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Abstract

:

An improved method for rockbolt fracture is proposed in this paper to determine the exact fracture position of rockbolts simulated using cable structural elements (cableSELs) in FLAC3D. This method employs the total elongation of the free segment of the rockbolt as the fracture criterion. The maximum deformation position is identified by comparing the length of each cableSEL in the free segment, leading to the fracture. The simulation results validated through a rockbolt tensile test closely match actual conditions. The proposed method was used to optimize the roadway support in deep extra-thick coal seams (DECSs). Optimized parameters were obtained by simulating and analyzing different lengths and spacings of rockbolts and anchor cables. The field implementation conducted shows that the optimized deformation and support strength of the roadway meet safety needs.
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1. Introduction


Coal mining in many regions of China continues to expand deeper underground with the gradual depletion of shallow coal resources [1,2,3,4]. More than 50 mines have been excavated to depths exceeding 1000 m, with the deepest reaching 1510 m [5]. In deep mining, the stability and safety of coal roadways are crucial [6,7]. Compared to shallow coal roadways, deep coal roadways suffer higher ground stress and increased mining-induced disturbances, resulting in greater deformations [8,9]. Rockbolts and anchor cables are the primary forms of roadway support [10,11]. Under these conditions, the issue of rod fracture has become increasingly prominent [12,13,14], with the fracture rate of anchor cables in some roadways even reaching 65% [15]. Therefore, it is essential to consider the issues of fractures in rockbolts and anchor cables when studying support in deep coal roadways.



Numerical simulation is an essential method for studying roadway support. FLAC3D 5.0 (Itasca Consulting Group, Inc., Minneapolis, MN, USA) is a powerful numerical calculation software widely accepted and applied in geotechnical engineering [16]. The cable structural elements (cableSELs) can easily simulate the axial anchoring effect of the rockbolt and anchor cable, making them suitable for engineering-scale simulation analysis [17,18]. However, the cableSELs provided by FLAC3D 5.0 do not fracture and will always withstand axial forces. As a result, the fracture of rockbolts is not considered in most FLAC3D simulations, leading to high support strength in the simulations and reducing their reliability. Only a few scholars have recognized this issue. They conducted research on the failure of the rockbolt based on the FLAC3D secondary development platform. Liu et al. [19] implemented axial force loss of rockbolts caused by blasting in FLAC3D. Li et al. [20] developed a method for rockbolt fracture using the total elongation of the free segment as the criterion in FLAC3D. However, the study did not provide further explanation on how to determine the exact fracture position of the rockbolt. Therefore, improved numerical methods are needed to achieve more accurate simulations.



Thick (3.5 m ≤ thickness ≤ 8.0 m) and extra-thick (thickness ≥ 8.0 m) coal seams are widely distributed in deep coal deposits [21,22,23]. The roadway can be arranged along the floor of the coal seam to form a top coal roadway [24]. Currently, research on roadway support primarily addresses thick coal seams [25,26,27,28], with relatively less focus on extra-thick coal seams. Studies have determined optimized support schemes for roadways in thick coal seams by simulating different parameters of rockbolts or anchor cables. These results provide some foundation for supporting roadways in deep extra-thick coal seams (DECSs). As the thickness of the coal seam increases, so does the thickness of the roof coal. This can lead to a decreased stability of the coal seam and the potential presence of weak interlayers [29]. Without effective control, significant roof subsidence and even roof collapse accidents may occur [30,31,32]. Therefore, it is necessary to further explore the reasonable support parameters for roadways in DECSs.



In response to the above issues, this research first improved the simulation method by designing a program to determine the exact fracture position of the rockbolt, which was then validated through tensile tests. Subsequently, an optimization study on the roadway support in DECSs was conducted based on the improved method. The optimized parameters obtained were then implemented in the field. This simulation method and application results are expected to provide a reference for related support engineering.




2. Design and Validation of the Rockbolt Fracture Program


An improved method for rockbolt fracture is proposed to determine the precise fracture position of the simulated rockbolt. The goal of this method is to achieve fracture at the position of maximum deformation of the rockbolt.



2.1. The Principle of Tensile Fracture of Rockbolts


Rockbolts are typically composed of free segments, anchorage segments, and anchor heads (Figure 1). Considering the fact that the free segment lacks the constraint of anchoring material, its deformation under load is, in general, significantly larger than that of the anchorage segment. Therefore, the total elongation of the free segment is used as the fracture criterion (Equation (1)). Building upon this, the maximum deformation position of the rockbolt is further determined, thus achieving fracture.


   S f  >  S  max   = ( 1 + δ ) ×  l f   



(1)




where Sf, Smax, and lf represent the length, maximum length, and original length of the rockbolt’s free segment (m), respectively; δ is the elongation ratio at rockbolt fracture.



