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Double-O-tube shield tunneling technology has gained extensive attention due to saving space and the high cost-effectiveness of the underground construction method. Estimating and predicting DOT shield tunneling-induced soil displacements is essential to prevent damage to nearby aboveground and underground structures in densely populated urban areas. This study develops a device for modeling DOT shield tunneling based on transparent soil technology and image processing technique and investigates soil displacement during the construction process of the DOT shield tunnel, which is considered in the uniform convergence mode (UCM) of soil loss. Meanwhile, the soil displacement under the non-uniform convergence mode (NCM) is analyzed contrastively using a two-dimension particle flow code (PFC2D). The results show that horizontal displacements increase gradually when the shield tail passes the monitoring face, while settlements increase rapidly. The maximum horizontal displacement of the surface and the maximum surface settlement under NCM are slightly larger than those under UCM. A trapezoid-shaped failure pattern of soil is experienced at three tunnel depths. The maximum soil displacement under NCM is 1.93, 2.10, and 2.05 times, respectively, as much as that under UCM, corresponding to H/D (the ratio of the tunnel depth to the tunnel diameter) = 1.0, 1.5, and 2.0. The soil arch effect above DOT tunnels arises as the DOT tunnel depth increases. Moreover, the experimental and numerical results are adopted to assess the validity of the proposed model, which indicates that the proposed model is close to the test results of the disturbance zone on DOT tunnels.
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1 INTRODUCTION
With the rapid development of urban underground, the double-o-tube (DOT) shield tunneling method, which can be applied to construct two tunnels synchronously using one shield machine, is gradually used in the Asian area. For instance, Japanese construction teams used this method for the first time in 1989. Moreover, according to the summary of Fang et al. (2012), twenty DOT shield tunneling projects were completed successfully in Japan (Oda and Yonei, 1993; Kanai, 2004) and China (Chow, 2006; Shen et al., 2009; Zeng and Huang, 2016) from 1989 to 2010.
Tunneling-induced soil displacements are inevitable and unexpected in DOT shield tunneling, affecting surface and subsurface structures (Mair et al., 2013). The factors of tunneling-induced soil displacement are complex, mainly including tunnel geometry, excavation method, tunnel depth, geological conditions (Cui et al., 2021; Zhou et al., 2021; Li et al., 2022), shield machines (He and Kusiak, 2017; Li et al., 2021a; Li et al., 2021b), and workmanship quality (Atkinson and Potts, 1977). Furthermore, the relationships between soil displacements and these parameters are nonlinear (Attewell and Farmer, 1974). In order to get over the issues, related research about tunneling-induced soil displacement has been made as an attempt to investigate its mechanism. Methods for solving the problem may be classified into four categories: field monitoring methods, analytical methods, experimental methods, and numerical methods. Historically, field monitoring methods played an essential role in developing criteria for predicting expected surface settlements, including the Gaussian distribution curve proposed first by Peck (1969) and its improvements (O'Reilly and New, 1982; Mair et al., 1995). Analytical methods, such as the complex variable method (Verruijt, 1997; Zhang et al., 2011) and the stochastic medium theory (Yang et al., 2004), are always used to predict tunneling-induced soil displacement. The centrifuge model method is used to shrink the scale of practical engineering to simulate the process of tunnel excavation, which is widely used in physical method tests (Franza et al., 2019; Giardina et al., 2020). Finite element analysis, a typical numerical simulation method, can be used to consider the nonlinear interaction between the tunnel and the soil to estimate soil displacements due to tunneling (Zhang et al., 2012; Miro et al., 2015). In addition, other numerical simulations (Chen et al., 2016) and theoretical analyses (Iskander, 2010; Zeng et al., 2016) have been applied to predict and estimate soil displacements due to DOT shield tunneling. Centrifuge modeling also played a crucial role in estimating soil displacements in the past 40 decades. Nevertheless, it merely measures soil displacements at the model boundaries (Ahmed and Iskander, 2011).
