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Abstract

:

It is challenging to assure safe and effective gas mining due to the surrounding soft coal rock and rock roads in deep and high gas mines being extremely loose and broken. One of the effective ways is to arrange pre-stressed anchors in a certain area of the roadway surrounding rocks to form a compression arch with the joint action of anchors and surrounding rocks, but due to the lack of in-depth systematic research on the formation mechanism of the compression arch, the effect is difficult to give full play. The typical microstructure of deep soft coal and rock was observed by the borehole camera method, and the mechanical performance parameters were measured in the laboratory. The distribution characteristics of different bolt spacing, bolt pre-tightening force, and bolt length along the bolt arrangement direction and the additional compressive stress on the surface of the straight wall of a semi-circular arch deep soft coal and rock roadway were numerically simulated and analyzed. According to the uniform distribution range and size of the small fluctuation of the additional compressive stress inside the coal and rock, the distribution and size of the additional compressive stress on the surface of the straight wall and the effective superposition of the additional compressive stress, and the thickness and strength of the compression arch of the deep coal and rock preload bolt were analyzed, and the reasonable parameters of the pre-stressed bolt were determined. The results show that bolt spacing, pre-tightening force, and bolt length significantly affect the thickness and strength of the compression arch. The reasonable spacing of the pre-stressed bolt was a × b = 600 mm × 600 mm~400 mm × 400 mm, the pre-stressed bolt pre-tightening force was F = 50~90 kN, the length of the pre-stressed bolt was L = 1500~2000 mm, the strength of compression arch was   Δ  σ c    = −1.480~−1.589 MPa, and the thickness of the compression arch was m = −266.67~−533.33 mm.






Keywords:


gas safe and efficient mining; deep soft rock roadway; parameters of the pre-stressed bolt; thickness of the pre-stressed bolt compression arch; strength of the pre-stressed bolt compression arch












1. Introduction


In China, 70% of coal resources are located in the deep part [1] and the deep coal seam is endowed with gas [2]; the extraction schematic diagram is shown in Figure 1. Digging the gas extraction roadway [3] and setting up the coal seam drilling and gas extraction equipment for coal seam gas extraction not only efficiently reduces the coal seam gas content and ensures the safety of coal seam mining, but also fully utilizes the function of coal seam gas as a civil fuel. However, due to the poor lithology of the surrounding rock, significant ground stress, and complex tectonics, the surrounding rock is significantly loosened and broken after excavation of the deep extraction roadway [4]; the phenomenon of “destabilization” of the surrounding rock is common, with roof erosion and flaky gang occurring from time to time, making it difficult to install and use the gas extraction facilities in the roadway normally and ensure efficient and safe gas extraction. In order to effectively solve the above problems, the project team proposed the method of forming a compression arch in a certain area of the roadway surrounding rock to ensure the stability of the roadway surrounding rock and the smooth extraction of gas. This study has wide applicability for gas extraction in deep soft coal rock roadway, but it is not suitable for gas extraction in shallow hard rock roadway.