The principle of rockbolt fracture is shown in Figure 1. In FLAC3D, a cableSEL is a straight segment of uniform cross-sectional and material properties located between two nodes. A rockbolt (anchor cable) typically comprises multiple cableSELs. When the rockbolt reaches the fracture criterion, the maximum deformation position can be determined by comparing the length of each cableSEL within the free segment. At this point, the elastic modulus (E), the tensile yield strength (Ft), and the cross-sectional area (A) of the cableSEL with the largest deformation are set to 0 to achieve fracture.




2.2. Rockbolt Fracture Program Design


Next, we design a specific implementation process for rockbolt fracture in FLAC3D (Figure 2). We use a specific rockbolt in the model as an example to facilitate the explanation. In the rockbolt’s free segment, j denotes the serial number of the cableSEL. Assuming that there are n cableSELs in the free segment, the value range of j is 1, 2, …, n. After inputting cableSELs and other parameters, we can proceed to the FLAC3D main program.



	(1)

	
When reaching step i (i = 1, 2, 3, …), we first check whether the calculation has converged. If it has, we end the calculation.




	(2)

	
If it has not converged, we enter the rockbolt fracture program, where the following steps are performed:







➀ The length Uij of each cableSEL in the free segment is obtained.



➁ The value Si for the sum of all cableSEL lengths in the free segment is calculated.



➂ We check if the rockbolt meets the fracture criterion Si ≥ Smax. If not, we proceed directly to step (i + 1).



➃ If the fracture criterion is met, the length Uij of each cableSEL in the free segment is compared, and the serial number of the cableSEL with the largest length is identified using an “if-endif” control statement.



➄ We check if the elastic modulus E of the cableSEL with the largest length is 0. If it is 0, we proceed directly to step (i + 1). This step aims to reduce the number of repetitive commands and enhance computational efficiency. Its presence or absence does not affect the final calculation result.



➅ If the elastic modulus E of the cableSEL with the largest length is not 0, the command “E = 0, Ft = 0, A = 0” is applied to this cableSEL to induce fracture at that position. Then, we proceed to step (i + 1).




2.3. Rockbolt Fracture Program Validation


2.3.1. Design of Rockbolt Tension Test


A rockbolt tensile simulation test was performed to validate the correctness of the rockbolt fracture program. The simulation test object is an actual mine rockbolt with a diameter of 22 mm, a length of 2.2 m, an elastic modulus of 2 × 1011 Pa, a yield axial force of 228 kN, and a fracture elongation of 15%. The established model for the tensile test of the rockbolt is shown in Figure 3. The rockbolt model is divided into 22 cableSELs to improve simulation accuracy, each with a length of 0.1 m. The cable serial numbers range from 1 to 22 from left to right and can be represented by component identification (CID) numbers. The actual effective length of the rockbolt is 2 m (CID 2–21), with a cable (CID 1 and 22) at each end serving as the clamping component.



The rockbolt fracture program in Section 2.2 is embedded, and the maximum length of the rockbolt’s free segment is set as Smax = 2 × (1 + 0.15) = 2.3 m. During the experiment, the right end of the rockbolt is fixed, and the left end is stretched to the left at a constant speed of 1 × 10−5 m/step. One should monitor the axial force and length of each cableSEL, stop after 35,000 steps, and view the results.




2.3.2. Analysis of Test Results


It was found by viewing the axial forces on each cableSEL that the force on CID12 at step 30,010 first dropped to zero (Figure 4a), indicating a fracture. At this point, the length of the rockbolt’s free segment is 2.3 m, which meets the set fracture condition. A comparison of the lengths of each cableSEL reveals that CID12 has the maximum length, measuring 148.1 mm. This indicates that the fracture program achieves the rockbolt fracture at the position of maximum deformation.



The forces and deformation of the rockbolt after fracture were further analyzed. Several representative cableSELs were selected for presentation and explanation due to their large number. Figure 4c displays the rockbolt forces, showing that after CID12 fractured, the forces on the other cableSELs rapidly dropped to zero, except for those near the tensile end which retained a small amount of force. Figure 4d illustrates the rockbolt deformation after CID12 fractured, whereby only its length continued to increase while the lengths of the other cableSELs remained unchanged. Figure 4b shows the axial force and length of each cableSEL at the end of the calculations, among which the length of the CID12 has reached 204 mm.



The position of the rockbolt fracture and its post-fracture performance are consistent with the expected results, validating the correctness of the rockbolt fracture program.






