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Abstract

:

Strengthening the base-angle of a roadway can have a beneficial impact on its overall stability, but the specific optimal parameter selection range is still unclear. Fast Lagrangian Analysis of Continua 3D (FLAC3D) software is used to carry out the stability analysis of 5 kinds of roadway models with different section shapes under the conditions of no support and different base-angle bolt support angles, and the simulation verification is carried out under the actual working conditions of the Sanshandao Gold Mine. The conclusion is as follows: without support, the self-stability of a tri-centric arch roadway is the best, and that of a rectangular roadway is the worst. When the base-angle bolt dip angle is between 15° and 45°, a better supporting effect can be obtained under the established 5 kinds of roadway sections. In the straight wall circular arch roadway of the Sanshandao Gold Mine, the roadway stability is the best when the angle of the base-angle bolt is 15°. However, changing the length of the base-angle bolt, even if the length of the base-angle bolt is increased to a certain extent, will decrease the overall supporting effect of the supporting structure. This paper can provide a reference for the selection of tunnel bottom corner bolt support parameters.
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1. Introduction


With the gradual depletion of shallow resources, an inexorable trend of exploiting deep minerals has developed; worldwide, there are already more than 100 mines operating at depths greater than 1000 m [1]. After entering the deep area, the roadway environment is more complex, and the complex environment of three “high” and one “disturbance” puts forward higher requirements for roadway support. Controlling the convergence of surrounding rock and the failure of base-angle area is the key to the support of a deep roadway. Compared with the roadway roof, the importance of its sidewall and floor is often ignored [2]. The base-angle area of the roadway is an easy location to concentrate force, but it breaks the region near the base-angle area, which has a negative impact on the stability of the overall roadway.



To solve the above problems, some experts and scholars have studied the support problem of the base-angle area of the roadway. For example, Shan Ren liang and other experts [3,4] first studied the support effect under different support schemes made up of soft and broken surrounding rock coal through numerical simulation, and the “strong sidewall and corner support control technology” was proposed. It was determined that this method could effectively control the deformation of a soft and broken surrounding rock coal lane. In addition, they verified the effectiveness of “strong angle support technology” through similar simulation experiments. At the same time, a detailed numerical simulation scheme was developed to study the role of each parameter of the gang bolt in the “strong sidewall and corner support control technology.” By carrying out similar physical tests, Kong et al. [5] deeply analyzed the effect of strong side and strong angle support, suggesting the three-step design method of coal roadway support, and found that the damage of coal roadway mainly occurred at the side and corner. Zhen et al. [6], through similar simulations and industrial tests, verified the effectiveness of a strong angle support technique in the empty lane, and obtained good results in the application of the empty lane. Moreover, they determined that it can fully mobilize the carrying capacity of the deep surrounding rock by enhancing the strength of the support and the corner support to achieve the purpose of improving the stress state of the surrounding rock. By means of 3D numerical simulation, Yang et al. [7] demonstrated the important role of the base-angle bolt in the control of the bottom drum, and the working mechanism of the control bottom and the design method of the asymmetric bottom bolt were put forward. Yang et al. [8] established the mechanical analysis model of the tunnel bottom drum according to the bolt and the mechanical analysis of the action mechanism of the bottom drum controlled by the base-angle area bolt. Meanwhile, they determined the most suitable type of tunnel bottom shaft through an indoor experiment, achieving good results in the actual engineering application. Liang et al. [9] analyzed the principle of a base-angle area bolt bar control bottom drum, and the feasibility of inhibiting the floor deformation was verified by FLAC3D numerical simulation software. In addition, the cyclic impact load generated by roadway mining will also accelerate the fragmentation of the base-angle area and other locations, increasing the difficulty of support in this area. Dai et al. [10,11,12,13] studied the mechanical and energy dissipation characteristics of granite under a cyclic impact load, providing a theoretical basis for base-angle area support from the mechanical and energy perspectives. Moreover, Krykovskyi et al. [14] carried out research on the strengthening effect of grouting the rock bolt onto weak surrounding rock, which enriched the strengthening theory of bolt support. Dyczko et al. [15] verified the importance of the roof bolt and applied it to engineering practice to carry out relevant monitoring. Małkowski et al. [16] evaluated the stability of the roadway using five different techniques and continuous monitoring for six years, based on the premise of large-scale rock mass and support monitoring. Ratan et al. [17] used a numerical method based on the finite element code to determine the influence of different bolt lengths and diameters on the maximum induced boundary displacement in jointed rock mass. It was determined that the increase in bolt length did not significantly reduce the boundary displacement, while the increase in bolt diameter significantly reduced the tunnel boundary displacement. Gabriel et al. [18] presented the results of roadway response and support performance monitoring in two longwall mines at 180m and 600m cover depths, demonstrating the potential of numerical models to help mine engineers optimize longwall layout and roadway support systems.