Therefore, the method adopted in this study makes use of a transparent soil technique, image processing technology, and discrete element method (DEM) to measure soil displacement response attributable to the DOT shield tunneling. A transparent soil modeling system considering three buried depths was used to simulate the process of the DOT shield tunneling under the uniform convergence mode (UCM). Through this modeling system, the process of the soil displacement induced by DOT shield tunneling can be monitored. The tunnel lining structure is displaced downward by gravity and contacts the lower soil during actual construction, resulting in a non-uniform convergence mode rather than a uniform convergence mode (Loganathan and Poulos, 1998). Thus, a two-dimension particle flow code (PFC2D) was used to simulate the DOT shield tunneling models under the non-uniform convergence mode (NCM).
2 METHODS
2.1 Transparent Soil Testing Technique
2.1.1 Experimental Apparatus
The model testing system is shown in Figure 1, which is used to monitor soil displacements during DOT shield tunneling, including a plexiglass model tank, a computer, the optical platform, a disk laser, a charge-coupled device (CCD) high-speed industrial camera, and processing software for particle image velocimetry (PIV) of digital images (Figure 1A). The disk laser, EP532-3W, has a 10–25° light angle and less than 1 mm thickness. The CCD high-speed industrial camera, Lumenera LT425, is of a high resolution of 2048 × 2048 pixels, an active area of 11.264 × 11.264 mm, a pixel size of 5.5 × 5.5 μm, a frame rate of 90 FPS at full resolution, and a sensitivity of 13.7 DN/(NJ/cm2). A camera control program can continuously record the soil displacement process during DOT tunneling. The optical platform is made of ferromagnetic stainless steel, which has a core structure with honeycomb support on top that provides considerable resistance to the interference, as shown in Figure 1B. PIV software can be used to post-process photographs that are obtained by modeling. According to measure data summarized by Sadek (2002) and Ni et al. (2010), the precision of PIV non-interference technology is competent to complete geotechnical modeling.
[image: Figure 1]FIGURE 1 | Test setup and model details (unit: mm). (A) Schematic diagram of the transparent soil model testing system; (B) picture of the test setup; (C) schematic diagram of model details in front view; (D) schematic diagram of model details in horizontal view.
The physical model size is based on the DOT shield tunnel project in Aichi Prefecture, Japan. In order to effectively reduce the boundary effects of the model, it is dimensioned approximately 1:100 to the geometric prototype. As shown in Figure 1C and 1 day, a Plexiglas acrylic model with 320 mm long, 180 mm wide, and 300 cm high is used to contain the transparent soil, in which the thickness of each wall is 10 mm. In addition, a DOT-shaped hole is designed at the front of the model tank, which has two circles with a diameter of 90 mm. Both circle centers are 98 mm from the bottom of the tank and 128 mm from the sidewall, and the distance between the two circle centers is 44 mm. The DOT tunnel lining model, a DOT cylinder at a red area, is bonded to the back of the model tank from the inside out, with 200 mm length and 60 mm diameter, as shown in Figure 1D. The DOT tunnel lining model is covered with a rubber film of negligible strength, a 0.5 mm thick layer, which is used to prevent the pore flow of liquid and fused quartz into the inside of the DOT shield shell model. There is a 70-mm-diameter DOT-shaped rubber ring (yellow area) wrapped around the hole’s edge, which is used to prevent the pore flow liquid from leaking. The DOT shield shell model with 70 mm diameter and 10 mm thickness resembles a DOT-shaped semi-closed sleeve, representing the ground loss of tail void and over-excavation void (i.e., UCM), covered on the DOT tunnel lining model.
2.1.2 Transparent Soil Material
Mannheimer and Oswald. (1993) developed a genuinely transparent mud, which was used to study non-Newtonian flow problems in soils. Further analysis of the consolidation properties revealed that the geotechnical properties of this hybrid material were similar to those of natural sand, which provided ideas for later research on transparent soil. In recent years, the rapid development of transparent soil materials that enable the observation of displacement fields within the medium and PIV technique has been successfully applied to research tunnels (Ahmed and Iskander, 2012), pile foundations (Chen et al., 2014), and landslides (Wang et al., 2018).
