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Abstract

:

It is very important to evaluate the structural behavior of shield tunnel lining reasonably to ensure the safe operation and maintenance of subway trains. In this paper, by virtue of the resilience theory, the resilience evaluation of the existing shield tunnel lining induced by the symmetrical excavation of adjacent foundation pit is conducted using the numerical simulation. Firstly, the structural behavior index of the shield tunnel lining is defined. Moreover, using the evolution of structural behavior index along with the symmetrical excavation steps of adjacent foundation pit, the calculation method of the resilience index of the shield tunnel lining and grade of resilience are proposed. Secondly, numerical simulation is conducted to compare the degree of influence of three different block symmetrical excavation methods of the adjacent foundation pit on the structural deformation of existing shield tunnel lining. Finally, based on the proposed resilience evaluation method, the structural deformation index and the resilience index of the existing shield tunnel lining are calculated under three different block symmetrical excavation methods, which indicates that the control effect of different block symmetrical excavation methods of the adjacent foundation pit varies greatly. Moreover, it is necessary to adopt the fine excavation method of foundation pit by sections to better control the deformation of the existing shield tunnel lining.
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1. Introduction


To ensure the safe operation and maintenance of subway trains, there are strict deformation control requirements for metro shield tunnels. With the density of subway networks, adjacent excavation has become an important hidden danger of the safe operation of subway tunnels. The excavation and unloading around the subway tunnel will inevitably lead to changes in the soil stress state within a certain range around the excavation, which will cause additional stress in the shield tunnel lining. In serious cases, the cracking and water leakage of tunnel segments will be caused, threatening the safety of subway operation.



Traditionally, many scholars have carried out a lot of research on segment evaluation of shield tunnels, mainly using specific indicators of the shield tunnel lining, such as convergence deformation value, joint opening amount, concrete crack width, etc., to evaluate the safety state of the tunnels and then give corresponding suggestions [1,2,3,4,5,6]. Based on the measured data of the deep foundation pit of an adjacent tunnel in Tianjin, Zheng et al. [7] calculated and analyzed the division of the affected zone of the existing tunnel deformation outside the pit. The results show that under the same maximum horizontal deformation and tunnel displacement control standard, the influence area of cantilever deformation is the smallest. Huang et al. [8] found that when the upper foundation pit was excavated, the underlying tunnel would have obvious upward floating deformation, and its influence range was twice the excavation width beyond the excavation boundary. In addition, the study also shows that it is very important to select appropriate measures to control tunnel deformation and strengthen tunnel segments to reduce the impact of foundation pit excavation. Liu et al. [9] studied the technology of epoxy resin bonding fiber to reinforce tunnels, which shows that the influence of foundation pit excavation can be reduced by increasing the stiffness of the tunnel. Yang et al. [10] applied a new composite structure to a tunnel segment and analyzed the mechanical behavior and failure mode of the segment reinforced by the composite structure in detail through tests.



Recently, since the resilience can reflect the systemic changes of the whole process in relation to time, it has been adopted by many scholars to evaluate the state of studied system [11,12,13,14,15,16,17,18,19,20]. Huang and Zhang [21] considered that there should be an evolution stage between the disturbance stage and the recovery stage after a disaster and established a model suitable for evaluating the resilience of shield tunnel lining. However, there is very little literature on the subject of the resilience evolution analysis of the existing shield tunnels induced by the influence of adjacent foundation pit excavations based on numerical simulations.



Based on resilience theory, an analysis of the resilience evolution of the existing shield tunnels induced by the symmetrical excavation of an adjacent foundation pit is conducted by virtue of numerical simulation. Firstly, the definitions of structural deformation index and the resilience index of the shield tunnel lining are proposed. Secondly, the Plaxis 3D finite element software is used to carry out the comparative analysis of the degree of influence of three different block symmetrical excavation methods of an adjacent foundation pit on the structural deformation of the shield tunnel lining. Finally, based on the proposed resilience evaluation method, the structural deformation index and the resilience index of the existing shield tunnel lining under three different block symmetrical excavation methods are calculated and studied.




2. Resilience Evaluation of Tunnel Lining


2.1. Structural Behavior Index


In order to ensure the safe operation of subway trains, the deformation control standard of the subway tunnel lining is very strict. For instance, Chinese Standard CJJ/T202-2013 [22] states that the following indicators need to meet specific conditions: an absolute settlement and horizontal displacement of station and shield tunnel lining ≤ 20 mm; a differential settlement of deformation joints ≤ 10 mm; a curvature radius of tunnel longitudinal deformation curve ≥ 15,000 m; and a relative deflection of the tunnel ≤ 1/2500. Thus, to characterize the safety degree of tunnel lining deformation, the structural behavior index is defined as the ratio of the difference between structural deformation of tunnel lining and specified warning value in the Chinese Standard CJJ/T202-2013 to the warning value, as shown in Equation (1):


  Q =    ω  max   − ω    ω  max      



(1)




where Q denotes the structural behavior index; ωmax presents the specified warning value in the Chinese Standard CJJ/T202-2013; and ω is the structural deformation of tunnel lining.




