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Abstract: Tunnel construction is susceptible to accidents such as loosening, deformation, collapse, and water inrush, especially under complex geological conditions like dense fault areas. These accidents can cause instability and damage to the tunnel. As a result, it is essential to conduct research on tunnel construction and grouting reinforcement technology in fault fracture zones to address these issues and ensure the safety of tunnel excavation projects. This study utilized the Xianglushan cross-fault tunnel to conduct a comprehensive analysis on the construction, support, and reinforcement of a tunnel crossing a fault fracture zone using the three-dimensional finite element numerical method. The study yielded the following research conclusions: The excavation conditions of the cross-fault tunnel array were analyzed to determine the optimal construction method for excavation while controlling deformation and stress in the surrounding rock. The middle partition method (CD method) was found to be the most suitable. Additionally, the effects of advanced reinforcement grouting on the cross-fault fracture zone tunnel were studied, and the optimal combination of grouting reinforcement range (140°) and grouting thickness (1 m) was determined. The stress and deformation data obtained from on-site monitoring of the surrounding rock was slightly lower than the numerical simulation results. However, the change trend of both sets of data was found to be consistent. These research findings provide technical analysis and data support for the construction and design of cross-fault tunnels.
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1  Introduction

The construction of tunnels has rapidly expanded due to their ability to shorten running distances, improve transportation capacity, and reduce accidents [1,2]. As tunnels continue to develop in deeper depths, longer distances, and more complex geology, they encounter complex geological conditions such as dense faults (Fig. 1). The construction of tunnels in complex geological conditions poses a significant challenge in current tunnel construction practices [3,4]. As such, the exploration of effective cross-fault tunnel excavation and reinforcement methods is crucial for the design and construction of tunnel engineering projects.
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Figure 1: Typical fault fracture zone

The construction of the tunnel that crosses the fault fracture zone is extremely complex due to the challenging conditions on site. Several studies have been conducted on tunnel excavation methods [5–7]. Sato and Kumar et al. [8,9] have investigated the relationship between fault slip, fault thickness, and surrounding rock conditions to determine the conditions for slippage in tunnels through faults and to develop tunnel construction methods. In a study conducted by Zhou et al. [10], large-scale physical model tests were performed to examine the excavation conditions of cross-weak sandwich tunnels. These results were then compared and analyzed using the finite element analysis method. The findings indicated that this analysis method was successful in effectively simulating the construction process of cross-fault tunnels. Cui et al. [11] examined the deformation characteristics of shallow buried loess tunnel using the CD excavation method. They conducted large-scale three-dimensional indoor model tests under the hard, soft, and fluid-plastic states and analyzed the surface displacement difference, pre-convergence rate, extrusion displacement, and radial stress release rate of the excavation face. Arora et al. [12] utilized 3D finite element analysis software to simulate the excavation of a tunnel boring machine (TBM) in clay-rich rock that had been extruded. Through this analysis, they were able to uncover the changes in stress level and tunnel convergence that occurred as a result of the shallow buried tunnel’s extrusion. Liu et al. [13] conducted a study using a combination of physical model testing and numerical analysis to verify settlement and stress responses. They concluded that the change in settlement value caused by the slope coverage depth of different sections was obtained through this method. In addition, Han et al. [14], Su et al. [15], and Sun et al. [16] have conducted research on the construction method of cross-fault tunnel and have made notable progress. The three-dimensional finite element method can accurately describe the deformation and stress situation of tunnels during excavation, so it is widely used in tunnel construction simulation analysis.

Reinforcement and grouting technology are essential during tunnel construction. To ensure the effectiveness of grouting materials, numerical simulations and model tests were conducted to analyze their rheological properties, grouting process, and grouting theory [17–19]. Xu et al. [20] utilized the numerical manifold method to simulate tunnel grouting reinforcement, and proposed an explicit integration scheme to evaluate the reinforcement effect of rock tunnel grouting. The results showed that the convergence deformation and expansion caused by tunnel excavation were effectively controlled. Additionally, Lee et al. [21] conducted a study on the permeation and diffusion law of grouting using a combination of physical model tests and numerical simulations. They revealed the filling and spreading of grouting in the joint. Zhang et al. [22] introduced a novel approach for reinforcing tunnel surrounding rock mass using self-stress grouting. They conducted theoretical analysis, physical experiments, and field experiments to investigate the range and thickness of fracture rock mass that can be reinforced through this method. Yang et al. [23] suggested a controllable grouting method and two grouting materials that can be used for the construction of shallow buried shield tunnels under karst underground. They also provided a reasonable range for the grouting materials. Meanwhile, Huang et al. [24] discussed the restorative effect of soil grouting on the longitudinal performance of cross-fault shallow buried tunnels. They also analyzed how grouting thickness can affect the recovery of longitudinal performance. Fan et al. [25] examined the reinforcement effect of jet piles on the foundation of loess tunnel and analyzed the impact of changes in geometric parameters of jet piles on the stability of tunnel foundation in loess tunnels. They also established a relationship between the length of spray piles and the reinforcement efficiency. Compared with other tunnel reinforcement methods, the grouting method has the advantages of high flexibility, wide application range, and high practicability. By taking measures to improve the application effect of grouting reinforcement technology, not only can the construction progress of engineering projects be accelerated, but also the quality of engineering operations can be improved.

