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The study of cable support density’s impact on the stability of rock in mine roadways is vital for personnel safety, equipment protection, and mining operations continuity. This research examines a typical engineering scenario within the 11th mining area pedestrian downhill roadway of Yindonggou Mine. A numerical model is devised, accounting for post-peak evolution of mechanical parameters in the surrounding rockmass, represented by a plastic shear strain-dependent multi-segment linear function. Factors such as vertical displacement of the roof and floor, cable axial force, and changes in the plastic zone were scrutinized to decipher the influence of anchor cable support density on roadway stability. The study revealed the following results: 1) The displacement pattern of the roadway roof initially decreases at a decreasing rate before stabilizing with an increase in calculation time step. However, the floor displacement increases first at a diminishing rate before achieving stability with increased calculation time. 2) As a result of the pulling effect caused by deformation and movement of roof’s surrounding rock, the axial force of the anchor cable initially rises with a declining rate before reaching a virtually constant value with increased computation time. 3) Analysis of the vertical displacement field of the model illustrates that with the rise in support density, the maximum displacement of the model’s top plate sinking and bottom plate elevation gradually reduces. 4) With the increment in support density, the number of units showing a plastic shear strain greater than 0.2, 0.1, and 0.05 tends to decrease, indicating increased stability of the roadway. Furthermore, it was observed that the probability of plastic shear yielding at the junction of the roadway floor and side is high while the shoulder of the roadway reflects a lower probability.
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1 INTRODUCTION
The anchor cable support system, characterized by its significant anchoring depth, high bearing capacity, cost-effectiveness, and simplicity of implementation, is extensively applied in roadway support (Yang et al., 2020; Jia et al., 2021; Wu et al., 2022; Zhou et al., 2023). However, setting a rational and consistent density for anchor cable support poses a substantial challenge for engineering and design practitioners. Insufficient anchor cable density may not provide adequate restraining force to the surrounding rock, leading to excessive deformation. Such a situation could escalate to severe roof fall or collapse accidents, posing a threat to the safety of underground personnel and equipment. Conversely, an excessively high anchor cable density might result in over-support within the roadway. This over-support can trigger unnecessary manpower and material expenses, thereby inflating support costs (Wang et al., 2021; Gong et al., 2022; Yang J. et al., 2023; Ming et al., 2023; Wu et al., 2024). Given these potential issues, it becomes imperative to conduct thorough research on the relationship between the density of anchor cable support and the stability of the surrounding rock within the roadway. Understanding this relationship will balance the concerns regarding the safety of the roadway and efficient utilization of resources.
Xiao and Dong (2016) conducted an analysis of the deformation of surrounding rock under various anchor bolt support densities, resulting in the determination of an optimal support density solution for geological conditions at the II632 working face of Hengyuan Coal Mine in the northern Anhui mining area. Men (2023) and Li et al. (2023), through simulation analysis, examined the stress and deformation of surrounding rock supported by different anchor rod densities, highlighting the existence of an optimal value to ensure roadway support safety. Shi et al. (2023b); Shi et al. (2024) considered the influence of fracture distribution and analyzed the interaction between the rock bolt and rock mass through the simulation of bolt pull-out tests. Osgoui and Unal (2009) designed and modified the anchor bolt density through experimental and theoretical methods to evaluate the convergence of the tunnel. Yang X. et al. (2023) analyzed the stress field in the mining area and proposed a combined support method that includes increasing the density of anchor rod support, grouting transformation, and stress reduction, providing a new idea for stabilization control of roadway at different depths. Yuan et al. (2019) investigated the reasonable support density for deep thick coal seam mining roadways, focusing on the geological conditions of the 630 mining area in Tangkou coal mine with significant burial depth and thick top coal. The study confirmed a reasonable spacing between anchor bolts of 1000 mm × 1000 mm. Furthermore, Zhang et al. (2015) and Dong et al. (2023) devised a testing system for anchored composite bearing bodies and explored their bearing characteristics under varying anchor support densities using physical similarity simulation experiments. In a comprehensive analysis, Greco and Cuomo (2012) detailed the method for determining support density in the support system of coal mining working faces, encompassing factors affecting support density, calculation of working face roof pressure, selection of individual hydraulic props, and the determination of support density. These research outcomes hold significant value in comprehending the influence of support density on surrounding rock stability. Presently, most research predominantly concentrates on anchor bolts, with limited studies exploring the density of anchor cable support (Reda et al., 2017; Li et al., 2021; Sasaki et al., 2022). Furthermore, it is crucial to highlight that existing research mostly provides phenomenological analysis, neglecting an in-depth exploration into the underlying mechanisms that elucidate the influence of support density.
