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The blind and random use of the combined construction method may have a great impact on tunnel stability. To determine the influence of construction method conversion on tunnel deformation and the reasonable conversion condition, a numerical model is established to simulate the construction method transforms from central diaphragm method to the benching tunneling method based on Jiaoweiqin Tunnel. The conversion condition is determined based on the results of tunnel geological prediction and in-site monitoring, and the temporary two-bench tunneling method is adopted to ensure the success of construction method conversion. Besides, the parameter analysis is done to analyze the influence of mechanical properties of surrounding rock mass and bench length on tunnel stability. Research results indicate that the construction safety should be evaluated before construction method conversion is carried out by analyzing the design blueprint, tunnel geological prediction results, geological survey reports, rock mass conditions in front of tunnel face, in-site monitoring data, and numerical simulation results. Meanwhile, the construction method conversion can be carried out in the order of central diaphragm method, two-bench tunneling method, and bench tunneling method. Parameter analysis results reveal that the deformation of primary support decreases in a negative exponential form with the increase in elasticity modulus and increases approximately linearly with the increase in bench length. For shallow buried and large cross-section tunnels, the tunnel deformation is in a small state when the elastic modulus of rock mass reaches a certain value. The construction method conversion can be carried out when the rock mass has a certain stability, and the length of construction method conversion should be small to ensure construction safety.
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INTRODUCTION
Stability is one of most important things in the construction of tunnels and other underground projects (Bian et al., 2017; Wang et al., 2021; Zhao et al., 2021). Affected by the complex geological conditions, the stability of surrounding rock mass may be different at different areas. To ensure tunnel stability and reduce cost, suitable excavation methods should be introduced according to the geological conditions. For example, construction methods such as the full-face excavation method and bench tunneling method can be used when the surrounding rock mass has a certain self-stability (Liang et al., 2013; Cao C. et al., 2018; Zhang et al., 2021). For the tunnel adopting the bench tunneling method, the upper section is excavated first. Once it is excavated at a certain length, the excavation of the lower section begins. This method increases the working benches, and the interference between them is small. The construction progress is fast, and it can be adopted for large-scale mechanized operation. The central diaphragm (CD) method, cross diaphragm (CRD) method, and other methods can be adopted in the case of weak surrounding rock mass (Wang et al., 2019; Chen et al., 2020). When introducing the CD or CRD method, one side of a tunnel is excavated first, then a diaphragm is constructed, and finally, the other side is excavated. The construction progress is slow because there are many construction procedures, and it is not conducive to mechanized operation.
During tunnel excavation, different construction methods will cause significant differences in the relaxation area of the surrounding rock mass and further induce the difference in the force state and deformation of the primary support. In the transition section of different construction methods, the surrounding rock mass is disturbed frequently, and the stress state in the primary support force is complicated. Improper construction schemes are likely to cause tunnel instability, which has an adverse effect on the construction. For shallow buried and large cross-section tunnels, the risk of tunnel instability during the construction method transformation cannot be ignored.
A reasonable construction scheme can effectively reduce the disturbance caused by the construction method conversion. The scheme can also reduce the construction difficulty, accelerate construction progress, and save construction costs (Cao L. et al., 2018). With the development of technology, qualitative methods are adopted to reflect the relationship between the tunnel excavation method and the geological conditions. However, there is still a lack of specific and checkable scheme for construction method conversion. Due to the complex geological conditions, some engineering accidents are likely to occur and cause huge economic losses, indicating that the choice of construction method cannot purely rely on experience.
To make up for the shortcomings of the existing research, a numerical model is established to analyze the impact of construction method conversion on the tunnel deformation based on Jiaoweiqin Tunnel. A relevant construction scheme is also proposed. The results show that the proposed scheme can ensure the success of construction method conversion. Finally, the multi-parameter analysis is done to provide reference for the construction of similar projects in the future.
PROJECT OVERVIEW
Jiaoweiqin Tunnel is located in Liyang City, Jiangsu province, China. This tunnel is a large-section and medium-length tunnel, which is about 630 m in length, 12.98 m in width, and 10.33 m in height. The maximum burial depth is about 62 m. The tunnel crosses the West Holy Mountain in the form of double separated lines. The start and end mileage of the left line is ZK0+550−ZK1+180, and that of the other line is YK0+555−YK1+180. There are mainly two construction methods, which are the CD method and the bench tunneling method. The plane layout of the tunnel and the support system are shown in Figure 1 and Figure 2, respectively.
