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Abstract

:

Due to the complexity of pile–soil interaction, there is little research on active–passive piles that bear the pile-top load transmitted from the superstructure and the pile shaft load caused by the lateral soil movement around the pile simultaneously. The purpose of this study is to analyze the displacement and internal force of active–passive piles. Most of the pile design codes in China use the elastic resistance method to describe the relationship between the lateral soil resistance and the horizontal displacement of the pile, but this is not accurate enough to analyze the internal force and deformation of the pile when the pile displacement is large. For this case, the passive load on the pile shaft caused by the adjacent surcharge load can be described in stages, and the p–y curve method can be used to express the relationship between the lateral soil resistance and the horizontal displacement of the pile. Additionally, taking both the active load (vertical force, horizontal force, and bending moment on the pile top) and the passive load into account, the deflection differential equation of the pile shaft is herein established, and a corresponding finite difference method program is implemented to obtain the calculations pursuant to the equation. The correctness of the analysis method and program was verified by two test cases. The results show that our calculation method can effectively judge the flow state of the soil around piles and accurately reflect the nonlinear characteristics of pile-soil interaction. Moreover, the influence depth of the pile displacement under the passive pile condition caused by the adjacent load is significantly greater than that under active pile condition, and the maximum pile-bending moment appears near the interface of soft and hard soil layer.
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1. Introduction


Active piles are usually designed to bear the load transmitted from their superstructures (e.g., axial loads, lateral loads, eccentric loads, and inclined loads). When an active pile is affected by nearby surcharges [1] or excavation [2], the active pile also bears the additional passive load caused by the displacement of the soil generated by these surcharges or excavations at the pile side, known as the active–passive pile. The abutment piles in soft ground are usually active–passive piles. There has been considerable previous research on passive piles, which only bear passive loads, or active piles bearing only active loads. Springman [3], Liu [4], Yuan et al. [5], and Li et al. [6] have studied the horizontal displacement of soil adjacent to a surcharge load and its influence on the internal forces and the deformation of adjacent piles through tests. Gu et al. [7] proposed a three-dimensional numerical model to analyze the deformation and internal force of a passive pile adjacent to a surcharge load in extensively deep soft soil. In order to study the mechanical response of passive piles in soft soil, Yang et al. [8] carried out numerical simulation using a two-dimensional (2D) finite element (FE) model and two different pile–soil interaction methods (the embedded and linked-element method). The results showed that a higher loading rate will lead to a greater displacement of the pile top. Based on the deduced extended Koppejan model, Li et al. [9] established a numerical model to study the time-dependent interaction between the passive pile and soft soil. However, these studies not only fail to take into account the impact of active loads, but also lack a phased calculation of the additional load caused by an adjacent surcharge load. Zhu et al. [10] improved the Ito theory [11,12] by creating a more accurate way to calculate this passive load. Based on this improvement, Zhang et al. [13] introduced Shen theory [14] to analyze the influence of soil flow around a pile. On the basis of analyzing the lateral deformation mode of the soil in the free field by using the three-dimensional finite element method, Li et al. [15] established the calculation model of the passive pile under the surcharge load. They only analyzed the impact of passive loads on the pile.



In addition, Zhao et al. [16] started with the “m” method and proceeded to take into account factors such as the axial force, horizontal force, bending moment, and landslide thrust at the pile side, and established the deflection differential equation for an axially and laterally loaded foundation pile that bears the combined action of P-∆ effects and pile–soil interaction. Similarly, Liang et al. [17] combined the Winkler foundation model and displacement method to put forward a simplified analytical solution for an axially loaded pile subjected to lateral soil movement. However, Zhao and Liang both used the elastic resistance method to describe the relationship between p (the lateral soil resistance) and y (the horizontal displacement of the pile) when analyzing the active–passive piles. This method cannot reflect the nonlinearity of the pile–soil interaction, so it is only applicable when the lateral displacement of a pile is small. To deal with this, Lei et al. [18] applied the p–y curve method to the analysis of piles under an axial and lateral load, and Yang et al. [19] applied the p–y curve method to the analysis of piles under lateral loads. However, they only considered the effect of active loads. Zhang et al. [20] used the transfer matrix method to give the semi-analytical solution of the active–passive coupling load pile in layered soil.



