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The Hutou Beishan Mega Tunnel frequently experiences significant deformation and instability collapse when passing through weak and fractured rock strata, leading to frequent design modifications and adversely impacting the construction progress and costs. This paper employs the finite-discrete element method (FDEM) to investigate the mechanisms and characteristics of large deformations in soft rock and analyzes the effects of in-situ stress and lateral pressure coefficients on the stability of soft rock tunnels. The results indicate that: (1) Once the compressive stress concentration exceeds the shear strength of the surrounding rock, shear failure occurs, with the resulting cracks predominantly forming X-shaped conjugate fractures. The shape of the excavation damage zone (EDZ) corresponds to the stress state; (2) Under hydrostatic stress conditions, the extent of damage to weak surrounding rock is influenced by the in-situ stress. At lower in-situ stress levels, only a few cracks appear at the edges of the surrounding rock, and deformation is minimal. At higher in-situ stress levels, cracks extend deeper into the tunnel, crushing shallow rock; (3) The failure characteristics of the tunnel vary with different lateral pressure coefficients. As the lateral pressure coefficient changes, the shape of the EDZ also changes, and the concentrated damage zone shifts from the arch waist to the crown as the lateral pressure coefficient increases.
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1 INTRODUCTION
During the construction of tunnels in western China, complex geological conditions present various challenges and unforeseen problems. In particular, under conditions of deep burial and high in-situ stress, soft rock tunnels often experience significant large deformations. In recent years, through the construction of projects such as the Muzhailing Tunnel (Sun et al., 2021), Xianglushan Tunnel (Ma et al., 2019), Maoxian Tunnel (Chen et al., 2019), and Wuduxi Tunnel (Wu et al., 2022), scholars have accumulated considerable experience and made significant progress in the study of large deformations in soft rock tunnels. For example, Zhao et al. (2023) analyzed the mechanical response during tunnel construction in weak surrounding rock through field monitoring of the Qichong Village No.1 Tunnel and proposed technical suggestions for large-section tunnels. Ding et al. (2017) studied the stability of large-diameter parallel diversion tunnels in soft rock through field monitoring and testing, suggesting improved designs and reinforcement measures. Zhu et al. (2022) investigated the deformation and damage mechanisms of soft rock roadways based on field surveys and proposed a support system focused on reinforcing weak structural parts. Wu et al. (2022) proposed a “double-layer primary support-secondary lining” construction method to control large deformations in weak surrounding rock, and field tests validated the feasibility of this double-layer support.
However, field monitoring of the mechanical response of soft rock tunnels after excavation requires long-term observation, which is costly. Moreover, the data collected are limited by equipment layout and monitoring points, making it difficult to fully capture crack evolution and stress state in the surrounding rock. Laboratory experiments, while useful, struggle to reflect the true mechanical behavior of large-scale surrounding rock during excavation, and replacing experimental models is both costly and time-consuming. In contrast, numerical simulation methods, with advantages such as shorter time requirements, lower costs, and high reproducibility, have proven to be highly efficient in addressing complex nonlinear problems. As a result, these methods are increasingly employed in the study of large deformation in soft rock tunnels (Wu et al., 2021; Fu et al., 2024). For instance, Li et al. (2014) developed a degradation constitutive model based on FLAC3D to capture the displacement of weak rocks surrounding tunnels. Tang et al. (2022) used GDEM software to explore the effectiveness of combined support methods for high in-situ stress soft rock tunnels. Zhan et al. (2020) conducted numerical simulations and theoretical analyses to investigate the instability mechanisms of soft rock roadways under multi-factor coupling. Akgün et al. (2014) analyzed the stress distribution and deformation characteristics of the surrounding soft rock of the Geçilmez Tunnel using finite element methods and simulated the interaction between the support system and the rock mass. Wang Y. et al. (2023) highlighted the significant impact of creep in weak surrounding rock on the long-term stability of tunnels and verified the reliability of their model through numerical simulations and field data. However, these numerical methods have certain limitations in fully capturing the crack initiation, propagation, and coalescence process in weak surrounding rock tunnels.
