 shows the vertical stress diagram of the whole roof and floor of the gob-side roadway in the mining front of panel No. 325. It can be seen from the figure that the broken depth of the floor increases gradually from the middle of the model to both ends due to the lack of protection measures in the roadway floor, from 1 m in the middle to 2 m at both ends. At the same time, the vertical stress of the roadway roof shows the same variation trend as that of the floor. The vertical stress of the roof extends from 7 MPa in the middle to 17 MPa on the left and 0.5 MPa on the right, indicating that the roof has a plastic break.



The gob-side roadway in Figure 9 shows a roadway waistline after the “umbrella” model; when the coal pillar and roof have a 2.5 m floor plan, the scope of the vertical stress can be seen in Figure 9a. While passing through gob No. 321, time as the coal pillar width increases, the surrounding rock stress near the roadway also increases, but has not yet reached peak position, while the vertical stress of the surrounding rock is relatively complete. When the gob-side roadway passes through gob No. 322, as the width of the coal pillar increases from 8 m to 20 m—and especially when it increases to 15 m—the stress concentration phenomenon occurs inside the coal pillar, and the vertical stress of the rib of the roadway coal pillar is less than the original rock stress, indicating that the plastic break of the rib of the coal pillar occurs under the action of high stress. It can be seen from Figure 9b–d that the roof stress of the gob-side roadway reaches its peak at 1.5 m, and then decreases with the increase in height.



It is important to note that when the gob-side roadway passes through the 4 m protective coal pillar in gobs No. 321 and No. 322, the coal side of the roadway produces a wide range of abutment pressure areas. It is shown in Figure 9 that there is a wavy stress region in panel No. 325, where the maximum stress is 6 MPa. This shows that the coal pillar roof between the two gobs is relatively intact. During the stress redistribution of gobs No. 321 and No. 322 under the influence of the gob-side roadway, the abutment pressure is transmitted to the solid coal side of the goaf through the unbroken rock strata of the 4 m coal pillar roof. This has little influence during roadway excavation, but the influence of pressure superposition on the roadway must be considered.



From the analysis of the mathematical model given in Section 3.2 and the results of numerical simulation, we can speculate that during the actual production process, there is a possibility that the stress concentration area will appear in the surrounding rock of the roadway after the gob or before the gob. If this is not understood properly, the roof or the two ribs of the roadway can easily cave in.




4.3. Analysis of Surrounding Rock Stress and Deformation during Mining


Figure 10 shows the distribution of vertical stress on the panel at different mining locations and 1.5 m above the roadway roof in the process of mining panel No. 325. During the stoping of face No. 325, the abutment pressure of gob No. 321 and the advanced abutment pressure of the panel are superimposed in front of the panel, and the stress above the roadway roof here is 8 MPa. However, as the width of the coal pillar in front of the panel decreases, the superposition area gradually expands to the top of the roadway roof, and the vertical stress above the roof increases to 9 MPa. Figure 10b shows the position of 80 m in the mining panel. At this time, the advanced abutment pressure of the panel is symmetrically distributed, with a 4 m protective coal pillar between gobs No. 321 and No. 322, which has a great influence on the solid coal rib of the gob-side roadway. Figure 10c,d show the vertical stress distribution diagrams when the panel passes through the position of gob No. 322. It can be seen that with the increase in the width of the mining panel and coal pillar, the vertical stress above the roadway roof decreases from 12 MPa to 10 MPa, but the vertical stress within the coal pillar increases from 9 MPa to 11 MPa, which is consistent with the results of numerical simulation. As the coal pillar increases from 8 m to 20 m, the abutment pressure of gob No. 322 transfers to the interior of the coal pillar, and the effect of stress superposition inside the solid coal is weakened. At this time, the lateral stress of the roadway coal pillar is greater than that of the solid coal side.



In order to attain a clearer understanding of the stability of the surrounding rock of the gob-side roadway in the stoping process of panel No. 325, the deformation of the surrounding rock of the gob-side roadway during stoping was statistically analyzed and compared with the above surrounding rock stress. The curve of surrounding rock movement of the gob-side roadway within 20 m in advance during stoping of the panel is shown in Figure 11.