[image: Figure 1]FIGURE 1 | Plane layout of Jiaoweiqin Tunnel, Liyang, Jiangsu province, China.
[image: Figure 2]FIGURE 2 | Support system (unit: m).
Engineering Geology and Hydrogeology
The superficial part of West Holy Mountain is mainly artificial fill, clay, and silty clay mixed with gravel, and the underlying rock mass mainly includes andesite, siliceous shale, and limestone. There are several fault zones near the tunnel site, including the active faults in the Late Quaternary Period. Affected by the obvious geotectonic movement, the surrounding rock mass have many joints and structural planes, and the rock mass is in the range of fully weathered to medium weathered state. The core sample of the rock mass is in the shape of short columns and fragments, showing that the rock mass is full of joints and fissures. The basic quality grade is Grade V according to the Standard for Engineering Classification of Rock Mass (GB/T50218-2014, 2014).
The rainfall around the tunnel site is abundant because it is in the subtropical monsoon climate zone. The surface water is dominated by rainy season torrents, and the water volume varies greatly due to seasonal effects. The groundwater includes phreatic water, bedrock fissure water, and karst water. It mainly receives the infiltration replenishment of atmospheric precipitation and the lateral replenishment of surface water and is discharged in the form of vertical evaporation and runoff. According to the survey results, the burial depth of water is in the range of 0.25–7.60 m. Owing to the broken rock mass, there are many cracks and karst. Besides, the bedrock has good water permeability and poor water content.
Difficulty of Construction Method Conversion
Jiaoweiqin Tunnel adopts the CD method in the entrance section and needs to transform into the bench tunneling method after a certain length of excavation. However, the conversion condition is unclear. Affected by factors such as low strength of surrounding rock mass, shallow burial depth, and large cross-section, it is likely to cause tunnel instability if the construction method conversion is premature or the construction scheme is improper. On the contrary, if the construction method conversion is carried out at a later stage, it will have a greater impact on the project progress and cost.
TUNNEL DEFORMATION DURING CONSTRUCTION METHOD CONVERSION
Numerical Model
To provide reasonable guidance for the tunnel construction, FLAC3D is used to establish a numerical simulation model to analyze the deformation of primary support during the construction method conversion. This software is a three-dimensional finite difference program and has been widely used in the field of geotechnical engineering. The FLAC3D can simulate the mechanical characteristics of soil, rock, and support system (Do et al., 2014; Kabwe et al., 2020a; Kabwe et al., 2020b).
As shown in Figure 3, the stratum size is 100 m × 70 m × 73 m to eliminate the influence of boundary conditions on the calculation results, and the tunnel depth is set as 12.5 m considering that the tunnel is in the shallow buried state when the construction method conversion is carried out. For the same reason, the stress field only considers the self-weight of soil, and the tectonic stress field is ignored. In the model, the upper surface of the stratum is free; other surfaces are restrained by normal displacement. According to the construction scheme, the CD method is used first to simulate the tunnel excavation, and the bench tunneling method is adopted in the following excavation. To ensure construction safety, the conversion is composed of two stages: (1) the two-bench tunneling method and (2) the bench tunneling method. As shown in Figure 4, the numbers represent the order of excavation, and the length of each bench is 6 m.
[image: Figure 3]FIGURE 3 | Numerical model.
[image: Figure 4]FIGURE 4 | Schematic diagram of construction method conversion [(A) excavation by CD method, (B) excavation by bench tunnelling method].
In the numerical model, the stratum and primary support are connected by node coupling. To simulate tunnel excavation, the elements at the excavation area are given the null attribute. Then, the elements at the primary support area are assigned the attribute of primary support to simulate the its installation. During tunnel excavation, the surrounding rock mass will loosen and fail due to unloading and construction disturbance. The plastic state of surrounding rock mass is considered in the numerical model and simulated by the Mohr–Coulomb yield criterion. The support system is described by elastic materials. According to the geological survey data and code for design of concrete structures (GB50010-2010, 2010), the calculation parameters of the model are determined, as shown in Table 1.
TABLE 1 | Calculation parameters.