3. Engineering Simulation Applications


3.1. Engineering Background


3.1.1. Engineering Geology and Original Support


Taking Xinjulong coal mine as the background, research on roadway support in DECSs was carried out. The mine is located in Longgu town, He’ze city, Shandong Province, China. The average thickness of the mined #3 coal seam is 9.0 m. The 8302 transportation roadway, which is 912.71–963.36 m deep, represents a typical roadway in DECSs. The roadway is arranged along the floor of the #3 coal seam, as shown in Figure 5a. The geological stratigraphic column of that seam is displayed in Figure 5c. The mechanical parameters of the surrounding rock are detailed in Table 1. The bulk modulus and shear modulus were calculated using the corresponding formula [33], and the remaining rock parameters were obtained from rock mechanics tests.



The roadway is an isosceles trapezoid with a roof width of 5.1 m, a base width of 6.1 m, and a height of 4.15 m. The original support parameters of the roadway are shown in Figure 5b. The diameter of the rockbolts is 22 mm, the row spacing is 1.0 m, and they are used together with W-shaped steel strips. The diameter of the anchor cables is 22 mm, and they are arranged between the W-shaped steel strips with a row spacing of 2.0 m.




3.1.2. Analysis of Roadway Deformation and Support


The roadway deformation at a distance of 60 m from the starting point was monitored using the cross-measurement method (Figure 6a). The results show that the roadway experienced rapid deformation within 10 days after excavation, with rates of 7.0 mm/day for the roof and 5.9 mm/day for both sidewalls. Thereafter, the deformation rate of the roadway gradually decreased. By the 125th day, the roof and both sidewalls had experienced deformations of 145 mm and 131 mm, respectively. The deformation of both sidewalls was relatively smaller and had largely stabilized, whereas the roof experienced significant subsidence and continued to show an increasing trend. Moreover, field support found that the roof rockbolt trays had been twisted (Figure 6b), posing a risk of further rod failure. The above situation indicates that the original roof support is inadequate, making it necessary to redesign the support parameters to better adapt to the geological conditions.





3.2. Engineering Simulation Test Design


The length and spacing parameters of the roof rockbolts and anchor cables were studied to optimize the roadway support. The suitable range of roof support parameters was calculated based on the rockbolt and anchor cable support theory. Accordingly, a simulation test scheme was then developed.



3.2.1. Support Mechanisms and Parameter Ranges


Figure 7 demonstrates the combined support mechanism of rockbolts and anchor cables in the roadways of the DECSs. Rockbolts reinforce the shallow surrounding rock, creating a compression reinforcement zone, while anchor cables are securely anchored in the stable rock layer to provide suspension and tension support for the reinforced zone. The stability of the roadway surrounding the rock is ensured through the synergy of these two elements [34].



Based on reinforced arch theory [35,36], the formula for roof rockbolt length is


  L =    b tan α + a   tan α    + 0.15  



(2)




where L is the rockbolt length (m); b is the thickness of the reinforced arch, generally 0.8–1.2 m and 0.8 m here; tan α is the tangent value of the control angle of the rockbolt to the fractured rock mass, with α = 45°; and a is the rockbolt spacing, which is 0.9 m here.



The formula for the rockbolt spacing is


  D ≤ 0.5 L  



(3)




where D is the rockbolt spacing (m); L is the rockbolt length; and according to Equation (2), when b = 1.2 m, L = 2.25 m.



Based on suspension theory [37,38], the formula for roof anchor cable length is


  X =  X 1  +  X 2  +  X 3   



(4)




where X is the anchor cable length (m); X1 is the exposed length of the anchor cable, taken as 0.15 m; X2 is the thickness of the suspended rock layer, observed to be 4.3 m from roof drilling; and X3 is the anchoring length of the anchor cable, taken as a minimum of 1.5 m.



The formula for the anchor cable spacing is


  S =    3 [ F ]   4  B 2  γ k     



(5)




where S is the anchor cable spacing (m); [F] represents the ultimate breaking force of a single anchor cable, taken as 530 kN; B is the roadway width, taken as 5.1 m; γ is the bulk density of the overlying rock layer, taken as 13 kN/m3; and k is the safety factor, taken as 0.5.



It was calculated that the minimum required length for the roof rockbolt should be 1.85 m, and the rockbolt spacing should not exceed 1.13 m. Additionally, the length of the roof anchor cable should be greater than 5.95 m, and the anchor cable spacing should not exceed 2.35 m.




3.2.2. Support Parameter Test Scheme


The test parameters were set as in Table 2 according to the support parameter range calculated in Section 3.2.1. The control variable method was adopted and the original scheme was employed as the initial support parameters. The length and spacing of the rockbolt as well as the length and spacing of the anchor cable were, respectively, studied in turn. The optimization result of the previous parameter was taken as the fixed value to study the next parameter. Finally, all the optimized parameters were obtained.





