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In view of strict deformation control standards, it is important to calculate the shallow tunnel deformation caused by the unloading of overburdened soil for analyzing tunnel structure safety. Due to the obvious nonlinear characteristics and the significantly smaller rebound deformation of soil under unloading conditions, previous numerical calculation methods need to be improved and adapted to the soil deformation characteristics under unloading. Based on the above background, cyclic loading and unloading tests were carried out to study the deformation characteristics of soil under different loading levels, stress history, and unloading levels. Secondly, a unified modulus calculation model was established, especially for the unloading modulus, which considers the unloading stress history and current unloading stress level, and can provide the value of soil modulus in different states. The relationship between the unloading rebound modulus Esc and the rebound modulus Ec0 used in the numerical simulation was studied. Finally, a set of numerical calculation and analysis methods for shallow tunnel deformation caused by overlying soil excavation based on its rebounding characteristics is proposed. The rationality of the method is verified by two examples, and is applied to a practical project.
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1 INTRODUCTION
With the development of urbanization, there are increasing instances of cross-geotechnical engineering. As this new engineering is close to the existing engineering, it is necessary to carry out calculations and analyses of the influence of new engineering on the existing engineering (Zhang et al., 2018a; Zhang et al., 2018b; Jiang et al., 2020). Civil structure constructions adjacent to subway tunnels are the most common cross-geotechnical engineering in the city (Chang et al., 2001; Sharma et al., 2001; Hu et al., 2003; Chen and Zhang, 2004; Wang and Yu, 2004). As subway tunnels undertake a large number of urban public transport functions, urban management needs to ensure the safe operation of these tunnels. For the problem of shallow tunnel deformation caused by adjacent engineering, many scholars have carried out relevant research and solved academic problems to a certain extent. At present, the calculation of shallow tunnel deformation caused by adjacent engineering can be divided into two categories: one is theoretical calculation methods (Wang et al., 2006; Devriendt et al., 2010; Liu et al., 2010; Huang et al., 2013; Shi and Ng, 2015; Liang et al., 2017); the other is numerical calculations (Chen and Li, 2005; Zhang et al., 2013a; Zhang et al., 2013b; Zh ang et al., 2015; Liang et al., 2017; Qiu et al., 2021). These two kinds of methods have characteristics and advantages.
The characteristics of the theoretical calculation method are to treat the tunnel as a discretized beam structure. By assuming that the discrete elements meet certain mechanical balance conditions, the mechanical balance equations of the tunnel are established, and the deformation of the tunnel is calculated by solving the balance equations. The advantage of the theoretical method is that it is easy for engineers to calculate the deformation of the tunnel in real engineering when the calculation formula and solution method are derived. The advantage of numerical calculation is that the complete stress-strain relationship and interaction between the adjacent engineering can be considered with the establishment of a complete numerical model, which can provide reliable and comprehensive results for analysis. Although the theoretical calculation method is convenient for engineering applications, it is not adequate for analyzing the interaction between the adjacent engineering and the subway tunnels, and a numerical calculation method could completely overcome the limitations of the theoretical calculation method.
The numerical calculation method is a mainstream way of shallow tunnel deformation calculation and analysis, but the application of the numerical calculation method in shallow tunnel deformation calculation still needs to be improved. The reason for this is that, for special shallow buried tunnels, the safety control standards for deformation are strict. China’s relevant regulations (Urban and rural areas of the People’s Republic of China, 2011; Urban and rural areas of the People’s Republic of China, 2013) stipulate that the deformation of subway tunnels should not exceed 5 mm and the ellipticity should not exceed 5%. Facing such strict control standards, the most important question of how to improve the accuracy and reliability of the calculation results for the numerical calculation method remains.
According to previous research experience and results, the calculated tunnel deformation due to soil unloading is usually larger than the actual situation under conventional calculation modes. The main reasons are as follows: 1) the unloading deformation of the soil itself is a nonlinear process, and the rebound modulus is several times the compression modulus, and its correlation varies greatly with different soil properties. 2) The actual unloading deformation of each layer is related to its stress history, unloading stress level, and unloading stress path. It can not be analyzed according to the mechanical parameters of the complete unloading state (conventional laboratory test). It is also necessary to carry out a large amount of demonstration work to realize the millimeter-level deformation calculation because of the discreteness, variability, and the complexity of physical and mechanical characteristics of the soil.