The transparent soil material adopted in this experiment is fused quartz, the No. 15 mineral white oil, and n-dodecane. Fused quartz has a particle size of 0.5–1 mm, maximum dry density of 1.381 g/cm3, minimum of 1.087 g/cm3, relative density of 54%, and the internal friction angle was 37.6° (Table 1). Moreover, the size distribution curve for the transparent soil is shown in Figure 2A. The No. 15 mineral white oil and n-dodecane were selected to prepare pore flow liquid, which was mixed with the fused quartz to complete the transparent soil (Kong et al., 2016). In this experiment, the mass ratio of the pore flow liquid is 5.5:1 (the 15th mineral white oil and n-dodecane) and has a refractive index of 1.4585, which ensures that the transparent soil is configured to a higher transparent depth. For instance, the apparent word “soil” can be lightly observed through the transparent soil with a refractive index of 1.4585, as shown in Figure 2B.
TABLE 1 | Physical and mechanical parameters of the transparent soil.
[image: Table 1][image: Figure 2]FIGURE 2 | Particle size distribution curve, transparency, and comparison of tunneling. (A) Particle size distributions of transparent granular materials; (B) transparency of transparent soil with different refractive indexes; (C) model before tunneling; (D) model after tunneling.
2.1.3 Testing Process
In this study, three relative tunnel depth tests of the DOT shield tunnel (H/D, the ratio of the tunnel depth to the tunnel diameter) were carried out with H/D = 1.0, 1.5, and 2.0, while the size of the DOT tunnel section remains the same. The testing process can be divided into three sections: test preparation, test installation, and test operation. During the test preparation, the transparent soil is prepared in the model tank and then placed in a vacuum device to remove visible air bubbles inside for improving transparency; 40 kg of weights are placed on the surface of transparent soil to consolidate for 12 h. Then, a disk laser and a CCD camera must be installed in the test installation above and behind the model box, respectively. At last, the test operation is carried out in the dark according to the digital image correlation (DIC) principle. The monitoring face is set at the position of the laser face, 40 mm from the rear of the model box (Figure 2C). Furthermore, the DOT shield shell model is slowly and carefully extracted to simulate the process of DOT shield tunneling and every excavation footage length is 0.05D, recorded as 2D. After each extraction has been accomplished, it should be left for 20 min until the transparent soil movement has been completed. The apparent surface settlement at H/D = 1.0 is witnessed from the laser face, as shown in Figure 2D.
2.2 DEM Numerical Simulation
2.2.1 Numerical Model
Discrete element methods (DEM) are used to analyze the geotechnical issue from a microscopic perspective and develop apace in decades. A particle flow code (PFC) is a typical discrete element numerical simulation method based on the motion and interaction of spherical particles. Mechanical parameter calibration is one of the essential things for simulating the geotechnical case before building a numerical model. The choice of the contact models is the key to simulating nature rock and soil before running the simulation. In general, the linear contact model (Zhang H. et al., 2016; Jia et al., 2018), the rrlinear contact model (Xiang et al., 2018; Lu et al., 2019), and the parallel bond contact model (Huang et al., 2015; Rafiee et al., 2018) are used to simulate nature clay, sand, and rock, respectively.
Verruijt and Booker (1996) proposed to present a non-uniform convergence mode, and Loganathan and Poulos (1998) modified the uniform convergence mode. The schematic diagrams of the two convergence modes are shown in Figure 3, where g is the gap thickness. Notably, the outside circle has a tunnel depth and a radius of R0, and the radius of the inside circle is R. The two-dimension particle flow code (PFC2D) is used to simulate the non-uniform convergence mode (NCM) during DOT shield tunneling.
[image: Figure 3]FIGURE 3 | Convergence mode caused by DOT tunnel tunneling. (A) Uniform convergence mode and (B) non-uniform convergence mode.
In the numerical simulation, the size of the numerical model is the same as that of the laser face in transparent soil modeling, as shown in Figure 4A. The particle filling length L0 is 275 mm and the distance between the centers of the two tunnels is 44 mm. The particle filling height H0 is 205 , 240, and 275 mm, respectively, corresponding to H/D = 1.0, 1.5, and 2.0. The wall element is used to generate the sidewalls of the model, which are assumed to be completely rigid. Its length is 300 mm and the gap thickness g is 10 mm. The ball elements are generated according to the experimental glass sand gradation, the radius of the ball elements varies from 2.5 to 5.0 mm, and the total number of particles is 15,903 (H/D = 2.0). The radius of the ball elements is enlarged five times the than transparent soil.