The mechanical response of an active–passive pile is closely related to the interaction between the laterally moving soft soil and the pile. Its working mechanism is complex and influenced by many factors. This mechanism is not only affected by load conditions (such as the surcharge distance and surcharge strength) and pile parameters (such as the pile stiffness and pile spacing) but is also related to the deformation characteristics of the soft soil around the pile. However, the current research is usually limited to the specific stage of pile–soil interaction and lacks the analysis of the whole process leading to the flow of soft soil around the pile from elastic, elastic–plastic to plastic. The soft soil around the pile may be in the stress state of elastic, elastoplastic or plastic flow when the pile is subjected to adjacent surcharge, and thus the additional load caused by the surcharge load must be described in stages. In this paper, we take into account both the active and passive load and establish the differential equation for pile deflection for active–passive pile. We then implement the corresponding finite difference solution program DIAPP to help evaluate the method.




2. Establishment of the Active–Passive Single Pile Calculation Model


2.1. Calculation Model


For a single pile bearing an active load (pile-top vertical force    N 0   , pile-top horizontal force    H 0   , and pile-top bending moment    M 0   ), the pile top is assumed to be flush with the ground. The calculation model of an active–passive pile adjacent to a surcharge load is shown in Figure 1a. Assuming that the pile is composed of elastic material, the pile is considered to be a foundation beam placed vertically in the soil. The symbols of force and displacement are given as follows: the horizontal force and displacement are positive along the y-axis direction, and the positive bending moment indicates that the pile body at the side of the surcharge is under tension.



In Figure 1, A is the surcharge length (m), B is the total width of surcharge load (m),    b 1   ,    b 2   ,    b 3    are the surcharge widths (m), h is the surcharge height (m), e is the distance between the surcharge load and the pile (m), and L is the pile length (m).




2.2. Establishment of The Flexural Differential Equation of the Pile


In order to study the internal force and deformation characteristics of an active–passive single pile adjacent to a surcharge load, we must first establish the pile’s flexural differential equation. This paper mainly analyzes the characteristics of the horizontal internal forces and the deformation of the pile shaft, so the axial force on the pile shaft is assumed to be constant during the calculations. Consider the pile element with length dz at depth z below the ground, as shown in Figure 2. Axial force (N), shear force (Q), and bending moment (M) act on the upper end of the element. The axial force (N), shear force (Q + dQ), and bending moment (M + dM) act on the lower end of the element. The pile side has soil resistance given by   P =  b 0  ⋅  c z  ⋅ y   and additional load   q  z   .



The force balance analysis of the pile body micro-element is carried out. Then the flexural differential equation of the pile can be given by


  E I ⋅    d 4  y   d  z 4    + N ⋅    d 2  y   d  z 2    +  b 0  ⋅  c z  ⋅ y − q  z  = 0  



(1)




where EI is the bending stiffness of the pile (MPa·m4), N is the axial force acting on the pile (kN), cz is the horizontal resistance coefficient of foundation soil (MN/m4), cz = p/y, y is the pile horizontal displacement (m), z is the depth of the calculated point (m), q(z) is the additional line load concentration (kN/m). b0 is the calculated width of the pile (m), determined according to the relevant specifications [21].




2.3. Phase Description of the Additional Load Caused by an Adjacent Surcharge


With a change in factors such as an increase in the adjacent surcharge strength and the proximity of the surcharge distance, the soil around the pile gradually transits from the elastic to elastoplastic and plastic states. The calculation method for the pile additional side load corresponding to these different stages is given below.



2.3.1. Elastic State


The lateral pressure on the foundation caused by the surcharge is analyzed according to Figure 3. The surcharge is assumed to be a trapezoidally distributed load on a rectangular area, which can be thought of as a combination of the uniformly distributed loads and triangular distributed loads. According to the improved Boussinesq theory, the lateral additional load at point Q under the action of each load zone is calculated separately, and the total lateral additional load at this point can be obtained by the superposition. In the figure, p0 is the surcharge strength, and we assume that the surcharge width in the y-axis direction is a, the total width of the bottom of the surcharge load in the x-axis direction is B, the xoz plane is the symmetry plane in the y-axis direction, and the distance between the calculation point Q and the z-axis is e.



