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The prevention and control of deformation and instability in high-stress soft rock roadways hold significant value for ensuring normal mine production and the safety of personnel and equipment. This study focuses on the pedestrian descent from the 11th mining area of the Yindonggou Mine, providing a thorough elucidation of the internal mechanisms leading to large deformation and instability in the roadway. It accounts for the influences of surrounding rock lithology, geological structure, and support measures. Consequently, based on the theory of rock instability, corresponding tunnel repair measures and control strategies were proposed and verified through field application. The results indicate that: (1) High strength dispersion and insufficient support resistance of the expansive weak and fractured surrounding rock sections are critical factors inducing significant deformation in the soft rock roadway of Yindonggou Mine. (2) The primary factor contributing to the large deformation disaster in the Yindonggou Mine roadway is the disturbance caused by proximate coal seam mining, which exacerbates the conflict between the high structural stress in the strata and the low strength of the surrounding rock. High-level stress initially leads to deformation in the weakly supported floor, followed by deformation and instability of the surrounding rock, ultimately culminating in the collapse of the entire roadway section. (3) Soft rock support should be designed with varying schemes tailored to the rock type and structural stress of the surrounding rock in the tunnel. For tunnels with carbon mudstone and expansive soft rock as the main roof and floor components, the support plan should primarily focus on enhancing the support stiffness of the tunnel wall. Conversely, for tunnels where sandstone predominates as the roof and floor material, the support plan should aim to restore the three-dimensional stress state of the surrounding rock and fully utilize its self-supporting capacity. (4) Based on the engineering conditions of pedestrian downhill in No.11 mining area of Yindonggou Mine, a differentiated support scheme is proposed. The feasibility and effectiveness of each support scheme are verified by numerical simulation, so as to provide valuable reference and enlightenment for similar projects.
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1 INTRODUCTION
With the advancement of underground resource exploitation, engineering challenges in high tectonic stress environments have become increasingly prominent (Fa-you et al., 2022; Kang et al., 2024a; Kang et al., 2024b; Shi et al., 2019; Shi et al., 2022). In critical sectors such as mining, water conservancy, and transportation, ensuring the stability of soft rock tunnels under these conditions is paramount (Wu et al., 2020; Wu et al., 2022; Wu et al., 2024). Soft rock, characterized by low strength, high plasticity, significant water absorption, and expansion tendencies, is prone to substantial deformation under high tectonic stress (Shi et al., 2023a; Shi et al., 2023b). This phenomenon undermines project safety and economic viability by causing roadway distortion (Guo et al., 2017; Guo et al., 2018; Yang et al., 2020; Yu et al., 2019). Such deformation accelerates the deterioration of support structures, increases maintenance costs, and causes secondary hazards, thereby threatening personnel safety (Yang Y. et al., 2023; Zhang et al., 2022). Hence, studying the mechanisms of large deformations in soft rock tunnels within high tectonic stress environments and formulating effective control strategies is of great significance. This research is crucial for ensuring the smooth operation and economic benefits of underground projects.
Currently, scholars at home and abroad have conducted extensive research on the large deformation of soft rock roadways under high tectonic stress. Through theoretical analysis, physical model testing, and numerical simulation, the deformation and failure mechanisms of deep soft rock roadways and the improvement of control technologies are investigated. Regarding the deformation mechanism, Alejano et al. (2012) put forward a simplified approximate equation for the plastic radius of tunnel excavation in strain-softening rock masses. This equation can be combined with the existing longitudinal deformation profile estimation technology to acquire a more realistic approach for calculating the longitudinal deformation profile of strain-softening rock masses. Martino and Chandler (2004) discovered that in-situ stress, tunnel shape and its orientation relative to the maximum stress, excavation method, subtle changes in rock structure, application of thermal load, variations in pore pressure, and the occurrence of nearby excavation all influence the development of the expansion zone. Varas et al. (2005) utilized FDM-based code to create and analyze a series of tunnel models excavated in strain-softening materials, and observed bifurcation and localization phenomena via this model. In the research on control technology, Li et al. (2024) investigated the mechanical evolution characteristics of the surrounding rock of deep soft rock roadways under different lateral pressure coefficients, as well as the distribution laws of the displacement field and failure field, and optimized support technology. Mark (2000) deliberated on the anchoring mechanism, prestress, length, bearing capacity, installation time, and quality of roof bolts based on the research results in recent years. Additionally, he introduced the design methods based on experimental verification, numerical simulation, and roof monitoring from around the world. Basarir et al. (2019) employed a global-local model to analyze roadway stability and put forward an innovative support system, evaluating its performance. Although previous studies have developed and verified various support measures, they show limitations in dealing with large deformations in soft rock tunnels under extreme tectonic stresses, such as partial revelation of mechanisms, lack of specific support scheme design, and reliance on single control methods (Guo et al., 2021; Shan et al., 2022). Therefore, studying the mechanisms of large deformations in soft rock tunnels within high tectonic stress environments and formulating effective control strategies is of great significance. This research is essential for ensuring the smooth operation and economic benefits of underground projects.