3.3. Modeling of the Roadway Surrounding Rock and Support


The numerical model was constructed using FLAC3D and has dimensions of 150 m (X) in width, 100 m (Z) in height, and 12 m (Y) in thickness, as shown in Figure 8a. The numerical model is divided into a total of 61,704 units and 66,450 nodes. The horizontal displacement constraint is applied to the front, back, left, and right sides of the model, while the full displacement constraints are applied to the bottom. A uniform load of 22.7 MPa is applied to the top part of the model to simulate the effect of strata weight [39]. The lateral pressure coefficients in the X and Y directions are set as 1.7 and 1.0, respectively, to simulate the effect of horizontal stress [40]. The Mohr–Coulomb model is adopted for the strata [41], and the parameters of the strata are taken according to Table 1. The double-yield model is used to simulate the strain-hardening behavior of the gob material [42,43]. Based on the Salamon theoretical model [44], the double-yield model parameters obtained using the trial-and-error method [45] are shown in Table 3. The range of roadway excavation (Y) is 3.5–8.5 m.



The cableSELs are used to model rockbolts and anchor cables, and the numerical model of the support is illustrated in Figure 8b. The rockbolts are arranged in four rows, beginning at Y = 4.5 m, with a row spacing of 1 m. The anchor cables are arranged in two rows, beginning at Y = 5.0 m, with a row spacing of 2 m. The parameters of the rockbolt and anchor cable models are presented in Table 4.



The length of each cableSEL forming the rod is set to 0.1 m to enhance simulation accuracy. For example, a 2.8 m rockbolt consists of 28 cableSELs, while an 8.3 m anchor cable consists of 83 cableSELs. The implementation mechanism of each part of the support rod is as follows. The anchor head is constructed by establishing a rigid connection between the node at the end of the rod and the surrounding rock. The free segment is realized through two aspects. The first is to set the anchorage agent parameter to 0, and the second is to delete the connection between the cableSEL nodes of the free segment and the surrounding rock. The anchorage segment is assigned anchoring parameters, with the parameters of the anchorage agent detailed in Table 5. These parameters are calculated using the corresponding formulas provided in the FLAC3D manual.



The rockbolt fracture program in Section 2.2 is embedded. Of course, this program is also applicable to anchor cables. For different rod lengths, the anchorage length of the rockbolts is set to 1 m, while the anchorage length of the anchor cables is set to 2 m. Using a 1.9 m rockbolt as an example, the fracture criterion is (1.9−1) × 0.15 = 0.135 m. The fracture criteria for rods of other lengths are obtained using the same calculation rules and are not individually listed.




3.4. Analysis of Simulation Results


3.4.1. Rockbolt Length Optimization


The proper length of rockbolts is an important factor in ensuring the stability of the coal seam. The relationship between the roof rockbolt length and roadway deformation is shown in Table 6, while the force and fracture conditions of the rods are depicted in Figure 9. When the rockbolt length increases from 1.9 m to 2.2 m, the roof displacement decreases by 8.1%. Simultaneously, the number of fractured rockbolts decreases from 16 to 2, and the fracture rate of the rods decreases by 18.9%. Although the roadway deformation significantly improved, rockbolt fractures still persist. When the rockbolt length increases from 2.2 m to 2.5 m, the roof displacement decreases by 4.5%, and the rods no longer fracture. When the rockbolt length exceeds 2.5 m, increasing its length does not enhance the effectiveness of roadway support. Therefore, the optimal length of the roadway roof rockbolt is 2.5 m.




3.4.2. Rockbolt Spacing Optimization


The proper spacing of rockbolts is an important factor in ensuring the stability of the reinforcement zone. The relationship between the spacing of roof rockbolts and roadway deformation is shown in Table 7, while the force and fracture conditions of the rods are depicted in Figure 10. The roof displacement remains essentially unchanged when the rockbolt spacing increases from 0.8 m to 0.9 m, and there is no fracture in the rods. When the rockbolt spacing exceeds 0.9 m, the roof deformation increases obviously with the increasing rockbolt spacing. Moreover, two rockbolts fracture when the rockbolt spacing is 1.1 m. Therefore, the optimal spacing of the roof rockbolts of roadways is 0.9 m.




3.4.3. Anchor Cable Length Optimization


A proper length of anchor cable can effectively increase the degree of combination between deep and shallow coal and ensure the effectiveness of roadway support. The relationship between the length of the roof anchor cable and roadway deformation is shown in Table 8, while the force and fracture conditions of the rods are depicted in Figure 11. The central anchor cable of the roof fractures when the anchor cable length is 6.3 m. As the anchor cable length increases, the rods no longer fracture. Compared to an anchor cable length of 6.3 m, the roof displacement increases by 5.5%, 12.3%, and 8.4% for anchor cable lengths of 7.3 m, 8.3 m, and 9.3 m, respectively. The deformation of the roof first diminishes and then increases. This shows that after a certain anchor cable length, a longer anchor cable does not improve the support performance. Therefore, the optimal length of the anchor cable for the roadway roof is 8.3 m.