Horizontal additional pressure at point Q under a concentrated load micro-unit p0dxdy in the uniformly loaded rectangular area can be written as


  d  σ x   z  =   3 z  π      x − e −  b 1              x − e −  b 1     2  +  y 2  +  z 2      5 / 2      p 0  d x d y  



(2)







In addition, the horizontal additional stress at point Q under uniform load on the rectangular area can be obtained by integration.


   σ  x 1    z  =    p 0  z  π        a   e +  b 1            e +  b 1     2  +  z 2          e +  b 1     2  +  a 2  +  z 2      −  1 z  arctan     a   e +  b 1      z       e +  b 1     2  +  a 2  +  z 2            +  1 z  arctan     a   e +  b 1  +  b 2      z       e +  b 1  +  b 2     2  +  a 2  +  z 2        +     a   − e −  b 1  −  b 2            e +  b 1  +  b 2     2  +  z 2          e +  b 1  +  b 2     2  +  a 2  +  z 2             



(3)







The horizontal additional stress at point Q under right and left rectangular area triangle loads can be written as


   σ  x 2    z  =    p 0  z   π  b 1          − a  b 1    e +  b 1            e +  b 1     2  +  z 2          e +  b 1     2  +  a 2  +  z 2      −  e z  arctan     a   e +  b 1      z       e +  b 1     2  +  a 2  +  z 2            + ln         e +  b 1     2  +  z 2     e 2  +  z 2      +  e z  arctan     a e   z    e 2  +  a 2  +  z 2        +     2 ln     a +    e 2  +  a 2  +  z 2      a +       e +  b 1     2  +  a 2  +  z 2             



(4)








    σ  x 3    ( z )  =    p 0  z   π  b 1           a  b 3   e +  b 1  +  b 2        e +  b 1  +  b 2   2  +  z 2       e +  b 1  +  b 2   2  +  a 2  +  z 2      + ln      e +  b 1  +  b 2   2  +  z 2      ( e + B )  2  +  z 2           + 2 ln    a +     ( e + B )  2  +  a 2  +  z 2      a +     e +  b 1  +  b 2   2  +  a 2  +  z 2       −   e + B  z  arctan    a  e +  b 1  +  b 2     z     e +  b 1  +  b 2   2  +  a 2  +  z 2             +   e + B  z  arctan    a ( e + B )   z     ( a + B )  2  +  a 2  +  z 2              



(5)





The total horizontal additional stresses caused by the surcharge can be written as


   σ x   z  =  σ  x 1    z  +  σ  x 2    z  +  σ  x 3    z   



(6)







Finally, the passive line load set can be written as


  q  z  =  σ x   z  ⋅ d  



(7)








2.3.2. Elastoplastic State


Calculation Model and Formulas


When the soil around the pile is in an elastoplastic state, the earth pressure generated by the surcharge load can be calculated using an improved Ito theory:    θ 1  =  π 8  +  φ 4   ,    θ 2  =  π 4  −  φ 2   ,    θ 3  =  π 4  +  φ 2   . Here, we assume that the wedge-shaped part of soil between piles (  A E B  B ′   E ′   A ′   ) reaches its ultimate strength under the influence of the soil lateral displacement and then enters the plastic state, while the rest of soil is still in the elastic state.



Force analysis of micro-units in area   A  A ′   E ′  E   and area   E  E ′   B ′  B   (the shaded area in Figure 4) is shown in Figure 5a,b, respectively. The static equilibrium differential equation in the x direction is given by


   D 2  d  σ x  = 2    σ n  tan φ + c   d x  



(8)






     σ n  +    σ n  tan φ + c    N φ  − 1 / 2   −  σ x    d D − D d  σ x  = 0  



(9)




where    σ n  =  σ x   N φ  + 2 c  N φ  1 / 2    ,    N φ  =   tan  2    π / 4 + φ / 2    ,   d D = 2 d x  N φ  1 / 2    , c is the soil-cohesive force, and φ is the soil internal friction angle.



These two differential equations can be solved separately to obtain


   σ  1 x   =    C 1  exp   2 x  N φ  tan φ /  D 2    − c   2  N φ  1 / 2   tan φ + 1      N φ  tan φ   ,   0 ≤ x ≤    D 1  −  D 2   2  tan    π 8  +  φ 4       



(10)




and


   σ  2 D   =        C 2  D      N φ  1 / 2   tan φ +  N φ  − 1   − c   2 tan φ + 2  N φ  1 / 2   +  N φ  − 1 / 2        N φ  1 / 2   tan φ +  N φ  − 1   ,    D 2  ≤ x ≤  D 1     



(11)







In the above two formulas,    σ  1 x     is the stress at any point x of zone   A  A ′   E ′  E  ,    σ  2 D     is the stress at any point D of zone   E  E ′   B ′  B  , C1 and C2 are the undetermined integration constants, D1 is the centerline spacing between piles, and D2 is the net distance between the piles.