In this study, a numerical model was developed, taking into account the evolution of mechanical parameters of the surrounding rock post-peak, using plastic shear strain as a multi-segment linear function. This model is tailored to reflect the specific engineering circumstances of the pedestrian downhill roadway in the 11th mining area of Yindonggou mine. Through tracking the vertical displacement of the roof and floor, the axial force of the anchor cable, and the distribution and progression of the plastic zone, the effect of varying densities of anchor cable supports on the stability of the roadway was investigated.
2 PROJECT OVERVIEW
The Yindonggou mine field is situated in the northern part of the Wangwa mining area within Pengyang County, Ningxia Hui Autonomous Region. Geographically, the mine field spans approximately 5.19 km in length from north to south and 3.75 km in width from east to west, covering a total area of 13.60 km2. Notably, it encompasses a significant coal bearing area of 11.19 km2. The terrain of this region belongs to the eroded hilly area of the Loess Plateau, characterized by an average elevation of 1600 m at the erosion base of the gully. Within the mine field, the presence of vertical joints in the loess formations often results in the formation of steep walls on both sides of the valley. Continuous water flow erosion further contributes to the vertical and horizontal cutting of the valley, reaching maximum depths of up to 300 m.
This study specifically examines the 11th mining areas, where pedestrians descend through a layered roadway. The false roof of the roadway exhibits significant development, and the lithology consists of interbedded sandstone, argillaceous sandstone, and mudstone, which possess low robustness. When exposed to water, these strata are prone to softening and delamination, resulting in roof leakage and caving. To address these challenges, a combined support scheme utilizing anchor cables and shotcrete has been primarily implemented considering local resources, equipment, personnel, and technological advantages. However, due to the weak lithology, high ground stress, and intense mining disturbances, roadway collapse, rock fragmentation, and floor heave are common occurrences, adversely affecting both mine production efficiency and posing severe safety risks to personnel and equipment. Given that the existing support system fails to meet the design requirements, there is an urgent need to verify the effectiveness of reinforcing the anchor cable support through increased encryption.
3 ESTABLISHMENT OF NUMERICAL MODEL
FLAC3D, a software specializing in continuous medium mechanics analysis, is utilized. This software possesses a robust capability to address intricate mechanical problems and finds extensive application in simulating large deformations and designing support systems within geotechnical and mining engineering (Zhao et al., 2012; Shi et al., 2019; Wang et al., 2023; Zheng et al., 2024). Notably, its usage facilitates the establishment of roadway and support structure models while enjoying industry-wide recognition for the reliability of its simulation results (Zhao et al., 2012; Shi et al., 2019; Gao et al., 2023; Wang et al., 2023). Given that the advantages of FLAC3D align closely with the objectives of this study, it was sfelected as the preferred software.
3.1 Numerical model and its boundary conditions
3.1.1 Model size and rock layer division
Based on the specific conditions observed in the pedestrian downhill roadway of the 11th mining areas under study, a numerical model was established with dimensions of 40 m × 50 m × 55 m (length × width × height), as depicted in Figure 1. The model consists of a total of 751,935 units and encompasses six rock layers: mudstone 1, argillaceous sandstone, mudstone 2, fine sandstone, siltstone, and mudstone 3, arranged from top to bottom. The thickness of each rock layer is approximated based on measured data, measuring 10, 3, 2, 14, 10, and 16 m, respectively, as illustrated in Figure 1A. The pedestrian downhill roadway features a slope of 15°, exhibiting a straight wall arch section as depicted in Figure 1A. The roadway possesses a width of 4600 mm, with a straight wall height of 1900 mm and a total height of 4200 mm, as shown in Figure 1B. The lower section of the roadway adopts a reverse arch configuration, characterized by a curvature radius of 5 m. The preservation of roadway boundaries and reverse arches is accomplished through the usage of preset grids.
[image: Figure 1]FIGURE 1 | Numerical model and roadway section.