However, despite extensive research, the response characteristics of surrounding rock under different construction schemes remain unclear due to the complex geological conditions in the cross-fault zone. Further exploration is needed to determine the appropriate construction method. During the excavation of cross-fault tunnels, it is common to encounter issues such as rock falling and collapse in the fracture zone. To address these problems, grouting reinforcement measures are necessary. However, the specific scope and thickness of the grouting reinforcement require further clarification.

This paper conducts a numerical simulation analysis of tunnel construction and grouting reinforcement, using the Xianglushan diversion tunnel project as a basis. The study examines the impact of different excavation and grouting methods and compares and analyzes the findings with on-site monitoring and measurement. The study reveals the deformation of surrounding rock and the stress distribution law of the tunnel’s surrounding rock. The optimal construction method of cross-fault tunnel was given. The optimal range and optimal thickness of grouting reinforcement were determined. The stress and deformation distribution of the surrounding rock during tunnel construction were also analyzed and compared with finite element analysis. The results of this research provide valuable reference and data support for the safe construction of of cross-fault tunnel.

2  Numerical Model for Cross Fault Tunnel Excavation

2.1 Engineering Background

The Xianglushan mountain tunnel, spanning 63.426 kilometers, is situated in Yunnan Province, China. This water delivery tunnel is designed to transport water from the Shigu River to the central Yunnan region where water resources are scarce. The Xianglushan Tunnel is 63.426 km long, with 8.4 m in diameter and a Grade V surrounding rock. Located in the Xianshuihe–Diandong seismic zone in the Qinghai–Tibet area, the site has numerous geological problems, including some complex strata, structural areas, and severe fault zones. The regional geological conditions are complex, and many fault fracture zones with different dip angles are crossed by tunnels. The fault fracture zone section is characterized by poor surrounding rock geological conditions and stratum transition from soft rock to hard rock. The location of tunnel is seen in Fig. 2, while Table 1 displays the relevant physical parameters of the surrounding rock, fractured zone, and reinforcement materials.
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Figure 2: Geographical location of the Xianglushan tunnel
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2.2 Material Parameters

Tunnel excavation poses intricate challenges such as soil nonlinearity, boundary conditions, and extrusion effects, rendering the Moore-Coulomb model inadequate for addressing them. The small strain soil hardening model (HSS) available in PLAXIS2D/3D software is capable of describing various mechanical properties of soil, including expansion, compression hardening, and shear hardening. Moreover, it can also depict the attenuation phenomenon of soil characteristics with strain in the small strain range, making it an ideal choice for simulating tunnel excavation construction processes.

The HSS model includes three stiffness coefficients and two small strain parameters in addition to the basic mechanical parameters of soil in the mole-coulomb model. Fig. 3 shows the constitutive model approximation curve, which represents the hyperbolic relationship between axial strain and deviating stress [26,27].
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Figure 3: Approximate curve of HSS constitutive model

The small strain soil hardening model is the same as the soil hardening model, and volume hardening and shear hardening can be considered at the same time. In practice, these two situations often occur simultaneously, and in this case, it depends on the stress path and material properties to determine which hardening is dominant. In this case, the constitutive model partitions different working conditions. The constitutive model illustrated in Fig. 4 divides various operating conditions and employs different hardening equations for each situation. This form allows for more accurate calculations when engineering under complex stress paths, such as the load-and-unload problem encountered in tunnel excavation engineering. Calculate the elastic partial strain by the elastic modulus Eur, calculate the elastic shear strain and plastic shear strain under any deviatoric stress, and calculate the elastic and plastic volume strain by Eoed and determination coefficient. The soil hardening model finds the relationship between stress and strain in this way, and calculates strain from stress.
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Figure 4: Hardening distribution of soil constitutive model

The HSS model contains 11 HSS model parameters and 2 small strain parameters [28–30]. In Table 2, 11 HSS model parameters: Triaxial test stiffness (Eur), Triaxial unloading/reloading stiffness (Eurref) and Oedometer load strength (Eoed), Effective cohesion c′, Poisson’s ratio ν, Reference stress pref, Effective internal friction angle φ′, Shear expansion angle ψ, Failure scale Rf, Stiffness stress correlation power exponent m, Pressure coefficient K0 at rest side. 2 small strain parameters: Shear strain γ0.7 and small strain reference shear modulus G0ref.
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2.3 Model Establishment