Taking the horizontal stress at plane   B  B ′    as the initial boundary condition, and substituting    σ  B  B ′     z  =  σ x   z  +  K 0  γ z   into Equation (11) gives C2 so that    σ  2 D     can be written as


    σ  2 D    =  1  G 1           D    D 1         G 1       σ  B  B ′     z  ⋅  G 1  + c ⋅  G 2    − c ⋅  G 2     



(12)







C1 can be obtained according to the stress continuity condition (   σ  2 D    |  D =  D 2    =  σ  1 x    |  x =    D 1  −  D 2   2  tan    π 8  +  φ 4       ) of the common boundary interface   E  E ′    in zone   A  A ′   E ′  E   and   E  E ′   B ′  B  , and thus    σ  1 x     can be written as


     σ  1 x   =     exp   2 x  N φ  tan φ /  D 2       N φ  tan φ   ⋅     c   2  N φ  1 / 2   tan φ + 1     exp      D 1  −  D 2     G 3  /  D 2      +          D 2     D 1         G 1       σ  B  B ′     z  ⋅  G 1  + c ⋅  G 2    − c ⋅  G 2    ⋅             N φ  tan φ    G 1  exp      D 1  −  D 2     G 3  /  D 2        −   c   1 + 2  N φ  1 / 2   tan φ      N φ  tan φ      



(13)




where    G 1  =  N φ  1 / 2   tan φ +  N φ  − 1  ,    G 2  = 2 tan φ + 2  N φ  1 / 2   +  N φ  − 1 / 2    , and    G 1  =  N φ  tan φ ⋅ tan   π / 8 + φ / 4    .




Calculation of the Additional Load on the Pile Side


We assumed that the earth pressure at rest    q 0   z  =  K 0  γ z   is the equilibrium stress of the soil mass between piles. When there is a horizontal stress at the AA′ surface    σ  A  A ′     z  >  q 0   z   , the plastic flow around the soil mass behind the pile occurs (which will be discussed later), and we now present the calculation method for    σ  A  A ′     z  ≤  q 0   z   .



Step 1: calculate the total lateral pressure of surface BB′ under the influence of the surcharge.


   σ  B  B ′     z  =  σ x   z  +  K 0  γ z  



(14)




where    σ x   z    is the additional stress calculated by Equation (6),    K 0    is the coefficient of earth pressure at rest, and    K 0  = 1 − sin  φ 0   , z is the depth of the calculated point.



Step 2: calculate the lateral pressure of surface   A  A ′    under the influence of the surcharge.


     σ  A  A ′     z  =    1   N φ  tan φ   ⋅     c ⋅   1 + 2  N φ  1 / 2   tan φ     exp      D 1  −  D 2     G 3  /  D 2      +        D 2  −  D 1       G 1       σ  B  B ′     z  ⋅  G 1  + c ⋅  G 2    −              c ⋅  G 2    ⋅    N φ  tan φ    G 1  ⋅ exp      D 1  −  D 2     G 3  /  D 2        −   c ⋅   1 + 2  N φ  1 / 2   tan φ      N φ  tan φ      



(15)







Step 3: when    σ  A  A ′     z  ≤  K 0  γ z  , find the new earth pressure equilibrium point. Substituting    σ  1 x   =  K 0  γ z   into Equation (13) gives   x =  x l   , and the next step is to determine the region where    x l    is located. If    x l    is in the region   A  A ′   E ′  E  , then the pile side passive line load concentration can be written as


  q  z  =  σ  B  B ′     z   D 1  −  σ  1 x | x =  x l    ⋅  D 2   



(16)







If    x l    is not in the region   A  A ′   E ′  E  ,    σ  2 D   =  K 0  γ z   should be substituted into Equation (12), giving   D =  D l   , so that the pile side passive line load concentration can be written as


  q  z  =  σ  B  B ′     z   D 1  −  σ  2 D | D =  D l    ⋅  D 2   



(17)