At present, there is no research on the optimal supporting parameters of the base-angle bolt under different roadway section shapes, and there are few studies on the dip angle and length of the base-angle bolt; therefore, to solve the above problems, based on FLAC3D, this paper analyses the support effect of different base-angle bolt inclined angles for five typical cross-sectional profiles of the roadway, The optimal slope range of the base-angle bolt, with high applicability, was obtained, verifying the influence of the base-angle bolt inclined angle and the base-angle bolt length on the overall stability of the roadway using the deep roadway in the Xishan area of the Sanshandao gold mine as an example. This study can provide a reference for the design of a roadway support scheme, including the selection of parameters such as roadway section, dip angle, and length of base-angle bolt, illustrating the beneficial effect of "strong side and strong angle" on the overall stability of a roadway.




2. Mechanism of Action of Base-Angle Bolt


2.1. Bolting Mechanism of the Base-Angle Bolt


The bolt anchoring mechanism refers to using an anchoring agent that will bond to form a whole anchor rod body with the surrounding rock, improving the mechanical parameters of the surrounding rock near the tunnel. During excavation, roadway cross-section contour deformation occurs, and the nearby surrounding rock stress redistributes, affording bolt stress, and the load transfer to the stability of the deep strata, which hinders the continuous deformation of the rock mass. At present, there is both macroscopic and microscopic research on the anchorage mechanism of the bolt. Macroscopically, the main research direction is the change law of mechanical parameters and the bearing capacity of solid anchor after reinforcement. The main research direction at the micro level is the distribution characteristics of bolt axial force and shear stress at anchorage interface [19].



When the two sides of the bolt are parallel to the horizontal line, the anchorage area is mainly distributed in the two sides, and the surrounding rock of the floor has not been significantly improved, which can easily produce floor heave. The bolt applied to the base-angle area can strengthen the floor and give a certain degree of support to the floor, controlling the floor heave and improving the overall stability of the roadway. The bolt-reinforced surrounding rock is shown in Figure 1.




2.2. Current Status of Base-Angle Bolt Applications in the China


According to the statistics in the literature regarding roadway support optimization in China over the last two years, it is noted that only a few mines use base-angle bolt applications for support, and most mines do not strengthen the support of the base-angle area, and more than half of the roadways have deflected the bolts at the floor of the two sidewalls, with the angle mainly concentrated between 5° and 30°, as shown in Table 1. Common base-angle bolt support inclined angles are: 0°,10°,15°,25°, and 30°, of which 15° is the most widely used [20]. Currently, there is no unified understanding and theoretical support for the selection of the inclined angle of the base-angle bolt, and often only approximate parameters are selected, based on engineering experience. It is important to obtain a base-angle bolt support inclined angle that is suitable for most of the roadway, which will improve the stability of the roadway floor without increasing the bolt density and without reducing the support strength of the sidewall.