3.4.4. Anchor Cable Spacing Optimization


A proper spacing of anchor cables can ensure the stability of the coal body between the anchor cables. The relationship between the spacing of the roof anchor cables and roadway deformation is shown in Table 9, while the force and fracture conditions of the rods are depicted in Figure 12. The rods remain intact, regardless of the spacing of the anchor cables. Compared to an anchor cable spacing of 1.6 m, the roof displacement increases by 4.1%, 8.6%, and 12.9% for anchor cable spacings of 1.8 m, 2.0 m, and 2.2 m, respectively. The roof displacement gradually increases with the spacing of the anchor cables. Therefore, the optimal spacing of the anchor cables for the roadway roof is 1.6 m.




3.4.5. Analysis of the Fracture Position of Rockbolts and Anchor Cables


The simulation results indicate that under all parameter conditions, the fractures of rockbolts and anchor cables mainly occur at the end of the free segment near the anchor head. As an example, the simulation results for two of the parameters are illustrated in Figure 13. This indicates that under these geological conditions, the tensile fracture of the rod is mainly caused by roadway deformation. Thus, the selected support rods should have good extensibility to better enhance the supporting effect.





3.5. Optimized Roadway Support Parameters


Based on the simulation results, the optimized roadway support parameters are shown in Table 10. The differences from the original scheme are as follows: the spacing of the roof anchor cables is reduced from 1.8 m to 1.6 m, the length of the roof rockbolt is reduced from 2.8 m to 2.5 m, and the spacing of the roof rockbolts is increased from 0.85 m to 0.9 m.





4. Field Support Verification


4.1. Field Support and Monitoring Scheme


Based on the optimized support parameters, the adjusted field support is shown in Figure 14a. U-shaped anchor cable beams of 4.7 m and 2.6 m were also added to the roof and solid coal wall, respectively.



To verify the practical feasibility of the optimized support, a KJ-24 wireless mine pressure monitoring system (Shandong Cicoside Mining Safety Engineering Co., Ltd., Taian, Shandong Province, China) was used in the field for monitoring. The monitoring location is 620 m from the starting point of the roadway, and the layout of the monitoring equipment is shown in Figure 14b. The roof and floor displacements in the roadway were recorded using cross-measurement, and the displacements of both sidewalls of the roadway were measured with a laser rangefinder. The axial forces of the rockbolts and anchor cables were recorded using rockbolt (anchor cable) sensors.




4.2. Analysis of Monitoring Results


The deformation of the roadway is illustrated in Figure 15a. The deformation is divided into two stages: continuous deformation (stage Ⓐ) and stable deformation (stage Ⓑ). After 86 days of excavation, the deformation of the roadway stabilized. After 130 days of excavation, the roof and both sidewalls were deformed by 90 mm and 97 mm, respectively, which are 37.9% and 26.0% lower than those of the original scheme. The effect of roadway optimization is remarkable.



The forces of the rockbolts and anchor cables are illustrated in Figure 15b. The force of the rods experienced continuous growth (stage Ⓐ) and a stable phase (stage Ⓑ). After 130 days of excavation, the forces of the anchor cables and rockbolts were 200 kN and 175 kN, respectively, which are 38% and 61% of the maximum bearing force. The anchoring effect of the rods was fully utilized, and there was still a considerable surplus in their bearing capacity.




4.3. Analysis of Field Situation


The optimization effect of the field roadway is illustrated in Figure 16. The coal mass is relatively intact, and the roof is straight. The shapes of the rockbolts and anchor cables remain normal after support. The optimized scheme is feasible and can serve as a reference for similar roadway support.





5. Discussion


	(1)

	
With regard to rockbolts modeled by cableSELs in FLAC3D, the study by Li et al. [20] achieved their intended fracture but did not specify the exact position of the fracture. The improved method proposed in this paper achieves the fracture of the rockbolt at its position of maximum deformation, addressing this deficiency and enhancing the simulation capability of FLAC3D.




	(2)

	
The constitutive relationships of the cableSELs determine that a rockbolt can only bear axial force [33], achieving tensile failure of the rod. Therefore, the improved simulation method is suitable for studying geological conditions where the volume deformation of the supporting rock mass is predominant. Currently, this method has been successfully applied in DECS roadways. The next step is to apply this method to other applicable rock mass types to provide support guidelines.




	(3)

	
In practical engineering, the fracture of some rockbolts and anchor cables is not solely due to tension but results from a combination of tension, shear, and bending [46]. The pile structural elements (pileSELs) in FLAC3D can withstand the above-mentioned loads [33], providing a comprehensive reflection of the rockbolt’s stress characteristics. If it is necessary to simulate the fracture of a rod at an exact position under complex forces, one can refer to the ideas of the simulation method in this paper to correspondingly develop the pileSELs.