For the purpose of modeling and analysis, a typical cross-fault tunnel section located in Xianglushan Mountain was chosen. The numerical calculation model and network division are depicted in Fig. 5a. The size of the model was 100 m × 100 m × 80 m, with a tunnel height of 10 m and a buried depth of 30 m. The tunnel was distributed axially along the Y axis and had a horseshoe-shaped section. The width of the fault fracture zone in the middle of the type is 10 m, with an inclination angle of 75°, and there is only one fault zone. The excavation of the tunnel had an impact range of 3 to 5 times its diameter, and the model size was designed to meet this requirement. Plate elements were used to simulate the initial support, and the model meshing is illustrated in Fig. 5b. The analysis steps are the same under different calculation conditions. The analysis steps are listed in Table 3, and the detailed calculation process of the model is shown in Fig. 6.
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Figure 5: (a) Numerical calculation model; (b) model network partitioning
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Figure 6: Model establishment and calculation process

2.4 Numerical Simulation of Working Conditions

This study thoroughly examines the geological conditions of Xianglushan Tunnel and constructs numerical models for different excavation methods to compare their effectiveness. The bench method, ring excavation reserved core geotechnical method, and middle partition method were selected to correspond with working conditions I, II, and III as outlined in Table 4. This paper presents a comprehensive analysis of the geological conditions of Xianglushan Tunnel. The study utilizes numerical models to compare the effectiveness of different excavation methods, namely the bench method, ring excavation reserved core geotechnical method, and middle partition method. These methods were selected to correspond with working conditions I, II, and III as outlined in Table 4. The excavation of the tunnel caused the surrounding rock supporting the tunnel body to be excavated, and a void appeared behind the face of the tunnel, and the stress of the surrounding rock was redistributed, causing the surrounding rock to deform toward the tunnel clearance. However, the physical properties of the surrounding rock in the fault zone area are poor, and when the tunnel is excavated near the fault zone, the deformation in the direction of the tunnel clearance is relatively large. Therefore, the position 20 m before and after the excavation to the fault zone was selected for comparative analysis to study the influence of the fault zone on the deformation and stress of the surrounding rock during tunnel excavation. The cross-fault section and the 20 m before and after the section were recorded and labeled as A-A section, B-B section, and C-C section, respectively, as illustrated in Fig. 7. The research focused on investigating the impact of fault fracture zones on the deformation behavior of tunnel surrounding rocks. Additionally, the study compared and analyzed the effectiveness of different tunnel excavation methods in controlling the deformation of the surrounding rocks.
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Figure 7: Location map of fault fracture zone (Unit: m)

3  Result Analysis

3.1 Deformation of Tunnel Surrounding Rock

Fig. 8 displays the displacement cloud of the surrounding rock of the tunnel under various excavation conditions. Upon completion of the bench method tunnel excavation, the crown and spandrel at the fault experienced downward settlement, while the haunch and invert saw upward uplift. The deformation ranged from −28 to 28 mm. At a depth of Y = 50 m in the vertical section of the tunnel model, significant deformation of the surrounding rock was observed at the fault. Additionally, there was downward settlement at the crown of the fault, while the invert was in a state of uplift. Fig. 8b shows that after completion of the ring cut method, deformation ranged from −22.5 to 22.5 mm, with larger variability at the crown and invert. The ring cut method resulted in significantly less deformation of the surrounding rock of the tunnel compared to the bench method. This reduction had a notable impact on the deformation of the surrounding rock. Fig. 8c illustrates that the deformation pattern of the surrounding rock was similar between the bench method and the ring cut method. The study found that the deformation using the center diaphragm method was between −22.5 and 22.5 mm, with a reduction of 35.7% and 20.0% compared to the previous two methods for controlling surrounding rock deformation. This suggests that the center diaphragm method is more effective in controlling deformation.
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Figure 8: Displacement cloud map under different excavation conditions

Fig. 9 illustrates the displacement deformation of both the invert and crown post-excavation. Notably, the deformation of the surrounding rock at the fault was greater than that of the surrounding rock at other locations. The maximum displacement of the crown was observed on the hanging wall of the fault, while the maximum displacement of the invert was located on the footwall of the fault. The fault would impact the deformation of the rock surrounding the tunnel. The displacement of the vault would change in a ‘V’ shape, with greater deformation of the surrounding rock occurring closer to the fault. The deformation of the surrounding rock of the tunnel decreases as the distance from the fault increases, suggesting that the fault has an impact on the deformation pattern of the tunnel’s surrounding rock. As a result, the excavation of the tunnel should take into account the influence range of the fault.
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Figure 9: Vertical (Z-direction) displacement of crown and invert under three working conditions

