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To explore the internal bearing characteristics and fracture evolution laws of discontinuous jointed rock mass in deep roadways, the −600 m main roadway in Xin ’an Coal Mine was used as the research background. The fracture fractal dimension D was employed to characterize the joint density, and an intermittent jointed roadway model, both without support and with anchor cable support, was modeled using the particle flow software PFC2D. The internal stress, deformation, and fracture characteristics of intermittent jointed surrounding rock in tunnels with different support methods and joint densities were studied from a microscopic perspective. The results indicate that during the bearing process of the bolt anchor support and unsupported roadway discontinuous jointed rock mass model, the main bearing area of both models transferred from the surface rock mass to the deep rock mass. The tensile cracks of the anchor cable support model were reduced by 57.7% compared with the unsupported model, effectively suppressed the tensile failure of the surrounding rock, and the convergence of the surrounding rock was substantially reduced. The density of intermittent joints was negatively correlated with the bearing capacity of the surrounding rock mass of roadways, and the increase of joint density the overall failure of the surrounding rock, and the possibility of roadway destabilization was increased. Importantly, the number and distribution of intermittent joints in the surface surrounding rock were closely related to the rupture characteristics of the roadways. When the load exceeded the ultimate load of the deep surrounding rock, stress fluctuation occurred due to the stress drop caused by its destruction. This fluctuation promoted the development of intermittent joints in the surface surrounding rock, increasing the risk of roadway destabilization.
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1 INTRODUCTION
The deep mining of coal is an inevitable trend in coal industry (Mao, 2020; Alber et al., 2009; Gao et al., 2020), it mainly adopts the way of well mining at present, which needs to dig a large number of tunnels in the underground (Jing et al., 2020). The surrounding rock of deep roadway can easily cause stress concentration around roadway and even cause roadway instability under high stress and high disturbance stress environment (Gao et al., 2021; Zhang et al., 2022; Wu et al., 2024a). Roadway anchor cable support is widely used in deep coal mine support projects due to its advantages of mobilizing the bearing capacity of the deep surrounding rock and improving the stress state of the surrounding rock in the anchoring area (Kang et al., 2013; Fang and Zhang, 2014; Kang, 2014; Jiang et al., 2016; Yin et al., 2016). However, a large number of discontinuous structural planes such as joints and cracks in surrounding rock destroy the integrity of rock mass and damage the stability of surrounding rock structure (Yan et al., 2016; 2013; Małkowski, 2015; Mo et al., 2019; Shen, 2014; Zhang et al., 2015). Therefore, it is of great significance to study the fracture evolution mechanism and stability control of discontinuous joint surrounding rock of deep roadway.
A large number of scholars have explored the load-bearing properties of anchor cable supports and have achieved meaningful results (Basarir et al., 2019; Wang et al., 2015; Kang et al., 2023; Janeiro and Einstein, 2010; Wang X. et al., 2023; Tao et al., 2016) further investigated the mechanism of interaction with the rock mass using NPR anchors, and proposed the non-linear design method and control technology of the anchor cable (Tao et al., 2016) researched the destabilization of the surrounding rock in deep rectangular coal roadway under different support conditions from both macro and micro aspects, and put forward the support principle of ‘strong wall to protect the roof’ (Jing et al., 2014) analyzed the deformation and fracture evolution characteristics of deep rock roadway under the coupling action of “three heights” by using field monitoring, laboratory test and numerical simulation, and proposed a distributed combined support method (Yuan et al., 2011) carried out numerical calculations for extra-thick composite roof roadway and revealed the action mechanism of anchor cable on the deep and shallow surrounding rock of roadway (Su et al., 2014). However, in practical engineering, there are a large number of discontinuous joints in the surrounding rock, and the mechanical properties of the large-scale discontinuous joints physical model under external loads are much lower than that of the complete model (Hou, 2017; Li et al., 2021; Grasselli and Egger, 2003) established a physical model of tunnel excavation in layered rock and monitored the whole process of surrounding rock deformation through thermal imaging (He et al., 2010) studied the influence of joint dip angle on the mechanical properties of jointed rock mass by using similar materials (Chen et al., 2012) studied the deformation behavior and failure mode of rock samples containing joints under unloading (Li et al., 2019).
