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Abstract

:

Coal resources have always been the focus of attention in the field of sustainable development. Based on the problem of surrounding rock control in close-distance coal seams, first, a mechanical model of floor failure was established based on the 29204 working face in Dongqu Mine; the failure mechanism of the floor was revealed by the zero displacement line, and a method to judge the occurrence state of the roof in the lower coal seam was put forward. Furthermore, by FLAC3D numerical simulation software, the mechanical model is verified, and the optimal support parameters are optimized, and the optimal water–cement ratio and grouting pressure are determined to be 0.6 and 3 MPa respectively. The application shows that the roof displacement is reduced by about 73.48% compared with the control group. Compared with the control group, the cable stress decreased by about 50.68%, and the application effect is remarkable. The research results provide an effective solution to ensure the sustainable development of coal resources and disaster prevention.
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1. Introduction


Close-distance coal seams mean that the distance of two coal seams is very close in coal mining, which will have a great mutual influence on the mining process. Especially for the upper coal floor in close-distance coal seams, the uplift degree of the floor changes significantly due to the influence of factors, such as rock properties, coal seam thickness, and mining disturbance. The different uplift degree of the floor is of great significance to the stability of the surrounding rock of mining roadways under a goaf of close coal seams. The traditional support methods, such as single pillar and pipe roofs have many problems, such as the high personnel demand, high labor intensity, and low support efficiency, which restrict the control effect seriously of the roadway and the high yield and high efficiency of coal [1,2]. Therefore, the support control design is essential for ensuring the control effect of mining roadways and realizing the sustainable development of geotechnical engineering.



In close-distance coal, failure depth has a significant impact. Excessive damage depth will lead to serious damage to mining roadways under a goaf and even lead to disasters such as overall instability [3,4,5]. Since the early 20th century, scholars have performed many research studies on the failure characteristics of floors. In terms of theoretical models, Li et al. [6,7] used plastic mechanics to determine the plastic failure range of a floor in a coal seam at close distances. The mechanical model of floor failure was developed by Liang et al. [8,9] using limit equilibrium theory and verified the accuracy of the model by combining numerical simulation and field monitoring results. In addition, considering the different load forms, Cheng et al. [10,11] established the mechanical model of floors under different loads, which provided a basis for roadway support design, considering the structural form of the floor, using a mechanical model. Sun et al. [12,13,14] determined what mechanical conditions must be met for the floor to remain stable. Some scholars have studied the influencing factors of floor failure and made some achievements [15].



In terms of numerical simulation and physical similarity simulation experiments, based on elasticity theory, Wang et al. [16,17,18] revealed the failure mechanism of the floor by establishing a mechanical model and verifying it by field engineering. The strain softening model was used by Yin et al. [19] to study the failure state of the floor, and they obtained the analytical expression for plastic mechanics. Considering the characteristics of coal and rock, Ma et al. [20] obtained the progressive failure law of floors by the RFPA numerical simulation method. Some scholars have also analyzed it from the microscopic point of view and obtained the mechanical analytical formula of floor failure [21].



In the field practice, based on the stress-strain technology of boreholes, Guo et al. [22,23] obtained the omni-directional floor disturbance failure law, which provided a method for predicting the floor failure depth, based on self-developed equipment. An inclined coal seam floor failure characteristic was determined by Meng et al. [24] and put forward the corresponding control design method. Furthermore, through field practice, Ning et al. [25] obtained the actual failure situation and crack evolution characteristics of floors, which provides real data for the study of floor failure mechanisms. Some scholars use optical fiber sensors to measure the failure depth of the bottom plate [26,27,28].



Researchers have carried out extensive research on the failure characteristics of floors at home and abroad. However, in close-distance coal seams, there are still some deficiencies around the failure mechanism and the supporting design method suitable for it. To establish a suitable supporting design method for lower coal mining roadway by revealing the failure mechanism of floors in close-distance coal seams, the workface of 29204 being mined in Dongqu Mine, is used as a background to illustrate how upper coal floor failure occurs and puts forward a method for judging the integrity of the lower coal roof. On this basis, combined with FLAC3D numerical simulation software, the design method of supporting parameters for mining roadway in 29204 working face is determined and verified by field cases. The results provide a reference for revealing the failure mechanism and disaster prevention of close-range coal seams.