6. Conclusions


	(1)

	
This paper proposes an improved method for rockbolt fracture to address the defect of unclear fracture positions in rockbolts modeled with cableSELs in FLAC3D. This method utilizes the total elongation of the rockbolt’s free segment as the fracture criterion, causing the rod to break at the point of maximum deformation. This method was validated by the rockbolt tensile test, and its simulation results are more realistic.




	(2)

	
The optimized support parameters of the roadway roof in DECSs were obtained using the improved simulation method. Simultaneously, the simulation results show that rockbolt and anchor cable fractures occur at the end of the free segment near the anchor head. This indicates that the fracture of the rod is mainly caused by roadway deformation. The support rods used in the field should demonstrate good extensibility.




	(3)

	
Field application verified the feasibility of the optimized support parameters. The implementation results show that the maximum roof deformation was 90 mm, which is 37.9% lower than that of the original support, and the forces on the support rods are also within the normal range. This research can provide a reference for roadway support under similar conditions.
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Figure 1. Fracture principle diagram of rockbolt modeled by cableSELs. 
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Figure 2. Flowchart of the rockbolt fracture program based on cableSELs. 
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Figure 3. Tensile test model of the rockbolt. 
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Figure 4. Variations in the length and force of the rockbolt’s cableSEL: the length and force of each cableSEL at (a) rockbolt fracture and (b) calculation end; (c) force variation for some cableSELs with calculation steps; and (d) length variation for some cableSELs with calculation steps. 
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Figure 5. Engineering overview: (a) three-dimensional layout of the roadway; (b) original support parameters; and (c) geological stratigraphy column. 
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Figure 6. Deformation and support characteristics of the 8302 transportation roadway: (a) roadway deformation monitoring curves; (b) rockbolt tray twist. 
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Figure 7. Combined support mechanism of rockbolts and anchor cables in the roadways of DECSs. 
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Figure 8. Numerical model: (a) roadway surrounding rock; (b) roadway support. 






Figure 8. Numerical model: (a) roadway surrounding rock; (b) roadway support.



[image: Buildings 14 02373 g008]







[image: Buildings 14 02373 g009] 





Figure 9. Forces and fracture conditions of rods under different roof rockbolt lengths: (a) 1.9 m; (b) 2.2 m; (c) 2.5 m; and (d) 2.8 m. 
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Figure 10. Forces and fracture conditions of rods under different roof rockbolt spacings: (a) 0.8 m; (b) 0.9 m; (c) 1.0 m; and (d) 1.1 m. 
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Figure 11. Forces and fracture conditions of rods under different lengths of roof anchor cables: (a) 6.3 m; (b) 7.3 m; (c) 8.3 m; and (d) 9.3 m. 
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Figure 12. Forces and fracture conditions of rods under different spacings of roof anchor cables: (a) 1.6 m; (b) 1.8 m; (c) 2.0 m; and (d) 2.2 m. 
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Figure 13. Schematic diagram of the fracture position of the support rods: (a) roof rockbolt spacing of 1.1 m; (b) roof anchor cable length of 6.3 m. 
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Figure 14. Field support and monitoring: (a) optimized support scheme; (b) layout of the monitoring equipment. 
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Figure 15. Variation in roadway displacement and the forces of the support rods over time: (a) roadway deformation; (b) axial forces of the rockbolts and anchor cables. 
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Figure 16. Optimization effect of the 8302 transportation roadway: (a) roof effect; (b) overall effect of roadway. 
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Table 1. Mechanical parameters of the surrounding rock.
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	Medium Sandstone
	Fine

Sandstone
	Siltstone
	#3 Coal
	Mudstone





	Poisson’s ratio
	0.28
	0.18
	0.27
	0.28
	0.20



	Density (kg/m3)
	2744
	2695
	2626
	1300
	2646



	Uniaxial compressive strength (MPa)
	122.0
	105.0
	45.4
	9.6
	23.2



	Tensile strength (MPa)
	4.0
	3.6
	1.5
	0.5
	1.4



	Cohesion (MPa)
	12.0
	11.0
	3.5
	1.0
	4.0



	Elastic modulus (GPa)
	30.00
	26.70
	10.91
	1.34
	6.62



	Bulk modulus (GPa)
	22.73
	13.69
	7.91
	1.02
	3.68



	Shear modulus (GPa)
	11.72
	11.36
	4.30
	0.52
	2.76



	Friction angle (°)
	43
	38
	35
	28
	37










 





Table 2. Test parameters for roadway roof support.
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Parameter

	
Value (m)






	
Rockbolt length

	
1.9

	
2.2

	
2.5

	
2.8




	
Rockbolt spacing

	
0.8

	
0.9

	
1.0

	
1.1




	
Anchor cable length

	
6.3

	
7.3

	
8.3

	
9.3




	
Anchor cable spacing

	
1.6

	
1.8

	
2.0

	
2.2











 