3.1.2 Model boundary constraints
The studied section of the roadway exhibits a burial depth of approximately 500 m. However, the Yindonggou coal mine is situated at the mountain border, resulting in significant compression of the underlying strata due to the overlying rock. Based on the ground pressure values measured on-site, a uniformly distributed load of 12.6 MPa is applied at the top of the model, while an internal lateral pressure of 18.6 MPa is incorporated within the model. Furthermore, horizontal and vertical displacement constraints were implemented around and at the bottom of the model.
3.2 Mechanical model and physical and mechanical parameters of the model
3.2.1 Strain softening model
The pedestrian downhill roadway within the 11th mining area of Yindonggou coal mine has encountered significant deformations and damages due to high ground stress and severe mining disturbances. Despite multiple repair attempts, these efforts have proven unsuccessful. Consequently, studying the surrounding rock of the roadway necessitates an examination of the post-peak failure process while considering changes in the corresponding physical and mechanical parameters of the surrounding rock. To address these complexities, this study employs the strain softening model as the mechanical model for the numerical model depicted in Figure 1. This model is based on the Mohr-Coulomb model with non-correlated shear and correlated tensile flow rules. In comparison to the Mohr-Coulomb model, the strain softening model allows for the softening or hardening of parameters after specimen yield, as illustrated in Figure 2. Furthermore, the model indicates that prior to plastic yielding, only elastic strain occurs in the rock. However, after reaching the yield strength, the total strain comprises both elastic and plastic components. The strain softening model enables the definition of parameters such as cohesion and internal friction angle as piecewise linear functions with plastic shear strain serving as the internal variable (Shi et al., 2019).
[image: Figure 2]FIGURE 2 | Change of mechanical parameters in the Mohr-Coulomb model and strain softening model.
The expression for Hooke’s law concerning principal stress and strain in the strain softening model is provided below (Shi et al., 2019):
[image: image]
where, the incremental expressions of strain are denoted as [image: image], [image: image], and [image: image]. Additionally, [image: image] and [image: image] represent material constants defined by shear modulus [image: image] and bulk modulus [image: image], respectively. The relationships can be expressed as follows (Shi et al., 2019):
[image: image]
The expression for the shear yield function in the strain softening model is as follows (Shi et al., 2019):
[image: image]
where, [image: image].
The equation representing the tensile yield strength is given by Gao et al. (2023):
[image: image]
In general, it is assumed that the total strain increment can be decomposed into two components: elastic and plastic. The flow law governing plastic yielding can be expressed as follows (Shi et al., 2019):
[image: image]
where i = 1, 3, [image: image] represents the plastic coefficient that requires determination. Additionally, [image: image] is a potential function with its shear yield component denoted as [image: image]. The non-correlation equation corresponding to [image: image] expressed as follows (Shi et al., 2019):
[image: image]
where, [image: image], [image: image] is the shear expansion angle.
The tensile yield component of the potential function is represented by [image: image], and its corresponding correlation flow rule can be expressed as follows (Gao et al., 2023):
[image: image]
The plastic strain increment associated with shear failure can be expressed in the following form (Zheng et al., 2024):
[image: image]
The correction equation for shear failure stress can be derived by incorporating Eq. 8 into Eq. 1, resulting in the following expression (Zheng et al., 2024):
[image: image]
where, the superscripts [image: image] and [image: image] represent the stress states of the unit after and before correction, respectively. Utilizing this notation, the stress correction equation for unit tensile failure can be derived as follows (Zheng et al., 2024):
[image: image]
3.2.2 Physical and mechanical parameters of the model
By consulting the exploration data of the Yindonggou mine field and incorporating relevant geological data from the Ningxia mining area, it is possible to approximately determine the physical and mechanical parameters for each rock layer. These parameters are summarized in Table 1.
TABLE 1 | Physical and mechanical parameters of each rock strata in numerical model.