The above information is relatively few for the research results of large-scale intermittent joint model surrounding rock. Numerical simulation provides the direction for the research and development of rock mechanics. Our university boasts a solid foundation in research related to anchoring support in tunnels and the behavior of large-scale intermittent jointed rock masses. Our expertise lies in effectively mobilizing the load-bearing capacity of deep rock in tunneling with bolt support systems and enhancing the stress state of surrounding rock in anchorage zones. Our techniques and technology are mature, placing us at the forefront internationally. We integrate numerical simulation technology seamlessly into our research, creating a mutually beneficial relationship. Based on this, the −600 m main roadway in Xin ‘an Coal Mine was taken as the research background, the fracture fractal dimension D was used to characterize the joint density, and the numerical model of the surrounding rock of the discontinuous joint roadway without support and with anchor cable support were established. The mesoscopic parameters of the numerical model were calibrated according to the physical model test results. The bearing capacity and fracture characteristics of the surrounding rock with discontinuous joints under different support methods and joint densities were studied. Additionally, the influence of joint distribution on the stability of the surrounding rock in the roadway was analyzed.
2 NUMERICAL EXPERIMENTAL PROCEDURE
2.1 Engineering background
In this study, the −600 m main roadway of Xin ‘an Coal Mine was taken as the research background, which is in the shape of a semicircular straight arch, as shown in Figure 1. Due to the high stress of deep roadway and the opening dislocation of the primary discontinuous joints of surrounding rock, secondary cracks appear. The connection, interleaving and penetrating of the primary joints and secondary cracks lead to the appearance of loose blocks, resulting in the opening and sliding of discontinuous structural planes and the instability and failure of surrounding rock. To decrease harmful deformation, lower repair workload, and ensure roadway stability, it is imperative to conduct systematic research focused on the fracture evolution mechanism of discontinuous jointed rock mass and the key techniques regarding stability control.
[image: Figure 1]FIGURE 1 | Deformation of surrounding rock of roadway buried −600 m in Xin ‘an Coal Mine. (The support components on the right side undergo characteristic failure due to the action of stress).
2.2 Selection of similar materials
Considering the size of the roadway section and the limitations of the test size, the geometric similarity ratio was determined as CL = 20. According to the reference (Jing et al., 2022; Wu et al., 2024b; Wu et al., 2022), river sand with uniform particle size distribution, C32.5 ordinary Portland cement, gypsum and water were selected to form similar materials with bulk density of γm = 16.4 kN/m3, and the similarity ratio of bulk density was obtained as Cr = γP/γm = 1.72. The intensity similarity ratio was CR = Cγ × CL = 20 × 1.72 = 34.4. The uniaxial compressive strength, Brazilian splitting and variable Angle shear tests of coal rock samples buried at −600 m in Xin ‘an Coal Mine were tested to determine the basic mechanical parameters of in-situ raw rock. Then the mechanical parameters of similar materials were obtained from the similarity ratio (Wu et al., 2020), as shown in Table 1. The mass ratios of medium sandstone, siltstone and coal were determined as: (river sand: cement: gypsum = 8:1:1, 10:1:1, 100:7:1), respectively, through the basic mechanical tests of similar materials.
TABLE 1 | Physical and mechanical properties of primary rock and similar materials.
[image: Table 1]The size of the model is 1,200 mm × 1,200 mm (Figure 2), the thickness of the coal seam is 300 mm, the thickness of the direct top and the direct bottom are 100 mm, the basic top thickness is 250 mm, and the basic bottom thickness is 450 mm. The mining roadway is a semicircular straight arch roadway with a span of 230 mm and a height of 85 mm. The specific anchor cable arrangement is shown in Figure 3B. The size of the anchor used in this study is 22 mm × 3000 mm, the yield strength is 400 MPa, the elongation is 16%, and the breaking force is 225 kN. The anchor cable used in the field is 21.8 mm × 9000 mm, the yield strength is 1320 MPa, the elongation is 16%, and the breaking force is 560 kN. In the model test, 1.1 mm × 150 mm tin wire was used to simulate anchor rod, and 1.1 mm × 450 mm iron wire was used to simulate anchor cable.
[image: Figure 2]FIGURE 2 | Simulation test system for the whole process of structural instability in deep underground engineering.
[image: Figure 3]FIGURE 3 | Model test scheme of the roadway enclosure (mm). (A) Option 1. (B) Option 2.
