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Abstract

:

The Kerr foundation model simulates the interaction between piles and soil. Considering the impact of lateral soil displacement on adjacent piles, the lateral displacement and bending moment of the adjacent piles caused by shield tunnel excavation are calculated in detail. Additionally, the reactions of groups of piles are obtained by focusing on the shielding effect of the piles on the soil displacement caused by shield tunnel excavation. The validity of the solutions is verified by comparing the calculated results with the boundary element program GEPAN. Additionally, adjacent pile lateral displacement and bending moment are compared, with and without considering lateral soil effects. Furthermore, this study investigates the influence of various factors, such as soil spring stiffness, pile–tunnel distance, ground loss ratio, and pile diameter on the pile group’s lateral displacement and bending moment. The research findings indicate that increasing the soil spring stiffness or the horizontal distance between the pile and tunnel can reduce the lateral displacement and the bending moment of the pile. On the other hand, as the ground loss ratio gradually increases, the pile lateral displacement and bending moment will also increase. However, when the diameter of the pile grows, the lateral displacement reduces, while the bending moment increases.
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1. Introduction


In densely populated urban areas, metro tunnels are frequently constructed near pre-existing pile foundations, which could adversely affect their safety and serviceability. Tunnel excavations can relax ground pressure and cause soil movements. This can lead to additional deformations and forces in neighboring piles [1]. These effects pose a significant challenge to engineers involved in the design and construction of tunnels.



There are three main categories of methods used to investigate the effects of tunneling on existing piles, which are field monitoring and centrifuge model tests, complete numerical analyses, and simplified two-stage procedures. Investigating tunnel-induced effects on nearby ground and structures is often conducted using field monitoring, a straightforward and reliable method. Boonyarak et al. [2] recorded various ground and pier responses during tunnel driving. Based on these field observation data, they found that it is not feasible to instrument a pile buried underground before tunneling. Alternatively, many researchers have used centrifuge model tests to investigate pile behavior under various tunnel layouts and excavation procedures [3,4,5,6,7,8,9]. Additionally, a complete numerical analysis is critical for evaluating the impacts of tunneling on adjacent ground and piles. The finite element method is the most widely used for comprehensive numerical analysis. In previous studies [10,11,12,13,14,15], the pile–soil–tunnel system is treated as an integral unit, and the nonlinear behavior of the soil was also simulated, as well as the complex construction sequence.



Researchers have dedicated significant efforts to experimental and numerical studies. However, these methods necessitate extensive computational time or specialized equipment. Thus, a simplified two-stage process was developed to provide preliminary design engineers with a convenient reference. The first stage involves estimating free-field soil movements caused by tunneling without the presence of piles, while in the second stage these movements are imposed on the piles to calculate their response. Chen et al. [16] analyzed a single pile’s lateral and axial responses by combining the analytical soil movements proposed by Loganathan [17] with a simplified boundary element method. Loganathan et al. [18] investigated the behavior of a group of piles with various configurations and subjected to ground movement induced by tunneling in the same way. Huang and colleagues [19] employed the Winkler foundation model in the second stage to simulate pile–soil interactions and study the response of a passive pile group to tunneling. Mu and coworkers [20] researched pile raft vertical and lateral responses to ground movements resulting from tunnel excavation in layered soil. The Winkler foundation model has been widely accepted due to its simple nature. However, it disregards the continuity and shear characteristics of the adjacent soil layers. To address this issue, the Pasternak foundation model was introduced [21]. This model adds a shear layer to the Winkler model, connecting the adjacent spring elements. Zhang et al. [22] used the Pasternak model to study the lateral response of single piles and group piles to tunneling. Furthermore, most current analytical two-stage studies rely on the plane strain assumption. In practice, the soil movement induced by tunneling varies within a specific range along the direction of tunnel excavation and shows apparent 3D deformation. Zhang et al. [22] also considered the 3D effect of lateral soil displacement in their work. Kerr [23] modified the Pasternak model by including an upper spring layer, which prevents mathematical difficulties such as infinite reaction pressures at the foundation’s edge and provides an extra boundary condition to restrict the foundation. Zhang et al. [24] integrated a cavity contraction theory and the Kerr foundation model to suggest an analytical solution for forecasting tunneling-induced distortions for a single pile. In summary, studies based on the Kerr model and considering the lateral soil displacement effect have yet to take place for the response of group piles to tunneling.