2.3.3. Plastic Flow State


As mentioned above, when    σ  A  A ′     z  >  K 0  γ z  , plastic flow occurs around the pile, and the passive load on the pile side is the ultimate load, which is calculated according to Equation (18) of Shen theory [8]:


    q  z  =      σ v  +  σ c        1 − sin φ   exp    π 2  tan φ     4   tan  2  φ + 1     exp   π tan φ       3 tan φ cos μ +   2   tan  2  φ − 1   sin μ +            4   tan  2  φ + 1   1 − sin φ   sin μ   +     3 tan φ sin μ −   2   tan  2  φ − 1   cos μ −   4   tan  2  φ + 1   1 + sin φ   cos μ     d    



(18)




where d is the pile diameter, and   μ =  π / 4  +  φ / 2   .






3. The Model’s Difference Equation and Its Solution


To solve the above model, the pile shaft is divided into n units vertically, each of length λ. For convenience, four virtual units are added at the top and bottom of the pile, and the unit and node numbers are shown in Figure 1. For any pile node i, the difference equation of node i can be obtained by substituting a one-dimensional central difference formula into Equation (1), according to the established pile deflection differential equation.


   y  i + 2   −   4 −   N  λ 2    E I     ⋅  y  i + 1   +   6 −   2 N  λ 2    E I   +    b 0   c  z i    λ 4    E I     ⋅  y i  −   4 −   N  λ 2    E I     ⋅  y  i − 1   +  y  i − 2   −    q i   λ 4  d   E I   = 0  



(19)







Substituting   4 −   N  λ 2    E I   = k  ,      b 0   c  z i    λ 4    E I   =  A i    and      λ 4  d   E I   = G   into Equation (19), Equation (19) can be written as


   y  i + 2   − k ⋅  y  i + 1   +   2 k − 2 +  A i    ⋅  y i  − k ⋅  y  i − 1   +  y  i − 2   − G ⋅  q i  = 0  



(20)







Corresponding rotation (   θ i   ), bending moment (   M i   ), and shear force (   Q i   ) can be obtained as


   θ i  =  1  2 λ   ⋅    y  i + 1   −  y  i − 1      



(21)






   M i  =   E I    λ 2    ⋅    y  i + 1   − 2  y i  +  y  i − 1      



(22)






     Q i    =   d M   d z   + N ⋅   d y   d z        =   E I   2  λ 3    ⋅    y  i + 2   − 2  y  i + 1   + 2  y  i − 1   −  y  i − 2     +  N  2 λ   ⋅    y  i + 1   −  y  i − 1        



(23)







An equilibrium equation such as Equation (19) can be obtained for any pile shaft node i. There are n + 1 equations. To solve the system, four supplementary equations need to be determined from the boundary conditions. Two equations can be derived using the known active load of the pile top:


   M 3  =   E I    λ 2    ⋅    y 4  − 2  y 3  +  y 2    =  M 0   



(24)






   Q 3  =   E I   2  λ 3    ⋅    y 5  − 2  y 4  + 2  y 2  −  y 1    +  N  2 λ   ⋅    y 4  −  y 2    =  H 0   



(25)




and the other two can be derived according to the boundary conditions for the pile bottom.



When the pile bottom is not embedded in the rock stratum, it can be regarded as free. That is, the shear force at node n + 3 is 0. When the pile bottom is supported in the soil layer and   α l ≥ 2.5   or the pile end is supported in the rock stratum and   α l ≥ 3.5  , the section deformation of the pile bottom is very small. Thus, the bending moment at the pile bottom can treated as 0:


   M  n + 3   =   E I    λ 2    ⋅    y  n + 4   − 2  y  n + 3   +  y  n + 2     = 0  



(26)






   Q  n + 3   =   E I   2  λ 3    ⋅    y  n + 5   − 2  y  n + 4   + 2  y  n + 2   −  y  n + 1     +  N  2 λ   ⋅    y  n + 4   −  y  n + 2     = 0  



(27)







When the pile end is embedded in the rock stratum, it is regarded as fixed, and in this case, the section angle and displacement at node n + 3 are 0:


   θ  n + 3   =  1  2 λ   ⋅    y  n + 4   −  y  n + 2     = 0  



(28)






   y  n + 3   = 0  



(29)







