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Abstract

:

Group piles with cushion caps are a common structural form for deep-water bridge foundations. However, their application is limited by the challenges of complex construction, difficult recovery of the supporting large-scale temporary structure, and high engineering expenses. Therefore, we propose a new foundation form—grid pile foundation (GPF)—to improve the sustainability and reliability of foundations. In this study, the finite element software ABAQUS was used to investigate the mechanical properties and dimensional effects of the GPF. Subsequently, the Monte Carlo method was adopted to evaluate the safety under different geological conditions. The results demonstrated that along the depth, the inner frictional resistance of the GPF exhibits an exponential distribution, whereas the outer frictional resistance exhibits an approximate triangular distribution. In addition, the change in pile size has a non-negligible effect on the load-bearing capacity of the GPF. For the same work amount, the smaller pile and side lengths promoted the inner frictional resistance exertion of the GPF. Furthermore, the safety and reliability analysis suggested that the GPF proposed in this study can be used safely under complex geological conditions.
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1. Introduction


Underground diaphragm walls (UGDWs) have been widely used in traditional foundation projects, such as foundation pits, water-block curtains, and bridge anchorages, and are gradually being applied in various engineering fields including bridges, high-rise buildings, and anti-seismic liquefaction [1]. A variety of ground improvement methods are in practice these days, including Maheshwari [2], Kumar et al. [3], Rashid et al. [4,5], etc. Group piles with cushion caps are a commonly used foundation form for long-span deep-water bridges. However, the construction of pile group foundations is complicated and requires significant amounts of concrete. In addition, cofferdams, which are used as temporary envelop enclosures during construction, are challenging to recover, thereby increasing the project cost. The aforementioned challenges can be overcome using the lattice (grid) foundation comprising UGDWs. The foundation form in which adjacent UGDWs are connected using rigid joints to form a planar closure with cushion caps is known as the lattice-shaped UGDW foundation. The grid foundation is significantly different from the single-width diaphragm wall foundation in terms of force mechanism and load-bearing performance [6]. Furthermore, it can conserve a significant amount of work in engineering projects compared with conventional pile-group foundations and can withstand complex loads such as horizontal seismic action, wave impact action, and high-speed vehicle braking, thus improving the sustainability and reliability of the entire engineering project [7].



The building block of the grid foundation is the UGDW whose load-bearing performance has been extensively studied. Ou et al. [8] obtained an analytical solution for the lateral displacement of a UGDW with internal support under an eccentric load using the energy method. Lei [9] determined the UGDW-caused ground settlement value using the Mindlin stress solution. Ba et al. [10] demonstrated that the increased UGDW flexibility leads to the redistribution of stresses in the soil and decreases the internal force of the foundation. Li et al. [11] used ABAQUS to simulate a closed UGDW, revealing that the bending and stiffness deformation is maximum at a third of the foundation height under lateral loads. Chen et al. [12] used FLAC 3D to demonstrate that the closed UGDW thickness under a vertical load is proportional to the outer friction and tip resistances, and that the soil core displacement under lateral loads is greater than the wall displacement. However, the construction of UGDW foundations is challenging under certain geological conditions, such as significantly soft silty soil and underwater operation. In addition, the challenges of non-alignment of adjacent wall segments and water leakage may arise. Therefore, a rigid connection of wall segments effectively helps overcome the limitations of water leakage and non-alignment during construction.



The existing grid foundations are predominantly rectangular, and their settlement calculations are primarily based on load-transfer and integral equation methods. Wu et al. [13] calculated the settlement values of simplified rectangular grid foundations using the load-transfer method; their values agreed well with the experimental measurements, thereby establishing the basis for the theoretical calculation for rectangular grid foundations. Wen [14] studied the pile–soil interaction and load-bearing performance of grid foundations; the indoor tests demonstrated that the soil resistance at the corner of the grid foundation end cap is greater than that at the boundary position, and the force at the middle of the boundary is the lowest. Panpan [15] proposed a nonlinear hyperbolic contact model for grid foundations and used numerical simulations to explain why a nonlinear contact model was selected over a linear contact model in grid foundations. In addition, Wu [16] numerically analyzed the “grid effect” and revealed that the ultimate bearing capacity of the grid UGDW does not increase linearly with an increasing number of grids under the same grid size; moreover, the bearing capacity of a single grid significantly weakens, and the stresses between grids overlap. Therefore, it is recommended to adopt the UGDW grid foundations with smaller grid sizes and fewer grids to enhance the bearing performance of the foundation as long as the bearing capacity requirement of the foundation is satisfied.