As shown in Figure 2, the pre-stressed bolts are arranged immediately after the excavation of the roadway. The pre-stressed force of a single bolt forms a triangular distribution of additional compressive stress in the surrounding rock, and the row spacing between bolts is reasonably selected to make the additional compressive stress in the surrounding rock effectively superimposed, forming a certain range of uniformly distributed additional compressive stress; the appropriate size of additional compressive stress can cause the strength of the surrounding rock to effectively increase, forming a certain thickness and strength compression arch. Then, auxiliary pre-stressed anchor cables, grouting, and metal scaffold and other combined support carry the load together to keep the surrounding rock of the deep soft rock roadway stable [5,6,7,8,9], so that coal and gas can be extracted together. The application in the project has achieved satisfactory results. However, due to the loose structure of coal rock in the project and more micro-cracks, conventional support theories such as suspension theory, combined beam theory, and surrounding rock reinforcement theory are no longer applicable [10,11,12,13]. Targeted support theory has not yet been formed, so the selection of support parameters often starts from experience, which is difficult for achieving the expected effect [14,15]. This paper used FLAC3D software, which is a three-dimensional numerical simulation analysis software for continuous media developed by ITASA. Based on the three-dimensional finite difference method, the Lagrange numerical analysis method of the mixed unit discrete model is used to divide the rock mass into many plastic flow bodies, select a reasonable model and appropriate boundary conditions, and simulate and analyze the large deformation, instability, and sliding of the rock mass. The parameters of a pre-stressed bolt include bolt pre-stressed force, bolt length, bolt spacing, type of bolt, the diameter of the bolt, etc. High-strength ribbed steel bolt is generally selected for the pre-stressed bolt and the diameter of the bolt is 14 mm. Through the software simulation, the influence of bolt pre-tightening force (F), bolt length (L), and spacing of bolt (a × b) support parameters on the distribution of additional compressive stress (  Δ  σ c   ) in the surrounding rock [16,17,18,19,20] were analyzed. Combined with experimental research, the influence of compression arch thickness and strength is further analyzed. On this basis, revealing the mechanism of compression arch formation, the research results can provide a basis for the selection of deep soft coal rock support parameters. However, the thickness and strength of the compression arch under different conditions needs to be studied further.




2. Structure and Mechanical Performance of Coal Rocks


2.1. Microstructure of Coal Rocks


Figure 3 shows SEM images of coal rock samples from boreholes in the field. It is observed that there are significant cracks and pores of different sizes on the surfaces of the samples. These pores significantly reduce rock strength and may lead to early failures.




2.2. Boreholes of Coal Rock Structures


Figure 4 shows the microstructure of coal rock at different distances (S) from the roadway surface in a typical deep coal rock roadway. The obtained images from a borehole camera indicate that the surrounding rock structure of deep soft coal rock roadway is loose, and it is obviously loose and broken in a large range, with a range of about 3.5 m. The vertical and horizontal microcracks are densely distributed and the mechanical properties of coal rock are low.




2.3. Measurement of Mechanical Parameters of the Coal Rock


As shown in Figure 5a, cores were taken from five different parts of the site, three groups for each part, and three specimens for each group. The loose coal rock is made into standard briquette specimens. The cohesive force (c) and internal friction angle ( φ ) of coal rock are measured by a YDS soil mechanical property multifunctional tester in Figure 5b, and the elastic modulus (E) and Poisson’s ratio (γ) of coal rock are measured by a rock triaxial shear composite testing machine in Figure 5c. The shear modulus (G) can be calculated through the following expression. The measured results are shown in Table 1.


  G =  E  2   1 + γ      













3. Numerical Model


Figure 6 shows that a semi-circular arch straight wall model with a length, width, and thickness of 60 m, 60 m, and 0.8 m and a 5.2 m × 1.4 m roadway section was selected as the research object. The roadway was horizontally fixed on both sides and vertically fixed on the bottom. Since the present study was mainly focused on the additional compressive stress (  Δ  σ c   ) in the surrounding rock from bolt pre-tightening force, it was assumed that the top of the roadway was free and there was no vertical earth pressure [11]. Two original grid shapes of radial-cylinder and radial-tunnel in the grid prototype library of FLAC3D software were used to establish the grid model of a radial gradient straight wall semi-circular arch roadway. The M-C Mohr-Coulomb model was selected as the constitutive relationship to simulate the additional stress field in surrounding rock. The excavation of the roadway was simulated by the null unit and the support of bolt after excavation of the roadway was simulated by the cable unit. The lithology of a typical coal rock was considered for the surrounding rock, which is a widely adopted technique in simulations. Table 1 presents the mechanical parameters of a typical rock.