[image: Figure 4]FIGURE 4 | Numerical model and PFC direct shear test. (A) PFC simulation model; (B) direct shear test for parameter calibration; (C) comparison of the stress–strain correlation in a directional shear test; (D) stratified underpressure method in the simulation process.
2.2.2 Mechanical Parameter Calibration
To identify the microscopic parameters of the transparent soil in the PFC2D numerical model, a series of direct shear tests were carried out through the laboratory test and PFC2D numerical simulation, where the normal stresses were set to 100kPa, 200kPa, 300kPa, and 400kPa, respectively. The numerical model of the transparent soil shear box is shown in Figure 4B. According to the aforementioned research, the rrlinear contact model is suitable for simulating the transparent soil in PFC2D. The microscopic parameters are adjusted until the shear stress in the numerical simulation is close to the laboratory test results under the same normal stresses. As shown in Figure 4C, the internal friction angle and cohesion of the transparent soil are finally determined to be 37.6° and 6.97kPa, respectively, which are very similar to the mechanical parameters of natural sand. The corresponding microscopic parameters are listed in Table 2.
TABLE 2 | Calibration results of microscopic parameters in the PFC2D model.
[image: Table 2]2.2.3 Simulation Process
The PFC simulation is completed in four steps as follows:
(1) The wall elements are generated according to the model box, and the particles are filled to a height of 205 , 240, and 275 mm, respectively, corresponding to H/D = 1.0, 1.5, and 2.0.
(2) As shown in Figure 4D, the stratified underpressure method is used to consolidate every soil layer of 20.5, 24, and 27.5 mm, respectively, corresponding to H/D = 1.0, 1.5, and 2.0.
(3) Giving ball elements gravity and performing balance calculations.
(4) According to the DOT tunnel under NCM, ball elements at the excavation face of the tunnel are deleted to simulate the soil loss of tail void and over-excavation void. Then, wall elements required for tunnel support are generated. Eventually, DOT shield tunneling is completed after the balance calculation.
3 RESULTS AND ANALYSIS
3.1 Horizontal Displacement
3.1.1 UCM
Damage to constructions and services can be incurred as a result of the horizontal displacement of the surface. The horizontal soil displacements observed at different test stages are normalized by the tunnel diameter D, and the ratio of horizontal displacement of the surface U to the tunnel diameter D is defined as the relative horizontal displacement, that is, U/D, while the horizontal distance far away from the tunnel axis x to the tunnel diameter D is defined as the distance from the DOT tunnel centerline, that is, x/D. Figure 5 shows the dynamic horizontal displacements of the surface in the cross-section. Overall, the U/D during DOT tunneling experienced an upward trend from L = 0 mm to L = 160 mm (L represents excavation footage) under UCM, and the monitoring face is installed at L = 40 mm. The process of DOT shield tunneling induces very few horizontal displacements of the surface when the shield tail does not pass the monitoring face. However, it can be seen that the U/D increases sharply when the shield tail passes the monitoring face a long distance from L = 40 mm to L = 120 mm. The horizontal displacements of the surface almost experienced a stability from L = 120 mm to L = 160 mm. In addition, the maximum horizontal displacements are located at x = 0.6D to x = 0.8D and x = -0.6D to x = -0.8D. As a result, the U/D increases gradually when the shield shell passes by the monitoring face; nevertheless, it can be witnessed that the U/D increases rapidly at long-distance and then plateau when the shield tail passes the monitoring face.
[image: Figure 5]FIGURE 5 | Dynamic horizontal displacement of the surface.
3.1.2 Comparison Between UCM and NCM
It is assumed that the soil rebound under the tunnel is not considered in two convergence modes. Figure 6A shows the horizontal displacement of the surface under UCM and NCM. The trend of curves under UCM is similar to that under NCM when the relative tunnel depth is 1.0, 1.5, and 2.0. The horizontal displacement of the surface declines with the increase in relative depth. In the area close to the tunnel centerline (-0.7D < x < 0.7D), the UCM result is smaller than the NCM result, which means that DOT shield tunneling under the UCM is prone to induce horizontal displacement of the surface in this area. The maximum horizontal displacements are mainly located at x = ±0.7D. Figure 6B shows the maximum horizontal displacement of the surface under the two convergence modes; the maximum values on the left side (referred to as LS) and those on the right side (referred to as RS) at H/D = 1.0, 1.5, and 2.0 are indicated. The maximum horizontal displacements of the surface on the LS under the NCM are 1.14, 1.15, and 1.09 times larger than those under the UCM while the maximum horizontal displacements of the surface on the RS under the NCM are 1.05, 1.10, and 1.15 times larger than those under the UCM, respectively, corresponding to H/D = 1.0, 1.5, and 2.0. As a result, the maximum horizontal displacement of the surface under the NCM is slightly higher than that under the UCM.