2. Engineering Background


Dongqu Mine is on the south bank of Fenhe River in Taiyuan City, Shanxi Province, and belongs to Xishan Coal and Electricity Co., Ltd. 29204 working face is located at 270 m from buried depth, the advancing length is 1335 m, the length of the working face is about 1171 m, and the mining area is about 165,111 m2. The inclined length of working face is 141 m, the footage is 4.8 m every day, and the roof is managed by the full caving method. The dip angle of the coal seam is 0°~5°, which belongs to a nearly horizontal coal seam. Figure 1 shows the roadway layout plan for the 29204 working face.



The 28204 working face belongs to the coal seam 8# and has been mined, and the 29204 working face belongs to the 9# coal seam below the 8# coal seam. Among them, the layer spacing of 8# and 9# coal is about 4.35 m, that is, there is the close distance coal seam. The comprehensive histogram of the roof and floor is shown in Figure 2, and the relationship between 8# and 9# coal seams is shown in Figure 3.




3. Failure Mechanism and Integrity Discrimination of Close Distance Coal Seam Floor


3.1. Failure Mechanism of upper Coal Seam Floor


When mining is being carried out, the plastic failure of the strata between coal layers will occur in a certain range. According to Karl Terzaghi’s theory [29], when the bearing strength of rock mass exceeds its yield strength in a certain range, the plastic zone produced by the failure of the floor within the load range will be connected together. Based on this, this paper holds that there must be a displacement zero point in the process of plastic failure and deformation caused by upper coal seam mining, that is, the displacement of the strata at this point is zero. At this time, a line with zero displacement can be obtained by connecting the points with zero displacement in the interlayer strata, and it is defined as a ‘zero displacement line’. Compression or expansion of strata above the zero displacement line will occur during the mining of the working face. In order to determine whether coal seam mining will affect upper coal seam mining, the zero displacement line will be crucial.



Based on the above analysis, a mechanical model of coal seam mining in close coal seams is presented in Figure 4.



Three areas of the floor can be divided by the zero displacement line, namely compression area I, expansion area II, and compaction area III. Among them, area II is squeezed by the expansion of rock mass in areas I and III in the horizontal direction, and because there is free space above this area (formed after roadway excavation), the rock mass in this area will move to the upper free space (roadway direction) under the constraint of horizontal stress on both sides, resulting in floor heave. It can be seen that this area is the action area that produces significant pressure relief and release to the lower coal seam and interlayer rock mass.



The stress distribution in Figure 4 is simplified in Figure 5 to calculate the failure depth of the floor theoretically.



Based on the above analysis, the lower coal and interlayer rock mass are affected due to the expansion zone above the zero displacement line; by solving the maximum failure depth in this area, the influenced degree of the lower coal mining can be judged. Saint Venant’s principle can simplify the calculation, taking the equivalent stress value of advanced abutment pressure as (k + 1)γH/2. At the same time, the theory of elasticity and the principle of stress superposition are used, and the stress analytical formula of any point (micro-element) M in the floor strata after mining under the loading can be obtained as follows:


     σ z    =     k + 1   2 π   γ H ( sin  θ 2  cos  θ 2  − sin  θ 1  cos  θ 1  +  θ 2  −  θ 1  )      σ x  =   k + 1   2 π   γ H [  θ 2  −  θ 1  − sin (  θ 2  −  θ 1  ) cos (  θ 2  +  θ 1  ) ]      τ  z x     =     k + 1   2 π   γ H (  sin 2   θ 2  −  sin 2   θ 1  )    



(1)







In the equation, k is the coefficient of stress concentration; γ is the gravity density, N/m3; H is the depth of coal, m; θ1 and θ2 are the angles of any point M of the floor, °.