According to the analysis above, it is known that the soil nonlinear deformation is mainly affected by the variety of the mechanical parameters under different stress states, especially the change of the deformation modulus and it must be considered during the whole calculation process. On this basis, the deformation characteristics of the soil under repeated loading and unloading conditions are studied at first. And then a deformation calculation and analysis method for the shallow buried tunnel is proposed, which can reflect the actual state of the engineering. The rationality of the proposed method is validated through several examples. Finally, the method is applied to real engineering to illustrate its applicability and guidance for engineering.
2 ANALYSIS OF CYCLIC COMPRESSION-REBOUND CHARACTERISTICS OF SOIL
For numerical calculation, the parameters must be reasonable to get the rational calculation results. The rebounding parameter of soil determines the rationality of shallow tunnel deformation calculation. We discuss the compression-rebound characteristics of soil under different load levels and get the value of the rebounding modulus of soil under rebound conditions at first. Then, we substitute the test value into the numerical calculation model to reasonably calculate the deformation of the shallow buried tunnel.
The particle size distribution of the typical soil is shown in Figure 1. The basic physical parameters of the typical soil are respectively: 1) fill: water content 28.4%, liquid limit 35.6% and plastic limit 21.4%; 2) mucky silty clay: water content 31.7%%, liquid limit 34.7% and plastic limit 21.3%; 3) silty clay: water content 29.9%, liquid limit 37.3% and plastic limit 21.5%; 4) clay: water content 27%, liquid limit 38.8% and plastic limit 22.3%. Note that the water content listed above was obtained by the field investigation, which is the natural moisture content of the original soil. For different types of soil, the natural water content is different and is not the saturated water content. Indeed, the water content influences the deformation of soil. According to the general law, with the increase of water content, the deformation resisting ability of soil decreases.
[image: Figure 1]FIGURE 1 | Cumulative curve of soil particle size grading.
2.1 Compression-Rebound Test Conditions for Soil
The compression-rebound test of soil is carried out with a standard consolidation instrument (as shown in Figure 1). The size of the soil sample is φ61.8 mm in diameter and 20 mm in height. The test condition is to limit the deformation of soil laterally, and then apply the vertical load on the top of the sample. After the vertical load is loaded to a certain stress level, it is unloaded in stages. Each loading or unloading step needs to wait until the soil sample is stabilized in deformation, and the height of the soil sample is recorded to calculate the change of pore ratio and compression or rebound modulus of the soil sample. Specific test conditions are shown in Table 1.
TABLE 1 | Soil compression-rebound test conditions.
[image: Table 1]2.2 Compression-Rebound Characteristics of Soil
Both elastic deformation and plastic deformation will occur during the compression process, and the deformation curve of soil appeared to have hysteretic characteristics during the rebound and re-compression process. This feature needs to be taken into account in the calculation to make it more realistic. Figure 2 shows typical compression-rebound test curves of different soils.
[image: Figure 2]FIGURE 2 | Compression-rebound test curve of typical soil.
As can be seen from Figure 2, no matter whether it is soft soil or hard soil, the soil pore ratio could not return to the initial pore ratio when unloading under different overlaying loads, which indicates that both elastic deformation and plastic deformation occurred in the soil during compression, and the plastic deformation is relatively large.
It can also be seen that in the process of soil rebound, the load-pore ratio curve of soil is not a straight line (the rebound curve appears to be a straight line under the condition of low load unloading, it is a curve, but the bending is not obvious, which will be reflected in the fitting model later). This indicates that during the process of soil rebound, the stress-strain relationship of soil is elastic-plastic, and the deformation modulus of soil changes can not be used by the unified elastic modulus.