This paper uses the two-stage method and the Kerr foundation model to investigate the deflections and internal forces of existing single piles and group piles caused by tunnel excavation. The paper also considers the effect of lateral soil displacement near the pile foundations. The computational results were compared with and without considering the impact of lateral soil displacement adjacent to the piles. The validity of the solution was verified by comparing the predicted results with the boundary element program GEPAN. Finally, a parametric analysis was performed to analyze the effects of various factors on the lateral displacement and bending moment of the group piles, including soil spring stiffness, pile–tunnel distance, ground loss rate, and pile diameter.




2. Pile Response without Considering the Effects of Lateral Soil


2.1. Lateral Displacement of Soil


According to the linear elasticity theory, Loganathan et al. [17] proposed an analytical solution to determine the vertical displacement of the adjacent soil free field caused by shield tunnel excavation in 1998. The calculated results showed good agreement with the measured values. Therefore, this paper employs the previously mentioned formulas to determine the lateral displacement of the adjacent soil mass caused by shield tunnel excavation. The following expression is used:


  U ( z ) = −  R 2   x 0   ε 0   e  −     1.38  x 0    2      ( H + R )  2    +   0.69  z 2     H 2        ⋅    1   x 0 2  +   ( z − H )  2      −   4 z ( z + H )        x 0 2  +   ( z + H )  2     2    +     ( 3 − 4 v )    x 0 2  +   ( z + H )  2       



(1)




where R is the radius of the shield tunnel, x0 is the lateral distance between the pile foundation and tunnel center line, ε0 is the average loss rate of surrounding soil caused by shield tunnel excavation, H is the burial depth of the tunnel axis, z is the vertical distance from the ground surface, and v is the Poisson ratio of the soil.




2.2. Lateral Response Analysis of a Single Pile in Kerr Foundation


The Pasternak foundation model adds a variable elastic deformation coefficient to the Kerr foundation model. In other words, the Kerr foundation model contains two spring layers and one shear layer of soil, as shown in Figure 1. k, c, and g are the three parameters corresponding to the Kerr foundation model. p(z), w(z), and w2(z) denote the additional load resulting from shield tunnel excavation, the lateral displacement of the pile foundation, and the shear layer of soil, respectively.



According to the pile–soil interaction model of the Kerr foundation, the following assumptions are considered:




	
The pile foundation is modeled as a cylindrical beam that rests on the Kerr foundation;



	
The shear layer in the Kerr foundation model only experiences shear deformation;



	
The pile foundation maintains constant contact with the foundation soil, with the two exhibiting well-coordinated deformation at the interface;



	
Lateral friction between the foundation and pile foundation is not accounted for.








The additional load p(z) generated by the excavation of a shield tunnel on a pile foundation should also be satisfied as the following equation:


    1 +  k c    p  z  −  g c     d 2  p  z    d  z 2    = k U  z  − g    d 2  U  z    d  z 2     



(2)




in which c and k independently represent the stiffness of the first-layer and the second-layer soil spring [25], whose relationship is assumed as c = nk; g is the shear layer’s stiffness; and k and g can be calculated as [26]:


  k =   0.65  E s    D   1 −  v 2             E s   D 4    E I       1 / 12    



(3)






  g =    E s  t   6   1 + v      



(4)




where t, Es, and ν characterize the thickness of the shear layer, the elastic modulus, and the Poisson ratio of soil, respectively. D, E, and I denote the diameter of the pile foundation, the elastic modulus, and the inertia moment of the pipeline. The term EI represents flexural stiffness.