2.3 Numerical modeling
Based on the actual dimensions of the similar physical model, a 1:1 particle flow model was established for different support forms, as shown in Figure 4. The model is a plane strain model with D = 1.23 for cracks (D: It typically refers to fractal dimension, which can be used to describe the complexity and regularity of certain geometric structures or data sets. D = log(N)/log (1/ε), D is the fractal dimension; N is the minimum number of boxes needed to cover the data set; ε is the box size) and the arrangement of anchor cables is consistent with the experimental model. Measuring circles were arranged on both sides of the tunnel to monitor the internal stress evolution of the surrounding rock during the process of failure and instability as shown in Figure 4B. The maximum vertical and horizontal ground stress of the roadway are 15.73 and 24.13 MPa, respectively. And according to the similarity ratio of mechanical parameters is 34.4, the initial vertical and horizontal ground stress of the calculated model are 0.46 and 0.7 MPa respectively. Therefore, the servo mechanism was used to apply 0.46 MPa vertical stress and 0.7 MPa horizontal stress to the model, and then the particles inside the roadway were deleted. The equilibrium iterative calculation was carried out on the model, so that the model could balance under the boundary conditions of 0.46 MPa vertical stress and 0.7 MPa horizontal stress to simulate roadway excavation. After the model reaches equilibrium, the displacement loading method is adopted to vertically load the model at a speed of 0.1 m/s until it is destroyed. To analyze the influence of different D on the bearing performance and deformation failure characteristics of rock mass anchored by intermittent joints in tunnels, the D were selected as 1.11, 1.23, 1.35, and 1.47. The established particle flow model is shown in Figure 5. Particle flow simulation is a computational mechanics method used to simulate the motion and interactions of granular materials under external forces. Its fundamental principle lies in representing matter as numerous discrete small particles, calculating particle trajectories using Newton’s second law, and additionally considering interparticle interaction forces and contact force models to simulate the complex behavior of granular materials under stress.
[image: Figure 4]FIGURE 4 | Particle flow model of surrounding rock with discontinuous joint in deep roadway. (Internal stress evolution of surrounding rock during failure and instability processes in different support methods). (A) Without support. (B) Anchor cable support. (C) Model mesoscopic contact interface.
[image: Figure 5]FIGURE 5 | Particle flow models with different D. (It typically refers to fractal dimension, which can be used to describe the complexity and regularity of certain geometric structures or data sets).
2.4 Determination of parameters
The parallel bond model was used as the meso-contact between the particles of this model. Two medium models and four interface models were established. The Parallel Bond Model (PBM) is a discrete element method used to simulate the contact mechanics between particles, describing their interactions through virtual bonding contact surfaces. The model introduces bond points between particles to simulate the bonding force. When the relative displacement between particles is small, the bonding force acts to connect them; as the displacement exceeds a certain threshold, the bonding force gradually diminishes until rupture occurs. The model accounts for nonlinear effects such as elastic contact, friction, stretching, and rupture between particles, enabling precise simulation of complex mechanical processes like bonding, detachment, and failure. It is particularly suitable for modeling the mechanical behavior of granular materials, rocks, and other particulate media. The two medium models are rock and bolt respectively, and the four interfaces are similar rock interface, dissimilar rock interface, bolt cable interface and rock and bolt cable interface, respectively.
Different mesoscopic contact parameters were assigned to different mesoscopic contact interfaces. For the same rock interface, the mesoscopic contact parameters of the same rock were used. However, for dissimilar rock interfaces, such as the contact interface between coal and siltstone, mesoscopic contact parameters of rocks with weaker bonding characteristics were adopted. The meso-mechanical parameters of medium sandstone, siltstone and coal in the numerical model were calibrated by the basic mechanical parameters obtained from the model test. The trial-and-error method was used to debug microscopic parameters that were consistent with the results of model experiments. The comparison results of stress-strain curves and failure modes between physical model experiments and numerical simulations are shown in Figure 6, which are basically consistent. It shows that the numerical simulation can well reproduce the macro and micro evolution characteristics of the whole process of failure and instability of roadway surrounding rock. The final microscopic particle parameters and microscopic interface contact parameters are shown in Table 2, 3.
[image: Figure 6]FIGURE 6 | Comparison of numerical simulation and physical model test results. (It shows that the numerical simulation can well reproduce the macro and micro evolution characteristics of the whole process of failure and instability of roadway surrounding rock).