In addition, the hysteretic characteristics of soil rebound-recompression deformation are different under high pressure and low pressure. When soil is unloaded and reloaded under a low compression load (less than 100 kPa), the load-pore ratio curve of soil overlaps and there are no hysteretic characteristics. When the soil is unloaded and reloaded under a high compression load, the load-pore ratio curve shows obvious hysteretic characteristics. At the initial stage of unloading under a high compression load, the load-pore ratio curve of soil is relatively smooth and the rebound deformation is small, which indicates that the rebound modulus is large at the initial stage of unloading. When unloading to a certain extent, the load-pore ratio curve begins to bend and the rebound deformation occurs rapidly. The hysteresis characteristics of soil under high compression load are consistent with the existing results (Li and Teng, 2018; Wang et al., 2020), but that under low compression load is rarely reported. What should be emphasized is that the excavation on the ground will usually cause the deformation of the shallow soil layer. Therefore, the unloading rebound characteristics of soil under low compression load are more significant for shallowly buried tunnel engineering.
2.3 Method for Calculating Rebound Modulus Esc of Soil in Different Construction Stages
For numerical calculation, the most commonly used and most convenient constitutive model is the Mole Coulomb model. The parameters used in the mole Coulomb model are elastic modulus E0, Poisson’s ratio ν, cohesion c, and friction Angle φ, among which, the impact of the elastic modulus on deformation is the largest. But for engineering investigation, the compression test is used to determine the modulus of soil mass. To avoid confusion, here we use Es and Esc to represent the compression modulus and rebound modulus determined by the compression-rebound test and use E0 and Ec0 to represent the elastic modulus and rebound modulus before and after the excavation construction in the numerical simulation. The problem of shallow buried tunnel deformation caused by soil excavation does not involve soil re-compression, therefore, the estimation of soil re-compression modulus is not included in this research.
The compression curve of soil is shown in Figure 3(1) , and the rebound curve of soil is shown in Figure 3(2). In terms of morphology, the compression curve and the rebound curve have similar morphology, so they can be fitted by one equation. After a comprehensive comparison, we choose the power function of three parameters as the fitting function of Es and Esc. The specific equation is as follows:
[image: image]
Where: a,b,c are model parameters; e is porosity ratio; p is the current pressure value/kPa.
1) Comparison of test data and formula fitting data in the soil compression test
2) Comparison of test data and formula fitting data in soil rebound test
[image: Figure 3]FIGURE 3 | Comparison of test data and formula fitting data in soil compression-rebound test.
As shown in Figure 3, the fitting effect of the soil compression curve and rebound curve is good, and the fitting model can accurately reflect the compression and rebound characteristics of different soils. For the convenience of application, the fitting parameters of the compression curve are listed in Table 2. For rebound conditions, there are different fitting parameters for the rebound curve under different pressure values. The function relationship between the three fitting parameters and the pressure values can be further established to facilitate the application of numerical calculation in the later period. The fitting functions of different soil rebound parameters are also listed in Table 2 below.
TABLE 2 | Fitting parameters of the compression and rebound curve.
[image: Table 2]For excavation construction, the soil should be unloaded at different load levels, so the rebound modulus Esc of soil should be calculated according to the excavation depth and the unloading level. It is worth noting that the above model and calculation parameters are used to calculate the current pore ratio of soil, which need to be converted to modulus if the modulus is wanted.
2.4 Determination of Soil Rebound Modulus Ec0 in Different Construction Stages
Some scholars have discussed the relationship between soil compression modulus Es and elastic modulus E0 under compression, and the conclusion is that there is a certain proportional relationship between Es and E0 (Jia et al., 2008; Yu, 2014). However, there is no literature report on the relationship between Esc and Ec0, used in numerical calculation. Therefore, it is necessary to determine the relationship between them to provide reliable parameters for the subsequent calculation of shallow buried tunnel deformation.
Figure 4(1) shows the comparison between the numerical simulation and the test conditions of different soil compression-rebound tests. It can be seen that the conditions of the compression rebound test and the numerical simulation are the same: the numerical model has a diameter of 6.18 cm and a height of 2 cm, the horizontal deformation is constrained around the soil sample, displacement is completely constrained at the bottom of the soil sample, and only axial load is applied or reduced at the upper part of the numerical model. The loading step is also the same as the real test which is that after the consolidation under a certain load level is completed, the next load will be added to the surface of the model.