To address these prevailing issues, a profound analysis of the multifaceted factors and underlying mechanisms driving large deformations in soft rock tunnels under intense tectonic stress is imperative. This necessitates a systematic evaluation of the applicability and constraints of existing control technologies, alongside the exploration of novel and more effective strategies for tunnel deformation mitigation. These endeavors aim to provide a valuable reference and guidance framework for tackling analogous engineering challenges. Focusing on the pedestrian descent in the 11th mining area of Yindonggou Mine, this study embarks on a comprehensive investigation, initially examining the intricate interplay between surrounding rock properties, geological structures, and support measures. This holistic approach aims to unravel the mechanisms underpinning the large deformations and instability observed in soft rock roadways. Building upon this foundational understanding, we integrate theories pertaining to surrounding rock instability to propose tailored roadway rehabilitation measures and control strategies. Subsequently, we validate the efficacy of these proposals through rigorous on-site implementation and assessment.
2 THE GEOLOGICAL CONDITIONS OF THE MINE
The Yindonggou shaft field, situated in the northerly expanse of the Wangwa Mining Area within Panyang County, Ningxia Hui Autonomous Region, is strategically excavated through a network of inclined shafts that progressively descend from west to east. The geological structure distribution of the Yindonggou coal mine is shown in Figure 1. The topography of this mining region is characteristic of the rolling hills that define the loess plateau, featuring an elevation range spanning from a peak of +1903 m above sea level to a nadir of +1,530 m, with an average erosion datum at trench base standing at +1,600 m. Geologically, the field area is marked by prominent folds, notably the Yindonggou oblique and dorsal slopes, which exhibit an impressive amplitude of approximately 300 m. The predominant tectonic feature is the F2 reverse fault, distinguished by a steep dip angle approaching 70° and a significant throw varying from 150 to 300 m.
[image: Figure 1]FIGURE 1 | Geological structure distribution diagram of Yindonggou Coal Mine.
3 CAVE DEFORMATION CHARACTERISTICS AND CAUSE ANALYSIS
In the present study, the pedestrian descent in Mine Area 11 is utilized as a specialized transit corridor, strategically connecting the +1380 m level to the +1290 m level of the mine and traversing an inclined length of 385 m. The design of this roadway conforms to a precise straight-walled semi-circular arch configuration and is meticulously dimensioned with a width of 4,600 mm, a straight wall height of 1900 mm, and an overall height of 4,200 mm. This configuration not only guarantees the structural integrity of the passageway but also optimizes pedestrian flow and safety, thereby embodying the essence of civil engineering design principles and practices.
3.1 Characteristics of the deformation of the roadway
The initial roadway layout employed a composite support system comprising anchor rods, anchor ropes, and shotcrete. However, this existing support scheme has shown limited effectiveness in reducing peripheral rock deformation, mainly due to the inherent characteristics of the surrounding rock mass and the widespread influence of intense tectonic stresses. Consequently, substantial peripheral rock deformation becomes evident shortly after excavation, giving rise to pressing issues such as the necessity for pre-excavation repairs and premature disposal, which significantly hinder mine productivity (Meng et al., 2023; Wang et al., 2021; Zuo et al., 2023). The salient deformation characteristics of the roadway are outlined as follows:
(1) Comprehensive Deformation: The entire cross-section of the roadway undergoes substantial deformation to varying degrees, with the bottom region exhibiting the most pronounced deformation. Notably, the maximum sectional contraction and deformation attain a magnitude of 1.5 m–2 m, as evident in Figure 2, underscoring the pervasive and significant nature of this deformation across all parts of the roadway.
(2) Material-Specific Deformation Patterns: The mudstone and sandy mudstone sections of the roadway exhibit a predominance of full-section extensional deformation, characterized by the expansion of the rock mass across the entire cross-section. In contrast, the siltstone and fine sandstone sections are governed by deformation mechanisms primarily associated with shear fractures, highlighting the material-dependent variability in deformation modes within the roadway.
(3) Rheological Behavior: The deformation of the roadway’s peripheral rock demonstrates a progressive increase over time, exhibiting pronounced rheological properties. This time-dependent deformation underscores the need for innovative support strategies that can effectively address the dynamic nature of the surrounding rock mass.
[image: Figure 2]FIGURE 2 | The actual picture of large deformation disaster in engineering site.