The principal stress calculation equation of micro element can be expressed according to the material mechanics


     σ 1    =      σ z  +  σ x   2  +          σ z  −  σ x   2     2  +  τ  z x     2         σ 3    =      σ z  +  σ x   2  −          σ z  −  σ x   2     2  +  τ  z x     2       



(2)







Substitute Equation (2) into Equation (1):


     σ 1    =     k + 1   2 π   γ H [  θ 2  −  θ 1  + sin (  θ 2  −  θ 1  ) ]      σ 3    =     k + 1   2 π   γ H [  θ 2  −  θ 1  − sin (  θ 2  −  θ 1  ) ]    



(3)







Considering the self-weight stress of the rock in the floor and the compaction effect of goaf formed after mining, the self-weight stress q1 and the load q2 after goaf compaction are taken as:


     q 1    =   γ z      q 2    =   n γ H    



(4)




where z is the depth of any point M, m; n is the pressure reduction coefficient of goaf.



Combined with Equations (3) and (4), the principal stress of any point M is:


     σ 1    =     k + 1   2 π   γ H [  θ 2  −  θ 1  + sin (  θ 2  −  θ 1  ) ] + γ z + n γ H      σ 3    =     k + 1   2 π   γ H [  θ 2  −  θ 1  − sin (  θ 2  −  θ 1  ) ] + γ z + n γ H    



(5)







To simplify the above equation, set the


  α   =    θ 2  −  θ 1   



(6)







So


     σ 1    =     k + 1   2 π   γ H [ α + sin ( α ) ] + γ z + n γ H      σ 3    =     k + 1   2 π   γ H [ α − sin ( α ) ] + γ z + n γ H    



(7)







After mining, the above equation expresses the principal stress at any point in the strata. When the M point gradually changes from elastic deformation to plastic deformation, according to the yield criterion based on Mohr-Coulomb, there are


   1 2  (  σ 1  −  σ 3  )   =   c cos φ +  1 2  (  σ 1  +  σ 3  ) sin φ  



(8)







Substitute Equation (7) into Equation (8) is available


  z   =   H [   k + 1   2 π   ⋅   sin α − α sin φ   sin φ   − n ] −  c  γ tan φ    



(9)







Combined with Figure 5, there is always


    d z   d α     =   0  



(10)







Combining Equations (9) and (10), the maximum failure depth h of region II is


  h   =   H (   k + 1   2 π   ⋅ c   sin φ − α cos φ   cos φ   − n ) −  c  γ tan φ    



(11)







Substituting the real parameters, the thickness of coal is 3.13 m, the depth of the coal seam is 262 m, the coefficient of stress concentration k is 1.5, the cohesion of floor c is 3.86 MPa, and the internal friction angle φ is 28.4°. By Equation (11), the failure depth of the upper coal is 3.742 m. Obviously, the spacing between coal layers is greater than 3.742 m. It can be seen that there is a partial complete direct roof above the track groove of the 29204 working face.




3.2. Analysis of Occurrence State of Lower Coal Seam Roof


During mining, the yield ratio is calculated between the coal seam spacing and the failure depth of the ground, and if the interlayer rock stress exceeds its yield limit, the fracture of the lower coal seam roof is further expanded, which leads to the change of the roof occurrence state. Therefore, the definition of yield ratio can be used to analyze the occurrence state of roof strata in lower coal seams. When the interlayer spacing between layers of coal is less than 0.5 m, the rock between layers will be destroyed due to the mining of upper coal, which is continuous and extensive. Furthermore, the interlayer spacing of 0.5 m is enough for cracks to expand and penetrate, and compared with the thickness of upper and lower layers of coal, the difference of 0.5 m is larger. At this time, the upper and lower layers of coal can be regarded as one layer, and the rock between layers can be regarded as the Parting. The classification of rock integrity between adjacent coal seams considering yield ratio can be referred to in Table 1.