This study proposes a novel grid foundation with a hollow hexagonal cross-section–grid pile foundation (GPF), to solve the construction and expense challenges encountered while using the pile group foundation with a cushion cap, commonly used in large deep-water bridges. Subsequently, the numerical simulation software, ABAQUS, was used to conduct an in-depth analysis of the settlement, inner and outer frictional resistance, as well as soil pressure distribution laws of the GPF. In addition, the effect of dimensional changes of the GPF on its load-bearing capacity was explored. Finally, a safety assessment of the GPF was performed to support its further application.




2. Construction of the Numerical Model


2.1. Parameters of Numerical Models


In this study, ABAQUS is used to establish two types of numerical models, the single-wall model SWF and the grid pile model GPF. Model schematics are shown in Figure 1. In this paper, two SWF models of different sizes are established, SWF A and SWF B. The SWF A model adopts the dimensions and parameters of the underground diaphragm wall in the field test of Hou [17], and the calculation results of the model are compared with the test results to verify the accuracy of the model established in this paper. The parameters of the SWF B model are the same as those of the model SWF A, only the dimensions are changed, so the accuracy of the SWF B model is also guaranteed. GPF is a grid pile model composed of six SWFs B. The purpose is to compare and analyze the similarities and differences of the force and deformation laws of grid piles surrounded by a single wall and six single walls. In this paper, five GPF models with different sizes are established. The dimensions of all models are shown in Table 1.



In order to compare the in situ loading test results of a UGDW of Hou [17], the material parameters of the numerical model are the same as in the literature [17]. The detailed physical parameters are shown in Table 2. The friction coefficient µ between the pile and soil is selected as 0.23, which is based on the recommended value of the friction coefficient between the pile foundation and the soil in the Technical Code for Building Pile Foundations (JGJ94-2008) [18] and combined with the literature [17].



In ABAQUS, the pile is assumed to be a linear elastic material, and the soil adopts the Mohr-Coulomb elastic-plastic model. The soil is divided into two layers: Soil layers 1 and 2. The tangential contact between the pile and soil was calculated using a hard contact–penalty calculation model, whereas the normal contact was a “hard” form to limit the penetration of the pile into the soil. The lateral pressure coefficient K0 between the pile and soil is calculated from the internal friction angle according to Equation (1).


   k 0  = 1 − sin  ( φ )   



(1)







The C3D8R three-dimensional stress element is used for the pile and soil, respectively. According to the division method of the sweep, the GPF ① model has a total of 65,419 units.




2.2. Numerical Model for SWF


The settlement curve of SWF A is shown in Figure 2. A distinct inflection point is observed in the settlement curve, and the position of the inflection point is generally considered the ultimate load-bearing capacity of the foundation. Before the SWF reaches the ultimate load-bearing capacity, the load has a roughly linear relationship with the settlement; in addition, the settlement increases rapidly after the ultimate load-bearing capacity is reached. Numerical simulation calculations indicate that the ultimate load-bearing capacity of SWF is 14.8 MN, wherein the settlement is 32.9 mm.



The settlement curve derived from the field test by Hou [17] is shown in Figure 2. The settlement curve indicates that the ultimate load-bearing capacity of the single-width UGDW is 14 MN (corresponding to a settlement value of 28 mm), and the settlement exhibits a steep-drop pattern. Before reaching the ultimate load-bearing capacity, the settlement curve scales linearly. Subsequently, we compared the settlement curve obtained from the numerical model calculation with that of the field test data of Hou [17] (Figure 2), indicating a high degree of agreement and demonstrating the accuracy of the established numerical model for SWF.




2.3. Numerical Model for GPF


The dimensions of SWF A were changed to build SWF B. Subsequently, six SWFs B were used to build the GPF model ①. Then, we loaded both models to 60 MN and obtained the stress nephogram, as shown in Figure 3. S33 is the stress in the vertical direction. The stress distribution of SWF B and GPF under identical loads reveals that the soil pressure on both sides of the SWF is higher, whereas the pile core soil of the GPF exhibits high stress only near the pile end. Therefore, the area enclosed by six SWFs considerably decreases the stresses in the soil, particularly in the pile core soil.





