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Abstract

:

Tunnel construction will inevitably change the surrounding soil’s original stress and displacement fields, affecting the surrounding piles. In addition, the lateral displacement of the soil at the subway tunnel’s face is symmetrically distributed along the tunnel’s central axis, which is greater in the center and smaller on both sides. Therefore, the protection of existing piles and providing a reasonable reinforcement plan have become the focus of attention. Taking a section of Tianjin Metro Line 3 as the research object, this paper studies the influence of the shield tunnel excavation process on the existing pile foundation through three-dimensional finite element simulation. The model has been verified through field monitoring data. Then, parameter analysis has been carried out for two reinforcement measures: grout reinforcement and isolation pile construction. According to the research results, the impact of shield construction on the pile foundation is mainly within the range of twice tunnel diameter to the pile foundation from the front and back of the tunnel face. In addition, the grouting reinforcement has better control of the vertical displacement of the existing pile foundation. The construction of isolation piles can better control the lateral displacement of the existing pile foundation. Have certain reference significance for similar projects.
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1. Introduction


Due to rising urban population density and severe traffic congestion, Chinese tunnels have seen remarkable growth in recent years [1,2], with more tunnels being built as subsurface developments [3,4,5,6,7,8]. However, the surrounding environment is complicated. Therefore, the tunneling construction unavoidably ruins the surrounding soil’s original stress and displacement fields [3], which is the main part that bears the unloading stress. The lateral displacement of the soil at the subway tunnel’s face is symmetrically distributed along the tunnel’s central axis, which is greater in the center and smaller on both sides. Hence, improving the self-supporting capability of surrounding soil and controlling deformation can effectively lessen the impact of tunnel construction on the surrounding environment and, at the same time, extend the service life of the tunnel during operation [5]. Therefore, tunnel-related soil deformation control in the process of tunnel excavation and support has emerged as a challenge that requires special attention [9]. Since tunnel excavation and support may significantly influence the surrounding piles, reinforcing the surrounding piles is also a significant problem [10,11]. Many researchers have carried out numerical research analysis methods for this problem [12,13,14,15,16,17,18,19,20], as well as some centrifuge model tests [21,22,23,24], and field observations [25,26] have been used to investigate the impact of the nearby pile foundations under shield tunneling.



It is worth mentioning that, if the distance between the existing pile foundation and the shield tunnel is too close, the pile foundation may have an uneven settlement, structural deformation, and even cracks with the tunnel excavation [27,28,29]. In order to ensure the smooth excavation of the tunnel and protect the safety of adjacent pile foundations, some reinforcement measures must be taken [30,31,32,33,34,35,36,37,38]. Therefore, the protection of existing piles and providing a reasonable reinforcement plan have become the focus of attention.



In this paper, a 3D finite element model is provided to analyze the displacement reinforcement effect through two different reinforcement measures on the pile foundations. The parameters of the 3D model are based on the Modified Mohr–Coulomb constitutive model, which can better simulate the unloading of soil mass and redistribution of stress during the tunnel excavation. Before the parameter study, the 3D model was verified by field test data, and the deformation degree of the existing pile foundation was analyzed as the shield tunnel was excavated. The grouting reinforcement and isolation pile reinforcement of existing pile foundations have been studied parametrically. In addition, the effects of the two reinforcement measures on the displacement of the pile foundation under different parameters were analyzed and compared.




2. Overview of the Engineering


The Tianjin Metro-Line 3 and Adjacent Abutment


Tianjin Metro Line 3 is the city’s main metro line, alleviating traffic congestion and making transit more convenient for inhabitants. With a length of 33.7 km, the Tianjin Metro Line 3 was constructed using a shield Tunnel Boring Machine (TBM), as shown in Figure 1. The tunnel’s external and internal diameters are 6.20 and 5.60 m, respectively. The prefabricated section liner has a thickness of 0.35 m. In this study, a segment of Tianjin Metro Line 3 passes near the viaduct. The distance between the viaduct abutment and the tunnel is 1.23 m, while the distance between the pile foundation and the tunnel is 1.58 m. The abutment is supported by eight 0.35 m × 0.35 m square piles; the abutment’s dimensions are 4.2 m in length, 2.8 m in width, and 1.35 m in height. The abutment’s design allowable load capacity is 340 kN. Figure 2 shows the positional relationship between the tunnel and the pile foundation.