[image: Figure 4]FIGURE 4 | Numerical simulation model extraction and comparison of test data and simulation data.
Figure 4(2) shows the datum comparison of the compression-rebound test and the numerical simulation of different soil samples under different rebound conditions. Here, the rebound modulus Esc obtained by the compression-rebound test is constantly adjusted, and the multiple relationships between Ec0 used in numerical simulation and Esc obtained by the test are determined, that is, Ec0 = 4.0Esc. It can be seen from the figure that the soil rebound curve obtained by numerical simulation is in good agreement with the test curve, which can well reflect the deformation of soil under the rebound conditions. Therefore, in the subsequent deformation calculation of shallow buried tunnel, Ec0 will be set whose value is 4 times Esc according to the different compression state and unloading level.
3 CALCULATION METHOD OF SHALLOW BURIED TUNNEL DEFORMATION
According to the results of the soil compression rebound test, the Es or Esc of soil has the following characteristics:
1) Whether in compression or rebound state, the compression moduus Es or the rebound modulus Esc of soil varies with the overlaying pressure. This means that in the numerical calculation, the modulus of soil should be adjusted according to the overlaying pressure.
2) Especially for the rebound state, the rebound modulus Esc is not only related to the initial unloading pressure but also related to the unloading state, that is, different initial unloading pressure and different soil rebound modulus. Under the same initial unloading pressure, the rebound modulus of soil is different with different unloading levels.
Therefore, for small deformation of shallow buried tunnel deformation calculation, the value of Ec0 rebound modulus of soil under the rebound condition is critical, which should be reasonably determined to make the results more in line with engineering practices and more convincing.
Based on the above research results, this method proposed for shallow tunnel deformation can be summarized in the following steps:
1) Initial ground stress calculation: according to the basic physical and mechanical parameters of soil, estimate the dead weight load of different soil layers in advance, transform the compression modulus Es into E0, which is assigned to the soil model along with the parameters of Poisson’s ratio ν, cohesion c, and internal friction Angle φ, and then calculate to balance.
2) Calculation of shallow buried tunnel construction: simulate tunnel excavation and calculation, monitor the change of soil pressure in real time, dynamically adjust the elastic modulus of soil E0, calculate to the model balance, and record the pressure information of soil.
3) Calculation of shallow tunnel deformation: simulation soil excavation upon the shallow tunnel, determine the initial unloading pressure according to the pressure information of soil elements, monitor the pressure variation of the soil elements in time and dynamically, calculate the rebound modulus Esc according to the initial unloading pressure and current pressure, and transfer it into Ec0, then continually adjust the Ec0 during the calculation process to make tunnel deformation results more reasonable.
In order to more clearly show the calculation method and process of shallow buried tunnel calculations proposed in this paper, the specific process is given in the form of a flow chart in Figure 5.
[image: Figure 5]FIGURE 5 | Calculation process of the proposed method.
4 VERIFICATION OF CALCULATION METHOD
4.1 Case I: Influence of Shanghai Daning Commercial Center Foundation Excavation to Shanghai Metro Line One
A previous study by Wang et al. (2006) reported on the influence of the Shanghai Daning Commercial Center foundation excavation on its nearby metro tunnel. Another study (Liang et al., 2017) reported a simplified analytical method to evaluate the effects of the excavation of the tunnel. In this literature, the deformation datum by the analytical calculation and in-site measuring are compared. This datum is used as the base datum to verify the calculated metro tunnel deformation obtained by the method proposed in this paper.
The layout of the foundation pit and its position in relation to the metro tunnel are shown in Figure 6. The length and width of the foundation pit are 240 m × 230 m, and the distance between the supported pile and the tunnel is only 5.4 m. In the adjacent area, there are four layers of soil, which respectively are: [image: image] fill; [image: image] silty clay; [image: image] muddy clay; [image: image]1clay. The external diameter of the metro tunnel is 6.2 and its liner thickness is 0.3 m. The numerical model is modeled according to the project and is shown in Figure 6.
[image: Figure 6]FIGURE 6 | The numerical model according to the project layout in Case I.