3. Numerical Calculation and Analysis of GPF


3.1. Settlement Curve Analysis


Figure 4 shows that the settlement curve of the GPF changes more gradually. According to the Code for Design of Building Foundation (GB50007-2001) [19], when the settlement curve has no distinct inflection point, the ultimate load-bearing capacity is the corresponding load-bearing capacity when the foundation settlement value reaches 0.04 m. Therefore, the ultimate load-bearing capacity of the GPF is 45.7 MN, which is greater than that of an SWF of an identical size by a factor of 3.11. Although a GPF comprises six SWFs, the load-bearing capacity of the GPF is not greater than that of the SWF by a factor of six. In other words, the load-bearing capacity of the GPF is not equal to the sum of the load-bearing capacity of all the SWFs.



The vertical load-bearing capacity of a GPF is primarily composed of three parts, outer frictional resistance, inner frictional resistance, and tip resistance. During the beginning of loading, the outer frictional resistance is gradually exerted; with increasing load, the relative displacement between the pile body and outer soil body occurs, leading to the gradual exertion of the outer frictional resistance. Subsequently, relative displacement occurs between the pile core soil and pile body, at which point the inner frictional resistance and end resistance are exerted until both their limits are reached. Then, the pile settles faster and cannot maintain stability for long periods, and the load-bearing capacity at this time is the ultimate load-bearing capacity. This phenomenon of the load-bearing capacity of the GPF being less than the sum of the load-bearing capacities of all SWFs is known as the “group wall effect”, which is similar to the “group pile effect” of the pile group foundation that reduces the load-bearing capacity of the pile group [20].




3.2. Stress Analysis of Pile and Soil


Figure 5 shows that the stress value of the GPF is slightly higher than that of the SWF when approaching their respective load ultimate bearing capacity. The pile stress curves of the SWF and GPF are of similar shapes. In addition, the stress decreases from approximately −1800 kPa at the top of the pile to approximately −200 kPa at the bottom; moreover, the stress in the upper third of the pile is higher and decreases gradually downward; in contrast, the stress in the lower third of the pile rapidly decreases downward. Therefore, the strength of the upper third of the pile should be strengthened while designing the pile foundation.



Figure 6 shows that the vertical stress in the soil increases with increasing depth. With increasing pile top load, the increase in the vertical stress in the pile core soil is slightly higher than that of the soil outside the pile. In addition, the stress variation of the pile core soil is in the lower two-thirds region of the soil core, whereas the stress variation of the soil outside the pile is in the lower one-third region of the pile body. This is because of the following: The interaction between the outer part of the pile body and the soil body distributes the load applied to the soil body at a certain diffusion angle, which is the same as the soil stress distribution law of solid piles. After the pile core soil is stressed, the lower portion of the soil core is continuously squeezed inward owing to the squeezing effect, consequently resulting in the soil core’s tendency to move toward the upper portion of the pile; however, the cushion cap at the pile top restricts the upward movement of the soil core, resulting in increasing the stress in the soil core to greater than that in the outer soil body. With increasing load, the pile core soil is affected by squeezing in an increasing upward range, thereby resulting in the continuous bottom-to-top expansion of the pile core soil stress.



Numerical calculations indicate that the inner frictional resistance accounts for a significant proportion of the pile resistance at the later loading stage, indicating its significant contribution to the load-bearing performance. When the ultimate load is reached, the load-bearing capacity of the soil core remains not fully exerted. Therefore, the continuous optimization of the GPF dimensions to determine the optimal cross-section size can enable earlier and fuller exertion of the inner frictional resistance in the load-bearing phase.




3.3. Analysis of Lateral Frictional Resistance of Pile


Figure 7 shows the variation curves of the outer and inner frictional resistance of the GPF with an increasing load. A comparison of Figure 7a,b reveals that the inner frictional resistance contributed by the soil core in the pre-loading period is significantly lower than the outer frictional resistance of the pile, whereas the inner frictional resistance is less than the outer frictional resistance. According to the aforementioned mechanism of pile core soil stress generation, the core soil is confined within the pile and sinks along with the pile body. The low relative displacement of the pile core soil and the pile body significantly decreases the inner pile soil frictional resistance. With an increasing load, the soil at the bottom of the pile is gradually extruded from the bottom into the pile, thereby resulting in the relative displacement of the lower portion of the soil core and pile body. Therefore, the inner frictional resistance is predominantly concentrated at the bottom of the pile and expands upward continuously with an increasing load. The inner frictional resistance is exponentially distributed along the pile body, and the percentage of total frictional resistance increases with increasing load, which is consistent with the observations of Liu [21].