3.2 Analysis of the causes of lane deformation
3.2.1 Physical and mechanical properties of the surrounding rock
The inferior strength of the surrounding rock mass, coupled with its propensity for substantial expansion upon water exposure, constitutes the primary factors contributing to the extensive deformation observed in the roadway. To elucidate the geological underpinnings, the upper and lower strata of the tunnel under investigation were sampled, primarily comprising carbonaceous mudstone and siltstone. These samples underwent rigorous analysis via Scanning Electron Microscopy (SEM) observation and X-ray Diffraction (XRD) techniques. The findings reveal a complex mineralogical composition within the mudstone and sandstone, with clay minerals (encompassing water mica, kaolinite, and pearl clay, among others) occupying a prominent position, followed by detrital minerals such as quartz, feldspar, and mica, in addition to ferromanganese and organic constituents. The scanned samples exhibit a loose texture, marked by poor consolidation and negligible recrystallization phenomena, as visually discernible in Figure 3. Notably, the analyzed rocks display elevated concentrations of quartz, kaolinite, and dolomite—key components known to elicit swelling and deformation in soft rocks upon hydration. Furthermore, Table 1 compiles the mechanical parameters derived from uniaxial and triaxial rock mechanics tests conducted on core samples sourced from various lithological units (Li et al., 2023; Li et al., 2024). These parameters offer crucial insights into the mechanical behavior of the rocks, facilitating a more comprehensive understanding of the deformation mechanisms at play within the roadway.
[image: Figure 3]FIGURE 3 | Electron microscope scanning diagram of rock sample microstructure in engineering site.
TABLE 1 | Physical and mechanical param of coal seam top and bottom rock samples.
[image: Table 1]3.2.2 High tectonic stresses at the project site
The main cause of significant deformation in the roadway system originates from heightened tectonic stress conditions. The predominant mining coal seams at the Yindonggou mine display a remarkably stable inter-seam spacing. The first and second coal seams are separated by an average distance of 8.42 m. Similarly, the spacing between the fourth and second coal seams remains relatively stable. The upper distance varies from 17.89 to 40.10 m. Additionally, the vertical separation between the fifth and fourth coal seams ranges narrowly from 0.80 to 12.26 m and averages 8.38 m, highlighting the characteristic proximity of coal seams as shown in Figure 4. The prevailing mining coal seams at the Yindonggou mine exhibit a notably stable inter-seam spacing, with the 1st and 2nd coal seams separated by an average distance of 8.42 m. The predominant mining coal seams at the Yindonggou mine display The primary roadway network is subjected to the combined influence of the Yindonggou syncline and anticline, culminating in a complex tectonic stress environment. Notably, the extraction of a protective layer within a closely spaced coal seam group, in contrast to single seam mining, triggers a profound redistribution of stresses within the coal-rock matrix, fostering mutual stress perturbations and a dynamically evolving stress field in localized regions (Gong and Guo, 2018; An and Cheng, 2014).
[image: Figure 4]FIGURE 4 | The schematic diagram of typical close distance coal seam and roadway strata section in 11 mining area.
The drilling stress relief methodology was employed to assess the geostress at thirty distinct locations within the roadway system of the Yindonggou mine, with a focus on seven test points strategically positioned adjacent to the horizontal pedestrian downhill roadway spanning from +1380 m to +1290 m in the 11th mining zone. The outcomes of these tests are comprehensively documented in Table 2. The maximum principal stress is 16.91 MPa; its direction tends to be horizontal, and the angle of inclination with the axis of the roadway is −23°∼10°, and the lateral pressure coefficient is about 1.21∼1.35. In addition, the stability of the surrounding rock of the roadway is obviously affected by the horizontal tectonic stress.
TABLE 2 | Geostress test results (1380 m to +1290 m level).
[image: Table 2]Upon tunnel excavation, the radial direction, perpendicular to the tunnel axis, undergoes a state of decompression, whereas the tangential direction along the perimeter experiences a state of stress augmentation. This bidirectional stress variation inevitably subjects the surrounding rock mass to substantial deviatoric stress. According to elasticity theory analyses, the peak stress surrounding the tunnel can escalate to twice the magnitude of the virgin rock stress, exceeding the strength threshold of siltstone. Consequently, following excavation, fractures within the surrounding rock propagate rapidly and extensively from the exposed surface towards the interior, underscoring the pronounced contradiction between the elevated stress levels and the relatively low strength characteristics of the surrounding rock.
3.2.3 Inadequate perimeter rock support
To ensure the stability of soft rock formations under elevated tectonic stresses, providing adequate support strength is essential. Current practices for supporting soft rock roadways in such conditions mainly rely on anchor rods, anchor cables, and similar reinforcement techniques, frequently neglecting direct support for the invert. When faced with significant horizontal compressive forces, the invert plays a crucial role in stress dissipation, subsequently affecting the integrity of both ribs and roof, resulting in substantial deformations across the entire cross-section. Consequently, an optimized reinforcement strategy that addresses the invert’s vulnerability is crucial for reducing such deformations and maintaining overall structural stability in the geological context of high tectonic stresses.