3. Numerical Simulation Study of Different Cross-Sectional Roadway Profiles


FLAC is a numerical simulation software developed by ITASCA. FLAC3D [30,31] is an extension of the two-dimensional finite difference program FLAC2D; it adopts explicit Lagrangian algorithm and mixed-discrete partitioning technology, which can simulate the plastic failure and flow of materials very accurately. It can simulate the mechanical properties and analyze the plastic flow of soil, rock, and other materials. Meanwhile, FLAC3D has the characteristics of fast and accurate calculation, along with a wide application range, and has been widely used in geotechnical engineering analysis [32].



3.1. Model Construction


Rhino modeling software was used to construct five types of roadway models: rectangle, horseshoe shaped, tri-centric arch, straight wall, and semi-circular arch; finally, FLAC3D mesh files were generated through the Griddle plug-in. The model size is 50 × 50 × 5.5 m, and the area near the roadway is encrypted to enhance the calculation accuracy near the tunnel [33]. The combination of the Mohr circle and the Coulomb envelope forms the Mohr–Coulomb (M-C) failure criterion [34,35,36], which is a set of linear equations describing the failure conditions of isotropic materials in the principal stress space, and which is widely used to solve various engineering problems as a standard for determining the failure of rock materials. Thus, the Mohr–Coulomb model is selected for this structure model, and after the model is built, the boundary constraints are applied so that the front, rear, and bottom boundary displacements are 0. The roof of the model is not constrained, and the gravitational acceleration is set to 9.81 m/s2; considering the effect of geostress, apply stress to the model to generate the initial stress field, and the constructive stress coefficient is taken as 1.0, the size is taken as 40 MPa, and the model calculation parameters are shown in Table 2. At present, scholars have carried out corresponding studies on the shape of roadway sections [37,38,39]. Referring to the above studies and the general types of mine roadway section shapes in China, five kinds of roadway models have been established; the numerical model of five kinds of roadways is shown in Figure 2 (hereafter referred to as Rec, Swsa, Tca, Rou, and Hs); they have the same length and width (5 × 4 m) to reduce interference from other factors.




3.2. Program Design


To find the best inclined angle for the base-angle bolt, 7 base-angle bolt angle solutions were designed for each cross-sectional profile, for a total of 35 sets of solutions. The length of the bolt was 2.2 m, the distance between rows was 0.9 × 0.9m, and the distance from the front and rear surfaces of the model was 0.5m. The inclined angle of the base-angle bolt support differed by 15° for each scheme to selectively enhance the effect of the bolt support so that the law of observation could be easily detected, and the specific schemes are shown in Table 3.




3.3. Simulation Results


The cloud diagram of the roadway surrounding rock plastic zone, displacement, vertical stress, and horizontal displacement without support is shown in Table 4. Under the conditions set by the experimental scheme, the existing plastic zone of the roadway surrounding rock, with all cross-sectional profile shapes, is the shear failure plastic zone, and these zones are mainly concentrated on both sides of the roadway. The displacement in the corner of the roadway cross-sectional profile shape is less than that in other areas of the sectional contour (roof, floor, sidewall); the distribution law of a mining stress field is roughly the same in a roadway with different cross-sectional profile shapes. Due to the excavation of the roadway, the cavitation surface is formed, and the stress is redistributed, which leads to the reduction of stress in the area near the roadway, and more stress is transferred to the deep area.



Figure 3 shows the maximum displacement and maximum stress parameters of the roadway when excavation is carried out for five designs using cross-sectional profile, without support. In the relationship between the size of the sidewall and the floor, different sections have different patterns. Unlike the other four sections, the displacement of the sidewall part in the rectangular roadway is very close to the roof displacement, and the horizontal displacement control effect of this cross-sectional profile is weak.