4. Impact of Change in GPF Size on Its Load-Bearing Performance


To study the impact of the side and pile lengths of the GPF on its load-bearing performance, five GPF models with different sizes were established, as shown in Table 2. Then, we calculated the five GPF models separately and analyzed the effect of pile and side length variations on its load-bearing performance based on the calculation results.



4.1. Impact of Pile Length on Load-Bearing Performance


The settlement curves of piles ①, ④, and ⑤ shown in Figure 8 characterize the impact of pile length on the ultimate load-bearing capacity and settlement value of the GPF. According to the Code for Design of Building Foundation [19], the maximum settlement value of the foundation must not exceed 0.04 m. The settlement curves of piles ①, ④, and ⑤ in Figure 8 have no inflection point before the settlement value reaches 0.04 m, and the corresponding load-bearing capacity values are 40.2, 49.6, and 38.72 MN, respectively, which meets the design requirements of the settlement value. Therefore, increasing the pile length can enhance the load-bearing capacity of the GPF. However, this is effort-intensive, consequently increasing the engineering cost.



The axial force curves of piles ①, ④, and ⑤ shown in Figure 9 characterize the impact of pile length variation on the axial force. Pile ① is set as the reference pile. Comparing the axial force of piles ④ and ⑤ indicates that the pile length ④ increases compared with that of pile ①, and the area with the higher axial force in the upper part of pile ④ is significantly greater than that of pile ①. In addition, the tip axial force of pile ④ is greater than that of pile ①, indicating an increase in tip resistance. However, compared with that of pile ①, the length of pile ⑤ decreases, and the area with the higher axial force at the upper portion of pile ⑤ is significantly smaller than that of pile ①, with the axial force in the pile tip tending to zero. With increasing pile length, the influence range of the load extends downward. Figure 5 and Figure 7 show that the variations of the stress and frictional resistance of the upper part of the pile are less along the depth, indicating that the frictional resistance of the GPF is not exerted in the upper part of the pile. Therefore, appropriately reducing the pile length can increase the frictional resistance and decrease the tip resistance.



The frictional resistance distribution of piles ①, ④, and ⑤ in Figure 10 characterizes the impact of pile length on the inner and outer frictional resistance of the GPF. Figure 10a shows that the outer frictional resistance of the GPF has a trapezoidal distribution, and the outer frictional resistance increases approximately linearly along the pile body, with small variations in the three curves. Therefore, the impact of the outer frictional resistance caused by the varying pile length is significantly low and can be neglected. Figure 10b shows the inner frictional resistance of piles ①, ④, and ⑤. The distribution of the inner frictional resistance of piles ④ and ⑤ is virtually identical (exponential distribution). The inner frictional resistance of pile ⑤ is significantly higher than those of piles ① and ④, and its distribution along the length of the pile is comparable to that of a triangle. The inner frictional resistance in the middle and upper portions of pile ⑤ is also significantly higher than those in piles ① and ④. Therefore, pile length variations significantly impact inner frictional resistance. Furthermore, an increase in pile length inhibits the exertion of inner frictional resistance in the upper part of the pile and negligibly affects the outer frictional resistance.




4.2. Impact of Pile Side Length on Load-Bearing Performance


Figure 11 shows the settlement curves of piles ①, ②, and ③. The inflection points in the curves indicate that the ultimate load-bearing capacities of piles ③, ①, and ② are 30, 40, and 46 MN, respectively. Therefore, increasing the side length can improve the ultimate load-bearing capacity of the foundation. However, an increasing side length decreases the ultimate load-bearing capacity improvement rate. In this case, an increase in the load-bearing capacity only arises from the increase in outer frictional resistance and pile tip resistance.