The basic parameters of the soil and supported structure are the same as that used in other literature (Wang et al., 2006), which are [image: image] fill: Poisson ratio 0.32, cohesion 1 kPa, friction 22°; [image: image] silty clay: Poisson ratio 0.35, cohesion 18 kPa, friction 18°; [image: image] muddy clay: Poisson ratio 0.4, cohesion 12 kPa, friction 10°; [image: image]1clay: Poisson ratio 0.35, cohesion 20 kPa, friction 16°. In a contrasting situation considering the type of the surrounding soil, the resilience parameters are determined referred to the test results in this paper.
As the downline tunnel is closer to the foundation pit than the upline tunnel, the deformation of this tunnel is considered and contrasted to verify the rationality of the method proposed in this paper. The calculated deformation datum obtained from wider literature (Wang et al., 2006; Liang et al., 2017) and the proposed method are compared with the measured results. As shown in Figure 7, although the calculated datum obtained by the three methods all reflect the deformation of the metro tunnel, the datum calculated by the method in this paper is closer to the measured datum and better reflects the tunnel deformation trend.
[image: Figure 7]FIGURE 7 | Results comparison between this method and two studies in CaseⅠ.
4.2 Case II: Influence of the Shanghai Bund Underground Passage Construction on the Existing Tunnel
To better verify the rationality of the proposed method, another project case is introduced below. In this case, the Bund Underground Passage in Shanghai was constructed on the metro tunnel. The layout of the underground passage and its position in relation to the metro tunnel is shown below in Figure 8(1).
[image: Figure 8]FIGURE 8 | Numerical model of the intersection engineering of CaseⅡ.
The underground passage was constructed using the open-cut method. The foundation pit was supported by several retaining walls, as shown in Figure 8. In this case, four conditions with different Dz (Plan I: Dz = 11 m; Plan II: Dz = 16.5; Plan III: Dz = 22 m; Plan IV: Dz = 27.5) were calculated, and the results are compared with those in the literature (Huang et al., 2013).
The numerical model is shown in Figure 8(2). The engineering geological condition is that there are three soil layers: 1. Clay layer; 2. Silty clay layer; 3. Sandy silty clay layer. The mechanical parameters of the soil are the same as that used in the literature (Huang et al., 2013)which are ①clay: Poisson ratio 0.32, cohesion 8 kPa, friction 23°; ②silty clay: Poisson ratio 0.31, cohesion 13 kPa, friction 27°; ③sandy silty clay: Poisson ratio 0.3, cohesion 3 kPa, friction 30°. As with Case I, in this case, the resilience parameters are also referred to in the test results in this paper.
Figure 9 compares the results of this study and the wider literature (Huang et al., 2013). It can be seen that the tunnel deformation results calculated by the two methods can all reflect the law that with the increase of the burial depth of the tunnel, the deformation of the tunnel decreases, and the maximum deformations obtained by the two methods are almost the same. However, from the axial deformation variation law, the results of the two methods have certain differences. This could be caused by setting the different parameters of the supported structure. According to experience, we believe that under the supported structure with enough strength, the influence range should be limited in the cutting construction area. Because the supporting structure can effectively block the deformation surrounding the foundation pit wall. This understanding is also confirmed by Case I, in which the deformed range of the metro tunnel is consistent with that of the cutting construction (see Figure 8).
[image: Figure 9]FIGURE 9 | Results comparison between this method and studies in CaseⅡ.
5 PROJECT APPLICATION—INFLUENCE OF SOIL UNLOADING ON WUHAN METRO LINE FOUR
Before the project construction, the influence on the nearby existing engineering structure must be first assessed. Here an application of the influence of soil unloading on Wuhan metro line four using the proposed method in this paper is introduced. The deformation law of the metro tunnel caused by soil unloading on the ground surface is calculated. The deformation of the tunnel is used to judge whether the deformation standards specified in the relevant codes are exceeded. Then the calculated tunnel deformation is compared with the in-site measured results. The proposed method is therefore validated and checked.
5.1 Project Background
A real estate project was constructed above the Wuhan metro line 4, and before its construction, an influence assessment was done to ensure the engineering can be conducted.