Combined with Equation (11), the failure depth is 3.742 m, the spacing is 4.35 m, and the safety factor is 2, then f·h is 7.484 m. According to the calculation, the interlayer spacing is a range of 1.5 m to 7.484 m, so it belongs to the condition of block fracture. The lower coal seam roof has a good occurrence state and can achieve good anchoring bearing performance. At the same time, as a result of mining damage to floors and roofs, in order to achieve a good anchoring effect, the anchoring depth should be as large as possible; however, the maximum should not be greater than the coal seam spacing, so as not to make the anchoring of the anchor rod or cable to the goaf, thus making the anchoring invalid.





4. Design of Supporting Parameters of Mining Roadway in 29204 Working Faces


4.1. Numerical Model


Based on the track roadway of 29204, a FLAC3D numerical simulation model is established according to the properties of coal, roof, and floor rocks. Based on the comprehensive histogram (Figure 2), the model is established from bottom to top according to the lithology and thickness of the rock/coal layer. The model is 300 m× 50 m× 150 m. Considering that the buried depth of 9# coal is 270 m and the coal is 109 m away from the top of the model, the vertical load is 4.025 MPa, and it is set at the top of the model. The field measurement shows that the horizontal stress has little effect on the deformation of the surrounding rock of the roadway but is mainly affected by the vertical stress of the roof, so the horizontal stress is not applied in the numerical simulation, and fixed boundaries are imposed in the model boundaries. The specific model diagram is shown in Figure 6.



Based on the actual mine geological data of Dongqu Coal Mine, the basic properties are shown in Table 2.




4.2. Simulation Scheme


Based on the above analysis, it is proposed to use a grouting cable with a length of 4.3 m as the supporting material, and the cable arrangement is shown in Figure 7. Specifically, the grouting anchor cables are set on the roof of the 29204 track along the advancing direction of the working face, with two in each row, and the pre-tightening force is 200 kN. The spacing and row spacing are determined according to the simulation scheme.



At the same time, combined with the relevant supporting parameters of the adjacent working face, it is proposed to determine the range of slurry water–cement ratio is 0.4~0.7, and 0.1 is taken as an interval. Some studies have shown that the different slurry water–cement ratio will lead to the increase of elastic modulus, internal friction angle, cohesion and uniaxial tensile strength of surrounding rock [30,31]. Therefore, in order to make the simulation more convenient, when the water–cement ratio of the slurry decreases by 0.1, the increase of the elastic modulus, cohesion and uniaxial tensile strength of the surrounding rock is considered as 2, 1, and 1 times, respectively, and the internal friction angle is considered as 4°. The scheme is shown in Table 3.



For the grouting pressure, according to the existing literature [32,33], cable grouting pressure and slurry diffusion radius are related. As shown in Figure 8, with the increase of the grouting pressure, the diffusion radius of the slurry shows an increasing trend and the growth rate with the increase of the grouting pressure. Therefore, based on Figure 8, when the grouting pressure is 2, 3, 4, and 5 MPa, the grouting radius is 1.3, 1.5, 1.65, and 1.75 m, respectively. Table 4 shows the simulation scheme.



The simulation follows the principle of controlling variables, and the grouting pressure is controlled at 3 MPa when different water–cement ratios are studied. When studying different grouting pressures, control the water–cement ratio to 0.7. The model adopts the method of step-by-step excavation, that is, the 8# coal is mined first, and the lower coal is mined step by step after the model calculates the balance, and each excavation is 10 m. At the same time, for a better understanding of how the roadway along the track in 29204 working face interacts with surrounding rock control, a spherical section is used to display the variation law of vertical displacement cloud map and stress cloud map, and a group of monitoring points is placed along the middle part of the roadway. Under the influence of the mining in 29204 working face, it is possible to monitor the vertical stress and displacement evolution of the rock surrounding the track roadway, and the evolution of vertical displacement and stress nephogram are analyzed, and the control effect of surrounding rock of roadway under different simulation schemes is obtained by comprehensive comparison, and then the optimal water–cement ratio and grouting pressure are determined.




4.3. Result Analysis


4.3.1. Simulation Verification of Floor Failure Mechanism


By excavating the upper 8# coal seam, Figure 9 shows the displacement variation characteristics of the upper coal seam floor.