In recent years, the finite-discrete element method (FDEM) has been increasingly applied to the simulation of large deformations in soft rock tunnels, with studies showing that this method can effectively capture the instability and failure processes of such tunnels (Wu et al., 2023; Wu et al., 2024). For example, Lisjak et al. (2015) used FDEM to analyze the deformation and failure process of soft rock surrounding tunnels, revealing the key role of bedding planes in the formation of the excavation damaged zone (EDZ). Deng et al. 2023) used FDEM simulations to study the large deformation mechanism, classification, and prediction of soft rock tunnels. Wang et al. (2022) employed a humidity diffusion-deformation-fracture coupling model in FDEM software MultiFracS to simulate the deformation and failure of soft rock roadways in high-humidity environments, providing reference data for the engineering control of humidity-related issues. Furthermore, many scholars have developed various coupling models based on FDEM, broadening its application in engineering (Yan and Zheng, 2016; Yan and Zheng, 2017a; Yan and Zheng, 2017b; Yan and Jiao, 2018; Yan et al., 2018; Yan et al., 2022; Hu et al., 2025). However, previous FDEM studies have either simplified the size and shape of tunnel models or lacked validation against real engineering cases, limiting the direct applicability of their findings to specific engineering practices.
Therefore, this study focuses on the Hutou Beishan Mega Tunnel, considering the geological conditions around the tunnel and the disaster phenomena that occurred during the excavation process. GPU-parallel FDEM software MultiFracS (Yan et al., 2022; Yan et al., 2023a; Yan et al., 2023b) was used for numerical simulations to reveal the failure mechanisms of soft rock surrounding the tunnel and analyze the effects of in-situ stress and lateral pressure coefficients on the stability of the soft rock tunnel. The aim is to provide valuable references for the design of support systems in subsequent tunnel construction.
2 FUNDAMENTAL OF FDEM
2.1 Basic equation
In the FDEM method, the continuum is discretized into a finite element mesh composed of triangular elements, with zero-thickness joint elements inserted between adjacent triangular elements, as shown in Figure 1. The initiation, propagation, and intersection of cracks are simulated through the fracture of the joint elements. This method combines the advantages of both the finite-element method (FEM) and the discrete-element method (DEM), making it suitable for handling complex crack evolution and material failure processes. The equation of motion for the nodes is as Equation 1 (Munjiza et al., 2004):
[image: image]
[image: Figure 1]FIGURE 1 | Characterization of continuum in FDEM.
Where the M is the mass matrix, C is the damping matrix, x is the vector of nodal displacements, and F(x) is the unbalanced force vector of the node.
2.2 Constitutive model of joint elements
As shown in Figure 2, the constitutive model of the joint element classifies the damage modes into three categories: Mode I tensile failure, Mode II shear failure, and Mode III tensile-shear mixed failure. The damage state of the joint element can be determined based on its normal and tangential displacements. The damage variable D of the joint element is defined by Equation 2 (Munjiza et al., 2004):
[image: image]
[image: Figure 2]FIGURE 2 | Fracture constitutive model of joint elements: (A) Mode I; (B) Mode II; (C) Mode I-II.
Where o and s represent the normal and tangential displacements of the joint element, respectively. op and or are the critical normal displacement and the maximum normal displacement of the joint element under pure tensile conditions, while sp and sr are the critical tangential displacement and the maximum tangential displacement of the joint element under pure shear conditions. If the damage variable D exceeds 1, it is set to 1, indicating that the joint element has fractured and a crack has formed.
3 SIMULATION ANALYSIS OF DAMAGE IN DEEP-BURIED SOFT ROCK TUNNELS
3.1 Engineering background
The Hutou Beishan Mega Tunnel is a four-lane, first-class highway tunnel with separate upbound and downbound sections, excavated using the New Austrian Tunneling Method (NATM). The tunnel has a cross-sectional clearance of 10.25 × 5.0 m and a maximum burial depth of 782 m, with an axial alignment of 97°19′54″. The entrance is located in the remote Yuanfu Valley of Huzhu County, an area with limited accessibility, while the exit is positioned at the more accessible Baimuxia Pass, approximately 160 m from the Wei-Bei Highway. The right-line tunnel spans from stake numbers K32 + 490 to K43 + 598, covering a total length of 11,108 m, classifying it as a mega-tunnel (see Figure 3).