The high-strength bolt with an elastic modulus E = 100 GPa, tensile strength δs = 490 MPa, and diameter d = 14 mm was used in the tests and calculations. Meanwhile, different values were considered for the bolt pre-tightening force F (50, 70, and 90 kN), bolt length L (1500, 2000, and 2400 mm), and spacing of the bolt a × b (400 mm × 400 mm, 500 mm × 500 mm, 600 mm × 600 mm, and 800 mm × 800 mm) to investigate the additional stresses along the a–A, b–B, c–C, and d–D directions on a typical surrounding rock of roadway and along the a-d direction on the surface of the straight wall.




4. Calculation Results by Numerical Model and Theoretical Analysis


4.1. Magnitude and Distribution of Additional Stress in the Surrounding Rock under Different Bolt Spacing


Figure 7, Figure 8 and Figure 9 show the distribution of additional stress in the surrounding rock under a pre-tightening force F = 70 kN, bolt length L = 2400 mm, and different bolt spacing, including a × b = 800 mm × 800 mm, 600 mm × 600 mm, 500 mm × 500 mm, and 400 mm × 400 mm.



The above results show that:




	(1)

	
Different bolt spacing; within a certain range from the surface of the roadway, the additional compressive stress along the direction of the bolt is first distributed in a small ‘fluctuation‘. With the increase of distance from the surface of the roadway, the additional compressive stress decreases at a faster rate.




	(2)

	
The bolt spacing is a × b = 800 mm × 800 mm; the additional compressive stress on the surface of the straight wall along the roadway decreases first, then increases and then decreases with the increase of the arch baseline distance. The bolt spacing is a × b = 600 mm × 600 mm; the additional compressive stress on the surface of the straight wall along the roadway decreases first, then increases, then decreases, and then increases with the increase of the arch baseline distance. The bolt spacing is a × b = 500 mm × 500 mm and a × b = 400 mm × 400 mm; the additional compressive stress on the surface of the straight wall along the roadway increases first and then decreases with the increase of the arch baseline distance.









The distribution of additional compressive stress in the surrounding rock of the roadway with different bolt spacing is shown in Table 2.




4.2. Magnitude and Distribution of Additional Stress in the Surrounding Rock at Different Bolt Pre-Tightening Force


After presenting the results of the simulation with a bolt length L of 2400 mm, bolt spacing a × b of 400 mm × 400 mm, and bolt pre-tightening force F of 70 kN, the following results were obtained based on simulations with a bolt pre-tightening force F of 50 and 90 kN. The distribution of additional stress in the surrounding rock is shown in Figure 10, Figure 11 and Figure 12.



The above results show that:




	(1)

	
Different bolt pre-tightening force; within a certain range from the surface of the roadway, the additional compressive stress along the direction of the bolt is first distributed in a small ‘fluctuation‘. With the increase of distance from the surface of the roadway, the additional compressive stress attenuates at a faster rate.




	(2)

	
The bolt pre-tightening force F = 50 kN, F = 70 kN, and F = 90 kN; the additional compressive stress along the surface of the straight wall of the roadway increases first and then decreases with the increase of the arch baseline distance.









The distribution of the additional compressive stress in the surrounding rock of the roadway with different bolt pre-tightening force is shown in Table 3.




4.3. Magnitude and Distribution of Additional Stress in the Surrounding Rock under Different Bolt Lengths


After presenting the results of the simulation with a bolt length L of 2400 mm, bolts spacing a × b of 400 mm × 400 mm, and bolt pre-tightening force F of 70 kN, the following results were obtained based on simulations with bolt length L of 1500 and 2000 mm. The distribution of additional stress in surrounding rock is reported in Figure 13, Figure 14 and Figure 15.



The above results show that:




	(1)

	
Different bolt length; within a certain range from the surface of the roadway, the additional compressive stress along the direction of the bolt is first distributed in a small ‘fluctuation‘. With the increase of distance from the surface of the roadway, the additional compressive stress attenuates at a faster rate.