The length of each pile is 25 m, the nearest distance between the pile and the tunnel is 1.58 m, the depth of the tunnel is 8 m, and the thickness of the precast segmental lining is 0.3 m.



Figure 3 shows the positional relationship between the sections of the tunnel and the pile foundation and presents the conditions of the soil layers. The soil layer properties are adopted from the study by [39], which used field SPT and laboratory tests. The soil layers are dominated by miscellaneous fill and silty clay, etc. The overall nature of the soil is relatively weak.





3. Finite Element Modeling


3.1. Numerical Model


According to the Tianjin Metro Line 3 project overview, a certain section of the tunnel passes through the pile foundation of the viaduct abutment. A three-dimensional model is established to study the effects of tunnel construction on pile foundations using the Midas GTS-NX finite element package. Considering the boundary effect on the accuracy of the numerical results, the influence of tunnel construction on adjacent pile foundations is chosen to establish a 3D finite element model. In this study, the numerical model is shown in Figure 4. The mesh used in this model consists of 52,045 nodes and 49,075 elements. The mesh dimensions are 60 m (≈9.75 D) wide in the transverse direction, 72 m (≈11.75 D) in the longitudinal direction, and 42 m (≈6.75 D) deep in the vertical direction. Therefore, these dimensions are sufficiently large to minimize boundary effects in the numerical modeling because the massive raise in mesh size does not cause any change in the analysis results. In numerical modeling, the soil layer, tunnel lining, and cap are simulated as continuum solids while the piles foundation are simulated with beam elements, and the shield machine is considered as a continuum shell. The pile interface is set between the pile and the soil.



The boundary conditions are set as follows: the top side is a free surface, the four side surfaces restrain its normal displacement, and the bottom surface restrains the displacement in three directions. Only the self-weight stress is considered in the initial stress field. Because the existence of groundwater only affects the bulk density of the soil, the seepage effect of groundwater is not considered.



The average buried depth of the tunnel is 8 m, the diameter of the tunnel is 6.2 m, the thickness of the segment is 0.3 m, and the distance between the axis of the tunnel and the ground is 11.1 m. The whole shield excavation process is divided into 27 steps in total. The excavation footage outside the scope of the pile cap is set to 4 m. For more accurate research and analysis of the impact of shield excavation on the pile foundation, the excavation footage within the scope of the pile cap is set to 2 m. During the shield tunneling process, the pressure of the shield machine on the tunnel face to simulate the pressure of the earth is set to 100 Kpa uniform stress. The shield machine digs a step every time it assembles the sections and grouts at the tail of the shield. The grouting pressure generated by the soil is simulated with uniform compressive stress of 200 Kpa. Considering the segments need to be assembled in the actual construction, it will have a certain impact on the overall stiffness of the lining, so the elastic modulus of the segment is taken as a reduction factor of 0.85 [40], and the elastic material is used to simulate the elastic modulus of the segment E = 25.9 Mpa, with the Poisson’s ratio of the segment being 0.2. The activation and passivation function of the software is carried out to simulate tunnel excavation, activate the corresponding shield shell, segment, and corresponding face pressure, segment pressure, and grouting pressure during each excavation step. At the same time, part of the soil is passivated during excavation and the segment and shield shell grid group is transformed to the proper segment and grouting layer properties by changing the grid properties during segment grouting and assembling.