[image: Figure 3]FIGURE 3 | Topographic map of the Hutou Beishan Mega Tunnel.
The tunnel area is located at an elevation between 2,815 m and 3,699 m, with significant terrain undulation and a maximum relative height difference of 884 m. The region is characterized by high-mountain landforms formed by tectonic erosion. As shown in Figure 4, seven concealed faults, numbered F1 to F7, were identified in the tunnel area. According to regional geological data and geophysical survey results, these faults are all reverse faults, with the F5 fault showing activity. The geological strata in the tunnel area mainly include Quaternary (Q), Cretaceous (K), Ordovician (O), Cambrian (ε), Pre-Sinian (AnZmh), and Late Caledonian gabbro ([image: image]) formations. Some sections of the tunnel pass through soft rock layers such as limestone and andesitic basalt, posing a high risk of rock degradation during excavation. Based on geological surveys, geophysical interpretation, and borehole sonic logging data, the surrounding rock of the Hutou Beishan Mega Tunnel was classified into grades III to V, with grade III rock accounting for 29.43%, grade IV rock for 38.86%, and grade V rock for 31.71%.
[image: Figure 4]FIGURE 4 | Longitudinal geological section map of the Hutou Beishan Mage Tunnel.
3.2 Analysis of tunnel disaster phenomena
Due to the considerable burial depth, high in-situ stress, and weak surrounding rock, significant large deformations were observed near borehole DYL-3 (K39 + 158) in the Huotou Beishan Mega Tunnel, compromising the stability of the surrounding rock and support structures. At this location, the tunnel alignment is approximately 277°, with a maximum horizontal principal stress of 20.32 MPa oriented at N56°E, forming an angle of 41° with the tunnel axis. The specific disaster phenomena and their causes are analyzed as follows:
1. Cracking of Initial Support and Deformation of Steel Arch: As shown in Figure 5A, cracking and deformation of the steel arch occurred at various degrees in the initial support at K39 + 531.4 of the tunnel. Investigations revealed that the maximum principal stress was in the horizontal direction, and the failure at the tunnel arch waist was primarily due to lateral compression from horizontal in-situ stress.
2. Crown Collapse: In the K40 + 500 section of the tunnel, a collapse occurred over a 30-m range, with a collapse depth of approximately 7 m at the tunnel crown. After the crown rock stabilized, radial grouting reinforcement was applied from the side walls to the crown using Φ42*4 mm small grout pipes (see Figure 5B). Analysis indicated that this section, with a burial depth of 520 m, falls within the deep-buried category. During the evaluation of the surrounding rock grade, the self-weight stress was not adequately considered, and the initial support parameters were determined solely based on the surrounding rock grade, leading to insufficient support strength to resist deformation effectively.
3. Cracking and Spalling of Secondary Lining: At the K40 + 598 section of the tunnel, the secondary lining exhibited cracking and spalling, forming a noticeable circumferential crack, and the invert also showed signs of cracking (see Figure 5C). Investigation revealed that the surrounding rock in this section consisted of relatively soft limestone. Over time, creep behavior led to the gradual cracking of the secondary lining.
[image: Figure 5]FIGURE 5 | Typical large deformation disaster photos: (A) Cracking of initial support and deformation of steel arch; (B) Crown collapse and backfill grouting; (C) Secondary lining cracking.
Through analysis of the deformation characteristics of the surrounding rock, it was found that the failure of the surrounding rock was not only related to the inherent weakness of the rock but also closely correlated with high in-situ stress and the direction of the maximum principal stress. In this study, we used the finite-discrete element method (FDEM) to simulate the large deformation mechanisms of weak surrounding rock and analyze the effects of in-situ stress and lateral pressure coefficients on tunnel stability, providing reference guidance for the support design following the deformation of the surrounding rock.