	(2)

	
The bolt length L = 1500 mm; the additional compressive stress along the straight wall surface of the roadway decreases with the increase of the arch baseline distance. The bolt length L = 2000 mm and L = 2400 mm; the additional compressive stress on the surface of the straight wall along the roadway increases first and then decreases with the increase of the arch baseline distance.









The distribution of the additional compressive stress in the surrounding rock of the roadway with different bolt length is shown in Table 4.





5. Formation and Bearing Mechanism the Pre-Stressed Bolt Compression Arch in a Deep Soft Rock Roadway


5.1. Formation of the Pre-Stressed Bolt Compression Arch in a Deep Soft Rock Roadway


Figure 7a, Figure 8a, Figure 9a and Figure 16a reveal that when the bolt spacing a × b was set to 800 mm × 800 mm while the pre-stressed bolts were installed along the b–B and a–A directions, triangular additional compressive stress zones form in the surrounding rock. The additional compressive stress inside the triangle EFG formed by the single pre-stressed bolt along the d–B direction in the surrounding rock was   Δ  σ c    = −0.068 Mpa. The triangle height of single pretension bolt height H was determined by the range of the uniformly distributed additional compressive stress with small fluctuations. Accordingly, it was found that H = 1600 mm. Given the relatively small effects of additional compressive stress on increasing the surrounding rock strength when   Δ  σ c    ≤ −0.04 Mpa, the width w of the bottom side of the triangle EFG could be determined by the range   Δ  σ c    > −0.04 Mpa. Accordingly, the width was taken as w = 600 mm. Figure 7b, Figure 8b, Figure 9b and Figure 16b reveal that when the bolt spacing a × b is decreased to 600 mm × 600 m, the height H of the triangle formed by the single pre-stressed bolt along the b-B direction does not change remarkably, while the additional compressive stress increases from   Δ  σ c    = −0.068 Mpa to   Δ  σ c    = −0.087 Mpa; the additional compressive stress zones of triangles formed by the pre-stressed bolts within the radius of 600 m along the b–B and a–A directions in the surrounding rock are interconnected, but no superposition is formed. When the bolt spacing a × b is further decreased to 500 mm × 500 mm and 400 mm × 400 mm, the height H of the triangle formed by the single pre-stressed bolt along the b–B direction in the surrounding rock slightly varies. Meanwhile, the additional compressive stress increases to   Δ  σ c    = −0.092 Mpa and   Δ  σ c    = −0.117 Mpa, and the delta additional compressive stress zones of adjacent pre-stressed bolts are superposed and form a compression arch with a certain thickness of m.



With a bolt length L of 2400 mm and a bolt spacing a × b of 400 mm × 400 mm, when the bolt pre-stress increases from F = 70 kN to F = 50 and 90 kN, the height of the triangle formed by the single bolt along the b-B direction almost remains constant at H = 1600 mm and the superposed areas of additional compressive stress in adjacent bolts do not change significantly, while the additional compressive stress changes from   Δ  σ c    = −0.117 Mpa to   Δ  σ c    = −0.088 Mpa and   Δ  σ c    = −0.149 Mpa, indicating that the bolt pre-stress significantly affects the magnitude of additional compressive stress.



Figure 13, Figure 14 and Figure 15 show that when bolt spacing a × b and the applied preload F are set to 400 mm × 400 mm and 70 kN, respectively, as the bolt length decreases from L = 2400 mm to L = 1500 mm and 2000 mm, the corresponding height of the triangle along the b–B direction changes from H = 1600 mm to H = 800 mm and H = 1200 mm, respectively. It is observed that the additional compressive stress in adjacent bolts has significant superposition and changes from   Δ  σ c    = −0.117 Mpa to   Δ  σ c    = −0.087 Mpa and   Δ  σ c    = −0.095 Mpa, respectively. It is inferred that the bolt length significantly affects the range of the pre-stressed bolt compression arch and the magnitude of additional compressive stress.