[image: Figure 6]FIGURE 6 | Horizontal displacement of the surface induced by DOT tunneling. (A) Comparison of horizontal displacement of the surface between UCM and NCM; (B) comparison of maximum horizontal displacement of the surface between UCM and NCM.
3.2 Settlement
3.2.1 UCM
Structures above the longitudinal section of the DOT tunnel are significantly affected by the settlement caused by the tunneling. The typical settlement curves observed in the transparent soil model are shown in Figure 7 for three tunnel depths. The ratio of the settlement S to the tunnel diameter D is defined as the relative settlement, that is, S/D, and the ratio of the buried depth of soil z to the tunnel diameter D is defined as the relative buried depth of soil, that is, z/D. From the overall perspective, stratum settlements under UCM are symmetrical. With the increase of the z/D, the S/D at three H/D ratios increases. In the area of the DOT longitudinal section (0.75D < x < 0.75D), the results at H = 1D are the largest among the three tunnel depths when z = 0.2D and z = 0.4D, while results at H = 1.5D become the largest when z = 0.6D and z = 0.8D, which means that the shallower the DOT tunnel depth is, the larger the settlements induced by the excavation above 0.4D of the longitudinal section of the tunnel will be. Moreover, the increasing rate of maximum settlements at H = 1D witnessed a significant decrease trend.
[image: Figure 7]FIGURE 7 | Comparison of settlements under UCM. (A) z = -0.2D, (B) z = -0.4D, (C) z = -0.6D, and (D) z = -0.8D.
The surface and subsurface settlements of the excavation process under the UCM with three tunnel depths are shown in Figure 8. As stratum settlements under the UCM are symmetrical, feature points in Figure 8 are selected at the left side of the tunnel centerline. Moreover, the horizontal soil layers z = 0D, z = 0.5H, and z = H-0.2D are indicated at three tunnel depths. It is obvious that the performance of the settlements of excavation is similar. In step 1 of UCM results, settlements at H = 1D are almost zero before the DOT shield tail’s arrival, while small settlements can be seen at H = 1.5D and H = 2D, which is due to the shield tail in this step being close to the monitoring face. However, results in step 2 are witnessed a rapid increase trend; settlements are strongly influenced by DOT shield tunneling, which is due to the shield tail in this step being far away from the monitoring face (40 mm < L < 100 mm). In other words, the passage of the DOT shield is the riskiest stage for adjacent structures above the DOT tunnel. Settlements are shown to be stable in step 3, which means that the process of DOT shield tunneling can induce no settlement in this step. Settlements at the DOT tunnel longitudinal section are larger than those far from the longitudinal section at three relative tunnel depths due to the significant impact of the tail void and over-excavation void on settlements above the DOT tunnel.
[image: Figure 8]FIGURE 8 | Dynamic settlement of the excavation process under UCM. (A) H = 1.0D, (B) H = 1.5D, and (C) H = 2.0D.
3.2.2 Comparison Between UCM and NCM
According to the cavity contraction theory, the equivalent soil loss parameter under UCM is 0.5 g = 5mm, while the equivalent soil loss parameter under NCM is g = 10mm, as shown in Figure 3. The eventual surface settlement troughs under UCM and NCM are shown in Figure 9A, while the maximum surface settlements under two convergence modes are shown in Figure 9B. Both UCM and NCM results match well with Peck’s Gaussian curve (Peck, 1969). Surface settlement troughs at the longitudinal section under NCM are larger than those under UCM. With the DOT tunnel depths increasing, surface settlements at the DOT longitudinal section decrease. A similar result can be included in Figure 9B; maximum surface settlements decrease with the DOT tunnel depths increasing. Maximum surface settlements under NCM are 1.27, 1.20, and 1.17 times as much as those under UCM, respectively, corresponding to H/D = 1.0, 1.5, and 2.0.