[image: Table 1]Deformation of Primary Support
Figure 5 shows the deformation of primary support when the construction method conversion completed. During construction method conversion, both the vault settlement and horizontal convergence are about 10.8 mm. The small deformation of primary support indicates that the tunnel is stable, and the construction method conversion can be carried out safely. In addition, there is hysteresis in the deformation of the primary support, i.e., the maximum deformation of primary support lags the tunnel face. This is also reported by other literature (Zhao et al., 2020). It can be found that the deformation of primary support reaches the maximum at the position about 6 m behind the tunnel face.
[image: Figure 5]FIGURE 5 | Deformation of primary support [(A) nephogram of primary support displacement, (B) displacement evolution with the distance away from the starting position of construction method conversion].
CONSTRUCTION SCHEME AND EFFECTS
Construction Concept
Based on the above analysis, the construction method conversion of Jiaoweiqin Tunnel can be safely carried out when the surrounding rock is stable and the bench length is 6 m, while how to determine the stability of the surrounding rock mass is an important problem during construction. It can be analyzed according to the design blueprint, tunnel geological prediction, geological survey reports, and rock mass conditions in front of the tunnel face. In addition, construction safety can be evaluated through monitoring data and numerical simulation results. Another thing that needs to be analyzed is the deformation evolution characteristics of the tunnel before and during the construction method conversion. Then, the excavation parameters can be determined. Finally, the construction method conversion can be carried out in the order of the CD method, namely, two-bench tunneling method and bench tunneling method. Figure 6 shows the flow chart for construction method conversion.
[image: Figure 6]FIGURE 6 | Flow chart for construction method conversion.
Construction Method Conversion Condition
When the first part in Figure 4A is excavated to ZK0+697.4, the burial depth of the tunnel is about 11 m. The surrounding rock mass at the tunnel face is andesite. It is in moderate weathering degree and has good integrity, as shown in Figure 7. At the same time, the second, third, and fourth parts in Figure 4A are excavated at ZK0+693, ZK0+682, and ZK0+678 respectively.
[image: Figure 7]FIGURE 7 | Rock mass at the tunnel face.
To further determine the condition of the surrounding rock mass in front of tunnel face, the thickness of overlying rock mass was judged by drilling holes, and the results showed that it is not <5 m. In addition, the geological prediction results reveal that the joints and fissures in this area are not developed, as the rock mass in some area may be in broken state. According to the geological survey report, the rock mass within 100 m from the tunnel face is broken and weathered andesite. Besides, the vault settlement and convergence are stable during the demolition of vertical primary support. The overall analysis results indicate that the tunnel is in a stable state, the rock mass in front of tunnel face is in good condition, and the construction method conversion can be carried out.
Construction Method Conversion
To ensure construction safety, the distance between the invert and tunnel face should not be >40 m when the surrounding rock mass is in grade V. For this reason, during the excavation by two-bench tunneling method, the length of each bench is in the range of 3–5 m, and the excavation at the left side of the middle bench is staggered by 3–5 m. During the transition from the two-bench tunneling method to the bench tunneling method, the middle bench is excavated to be aligned with the upper bench. In this way, both the middle and the upper benches are transformed into the upper bench of the bench tunneling method. The length of the transition section here is about 5–10 m. The overall length of the transition section is 11–20 m.
As shown in Figure 4, the first part excavation stops when it excavates to the mileage of construction method conversion. The second part excavation stops if it is about 5 m away from the tunnel face of the first part. When the tunnel faces in the first part and third part are aligned, the two parts transforms into the upper and the middle benches of the two-bench excavation method in Figure 4B. The second and the fourth parts in Figure 4A are staggered by 3–5 m and excavated forward, respectively. In the case of two-bench excavation, the heights of the upper and the middle benches are 3.0 m and 3.5 m, respectively. When the tunnel is excavated by bench tunneling method, the height of the upper bench is 6.5 m.
Deformation of Primary Support
Figure 8 shows the evolution of vault settlement and horizontal convergence during the construction method conversion. It can be seen that the vault settlement and the horizontal convergence are within 12 and 10 mm, respectively, indicating that the tunnel is stable and the construction method conversion scheme is feasible. At the same time, the deviation between the field monitoring data and the numerical simulation results is within the acceptable range, indicating that the established numerical model is reliable.
[image: Figure 8]FIGURE 8 | Deformation of primary support during construction method conversion [(A) vault settlement, (B) horizontal convergence].