Typically, achieving a pullout force exceeding the stringent support resistance threshold of 200 kN for anchor rods and cables embedded within fractured coal-rock masses poses a significant challenge. An illustrative analysis of pullout tests conducted on select anchor rods and cables within the Yindonggou region, as depicted in Figure 5, reveals intriguing insights. Notably, the pullout forces exhibited by anchor rods display a relatively narrow distribution, with a remarkable 12 out of 13 tests yielding loads surpassing 90 kN. In contrast, the pullout performance of anchor cables is more variable, spanning a broader range from 102 to 255 kN across 14 tests. This suggests that the damage and deterioration of the surrounding rock are more severe, which will influence the anchoring efficacy of anchor rods and anchor cables. In case there are additional microcracks and pores in the surrounding rock, local stress concentration may arise in the anchor cable during the stressing process, leading to a reduction in anchorage force. Regarding anchor rods, due to their relatively short length, they are less susceptible to the damage and deterioration of the surrounding rock. Moreover, the dispersion of the pullout force experiment results is relatively minor.
[image: Figure 5]FIGURE 5 | Anti-pulling load distribution of anchor bolt and anchor cable.
A comprehensive 45-day assessment of the operational anchorage forces of anchor rods and cables was undertaken, and the outcomes are presented in Figure 6. Within the context of the soft and fractured coal-rock strata, an alarming trend was observed where the initial anchorage forces of approximately 90% of the anchor rods and cables swiftly diminished to levels beneath 20 kN, compromising the efficacy of the intended prestressed support system. Subsequent meticulous analysis illuminated that over 80% of the anchor rods exhibited a marked stability in their anchorage forces over time, while anchor cables displayed a pronounced variability in this regard. This dichotomy underscores the complexity of the loosening zones encountered within the peripheral rock mass of the Yindonggou mine, with anchor cables playing a pivotal role in modulating the deformation of deeper, less consolidated strata, thereby necessitating tailored reinforcement strategies to ensure long-term structural integrity.
[image: Figure 6]FIGURE 6 | Comparison of initial and final anchoring force of anchor bolt and anchor cable support. (A) Anchoring force of anchor bolt. (B) Anchoring force of anchor cable.
4 REPAIR MEASURES FOR LARGE DEFORMATION ROADWAY BASED ON THE THEORY OF SURROUNDING ROCK INSTABILITY
4.1 Theory of surrounding rock instability
Utilizing the fundamental principles of the classical Mohr-Coulomb criterion, Figure 7 serves as a platform to illustrate the intricate interplay between alterations in stress states and the stability of the surrounding rock matrix, both preceding and subsequent to excavation operations. Prior to excavation, the tunnel resides within the native rock stress regime, where the maximum principal stress (σn0) and minimum principal stress (σt0) on the refuge wall’s surface exhibit a close proximity. At a depth of +1,290 m, for instance, these stresses are recorded as σt0 = 10.7 MPa and σn0 = 16.9 MPa, respectively. Consequently, the diameter of Mohr’s circle, embodying the deviatoric stress state, attains its minimal dimension (coinciding with the minimum under uniform pressure conditions), and remains distant from the strength envelope L1 of the enclosing rock mass (as depicted in Figure 7). This spatial segregation signifies that the surrounding rock is in a state of stability (Lee et al., 2014; Tsoi and Usol Tseva, 2019).
[image: Figure 7]FIGURE 7 | The stress state of surrounding rock before and after excavation and support of high level stress roadway. (A) The change of surrounding rock strength envelope before and after excavation and support. (B) The stress distribution state of surrounding rock after excavation.
Upon completion of the roadway excavation, a distinct stress redistribution was observed, with the normal stress (σn1) at the refuge wall’s surface diminishing to zero, while the circumferential stress (σtl) augmented. Utilizing the siltstone strata at the tunnel crown as a case study, elastic stress analysis indicates that σtl = 2σn0 = 33.8 MPa, exceeding the uniaxial compressive strength threshold. Consequently, the Moore circle transcends the strength envelope L1 of the perimeter rock, initiating shear failure within the rock mass (Han et al., 2020). As depicted in Figure 7B, the elevated stress levels encountered in the Yindonggou mine initially manifested as deformation within the inadequately supported bottom strata, accompanied by the extrusion of tension-induced fractures and the emergence of initial bottom sagging cracks. Subsequently, these were followed by pronounced bottom sagging, triggered by the compressive crushing and instability of the two gangs located at the bottom corners within the stress concentration zone of the surrounding rock. Ultimately, these phenomena culminated in the uncontrollable deformation and contraction of the entire tunnel section, highlighting the complex interplay of stress, strain, and stability in underground excavations. Therefore, to ensure the stability of the roadway, the foremost imperative lies in swiftly restoring and enhancing the stress state of the surrounding rock post-excavation. This entails transforming the two-way stress state, a byproduct of stress field adjustments following excavation, back to a three-way stress state, aiming to partially restore the minimum principal stress to σn2, acknowledging the inherent challenges in achieving full restoration. The timeliness of these stress-restoration measures is paramount, as it directly correlates with mitigating the extent of fracturing and dilation in the surrounding rock, thereby preserving its integrity and fostering stability. Additionally, the reinstatement of higher compressive stress on the refuge wall’s surface augments the rock’s strength, self-bearing capacity, and overall stability. Consequently, prompt and adequate support for the tunnel upon excavation is vital, with the support system designed to withstand sufficient resistance.