Here, the equations are formed by combining the different pile bottom boundary conditions, pile-top load conditions, and pile node difference equations. After solving this system of equations, all node displacements    y i    can be obtained successively from    y 0   . Then, the rotation, bending moment, and shear force of each node of the pile can be obtained by Equation (21) through Equation (23). In fact, since the horizontal displacement (   y i   ) of pile at point i is unknown,    c  z i     cannot be determined from the p–y curve. Therefore, the iterative method (as below) should be used to calculate the pile displacement and internal force. First, assume the initial value of    c  z i    , and obtain    y i    (the horizontal displacement of each node of pile) by using the finite difference method successively. The corresponding    p i    can then be obtained from the p–y curve, and    c  z i  ′    is then given by    c  z i   =    p i   /   y i     .    y i ′    is recalculated using the finite difference method until it converges.



The analytical solutions’ differential equations with initial and boundary value conditions can often not be obtained through theoretical derivation. An effective way is to obtain the approximate solutions with a certain numerical accuracy by using numerical methods, including finite difference method, numerical integration method, Bezier Method, inverse differential quadrature method, etc. For example, Khalid [22] proposed a new two-dimensional inverse differential quadrature method to approximate the solution of high-order differential equations. Kabir [23] extended a robust Bezier-based multi-step method to accurately solve the governing fourth order complex partial differential equation in linear elastic fracture mechanics problems.




4. Validation of the Calculation Method


Due to the lack of active–passive single pile test data, the active pile case and the passive pile case are now used to evaluate the correctness of the above active and passive single pile calculation methods.



4.1. Analysis of an Active Pile Based on a Typical p–y Curve


A case of active pile in Zhenjiang [24] was selected in order to evaluate the correctness of the methods and procedures in this paper for active pile analysis. The site test pile in this case is a steel pipe with a buried depth of 45 m and a diameter of 1.2 m. The pile stiffness is EI = 2.88 × 106 kN·m2, and the average undrained shear strength of the soil measured by static triaxial test is 54 kPa. The horizontal load acts on the pile top, and the action position of the horizontal load is 7.9 m above the ground. Finally, the horizontal displacement of the pile on the ground and the maximum bending moment of the pile were obtained when the horizontal load was 20 kN, 50 kN, 100 kN, 150 kN, 200 kN, 250 kN, and 300 kN. In this paper, the pile top in the calculation model is assumed to be flush with the ground, so according to the principle of force equivalence, the test load is equivalent to the horizontal load and bending moment at the ground.



Three typical p–y curves (Zhang [25], Wang [26], and Matlock [27]) applicable to soft clay in Table 1 were selected to describe the relationship between the lateral soil resistance and the horizontal displacement of the pile. The relevant parameters of the p–y curve are taken from the literature. DIAPP was used to calculate the horizontal displacement of the pile top and the maximum bending moment of the pile body under different loads, and the calculated results were then used to compare to the field measured data, as shown in Figure 6a,b.



In the table,    y  50     is the corresponding lateral deformation of the pile body when the soil around the pile reached half of the ultimate soil resistance (mm),    p u    is the ultimate soil resistance at the pile side (kPa),    F s    is the reduction coefficient closely related to soil properties and load forms, and a and b were determined by triaxial test.



Figure 6 shows that under the same load, the ranking of the horizontal displacement of the pile top and the maximum bending moment of the pile body calculated using three p–y curve models is Zhang model > Wang model > Matlock model. The pile-top displacement calculated using the Zhang model is larger than the test results, while the results obtained using the Wang model or Matlock model are smaller than the test results. The maximum bending moment of the pile calculated using the three models is slightly larger than the test values. The variation trend of the above calculated values with the load based on the three models is consistent with the field measured results, and they all increase nonlinearly with the horizontal load, which supports the correctness of the method in this paper.



Since the horizontal displacements of the pile top calculated by the p–y curve model of Wang and Matlock are slightly less than the measured value, we chose the Zhang model for subsequent analysis.




4.2. Passive Pile Analysis Based on Staged Descriptions of Additional Loads


A passive pile test in Ningbo [6] was selected to judge the correctness of the method and program in this paper further. Table 2 describes the soil layer distribution and calculation parameters of the test site. The site test pile is a cast-in-place bored pile with a length of 45 m, a diameter of 1.0 m, and a pile spacing of 3.0 m. The stiffness of this reinforced concrete pile is   E I = 1.65 ×   10  6    kN ⋅  m 2   , and the surcharge strength is 70.0 kPa. In this case the load is formed by filling the soil in a rectangular area (surcharge length (A = 25.0 m), surcharge width (B = 10.0 m)). Finally, the surcharge distances (e in Figure 1b) are 15 m (working condition 1) and 10 m (working condition 2).