According to Equation (2), the additional load p(z) can be obtained by eliminating the higher-order approximation term as


  p  z  = η     n k   n  + 1    U  z  −    n 2  g       n + 1    2       d 2  U  z    d  z 2       



(5)




in which η is the correction coefficient of load, and its value range is 0.4~1.0. Assuming that the pile on the Kerr foundation has a lateral displacement w(z) under the action of this load, it can be written as


  w  z  =  w 1   z  +  w 2   z   



(6)




where w1(z) and w2(z) are the deformation of the spring and shear layer of the soil on the right side. Supposing that the stress of the pile and shear layer on the left side, respectively, are expressed as


   q 1   z  = c  w 1   z  = c   w  z  −  w 2   z     



(7)






   q 2   z  = k  w 1   z   



(8)







Concerning the shear layer, there exists


   q 1   z  = − g    d 2   w 2   z    d  z 2    + k  w 2   z   



(9)







In combination with Equations (7) and (9), we acquire


  w  z  =   1 +  k c     w 2   z  −  g c     d 2   w 2   z    d  z 2     



(10)







The governing equation of a pile foundation’s displacement caused by shield tunnel excavation can be written as follows:


  E I    d 4  w  z    d  z 4    +  q 1   z  D = p  z  D  



(11)







Substituting Equations (9) and (10) into Equation (11), the following equation can be gained:


    E I g   D c      d 6   w 2   z    d  z 6    −   E I   c + k     D c      d 4   w 2   z    d  z 4    + g    d 2   w 2   z    d  z 2    − k  w 2   z  = − p  z   



(12)




and Equation (12) can be given as the finite difference form:


  α      w 2      i + 3   + β      w 2      i + 2   + χ      w 2      i + 1   + δ      w 2     i  + χ      w 2      i − 1   + β      w 2      i − 2   + α      w 2      i − 3   = −  p i   



(13)




where        α     β     χ     δ      =      1   0   0   0      − 6     − 1    0   0      15    4   1   0      − 20     − 6     − 2     − 1       ⋅         E I g   D c  l 6            E I   c + k     D c  l 4           g   l 2         k       , l= L/n refers to the length of the pile foundation divided into n segments with length L, and i = 0, 1, 2, …, (n − 1), n. For brevity of calculation, three virtual nodes are added at the top and end of the pile, corresponding to nodes −3, −2, −1, n + 1, n + 2, and n + 3 in turn.



Invoking the boundary conditions and eliminating the nodes above, the equation of a single pile’s displacement can be solved as follows:


     W 2    =    K    − 1   ⋅  P   



(14)




in which


       W 2    =         w 2     0  ,      w 2     1  , ⋯ ,      w 2      n − 1   ,      w 2     n    T       P  =    −  p 0  , -  p 1  , ⋯ , -  p  n − 1   , -  p n    T     











When there is no constraint at the top and tip of the pile foundation, the bending moment Ms of the soil’s shear layer, the shear force Qp, and the bending moment Mp for the exact position of the pile foundation are zero, that is


       M  p 0   =  M  p n   = − E I       d 2  w  z    d  z 2       i = 0 , i = n   = 0      M  s 0   =  M  s n   = − E I       d 2   w 2   z    d  z 2       i = 0 , i = n   = 0      Q  p 0   =  Q  p n   = − E I       d 3   w 2   z    d  z 3       i = 0 , i = n   = 0      



(15)




in which


         d 2   w 2   z    d  z 2    =        w 2      i + 1   − 2      w 2     i  +      w 2      i − 1      l 2           d 3   w 2   z    d  z 3    =        w 2      i + 2   − 2      w 2      i + 1   + 2      w 2      i − 1   −      w 2      i − 2     2  l 3         











Therefore, the lateral stiffness matrix of the pile K can be obtained as


   K  =        A 1       A 3       A 6      2 α                       A 2       A 5       A 7     β   α                   A 4       A 7     δ   χ   β   α              α   β   χ   δ   χ   β   α              .   .   .   .   .   .   .           .   .   .   .   .   .   .           .   .   .   .   .   .   .              α   β   χ   δ   χ   β   α              α   β   χ   δ     A 7       A 4                   α   β     A 7       A 5       A 2                       2 α      A 6       A 3       A 1         



(16)




where    A 1  = δ  + 2  χ  + 4  β  + 8  α  ,    A 2  = χ  + 2  β  + 2  α  ,    A 3  = − 4 β − 10 α  ,    A 4  = β + 2 α  ,    A 5  = δ − β  ,    A 6   = 2  β + 2 α  ,    A 7  = χ − α  . After W2 is obtained, the pile foundation’s lateral displacement can be worked out by associating with Equation (7).