[image: Figure 9]FIGURE 9 | Surface settlement induced by DOT tunneling. (A) Comparison of the surface settlement between UCM and NCM;(B) comparison of the maximum surface settlement between UCM and NCM.
3.3 Displacement Field
3.3.1 Vectors and Contours
Internal strains are significant for analyzing tunneling induced on buildings and underground facilities. Vectors and contours of soil displacement around the DOT tunnel under UCM are shown in Figure 10, and contours of soil displacement under NCM are shown in Figure 11. The contours of soil displacement d are calculated by (U2+S2) 0.5, where dmax is the maximum soil displacement. Moreover, the ratio of the soil displacement d to the tunnel diameter D is defined as the relative soil displacement, that is, d/D. Similar vectors and contours of soil displacement under NCM have been analyzed by Zeng et al. (2016). The maximum soil displacement is located at the top of the excavation face under the two convergence modes. The relative ratio of maximum soil displacements is 0.071, 0.079, and 0.086, respectively, under UCM, while that is 0.137, 0.166, and 0.177, respectively, under NCM, corresponding to H/D = 1.0, 1.5, and 2.0. Maximum soil displacement under NCM is 1.93, 2.10, and 2.05 times larger, respectively, than that under UCM, corresponding to H/D = 1.0, 1.5, and 2.0. As a result, the maximum soil displacement under NCM is larger than that under UCM.
[image: Figure 10]FIGURE 10 | Displacement field of three buried depths in transparent soil models. (A) H = 1.0D, (B) H = 1.5D, and (C) H = 2.0D.
[image: Figure 11]FIGURE 11 | Displacement map in PFC simulation. (A) H = 1.0D, (B) H = 1.5D, and (C) H = 2.0D.
3.3.2 Displacement Pattern
Figure 10; Figure 11 show that the DOT tunneling-induced soil displacement zone is similar to an inverted trapezoid shape under two convergence modes, which is defined as the disturbance zone. Xiang et al. (2018) pointed out that a funnel-shaped failure pattern in transparent soil displacement of circular tunnels was witnessed. Nevertheless, the displacement pattern of soil induced by DOT tunneling is similar to an inverted trapezoid-shaped failure pattern.
3.4 Soil Arching Effect
As shown in Figure 12A, an arch zone, a loosened zone, and a stability zone will form above tunnels due to the tunnel over-excavation (He and Zhang, 2015; Chen et al., 2022). The eventual results of the soil arching effect under NCM and the differences of contact force recorded in PFC2D at three tunnel depths are shown in Figures 12B–D. It can be seen that DOT shield tunneling induces uneven soil displacement and stress changes. The DOT shield tunneling induces soil displacement around the tunnel, which is transmitted upward from the top of the DOT tunnel, and soils within a range in the upper part of the DOT tunnel form a loosened zone. The upper part of the loosened zone becomes denser and forms an arch zone, and the upper part of the arch zone forms a new related stability zone. According to the eventual results of the soil arching effect under NCM, soil displacement induced by DOT tunneling forms a loosened zone and a stability zone in the disturbance zone at H = 1D, as shown in Figure 12B. However, Figures 12C, D show that DOT tunneling induces soil displacement to form an arch zone, a loosened zone, and a stability zone at H = 1.5D and H = 2D, respectively. According to the force chain diagram under NCM, there is no arch-shaped force chain in the upper part of the DOT tunnel at H = 1D (in Figure 12B), while force chains (in Figures 12C, D) form an arch-shape at H = 1.5D and H = 2D. Sun and Liu. (2014) summarized that soil arch effects are present at tunnel depths above 1.5D in circular tunnels, and similar results are found in DOT tunnels. Consequently, the soil arch effect above DOT tunnels arises as the DOT tunnel depth increases.
[image: Figure 12]FIGURE 12 | Soil arching effect induced by tunneling under NCM. (A) Schematic diagram of the circular tunnel (Chen et al., 2022); (B) numerical result at H = 1.0D; (C) numerical result at H = 1.5D; and (D) Numerical result at H = 2.0D.