To compare the deformation of the surrounding rock in sections A-A, B-B, and C-C, settlement displacement of the vault and elevation arch under different excavation conditions was analyzed and displayed in Fig. 10. The excavation of the A-A section using the bench method caused significant deformation in the early stages, resulting in sharp increases in crown and invert displacement as shown in Figs. 10a and 10b. During the initial support of the A-A section, there was a gradual increase in the crown and invert displacements. However, after the excavation of the B-B section was completed and initial support was applied, there was no further increase in crown displacement settlement. Similarly, during the excavation of the C-C section, the displacement settlement of the crown remained stable. As depicted in Figs. 10c and 10d, the settlement of the crown in the ring cut method was found to be smaller than that of the bench method during excavation. Moreover, the settlement of the crown was observed to be more significant both before and after the fault. Additionally, the displacement of the invert was reduced by 14.8%. The decrease in uplift displacement was greater near the fault for the A-A and C-C sections using the ring cut method compared to the bench method. This suggests that the ring cut method provides better control over the upright arch uplift displacement of the cross-fault tunnel. According to Figs. 10e and 10f, the settlement variation law of the crown was found to be similar to that of the bench method and the ring cut method. Out of the three construction methods, the center diaphragm method crown and invert exhibited the smallest settlement. The center diaphragm method resulted in a significant decrease in the maximum settlement of the crown and invert at A-A-section, B-B section, and C-C section, with reductions of 49.4%, 46.9%, and 47.9%, and 45.2%, 46.5%, and 63.9%, respectively, compared to the bench method. Similarly, compared to the ring cut method, the center diaphragm method also showed a decrease in the maximum settlement of the crown and vert at different sections, with reductions of 36.1%, 34.2%, and 30.1%, and 31.5%, 37.2%, and 52.9%, respectively. The results indicate that the center diaphragm method had the most effective displacement control, followed by the ring cut method, with the bench method being the least effective.
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Figure 10: Displacement variation curves at different cross-sections. (a) Crown of the bench method; (b) invert of the bench method; (c) crown of the ring cut method; (d) invert of the ring cut method; (e) crown of the center diaphragm method; (f) invert of the center diaphragm method

Fig. 11a displays the maximum displacement of the crown for each section in three different construction methods was displayed. The center diaphragm method showed a reduction of 49.4%, 46.9%, and 47.9% in the maximum settlement of the crown in the A-A section, B-B section, and C-C section, respectively, as compared to the bench method. Compared to the ring cut method, the center diaphragm method exhibited the best control effect on the displacement of the crown, with a decrease of 36.1%, 34.2%, and 30.1%, respectively. The ring cut method followed with a slightly lower decrease in maximum settlement, while the bench method showed the worst control effect. The center diaphragm method resulted in a reduction of 45.2%, 46.5%, and 63.9% in the maximum uplift of the invert in each section, respectively. In addition, the amount of inverted arch uplift at the A-A section, B-B section, and C-C section was also reduced. When compared to the ring cut method, the center diaphragm method showed a greater reduction in uplift of the invert, with decreases of 31.5%, 37.2%, and 52.9%, respectively. Overall, the center diaphragm method demonstrated superior control over the amount of upright arch uplift among the three excavation methods.
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Figure 11: Comparison and analysis of maximum displacement values. (a) Invert; (b) crown

3.2 Stress in Tunnel Surrounding Rock

Fig. 12 displays the stress cloud of the surrounding rock of the tunnel is displayed for the three excavation methods. Once the excavation was completed and the initial support of the cross-fault tunnel was in place, the area around the tunnel was in a compressed state. The maximum compressive stress was observed at the arch foot, while the smallest compressive stress was observed at the crown. The excavation of the tunnel altered the stress distribution of the surrounding rock, leading to varying stress distribution patterns at different points along the tunnel. The ring cut method resulted in a tensile stress area in the crown and reduced compressive stress in other positions compared to the bench method. This corresponds to the displacement deformation of the surrounding rock of the tunnel at the fault. Additionally, the ring cut method caused less deformation in the surrounding rock compared to the bench method. In the B-B section of the center diaphragm method, the tunnel crown and spandrel were in a tensile state, while the haunch, arch foot, and invert were in a compression state. The arch foot experienced the highest compressive stress, measuring 0.47 MPa, while the crown experienced the highest tensile stress, measuring 0.18 MPa. Table 5 shows the stress distribution positions and values for the first and third stresses. The compressive stress at the arch foot was found to be the largest, while the tensile stress at the crown was the largest when compared to the bench method and the ring cut method. The maximum compressive stress at the arch foot and the crown was reduced by 44.3% and 33.8%, respectively. According to the analysis, the center diaphragm method had the most effective stress control of the surrounding rock, followed by the ring cut method. The bench method, however, exhibited the weakest control effect.

[image: images]

Figure 12: Stress cloud chart
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3.3 Tunnel Contact Pressure