2.3. Lateral Response Analysis of Group Piles in Kerr Foundation


Due to the shielding effect of pile foundations on the displacement of soil, not only the influence of shield tunnel excavation on adjacent group piles should be considered but also the mutual interaction between adjacent pile foundations. Figure 2 depicts a simplified model diagram for calculating the influence of shield tunnel excavation on adjacent group piles. x1 and x2 are the horizontal distance between two piles and the tunnel axis, as shown in Figure 2, respectively, and s denotes the axial distance between pile I (front) and pile II (back).



The lateral soil displacement caused by shield tunnel excavation at the position of pile I is U1(z), which simultaneously results in the horizontal deflection of pile I, W1(z). Therefore, the shielding displacement due to the shielding effect of pile I can be described as   ∆  W 1   z  =  U 1   z  −  W 1   z   . According to the transfer coefficient of soil displacement between piles proposed in the literature [27], the soil displacement caused by the shielding effect of pile I at the position of pile II can be obtained:


   U  21   ( z ) = ψ  s  Δ  W 1  ( z ) =  U 1   z  −  W 1   z   



(17)




where   ψ  s  =       ln    r m    − ln  s    ln    r m    − ln    r 0        ,    r 0  ≤ s ≤  r m      0    ,    s >  r m       . rm is the effective influence radius of the pile, which can be expressed as    r m  =  χ 1   χ 2  L ( 1 − v )  . Both    χ 1    and    χ 2    are the empirical coefficients. In Kerr’s foundation, the additional load of pile II aroused from the shielding effect of pile I on the soil is


   p  21    z  = η     n k   n + 1    U  21    z  −    n 2  g       n + 1    2       d 2   U  21    z    d  z 2       



(18)







Subsequently, the horizontal displacement W21(z) of pile II caused by the shielding effect of pile I on soil can be recovered by substituting Equation (18) into Equations (10) and (14). The horizontal displacement of pile i due to shielding tunnel excavation is expressed as Wi(z). Wij(z) represents the horizontal displacement of pile i due to the shielding effect of pile j on soil. The horizontal displacement Wii(z) of pile i under the joint influence of shield tunnel excavation and adjacent piles is characterized as


   W  i i    z  =  W i   z  +   ∑  j = 1  m    W  j i    z      ( j ≠ i )  



(19)









3. Lateral Displacement of Pile Foundation Considering the Effect of Lateral Soil


3.1. Lateral Response Analysis of a Single Pile in the Kerr Foundation


As shown in Figure 3a, the additional loads generated by the shield tunnel excavation not only act on the pile foundation but also significantly affect the soil next to the piles, parallel to the tunnel axis. The soil surrounding the piles also affects the displacement of the pile foundation, due to the inconsistent deformation of the ground and the pile foundation, as shown in Figure 3b.



When the Kerr foundation model is adopted to analyze the influence of soil on a pile foundation, fundamental assumptions are made about the following:




	
The parameters of lateral soil parallel to the tunnel axis beside the pile foundation are consistent with the foundation soil;



	
The lateral forces on the pile are T1 and T2, which are transferred to both sides of the pile through the shear layer of soil;



	
The pile foundation is always in close contact with the soil next to the pile, and the deformation of the pile foundation is consistent with that of the soil’s shear layer around the pile on the Kerr foundation;



	
The additional load caused by shield tunnel excavation acts on the pile foundation and lateral soil in the meantime, supposing that the load’s influence range is wide enough.








For any plane z = z0, the governing equation of deformation for the soil’s shear layer beside the pile under the action of additional load p is


  p  y  = k  U ¯   y  − g    d 2   U ¯   y    d  y 2     



(20)




where    U ¯   y    is the deformation of the soil’s shear layer around the pile along the y-axis direction. When   y ≥ D / 2  , the general solution of Equation (20) can be obtained as follows:


   U ¯   y  =  C 1   e  −   k / g   ( y − D / 2 )    



(21)







As shown in Figure 4, wu(z) is the particular solution of Equation (21) when y = y0. The plane of y = y0 is outside the effective influence range of the pile foundation. Hence, we can calculate Equation (20) as


   U ¯    z   , y   =  C 1   e  −   k / g   ( y − D / 2 )   +  w u   z   



(22)