With the excavation of the roadway, the stresses are redistributed and the stresses around the roadway are reduced, forming a stress relaxation zone, and most of the stresses are transferred to a deeper area. The vertical and horizontal stresses in the stress concentration area increase from 40 MPa to over 60 MPa and 55 MPa, with the most significant effect of vertical stress concentration in circular roadways, and the most significant effect of horizontal stress concentration in horseshoe-shaped roadways. In a comprehensive view, the concentration effect of vertical stresses is generally greater than that of horizontal stresses, the mining unloading effect of rectangular roadways is the weakest, and the unloading effect of horseshoe-shaped roadways on each vertical and horizontal stress is more uniform.



The displacements of the five designed cross-sectional profiles of the roadway under different inclined angles for base-angle bolt support schemes are shown in Figure 4. Where (a–c), respectively, represent the displacement changes in the floor, roof, and sidewall parts under five different section shapes and different base-angle bolt inclination angles. With the increase in the angle between the base-angle bolt and the horizontal plane, the displacement at different positions of the roadway presents a general evolution law, that is, “increase first and then decrease”. Among them, the displacement of the horseshoe shape, tri-centric arch, and the circular roadway is more obvious, while the displacement of the straight wall semicircle arch and rectangular roadway is less significant, but it can still be observed that the minimum value of overall displacement is mainly concentrated in the base-angle bolt of the angle anchor between 15°~45°. It is worth noting that the displacement of the roof and the sides of the horseshoe shaped roadway decreases significantly when the angle is 45°.



As shown in Figure 5, the maximum stress variation and maximum displacement variation patterns of the five designs of the cross-sectional profile of the roadway under different inclined angles of the base-angle bolt support schemes remain basically the same. When more stress is concentrated in the deeper part of the roadway, the better the unloading effect near the roadway section, which in turn is reflected in the smaller maximum displacement of the roadway, which reflects the constitutive model link between stress variation and displacement manifestation.



The stability of the roadway is controlled by all parts of the roadway, resulting in a whole in which each part affects the other and works together. When the support of one part is neglected, the displacement of other parts will increase, which will affect the stability of the whole roadway. From the above analysis, a bolt angle of around 15° to 45° can achieve good support in most cross-sectional profiles of the roadway.





4. Numerical Simulation Study of Engineering Examples


4.1. Overview of Roadway


Based on the above research, this paper optimizes the parameters of base-angle bolt support for the base-angle area of the north lane of section 945 in the west mountain mining area of the Sanshandao gold mine, where the cross-sectional profile shape of the roadway is Swsa, with a span of 4.4m, two sidewall heights of 2.75 m, and an arch height of 1.15 m. The row distance is 1m×1m, shotcrete is the material for the M20 mortar, and the thickness is 100mm; the specific support design is shown in Figure 6. The simulation focuses on the impact of the bolt effect, so ignore the impact of the concrete spray layer. The area of the roadway buried depth is large, and it has been in a high stress state. According to the field measurement results, 945 m buried channel deep ground stress of 31.0 MPa~44.1 MPa; for this simulation of structural stress coefficient to take 1.0, vertical stress = horizontal stress = 44.1 MPa; the physical and mechanical parameters of the surrounding rock are shown in Table 5.




4.2. Model Construction


A grid model with a specification of 50 × 50 × 6 m (width × height × length) was created, and the grid near the roadway was encrypted with 34,884 zones and 26,793 nodes. After the model was established, displacement constraints were applied to the front and rear surfaces, left and right surfaces, and lower surfaces of the model, and the top of the model was a free surface. Considering the influence of gravity, the gravitational acceleration of the model is set as 9.81 m/s2. The in situ stress was applied to the model to generate the initial stress field. The structural stress coefficient was set at 1.0; that is, the horizontal stress and vertical stress were both set at 44 MPa. The section shape and parameters of the roadway were the same as the actual conditions of the roadway above, and the roadway model with the initial stress field cloud is shown in Figure 7.