3.2. Constitutive Models and Material Parameters


The accuracy of the numerical calculation is affected by selecting the constitutive model. The tunnel is a dynamic excavation and unloading process in the shield construction. The soil parameters of this 3D model adopt the Modified Mohr–Coulomb constitutive. The Modified Mohr–Coulomb constitutive can take into account the shear hardening compared with the Mohr–Coulomb constitutive. The effects of the shear and density hardening mechanisms can better simulate the properties of various types of soil, including soft soil and hard soil, to better reflect the unloading rebound phenomenon during tunnel shield excavation [20]. The Modified Mohr–Coulomb constitutive model considers three different soil stiffness parameters: triaxial loading stiffness, oedometer loading modulus, and unloading-reloading modulus. Under normal circumstances, Eoed and E50 take the same value, and Eur takes three times the value of E50 [41]. Using the undrained Young’s modulus, Eu of the soil can be calculated according to Equation (1):


     E u  = k    C u   



(1)




where    C u    is undrained shear strength, kN/m2, and  k  is a factor from Duncan chart, unitless [42].



The Modified Mohr–Coulomb constitutive parameters of the weighted average soil layer are shown in Table 1. The coefficient of lateral earth pressure (ko) at rest is determined by Mayne and Kulhawy (1982) [43]. The natural gravity, cohesion c, friction angle φ, and Poisson’s ratio ν of the soil are calculated by mathematical equations. According to site survey data, the physical characteristics of the soil strata are summarized in Table 1.



The pile foundation adopts general beam elements, the segments adopt solid elements, and the shield shell and grouting elements adopt two-dimensional plate elements. The piles and the cap use C30 concrete, and the tunnel segments use C50 concrete. The specific material parameters are shown in Table 2.





4. Verification of the Numerical Model


To ensure the authenticity of the calculation results and verify the validity of the 3D model, it is necessary to compare the on-site monitoring data with the settlement values of the monitoring points in the simulation calculation results. In order to monitor the displacement of the bridge abutment and construction safety during the tunnel construction, four monitoring points were arranged above the bridge cap to observe the horizontal and vertical displacements as shown in Figure 5.



The comparison between the measured settlement data and the vertical displacement in the numerical simulation of Q9 and Q12 points is shown in Figure 6 and Figure 7, respectively. It can be seen from the two figures that the impact of shield construction on the pile foundation is mainly within the range of twice the tunnel diameter from the front and back of the tunnel face to the pile foundation. Additionally, the settlement at this stage accounts for about three-quarters of the total settlement. Numerical calculation results are slightly different from actual measured data, which verifies the validity of the model parameters selection and working condition settings, and the authenticity of the calculation results.




5. Numerical Results and Discussion


To simplify the calculation and improve the analysis efficiency, adjust the distance to 6 m between the tunnel and the pile. The soil layers are combined into one layer in the new 3D model, taking the weighted average of soil parameters according to the thickness of each layer. The other parameters are simulated according to the actual situation, analyzing the influence of tunnel construction on the deformation of the pile foundation.



Taking the coordinate axis X as the lateral direction, the lateral displacement of the pile foundation is positive along the axis X, which means the direction towards the tunnel is positive, and the opposite direction of axis X is negative; along the tunnel, the axis is taken as the longitudinal direction, and the shield direction is the positive direction; along the coordinate axis, Z is taken as the vertical direction. The settlement displacement of the pile is taken as negative.



5.1. The Influence of Tunnel Construction on Deformation of the Pile Foundation


When the tunnel is excavated forward, the lateral displacement trend of the pile foundation is shown in Figure 8. Among the figure, D is the excavation face passing through the pile position one time the tunnel diameter and −D is the excavation face not passing through the pile position one time the tunnel diameter.



It can be seen from Figure 8a that when the excavation face is −2D from the position of the pile foundation, the excavation has little influence on the lateral displacement of the pile foundation, and the influence gradually increases thereafter. The most affected area is mainly concentrated between −D and 2D and reaches the maximum value at the tunnel axis. After tunnel excavation, the pile body is inclined to the side of the tunnel as a whole, the reason being that the tunnel excavation due to the soil at the top of the tunnel is settling and the soil at the bottom of the tunnel is uplifted. The large lateral displacement of the pile foundation away from the tunnel is due to the pushing effect of the soil, and the lateral displacement of the upper part of the pile towards the tunnel is driven by the settlement of the soil at the top of the tunnel.