The range of the soil unloading and its position in relation to the Wuhan metro line four is shown in Figure 10(1). As seen in the figure, the unloading soil lay directly on the metro tunnel. The whole unloading area is divided into two parts: 1) part I: the north of the red line and 2) part II: the south of the red line. The elevation of part I after soil unloading is 23.5 m, the unloading thickness is 8–12 m and the tunnel buried depth is 10.9–13.8 m. The elevation of part II after soil unloading is 22 m, the unloading thickness is 4.2–7.8 m and the tunnel buried depth is 13.8–19.6 m. Based on engineering experience, the influence of unloading construction in part I should be greater than that in part II due to the larger buried depth of the tunnel and unloading thickness. Therefore, the tunnel deformation calculation in part I was under heavy consideration in the assessment.
[image: Figure 10]FIGURE 10 | Numerical modeling process.
5.2 Numerical Model, Parameters, and Simulation Procedure
For establishing the numerical model, we selected two typical sections of part I, which can be seen in Figure 10(2). The distance between the two sections is about 50 m and the 3D numerical model is obtained by extrusion operation from sections A1A2 to A3A4. The 3D numerical model can be seen in Figure 10(3). The length and height of the model are respectively 220 m and 50 m. The diameter of the metro tunnel is 5.5 m and the thickness of the concrete supporting structure is 0.35 m.
The engineering geological condition is also shown in Figure 10(3). It can be seen that the soil layers under the unloading soil are respectively 1) fill; 2) clay; 3) silty clay; 4) clay; 5) highly weathered mud sandstone; and 6) medium weathered mud sandstone.
The initial parameters of the model are listed in Table 3 and the parameter adjustment in the calculation process is achieved by the method in Section 2.3. What needs illustration is that the initial parameters are necessary before the calculation and along with the calculation, the parameters would be periodically and continually adjusted according to the indoor test results.
TABLE 3 | Calculation parameters.
[image: Table 3]As mentioned in Section 3, the whole calculation procedure is divided into three stages: I. initial stress balance stage; II. tunnel construction stage; and III soil unloading on the ground stage. In stage I, the whole model consists of soil, while in stage II, the tunnel construction is simulated. In this stage, the deformation of the tunnel is resisted by the concrete supporting structure. Finally, in stage III, all the deformation in stage II is eliminated, and the deformation caused by soil unloading is studied.
5.3 Influence Assessment According to the Calculation Result
5.3.1 Deformation on the Ground Surface and Tunnel Crown
Figure 11(1) is the heaving deformation contours after the ground soil unloading. Figure 11(2) shows the heaving deformation of the soil and Figure 11(3) shows the heaving deformation of the tunnel.
[image: Figure 11]FIGURE 11 | Deformation contour of the two metro tunnels (heaving and horizontal deformation).
From the figures, we can see that due to the large area of soil unloading construction, the ground surface has a large heaving deformation. The biggest heaving deformation occurs at the position with the biggest soil unloading thickness, whose value is about 19.6 mm.
After the soil was unloaded, along with the rebounding deformation of the surrounding soil, heaving deformation also occurs on the metro tunnel. But because of the greater stiffness of the tunnel supporting liner, the heaving deformation is smaller than that of the soil.
According to the position relationship, the metro tunnel is located in the down right of the unloading soil, therefore, the deformation is upward to the upper left direction. In addition, the right line is closer to the unloading soil, so its deformation is bigger than that of the left line. From the value of the tunnel heaving deformation, the maximum heaving deformation on the right line is about 2.1 mm and that of the left line is about 1.7 mm. The maximum horizontal deformation of the two lines are 0.65 mm and 0.50 mm, respectively.
5.4 Deformation Law of the Metro Tunnel
5.4.1 The Deformed Shape Analysis of Metro Tunnel Structure
Figure 12 shows the deformed shape of the metro tunnel structure in the typical section. It is known that after the cutting soil was unloaded, the tunnel structure shape was changed from a circle to an approximate ellipse. After deformation, the upper curvature of the tunnel structure was small and the curvature of the lower part was large. This phenomenon further shows that the deformation at the crown of the tunnel was greater than that of the bottom.
[image: Figure 12]FIGURE 12 | The shape of the deformed metro tunnel structure after unloading the cutting soil (the deformation is magnified 2000 times).