[image: Table 1]The post-peak softening model utilized in Section 3.2.1 necessitates a pre-simulation analysis to determine the evolution of cohesion, internal friction angle, and tensile strength for each rock layer within the numerical model, considering the actual deformation observed in the on-site roadway. These determined values are then incorporated as segmented functions into the FLAC3D software, enabling customization of the parameter evolution specifically for the post-peak softening model. The resulting softening piecewise linear functions for the six rock mechanics parameters determined in this study are illustrated in Figure 3. Analysis of the functions reveals that as the plastic shear strain increases from 0 to 0.2, there is a consistent decrease in cohesion, internal friction angle, and tensile strength, indicating a gradual reduction in the bearing capacity of the rock mass. Once the plastic shear strain reaches 0.2, the parameters have diminished to significantly low levels and remain constant thereafter. This signifies the occurrence of rock rupture, primarily in the form of rock blocks.
[image: Figure 3]FIGURE 3 | Evolution of cohesion, internal friction angle, and tensile strength with plastic shear strain.
4 ANCHOR CABLE LAYOUT AND RESEARCH PLAN
4.1 Anchor cable layout
The roadway site is supported by a combination of anchor cables and spray layers. In this study, the FLAC3D software utilizes structural units to simulate the anchor cables, while solid units are employed to represent the rock mass. The interaction between the anchor cables and the rock mass is depicted in Figure 4. To account for the shear characteristics of the anchor-rock interface, bonding and friction parameters are set, and a spring slider is implemented at the anchor-rock connection node (Shi et al., 2019), as illustrated in Figure 4A. With an increase in axial force applied to the anchor cable, relative displacement [image: image] occurs at both the rock mass-slurry interface and the slurry-anchor cable interface, as demonstrated in Figure 4B. Moreover, considering the actual conditions, the simulated anchor cables are pre-stressed and divided into ten segments along their length. The first six segments near the anchor head serve as free segments, while the remaining four segments near the tail function as anchor segments. Realistic representation of the anchoring section, free section, and tray is achieved by adjusting the stiffness and cohesion of the slurry. Specifically, the slurry parameters corresponding to the anchoring section assume large values, those related to the free section approach zero, and the tray’s slurry parameters significantly exceed those of the anchoring section (Shi et al., 2019).
[image: Figure 4]FIGURE 4 | Interaction of the cable, grout and rock.
This study primarily focuses on examining the influence of varying anchor cable support densities on the stability of the pedestrian downhill area in the 11th mining zone. 4 distinct support densities were employed, with corresponding anchor cable spacing intervals and array pitches of 1.2 m × 1.2 m, 0.8 m × 0.8 m, 0.4 m × 0.8 m, and 0.4 m × 0.4 m, as depicted in Figure 5.
[image: Figure 5]FIGURE 5 | Layout of cable support and measurement points.
For the sake of convenience in analysis, this study assigns names to the models based on their spacing intervals and array pitches. Specifically, Model 1 corresponds to a spacing interval and array pitch of 1.2 m × 1.2 m, Model 2 to 0.8 m × 0.8 m, Model 3 to 0.4 m × 0.8 m, and Model 4 to 0.4 m × 0.4 m. Correspondingly, the total number of anchor cables included in Models 1-4 is calculated as 602, 1365, 2600, and 5160, respectively. Additionally, all anchor cables possess a prestressing force of 300 kN with a length of 6.2 m. The length of the free section is 5.2 m, while the anchoring section measures 1 m. Other anchoring parameters can be found in Table 2.
TABLE 2 | Anchorage parameters of cable.
[image: Table 2]4.2 Research plan
Firstly, the displacement and velocity fields are reset after achieving the initial balance of the model. Subsequently, the roadway (including the inverted bottom arch) is excavated in a single operation while implementing support based on the four types of anchor cable arrangements illustrated in Figure 5. Simultaneously, measurement points for anchor cable stress as well as top and bottom plate displacement are strategically placed following the configuration shown in Figure 5A. Finally, the inverted arch is reconstructed, and balance calculations are performed to analyze the stability of the roadway from the perspectives of anchor cable stress and deformation and failure of the surrounding rock.
5 SIMULATION RESULTS AND ANALYSIS
This study extracted the evolution of the top and bottom plate displacement and anchor cable axial force at the measurement points with the calculation time step after the model was balanced; The vertical stress and displacement fields of the model were obtained by exporting data through the FLAC-Tecplot interface; By compiling the FISH program, the plastic zone of the surrounding rock of the model was extracted within different plastic shear strain thresholds.