It can be seen from the figure that when the panel passes through gob No. 321, the subsidence of the roadway roof decreases with the decrease in the coal pillar’s size, and until it reaches the minimum value when it passes through the coal pillars between the two gobs. When the panel passes through gob No. 322, the subsidence of the roadway roof first increases and then decreases with the increase in coal pillar size.



In contrast to the previous analysis, although the vertical stress within the coal pillar between the gob-side roadway and gob No. 322 increases continuously, the increase in the lateral wall movement of the solid coal is small, and the surrounding rock movement is about 200 mm, indicating that the stress concentration area is far from the ribs, and that the surrounding rock of the rib of the gob is relatively intact. The sidewall movement of solid coal in the gob-side roadway changes obviously with the size of the coal pillar during the process of mining. Therefore, when panel No. 325 passes through the “umbrella”-type coal pillar, the roof in the gob-side roadway should be reinforced in advance on the existing support.





5. Reinforcement and Support Scheme for a Gob-Side Roadway in an Isolated Panel


According to the results of theoretical calculation and numerical simulation, the support effect of the roof and two ribs of the gob-side roadway in panel No. 325 is not ideal when it passes through the “umbrella” coal pillar. To ensure the stability of the surrounding rock of the gob-side roadway under the influence of mining, it is necessary to carry out the design optimization of the supports of the roof and the two ribs of the gob-side roadway.



5.1. Support Optimization Scheme for a Goaf Roadway


For the gob-side roadway in panel No. 325, considering that the bolt spacing of the original roof bolting is 800 mm, but only one anchor cable is located near the roof and the center line of the plate, the reinforcement support of the anchor cable is determined. In addition, according to the numerical simulation results, the integrity of the roof 2.5 m from the gob-side roadway roof is better, so the prestressed anchor cable with small-aperture resin [20] was selected. Small-aperture resin-anchored prestressed anchor cables are an important means of reinforcement for coal roadways—especially for roadways with maintenance difficulties. They can not only significantly reduce the amount of roof subsidence and improve the integrity of the roof’s surrounding rock, but also reduce the deformation of both sides of the roadway.



For the two ribs of the gob-side roadway, the physical properties of the protective coal pillar between the gob and the roadway are weak under the influence of mining; if an anchor cable is adopted to reinforce and support, the reinforcement effect is not much different from roof bolting, and the cost of anchor cable reinforcement is high. Therefore, the scheme of reinforcing bolts was adopted to reinforce the surrounding rock on both sides of the roadway. The distance between bolts on the roadway side in the original support was 800 mm. There were five bolts in each row, which is relatively dense. Therefore, bolts were added between two rows of bolts, so as to stagger support, and the same reinforcement scheme was adopted for both ribs. The following four supporting schemes were initially proposed:



(1) Scheme 1: The two anchor cables in the roof are symmetrically supported with the original anchor cables as the center point, and the spacing is 2000 mm. The normal angle between the anchor cables and the roadway roof is 20°, and the anchor cables are each attached to one of the two ribs. One bolt on each rib is added to the center line of the roadway side, which is misaligned with the original roof bolting. The bolt is perpendicular to the roadway side.



(2) Scheme 2: The two anchor cables in the roof are symmetrically supported with the original anchor cables as the center point, and the spacing is 2000 mm. The normal angle between the anchor cables and the roadway roof is 20°, and the anchor cables are each attached to one of the two ribs. The spacing of the two bolts on the two ribs is 2000 mm, which is misaligned with the original roof bolting, and the bolts are vertical to the side.



(3) Scheme 3: Two anchor cables are symmetrically supported with the original anchor cables as the center point, the spacing is 4000 mm, the normal angle between the anchor cables and the roadway roof is 20°, and the anchor cables are each attached to one of the sides. One bolt on each rib is added to the center line of the roadway side, which is misaligned with the original roof bolting. The bolt is perpendicular to the roadway side.



(4) Scheme 4: Two anchor cables are symmetrically supported with the original anchor cables as the center point, the spacing is 4000 mm, the normal angle between the anchor cables and the roadway roof is 20°, and the anchor cables are each attached to one of the sides. The spacing of the two bolts on the two ribs is 2000 mm, which is misaligned with the original roof bolting. The bolt is perpendicular to the roadway side.