From the deformation direction at the crown of the tunnel, its direction pointed to the thickest part of the unloaded soil, therefore, the long axis of the elliptical shape of the deformed tunnel rotated to left. Due to the different horizontal distance between the left and right tunnels to the thickest part of the unloaded soil, the rotating angle of the long axis of the ellipse of the left tunnel was smaller than that of the right tunnel.
5.4.2 Law of the Maximum Deformation of the Tunnel Structure Under Different Unloaded Thickness
Figure 13 gives the maximum deformation of the tunnel under different unloading thicknesses. For the maximum heaving deformation, the value increased along with the increase of the unloaded soil thickness, whose relationship belonged to a straight line. This showed that the heaving deformation of the tunnel was directly related to the thickness of the unloaded soil. On the other hand, as for the maximum horizontal deformation, when the unloaded thickness was smaller than 8 m, the deformation value increased linearly with the increase in unloaded thickness. However, when the unloaded thickness was bigger than 8 m, the influence of the unloaded thickness on horizontal deformation weakened quickly.
[image: Figure 13]FIGURE 13 | The maximum deformation of the tunnel under different unloaded thickness.
5.5 Contrast Between the Calculation Result and the in Site Measured Datum
To verify the calculation results, the contrast between the measured datum and the simulation result is shown in the following section. In the in situ deformation measure, the absolute deformation on the tunnel crown and bottom was conducted. The deformation of the whole tunnel in the soil unloading range was measured during the construction, and the simulation section was in the measuring range. The interval length between the measuring section was about 5.5 m.
1) Heaving deformation on the tunnel CRown
Figures 14(1)a,(2)a show the contrast of the heaving deformation on the tunnel crown between the calculation result and the in site measured datum.
[image: Figure 14]FIGURE 14 | Heaving deformation contrast on the tunnel between the calculation result and the in site measured datum.
From the figures, it can be seen that after the soil excavation construction, deformation occurs on the tunnel crown, which is in agreement with the in situ measured data. The resulting agreement can be reflected in three aspects. First, on one hand, given the heaving deformation of the tunnel crown, the calculated maximum deformation is 2.1 mm and the measured maximum deformation is 2.2 mm, which indicates that they are consistent. Secondly, on the other hand, from the perspective of longitudinal tunnel deformation, due to the different thickness of the unloading soil, the heaving deformation values of the tunnel crown at different positions should be different, and the numerical simulation results accord with the distribution trend of the measured deformation of the tunnel. Finally, because the right line of the subway tunnel is closer to the maximum thickness of the unloading soil, the value of the heaving deformation of the right line tunnel should be larger than that of the left line tunnel, and the numerical simulation results are consistent with the measured data.
2) Heaving deformation on the tunnel bottom
Figures 14(1)b,(2)b show the contrast of the heaving deformation on the tunnel bottom between the calculation result and the in site measured datum.
From the Figures, it can be seen that: 
1) Due to the soil unloading construction on the ground, the rebound deformation of the foundation soil caused the heaving deformation of the subway tunnel. Due to the relatively deep depth at the bottom of the tunnel and the large rigidity of the tunnel lining structure, the heaving deformation at the bottom of the tunnel was significantly smaller than that at the top of the tunnel.
2) According to the value of the heaving deformation at the bottom of the tunnel, the deformation on the right line is larger than that on the left because the tunnel on the right line is closer to the position of the deepest soil unloading. This shows consistency between the numerical simulation results and measured data. The maximum deformation at the bottom of the right line tunnel is about 1.3 mm, and the measured data is about 1.4 mm.
3) The numerical simulation results are consistent with the measured data of the heaving deformation at the bottom of the tunnel, which reflects the heaving deformation trend at different longitudinal positions of the tunnel. However, influenced by the buried depth, structural stiffness and so on, the heaving deformation at the bottom of the tunnel is small, so the deformation difference is not obvious.
3) Convergence deformation of the tunnel in the vertical direction
Figure 15 shows the vertical clearance convergence deformation of the subway tunnel in the longitudinal direction. The positive and negative values of vertical clearance convergence deformation of the tunnel are defined as: the positive value of deformation represents the stretching of the tunnel section, and the negative value represents the contraction of the tunnel section.