On the other hand, as shown in Figure 8b when the excavation surface reaches the position of the pile foundation, the increase in the settlement value of the pile foundation is basically the same. This means the settlement of the pile is an overall settlement. When the excavation surface reaches the pile surface, the settlement value of the pile top gradually grows larger than the settlement value of the pile bottom and the maximum settlement difference is 0.213 mm, indicating the pile is compressed. The reason for this is the uplift of the soil under the tunnel.




5.2. The Effect of Grouting Reinforcement on Deformation of the Pile Foundation


Grouting reinforcement is commonly used in support of pile foundations. It refers to injecting the configured concrete grout into the soil around the pile foundation through a grouting pipe and then changing the soil from loose to dense—which means increasing the strength of the soil around the pile. The diameter of the grouting holes on both sides of the pile foundation is 0.08 m, the grouting pressure is 0.3 MPa, the water–cement ratio is 0.7, and the diffusion radius is 1 m.



5.2.1. The Effect of Grouting Reinforcement Depth on Deformation of the Pile Foundation


In this study, the grouting reinforcement is simulated by changing the soil properties within 2 m of the pile circumference. The elastic modulus of the soil after grouting is taken as 300 MPa. The depth of grouting reinforcement is respectively taken as 0.75 H, 1 H, 1.25 H, and 1.5 H, where H is the average buried depth of the tunnel center-line, so H is 11.1 m. The soil reinforcement analysis model around the pile (soil mesh groups are hidden) is shown in Figure 9.



Because the deformation of the front row piles during shield tunneling is greater than that of the rear row piles, we take the front row piles as the research object in this study. Under different conditions of grouting reinforcement depth, the lateral displacement and vertical displacement of the front row of piles are shown in Figure 10. It can be seen from Figure 10a that as the depth of grouting reinforcement continues to increase, the lateral displacement of the front piles gradually decreases, but when the reinforcement depth exceeds 1.25 H, the reinforcement effect will be weakened to a certain extent as the reinforcement depth increases. It can be seen from Figure 10b that when grouting is not used for reinforcement, the maximum vertical displacement of the pile top is 1.40 mm, and the settlement value of the pile bottom is 1.22 mm. During grouting reinforcement, as the reinforcement depth increases, the vertical displacement of the pile top gradually decreases. When the reinforcement depth exceeds 1 H, the settlement at the bottom of the pile is slightly larger than the settlement at the top of the pile. At this time, the force of the pile foundation changes from compression-oriented to tension-oriented.



In order to better understand the reinforcement effect under different reinforcement depth conditions, we introduce the reinforcement effect parameter as reinforcement rate ω to describe the reinforcement effect of the pile foundation. The calculation Equation (2) is as follows:


  ω =    |   x i  −  x 0   |     x 0    =   ∆ x    x 0    ,  



(2)




where x0 represents the maximum lateral displacement of the pile before reinforcement, xi represents the maximum displacement of the pile after reinforcement, and ∆x represents the maximum displacement value of the pile after soil reinforcement and when it is not reinforced.



Under different grouting reinforcement depths, the reinforcement rate of the lateral displacement of the front row of piles and the reinforcement rate of the vertical displacement of the pile top are shown in Figure 11. When the reinforcement depth is 1.25 H, the pile lateral displacement reinforcement rate increases most obviously, with the reinforcement rate being 19.8%. When the reinforcement depth is increased to 1.5 H, the pile shaft lateral displacement reinforcement rate is only 2.3% higher than that of 1.25 H, and the effect is not significant. When the reinforcement depth is above 1 H, every time the reinforcement depth increases by 0.25 H, the pile top reinforcement rate will increase by about 9.3%. The reinforcement effect is the best at 1.5 H, reaching 75.0%. Considering the vertical and horizontal displacement of the pile foundation comprehensively, we recommend that the grouting reinforcement depth be 1.25 H.




5.2.2. The Effect of Grouting Reinforcement Area on Deformation of the Pile Foundation


The scope of grouting reinforcement refers to grout in the different areas around the abutment, which is divided into four different grouting reinforcement areas in this study. Determining different grouting areas by a different arrangement of grouting holes, the design of plans is shown in Figure 12. The grouting reinforcement depth is 1.25 H.