Figure 9 shows that, after the excavation of the 8# coal, the floor displacement of the mining roadway in the 28204 working face presents obvious ‘zero displacement line’ characteristics, with a maximum floor heave of about 34.9 mm and a maximum failure depth of the zero displacement line of about 3.71 m, which is basically consistent with the floor failure depth of 3.742 m obtained according to the zero displacement line theory in the above analysis of the failure mechanism of the floor. Based on the above research, the failure mechanism of the floor is basically consistent.




4.3.2. Deformation and Stress Distribution Law of Roadway Surrounding Rock under Different Water–Cement


The simulation results of vertical displacement of roadway roofs under different water–cement ratios are shown in Figure 10 and Figure 11.



From the influence of different water–cement ratios, when the water–cement ratio increases, the vertical displacement of the roof in the lower coal seam generally shows a trend of decreasing first and then increasing. For example, the water–cement ratio is 0.4, and the maximum subsidence of the lower coal roof is about 59.5 mm, the water–cement ratio is 0.5, the maximum subsidence of the lower coal roof is about 55.9 mm, the water–cement ratio is 0.6, the maximum subsidence of the lower coal seam roof is about 57.6 mm, and the water–cement ratio is 0.7, the maximum subsidence of the lower coal seam roof is about 60.8 mm. Therefore, from the minimum value of roof subsidence, the optimal water–cement ratio should be 0.5.



The results of vertical stress of the roadway roof under different water–cement ratios are shown in Figure 12 and Figure 13.



In close-distance coal seams, the vertical stress of roadway roofs varies with the water–cement ratio, the vertical stress of roofs in lower coal seams is inversely proportional to the water–cement ratio. For example, if the water–cement ratio is 0.4, the maximum vertical stress of the lower coal seam roof is about 12.4 MPa, if the water–cement ratio is 0.5, it is about 11.8 MPa, if the water–cement ratio is 0.6, it is about 11.5 MPa, and if the water–cement ratio is 0.7, it is about 11.4 MPa. From the perspective of the vertical stress of the roof, it is obvious that the vertical stress of the roof is the smallest when the water–cement ratio is 0.7.



To sum up, when the water–cement ratio is 0.5, roof subsidence is the smallest; however, the vertical stress is relatively high. On the other hand, when the water–cement ratio is 0.7, roof subsidence is relatively large; however, vertical stress is small. Therefore, considering the above factors and the required economic cost, the optimal water–cement ratio is 0.6.




4.3.3. Deformation and Stress Distribution Law of Roadway Surrounding Rock under Different Grouting Pressure


The simulation results of vertical displacement of roadway roofs under different grouting pressure are shown in Figure 14 and Figure 15.



Lower coal seam roof vertical displacement generally decreases with increasing grouting pressure. For example, when grouting pressure is 2 MPa, the maximum subsidence of the lower coal seam roof is around 61.9 mm; when grouting pressure is 3 MPa, the maximum subsidence is about 60.8 mm; the maximum subsidence of the lower coal seam roof is about 53.9 mm when grouting pressure is 4 MPa and about 52.8 mm when grouting pressure is 5 MPa. Based on the minimum subsidence value, 5 MPa is the suitable grouting pressure. At the same time, referring to the allowable value of the actual roof subsidence in Dongqu Coal Mine, when the roof subsidence does not exceed 60 mm, it is most beneficial for the maintenance and use of the roadway. It can be seen that when the grouting pressure is 4 MPa or 5 MPa, the value of the roof subsidence can be met.



Figure 16 and Figure 17 show the vertical stress results of roadway roofs at different grouting pressures.