The test results for the pile displacement and bending moment under the two working conditions were compared with our calculation results, as shown in Figure 7 and Figure 8. In the figures, the positive displacement indicates that the pile deviates away from the surcharge load, and the positive bending moment means that the pile is strained on the side of the surcharge load. According to the measured results, the maximum horizontal displacement occurs at the top of the pile under both the working conditions, and the pile displacement gradually decreases along the depth direction. If the horizontal displacement of the pile is greater than or equal to 0.2 mm, the horizontal displacement of the pile in condition 1 and condition 2 occurs in the range of about 22 m (2.2B) and 28 m (2.8B) below the ground, respectively. This is obviously greater than the pile displacement depth 9.4 m calculated by elastic analysis when the pile is in an active pile condition (calculated by the “m” method, at   α z = 4.0   [15]), and it increases as the distance between the pile and surcharge load decreases.



From the pile top to pile bottom, the pile-bending moment changes from a negative moment of load side compression to a positive moment of load side tension under both conditions. The extreme point of the negative bending moment is located at a depth of 6.5 m, which is close to the interface between the mixed fill soil and silt layer (depth of 4.8 m), and the extreme point of the positive bending moment is located at a depth of 14 m, which is close to the interface between the silt layer and silty clay layer (depth of 13.1 m). This experimental phenomenon is also consistent with the conclusion obtained by Stewart [28] from a model test where the maximum pile-bending moment occurred near the pile top or near the interface between soft and hard soil.



Figure 7 shows the comparison between the calculation and measured results under working condition 1. Here, we can see that the pile displacement at the ground does not exceed 6.0 mm (the passive load was calculated using the improved Boussinesq theory), and the calculated results agree with the experimental results. The calculated value of pile-top displacement is 21.61 mm, and the corresponding test value is 4.01 mm. The calculated maximum bending moment of the pile shaft is 59.45 kN, and the corresponding test value is 107.48 kN. The difference between the calculated pile-top displacement and the measured value is only 3.1%, and the relative error of the pile maximum bending moment is 44.6%.



Figure 8 shows that the pile displacement and pile-bending moment calculated under working condition 2 are basically consistent with the measured results. The calculated maximum bending moment of the pile shaft is 297.09 kN, which is 3.97 kN greater than the test value. The calculated value of pile-top displacement is 21.61 mm, which is 1.71 mm larger than the test value. The relative error between the calculated pile-top displacement and measured result is only 6.7%, and the relative error between the maximum pile-bending moment and measured result is only 0.5%. Figure 9 shows the additional load caused by the same surcharge when the surcharge distance (e) and the surcharge width (B) are different. The black curve in Figure 9a corresponds to working condition 2. Our calculation results show that the horizontal displacement of the pile within 10.5 m below the ground is greater than 6 mm, that the soil around the pile within 4 m of the buried depth is in the plastic flow state, and that the soil around the pile within the buried depth of 4 m to 10.5 m is in an elastoplastic state. The displacement of the pile body with a buried depth greater than 10.5 m is less than 6 mm, and the soil around the pile side is in the elastic state.



Figure 9 shows that when other factors are the same, as the surcharge distan€(e) changes from 5 m (0.5B) to 15 m (1.5B), the additional load gradually decreases, and the maximum additional load decreases from 99.54 kN/m to 20.40 kN/m, about 79.5%. In addition, the position of the maximum additional load gradually moves upward from a depth of about 10.5 m (0.23 L) to a depth of about 5.0 m (0.11 L). When the surcharge width (B) changes from 5 m to 15 m, the maximum additional load increases from 21.16 kN/m to 71.52 kN/m, a factor of approximately 2.4 times. The position of the maximum additional load gradually moves down with the increase in the stacking width, and its position moves down from a depth of about 7 m (0.16 L) to a depth of about 8.5 m (0.19 L). We thus consider our method to be highly applicable for calculating the passive load caused by the adjacent surcharges in nonlinear settings.