Figure 13 presents the changes in the lateral displacement and vertical displacement of the pile foundation as the area of grouting reinforcement changes. The maximum lateral displacement of the pile foundation decreases with the increase of the grouting reinforcement range, and the maximum displacement is located at the pile’s −10 m, but the lateral displacement of the pile top decreases with the increase of the reinforcement area, indicating that when the grouted area increases, the integrity of the pile foundation and the surrounding soil is stronger, and the stress is more dispersed. The vertical displacement of the pile decreases with the increase of the reinforcement area, but the displacement of the top of the pile gradually grows smaller than the displacement of the bottom of the pile, indicating that the pile foundation changes from compression to tension with the increase of the grouting reinforcement area.



The histogram of the pile’s lateral reinforcement rate and vertical reinforcement rate in the case of different grouting reinforcement areas is shown in Figure 14. The lateral reinforcement rate of piles increases with the increase of the grouting area and reaches the maximum when the reinforcement area is 4 m. The maximum lateral reinforcement rate is 82.1% and the maximum vertical reinforcement rate is 29.2% for each increase in the grouting area. The lateral reinforcement rate increases by 4.17%, and the vertical reinforcement rate increases by 7.4%.





5.3. The Effect of Isolation Pile on Deformation of the Pile Foundation


The construction of isolation piles can assist the reinforced pile foundation to bear the lateral pressure of the soil, reducing the soil displacement around the pile foundation caused by shield construction. The construction is economical and effective and is widely used in various reinforcement projects. The isolation piles are used in static pressure piles, and implanted beam elements are used in the numerical calculation—the boundary conditions restrict its rotation in the Z direction. During isolation pile reinforcement, the main influencing factors are the pile diameter D of the isolation pile, the elastic modulus E, the pile length L, the isolation pile spacing X, and the minimum horizontal distance S between the isolation pile and the tunnel. In this study, the pile diameter D and elastic modulus E of the isolated pile are not changed. The control variable method is used to study the influence of other influencing parameters on the reinforcement effect. The pile diameter of the isolated pile is D = 1 m, and the elastic modulus is E = 30 GPa. The 3D model of isolation pile reinforcement (soil mesh groups are hidden) is shown in Figure 15.



5.3.1. The Influence of Isolation Pile Length on Pile Foundation Reinforcement


To study the effect of isolation pile length on pile foundation reinforcement, the minimum horizontal distance between the isolated pile and the tunnel is 1 m, and the distance between the isolated piles is 1.2 m. The lengths of the isolation piles are respectively 1 H, 1.25 H, 1.5 H, and 1.75 H. Figure 16a shows the lateral displacement of the pile under different isolation pile lengths. The maximum lateral displacement of the pile decreases with the increase of the length of the isolation pile and reaches the minimum at 1.75 H, which is 1.68 mm. The lateral displacement of the pile top and the bottom of the pile increases to a certain extent with the increase of the length of the isolation pile, which indicates that the length of the isolation pile has a certain spreading effect on the stress of the pile foundation.



Figure 16b shows the vertical displacement of the pile under different isolation pile lengths. The maximum vertical displacement of the pile decreases with the increase of the length of the isolation pile and reaches the minimum at 1.75 H, which is 0.93 mm. As the length of the isolation pile increases, the vertical displacement of the top of the pile grows gradually greater than the vertical displacement of the bottom of the pile, indicating that the pile foundation has changed from a compression state to a tension state.



Figure 17 shows the trend of the maximum lateral displacement reinforcement rate of the pile and the reinforcement rate of the top of the pile as the length of the isolation pile changes. For every 0.25 H increase in the length of isolation piles, the horizontal reinforcement rate increases by an average of 8.4%, and the vertical reinforcement rate increases by an average of 12.3%. The length of the isolation pile reaches its maximum value at 1.75 H, the lateral reinforcement rate is 57.9%, and the vertical reinforcement rate is 36.2%.