5.2. Bearing Mechanism of the Pre-Stressed Bolt Compression Arch in the Deep Soft Rock Roadway


The bearing performance of the pre-stressed bolt compression arch in the deep soft rock roadway can be analyzed based on the thickness of the compression arch and the strength of the surrounding rock induced by additional stress inside the compression arch.



5.2.1. Thickness of the Compression Arch


Figure 16 reveals that the compression arch thickness m can be calculated through the following expression:


  m = H −  a  2 tan α    








where H, a, and α are the triangle height of a single pretension bolt, bolt spacing, and bolt stress control angle. Table 5 shows the thicknesses of the pre-stressed bolt compression arches (m) for different bolt spacing and bolt lengths.




5.2.2. Strength of the Compression Arch


The strength of the surrounding rock after formation of the compression arch by the additional compressive stress can be calculated using the following expression:


   σ c  = Δ  σ c    1 + sin φ    1 - sin φ    + 2 c    cos φ     1 - sin φ     








where the second term reflects the increase in the surrounding rock strength due to additional compressive stress (  Δ  σ c   ), which increases cohesion c and slightly affects the friction angle  φ . Under different support parameters of the pre-stressed bolt, the friction angle  φ  increased from 16° to 17°. Table 6 shows the strength and cohesion of the surrounding rock in the compression arch for different pre-stressed bolts with different support parameters.





5.3. Engineering Verification and Application


The semi-circular arched roadway with a straight wall in the deep fracture zone of the west wing that returns air to the main roadway of No. 2 coal mine of Yuandian adopts the support measure of the pre-stressed bolt (cable) combined with grouting and the metal bracket shown in Figure 2. The actual field value is the same as the computer software simulation value for a pre-tightening force F of 70 KN, bolt length L of 2400 mm, and bolt spacing a × b of 400 mm × 400 mm. Furthermore, multi-point displacement gauges were applied to measure the bolt compression arch thickness and verify the performed analysis. Figure 17 shows that several multi-point displacement gauges were placed along the arch baseline and eight bolt flukes A—H were placed at 0 m, 0.5 m, 1 m, 1.5 m, 2 m, 5 m, 7.5 m, and 10 m from the roadway surface, respectively.    u H    denotes the displacement at a depth H of the roadway surrounding rock so that the change in the length of the steel wire rope of the bolt claw at the connecting point G reflects the displacement of the roadway surface. Moreover, the difference in the displacement between points A, B, C, D, E, F, and G and the roadway surface was calculated based on the change in the length of the steel wire rope. In this regard, Figure 18 shows the correlation between the displacement of points and the distance from the roadway. It is observed that in the range of 1.5 m from the straight wall side of the roadway, the surrounding rock has translational movements, and its displacement is around 150 mm. Moreover, it is found that the thickness of the compression arch is around 500 mm, which is consistent with the result of the numerical simulation.



Since the support plan was formulated in March 2020, as shown in Figure 19 and Figure 20, the excavation volume of the middle coal roadway in Yuandian No.2 Coal Mine increased from an average of 475 m per month to 502 m in July, 534 m in August, 523 m in September, 505 m in October, 603 m in November, and 611 m in December, with an average increase of 71.33 m. At the same time, the maintenance amount of other extraction roadways that have been put into use has been reduced from an average of 224.83 m per month to 143 m in July, 115 m in August, 108 m in September, 95 m in October, 105 m in November, and 111 m in December, with an average reduction of 112 m. The gas extraction rate has increased by about 41% compared with that of before the new support scheme, which has promoted the safe production of coal mines and improved economic benefits.





6. Conclusions


The conclusions and main achievements of this paper can be summarized as follows:




	(1)

	
A single pre-stressed force bolt forms a triangular area with a certain range of uniform additional compressive stress distribution in the surrounding rock of a deep soft rock roadway. The interaction of multiple pre-stressed force bolts makes the additional compressive stress that is evenly distributed in the triangular area effectively superimposed to form a certain thickness and strength compression arch. The thickness and strength of the compressed arch are determined by the range and size of the uniformly distributed additional compressive stress.