[image: Figure 15]FIGURE 15 | Vertical clearance convergence deformation contrast between the calculation result and the in site measured data.
These figures indicate that:
1) Due to the soil unloading construction on the ground, the heaving deformation occurs on the soil and the tunnel. Although there is heaving deformation at the tip and bottom of the tunnel, the heaving deformation on the crown of the tunnel is larger than that the bottom. Therefore, the vertical section of the tunnel is stretched and its shape tends to become elliptical.
2) After the tunnel deformation, the elliptic long axis points to the position with the largest unloading thickness, indicating that the greater the unloading thickness is, the greater the surface rebound deformation is, and causing the tunnel upward arched deformation to this position.
3) The numerical simulation results are consistent with the measured datum, reflecting the distribution law of vertical clearance convergence deformation of the tunnel. The calculated deformation magnitude is also consistent with the measured data. The maximum vertical clearance convergence deformation of the tunnel on the right side is about 0.9 mm, and the measured data is about 1.05 mm.
5.6 Assessment of the Influence of the Soil Unloading to the Metro Tunnel
According to the ‘Technical code for safety protection of urban rail transit structures (CJJ/t202-2013’ of China, the metro tunnel deformation must be limited to 5 mm and the ellipticity ratio (calculated by the formula (2)) of the tunnel must be limited within 5‰.
[image: image]
Where, Dmax and Dmin are respectively the maximum and minimum diameters of the deformed tunnel and Ddesign is the designed diameter of the tunnel.
Figure 16 shows the ellipticity ratio of the two metro tunnels of the soil unloading construction. It can be seen that the ellipticity ratio of the two metro lines is all smaller than the mandatory standard. The maximum ellipticity ratios of the two tunnels are respectively 1.6‰ and 1.42‰. From the deformation aspect, the values of the horizontal and vertical deformation of the two tunnels are all within the demand of the code. Therefore, although the soil unloading construction would have a certain influence on the metro tunnels, the tunnels are still in accordance with the relevant regulations, meaning the tunnels can be deemed safe.
[image: Figure 16]FIGURE 16 | The ellipticity ratio of the tunnel in the longitudinal direction.
6 CONCLUSION
This paper summarized the research status of tunnel deformation caused by overlaying soil excavation, the deformation characteristics of soil under rebound conditions were first studied and the rebound deformation law and calculation model were obtained. Then, the transferring relationship of the Esc and Ec0 were researched through numerical inversion. Finally, based on the summary of the defamation law under the rebound condition, a set of numerical simulation calculations and analysis methods considering different stress histories and stress levels was presented. The main conclusions are as follows:
1) The soil rebound curve under unloading conditions shows nonlinear characteristics, especially under high pressure conditions, the nonlinear characteristics are more obvious. Therefore, the variation of the used rebound modulus according to the different stress states should be considered.
2) The hysteretic characteristics of the rebound curve of soil under high pressure and low pressure are different. When the soil is unloaded and reloaded under a low compression load (less than 100 kPa), the load-pore ratio curve of the soil overlaps. There are no hysteretic characteristics. When the soil is unloaded and reloaded under a high compression load, the load-pore ratio curve shows obvious hysteretic characteristics. It also further shows that the modulus parameters of soil are different under different stress states, and should be taken into consideration when evaluating the modulus.
3) Based on our experimental study, the deformation calculation and analysis method for shallow buried tunnels considering different stress history and stress states were put forward. In the calculation process, this proposed method can monitor the stress state and unloading stress history of different soil elements in real-time, and dynamically adjust the modulus parameters of soil according to this information and the results of indoor tests. The deformation law of shallow buried tunnels characterized by small deformation can be obtained, which makes the calculation results more in line with the engineering practice and provides a reliable reference for engineering construction.
4) The engineering example verification and engineering application results show that the deformation calculation method for the shallow buried tunnel considering different stress history and stress states proposed in this paper can better obtain the small deformation characteristics of the shallow buried tunnel under unloading conditions, which is in good agreement with the actual monitoring results and verifies the rationality of the method proposed in this paper.
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