5.1 Analysis of displacement evolution of roadway roof
The evolution of roadway roof displacement, measured at points r1, r2, and r3 in Figure 5A with respect to the calculation time step, is depicted in Figure 6. The displacement at measurement points r1 and r3 initially exhibits a decreasing trend with a decreasing rate, eventually stabilizing as the calculation time step increases. During the initial calculation (timestep 0), the roadway excavation causes the numerical model to enter an unstable state. Consequently, the surrounding rock, especially at the free face, transitions from its original three-dimensional compression equilibrium state to a bidirectional compression state, leading to a redistribution of internal stress. This corresponds to deformation in the surrounding rock units adjacent to the roadway, causing movement towards the roadway space due to the overall loss of support. Notably, the closer a unit is to the roadway space, the greater the extent of movement observed (refer to Figure 6). As the surrounding rock deforms, the concentration coefficient of internal stress gradually diminishes. Under the combined influence of self-supporting capacity of the surrounding rock and increasing constraints provided by anchor support, the rate of surrounding rock deformation is controlled and gradually reduces until it reaches a stable state.
[image: Figure 6]FIGURE 6 | Evolution of roof displacement at measurement point with calculation time-step.
The results obtained from the r2 measurement points align with the evolution patterns observed at the r1 and r3 measurement points in Model 2 and Model 3. However, in both Model 1 and Model 4, the top plate at the r2 measurement point experiences a pattern of initial sinking followed by rising. This phenomenon is unlikely to occur at engineering sites and can be attributed to inherent numerical transfer component defects.
In FLAC3D, the damage and failure of the roadway roof units do not manifest as they would in actual engineering scenarios. Instead, these effects are reflected through the weakening of mechanical parameters within the units, which will not have a significant impact on the effectiveness of the simulation results. When significant, uneven subsidence occurs in the roof units, tension or compression arises between the nodes, resulting in the formation of “folds” in the surrounding rock of the roadway’s free face, as illustrated in Figure 7. In other words, due to the squeezing force exerted by the surrounding rock, some of the confining pressure increases upward.
[image: Figure 7]FIGURE 7 | “Folding” phenomenon of roadway roof.
After completing the model balance calculation, the vertical displacement data of the roof in Figure 6 was extracted to plot the displacement evolution with varying anchor cable spacing intervals and array pitches, as depicted in Figure 8. With the exception of the abnormal displacement evolution at the r2 measurement point caused by “folding” of the roadway roof, the subsidence displacement at the r1 and r3 measurement points demonstrates a linear decrease as the support density increases. This observation suggests that higher densities of anchor cable support lead to improved support effects on the surrounding rock. Ultimately, substituting rock material with anchor cable material noticeably enhances the rock lithology to a certain extent.
[image: Figure 8]FIGURE 8 | Relationship between vertical displacement of top plate and spacing between cables.
5.2 Analysis of displacement evolution of roadway floor
The evolution of roadway floor displacement, measured at points f1, f2, and f3 in Figure 5A with respect to the calculation time step, is illustrated in Figure 9. The displacement of the bottom plate at each measuring point initially exhibits an increasing trend, followed by a decreasing rate, and eventually stabilizes as the calculation time step increases. Similar to the roof displacement evolution, roadway excavation alters the stress state of the surrounding rock at the free face, causing the roadway floor to shift towards the roadway space due to support loss. However, the deformation speed of the floor’s surrounding rock is controlled and gradually decreases until it reaches a stable state, influenced by both the self-supporting capacity of the surrounding rock and the growing constraints provided by anchor cable support.
[image: Figure 9]FIGURE 9 | Evolution law of floor displacement at measurement point with calculation time-step.
In contrast to the roof’s surrounding rock, the displacement of the floor’s surrounding rock is significantly affected by burial depth. Particularly, when the measuring point has a small burial depth (as observed at f1), the upward displacement of the bottom plate is notably smaller. Conversely, for measuring points with greater burial depth (as seen at f2 and f3), the disparity in upward displacement diminishes. In fact, even in Model 1, Model 2, and Model 3, the rise displacement at f2 slightly exceeds that at f3.
After completing the model balance calculation, the vertical displacement data of the roadway floor in Figure 9 was extracted to plot the evolution of rise displacement with varying anchor cable spacing intervals and array pitches, as depicted in Figure 10. The upward displacement of the roadway floor, obtained from measuring points f1, f2, and f3, exhibits a nearly linear decreasing trend as the support density increases. This finding reaffirms the conclusion that higher densities of anchor cable support lead to improved support effects on the surrounding rock.