Table 3. Double-yield model parameters.
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	Density

(kg/m3)
	Bulk Modulus

(GPa)
	Shear Modulus (GPa)
	Angle of Dilation

(°)
	Angle of Internal Friction (°)





	1700
	16.3
	7.0
	20
	30










 





Table 4. Parameters of the rockbolt and anchor cable.
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	Support Rod
	Cross-Sectional Area (mm2)
	Preload (kN)
	Yield Axial Force (kN)
	Fracture

Elongation Ratio (%)
	Elastic

Modulus (GPa)





	Rockbolt
	380
	80
	228
	15
	200



	Anchor cable
	285
	200
	477
	5
	195










 





Table 5. Parameters of the anchorage agent.
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	Rock Strata
	Outer Diameter of Grout (mm)
	Cohesion (MPa)
	Bulk Modulus (MPa)





	Coal
	28
	0.4
	1.6 × 104



	Sandstone
	28
	2.6
	1.6 × 104










 





Table 6. Roadway deformation for different lengths of roof rockbolts.
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Roof Rockbolt Length (m)

	
Displacement (mm)

	
Total

Displacement (mm)




	
Roof

	
Coal Pillar Wall

	
Solid Coal Wall

	
Floor






	
1.9

	
281.6

	
216.1

	
161.9

	
13.1

	
672.7




	
2.2

	
258.8

	
194.2

	
155.6

	
13.0

	
621.6




	
2.5

	
247.1

	
190.0

	
152.5

	
13.0

	
602.6




	
2.8

	
246.5

	
189.2

	
152.0

	
13.0

	
600.7











 





Table 7. Roadway deformation for different roof rockbolt spacings.
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Roof Rockbolt Spacing (m)

	
Displacement (mm)

	
Total

Displacement (mm)




	
Roof

	
Coal Pillar Wall

	
Solid Coal Wall

	
Floor






	
0.8

	
245.8

	
190.0

	
152.4

	
13.0

	
601.2




	
0.9

	
247.1

	
190.0

	
152.5

	
13.0

	
602.6




	
1.0

	
267.7

	
196.9

	
156.3

	
13.0

	
633.9




	
1.1

	
276.8

	
200.0

	
157.3

	
13.1

	
647.2











 





Table 8. Roadway deformation for different lengths of roof anchor cables.
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Length of the Roof Anchor Cable (m)

	
Displacement (mm)

	
Total

Displacement (mm)




	
Roof

	
Coal Pillar Wall

	
Solid Coal Wall

	
Floor






	
6.3

	
281.9

	
215.2

	
160.7

	
13.1

	
670.9




	
7.3

	
266.4

	
197.7

	
156.6

	
13.0

	
633.7




	
8.3

	
247.1

	
190.0

	
152.5

	
13.0

	
602.6




	
9.3

	
258.3

	
192.3

	
155.2

	
13.0

	
618.8











 





Table 9. Roadway deformation for different roof anchor cable spacings.
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Spacing of Roof Anchor Cables (m)

	
Displacement (mm)

	
Total

Displacement (mm)




	
Roof

	
Coal Pillar Wall

	
Solid Coal Wall

	
Floor






	
1.6

	
237.4

	
178.7

	
146.7

	
13.0

	
575.8




	
1.8

	
247.1

	
190.0

	
152.5

	
13.0

	
602.6




	
2.0

	
257.9

	
191.1

	
154.8

	
13.0

	
616.8




	
2.2

	
268.0

	
198.9

	
156.7

	
13.0

	
636.6











 





Table 10. Optimized support parameters.
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	Rockbolt

Length (m)
	Rockbolt

Spacing (m)
	Anchor Cable Length (m)
	Anchor Cable Spacing (m)





	Roof
	2.5
	0.9 × 1.0
	8.3
	1.6 × 2.0



	Solid coal wall
	2.5
	0.9 × 1.0
	8.3
	2.0 × 2.0



	Coal pillar wall
	2.2
	0.9 × 1.0
	-
	-
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file26.jpg
bean’ inl
Anchor caiel

| ogam i
vk e i
[ zon i
! Rocksair i
ool i
25m "

 Anchor Rockbolt |}

fogm cable |

(a)

|

Rockbolt sensor
(Anchor cable sensor)

= Cross point

A\ Laser rangefinder






media/file8.jpg
Sria | Thickoss (m)
.
iisone 5
et o] 05
[ e |
e
et sdoe| 151
Sitsone s
.
i .
| s !
s e 1 Sitsone 20
20 [
N | Foesntme | s
i i .
I 22m L 1. N
|Rockbolt Tsm L8 m 1| Fine sandstone. 26
~— Fogm_25m
0.9 m I
— A | voma
—fi09m '
! oo P
i o -
e chorcbley 7 Sitone 37