Based on the initial anchor rod and anchor cable support parameters, along with anchoring force test results obtained from Yindonggou Mine, it is evident that the idealized conversion of support resistance to σn2 = 0.36 MPa poses a significant challenge in achieving effective stress recovery. This modest value underscores the inherent difficulty in restoring the desired stress state. Furthermore, an excessively high preload can induce microstructural fractures and misalignment within the support system, which represents a pivotal factor contributing to the persistent development of shear deformations and the radial expansion of the loosening zone from the excavation surface towards the interior.
4.2 Support strategies for controlling large deformations in soft rock roadways
Based on a rigorous analysis of peripheral rock deformation mechanisms and instability theories, the subsequent paper proposes the following strategies for enhancing peripheral rock stability within the repaired large deformation roadway of the pedestrian downhill section in the 11th mining area:
(1) In regions where the top and bottom slabs predominantly consist of siltstone, high-strength anchor cables are employed to impart substantial support resistance. This approach augments the rigidity of anchored surface components and refines the adjustment capabilities of the anchoring system, thereby ensuring effective dissipation of high pre-stress levels. Consequently, the triaxial stress state of the surrounding rock is reinstated, harnessing its inherent self-supporting capabilities to the fullest extent.
(2) For the upper and lower slabs characterized by carbonaceous mudstone and expansive soft rock, a synergistic reinforcement scheme is devised. This entails utilizing anchor rods and cables to apply a judicious initial prestress, complemented by U-shaped steel brackets for coordinated support. This composite reinforcement strategy significantly enhances the stiffness of the roadway wall support, mitigating deformation tendencies.
(3) In the aftermath of extensive deformation, the presence of pervasive cracks in the compromised peripheral rock necessitates an advanced stabilization methodology. To address this, supplementary hollow grouting anchor rods and cables are strategically installed. The integration of anchoring and grouting techniques fortifies the surrounding rock mass, enabling the application of heightened support resistance while consolidating the fractured rock matrix.
(4) To provide a holistic support framework, an additional base plate support structure is incorporated. This comprehensive reinforcement measure ensures that the repaired roadway is adequately braced against further deformation, safeguarding both structural integrity and operational safety.
4.3 Key technology to control large deformation of soft rock roadway
4.3.1 Optimal anchorage prestressing
The resin-bonded anchorage interface serves as a pivotal mechanical interface, facilitating the efficient transmission of shear stresses between the anchor cable and the surrounding rock matrix. The distribution patterns of these shear stresses, under varying tensile loads in an idealized anchorage scenario, are delineated in Figure 8, encompassing five distinct states that illuminate the interplay between anchorage and rock response:
1) Low Tensile State: At the onset of tension, the shear stress magnitudes proximate to the anchorage section’s inception are prominent, albeit significantly inferior to the interface’s shear strength threshold (τ1). This region of the surrounding rock experiences the most intense stress concentration.
2) Elastic Pull-out Limit: As the tensile force nears the elastic limit for pull-out, the shear stress values adjacent to the anchorage’s inception verge on the interface’s shear strength (τ1), signifying a critical transition point.
3) Pull-out Displacement Regime: Upon achieving the interface’s shear strength (τ1) at the initial segment of the anchor cable anchorage, shear slip initiates, resulting in a gradual degradation of the interface strength to its residual bond strength (τ2). Frictional forces subsequently dominate the mechanical response.
4) Maximum Tension State: In this ultimate state, the peak shear stress at the anchorage interface propagates to the midpoint of the anchorage section, as evidenced by the shear stress profile encircling the largest area along the cable’s length (integral of shear stress along cable length equals axial tension). This signifies the attainment of peak pull-out force, with the most extensive influence on the surrounding rock matrix.
5) Residual Pull-out Strength State: In this phase, the peak shear strength at the anchor cable’s anchorage interface propagates deeper into the rock matrix at an accelerated rate. Concurrently, the shear stress profile and the area encompassed by the cable axis undergo a gradual reduction. As the anchorage interface transitions to its residual bond strength (τ2), the pull-out force experiences a rapid decline in dominance. Consequently, the anchor cable is expelled from the rock in a markedly abbreviated timeframe, marking the culmination of the pull-out process.