Assuming that the pile foundation is always in contact with the soil adjacent to the pile, the deformation of the shear layer of the soil around the pile, located at y = D/2, is similar to the shear layer deformation (denoted as w2) of soil in the Kerr foundation. Therefore, it can be solved by following the equation below:


   C 1  =  U ¯  −  w u  =  w 2  −  w u   



(23)






   U ¯    z , y   =    w 2   z  −  w u   z     e  −   k / g   ( y − D / 2 )   +  w u   z   



(24)







Then, the force on the pile foundation can be expressed as


   T 1   z  =  T 2   z  = g   d  U ¯    z , y     d y   =    w u   z  −  w 2   z      k g    



(25)




in which wu(z) is the deformation of the soil’s shear layer caused by the additional load on the y = y0 plane due to shield tunnel excavation, and then the governing equation of wu(z) can be obtained as


  p  z  = η     n k   n + 1    w u   z  −    n 2  g       n + 1    2       d 2   w u   z    d  z 2       



(26)







The governing equation of a pile foundation’s deformation considering the influence of soil besides the pile on the pile foundation can be written as follows:


  E I    d 4  w  z    d  z 4    +  q 1   z  D = 2  T 1   z   



(27)







Substituting Equations (9), (10), and (25) into Equation (27) can generate the following equations:


    E I   2 c      g k       d 6   w 2   z    d  z 6    −     E I   c + k     2 c   g k          d 4   w 2   z    d  z 4    +    D 2     g k         d 2   w 2   z    d  z 2    −    D 2     k g    + 1    w 2   z  = −  w u   z   



(28)







In addition, Equation (28) can also be expressed using the finite difference form, as follows:


   γ 1       w 2      i + 3   +  γ 2       w 2      i + 2   +  γ 3       w 2      i + 1   +  γ 4       w 2     i  +  γ 3       w 2      i − 1   +  γ 2       w 2      i − 2   +  γ 1       w 2      i − 3   = −      w u     i   



(29)




and


         γ 1         γ 2         γ 3         γ 4        =      1   0   0   0      − 6     − 1    0   0      15    4   1   0      − 20     − 6     − 2     − 1       ⋅         E I   2 c  l 6       g k            E I   c + k     2 c   g k    l 4           D  2  l 2       g k           D 2     k g    + 1        



(30)







Based on the unconstrained boundary conditions at the top and tip of the pile foundation and eliminating the nodes of −3, −2, −1 and n + 1, n + 2, n + 3, the governing equation of a single pile can be given as


     W 2    =      K u      − 1   ⋅   −  w u     



(31)




where     −  w u    =         −  w u     0  ,     −  w u     1  , … ,     −  w u      n − 1   ,     −  w u     n     T   , Ku denotes the lateral stiffness matrix of the pile in the x-direction of soil, which can be expressed as


    K   u   =        B 1       B 3       B 6      2  γ 1                        B 2       B 5       B 7       γ 2       γ 1                     B 4       B 7       γ 4       γ 3       γ 2       γ 1                  γ 1       γ 2       γ 3       γ 4       γ 3       γ 2       γ 1                .   .   .   .   .   .   .           .   .   .   .   .   .   .           .   .   .   .   .   .   .                γ 1       γ 2       γ 3       γ 4       γ 3       γ 2       γ 1                  γ 1       γ 2       γ 3       γ 4       B 7       B 4                     γ 1       γ 2       B 7       B 5       B 2                       2  γ 1       B 6       B 3       B 1         



(32)




in which B1 = γ4 + 2γ3 + 4γ2 + 8γ1, B2 = γ3 + 2γ2 + 2γ1, B3 = −4γ4 − 10γ1, B4 = γ2 + 2γ1, B5 = γ4 − γ2, A6 = 2γ2 + 2γ1, A7 = γ3 − γ1. Meanwhile, the lateral deformation W2 of the soil’s shear layer, considering the effect of soil beside the pile in the Kerr foundation model, can be solved. The lateral displacement W of the pile foundation caused by shield tunnel excavation can be obtained by combining with Equation (7).