TABLE 2 | Particle parameters of the surrounding rock model of deep roadway discontinuous joint.
[image: Table 2]TABLE 3 | Meso-interface parameters of the numerical model of anchoring surrounding rock.
[image: Table 3]3 ANALYSIS OF NUMERICAL SIMULATION RESULTS
3.1 Force chain distribution
Figure 7 shows the force chain distribution of intermittent jointed surrounding rock in tunnels with D = 1.23 under different support methods, where the density and color of the force chain indicate the strength of the force chain. As shown in the figure, under the two support methods, the force chain distribution at the two sides of the roadway is sparse, indicating that the structural damage at this location is more severe during the bearing process of the roadway surrounding rock. With the application of stress, the force chain values in the deep surrounding rock significantly increased in the models under both support methods. This indicates that the main bearing area is shifting from the surface surrounding rock to the deep surrounding rock. In addition, in Figure 7B IV, the bottom plate and on the right side force chain of the roadway with anchor cable support are damaged due to the large load applied to the deep rock mass on the right side. When the stress exceeds the critical load for the failure of the deep surrounding rock, the stress drops when the deep surrounding rock breaks, accompanied by strong stress fluctuations, resulting in intensified damage to the roadway bottom plate. Localized particle dislodgement at the left gang location is inferred to be due to failure of anchorage in the surface perimeter rock at the left gang location.
[image: Figure 7]FIGURE 7 | Force chain field of surrounding rock of roadway discontinuous joint under different support methods. (Under the two support methods, the force chain distribution on both sides of the roadway is sparse, indicating that the structural damage on both sides of the roadway is more severe during the bearing process of the surrounding rock). (A) Without support. (B) Anchor cable support.
Figures 8, 9 show the internal stress evolution of the model under different support methods. The larger the measurement circle number, the closer it is to the deep surrounding rock. The stress on the side of the roadway shows a “valley” wave trend of rising first and then decreasing with the continuous displacement loading. Under continuous servo loading at the top of the roadway surrounding rock, the top load is first borne by the roof. When the bearing capacity of the roof decreases, the load is transmitted to the two walls, causing their deformation to increase. This leads to a sharp increase in the displacement of the walls, and in some cases, the collapse of the side wall causes the roof to collapse, which aligns with the engineering practice where the slab and roof fall almost simultaneously. The failure of the surrounding rock shows the sequential failure of “from the surface to the inside”, and the main bearing area shifts to the deep rock mass. In addition, the load-bearing capacity of each monitoring point in the roadway model supported by anchor cables is significantly higher than that in the model without support. The internal stress increases by 55.6%–172.7% compared to the roadway model without support. When the initial stress is applied in the no-support model, the bearing capacity and deformation of the two sides of the roadway increase sharply, leading to failure. This causes the surface surrounding rock structure to become unstable. In contrast, the anchor cable support model can effectively adjust the bearing structure of the surface surrounding rock, ensuring that the surrounding rock of the roadway remains generally stable.
[image: Figure 8]FIGURE 8 | Evolution of internal stress in the whole process of failure and instability of the surrounding rock of the discontinuous joint of the roadway without support. (A) Left side σx. (B) Left side σy. (C) Right side σx. (D) Right side σy.
[image: Figure 9]FIGURE 9 | Evolution of internal stress in the whole process of failure and instability of rock surrounding rock of discontinuous joint of roadway supported by anchor cable. (A) Left side σx. (B) Left side σy. (C) Right side σx. (D) Right side σy.
The joint density of the surrounding rock is closely related to the stability of the surrounding rock, and the number of joints increases with the increase of fractal dimension D. Figures 10, 11 show the internal stress diagram of roadway discontinuous joint anchorage surrounding rock with different D. It can be seen from Figure 10 that at σ1 = 70% σc (post-peak), the main bearing zone of the anchoring surrounding rock under different D has transited to the deep rock mass, and the surface anchoring zone under all fractal dimensions except D = 1.23 shows relatively stable force chain distribution (σc is often referred to as tensile stress or tensile strength, which is the ability of a material to resist tension in a tensile test, typically defined as the maximum tensile stress the specimen sustains before failure). In Figure 11, it can be seen that the bearing capacity of the anchored enclosure gradually decreases with increasing D, which indicates that the joint density also significantly affects the stability of the surrounding rock mass of roadways. The deformation and failure of the surrounding rock are essentially caused by secondary cracks, which result from the opening dislocation of the primary joint. The connection, interleaving, and penetration of the primary joint and secondary cracks lead to the formation of loose blocks. This, in turn, causes the opening and sliding of discontinuous structural planes, resulting in the instability and failure of the surrounding rock. It is revealed that the anchoring essence of bolt and cable is to resist the tension stress, and to connect the loose rock mass that might collapse to the surrounding rock as a whole, so that it still has a certain bearing capacity.