5.2. Analysis of Numerical Simulation Results of the Gob-Side Roadway Reinforcement and Support Scheme


Figure 12 and Figure 13 show cloud images of the surrounding rock deformation of the four schemes when the size of the coal pillar is 15 m and the panel is 20 m ahead after the calculation and balance of reinforcement schemes. According to Figure 12, the roof subsidence of the gob-side roadway is significantly reduced after reinforcement and support. The maximum roof subsidence of Scheme 1 is 120 mm, of Scheme 2 is 100 mm, of Scheme 3 is 120 mm, and of Scheme 4 is 100 mm. Scheme 1 has the largest roof subsidence and a larger roof deformation range. The reason that Schemes 2 and 4 affect the maximum subsidence of the roof is that one of the bolt positions of the side supplement is 800 mm away from the roof, which is coupled with the roof bolt cable and reduces the maximum subsidence of the roof. In Scheme 3, although the maximum subsidence of the roof is 120 mm, the deformation range of the roof is small. In Scheme 4, the deformation area of the roof is the same as that in Scheme 3. Therefore, it was preliminarily determined that the reinforcement scheme of the roof should be selected from Schemes 2, 3, and 4.



According to Figure 13, after reinforcement, the movement of the two sidewalls of the gob-side roadway is kept in a small range, and the surrounding rock deformation occurs at a 4 m distance between the solid coal side and the roadway in all four schemes. This is because the end of the wall bolt is subjected to the advance abutment pressure of panel No. 325, and the surrounding rock loosens. In addition, the rib movement of the gob in Schemes 1 and 3 is 100 mm, the rib movement of the solid coal in Schemes 2 and 4 is 70 mm, the rib movement of the gob in Schemes 2 and 4 is 150 mm, and the rib movement of the solid coal in Scheme 4 is 80 mm, indicating that although Schemes 2 and 4 have two supplementary bolts, the control effect of the surrounding rock in the two ribs of the roadway is not as good as that in Schemes 1 and 3.




5.3. Determining the Reinforcement and Support Scheme of the Gob-Side Roadway


Through the analysis of Section 4.2, we can see that the deformation of the gob-side roadway under all four schemes meets the requirements of safety in production, but in Scheme 3, the roof anchor cable close to the two ribs forms a beneficial coupling support with the side bolts. Additionally, on the premise that both schemes can meet the requirements of safety production, the choice of adding a bolt is beneficial to reducing the support cost. Thus, through the above analysis, the reinforcement scheme for the roof and two ribs of the gob-side roadway in panel No. 325 can finally be determined as follows:



Roof: Two anchor cables are symmetrically supported, with the original anchor cables as the center point, and a spacing of 4000 mm. The normal angle between the anchor cables and the roadway roof is 20°, and the anchor cables are each attached to one of the sides. The anchor cable model is SKP18-1/15.40 × 4200 mm.



Two ribs: One bolt is added to the center line of the roadway side, which is misaligned with the original roof bolting. The bolt is vertical to the roadway side. The bolt model is MSGLW-500 20/2200mm.



The concrete reinforcement support diagram is shown in Figure 14.



In this paper, only the deformation of surrounding rock during the tunneling of track roadway No. 325 is monitored, and the detection results are generally consistent with the theoretical analysis and numerical simulation results. However, due to the long strike length of panel No. 325 (1200 m), the mining time is longer, and the “umbrella” coal pillar is located at the end of panel No. 325. Therefore, by the end of writing of this paper, isolated panel No. 325 had not been mined to the “umbrella”-type coal pillar area. The research conclusions of this paper and the reinforcement and support effects on the roadway have yet to be verified by subsequent on-site monitoring.





6. Conclusions


(1) According to the academic Qian Minggao’s key strata theory, a mechanical model based on elastic–plastic mechanics was established to analyze the forces of small coal pillars in a gob-side roadway. The model shows that the overburden pressure p of the coal pillars is positively correlated with the size of the coal pillars within a certain range.