5. Conclusions


In this paper, the differential equation for the pile deflection was established for an active–passive single pile whose top is flush with the ground. Based on a staged description of the additional load caused by an adjacent surcharge, the analysis of the internal forces and deformation of the active–passive single pile using a typical p–y curve to describe the relationship between the lateral soil resistance and the horizontal displacement of the pile was realized. The obtained results and mechanical analysis lead us to the following conclusions, enumerated below.



	(1)

	
For a given surcharge condition, the soil around the pile at different buried depths may be in a plastic flow, elastoplastic, or elastic state. The staged description of the additional load set against these states is helpful for the accurate calculation and analysis of the pile foundation.




	(2)

	
The order of horizontal displacement of pile top and maximum bending moment of pile shaft calculated from three typical p–y curves applicable to soft clay can be arranged as follows: Zhang model > Wang model > Matlock model. Additionally, the horizontal displacement of the pile top and the maximum bending of the pile increase nonlinearly with the horizontal load on the pile top. The variation trend and values were also consistent with the measured results. The calculated value of Zhang’s model was the closest to the measured results.




	(3)

	
The displacement of the pile caused by the adjacent surcharge decreases gradually along the depth direction. The depth range of the horizontal displacement of the pile under a passive load is significantly greater than that under an active load. The extreme value of the pile shaft bending moment appears near the interface between the soft and hard soil layers.




	(4)

	
The method in this paper reflects the nonlinear characteristics of pile–soil interaction with a typical p–y curve. It can thus be applied to the mechanical response analysis of active–passive single piles adjacent to heaped loads.







Because of the lack of test cases of an active–passive pile, this paper used the test cases of pure active pile and pure passive pile to verify the calculation method. In addition, this study failed to analyze the situation of multi-row piles, which is also a problem that we need to study further.
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Figure 1. Calculation model diagram of a single pile using our coordinate system. (a) Elevation; (b) plane. 
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Figure 2. Schematic diagram for the stress analysis of a foundation pile. 
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Figure 3. Diagram of the surcharge load. 
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Figure 4. Calculation model using an improved Ito theory. 
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Figure 5. Stress analysis of a micro-unit in the plastic zone. (a) Zone   A  A ′   E ′  E  ; (b) zone   E  E ′   B ′  B  . 
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Figure 6. Test and calculation results of different p–y curves. (a) Horizontal displacement of the pile top; (b) maximum bending moment of the pile shaft. 
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Figure 7. The calculated and measured values for working condition 1 (e = 15 m). (a) Pile displacement; (b) pile-bending moment. 
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Figure 8. The calculated and measured values in working condition 2 (e = 10 m). (a) Pile displacement; (b) pile-bending moment. 
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Figure 9. The additional load acting on the pile shaft (surcharge strength is 70 kPa; surcharge length (A) is 25 m). (a) Additional load changing with depth with different surcharge distances (surcharge width (B) is 10 m). (b) Additional load changing with depth with different surcharge widths (surcharge distance € is 10 m). 
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Table 1. p–y curve expression.
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	Computational Model
	p–y Curve Expression





	Zhang Model [17]
	   p =     0.5  p u     y /  y  50      1 / 3          y ≤ 8  y  50            F s  +   1 −  F s    x /  x r     p u      y > 8  y  50   , z ≤  z  r s          p u               y > 8  y  50   , z >  z  r s           



	Wang Model [18]
	   p =       y /  y  50     a + b y /  y  50      p u      y ≤ β  y  50          p u              y > β  y  50           



	Matlock model [19]
	   p =     0.5  p u     y /  y  50      1 / 3       y ≤ 8  y  50          p u                y > 8  y  50           
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Table 2. Calculation parameters of the soil layers.
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	Soil Layer
	Soil Thickness (m)
	Density

(kg/m3)
	Modulus of Compression (MPa)
	Cohesion

(kPa)
	Internal Friction Angle (°)





	Miscellaneous fill
	4.8
	1800
	-
	5
	11.5



	Mud
	8.3
	1642
	2.09
	10.5
	10.2



	Silty clay with silty soil
	4.8
	1877
	4.31
	12.2
	12.8



	Muddy silty clay
	12.6
	1733
	3.24
	11.9
	11.2



	Silty clay
	12.7
	1742
	4.63
	15.3
	12.3



	Silty clay
	1.9
	1774
	3.77
	24.1
	11.3
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