In Fig. 13a, the contact pressure between the surrounding rock and the initial support of the B-B section was found to be the largest among the three sections, namely A-A, B-B, and C-C, at the step method fault. The contact pressure of the A-A section and the C-C section did not differ significantly from that of the initial support. In the B-B section of the fault, the contact pressure was highest at the spandrel, followed by the haunch. The contact pressure was lowest at the crown and the invert. The maximum contact stress of the left arch was found to be 1.03 MPa. In the A-A and C-C sections, the maximum contact stress of the left spandrel was 0.52 MPa and 0.49 MPa, respectively. In comparison, the maximum contact stress of the left spandrel in the B-B section reduced by 60.0% and 62.3%, respectively. This indicates that the fault significantly influenced the distribution of contact stress. During the construction of the tunnel, it is important to consider the initial support at the fault and the protection of the fault fracture zone. This is due to the fact that the contact pressure between the surrounding rock of the tunnel and the initial support at the fault is much greater than in other sections. Therefore, extra attention should be given to ensure the safety and stability of the tunnel in this area. The results from Fig. 14 indicate that the center diaphragm method significantly reduced the maximum contact stress of the left spandrel at the A-A, B-B, and C-C sections compared to the bench method by 59.6%, 44.6%, and 44.9%, respectively. Similarly, compared to the ring cut method, the center diaphragm method reduced the maximum contact stress of the left spandrel by 41.7%, 15.3%, and 20.6% at the same sections. The results showed that the center diaphragm method had a better control effect on the contact pressure between the surrounding rock and the initial support compared to the previous two excavation methods, as evidenced by a significant reduction in contact pressure.
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Figure 13: Contact pressure distribution. (a) Bench method; (b) ring cut method; (c) center diaphragm method
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Figure 14: Comparative analysis of contact pressure at different tunnel positions

3.4 Grouting Reinforcement Effect

During the excavation of cross-fault tunnels, it was expected that the surrounding rock at the fracture zone would fall and collapse. To prevent large deformation of the surrounding rock at the fault, appropriate reinforcement measures were implemented. In this section, the advanced grouting reinforcement method was adopted based on the CD construction excavation method. The grouting effect was carefully considered by taking into account the influence of ring grouting range and grouting thickness. Additionally, finite element software was used to model and analyze the results.

3.4.1 The Influence of Circular Grouting Range on Grouting Effect

Fig. 15 displays the displacement cloud of the surrounding rock at the crown and the invert was significantly reduced after grouting reinforcement, when compared to the displacement cloud observed under the ungrouping condition III. During working condition III, the maximum displacement deformation of the surrounding rock of the cross-fault tunnel was measured at 21.2 mm. Meanwhile, under working conditions IV, V, and VI (with grouting ranges of 120°, 140°, and 160°), the maximum displacement deformations were 17.4, 14.3, and 13.7 mm, respectively. Compared to working condition III, the maximum displacement deformation of the surrounding rock decreased by 17.9%, 32.5%, and 35.4% under working conditions IV, V, and VI, respectively. Moreover, as the grouting range increased, the displacement deformation of the surrounding rock gradually decreased. However, the decrease rate of displacement deformation of the surrounding rock decreased slower with the increase of grouting range. When the grouting range exceeds a certain value, it contributes less to the reduction of the surrounding rock deformation of the tunnel. Therefore, selecting an appropriate grouting range is beneficial for controlling the surrounding rock deformation and construction cost. Among the three grouting ranges mentioned, 140° is the optimal value.
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Figure 15: Cloud chart of displacement under different grouting ranges

As depicted in Fig. 16, following the excavation and initial support, the tunnel’s surrounding area is subjected to pressurization. The maximum compressive stress is observed at the crown, while the minimum compressive stress is found at the invert. This phenomenon occurs because the excavation alters the stress distribution pattern of the surrounding rock, leading to a redistribution of stress and varying stress distribution characteristics across different tunnel locations.
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Figure 16: Stress cloud map under different grouting ranges [31]

Fig. 17a illustrates the development law of the invert displacement in different grouting ranges. The displacement of the invert at the fault section was the largest, and the deformation of the surrounding rock of the tunnel increased with decreasing distance from the fault. Conversely, the deformation of the surrounding rock decreased with increasing distance from the fault. The maximum displacement of the invert during working conditions III, IV, V, and VI were 26.2, 22.3, 20.6, and 19.2 mm, respectively. In comparison to Working Case III, the maximum displacement of the invert decreased by 14.9%, 21.4%, and 26.7% in the annular grouting range of 120°, 140°, and 160°, respectively. According to Fig. 17b, the maximum settlement displacement of the crown is 26.5, 17.8, 15.7, and 15.2 mm for the ungrouping reinforcement condition and the annular grouting range of 120°, 140°, and 160°, respectively. Furthermore, the maximum settlement displacement of the crown decreased by 32.8%, 40.7%, and 42.6% under working conditions III, IV, V, and VI. Based on the analysis, it was found that the advanced grouting reinforcement had a positive correlation with the grouting range. As the range of grouting increased, the control effect on crown settlement improved. However, the enhancement effect of the control effect was not linear and became less noticeable as the grouting range increased.
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Figure 17: Displacement curves of inverted arch and arch crown in different grouting ranges. (a) Invert; (b) crown

3.4.2 The Influence of Grouting Thickness on Grouting Effect

As depicted in Fig. 18, the displacement cloud of the unrouted working condition III was compared with the displacement of the surrounding rock at the crown and the invert after grouting reinforcement, which had a significant reduction effect. The maximum displacement deformation of the surrounding rock in the middle span fault tunnel under working condition II was recorded as 21.2 mm. The maximum displacement deformation of the surrounding rock was measured under different working conditions (VII, VIII, and IX) with varying grouting thicknesses (0.6, 1.0, and 1.4 m). The results showed that the maximum displacement deformations were 16.8, 14.3, and 13.2 mm, respectively. Compared to working condition III, the maximum displacement deformations in working conditions VII, VIII, and IX decreased by 20.8%, 32.5%, and 37.7%, respectively. Increasing the grouting thickness can have a significant effect on reducing displacement deformation of the surrounding rock in a cross-fault. As the grouting thickness increases, the displacement deformation of the tunnel’s surrounding rock at the fault also decreases. Additionally, the amplitude of displacement deformation across the fault decreases as the grouting thickness increases. Stress cloud map under different grouting thicknesses is shown in Fig. 19.