[image: Figure 10]FIGURE 10 | Force chain field of surrounding rock anchored by discontinuous joints of roadway with different D (σ1 = 70% σ c (post-peak)) (At σ1 = 70% σc (post-peak), the main bearing zone of the anchoring surrounding rock under different D has transited to the deep rock mass, and the surface anchoring zone under all fractal dimensions except D = 1.23 shows relatively stable force chain distribution).
[image: Figure 11]FIGURE 11 | Stress-displacement curves of roadway discontinuous joint anchorage with different D. (It can be seen that the bearing capacity of the anchored enclosure gradually decreases with increasing D, indicating that the joint density significantly affects the stability of the surrounding rock mass of the roadway).
3.2 Crack evolution law
Figure 12 shows the crack field of the whole process of the instability of the surrounding rock of the discontinuous joint of the roadway under different support methods. In the process of the surrounding rock bearing the load, cracks gradually accumulate, and a large number of cracks are generated in both sides of the two supports, while in the model with anchor cable support, the anchor cables provide additional restraining force, tightly connecting the rock masses on both sides of the crack, effectively suppressing tensile failure of the surrounding rock. This, in turn, enhances the overall bearing capacity of the surrounding rock, resulting in a significant reduction in the number of cracks compared to the other model. At the beginning of loading, cracks tend to first appear in the weak interlayer. With the continuous loading, the prefabricated cracks gradually extend, and the dense cracks begin to connect and expand with each other, and the media discontinuity intensifies. The function of the anchor cable is to connect the falling block to the whole, so that it still retains a certain bearing capacity and restrains the crushing expansion and extrusion deformation of the surrounding rock. Figure 13 shows the crack evolution of surrounding rock under two support methods to further measure the influence of support methods on the stability of roadway surrounding rock. Comparison found that the number of tensile cracks was significantly reduced with the use of anchor cable support. When the displacement reaches 10mm, the number of tensile cracks in the model with anchor cable support is reduced by 57.7% compared to the model without support, indicating that anchor cable support inhibits the tensile failure of the roadway surrounding rock. This shows that the anchoring essence of bolt and cable lies in resisting tensile stress, closely connecting the loose rock mass that may collapse with the surrounding rock, so as to maintain its certain bearing capacity.
[image: Figure 12]FIGURE 12 | Surrounding rock crack field of roadway discontinuous joint under different support methods. (During the process of bearing loads on the surrounding rock, cracks gradually accumulate and a large number of cracks are generated on both sides of the two support points. In the anchor cable support model, the anchor cable provides additional constraint force, effectively suppressing the tensile failure of the surrounding rock, improving the overall bearing capacity of the surrounding rock, and significantly reducing the number of cracks). (A) Without support. (B) Anchor cable support.
[image: Figure 13]FIGURE 13 | Crack evolution in the whole process of failure and instability of the surrounding rock of the intermittent joint of the roadway under different support methods. (After the installation of anchor cables, the number of tensile cracks significantly decreases, indicating that the anchor cable support inhibits the tensile failure of the surrounding rock mass of the roadway).