As grouting pressure continues to increase, the vertical stress on the lower coal seam roof generally increases gradually. The lower coal seam roof has a maximum vertical stress of about 11 MPa with a grouting pressure of 2 MPa, and a maximum vertical stress of about 11.3 MPa with a grouting pressure of 3 MPa. The maximum vertical stress of the lower coal seam roof is approximately 11.7 MPa when the grouting pressure is 4 MPa, and 11.9 MPa when the grouting pressure is 5 MPa. When the grouting pressure is 2 MPa, the vertical stress is the smallest, and the best control effect is achieved. Under different grouting pressures in a highway with a close-distance coal seam, the roof subsidence is larger when the grouting pressure is 2 MPa, and the control effect on the roof is the worst. There is the smallest roof subsidence on the 29204 working face at 4 MPa, and it decreases at the fastest rate. Although the vertical stress of the roof is relatively large at this time, it is basically the same as that under other grouting pressures in terms of growth amplitude.



Therefore, when grouting pressure is 4 MPa, the subsidence and vertical stress of the roof along the track are small, and the change rate has an obvious and beneficial inflection point. It can be seen that the optimal grouting pressure should be 4 MPa.






5. Field Application


The specific construction process includes construction preparation, drilling grouting anchor holes, installing grouting anchor cables, hole sealing and grouting, etc. The description of the construction process will not be introduced too much due to space reasons.



Based on the above research results, the optimum water–cement ratio and grouting pressure are determined to be 0.6 and 4 MPa, respectively, the spacing and row spacing of the cables are 1600 mm × 2000 mm, and the control group is set, which does not have the grouting cable support. The whole testing process continued from the working face 100 m away from the monitoring site to the working face advancing to the monitoring site, and the GUD350(A) surrounding rock movement sensor and GMY400 mine intrinsically safe anchor cable stress sensor were used for monitoring. The specific application effects are shown in Figure 18.



The results show that after the implementation of the scheme, the maximum displacement of the roof in the 29204 working face is about 42 mm, which is about 73.48 % lower than that of the control group. The overall change is relatively gentle, and the increase rate is small. The maximum cable force is about 50 kN, which is about 50.68% lower than that of the control group, and the overall change is relatively stable. A remarkable design effect can be seen in the cable support.




6. Conclusions


Based on the 29204 close-distance seam working face in Dongqu Mine, this paper revealed the failure mechanism of the upper coal floor and put forward the method of judging the integrity of the lower coal roof. Furthermore, this study optimized the design of the best support parameters by numerical simulation, which was verified by field cases. The main results are as follows:




	(1)

	
A mechanical model for the failure of coal seams in close distances was developed, and the floor failure mechanism based on the zero displacement line was revealed. The method for theoretical calculation of floor failure was developed, and a method for evaluating the level of occurrence of lower seam roofs was proposed using yield ratios.




	(2)

	
FLAC 3D numerical simulation was used to verify and optimize parameters. According to the results, the floor failure showed obvious ‘zero displacement line’ characteristics, which verified the feasibility of the model. At the same time, the vertical displacement and stress variation of roadway roofs under the influence of different water–cementation and grouting pressure were obtained, and the optimal water–cement ratio was 0.6 and the optimal grouting pressure was 4 MPa.




	(3)

	
A field application was conducted for the 29204 roadway. As a result of monitoring, the maximum roof displacement of the 29204 working face was about 42 mm, which was 73.48% lower than that of the control group. About 50.68% of the maximum force of the cable was lower than that of the control group. Clearly, anchor grouting support had an impressive design effect. In the future, attention should be paid to the use of grouting anchor cable in the support selection of mining engineering, and the support parameters should be optimized and designed around factors such as mining and geological conditions, which are very beneficial to the safe mining of coal mines and the sustainable development of resources.
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Figure 1. Roadway layout of working face 29204. 
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Figure 2. Comprehensive histogram of roof and floor. 






Figure 2. Comprehensive histogram of roof and floor.



[image: Sustainability 15 05420 g002]







[image: Sustainability 15 05420 g003 550] 





Figure 3. Relationship between 8# and 9# coal seams. 
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Figure 4. Mechanical model of floor: I. Compression area; II. Expansion area; III. Compaction area. 
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Figure 5. Simplified stress diagram. 






Figure 5. Simplified stress diagram.