[image: images]

Figure 18: Cloud chart of displacement under different grouting thicknesses
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Figure 19: Stress cloud map under different grouting thicknesses [31]

Fig. 20a displays the uplift displacement of the invert was greatest at the fault and decreased in distance from the fault after the cross-fault tunnel excavation was completed. The maximum displacements of the invert under working conditions III, VII, VIII and IX were 26.2, 24.3, 22.6 and 21.2 mm, respectively. In comparison to Case III, the maximum uplift displacement of the invert decreased by 7.3%, 13.7%, and 19.1% in conditions VII, VIII, and IX, respectively. The maximum settlement displacement of the crown under working conditions III, VII, VIII, and IX were 26.5, 23.8, 16.2, and 15.7 mm, respectively. Furthermore, the maximum crown settlement displacement in working conditions VII, VIII, and IX reduced by 10.2%, 38.9%, and 40.8%, respectively, when compared to the reinforced condition in Case III. Based on the analysis, a grouting thickness of 0.6 m resulted in a crown reduction of 10.2%. However, when the grouting thickness was increased to 1.0 and 1.4 m, the crown reduction was approximately 40%. This suggests that the effectiveness of controlling surrounding rock deformation varies with different grouting thicknesses. Additionally, it was observed that increasing the grouting thickness beyond 1.0 m did not significantly improve the control effect on surrounding rock deformation.
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Figure 20: Displacement curves of the invert and crown with different grouting thicknesses. (a) Invert; (b) crown

4  Analysis of On-Site Monitoring and Measurement of Xianglushan Tunnel

To ensure accurate and rational construction and design of water diversion projects, numerical simulations were conducted and verified to provide data assurance for the safe construction and stability of the water diversion tunnel. In the Xianglushan Tunnel monitoring project, the starting section of the tunnel’s surrounding rock crown settlement and headroom convergence is monitored every 10 m starting from DK347 + 850. Optional stress monitoring, such as surrounding rock pressure and bolt axial force, is conducted in the diversion tunnel at DK347 + 920 and DK348 + 000 sections. The Xianglushan Tunnel adopts a combination of TBM method and drilling and blasting method. Various instruments including the level instrument, convergence, and total station were utilized for measurement in this monitoring project. The layout of the project can be seen in Fig. 21.

[image: images]

Figure 21: Tunnel monitoring items and layout of monitoring points (Unit: m)

4.1 Monitoring Results of Surrounding Rock Pressure

The monitoring data of the surrounding rock pressure of the tunnel in the previous section was used to create a map of the pressure distribution, as depicted in Fig. 22. Additionally, a temporal curve of the pressure was generated and is shown in Fig. 23. According to the monitoring data of the surrounding rock of the tunnel, the pressure distribution of section DK347 + 920 and section DK348 + 000 was uneven. The maximum pressure values of the surrounding rock were observed at 30° of the left haunches, with values of 0.255 and 0.444 MPa for the two sections, respectively. At section DK347 + 920, the surrounding rock pressure reached its maximum value of 0.255 MPa, while the pressure at other monitoring points was relatively low. The right arch foot and right foot wall of section DK348 + 000 had higher pressure values of 0.361 and 0.232 MPa, respectively, compared to section DK347 + 920. The rock pressure of three monitoring points in section DK348 + 000 continued to increase over time, while the surrounding rock pressure of the other sections remained stable.
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Figure 22: Stress distribution diagram of surrounding rock at different cross-sections. (a) DK347 + 920; (b) DK348 + 000 (Unit: MPa)
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Figure 23: Temporal curves of surrounding rock pressure at different cross-sections. (a) DK347 + 920; (b) DK348 + 000

4.2 Displacement Monitoring Results

In order to study and reveal the settlement law of tunnel displacement, settlement monitoring of the tunnel crown was conducted in five sections. Among these sections, DK347 + 860, DK347 + 880, and DK347 + 900 was selected for analysis to provide more targeted research. Fig. 24 displays the temporal curve of tunnel vault settlement. The displacement settlement law of the three cross-section monitoring points of the tunnel was found to be consistent upon comparing Figs. 24a–24c. The displacement settlement showed a sharp increase in the initial stages of tunnel excavation, however, with the passage of time, the settlement rate gradually slowed down and eventually stabilized across all three monitoring sections. During the first week of excavation, the tunnel face had the highest settlement rate at the crown, with a maximum value of 2.5 mm/d. However, the rate gradually decreased over the next 20 days until it reached a stable point, with no significant changes in settlement value.
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Figure 24: Temporal curve of arch sinking at different sections. (a) DK347 + 860; (b) DK347 + 880; (c) DK347 + 900