	(2)

	
The bolt spacing and bolt length significantly affect the thickness of the compression arch, and the bolt spacing, bolt length, and pre-tightening force of bolts significantly affect the strength of the compression arch. The bolt pre-tightening force F = 70 kN, the length L = 2400 mm, and the additional compressive stress begin to be effectively superimposed when the bolt spacing is reduced to a × b = 600 mm × 600 mm. When reducing the bolt spacing between the bolts to a × b = 500 mm × 500 mm, 400 mm × 400 mm, the thickness of the compression arch is changed from 0 mm to 266.67 mm, 533.33 mm, and the strength of the compression arch is increased from 0 MPa to −1.489 MPa, −1.533 MPa. The pre-tightening force of the bolt is changed to F = 50 kN and 90 kN, the thickness of the compression arch is unchanged, and the strength is changed from−1.533 MPa to−1.482 MPa and−1.589 MPa; when the length of the bolt is changed to L = 2000 mm and 1500 mm, the thickness of the compression arch is changed to 400 mm and 266.67 mm, and the strength of the compression arch is changed from−1.533 MPa to−1.494 MPa and−1.48 MPa.




	(3)

	
The new support scheme is applied to the engineering practice of the straight wall semi-circular arch roadway in the deep fracture zone of the west wing return air roadway in Yuandian No.2 Mine. The multi-point displacement meter measures the pre-stressed anchor compression arch’s displacement distribution, and the measured results are mostly consistent with the findings of the study. After the formulation of the new support scheme, the amount of coal roadway excavation increased by 71.33 m/month on average, the maintenance amount of extraction roadway decreased by 112 m/month on average, and the extraction rate increased by 41%.
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Figure 1. Gas Extraction Diagram. 
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Figure 2. Schematic of the roadway support measure. 
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Figure 3. Microstructure of coal rock. (a) Coal sample one, (b) Coal sample two, (c) Coal sample three. 
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Figure 4. Microstructure of the surrounding rock in a typical coal rock roadway. (a) S = 0.5 m, (b) S = 0.8 m, (c) S = 1.2 m, (d) S = 1.5 m, (e) S = 2.0 m, (f) S = 2.5 m, (g) S = 3.0 m, (h) S = 3.5 m. 
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Figure 5. Configuration of the test setup and briquette specimen. (a) Prepared standard briquette specimen; (b) YDS soil mechanical performance test apparatus; (c) Rock triaxial testing apparatus. 
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Figure 6. Calculation model. 
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Figure 7. Contours of additional stress in surrounding rock under different bolt spacing. (a) 800 mm × 800 mm, (b) 600 mm × 600 mm, (c) 500 mm × 500 mm, (d) 400 mm × 400 mm. 






Figure 7. Contours of additional stress in surrounding rock under different bolt spacing. (a) 800 mm × 800 mm, (b) 600 mm × 600 mm, (c) 500 mm × 500 mm, (d) 400 mm × 400 mm.



[image: Sustainability 15 03004 g007]







[image: Sustainability 15 03004 g008 550] 





Figure 8. Distribution of the additional stress in typical parts of the surrounding rock under different bolt spacing. (a) 800 mm × 800 mm, (b) 600 mm × 600 mm, (c) 500 mm × 500 mm, (d) 400 mm × 400 mm. 
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Figure 9. Distribution of the additional stress on the surface of a straight wall under different bolt spacing. (a) 800 mm × 800 mm, (b) 600 mm × 600 mm, (c) 500 mm × 500 mm, (d) 400 mm × 400 mm. 
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[image: Sustainability 15 03004 g009]







[image: Sustainability 15 03004 g010 550] 





Figure 10. Contours of additional stress in the surrounding rock under different bolt pre-tightening force. (a) F = 50 kN, (b) F = 70 kN, (c) F = 90 kN. 
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Figure 11. Distribution of additional stress in typical parts of the surrounding rock under different bolt pre-tightening force. (a) F = 50 kN, (b) F = 70 kN, (c) F = 90 kN. 
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Figure 12. Distribution of additional stress on the surface of the straight wall under different bolt pre-tightening force. (a) F = 50 kN, (b) F = 70 kN, (c) F = 90 kN. 