3.3 Model and parameters
The model shown in Figure 6A was established using Gmsh software, and the calculations were performed using the MultiFracS finite-discrete element software. To avoid boundary effects, the model size was set to be sufficiently large, with the dimensions of 100 m × 100 m. The tunnel is located at the center of the model, and the cross-section is horseshoe-shaped, modeled based on the actual internal contour dimensions. The boundaries of the model were fixed in the normal direction, and both horizontal and vertical stresses were set to 5 MPa, while the self-weight of the model was neglected. As shown in Figure 6B, the model assumes isotropy, and local mesh refinement was applied near the tunnel. The model is divided into three regions: non-refined mesh area, refined mesh area, and tunnel area, with a total of 83,458 triangular mesh elements, allowing for a more accurate capture of the deformation and failure characteristics of the surrounding rock.
[image: Figure 6]FIGURE 6 | Model setup and boundary conditions: (A) Numerical model; (B) Meshing of the model.
To simulate the excavation process of the tunnel face, the excavation core was initially assigned artificially high strength values to prevent yielding during the in-situ stress equilibrium process. After achieving equilibrium, the core modulus reduction method was used to gradually reduce the Young’s modulus and viscous damping of the rock mass in the tunnel zone, thereby simulating the short-term unloading effects of the rock mass ahead of the tunnel face in three dimensions (Farrokh et al., 2006).
The FDEM input parameters are summarized in Table 1. The macroscopic parameters of the rock mass were derived from field experiments conducted at the Huotou Beishan Mega Tunnel. The microscopic parameters of the rock mass were obtained by inputting these macroscopic values into the MultiFracS software developed by Wang T. et al. (2023), Luo et al. (2023), Huang et al. (2023), Guo et al. (2024). A series of uniaxial compression tests were conducted, and iterative analysis and calibration were performed to determine these parameters.
TABLE 1 | Input parameters in FDEM.
[image: Table 1]4 RESULTS AND ANALYSIS
In the model shown in Figure 6, considering the in-situ stress under hydrostatic pressure (σ0) is set at 5 MPa, with the strength-stress ratio of the surrounding rock at Rc/σ0 = 5. According to the high in-situ stress classification standards in the “Engineering Rock Mass Classification Standards” (GB/T500218-2014), the in-situ stress is classified as high stress. Under the influence of this high stress, the crack propagation process in the weak surrounding rock is illustrated in Figure 7.
[image: Figure 7]FIGURE 7 | Crack evolution: (A) Step 60,000 k; (B) Step 120,000 k; (C) Step 180,000 k; (D) Step 240,000 k; (E) Step 300,000 k and local magnified view.
After the excavation of the tunnel, the in-situ stress is redistributed, resulting in localized stress concentrations. As shown in Figure 7, once the stress concentration exceeds the shear strength of the surrounding rock, tensile cracks, shear cracks, and mixed-mode cracks appear, forming a typical X-shaped conjugate shear fracture distribution around the tunnel. The crack propagation gradually reduces the overall strength of the surrounding rock, expanding deeper under compressive stress. From step 0 to 180,000, the crack propagation is rapid, then it slows and stabilizes at 300,000 steps. As shown in Figure 8, shear cracks dominate, indicating shear failure as the main mode. As shown in Figure 9, the crack expansion region is defined as the excavation damage zone (EDZ) (Doroodian et al., 2022), which appears nearly circular, similar to the full shear failure theoretical model proposed by Aydan et al. (1993), further validating the model’s rationality.
[image: Figure 8]FIGURE 8 | Crack numbers.
[image: Figure 9]FIGURE 9 | Failure characteristics of tunnel surrounding rock: (A) Excavation damage zone and displacement vector map; (B) Theoretical model (Aydan et al., 1993).