[image: Sustainability 15 05420 g005]







[image: Sustainability 15 05420 g006 550] 





Figure 6. Numerical calculation model. 
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Figure 7. Arrangement of cable. 
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Figure 8. Relationship between grouting pressure and slurry diffusion radius of cable. 
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Figure 9. Displacement variation characteristics of floor. 
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Figure 10. Cloud chart of vertical displacement of roadway roof under different water–cement ratios: (a) 0.4; (b) 0.5; (c) 0.6; (d) 0.7. 
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Figure 11. Vertical displacement curve of roadway roof under different water–cement ratios. 
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Figure 12. Cloud chart of vertical stress of roadway roof under different water–cement ratios: (a) 0.4; (b) 0.5; (c) 0.6; (d) 0.7. 
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Figure 13. Vertical stress curve of roadway roof under different water–cement ratios. 
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Figure 14. Cloud chart of vertical displacement of roadway roof under different grouting pressure: (a) 2 MPa; (b) 3 MPa; (c) 4 MPa; (d) 5 MPa. 
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Figure 15. Vertical displacement curve of roadway roof under different grouting pressure. 
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Figure 16. Cloud diagram of vertical stress of surrounding rock of roadway under different grouting pressure: (a) 2 MPa; (b) 3 MPa; (c) 4 MPa; (d) 5 MPa. 
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Figure 17. Vertical stress curve of surrounding rock of roadway under different grouting pressure. 
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Figure 18. Application effects: (a) Variation diagram of roof subsidence; (b) Variation diagram of cable force. 
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Table 1. Classification of interbedded rock integrity in nearby coal seams considering yield ratio.
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	Title
	Parting
	Broken, Crack Penetration
	Block Fracture





	Yield ratio β
	
	β ≥ 1
	β < 1



	Interlayer spacing z (m)
	z ≤ 0.5
	0.5 ≤ z ≤ 1.5
	1.5 < z ≤ f·h
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Table 2. Mechanical parameters.
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	Lithologic Characters
	Density/kg/m3
	Bulk Modulus/GPa
	Shear Modulus/GPa
	Angle of Internal Friction/°
	Cohesion/MPa
	Tensile Strength/MPa





	sandy mudstone
	2520
	5.7
	2.52
	28.4
	3.86
	4.57



	limestone
	2650
	6.2
	3.43
	29.4
	2.19
	2.32



	medium sandstone
	2580
	6.8
	3.98
	33.6
	2.59
	2.67



	siltstone
	2620
	6.7
	3.82
	32.8
	2.78
	2.51



	limestone
	2650
	6.2
	3.43
	29.4
	2.19
	2.32



	marl
	2240
	5.1
	2.78
	30.2
	2.17
	3.18



	mudstone
	2450
	3.8
	2.13
	26.7
	1.72
	2.13



	8#coal
	1600
	3.1
	1.57
	24.2
	1.65
	1.52



	sandy mudstone
	2520
	5.7
	2.52
	28.4
	3.86
	4.57



	9#coal
	1600
	3.1
	1.57
	24.2
	1.65
	1.52



	sandy mudstone
	2520
	5.7
	2.52
	28.4
	3.86
	4.57
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Table 3. Numerical simulation scheme of different water–cement ratio.
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	Scheme
	Water–Cement Ratio
	Bulk Modulus/GPa
	Shear Modulus/GPa
	Angle of Internal Friction/°
	Cohesion/MPa
	Tensile Strength/MPa





	1
	0.4
	461.7
	204.12
	44.4
	61.76
	73.12



	2
	0.5
	153.9
	68.04
	40.4
	30.88
	36.56



	3
	0.6
	51.3
	22.68
	36.4
	15.44
	18.28



	4
	0.7
	17.1
	7.56
	32.4
	7.72
	9.14










[image: Table] 





Table 4. Numerical simulation scheme of different grouting pressure.
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	Scheme
	Grouting Pressure/MPa
	Radius of Grouting Spread/m





	1
	2
	1.3



	2
	3
	1.5



	3
	4
	1.65



	4
	5
	1.75
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