O (©)





media/file27.png
| Rockbolt sensor
: 8.3m (Anchor cable sensor)
/Anchor cable ") A — Cross point
- 2, 12 bml ) Laser rangefinder
ockbolt ™

25m






media/file13.png
V4

/
/

DN

I 4

Z

7/ N 7

rfEE

Bearing zone

/

I BN
W I |

p
RN SRwE A
- Reinforcement:
g zone
l\llll!l!:'llllll

\
AR |

s






media/file31.png





media/file12.jpg
Anchor cable
ockbolt
Coal

Bearing zone

\

Coal






media/file18.jpg
e
o
\“ / o
S0
// \
=

//






media/file9.png
8.3m

Anchor cabl
2.8 m

I
I
I
I
I
I
| 22m
| Rockbolt
I
I
I
I
I

\
e
Rockbolt

z 09m . 2.5m
" | Rockbolt

: 8.3 m

Anchor cable

—— EE——— I SIS SN SN SIS SIS SSSSSE O SSSSSE SIS GSSSE  GESSS  SSSaas S S SSaaa S e s s s—

_ P | Strata

Thickness (m)
4.0
Siltstone 3.9
Medium sandstone 0.5
34
Fine sandstone 9.1
Medium sandstone 15.1
Siltstone 1.5
9.0
Siltstone 2.0
Fine sandstone 8.4
Fine sandstone 2.6
Siltstone 2.7
3.8
Siltstone 3.7

(c)






media/file14.jpg
Anchorage |
Segment

Free segment

Anendr
ead





media/file20.jpg
Axial force.
o)

g/
[ S

‘”/.g/ Ml// |

5 = B

$°853EREEEEs s





media/file23.png
(a) (b) Axial force
2
g« ) |//// l& | \// |§§§

00
%\ 150

= —— = o

Qj / ;%; 0
0

// § // -8

(c) d)

Axial force

(kN)

470

450

400

350

AL Wil \\
250

\\ / \\ i
\%\ — = 200
—_ ;_’:’——;'—’j;———"/ § 190
% "/ e 0

-7






media/file5.png
<«—— speed of 1 x 10™ m/step

9 10 11 12 13 14 15 16 17 18 19 20 2

|
Tension Fixed
end end





media/file15.png
8302 roadway

(a)

Fine
sandstone

Medium
sandstone

Siltstone

| \\ Link Anchorage |

\ / segment
W

Free segment

7 riiv ¥ A,...
-~ "
== Anchor :/,E"//





media/file32.png





media/file19.png
\

Axial force
(kN)
470
450
400
350
300
250
200

/
=

=
§/
(C) Axial force
(kN)
\ \ / :
0
A / :
= %/’{’/,/;
=

\ Broken

Q/ rockbolts

/ \
/ \

—
Q

/
//





media/file28.jpg
®

|

N
For

W W
Time 0)

w

—=—Roof = Both sidewalls —— Floor

() vonmioaq





media/file2.jpg
Fracture program of the cableSEL

Command N U=max{Up, U.
E=0, Fui=0. 4,0 x€{L.2,

Yes

FLAC3D main
program

=it






nav.xhtml


  buildings-14-02373


  
    		
      buildings-14-02373
    


  




  





media/file11.png
Displacement (mm)

160

120

80

40

—a— Roof

Both sidewalls —&— Floor

60 80 100 120
Time (d)

(a)

(b)





media/file6.jpg
—a— CableSEL engih o CablesEL anil force |

e

g
A foree GN)

ML A

 db'orcmesit 5 b orcamestt

Calentaion 5ep. Calmsion s





media/file24.jpg
(@ I T e e - |
Al force
) I |
o !
o0 ) |
- ; |
H i | ]
‘(» i :
: N T ;
3 i By !
K] &Rm\mmuhuu‘ é\ position ;
(b)
+ Broke
i 2,/ | .
i i |
] i
& i
B it |
3% :
0 i
i i
% \\ H‘Wi I
M §






media/file29.png
S

(=)

—a— Roof —#— Both sidewalls —— Floor

[ .
| ot

40 60 80 100 120
Time (d)

[\
()
=)

Nl 5
o S
S S

Axial force (k

[S—y
N
=

—
[\®)
=

Time (d)
60 80

1
.

—a&— Roof center anchor cable
—a— Roof center rockbolt

60 80
Time (d)






media/file1.png
The cableSEL with the
largest deformation

—» =0, },=0, 4=0

—

_— e = — = Y= = = =G

CableSEL
/Node\
Anchor |
head \

Free segment

»l<e— Anchorage segment —]

J

Y
Max total deformation





media/file10.jpg
160

- Roof

G T R N T
Time (@)

(a) (b)






media/file7.png