4.3 Numerical Simulation Comparative Analysis

4.3.1 Comparative Analysis of Surrounding Rock Stress

Fig. 25 displays the data collected through on-site monitoring was found to be small in comparison to the numerical simulation calculations. However, the data was consistent with the simulations. Upon comparing the two sets of data, it was discovered that the on-site monitoring was conducted after the construction had already taken place, leading to a delay in the monitoring process. The monitoring point stopped recording the original pressure, so the data collected only reflected the pressure after release. Additionally, when conducting numerical simulations, conservative parameters were selected to ensure project safety. This approach allowed for simulation results to be used as a guide for engineering purposes. The pressure on the surrounding rock of the tunnel arch often becomes smaller due to the release of stress. However, in engineering sites, monitoring and measurement on site only begin after the stress of the tunnel surrounding rock is released, resulting in a simulation result that is too high. Considering measurement errors, the numerical simulation results may be smaller than the on-site monitoring values, but the difference is not significant.

[image: images]

Figure 25: Stress comparison analysis

4.3.2 Displacement Comparison Analysis

This study analyzed the monitoring data of crown settlement, invert uplift, and headroom convergence deformation of typical sections in cross-fault tunnels. The data was collected through on-site monitoring and simulation results were also taken into consideration. Fig. 26 displays the tunnel deformation settlement results and stress results showed a similar variation law, where the data obtained through on-site monitoring was smaller than that obtained through numerical simulation. However, the overall trend of settlement was consistent between the on-site monitoring data and the numerical simulation calculation results.

[image: images]

Figure 26: Comparison of displacements at different positions. (a) Invert; (b) crown

In conclusion, it can be seen that when tunnels cross faults, they often have large deformation characteristics. This characteristic is manifested in large deformation, normal and rapid initial deformation rate, and long deformation duration [32,33]. When the initial support is applied to the surrounding rock of the tunnel, the pressure of the surrounding rock can quickly reach a stable state. In this state, after the secondary lining is applied, the stress will still increase slowly to a small extent, but this growth develops slowly and can maintain a state of balance [34,35]. By comparing the results of on-site visual inspection, after the support and secondary lining are applied to the tunnel, the surrounding rock and lining surface are good, without large deformation and cracking, and the large deformation of the surrounding rock of the tunnel crossing the fault can be well controlled and maintained stable. Therefore, through the long-term monitoring and real-time observation of the tunnel site, data support can be provided for the safe construction and support of the tunnel.

5  Discussion

During cross-fault tunnel excavation, the surrounding rock at the fracture zone may fall or collapse, causing large deformation. Therefore, appropriate reinforcement measures must be taken to prevent such occurrences. The deformation and stress control effect of the surrounding rock of the center diaphragm method were determined to be the best through the study of tunnel excavation and grouting methods using the finite element method. Additionally, the study provided the optimal grouting range and thickness. The accuracy and rationality of the numerical simulation results were verified by the fact that the on-site monitoring data was slightly smaller than the numerical simulation data in comparison to the construction site of the cross-fault tunnel.

The physical properties of the surrounding rock of cross-fault tunnels are poor, which weakens the interaction between the tunnel and the surrounding rock. The bench method and ring cut method require multiple step excavations, which can increase disturbances to the surrounding rock and result in poor control over crushing the surrounding rock. The center diaphragm method involves forming a closed unit after excavating and supporting the palm surface. This method promotes stability in the surrounding rock and minimizes headroom displacement and surface settlement. During engineering projects, monitoring and measurement of the site begins after the stress of the tunnel’s surrounding rock is released, which can result in significant simulation outcomes. The data obtained through on-site monitoring and numerical simulation calculations were consistent in terms of the overall trend. During the initial stages of tunnel excavation, the stress of the surrounding rock was released, leading to a gradual increase in stress and deformation with the progress of excavation.

When selecting the excavation method for cross-fault tunnels, it is important to consider various factors such as the characteristics of surrounding rock, tunnel burial depth, and geological characteristics. Based on these factors, the appropriate excavation method should be chosen [36–38]. In the area passing through the fault fracture zone, due to the poor physical properties of the surrounding rock, common construction methods such as the bench method are no longer applicable, and center diaphragm method forms a closed unit after excavating and supporting the face. This method is suitable for areas with poor surrounding rock properties, improves the stability of surrounding rock, and effectively reduces headroom displacement and surface settlement. For the stability of the surrounding rock in the fault area, it is necessary to study the reinforcement measures, and the grouting reinforcement method is widely used, but for the fault area, the grouting range and grouting thickness have a great influence on the reinforcement strength.