3.2. Lateral Response Analysis of Group Piles in Kerr Foundation


As a result, the same procedure solution as in Section 2.2 can be adapted to work out the lateral displacement of group piles in the Kerr foundation caused by shield tunnel excavation, considering the effect of lateral soil, as follows:


   W  i i    z  =  W i   z  +   ∑  j = 1  m    W  j i    z      ( j ≠ i )  



(33)









4. Verifications of the Analytical Solution


The 3D boundary element program GEPAN, which considers the three-dimensional effect of lateral soil in the solution process, was utilized to verify the accuracy of the method proposed in this paper. Loganathan [18] simulated the impact of shield tunnel excavation on the horizontal displacement of adjacent 2 × 2 group piles using the 3D boundary element program GEPAN. The soil was assumed to be a homogeneous and isotropic elastic medium with a constant soil strength of Cu = 60 kPa in the model above. The soil modulus was Es = 24 MPa. Piles were cylindrical structures made of uniform, isotropic elastic material with fixed elastic parameters. In the computer program GEPAN, a typical pile element discretization established the pile model. Both the piles and the surrounding soil mass deformed elastically, and the principle of superposition was applicable. Moreover, there was no slip between the piles and the soil at the interface. The distance between the front pile, the back pile, and the tunnel axis were 4.5 m and 6.9 m, respectively, as shown in Figure 5. The axial distance between the two piles was s = 2.4 m. The remaining calculation parameters related to the method in this paper are shown in Table 1.



Figure 6 shows the lateral displacement of the soil at the center positions of the front and back piles using the two-stage method. It is clear from the figure that the maximum lateral displacement of the soil was reduced significantly as the horizontal distance increased. Figure 7 and Figure 8 show comparisons of lateral displacement and bending moment of the front pile and the back pile obtained using the simplified calculation method in this work with those from GEPAN [18] and the method in [22]. It can be seen that the maximum lateral displacement and bending moment for the pile obtained using the three calculation methods were located near the tunnel axis, both the front pile and the back pile. The calculation results with and without considering the lateral soil were very similar to those from GEPAN when using the method presented in this paper to calculate the lateral displacement of adjacent group piles caused by shield tunnel excavation. What is more, the results in this work were more accurate than those from Zhang [22], especially in calculating the lateral displacement of the back pile. Moreover, the error in calculating the bending moment of the front pile was significantly smaller than in the work of Zhang [22]. Consequently, what has been discussed above proves the accuracy of the method proposed in this work.




5. Discussions


To analyze the impact of various factors on the deflection and bending moment of group piles using the method proposed in this paper, the following example was taken for analysis. The diameter R and the depth of the tunnel axis were 3 m and 20 m, respectively. A ground loss ratio ε0 of 2.5% was considered. The soil’s elastic modulus and Poisson ratio were 20 MPa and 0.3, respectively. The diameter D and the depth of the single pile were 0.6 m and 25 m, respectively. The elastic modulus of the single pile was selected as 30 GPa. Assuming that there were two piles with unconstrained top and tip, the front pile and back pile were located 5 m and 8 m from the tunnel axis, respectively. Moreover, the other parameters remained unchanged when analyzing a certain parameter’s influence on the pile foundation’s vertical displacement in the following.



5.1. Influence of the Stiffness of Soil Spring


Figure 9 shows the lateral displacement and bending moment of the front pile with different stiffnesses of soil spring c. This parameter represents the stiffness of the soil spring between the shear layer and the pile in the Kerr foundation model. It can be seen that the stiffness of soil spring c had a significant influence on the lateral displacement of the adjacent pile. Both the lateral displacement and bending moment of the front pile decreased with the increase in soil spring stiffness c, and the magnitude of the impact also gradually decreased. Increasing the soil spring stiffness resulted in a more significant reaction force for the Kerr foundation to the pile, reducing the front pile’s displacement and bending moment.




5.2. Influence of Pile–Tunnel Distance


Figure 10 shows the front pile’s lateral displacement and bending moment as the distance between the front pile and the tunnel axis were increased from 5 m to 8 m, while the pile spacing remained unchanged. The front pile’s maximum lateral displacement and bending moment occurred at the centerline of the tunnel. As the distance between the front pile and tunnel increased, the front pile’s maximum lateral displacement and bending moment decreased. This happened because the lateral displacement of the soil decreased, and the impact on the adjacent pile lessened.