[image: Figure 10]FIGURE 10 | Relationship between vertical displacement of roadway floor and support density of anchor cables.
5.3 Analysis of evolution of anchor cable load
The evolution of axial cable load, extracted from six measurement points (as seen in Figure 5A), in Models 1-4 is presented in Figure 11. The overall axial force of the anchor cable demonstrates an evolutionary pattern characterized by initial increase with a decreasing rate, followed by a relatively stable trend as the calculation timestep increases. This pattern resembles the sinking behavior observed in the roof displacement (see Figure 6). The deformation of the roof’s surrounding rock and the tensile deformation of the moving traction anchor cable contribute to the gradual increase in axial load (Jahromi et al., 2011; Li et al., 2019; Shi et al., 2019). However, under the combined influence of the self-supporting capacity of the surrounding rock and the growing constraints provided by anchor cable support, the deformation speed of the surrounding rock is controlled and exhibits a gradual decrease (see Figure 6), corresponding to a reduction in the rate of increase for the axial load of the anchor cable. The support load interacts with the structural deformation until reaching an equilibrium state.
[image: Figure 11]FIGURE 11 | Evolution of cable axial force at measurement point with calculation time-step.
Moreover, it is noted that greater burial depth at a particular measuring point results in a higher axial force of the corresponding anchor cable after achieving model equilibrium, along with a longer corresponding time step during equilibrium. Higher burial depths correspond to higher internal stress within the surrounding rock. Consequently, the deformation and displacement of the roadway’s surrounding rock under high stress levels are notably greater than those under low stress conditions, leading to increased pulling effects on the anchor cable (Wang et al., 2022; Chai S. B. et al., 2023).
After completing the model balance calculation, the axial force data presented in Figure 11 was extracted to plot the evolution of anchor cable axial force with varying anchor cable spacing intervals and array pitches, as depicted in Figure 12. With the exception of the abnormally small results obtained at point b5 in Model 3, the axial force of the anchor cable measured at the other 5 measuring points demonstrates a nearly linear decrease as the support density increases. This finding further supports the conclusion that higher densities of anchor cable support result in improved support effects on the surrounding rock. However, it is important to note that the simulation effect may differ from the actual situation. The on-site installation of anchor cables involves drilling, which can cause certain damage to the rock mass. While this damage can be disregarded when the spacing between anchor cables is large, it becomes amplified due to interaction when the spacing is small. Consequently, this effect cannot be accurately reflected in the simulation conducted in this study.
[image: Figure 12]FIGURE 12 | Correspondence between the axial force of cables and the spacing between cables. Vertical displacement field of the model.
5.4 Analysis of vertical displacement field of the model
The displacement field of the four models, obtained by slicing along the center of the roadway, is depicted in Figure 13. Overall, as the support density increases, the maximum displacement of the top plate sinking and bottom plate rising gradually decreases. Specifically, for models 1-4, the maximum subsidence displacement of the top plate measures 35, 25, 18, and 14 cm, respectively, while the maximum uplift displacement of the bottom plate measures 25, 15, 16, and 8 cm, respectively.
[image: Figure 13]FIGURE 13 | Vertical stress field of the model.
Additionally, it is evident that the loose deformation zone of the roof’s surrounding rock extends approximately between 2 m and 5 m. Considering the anchor cable length of 6.2 m, it remains capable of providing suspension support within this range. Moreover, the overall disturbance range diminishes with increasing support density and expands with increasing burial depth. However, for the floor, the disturbance deformation range exceeds the span of anchor cable support (6.2 m) and reduces with increasing burial depth. Furthermore, a higher burial depth correlates to a greater degree of floor heave.
5.5 Vertical stress field analysis of the model
The vertical stress fields of the four models, obtained by slicing along the center of the roadway, are illustrated in Figure 13. With an increase in support density, the maximum vertical stress in the model exhibits a rising trend. Specifically, the maximum vertical stresses for models 1-4 measure 65, 65, 70, and 80 MPa, respectively. However, these maximum stresses occur sporadically within the disturbed area of the surrounding rock. This phenomenon arises because as the density of anchor cable support increases, its restraining effect on the surrounding rock gradually intensifies, making it challenging to release the accumulated stress or deformation energy within the rock mass (Shi et al., 2020a; Shi et al., 2020b; Shi et al., 2022; Shi et al., 2023a). Consequently, concentrated loads manifest only in limited regions of the disturbed area.