2.2. Index and Grade of Resilience


Due to the time effect of soil deformation, the block excavation with several steps of an adjacent foundation pit is beneficial to control the deformation of the existing tunnel. The evolution curves of structural behavior index Q versus steps i under different excavation plans of the foundation pit are displayed in Figure 1. Furthermore, the resilience index of tunnel lining R is proposed by ratio of the area (evolution curves of structural behavior index) to initial curve S0, as rendered in Equation (2):


  R =    ∑ 1 i    S i      S 0    =    ∑ 1 i      Q i  +  Q  i − 1    2      Q 0  Σ i    



(2)




where R denotes the resilience index of the tunnel lining; S0 presents the area bounded by the initial curve Q0 and the horizontal axis; and Si depicts the area bounded by curve QiQi−1 and the horizontal axis (c.f. Figure 1).



Based on the range of values of the resilience index of the tunnel lining R, the grade of resilience is proposed as exhibited in Table 1, which indicates the influence degree of the excavation of adjacent foundation pit on existing shield tunnel lining. In general, the influence degree for High Resilience is the least, the influence degree of Moderate Resilience is second, and the influence degree of Low Resilience is the greatest.





3. Numerical Model and Procedure


3.1. Numerical Procedure


PLAXIS 3D is a widely used geotechnical engineering finite element software, which can simulate complex engineering geological conditions, structures and construction processes, especially suitable for deformation analysis. The overall model and relative position relation between a symmetrical excavation pit and existing tunnels are shown in Figure 2. The dimensions and meshes of the numerical simulation model are as follows: The length of the model is 150 m, the width of the model is 100 m, the height of the model is 50 m; the diameter of the tunnel is equal to the outer diameter of the cutter plate 6.2 m, and the depth of the stratum below the tunnel bottom is 12 m, as shown in Figure 2. The length direction of the foundation pit is 100 m, the width direction is 40 m, and the depth is 30 m. The foundation pit is only 3 m from the nearest point of the tunnel. In addition to the free surface at the top of the model, deformation constraints are applied around and at the bottom. The soil material in the calculation follows the Mohr–Coulomb failure criterion. Table 2 renders the soil parameters.




3.2. Block Excavation Condition Setting of Foundation Pit


In this paper, three different excavation plans for the foundation pit with several steps are adopted to investigate the influence degree of the excavation of adjacent foundation pit on existing shield tunnel lining. As illustrated in Figure 3, Plan 1 indicates that the foundation pit is excavated longitudinally and layered by sections, Plan 2 renders that the foundation pit is excavated transversely and layered by sections and Plan 3 shows that the foundation pit is excavated transversely (more sophisticated) and layered by sections.





4. Numerical Results and Analyses


4.1. Typical Results of Deformation Response of Existing Tunnel (Plan 3)


Figure 4 shows the contour of the displacement response of the existing tunnel under different steps (Scale = 30). With the block symmetrical excavation of the foundation pit and the construction of the supporting structure, the deformation of the tunnel structure tends to one side of the foundation pit.



The traditional analysis method focuses on the longitudinal deformations of the existing tunnel when the foundation pit was excavated with three diagrams of the block symmetrical excavation of foundation pit, as shown in Figure 5. The results show that the longitudinal deformations of the existing shield tunnel linings vary greatly under different symmetrical excavation methods. When plan 1 is used to excavate the foundation pit, the longitudinal deformations of the existing shield tunnel lining increase the most. When plan 2 is adopted, the degree of the longitudinal deformations is second. When plan 3 is adopted, the longitudinal deformations of the existing shield tunnel lining increase to the minimum. Moreover, because the existing tunnel on the right line is far from the foundation pit, the longitudinal deformation variation trend of the existing tunnel on the right line under the three symmetrical excavation plans is lower than that of the existing tunnel on the left line.




4.2. Performance Status Evolution and Resilience Evaluation of Tunnel Lining


The above is the result of the traditional analysis method, which has the following two disadvantages. On the one hand, although the traditional method can see the deformation laws of the existing tunnel on the whole, it cannot directly see the proximity of the deformation distance of the existing tunnel to the warning value required by the Chinese Standard CJJ/T202-2013. On the other hand, traditional analysis methods cannot directly compare the disturbance safety grade of different excavation methods.