5.3.2. The Influence of Isolation Pile Spacing on Pile Foundation Reinforcement


To understand the effect of isolation pile spacing X on pile foundation reinforcement, the minimum horizontal distance is 1 m between the isolation pile and the tunnel. The isolation pile length is taken as L = 1.75 H in the above analysis.



Figure 18a shows the lateral displacement of the pile under different isolation pile spacing conditions. When S is below 4D, the maximum lateral displacement does not change significantly with the increase of S. When S exceeds 5D, the maximum lateral displacement becomes larger. This is because when the spacing between the isolation piles is too large, their row effect is weakened, and the soil on both sides of the pile cannot be effectively prevented from side-slip displacement, resulting in the reinforcement effect being weakened.



Figure 18b shows the vertical displacement curve of the pile under different spacing of the isolation pile. Under the action of the isolation pile, the pile foundation changes from compression to tension in the vertical direction. When S is below 4D, the vertical displacement of the pile does not change significantly with the increase of S. When S exceeds 5D, the vertical displacement increases. This is because when the spacing between the isolation piles is too large, the pile row effect is weakened, the soil on both sides of the isolation pile cannot be effectively prevented from side-slip displacement, and the reinforcement effect is weakened.



Figure 19 shows the displacement reinforcement rate of the pile under different spacing of the isolation pile. The pile reinforcement rate does not change significantly when the spacing between isolated piles is less than 4D. The lateral displacement reinforcement rate averages 25.3%, and the vertical displacement reinforcement rate averages 40.1%. When the spacing between isolated piles becomes 5D, the pile reinforcement rate suddenly decreases, the lateral reinforcement rate becomes 18.1%, and the vertical reinforcement rate becomes 32.2%.




5.3.3. The Influence of Horizontal Distance between the Isolation Pile and the Tunnel (S) on Pile Foundation Reinforcement


To study the influence of the horizontal distance between the isolation pile and the tunnel on the pile foundation reinforcement effect, the isolation pile length design is set as L = 1.75 H, the isolation pile spacing design as X = 1.2 m, and the pile diameter design as =0.4 m. As shown in Figure 20a, the lateral displacement of the pile foundation gradually becomes larger as S increases. The maximum lateral displacement of the pile is 1.69 mm when S is 1 m, and the maximum lateral displacement of the pile becomes 2.09 mm when S is 5 m.



As shown in Figure 20b, the vertical displacement of the pile gradually increases as S increases, with the maximum vertical displacement being 1.09 mm and the overall settlement of the pile being uniform when S is 5 m. Therefore, the farther the isolation pile is from the tunnel, the weaker the reinforcement effect on the pile foundation and, as the isolation pile is farther from the tunnel, the uneven vertical settlement of the pile foundation gradually weakens.



As shown in Figure 21, the pile reinforcement rate decreases as S increases, and the lateral reinforcement rate changes from 41.1% to 22.1%. The vertical reinforcement rate of the pile foundation has changed from 24.4% to 5.6%. Therefore, when the isolation pile is used for reinforcement, the closer the isolation pile is to the tunnel, the better the reinforcement effect.