Moreover, it is notable that the stress reduction area in the surrounding rock aligns closely with the loosening and deformation area observed in the roof’s surrounding rock. However, there is minimal variation in the stress reduction area of the floor’s surrounding rock with changes in burial depth.
5.6 Evolution of plastic zone
After balancing the four models, elements exhibiting plastic shear strains [image: image] greater than 0.2, 0.1, and 0.05 were extracted using FISH programming, which is of great significance to quantify the damage of the surrounding, clearly define the location for strengthening support and increase the reference value of research results, as depicted in Figure 14. It is evident that an increase in support density corresponds to a decreasing number of elements with plastic shear strain [image: image] exceeding 0.2, 0.1, and 0.05. This trend signifies an improvement in roadway stability. Additionally, elements with significant plastic shear strain ([image: image] > 0.2) are primarily concentrated at the junction of the roadway floor and the slope (refer to Figure 14). Referring to Figure 5, this location aligns with the weaker part of the anchor cable support, further affirming the pivotal role of anchor cables in ensuring roadway stability. Conversely, at the shoulder of the roadway, even when the plastic shear strain is increased to 0.05, the corresponding number of yielding elements is negligible. This suggests that the load exerted on the surrounding rock at this position is relatively small compared to the roof and floor (Chai et al., 2023). Consequently, if there is a need to reduce support costs, the support density at this location can be appropriately diminished.
[image: Figure 14]FIGURE 14 | Model plastic zone.
Using FISH language programming, the evolution of the number of elements experiencing plastic shear strain with varying support density in Figure 14 can be further analyzed, as demonstrated in Figure 15. It is evident that as the spacing between anchor cables increases from 1.2 m × 1.2 m–0.4 m × 0.4 m, the number of elements exhibiting plastic shear strains greater than 0.2, 0.1, and 0.05 follows a nearly linear decreasing trend. This trend aligns with changes observed in the axial load of the anchor cable and the vertical displacement of the roof and floor after model balancing, providing strong confirmation of the beneficial role of enhanced anchor cable support in improving roadway stability.
[image: Figure 15]FIGURE 15 | Correspondence between the number of plastic elements and the spacing between cables.
6 CONCLUSION
Drawing upon the specific engineering context of the pedestrian downhill roadway in Yindonggou Mine’s 11th mining area, this research formulated a numerical model. This model takes into consideration the evolution of mechanical parameters of the surrounding rock post-peak, describing plastic shear strain via a multi-segment linear function. Analyses were conducted based on several factors, including the vertical displacement of top and bottom plates, the axial force of anchor cables, and the distribution and development of the plastic zone. The study examined the effect of four support densities—1.2 m × 1.2 m, 0.8 m × 0.8 m, 0.4 m × 0.8 m, and 0.4 m × 0.4 m—on the stability of the roadway. The key findings are as follows:
(1) The displacement of the roadway roof manifests a pattern where it initially decreases at a declining rate, and then maintains stability as the calculation time step increases. Conversely, the floor displacement initially shows an ascending trend at a decreasing rate before stabilizing with increased calculation time step. Furthermore, both the upward displacement of the roof and the downward displacement of the floor demonstrate a nearly linear decline with increasing support density.
(2) Owing to the tensile effects from the deformation and movement of the surrounding rock of the roof, the axial force of the anchor cable follows an evolutionary trajectory. It first rises at a declining rate before maintaining a virtually constant value as the calculation time step grows.
(3) Examination of the vertical displacement field of the model reveals that an increase in support density leads to a gradual decrease in the maximum displacement observed in both the top plate’s sinking and the bottom plate’s rising. Concurrently, the vertical stress field indicates an escalating trend in the maximum vertical stress of the model with augmenting support density.
(4) Correlating to increased support density is a diminishing trend in the number of units exhibiting plastic shear strains greater than 0.2, 0.1, and 0.05, indicative of heightened roadway stability. Moreover, it is more likely to witness plastic shear yielding at the intersection of the roadway floor and side, while the prospect of such yielding at the roadway shoulder appears lower.
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