Figures 14, 15 show the crack distribution of the fractured joint anchorage surrounding rock with different fracture fractal dimensions D. As can be seen from Figure 14, under the same stress and anchorage, a large number of cracks have accumulated at both sides and roof of the anchorage roadway regardless of the D. It can be seen that the cracks are concentrated in the discontinuous joints, and a large number of cracks expand and penetrate to form macroscopic cracks. In addition, the bottom plate of the joint model with D = 1.23 is seriously damaged due to the existence of joints, which proves that joint distribution is crucial to the evaluation of the stability of roadway surrounding rock. Due to stress effects, different types of fractures form on the two sides and the top of anchored tunnels. If there is tensile deformation on both sides of the crack and it extends along the tensile direction, it is classified as a tensile fracture. If the crack appears as a shear or slip surface along the interior of the material or object, with features of slip-like movement between the crack edges, it is identified as a shear fracture. Additionally, tensile fractures are more prominently observed in anchored tunnels and occur in larger quantities, thus having a crucial impact. Figure 15 shows that the number of cracks in the anchored surrounding rock increases with increasing D. Taking the displacement loading of 20 mm as an example, 11,300 total tensile shear cracks are developed in the anchored model when D = 1.47, while 9,108 total tensile shear cracks are developed in the anchored model when D = 1.11, and the total crack number at D = 1.47 is 1.24 times that at D = 1.11. The increase in the number of cracks can easily cause the discontinuous joints to connect, which significantly weakens the overall strength of the surrounding rock. This, in turn, makes the surrounding rock more prone to collapse disasters at the roof and collapse deformation at the sides. In the process of disaster evolution of surrounding rock, microcracks sprout, connect and expand, and media discontinuity intensifies, which eventually leads to fracture penetration. Support measures should pay attention to “strong roof protection” and “collaborative support” to improve the overall bearing capacity of roadway surrounding rock.
[image: Figure 14]FIGURE 14 | Crack field of surrounding rock anchored by discontinuous joint of roadway with different D (σ1 = 70% σc (post-peak)). (Under the same stress and anchorage, a large number of cracks have accumulated at both sides and roof of the anchorage roadway regardless of the D).
[image: Figure 15]FIGURE 15 | Crack evolution in the whole process of failure and instability of the surrounding rock anchored by discontinuous joints of roadway with different D. (The number of cracks in the surrounding rock mass around the anchor increases with the increase in D. The increase in crack quantity can lead to discontinuous joint connections, which significantly weakens the overall strength of the surrounding rock, making the roof more prone to collapse and the sides more susceptible to collapse deformation).
3.3 Fracture evolution process
Figure 16 gives the fracture evolution process of the surrounding rock of the discontinuous joint of the roadway under different support methods. The observation shows that the roof of the model without support is severely damaged during excavation and unloading, while the overall model of bolt-cable support is basically intact. The two sides of the model without support have great damage during the bearing process. Without the support model, the displacement of both sides of the roadway is obvious, especially when σ1 = 70% σc (post-peak), the roadway deformation is too large and the section becomes smaller. The anchor cable support effectively controls the displacement of the two walls and ensures the integrity of the anchorage area of the roadway. In addition, it is observed that the bottom plate failure under anchor bolt cable support is relatively serious. This occurs because, when the stress exceeds the ultimate load of the deep surrounding rock, the stress fluctuation caused by its failure interacts with the broken joints in the surface surrounding rock. Since the surface surrounding rock with broken joints is relatively weak, when the greater stress is transferred to the surface broken joints, the surface surrounding rock with broken joints is relatively weak. The stress concentration is easy to occur at the joint, resulting in the failure of the surrounding rock at the discontinuous joint of the floor, but the roadway structure is still not unstable.
[image: Figure 16]FIGURE 16 | Failure modes of surrounding rock of discontinuous joint of roadway under different support methods. (The roof of the model without support is severely damaged during excavation and unloading, while the overall model of bolt-cable support is basically intact). (A) Without support. (B) Anchor cable support.
Figure 17 illustrates that the failure diagram of roadway discontinuous joint anchorage surrounding rock at σ1 = 70% σc (post-peak) with different fracture fractal dimensions D (D: It typically refers to fractal dimension, which can be used to describe the complexity and regularity of certain geometric structures or data sets. D = log(N)/log (1/ε), D is the fractal dimension; N is the minimum number of boxes needed to cover the data set; ε is the box size). The damage degree of the bottom plate of the anchoring model with the fractal dimension of 1.23 is greater, while the overall damage of the anchoring model with the fractal dimension of 1.47 is serious and the supporting effect is poor. The larger the joint density, the larger the fracture development degree, the larger the deformation, the smaller the elastic deformation bearing capacity, the larger the crushing zone of the surrounding rock, the more serious the crushing deformation degree of the surrounding rock side. In order to produce the same degree of crushing zone and swelling deformation of surrounding rock, the greater the joint density, the smaller the loading pressure required. Therefore, the density of discontinuous joint surrounding rock greatly affects the overall stability of surrounding rock. Therefore, when facing the support demand of high density of deep intermittent joints, targeted support program should be adopted to reinforce the surrounding rock of the intermittent joints.