The axial force curves of piles ①, ②, and ③ shown in Figure 12 characterize the impact of pile side length on the axial force. The side length of pile ② is larger than that of pile ①, and the axial force at the upper part of pile ② increases, whereas the axial force at the lower part of the pile slightly changes. In addition, the side length of pile ③ is smaller than that of pile ①, and the overall reduction of axial force causes a reduction in the axial force at the tip of the pile, subsequently tending to zero.



Figure 13a shows the distribution of the outer friction resistance of piles ①, ②, and ③. We inferred that the outer frictional resistance is not significantly affected by the change in pile side length. Figure 13b shows the distribution of the inner frictional resistance. The increase in the side lengths of piles ① and ② does not significantly change the frictional resistance. However, a decrease in the pile ③ side length and the relative decrease in the soil core diameter causes a larger inner frictional resistance posed by the soil core in the middle and lower portions of the pile. When the side length is small, the small diameter of the soil core causes a significant squeezing effect at the bottom of the pile, resulting in a gradual increase in the inner frictional resistance and its exertion toward the pile tip. Therefore, the inner frictional resistance contributes more to the increase in load-bearing capacity. The diameter of the soil core increases continuously with increasing side length, consequently resulting in a moderately weaker squeezing effect of the pile. Hence, the increase rate in the inner frictional resistance provided by the soil core decreases.



The above analyses indicate that the variations in the pile and side lengths have less effect on the outer frictional resistance. However, decreasing the pile and side lengths can enhance the exertion of the inner frictional resistance. In addition, decreasing the tip resistance can improve the load-bearing performance of the GPF.





5. Simplification Algorithm and Safety Evaluation Method for GPF Settlement


5.1. Simplification Algorithm for GPF Settlement Based on Mindlin Stress Solution


Definite theoretical research on the settlement calculation method of the GPF has not been reported yet. Therefore, we calculated the additional stresses in the foundation based on the settlement calculation method of tubular piles, which is similar to the GPF structure, based on the semi-infinite space mechanics model established by Mindlin’s stress solution [22]. In addition, we derived the foundation settlement values using the layerwise summation method.



According to Zhu and Wang [23,24], the upper load on the silo pile is shared by the tip, outer frictional, and inner frictional resistance; in addition, additional stresses are generated in the foundation when the three resistances are exerted. Liu [25] calculated the additional stresses in the foundation according to Mindlin’s method of deriving stresses, modified the integration area, and set the circular bottom surface of the tubular pile as well as the inner and outer sides as the integration areas of the end, inner frictional, and outer frictional resistances, respectively, to obtain the additional stresses in the foundation at different depths, subsequently deriving the total settlement using the splitting summation method. In this study, the method available in the literature [25] is adopted, and the resistances in the upper part of the GPF are classified as the tip, inner frictional, and outer frictional resistances. However, the additional stress integration region of the GPF changes, and the bottom surface is a positive hexagonal ring. Furthermore, the inner and outer sides are composed of six rectangles. Therefore, we determined the additional stresses generated in the foundation by end resistance, inner side frictional resistance, and outer side frictional resistance based on the calculation method of Mindlin’s stress solution and superimpose them, as shown in Equation (2).


  S =  ψ p     P p     L 2      ∑   j = 1  m    ∑   i = 1    n j         Δ h    j , i      E  s j , i       ∑   k = 1  n   [  α  I   P A  , k   + β  I   P i  , k   +  (  1 − α − β  )   I   P s  , k    ]  ,  



(2)




where S is the final deformation amount of the foundation (mm),    ψ p    is the empirical coefficient of settlement calculation (0.5),    E  s j , i     is the compression modulus of the ith layer of soil on the foundation floor (MPa), and α and β are the load distribution coefficients of the outer and inner frictional resistances, respectively.


   I   P A  , k   =    L 2     P p     σ  z ,  P A    ,  



(3)






   I   P I  , k   =    L 2     P p     σ  z , P i   ,  



(4)






   I   P s  , k   =    L 2     P p     σ  z , P s   ,  



(5)




where    I   P A  , k   ,    I   P i  , k   , and    I   P s  , k     are the respective stress influence coefficients generated by each part of the load for the settlement calculation.



The total settlement amount was calculated using Equation (2). In addition, the settlement curve generated using the same soil parameters as those listed in Table 1 is shown in Figure 14. Moreover, the settlement curve obtained from the numerical calculation includes the failure stage. Because the Mindlin stress solution used in Equation (2) is based on the elastic semi-infinite space, the settlement curve obtained only characterizes the elastic stage.