The center diaphragm method demonstrated superior stress and deformation control of surrounding rock, with a thorough analysis of its deformation control effect. A tunnel composite control advanced grouting design method was proposed based on advanced grouting reinforcement and on-site monitoring and measurement. The research results presented in this study provide technical references for designing, constructing, and supporting cross-fault tunnels. In future research, physical model tests of large-scale cross-fault tunnel excavations should be carried out more effectively to simulate on-site tunnel excavation. Additionally, the numerical simulation analysis results presented in this paper could be compared and analyzed for mutual verification.

6  Conclusions

This paper presents multiple numerical calculation models for cross-fault tunnel excavation. The study investigates the deformation control effect of surrounding rock for three excavation methods and analyzes the grouting reinforcement effect. The paper comparatively studies the deformation law of surrounding rock, stress distribution of surrounding rock, and initial support contact pressure. Based on the analysis, the paper draws specific conclusions:

(1)   The impact of faults on the deformation of the rock surrounding tunnel excavation is substantial. Among these methods, the center diaphragm method was found to be the most effective in controlling the displacement of surrounding rock in cross-fault tunnels.

(2)   The excavation of a tunnel has an impact on the distribution of stress in the surrounding rock, leading to a redistribution of stress and varying stress distribution patterns at different points along the tunnel. With the center diaphragm method, both the crown and spandrel were under tensile stress, while the arch foot experienced the most compressive stress.

(3)   When comparing the reinforcement effects of grouting with different ranges, it was found that the maximum settlement displacement of the crown was reduced by 32.8%, 40.7%, and 42.6% in the 120°, 140°, and 160° annular grouting ranges, respectively, when compared to the grouted reinforcement condition. As the grouting range increases, the displacement deformation of the surrounding rock gradually decreases. The optimal angle for grouting range is 140°.

(4)   When compared to the grouted reinforcement condition, the maximum uplift displacement of the invert decreased by 7.3%, 13.7%, and 19.1% for grouting thicknesses of 0.6, 1.0, and 1.4 m, respectively. Additionally, the maximum settlement displacement of the crown decreased by 10.2%, 38.9%, and 40.8% for the same thicknesses. Based on the findings, a grouting thickness of 1 m was determined to be optimal.

(5)   By comparing the on-site inspection results, after the tunnel is supported by grouting and secondary lining, there is no large deformation and cracking of the surrounding rock and lining, and the large deformation of the surrounding rock of the tunnel crossing the fault can be well controlled and kept stable. The long-term monitoring and real-time observation of the tunnel site can provide data support for the safe construction and support of the tunnel.
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Table 3: Analysis steps

Steps  Construction content

1 Simulate the stress field of soil under self-weight.

2 Reset displacement to zero and reset small strain.

3 Conduct tunnel excavation, and excavate 20 m on the first step.

4 Initial support after the first excavation, activation of relevant plate units.

5 Conduct the second excavation of the tunnel, and excavate the first lower step for 20 m.

6 Perform initial support after the second excavation, activate relevant plate units, and carry
out the second 20 m upper bench excavation.

7 Perform the initial support after the second excavation of the upper bench, activate the
relevant. plate units, and carry out the second excavation of the lower bench for 20 m.

8 Perform the initial support after the second excavation of the lower bench, activate the
relevant plate units, and carry out the third excavation of the upper bench for 20 m.

9 Perform the initial support after the third excavation of the upper bench, activate the

relevant plate units, and perform the third excavation of the lower bench for 20 m, activate
the relevant plate units.
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Table 4: Numerical simulation conditions

No. Excavation method Grouting range  Grouting thickness
I Bench method - -

11 Ring cut method - -

111 Center diaphragm method - -

10Y Center diaphragm method ~ 120° 1.0m

\Y% Center diaphragm method  140° 1.0m

VI Center diaphragm method  160° 1.0m

VII Center diaphragm method  140° 0.6m

VIII  Center diaphragm method  140° 1.0m

IX Center diaphragm method  140° 1.4m
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Table 1: Material physical parameters

Materials Density/(kN-m~) Elastic Poisson Cohesion/MPa Internal friction
modulus/MPa ratio angle/°

Surrounding 20 900 0.35 0.15 24

rock

Fracture zone 19 0.8 0.24 - 19.5

Initial support 22 24000 0.22 - -
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Table 2: Model parameters

Materials ¢ () ¥ (°) Esoref Eoedref E, a Yo7 Goref Rir Ve  Drs
(kPa) (MPa) (MPa) (MPa) (107°) (MPa) (kPa)

Surrounding 15.0 240 0 17.5 17.5 52.5 1 54 0.7 0.2 100

rock

Fracture zone - 195 0 17.5 17.5 52.5 1 54 0.7 0.2 100

Initial support - - - 17.5 17.5 52.5 1 54 0.7 0.2 100
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Table 5: First and third stress and distribution location of B-B section

Excavation method First principal Position  Tertiary principal ~ Position
stress (MPa) stress (MPa)

Bench method —0.28 Crown —0.84 Invert

Ring cut method 0.11 Crown —0.71 Invert

Center diaphragm method 0.18 Crown —0.47 Invert
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