During the process of crack formation and propagation, the internal stress within the surrounding rock undergoes significant changes. In the initial stage of crack development, the maximum principal stress typically concentrates around the edges of the crack in the surrounding rock. As the crack extends deeper into the rock, the principal stress at the crack edges gradually increases, while the shear stress goes through a process of first increasing and then decreasing. This phenomenon is clearly illustrated in Figure 10, where the shear stress near the crack tip spreads in a wave-like pattern, resembling the diffusion of water ripples. The maximum shear stress is concentrated at the crack tip and gradually dissipates outward.
[image: Figure 10]FIGURE 10 | Stress state.
To explore the issue of surrounding rock intrusion, this section systematically analyzes the crack evolution process, stress state, and failure characteristics of the surrounding rock. As shown in Figure 11, the maximum displacement of the tunnel’s surrounding rock reaches 0.373 m. Under hydrostatic pressure, displacement is uniformly distributed along the tunnel’s inner contour. Localized stress concentration leads to the initial formation of shear cracks at the arch waist, which then extend toward the arch bottom and crown, eventually forming a typical “X”-shaped conjugate shear crack at the intersection. The propagation of cracks pushes deep rock fragments inward, reducing the cross-sectional area of the tunnel, resulting in compression-shear failure at the arch waist, squeezing failure at the crown, and invert heave.
[image: Figure 11]FIGURE 11 | Displacement and failure characteristics of the surrounding rock.
5 ANALYSIS OF FACTORS INFLUENCING LARGE DEFORMATION IN DEEP-BURIED SOFT ROCK TUNNELS
5.1 Influence of in-situ stress
To investigate the failure characteristics and patterns of soft rock tunnels under different burial depths, the in-situ stress was set to 3, 4, 5, 6, and 7 MPa, respectively, while maintaining hydrostatic pressure. The simulation results for an in-situ stress of 5 MPa are the same as those in Section 3.2, and the simulation results for the other stress conditions are shown in Figure 12.
[image: Figure 12]FIGURE 12 | The effect of in-situ stress on the failure characteristics of surrounding rock: (A) σ0 = 3 MPa; (B) σ0 = 4 MPa; (C) σ0 = 5 MPa; (D) σ0 = 6 MPa; (E) σ0 = 7 MPa; (F) Curve of EDZ radius.
As illustrated in Figures 12A–E, variations in the in-situ stress had minimal effect on the failure characteristics, which consistently included X-shaped conjugate cracks, crown compression failure, arch waist shear failure, and invert heave. As in-situ stress increased, the excavation damage zone (EDZ) radius also increased (Figure 12G).
Figures 13, 14 show that the in-situ stress had a significant effect on the degree of failure of the surrounding rock, as evidenced by increased crack propagation and rock fragmentation. As the in-situ stress increased, the number, total area, and total length of cracks gradually increased, with shear cracks remaining dominant. At an in-situ stress of 3 MPa, the maximum shear stress just exceeded the shear strength of the rock, and a few X-shaped shear cracks developed without significant sliding along the shear plane, resulting in limited deformation. At 7 MPa, the intense shear stress extended the cracks deeper into the tunnel, with non-linear displacement patterns observed in the sections (Figure 14A), together with rock fragmentation at the tunnel surface (Figure 14B). Shattered shallow rock fragments squeezed into the tunnel surface, and collapse was more likely after support failure than mere deformation or cracking. This behavior was consistent with field observations (Figure 14C).
[image: Figure 13]FIGURE 13 | (A) The effect of in-situ stress on the number of cracks; (B) The effect of initial in-situ stress on the total length and total area of cracks.
[image: Figure 14]FIGURE 14 | The effect of in-situ stress on maximum deformation and failure characteristics of tunnels: (A) Maximum displacements under different in-situ stresses; (B) Failure characteristics of tunnel cross-section at in-situ stress of 7 MPa; (C) Field monitoring results and collapse phenomenon.