[image: Figure 17]FIGURE 17 | Failure modes of roadway discontinuous joint anchorage with different D (σ1 = 70% σc (post-peak)). (The larger the joint density, the larger the fracture development degree, the larger the deformation, the smaller the elastic deformation bearing capacity, the larger the crushing zone of the surrounding rock, the more serious the crushing deformation degree of the surrounding rock side).
4 DISCUSSION
In the context of existing research on discontinuous jointed rock masses and roadway stability, the results presented in this study provide valuable contributions and insights, particularly concerning the effects of different support methods on the mechanical behavior of surrounding rock. While the impact of joint density and distribution on rock mass stability has been widely studied, this study offers a more focused approach by modeling and simulating these effects under both supported and unsupported conditions. Moreover, the application of a multi-source information fusion system for real-time monitoring, as suggested for future work, adds a new dimension to rock mass behavior analysis, integrating diverse data sources for enhanced predictive capabilities.
Several studies have explored the failure mechanisms of jointed rock masses and the importance of support systems in deep roadways. For example Bejari and Hamidi (2013), investigated the influence of joint spacing and orientation on the stability of underground structures, while (Yu et al., 2020) focused on the effects of different support methods, including anchor cables, on roadway stability in fractured rock masses. These studies highlight the role of jointing in weakening rock mass strength and causing instabilities. However, these studies often treat joint distributions as uniform or idealized, without considering the more complex and heterogeneous joint patterns encountered in real-world conditions.
In contrast, this study emphasizes the random generation of joint distributions to simulate more realistic geological conditions. By combining advanced numerical modeling (using PFC2D) with field-inspired joint characteristics, this research offers a more applicable approach to understanding the behavior of surrounding rock under varying support systems. The results clearly demonstrate that anchor cable support can effectively reduce tensile failures and enhance the load-bearing capacity of surrounding rock. This finding aligns with results from other studies, but it also provides more detailed numerical evidence of how joint connectivity influences failure patterns.
Additionally, the potential for multi-source information fusion to monitor roadway stability in real-time is an innovative contribution that builds on prior work in geotechnical monitoring. For example Fang and Zhang (2014), highlighted the integration of geophysical sensors and real-time data analysis in tunnel construction. This study extends that concept by proposing a broader range of monitoring tools, including Ground Penetrating Radar (GPR), acoustic emissions, and stress sensors, for real-time assessment of rock mass stability. The fusion of these data sources can provide a more dynamic and comprehensive view of surrounding rock behavior, offering a promising direction for future research.
Compared to existing literature, this study advances our understanding by integrating both physical modeling and the potential for real-time monitoring in practical engineering contexts (Wang W. et al., 2023). have studied the impact of joint distribution on roadway stability, but these studies mainly focus on static analysis or simplified models. In contrast, this study considers the dynamic interaction between support systems, rock mass failure, and joint propagation under varying load conditions. This dynamic approach provides deeper insights into the progressive failure of surrounding rock, particularly in the presence of anchor cable support, which is less frequently modeled in jointed rock mass studies.
The modeling techniques used in this study, particularly the PFC2D particle flow code, are well-suited to simulate the complex behavior of discontinuous rock masses under stress. This is a significant improvement over simpler continuum-based models, which often overlook the intricate interactions between joints and fractures in the rock mass. The study that its use in this research to specifically model the transition of load-bearing capacity from surface to deep surrounding rock, and to examine the effect of anchor cable support, adds new insights to the existing body of knowledge.
However, this study also has some limitations. Firstly, although randomly generated joints can simulate the distribution of natural joints, they may not fully reflect the geological conditions in the actual rock mass. The direction of joints, surface roughness, and mineral composition may all have an impact on the results, and future research should combine field data to verify and improve these results. In addition, the research mainly focuses on the mechanical failure mode of surrounding rock, without considering other factors that may affect the stability of surrounding rock, such as water flow infiltration, temperature changes, or seismic effects, which may also have a significant impact on rock stability in deep mining environments.
Another limitation is that the physical properties of the surrounding rock are assumed to be homogeneous, which may not accurately reflect the spatial heterogeneity in the actual rock mass. The physical properties of surrounding rocks often exhibit spatial variations, influenced by mineral composition, stress history, and geological discontinuities. Future research can further enhance the practicality of the model by considering the spatial variability of rock masses and the coupling effects of multiple physical processes.