Figure 12. Distribution of additional stress on the surface of the straight wall under different bolt pre-tightening force. (a) F = 50 kN, (b) F = 70 kN, (c) F = 90 kN.
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Figure 13. Contours of additional stress in the surrounding rock under different bolt lengths. (a) L = 1500 mm, (b) L = 2000 mm, (c) L = 2400 mm. 
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[image: Sustainability 15 03004 g013]







[image: Sustainability 15 03004 g014 550] 





Figure 14. Distribution of additional stress in typical parts of the surrounding rock under different bolt lengths. (a) L = 1500 mm, (b) L = 2000 mm, (c) L = 2400 mm. 
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Figure 15. Distribution of additional stress on the wall surface along the a-d direction under different bolt lengths. (a) L = 1500 mm, (b) L = 2000 mm, (c) L = 2400 mm. 
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Figure 16. Distribution and superimposition of additional compressive stresses in multiple bolts of the surrounding rock under different bolt spacing. (a) 800 mm × 800 mm, (b) 600 mm × 600 mm, (c) 500 mm × 500 mm, (d) 400 mm × 400 mm. 






Figure 16. Distribution and superimposition of additional compressive stresses in multiple bolts of the surrounding rock under different bolt spacing. (a) 800 mm × 800 mm, (b) 600 mm × 600 mm, (c) 500 mm × 500 mm, (d) 400 mm × 400 mm.
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Figure 17. Layout of multi-point displacement gauges. 
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Figure 18. Displacement of the measuring points against the distance from the roadway surface. 
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Figure 19. July to December coal roadway excavation quantity line chart. 
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Figure 20. Extraction roadway maintenance line chart from July to December. 
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Table 1. Mechanical parameters of typical coal rocks.






Table 1. Mechanical parameters of typical coal rocks.





	Cohesion c (MPa)
	Internal Friction Angle   φ  
	Poisson’s Ratio γ
	Elastic Modulus E (MPa)
	Shear Modulus G (MPa)





	0.5
	16
	0.36
	952
	350
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Table 2. Distribution of the additional compressive stress in the surrounding rock of the roadway with different bolt spacing.






Table 2. Distribution of the additional compressive stress in the surrounding rock of the roadway with different bolt spacing.





	
Bolt Spacing a × b (mm)

	
    Δ    σ   c      Uniform Distribution Range (mm)

	
    Δ    σ   c      Distribution Interval (Mpa)

	
   Roadway   Straight   Wall   Surface    Δ    σ   c      Distribution Interval (Mpa)




	
aA Direction

	
bB Direction

	
cC Direction

	
dD Direction






	
800 × 800

	
1600

	
−0.071~−0.078

	
−0.061~−0.073

	
-

	
-

	
−0.021~−0.076




	
600 × 600

	
1600

	
−0.08~−0.105

	
−0.079~−0.103

	
−0.06~−0.075

	
-

	
−0.052~−0.078




	
500 × 500

	
1600

	
−0.087~−0.116

	
−0.081~−0.113

	
−0.07~−0.095

	
-

	
−0.078~−0.089




	
400 × 400

	
1600

	
−0.092~−0.115

	
−0.099~−0.149

	
−0.097~−0.132

	
−0.08~−0.097

	
−0.078~−0.102
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Table 3. Distribution of the additional compressive stress in the surrounding rock of the roadway with different bolt pre-tightening force.






Table 3. Distribution of the additional compressive stress in the surrounding rock of the roadway with different bolt pre-tightening force.