[image: Figure 8]FIGURE 8 | The shear stress distribution state of anchorage interface during the drawing process of anchor bolt and anchor cable.
The on-site tensile evaluation of anchor reinforcement in the expansive soft rock tunnels of Yindonggou mine shows a remarkable performance. Approximately 90% of the anchor rods reach a peak tensile capacity exceeding 90 kN, and around 80% of anchor cables attain a maximum tension greater than 125 kN. Considering the established design parameters of these anchor systems, the optimal range for anchor rod prestressing is defined between 80 and 90 kN. For anchor cables, it is within 120–160 kN. In expansive soft rock environments, excessive prestressing of anchors can lead to localized debonding phenomena and cause anchor failure, presenting challenges in maintaining the stability of the surrounding rock mass and requiring meticulous control measures.
4.3.2 U-type steel bracket wall fillings

1) To ensure uniform stress distribution within the U-shaped steel ribs, the incorporation of high-strength backing plates and meticulous wall backfilling practices is paramount. This approach ensures that the ribs are subjected to balanced loads, optimizing their structural integrity.
2) Recognizing the distinct pressure profiles exerted by the surrounding rock strata in tunnel environments, tailored reinforcement strategies involving local anchor rods and cables are implemented. These elements strategically target vulnerable zones of the U-shaped ribs, enhancing their restraint capabilities and thereby augmenting overall system stability. In scenarios characterized by pronounced horizontal stress, the legs of the rib structure, being pivotal points, undergo additional reinforcement with anchor cable tie beams. This coordinated support framework effectively mitigates deformation, particularly within the critical two-legged segments.
3) To rigorously manage deformation at the base corners, where the stability of the U-shaped ribs is most susceptible, high-strength bottom-angle anchors are strategically deployed. These anchors act as robust safeguards, preventing the premature destabilization and subsequent rapid loss of bearing capacity at the base corners, thereby preserving the overall structural integrity and longevity of the ribbed support system.
4.3.3 Comprehensive grouting strategy for fractured peripheral rock in high deformation tunnels

1) A hybrid grouting approach, integrating both deep and shallow hole techniques, is advocated for reinforcing fractured peripheral rock in tunnels experiencing significant deformation. Initially, shallow holes are subjected to low-pressure grouting, while progressively increasing the pressure in deep holes ensures deeper penetration and enhanced reinforcement of the surrounding rock matrix. This stratified approach maximizes the effectiveness of grouting in mitigating deformation.
2) The grouting slurry employed comprises a single-liquid cementitious blend, utilizing P.O 42.5R ordinary Portland cement as its primary constituent. The water-cement ratio of this slurry is meticulously calibrated within the range of 1:0.7 to 1:1, ensuring optimal workability and hardening properties essential for effective rock consolidation.
3) Through rigorous monitoring of tunnel deformation, the temporal and spatial patterns of surrounding rock movement are elucidated. This deformation analysis serves as a pivotal input for informed decision-making regarding the timing and extent of localized reinforcement and anchoring replenishment measures. By leveraging deformation data, targeted interventions can be implemented, thereby optimizing tunnel stability and mitigating the risk of premature failure.
5 SPECIFIC SUPPORT SCHEME AND EFFECT ANALYSIS FOR CONTROLLING LARGE DEFORMATION OF SOFT ROCK ROADWAY
5.1 Specific support scheme for controlling large deformations of soft rock roadways
In conjunction with the support strategy elaborated in Section 4.2, the pedestrian descent route within Mining Area 11 was strategically segmented into two distinct zones, each tailored to the unique lithological characteristics encountered. A differentiated support scheme was subsequently devised, as detailed in the following paragraphs.
1) The descent ramp segment spanning from +1,380 m to +1,340 m depth is characterized by the presence of highly compressible geological formations, notably carbonaceous clay and coal seams, which have undergone significant disturbance due to recurrent reworking activities. Consequently, an exceptionally robust support system was devised. This comprises a pre-stressed anchor cable system, a full-circumference U-shaped steel ribbing, and a post-installed concrete backfill wall reinforcement. The key param of this system are specified as follows:
① The anchor design employs Φ22 × 2,500 mm anchors with a minimum preload force of 80 kN, arranged in a grid pattern with a spacing of 1,500 mm between rows and 800 mm between columns.
② The anchor cable system utilizes Φ21.6 × 6,200 mm cables, deployed in a full-section configuration. These cables are subjected to a preload force not less than 120 kN, with a spacing of 1,000 mm between rows and 800 mm between columns.
③ To further fortify this section, a mesh reinforcement layer is applied and overlaid with shotcrete, applied in two layers: an initial layer of 50 mm thickness, followed by a final layer of 150 mm, both with a compressive strength of C20.