(2) The abutment pressure of the gob is always distributed vertically along the edge of the gob. When the edge of the gob’s oblique crosses the gob-side roadway, the stress distribution of the roadway’s surrounding rock must consider the angle (α) between the gob edge and roadway.



(3) Through the mechanical analysis of key block B in the irregular gob, it can be concluded that the abutment pressure at each cusp position in the irregular gob extends in the opposite direction to the bisection cusp line.



(4) The FLAC3D numerical simulation method was used to simulate the roadway stress and displacement in the gob-side roadway of the “umbrella” coal pillar during the mining of panel No. 325. The simulation results have an obvious correlation with the theoretical analysis results.



(5) According to the results of the theoretical analysis and numerical simulation, the support optimization measures of the gob-side roadway passing through the “umbrella” coal pillar section were determined. The coupling support scheme of the roof supplemented with anchor cables, two ribs supplemented with bolts, and staggered support was determined.
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Figure 1. Distribution map of goaf around panel No. 325. 
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Figure 2. Schematic diagram of an “umbrella”-shaped coal pillar. 
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Figure 3. Mechanical model diagram of section protection coal pillar. 
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Figure 4. Schematic diagram of irregular gob structure. 






Figure 4. Schematic diagram of irregular gob structure.



[image: Energies 15 03932 g004]







[image: Energies 15 03932 g005 550] 





Figure 5. Abutment pressure distribution diagram of irregular gob. 
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Figure 6. Mechanical model of key block B: (a) front view; (b) vertical view. 
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Figure 7. FLAC3D modeling of irregular gob. 
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Figure 8. Vertical stress cloud map of the gob-side roadway. 
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Figure 9. “Umbrella” coal pillars along the goaf roadway roof’s vertical stress plan: (a) roadway waist line; (b) roadway roof (0.5 m); (c) roadway roof (1.5 m); (d) roadway roof (2.5 m). 
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Figure 10. “Umbrella” coal pillar with open-roof 1.5 m vertical stress distribution: (a) 40 m; (b) 80 m; (c) 120 m; (d) 160 m. 
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Figure 11. During the stoping period, the approaching amount of the surrounding rock of the roadway 20 m ahead. 
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Figure 12. Cloud map of vertical deformation of the gob-side roadway: (a) Scheme 1; (b) Scheme 2; (c) Scheme 3; (d) Scheme 4. 
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Figure 13. Cloud map of horizontal deformation of the gob-side roadway: (a) Scheme 1; (b) Scheme 2; (c) Scheme 3; (d) Scheme 4. 






Figure 13. Cloud map of horizontal deformation of the gob-side roadway: (a) Scheme 1; (b) Scheme 2; (c) Scheme 3; (d) Scheme 4.



[image: Energies 15 03932 g013]







[image: Energies 15 03932 g014 550] 





Figure 14. Schematic diagram of reinforcement and support for the gob-side roadway: (a) roadway reinforcement support section; (b) diagram of the reinforcement scheme for the two ribs of the roadway. 
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Table 1. Rock mechanical parameters.






Table 1. Rock mechanical parameters.





	Number
	Lithology
	Bulk Modulus/

GPa
	Shear Modulus/

GPa
	Cohesion/MPa
	Tensile Strength/MPa
	Internal Friction Angle/°
	Density/

kg·m3
	Height/m





	1
	Sandstone
	6.34
	9.28
	3.48
	4.32
	33
	2731
	6



	2
	Siltstone
	6.09
	5.82
	7.9
	2.4
	35
	2450
	12



	3
	Mudstone
	0.3
	0.35
	0.8
	0.1
	30
	2400
	1



	4
	3-Coal
	0.3
	0.39
	3.64
	0.9
	31
	1390
	8



	5
	Siltstone
	6.09
	5.82
	7.9
	2.4
	35
	2450
	11



	6
	Sandstone
	6.34
	9.28
	3.48
	4.32
	33
	2731
	14



	7
	Clay rock
	0.3
	0.39
	3.64
	0.9
	31
	1390
	3



	8
	Overburden
	6.34
	9.28
	3.48
	4.32
	33
	2500
	45
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