	
Bolt Pre-Tightening Force F (kN)

	
    Δ    σ   c      Uniform Distribution Range (mm)

	
    Δ    σ   c      Distribution Interval (Mpa)

	
   Roadway   Straight   Wall   Surface    Δ    σ   c      Distribution Interval (Mpa)




	
aA Direction

	
bB Direction

	
cC Direction

	
dD Direction






	
50

	
1600

	
−0.07~−0.098

	
−0.079~−0.11

	
−0.075~−0.095

	
−0.055~−0.07

	
−0.057~−0.076




	
70

	
1600

	
−0.092~−0.115

	
−0.099~−0.149

	
−0.097~−0.132

	
−0.08~−0.097

	
−0.078~−0.102




	
90

	
1600

	
−0.115~−0.18

	
−0.129~−0.192

	
−0.124~−0.17

	
−0.097~−0.098

	
−0.097~−0.128
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Table 4. Distribution of the additional compressive stress in the surrounding rock of the roadway with different bolt length.






Table 4. Distribution of the additional compressive stress in the surrounding rock of the roadway with different bolt length.





	
Bolt Length L (mm)

	
    Δ    σ   c      Uniform Distribution Range (mm)

	
    Δ    σ   c      Distribution Interval (Mpa)

	
   Roadway   Straight   Wall   Surface    Δ    σ   c      Distribution Interval (Mpa)




	
aA Direction

	
bB Direction

	
cC Direction

	
dD Direction






	
1500

	
800

	
−0.085~−0.11

	
−0.078~−0.095

	
−0.068~−0.078

	
−0.048~−0.058

	
−0.056~−0.084




	
2000

	
1200

	
−0.083~−0.101

	
−0.088~−0.104

	
−0.081~−0.091

	
−0.062~−0.076

	
−0.071~−0.092




	
2400

	
1600

	
−0.092~−0.115

	
−0.099~−0.149

	
−0.097~−0.132

	
−0.08~−0.097

	
−0.078~−0.102
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Table 5. Pre-stressed bolt compression arch thickness.






Table 5. Pre-stressed bolt compression arch thickness.





	Support Parameters of the Bolt
	Thickness of Pre-Stressed Bolt Compression Arch (mm)





	70 kN, a × b = 800 mm × 800 mm, L = 2400 mm
	No arch is formed



	70 kN, a × b = 600 mm × 600 mm, L = 2400 mm
	0



	70 kN, a × b = 500 mm × 500 mm, L = 2400 mm
	266.67



	70 kN, a × b = 400 mm × 400 mm, L = 2400 mm
	533.33



	70 kN, a × b = 400 mm × 400 mm, L = 1500 mm
	266.67



	70 kN, a × b = 400 mm × 400 mm, L = 2000 mm
	400
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Table 6. Strength and cohesion of the surrounding rock in the compression arch.






Table 6. Strength and cohesion of the surrounding rock in the compression arch.





	Support Parameters of Bolt
	  Δ  σ  c     (MPa)
	   σ  c     (MPa)
	  c ′   (MPa)





	70 kN, a × b = 800 mm × 800 mm, L = 2400 mm
	-
	-
	-



	70 kN, a × b = 600 mm × 600 mm, L = 2400 mm
	-
	-
	-



	70 kN, a × b = 500 mm × 500 mm, L = 2400 mm
	−0.092
	−1.489
	0.551



	70 kN, a × b = 400 mm × 400 mm, L = 2400 mm
	−0.117
	−1.533
	0.567



	50 kN, a × b = 400 mm × 400 mm, L = 2400 mm
	−0.088
	−1.482
	0.548



	90 kN, a × b = 400 mm × 400 mm, L = 2400 mm
	−0.149
	−1.589
	0.588



	70 kN, a × b = 400 mm × 400 mm, L = 1500 mm
	0.087
	−1.48
	0.547



	70 kN, a × b = 400 mm × 400 mm, L = 2000 mm
	−0.095
	−1.494
	0.553
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