④ The U-shaped steel ribbing and filling methodology involves the installation of U29-3.6 m full-circumference steel sheds spaced at 800 mm intervals. Thin wooden boards are strategically positioned behind the sheds, serving as formwork for the subsequent pouring of C30 grade concrete with a thickness ranging from 400 to 500 mm, effectively filling the void.
⑤ Lastly, the concrete floor is constructed with a thickness of 520 mm and a compressive strength of C30, ensuring structural integrity and durability under the anticipated loads and conditions.
2) The downhill inclined alley segment spanning from an elevation of +1,340 m to +1,290 m is predominantly characterized by the outcropping of siltstone, locally interstratified with carbonaceous mudstone and coal seams. To mitigate geological challenges and ensure structural integrity, this section is engineered to be supported by a comprehensive system incorporating full-section pre-stressed conventional anchor cables and hollow grouting anchor cables. The specific design param are detailed as follows:
① The anchor rods employed consist of Φ22 × 2,500 mm left-handed, non-longitudinal ribbed threaded steel, designed to withstand an anchor preload not less than 90 kN. These rods are strategically positioned with an inter-row spacing of 1,500 mm horizontally and 800 mm vertically, optimizing their effectiveness in reinforcing the slope.
② The anchor cable system features Φ21.6 × 6,200 mm cables arranged in a full-section configuration. Each cable is securely connected to a steel beam integrated into the bottom plate, ensuring efficient load transfer and system integrity. The anchor cables are subjected to a preload force not less than 160 kN, with an inter-row spacing of 1,000 mm horizontally and 800 mm vertically, providing robust reinforcement.
③ The entire alley section is further strengthened by the installation of a hanging reinforcing steel mesh and the application of sprayed concrete slurry. The sprayed concrete, boasting a compressive strength of C20, is applied in two layers: an initial layer of 50 mm thickness, followed by a reinforcing layer of 150 mm thickness, significantly enhancing the durability and resistance to erosion.
④ The hollow grouting anchor cable system utilizes Φ22 × 6,300 mm cables, positioned with a row spacing of 1,600 mm in both horizontal and vertical directions. Grouting is performed using P.O 42.5 R ordinary silicate cement, aiming to achieve a final hole pressure of 3 MPa. However, in the event of grout leakage, the grouting operation is halted as per specified protocols, ensuring the safety and efficacy of the reinforcement measures.
⑤ Lastly, a concrete floor with a thickness of 520 mm and a compressive strength of C30 is poured, providing a stable and durable foundation for the entire downhill inclined alley segment. This design approach ensures that the structural integrity and safety of the slope are maintained, even under challenging geological conditions.
5.2 Effect analysis for controlling large deformation of soft rock roadway
After the successful completion of the pedestrian downhill roadway construction, a comprehensive five-month-long long-term deformation monitoring program was commenced to evaluate the roadway’s convergence deformation and anchor cable force performance. The results show that the roadway section has excellent geometry and effectively maintains the stability of the surrounding rock mass. Specifically, in the monitored section of the pedestrian downhill roadway in the 11th mining area, the maximum recorded arch deformation was 182 mm, and the floor deformation was 265 mm. Notably, through targeted reinforcement of anchor cables and localized grouting measures, the sectional deformation has been reduced to less than 10 mm over the past 3 months, highlighting the effectiveness of the implemented strategies. The practical results are visually presented in Figure 9. Subsequent to the pavement repairs, two representative sections were randomly selected for further analysis. Within each section, an anchor cable from the left and right rib walls, as well as the overhead slab, was sampled for force monitoring, as depicted in Figure 10. The initial anchorage forces of all sampled anchor cables surpassed 116 kN, indicating robust initial performance. Additionally, the anchorage force of the anchor cables responded dynamically to the deformation of the surrounding rock, primarily exhibiting an increasing trend. This increase was predominantly concentrated within the initial 10 days, thereafter tapering off and gradually stabilizing, indicating a successful adaptation and reinforcement of the roadway’s structural integrity.
[image: Figure 9]FIGURE 9 | The effect diagram of full section support of roadway in engineering site.
[image: Figure 10]FIGURE 10 | Anchor cable force change rule. (A) Measured position 1. (B) Measured position 2.
6 DISCUSSION
Given the complex geological conditions, high tectonic stress, and unique characteristics of the surrounding rock in the pedestrian downhill project of the 11th mining area of Yindonggou Mine, this study relies on the engineering conditions and the findings of research in related fields to guide its approach (Shan et al., 2022; Yang X. et al., 2023; Xu et al., 2022). A variety of support schemes have been put forward to deal with the diverse characteristics of the surrounding rock, and the support effects of these support schemes have been strictly examined.