DISCUSSION
The geological conditions can affect the pressure acting on the primary support. When other factors are maintained, a smaller bench length is conducive to tunnel stability. To guide subsequent tunnel construction, it is necessary to analyze the influence of factors such as the mechanical properties of surrounding rock mass and the bench length.
Mechanical Properties of Surrounding Rock Mass
According to the Standard for Engineering Classification of Rock Mass (GB/T50218-2014 2014), the deformation modulus, internal friction angle, and cohesion of rock mass in grade V are <1.3 GPa, 27°, and 200 kPa, respectively. The deformation modulus varies greatly even though the surrounding rock mass is in the same grade. For this reason, the tunnel deformation under different deformation modulus is analyzed. Deformation modulus is a compressibility index of rock mass obtained through field load tests, i.e., the ratio of stress increment to the corresponding strain increment under partial confinement conditions. The elastic modulus is used in the numerical model. In this paper, the deformation modulus is taken as the elastic modulus, and the tunnel deformation is calculated when the elastic modulus is 300, 500, and 800 MPa, respectively, as shown in Figure 9. Figure 10 illustrates the deformation evolution of primary support with the elastic modulus. The following information can be obtained from these figures.
1) There is a certain hysteresis in the primary support deformation. In the two-bench excavation section, the maximum deformation of primary support is not located at the tunnel face but lags the tunnel face by a certain distance. As the elastic modulus of the surrounding rock mass decreases, both the distance and the deformation extent of primary support gradually increase. For example, when the elastic modulus is 300 MPa, the deformation of primary support reaches the maximum value at about 14 m behind the tunnel face. When the elastic modulus increases to 500 MPa, the distance decreases to 6 m.
2) The tunnel deformation decreases with the increase in elastic modulus, which is approximately in a negative exponential form. For shallow buried and large cross-section tunnel, when the elastic modulus is greater than a certain value, such as 400 MPa, the deformation of primary support is already in a small state. The construction method conversion will not have a major impact on tunnel stability. However, if the elastic modulus is less than this value, the deformation of primary support increases sharply, indicating that the tunnel stability is poor and there is great construction risk.
[image: Figure 9]FIGURE 9 | Deformation of primary support [(A) 300 MPa, (B) 500 MPa, (C) 800 MPa).
[image: Figure 10]FIGURE 10 | Deformation of primary support changes with the elastic modulus.
Bench Length
In this section, the bench length is set to 3, 9, and 12 m, respectively, to analyze its influence on the deformation of primary support. The deformation of primary support is shown in Figure 11. Figure 12 shows the deformation evolution of primary support with the change in bench length. The following remarks can be drawn from these figures.
1) The deformation of primary support increases approximately linearly with the increase in the bench length. As the bench length gradually increased from 3 to 12 m, the maximum deformation of primary support in the construction method conversion section gradually increased from 5.1 to 32.7 mm.
2) During the construction method conversion, a smaller bench length should be adopted to ensure construction safety. For the surrounding rock mass of grade V, there are many joints and fissures inside, and its self-bearing capacity is poor. Numerical simulation results show that the deformation of primary support increases with the increase in bench length, and the risk of surrounding rock mass instability and failure during construction also increase significantly.
[image: Figure 11]FIGURE 11 | Deformation of primary support under different bench length [(A) 3 m, (B) 9 m, (C) 12 m].
[image: Figure 12]FIGURE 12 | Deformation of primary support changes with the bench length.
CONCLUSION

1) To ensure the success of tunnel construction method conversion, a numerical model was used to analyze the deformation of primary support during construction. From the monitoring feedback, the feasibility of the numerical model and the proposed construction scheme are validated.
2) Before the construction method conversion, the rock mass stability in front of the tunnel face should be analyzed based on the design blueprint, geological prediction, geological survey reports, and rock mass conditions in front of the tunnel face. In addition, the deformation of primary support before and during the construction method conversion should be analyzed through monitoring data and numerical model results. Finally, the construction method conversion can be carried out in the order of CD method, two-bench tunneling method, and bench tunneling method.
3) Tunnel deformation decreases in a negative exponential form with the increase in elastic modulus and increases approximately linearly with the increase in bench length. For shallow buried and large cross-section tunnel, the tunnel deformation is in a small state when the elastic modulus of the ground is greater than a certain value, and the bench length should be small to ensure construction safety.
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