4.3. Program Design


Through the above research, the optimal support dip angle range of base-angle bolt under various section shapes is obtained, but the parameters used are not the section shapes and specifications of the actual engineering. Therefore, taking the Sanshandao Gold Mine as an example, the subsequent simulation is completed by comparing the displacement size of the roadway, without support, under three constitutive models and selecting a constitutive model more suitable for actual engineering. In order to provide a more comprehensive reference for the base-angle bolt support design, the parameter of bolt length is added, while verifying the optimal range of the base-angle bolt support angle.



The elastic model, Mohr–Coulomb model, and softening Mohr–Coulomb model were chosen for the calculations, with the softening Mohr–Coulomb coefficients shown in Table 6 and Figure 8. The displacements were 7.05 mm for the elastic constitutive model, 18.80 mm for the Mohr–Coulomb constitutive model, and 33.78 mm for the softening Mohr–Coulomb model, with a similar distribution of displacements in the sidewall, roof, and floor of the roadway. Compared with the other two models, the internal friction angle, cohesion, and shear expansion angle of the softening Mohr–Coulomb model decrease with increasing shear strain, which is more in line with the deterioration process of the roadway envelope during the actual excavation of the area.



The softening Mohr–Coulomb model is used as the constitutive model to adjust the base-angle bolt at the sidewall of the roadway, and inclined angles for four base-angle bolts of 0°, 15°, 30°, and 45° are designed. The optimum inclined angle is obtained after comprehensive analysis, and the length of the base-angle bolt under the optimum inclined angle is changed, as shown in Table 7.




4.4. Simulation Results and Analysis


4.4.1. Angle


The roadway displacements at different bolt inclined angles are shown in Figure 9, with the roof and floor plate showing a decreasing trend with the increasing inclined angle, the roof leveling off in the region after reaching 45°, and the sidewall showing an increasing and then decreasing trend, reaching the lowest point at 15°. The shear strain increment and the maximum principal stress are shown in Figure 10, the shear strain increment is the smallest at 15°, the maximum principal stress first decreases and then increases and decreases again, and the size order is: 0° > 30° > 15° > 45°. The maximum principal stress first decreases, and then decreases again, in the following order: 0° > 30° > 15° > 45°. Considering all these factors, a good overall support effect can be obtained at an angle of 15°.



The displacement, maximum principal stress, and maximum shear stress under the floor of each scheme were monitored, and the change curve is shown in Figure 11. Displacement is intrinsically related to stress, and the displacement tends to flatten out after 3 m, while the maximum principal stress and maximum shear stress are concentrated at 3 m. The stresses show a trend of increasing first and then decreasing, and the maximum principal stress appears obvious in the stress relaxation zone, the stress concentration zone, and original rock stress zone. After about 7.5 m, the stress change brought about by roadway excavation tends to be zero. After the support, more stress can be transferred to the stress concentration area, thus improving the stress state around the roadway.



A partial cloud of unsupported and 15° angle bolt support is shown in the Table 8 below.




4.4.2. Length


Combined with the above analysis, the 15° base-angle bolt inclined angle scheme is selected to study the influence of individually changing the base-angle bolt length on the overall supporting effect, and the new practice method of the theory of strong joint and strong angle is discussed. As shown in Figure 12, when the bolt length of the base-angle bolt is consistent with the bolt length of other parts, the displacement control effect of the base-angle area is the best, and the displacement control effect of the upper part is the second-best. Increasing or decreasing the bolt length of the base-angle bolt within a certain range has a negative impact on the control effect of the upper part and the floor.






5. Conclusions


Aiming at solving problems such as the difficulty in the range of parameter values of base-angle bolt support at the base-angle in the design of roadway support scheme, the simulation scheme of 5 kinds of section shapes under different base-angle bolt support angles is designed, and the actual engineering simulation is carried out in the Sanshandao Gold Mine to explore the influence of the change of base-angle bolt length and angle on the stability of the roadway; the main conclusions are as follows:



(1) Under the same geotechnical parameters, the self-supporting capacity of a roadway with different section shapes is different. The optimal order of overall self-supporting capacity is as follows: tri-centric arch > horseshoe shaped arch > circular arch > straight wall circular arch > rectangle.