6. Conclusions


Based on the Tianjin Metro Line 3, this paper studies the reinforcement measures of tunnels passing through adjacent piles. A series of 3D models based on different reinforcement conditions have been conducted by Midas GTS/NX. The conclusion is that the pile is more affected under the shield construction that is first touched by the tunnel face. The impact of shield construction on the pile foundation is mainly within the range of twice tunnel diameter to the pile foundation from the front and back of the tunnel face; the settlement at this stage accounts for about three-quarters of the total settlement. In addition, when the pile foundation is reinforced by grouting, the depth change of the grouting reinforcement is not as effective as the grouting reinforcement area on the pile foundation displacement. The effect of grouting reinforcement on the lateral displacement of the pile foundation is stronger than that of the vertical displacement reinforcement. Furthermore, when isolation piles are used for reinforcement, the length of the isolation piles and the distance from the tunnel have a greater impact on the reinforcement effect of the pile foundation than the isolation piles spacing. However, the spacing of the isolation piles should not be too large; otherwise, the isolation piles will lose the pile row effect, resulting in a significant reduction in the reinforcement effect. Finally, comparing the control effects of isolated piles and grouting reinforcement, isolated piles have better control of the lateral displacement of the pile foundation, and grouting reinforcement has better control of the vertical displacement of the pile foundation.
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Figure 1. The location of Tianjin Metro Line 3. 
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Figure 2. The position relative to the tunnel route. 
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Figure 3. Engineering geological profile (unit: m). 
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Figure 4. 3D finite element model. 
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Figure 5. The layout of the pile cap monitoring point. 
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Figure 6. The longitudinal surface settlement at different points relative to tunnel advancement of Q9 point. 
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Figure 7. The longitudinal surface settlement at different points relative to tunnel advancement of Q12 point. 
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Figure 8. The displacement of the pile at different construction stages: (a) lateral displacement; (b) vertical displacement. 
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Figure 9. Finite element model of grouting reinforcement. 
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Figure 10. The displacement of piles under different grouting depths: (a) lateral displacement; (b) vertical displacement. 
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Figure 11. The displacement reinforcement rate of the pile under different grouting depths. 
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Figure 12. Four plans of different grouting reinforcement areas. 
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Figure 13. Lateral displacement of piles under different grouting areas: (a) lateral displacement; (b) vertical displacement. 
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Figure 14. The displacement reinforcement rate of the pile under different grouting areas. 
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Figure 15. The 3D model of isolation pile reinforcement. 
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Figure 16. The displacement of the pile under different isolation pile lengths: (a) lateral displacement; (b) vertical displacement. 
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Figure 17. The displacement reinforcement rate of the pile under different lengths of the isolation pile. 
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Figure 18. The displacement of the pile under different spacing of the isolation pile: (a) lateral displacement; (b) vertical displacement. 
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Figure 19. The displacement reinforcement rate of the pile under different spacing of the isolation pile. 
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Figure 20. The displacement of the pile under different distances between the isolation pile and the tunnel: (a) lateral displacement; (b) vertical displacement. 
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Figure 21. The displacement reinforcement rate of the pile under different distances between the isolation pile and the tunnel. 
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Table 1. Soil layers engineering parameters.
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	Soil Layers
	Thick

(m)
	Density

/(kN/m3)
	Cohesion

Force (kPa)
	Poisson’s

Ratio
	Frictional

Angle (°)
	Eoed

(MPa)
	E50

(MPa)
	Eur

(MPa)
	Lateral Earth

Pressure

Coefficient





	Miscellaneous Fill ①
	6.8
	19.20
	14
	0.31
	15.2
	2.31
	2.31
	6.93
	0.532



	Silty clay ①
	9.2
	19.10
	28
	0.30
	34.5
	3.45
	3.45
	10.35
	0.420



	Silty clay ②
	5.8
	20.20
	6
	0.34
	11.8
	14.59
	14.59
	43.77
	0.385



	Silt ①
	3.2
	20.50
	11
	0.35
	12.7
	13.67
	13.67
	41.01
	0.385



	Silty clay ③
	1.8
	20.30
	30
	0.28
	11.9
	6.20
	6.20
	18.6
	0.412



	Silty sand ①
	1.8
	21.50
	6
	0.32
	21.2
	12.02
	12.02
	36.06
	0.420



	Silty clay ④
	7.3
	20.50
	8
	0.3
	13.2
	5.69
	5.69
	17.07
	0.385



	Silt ①
	14.1
	20.30
	7
	0.29
	27.2
	14.60
	14.60
	43.8
	0.420
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Table 2. The specific material parameters.
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	Material
	Elastic Modulus

/(MPa)
	Unit Weight

/(kN/m3)
	Poisson’s Ratio





	C30 concrete
	3 × 105
	23.5
	0.20



	Grouting
	2.1 × 102
	23
	0.25



	Shield shell
	2.6 × 105
	78
	0.30



	Lining
	2.89 × 104
	24.5
	0.20
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