Therefore, the performance status evolution and resilience evaluation of shield tunnel lining are carried out by using the proposed Equations (1) and (2). Figure 6 shows the performance status evolution of the existing tunnels when the foundation pit was excavated with three diagrams of the block symmetrical excavation of foundation pit. When plan 1 is used to excavate the foundation pit, the structural behavior index Q decreases the most. When plan 2 is adopted, the decrease degree of the structural behavior index Q is second. When plan 3 is adopted, the structural behavior index Q decreases to the minimum. Moreover, because the existing tunnel on the right line is far from the foundation pit, the decrease degree of sthe tructural behavior index Q on the right line under the three symmetrical excavation plans is lower than that of the existing tunnel on the left line.



Furthermore, the resilience evaluation of the shield tunnel lining is displayed in Table 3. It can be seen from the value of the resilience index that the resilience index of the existing shield tunnel lining varies greatly under different symmetrical excavation methods. The resilience index of the existing shield tunnel lining is the smallest when the first plan is adopted. When plan 2 is used to excavate the foundation pit, the value of the resilience index will increase. When plan 3 is adopted, the resilience index of the existing shield tunnel lining is the largest. Similarly, because the existing tunnel on the right line is far from the symmetrical excavation pit, the resilience index value of the existing tunnel on the right line under the three symmetrical excavation plans is higher than that of the existing tunnel on the left line.





5. Conclusions


In this paper, based on resilience theory, the analysis of the resilience evolution of the existing shield tunnels induced by the symmetrical excavation of an adjacent foundation pit is conducted by virtue of numerical simulations. The main conclusions are as follows:



The definitions of the structural deformation index and the resilience index of the shield tunnel lining proposed in this paper are good indicators to analyze the influence degree of the symmetrical excavation of an adjacent foundation pit on the existing shield tunnels.



The analysis of the performance status evolution of existing tunnels when a foundation pit was excavated with three diagrams of the block symmetrical excavation of foundation pit indicates that when plan 1 is used to excavate the foundation pit, the structural behavior index decreases the most. When plan 2 is adopted, the decrease degree of the structural behavior index is second. When plan 3 is adopted, the structural behavior index decreases to the minimum.



The analysis of the resilience evaluation of the shield tunnel lining shows that the resilience index of the existing shield tunnel lining varies greatly under different symmetrical excavation methods. Moreover, because the existing tunnel on the right line is far from the symmetrical excavation pit, the resilience index value of the existing tunnel on the right line under the three symmetrical excavation plans is higher than that of the existing tunnel on the left line. It is necessary to adopt the fine symmetrical excavation method of the foundation pit by sections to better control the deformation of the existing shield tunnel lining.
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Figure 1. The evolution curves of structural behavior index Q versus steps i under different excavation plans of the foundation pit. 
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Figure 2. Numerical simulation model: (a) Overall model; (b) relative position relation between adjacent foundation pit and existing tunnels. 
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Figure 3. Three different excavation plans of foundation pit with several steps: (a) Plan 1; (b) Plan 2; (c) Plan 3. 
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Figure 4. Contour of displacement response of existing tunnel under different steps (Scale = 30): (a) initial state; (b) tunnel excavation; (c) construction of retaining structure of foundation pit; (d) the first block in the first layer; (e) the second block in the first layer; (f) the third block in the first layer; (g) the fourth block in the first layer; (h) the fifth block in the first layer; (i) the sixth block in the first layer; (j) the seventh block in the first layer. 
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Figure 5. Longitudinal deformations of existing tunnel when foundation pit was excavated with three diagram of block excavation of foundation pit: (a) left line; (b) right line. 
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Figure 6. Performance status evolution of existing tunnel when foundation pit was excavated with three diagram of block symmetrical excavation of foundation pit: (a) left line; (b) right line. 
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Table 1. Grade of resilience.
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	Grade
	Range
	Colour





	High Resilience
	0.8 ≤ R < 1.0
	 [image: Symmetry 14 00229 i001]



	Moderate Resilience
	0.6 ≤ R < 0.8
	 [image: Symmetry 14 00229 i002]



	Low Resilience
	R < 0.6
	 [image: Symmetry 14 00229 i003]
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Table 2. Soil parameters.
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	Parameters
	Symbol
	Mucky Clay





	Saturated unit weight
	γsat [kN/m3]
	16.8



	Elasticity modulus
	E [kN/m2]
	4045



	Poisson’s ratio
	ν (nu)
	0.2



	Cohesion
	c [kN/m2]
	20



	Internal friction angle
	φ (phi) [°]
	23.7



	Lateral pressure coefficient
	K0
	0.5981
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Table 3. Resilience evaluation of tunnel lining.
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	Resilience Grade
	Plan 1
	Plan 2
	Plan 3





	Left line
	0.59  [image: Symmetry 14 00229 i003]
	0.63  [image: Symmetry 14 00229 i002]
	0.89  [image: Symmetry 14 00229 i001]



	Right line
	0.67  [image: Symmetry 14 00229 i002]
	0.70  [image: Symmetry 14 00229 i002]
	0.91  [image: Symmetry 14 00229 i001]
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