1) Considering the relatively intact soft rock roadway, this study adopts a support scheme consisting of high pre-stressed bolts, anchor cables, and shotcrete.
2) Taking into account the high ground stress detected in the soft rock roadway, this study makes use of a support scheme including high pre-stressed anchor cables, shotcrete, and ground grouting anchor cables.
3) Due to the fractured surrounding rock roadway, this study employs the support scheme of high prestressing anchor + anchor cable + shotcrete + ground injection anchor cable + combined support of deep and shallow injection.
4) Considering the repeated disturbance of soft rock roadway, this study uses an active + passive support coupling support system. Active support: high prestressed anchor cable + shotcrete + floor grouting anchor cable. Passive support: erecting U-shaped shed frame + high rigid steel mesh back plate and filling graded gravel after the back plate. Coupling support: deep and shallow grouting at the top of the side.
5) Given the special geological section support for high stress extremely soft rock, this study employs the temporary support + permanent support coupling support system. The section is designed as a full circular section. Temporary support: high prestressed anchor cable + shotcrete + floor grouting anchor cable. Permanent support: double row steel bar + pouring concrete + U-shaped steel frame. Coupling support: full section wall post grouting.
6) Considering the special geological section support for high stress extremely soft rock, this study uses high prestress group anchor support + π type steel beam and single hydraulic prop combined support. The construction sequence is: excavation → hanging net, bolt (anchor cable) support → secondary fastening → π type steel beam and single hydraulic prop combined support.
Due to space limitations, this study only chose the plastic zone and vertical displacement as the evaluation indexes of the support effect. As shown in Table 3, regardless of the surrounding rock conditions, the expansion of the plastic zone is effectively restricted within the protection range provided by the support system. Notably, the maximum vertical displacement of the repeatedly disturbed soft rock roadway and the extensive soft rock stratum is 1.6 mm and 6 mm respectively. In contrast, the maximum vertical displacement in other surrounding rock conditions is kept at a level below 1 mm. The data show that the stability of the surrounding rock is effectively controlled under the differentiated support scheme, thus verifying the feasibility and effectiveness of each support scheme. The construction technology and support scheme put forward in this study are intended to provide valuable references and inspiration for similar projects. However, it should be noted that in the face of repeated disturbances of soft rock roadways and large-section soft rock strata, especially the extremely harsh geological conditions at the bottom of large-section soft rock, the design and selection of support schemes should be more cautious and scientific to ensure the safety and long-term stability of the project.
TABLE 3 | Comparison of supporting effects of different supporting methods under different surrounding rock conditions.
[image: Table 3]7 CONCLUSION
In this research, we elucidate the intricate mechanisms underlying the extensive deformation and instability of the pedestrian roadway within the 11th mining area of the Yindonggou mine by considering the multifaceted influences of surrounding rock lithology, geological structures, and employed support measures. Based on this comprehensive analysis, we formulate a strategic blend of roadway rehabilitation measures and control strategies grounded in the principles of surrounding rock instability theory. The efficacy of these interventions is rigorously validated through field applications, yielding the following insights:
(1) The coexistence of expansive soft rock with fractured sections, coupled with their inherent high strength dispersion and inadequate support resistance, is identified as a pivotal factor for the pronounced deformation observed in the soft rock roadways of the Yindonggou mine.
(2) The primary factor driving roadway deformation disasters in the Yindonggou mine results from the combined effects of high tectonic stress within the strata and the weakened strength of the surrounding rock, exacerbated by the disruptive influence of adjacent coal seam mining activities. This heightened stress environment initially triggers deformation in the inadequately supported floor, subsequently propagating and exacerbating the deformation and instability of the adjacent rock masses, ultimately leading to the collapse of the entire roadway section.
(3) The design of soft rock support systems must be tailored to the specific rock properties and tectonic stress regime of the surrounding geological formations. In roadways where the roof and floor are primarily composed of carbonaceous mudstone and expansive soft rock, the support strategy focuses on enhancing the rigidity of the roadway walls. This involves the application of initial prestressing to anchor cables, coupled with the reinforcement of U-shaped steel bracketing systems fortified with high-strength backfill materials to ensure coordinated support. Conversely, in roadways characterized by siltstone-dominated roof and floor formations, the emphasis shifts towards restoring the triaxial stress state of the surrounding rock to optimize its inherent self-supporting capabilities. This approach necessitates deploying high-resistance anchor cables and implementing grouting techniques to repair and strengthen the surrounding rock matrix.
(4) Based on the engineering conditions of the pedestrian downhill in the 11th mining area of Yindonggou Mine, diverse support schemes are put forward for different surrounding rock conditions, and the actual effects of these support schemes are thoroughly explored. The simulation results indicate that the stability of the surrounding rock is effectively controlled under the differentiated support scheme, thereby verifying the feasibility and effectiveness of each support scheme.
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