(2) There are differences in the optimal inclined angle of the base-angle bolt in roadways with different cross-sectional profile shapes, but the general trend of all roadways is as follows: with the increase in the inclined angle from 0° to 90°, the roadway stability shows a trend of first increasing and then decreasing. When the inclined angle of the base-angle bolt is 15° to 45°, most of the shaped roadways can achieve a good supporting effect.



(3) When the length of base-angle bolt is changed separately, even if the length is increased to a certain extent, the overall supporting effect of the supporting structure will decline. Therefore, it is not necessary to blindly increase the length of the base-angle bolt separately to avoid adverse changes in the surrounding rock bearing structure.
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Figure 1. Schematic diagram of bolt reinforcement of the roadway floor by the base-angle bolt. 
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Figure 2. Five numerical models of a roadway. 
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Figure 3. Displacement and stresses in unsupported excavation of the roadway with different cross-sectional profile, among the rest: (a) Maximum displacement; (b) Maximum stress. 
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Figure 4. Effect of the angle of base-angle bolt support inclined angle on the displacement of 5 cross-sectional profiles of the roadway: (a) floor; (b) roof; (c) sidewall. 
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Figure 5. Effect of the angle of the base-angle bolt support inclined angle on maximum stress for 5 types of cross-sectional profiles of roadways: (a) vertical; (b) level. 
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Figure 6. Diagram of the roadway. 
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Figure 7. Initial stress field (Mohr–Coulomb). 
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Figure 8. Displacements of the three constitutive models: (a) elasticity; (b) Mohr–Coulomb; (c) Softening M–C; the units are all “m”. 
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Figure 9. Displacement at different gang angle support angles: (a) roof; (b) floor; (c) sidewall. 
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Figure 10. Maximum shear strain increment and maximum principal stress: (a) shear strain increments; (b) maximum principal stress. 
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Figure 11. Results of displacement and stress monitoring under the roadway floor: (a) displacement; (b) maximum principal stress; (c) maximum shear stress. 
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Figure 12. Roadway displacement of different lengths of base-angle bolts: (a) sidewall; (b) floor. 
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Table 1. Base-angle bolt parameters in the roadway support optimization literature (2020–2021) in China [21,22,23,24,25,26,27,28,29].
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	Mines
	Cross-Sectional Profile
	Depth of Burial/m
	Inclined Angle of the Bolt at the Bottom of the Side Wall/°
	Yes or No

Base-Angle Bolt





	Wangpo Coal Mine, 3209 working faces
	Rectangular
	450
	5–15
	No



	Songzao Coal and Electricity Company’s Datong I Mine,
	Straight wall, rounded arch
	500
	15
	No



	15,312 working faces in a coal mine
	Rectangular
	240–300
	0
	No



	Taoyuan Coal Mine II Mining Area
	Straight wall, rounded arch
	518–799
	30
	No



	A coal mine pump room substation roadway
	Straight wall, rounded arch
	850
	15
	No



	21,126 Haulage Lane, Panjiang Hengpu Coal Industry, Guizhou
	Straight wall, rounded arch
	-
	10
	Yes



	3316 working faces at Shuangliu Coal Mine
	Rectangular
	600
	0
	No



	3# coal seam in a coal mine
	Rectangular
	453
	0
	No



	Longquan Coal Mine tape tunnel
	Rectangular
	600
	15
	No



	Yangquan Mine, Shang She Mine, Yangquan District, 9304 intake road
	Rectangular
	230–270
	0
	No
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Table 2. Calculated constitutive model parameters.
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	Bulk Modulus K/GPa
	Shear Modulus K/GPa
	Cohesion C/MPa
	Internal