3.5 Disturbance Zone
3.5.1 Description of the Disturbance Zone Model
According to the aforementioned disturbance zone in model test results and numerical results, a new analytical model to predict the DOT tunneling-induced soil displacement effect area was proposed. Figure 13A gives an illustration of the disturbance zone model. Lin et al. (2019) pointed out that the shearing bands began to develop at the bottom of the tunnel based on the numerical simulation results. Therefore, this study assumes that the disturbance zone range begins to develop at the bottom of the tunnel and extends along with the tangent point of the DOT tunnel excavation face to the surface.
[image: Figure 13]FIGURE 13 | Disturbance zone induced by DOT shield construction. (A) Illustration of the disturbance zone model; (B) comparison of the width of the disturbance zone obtained from the proposed model with transparent soil model tests and PFC model tests.
3.5.2 The Width of the Disturbance Zone (B)
The width of the disturbance zone has a great influence on surface and subsurface soil displacement. The different yield points of the shear bands and their extension directions result in various widths of the disturbance zone (Terzaghi, 1943; Zhang Z. et al., 2016). Moreover, the width of the disturbance zone is highly correlated with the differences between the buried depth of the tunnel center Z0 and the internal friction angle φ. The disturbance zone consists of a tangent line at the bottom of the DOT shield tunnel and an inclination line tangent to the DOT tunnel (inclination angle is β) (Lin et al., 2022). Thus, the width of the disturbance zone is as follows:
[image: image]
where B = the width of the disturbance zone; Z0 = buried depth of the tunnel center; R0 = convergence radius of the DOT shield tunnel; T = distance between the centers of the two tunnels; and β = 45o + φ/2.
3.5.3 Validation of the Proposed Model
To verify the validation of the proposed model, a comparative analysis of the results of the transparent soil model tests and the numerical model tests was presented in this study. The parameters R0, D, T, and φ were 35, 70, 22 mm, and 37.6°, respectively, confirmed based on transparent soil model tests.
Figure 13B shows a comparison of the relative width of the disturbance zone B/D obtained from the proposed model, transparent soil model tests, and PFC model tests. It can be seen from Figure 13B that the B/D increases nonlinearly when the relative tunnel depth H/D increases. The B/D ratios obtained from the proposed model at three H/D ratios are somewhat higher than those under NCM and UCM. Moreover, the B/D ratios under NCM at three H/D ratios areslightly higher than those under UCM. The B/D obtained from the proposed model is 1.07, 1.05, and 1.10 times as much as that under NCM, respectively, and that is 1.14, 1.23, and 1.26 times as much as that under UCM, respectively, corresponding to H/D = 1.0, 1.5, and 2.0. Meanwhile, the B/D obtained from the proposed model is close to the results of transparent soil model tests and PFC model tests. Therefore, the aforementioned example validates that the proposed model is rational and effective.
4.CONCLUSION
Based on transparent soil model tests and PFC2D simulation, the main conclusions can be summarized as follows:
(1) The horizontal displacements of the surface increase under UCM gradually when the shield shell passes by the monitoring face, while the horizontal displacements of the surface under UCM increase rapidly in long distances and then tend to be stable when the shield tail passes the monitoring face. The maximum horizontal displacement of the surface under NCM is slightly larger than that under UCM.
(2) The main settlement occurs when the DOT shield shell passes and the shield tail passes the monitoring face. During these two steps, the settlements at the surface and subsurface are more than three-quarters of the eventual settlement. The maximum surface settlements under NCM are 1.27, 1.20, and 1.17 times as much as those under the UCM, corresponding to H/D = 1.0, 1.5, and 2.0. Hence, the driving speed of the DOT shield tunneling machine plays an essential role in controlling the settlement during the DOT tunneling process.
(3) The maximum soil displacement under NCM is larger than that under UCM. The maximum soil displacement under NCM is 1.93, 2.10, and 2.05 times, respectively, as much as that under UCM, corresponding to H/D = 1.0, 1.5, and 2.0. A trapezoid-shaped failure pattern of soil is experienced at three tunnel depths. Moreover, the soil arch effect above DOT tunnels arises as the DOT tunnel depth increases.
(4) Compared with the transparent soil model tests and the PFC model, the proposed model is close to the test results of the disturbance zone of DOT tunnels, indicating that the proposed model is effective.
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