5.3. Influence of the Ground Loss Ratio


Figure 11 illustrates the front pile’s lateral displacement and bending moment under varying ground loss ratios ε0. The graph in Figure 11 shows that, as the ground loss ratio increased from 0.5% to 2%, the front pile’s lateral displacement and bending moment gradually increased. It is understandable that a higher ground loss ratio (ε0) results in more significant lateral displacement of the soil, due to the excavation of the shield tunnel. This displacement put more load on the adjacent pile, resulting in greater lateral displacement and bending moment of the front pile.




5.4. Influence of Pile Diameter


The graph in Figure 12 illustrates how the front pile’s lateral displacement and bending moment changed with different pile diameters. It is clear from the graph that changes in pile diameter had a significant impact on both lateral displacement and bending moments of the front pile. As the pile diameter D increased from 0.4 m to 1.0 m, the lateral displacement decreased slowly, while the bending moment increased. This is because the flexural rigidity EI increased with the diameter, leading to less deformation under the same load strength due to soil displacement but also to an increase in bending moment.





6. Conclusions


This paper proposed a simplified method for simulating the pile–soil interaction caused by shield tunnel excavation. The process is based on the Kerr foundation model with three parameters and considers the influence of lateral soil displacements beside the pile. Theoretical solutions are presented to evaluate the effects of tunneling on the lateral displacements and bending moments of a single pile and group piles.



The presented method was validated by comparing it with existing solutions obtained from the boundary element program GEPAN. In addition, the proposed method was used to calculate the displacements and bending moments of a single pile and group piles induced by tunneling, while considering the effects of lateral soil displacements. A parametric analysis was conducted to assess the influence of various factors, including the stiffness of soil spring c, pile–tunnel distance, ground loss ratio ε0, and pile diameter D on group piles’ deflection and bending moment.



After an in-depth discussion of the results, the following conclusions can be drawn:




	
For a more accurate calculation of the bending moment of a pile during shield tunnel excavation, it is essential to consider the influence of lateral soil displacements around the pile. Ignoring this influence can result in less accurate calculations. Therefore, accounting for the impact of lateral soil around the pile is crucial for achieving higher accuracy;



	
The lateral displacement of the pile caused by tunnel excavation increases and then decreases with depth, with the maximum displacement and bending moment occurring at the depth of the tunnel axis;



	
Increasing soil spring stiffness or pile diameter reduces lateral displacement but increases the bending moment;



	
The pile’s lateral displacement and bending moment decrease with increasing pile–tunnel distance, while they increase with an increase in the ground loss ratio.
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Figure 1. Pile–soil interaction model in Kerr’s foundation. 
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Figure 2. Computational model for group piles adjacent to tunneling. 
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Figure 3. Influence of tunneling on the adjacent pile: (a) additional loads applied on the pile and soil, (b) forces acting on the pile through the lateral shear layer of soil. 
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Figure 4. Deformation of the shear soil layer beside the pile. 
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Figure 5. Calculation model of the influence of tunneling on group piles. 
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Figure 6. Lateral displacement of soil at the center position of the pile. 
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Figure 7. Comparison of results between the present method and others: (a) lateral displacement and (b) bending moment of the front pile [18,22]. 
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Figure 8. Comparison of results between the present method and others: (a) lateral displacement and (b) bending moment of the back pile [18,22]. 
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Figure 9. Variations of (a) lateral displacement and (b) bending moment of the front pile with different stiffnesses of soil spring. 






Figure 9. Variations of (a) lateral displacement and (b) bending moment of the front pile with different stiffnesses of soil spring.



[image: Buildings 13 02548 g009]







[image: Buildings 13 02548 g010] 





Figure 10. Variations of (a) lateral displacement and (b) bending moment of the front pile with different distances between the pile and tunnel. 
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Figure 11. Variations in the (a) lateral displacement and (b) bending moment of the front pile with different ground losses. 
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Figure 12. Variations in (a) lateral displacement and (b) bending moment of the front pile with different pile diameters. 
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Table 1. Calculation parameters.
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	R (m)
	H (m)
	ɛ0 (%)
	Es (MPa)
	υ
	Ep (MPa)
	D (m)
	L (m)





	3
	20
	1
	24
	0.5
	3 × 104
	0.8
	25
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