Friction Angle

ψ/(°)
	Density γ/(t/m3)
	Tensile Strength

σt/MPa





	10
	6
	2
	30
	2.6
	1







The parameters are determined according to the common surrounding rock parameters of class II~III, which are not exact. The purpose is to study the universal law.
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Table 3. Simulation scenarios for different inclined angles of the base-angle bolt.
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	Type
	Inclined

Angle/°
	Type
	Inclined

Angle/°
	Type
	Inclined

Angle/°
	Type
	Inclined

Angle/°
	Type
	Inclined

Angle/°





	Rec
	0
	Hs
	0
	Tca
	0
	Rou
	0
	Swsa
	0



	Rec
	15
	Hs
	15
	Tca
	15
	Rou
	15
	Swsa
	15



	Rec
	30
	Hs
	30
	Tca
	30
	Rou
	30
	Swsa
	30



	Rec
	45
	Hs
	45
	Tca
	45
	Rou
	45
	Swsa
	45



	Rec
	60
	Hs
	60
	Tca
	60
	Rou
	60
	Swsa
	60



	Rec
	75
	Hs
	75
	Tca
	75
	Rou
	75
	Swsa
	75



	Rec
	90
	Hs
	90
	Tca
	90
	Rou
	90
	Swsa
	90
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Table 4. Cloud diagram of surrounding rock without support (plastic zone, displacement, vertical stress, horizontal stress, in turn).
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	Hs
	Tca
	Rou
	Swsa
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Table 5. Surrounding rock parameters of the north lane of section 945 at the Xishan mine area, Sanshandao Gold Mine.
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	Bulk

Modulus K/GPa
	Shear

Modulus K/GPa
	Cohesion C/MPa
	Poisson’s Ratio

υ
	Internal

Friction

Angle

ψ/°
	Density γ/(t/m3)
	Tensile Strength

σt/MPa





	21.08
	9.73
	4.0
	0.3
	30
	2.67
	1.53
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Table 6. Softening Mohr–Coulomb model of strain softening parameters.
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	Cumulative Shear Strain

Increment
	0
	0.01
	0.1
	1





	Internal friction angle/°
	30
	27
	22
	20



	Cohesion/MPa
	4
	2
	0.5
	0.1



	Shear expansion angle/°
	10
	2
	0
	0
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Table 7. Simulation design scheme.
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Program

	
No.

	
Inclined Angle of Base-Angle Bolt

	
Length of Base-

Angle Bolt

	
Program

	
No.

	
Inclined Angle of Base-Angle Bolt

	
Length of Base-Angle Bolt






	
Unsupported

	
1

	
-

	
-

	
Optimization of support (length)

	
6

	
15

	
1.8




	
7

	
15

	
2.0




	
Optimization of support (angle)

	
2

	
0

	
2.2

	
8

	
15

	
2.2




	
3

	
15

	
2.2

	
9

	
15

	
2.4




	
4

	
30

	
2.2

	
9

	
15

	
2.6




	
5

	
45

	
2.2

	
10

	
15

	
2.8
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Table 8. Comparison of unsupported and 15° base-angle bolt inclined angle support.
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Unsupported

	
15°

	

	
Description
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The maximum shear strain increase without support is mainly concentrated at the four gang corners of the roadway; after support, it is concentrated at the bottom gang corners, and the value increases by 0.68.




	

	
a. Maximum shear strain increment
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Without support, the maximum shear stress is distributed in a circular pattern around the roadway; with support, the maximum shear stress area is closer to the roadway and is 1.21 MPa lower than without support.




	

	
b. Maximum shear stress(Pa)
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The maximum principal stresses are located on both sidewalls of the roadway when there is no support; after the support, some of the maximum principal stresses are transferred to the upper and lower sidewalls and are 4.99 MPa lower than when there is no support.




	

	
c. Maximum principal stress(Pa)
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