The results of this study are highly relevant to the broad readership of Frontiers in Earth Science, particularly for researchers and engineers working in rock mechanics, underground mining, and rock engineering. The findings related to the influence of joint density and fractal dimension on surrounding rock stability have direct practical value for designing support systems in deep mining roadways. As mining operations continue to progress to greater depths, understanding the failure mechanisms of complex jointed rock masses becomes increasingly important for ensuring the safety and economic feasibility of mining projects.
Moreover, the application of fractal dimension to quantify joint complexity and the proposal of tailored support strategies for high-density jointed rock masses also provide new insights for research in the field of rock mechanics. The suggestion for future real-time monitoring using a multi-source information fusion system holds significant value for scholars and engineers involved in mine monitoring and predictive maintenance.
This study makes a significant contribution to the literature on the stability of roadway surrounding rock in discontinuous jointed rock masses by providing a more realistic approach to joint distribution, support system modeling, and real-time monitoring. By integrating advanced numerical techniques with innovative monitoring strategies, it offers new insights into the behavior of fractured rock masses under stress. The findings not only align with previous research but also extend it by providing more dynamic and practical solutions for improving roadway stability in deep, jointed rock environments. Future research can build on these findings by further refining joint distribution models, incorporating a broader range of rock types, and validating the results with field data to ensure the robustness and applicability of the proposed solutions.
5 CONCLUSION
The −600 m horizontal roadway in Xin ‘an Coal Mine was taken as the background, the fracture fractal dimension was used to characterize the joint density, and the numerical model of surrounding rock roadway with discontinuous joint was established. The mesoscopic characteristics of the whole process of failure and instability of surrounding rock with discontinuous jointed rock mass in deep roadways were studied through numerical simulation.
(1) In the process of bearing loads, the main bearing area shifts from the surface surrounding rock to the deep surrounding rock. At the same time, the support significantly increases the tensile strength of the surrounding rock structure, effectively inhibiting tensile failure of the surrounding rock. Studies show that the essential function of the anchor rod and anchor cable is to resist tensile stress and connect the surrounding rock as a whole, effectively controlling the displacement of the two walls and maintaining a certain bearing capacity. From the perspective of the force chain, in the unsupported model, the force chain fractures are mainly distributed in the surface surrounding rock, and the fracture of the surface rock mass causes it to detach. However, in the anchor rod support model, the force chain fracture characteristics are similar, but the fracture occurs in the deep surrounding rock, leading to model failure. This indicates that the anchor rod-anchor cable support can effectively mobilize the bearing capacity of the deep rock mass.
(2) The discontinuous joint density has a significant influence on the instability mechanism of the roadway surrounding rock, and the bearing capacity of joint surrounding rock is negatively correlated with the fractal dimension of fracture D. With the increase of D, the total number of tensile shear cracks in the roadway anchoring model increases by 24%. When the D reaches 1.47, the overall failure of the anchoring model is serious. The increase in the number of cracks is easy to cause the discontinuous joints to connect with each other, and the overall failure of the anchorage model is serious, resulting in the failure of the deep roadway anchorage structure.
(3) The coupling effect of discontinuous joint distribution and high stress on surface surrounding rock seriously affects the fracture characteristics of the roadway. When the stress exceeds the bearing limit of the deep surrounding rock, the stress fluctuation caused by the stress drop after its failure aggravates the development of fracture structures at the interrupted joints in the surface surrounding rock. This increases the likelihood of joint penetration in the surface surrounding rock, leading to anchorage failure and a higher risk of roadway instability. This study mainly focuses on the influence of support method and joint density on the stability of surrounding rock of roadway discontinuous joint through numerical simulation. The research results show that bolt-cable support significantly reduces the number of tensile cracks, effectively controls the deformation of the surrounding rock, increases the tensile strength of the surrounding rock structure, and effectively inhibits tensile failure of the surrounding rock. The density of discontinuous joints is negatively correlated with the bearing characteristics of surrounding rock, and the distribution of joints greatly affects the fracture law of surrounding rock. The research results can provide reference for the support design of discontinuous joint surrounding rock of deep roadway.
We will use multi-source information fusion system to monitor the model in the future. In addition, the discontinuous joints in this paper are randomly generated, and if the joint distribution can be generated with the help of scientific progress and the actual field in the engineering background, the research can be more targeted.
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