5.2 Influence of lateral pressure coefficient
The direction of the maximum principal stress is a critical environmental factor that cannot be overlooked in tunnel support design. This section aims to provide a reference for support design in tunnel engineering under varying biaxial conditions by simulating failure modes of the surrounding rock at different lateral pressure coefficients. Based on a horizontal stress (σn) of 5 MPa, the vertical stress is set to 10, 6.67, 5, 4, and 3.33 MPa, corresponding to lateral pressure coefficients (λ = σn/σv) of 0.5, 0.75, 1.0, 1.25, and 1.5, respectively.
As shown in Figure 15, when the lateral pressure coefficient is not equal to 1, the shear cracks extend from the tunnel edges and adjust along the direction of the maximum principal stress, forming curved shapes. The crack pattern consists of multiple logarithmic spiral cracks that intersect, forming a V-shaped failure characteristic. The excavation damaged zone (EDZ) in the surrounding rock is elliptical, with the long and short axes extending along the directions of the minimum and maximum principal stresses, respectively. As the lateral pressure coefficient increases, the depth of rock failure (horizontal axis) decreases, while the length of the vertical axis increases. When the lateral pressure coefficient equals 1, the EDZ appears circular. Additionally, with increasing lateral pressure coefficients, the extent of rock failure decreases, leading to a reduction in the number, total area, and length of cracks (Figure 16).
[image: Figure 15]FIGURE 15 | The effect of lateral pressure coefficient on the failure characteristics of the surrounding rock: (A) λ = 0.5; (B) λ = 0.75; (C) λ = 1.0; (D) λ = 1.25; (E) λ = 1.5; (F) EDZ axis length curve.
[image: Figure 16]FIGURE 16 | (A) The effect of lateral pressure coefficient on the number of cracks; (B) The effect of lateral pressure coefficient on the total length and total area of cracks.
From Figure 17 it can be seen that the concentrated damage zones of the rock surrounding the tunnel vary for different lateral pressure coefficients. When λ < 1, the concentrated damage zones are located at the arch waist and the sidewalls, and primarily exhibit compressive-shear failure (Figure 17A). In practical engineering, stress environments dominated by horizontal stresses are more likely to cause significant deformation on both sides of the tunnel, leading to primary support intrusion. When λ > 1, the concentrated damage shifts to the arch crown and invert, exhibiting compression failure and invert heave (Figure 17B). The observed crown frame collapse is consistent with a high lateral pressure coefficient scenario, indicating the need to strengthen the crown support in a gravitational stress-dominated environment.
[image: Figure 17]FIGURE 17 | Failure characteristics of tunnels under different lateral pressure coefficients and the corresponding potential risks: (A) Failure characteristics and potential risks at λ < 1 for the tunnel; (B) Failure characteristics and potential risks at λ > 1 for the tunnel.
6 CONCLUSION
This study employed the finite-discrete element method (FDEM) using the MultiFracS software to simulate the large deformation mechanisms and processes in the weak surrounding rock of the Hutou Beishan Mega Tunnel. The effects of in-situ stress and lateral pressure coefficients on the large deformation of soft rock were analyzed. The main conclusions are as follows:
(1) The crack morphology is mainly X-shaped conjugate cracks, with three failure modes: shear compression failure, extrusion failure, and invert heave.
(2) Under hydrostatic conditions, the change of in-situ stress will aggravate the damage degree of the surrounding rock, but will not change the damage mode, while the change of lateral pressure coefficient under non-hydrostatic conditions will significantly change the concentrated damage zone.
(3) Based on the case of the Hutou Beishan Mega Tunnel, high in-situ stress under hydrostatic conditions can lead to rock fragmentation around the tunnel, resulting in a risk of collapse. The smaller the lateral pressure coefficient, the greater the risk of initial support intrusion on both sides of the tunnel, while when the lateral pressure coefficient is larger, the greater the risk of steel arch bending at the vault and invert heave.
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Poisson’s ratio, v 026
7 Cohesion, ¢ (MPa) 08
Internal friction angle, ¢ (%) 34
Tensile strength, f, (MPa) 0.6
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Mode II fracture energy, Gy; (J/m?) 100
Penalty parameter, Py (GPa) 1,000