Numerical calculation results indicate that the GPF settlement curve has a distinct inflection point. When the inflection point is reached, the settlement value rapidly increases. Before reaching the inflection point, the theoretically calculated settlement value is slightly higher than the numerically calculated value, and the two curves exhibit a similar variation law and are in good agreement with each other. Therefore, Equation (2) is applicable to calculate the settlement of the GPF, with conservative prediction results.




5.2. Monte Carlo Method-Based Settlement Reliability Analysis of GPF


In Section 4.1, we assumed that the foundation soil is homogeneous for the GPF settlement value calculation. However, diverse soil layers and complex geological conditions are present in the actual projects. Therefore, it is required to determine whether the pile foundation fails under complex geological conditions. Herein, we adopted a simplified algorithm for the Monte Carlo-based settlement evaluation of the GPF, focusing on the effects of different geological conditions on the values tested to establish a more intuitive and comprehensive safety index of the GPF.



The Monte Carlo method is based on the concept of generating numerous subsamples by random sampling based on the distribution patterns of random variables [26,27,28]. We set the number of subsamples to N and introduced the subsample values to the structure work function to determine the failure and count the number of failures (   n f   ). According to the law of large numbers, the failure probability (   P r   ), which can be unbiasedly estimated via the failure frequency, is expressed as follows [29]:


   P r  =    n f   N  .  



(6)







Let the structure work function be as follows:


  Z = g X .  



(7)







Then, the structural failure probability can be expressed as follows:


   P r  = P  [  g X < 0  ]  .  



(8)







The reliability β can be expressed as follows:


  β =  ϕ  − 1   1 −  P r  ,  



(9)




where    ϕ  − 1   ( x )   denotes the inverse function of a certain parameter.



The Technical Code for Building Pile Foundations [18] contains clear provisions for the settlement values of pile foundations. Generally, the settlement value of the pile foundation should be controlled to within 0.04 m. Therefore, pile foundations with settlement values that exceed this value can be considered supplementary to the required settlement to be used (i.e., load-bearing failure). We set Equation (2) as the work function. In addition, it is suggested that the random variables include the elasticity modulus, E, Poisson’s ratio,  ν , and pile top load, P [30,31]. The statistics of the random variables obtained based on the GPF dimensions described in this study are listed in Table 3.



The sample size, N, in this study is 1 million to ensure the accuracy of the estimated reliability [32,33,34]. The calculated failure probability (   P r   ) and reliability ( β ) are 8.7 × 10−5 and 3.754, respectively. The reliability of this study is greater than the threshold value (3.5) specified in the Specifications of the National Transportation Association of the USA [35]. Therefore, the GPF proposed in this study can be safely used under complex geological conditions.





6. Conclusions


	(1)

	
Under identical grid sizes, the soil stress and frictional resistance of the GPF change less with the increasing load, thereby resulting in significant changes in the inner frictional resistance in the lower portion of the pile.




	(2)

	
Along the depth, the inner frictional resistance of the GPF exhibits an exponential distribution pattern, whereas the outer frictional resistance shows an approximately triangular or trapezoidal distribution pattern.




	(3)

	
The stress in the upper third of the pile length is higher. Therefore, the strength of the upper third of the pile should be strengthened during pile foundation designing.




	(4)

	
The changes in the pile and side lengths have a small effect on the outer frictional resistance, and their reductions can improve the exertion of inner frictional resistance and reduce the tip resistance. Therefore, the GPF load-bearing performance can be enhanced.




	(5)

	
The safety and reliability analyses indicate that the GPF proposed in this study can be safely used under complex geological conditions.
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Figure 1. Schematic of numerical models: (a) SWF, (b) GPF. 
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Figure 2. Settlement curve of SWF A [17]. 






Figure 2. Settlement curve of SWF A [17].



[image: Sustainability 14 09477 g002]







[image: Sustainability 14 09477 g003 550] 





Figure 3. Stress nephogram of numerical models: (a) The stress nephogram of single-width UGDW, (b) the stress nephogram of GPF. 
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Figure 4. Settlement curves. 
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Figure 5. Stress curves of pile. 
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Figure 6. Additional stress curves of soil inside and outside GPF: (a) Additional stress curves of soil outside pile, (b) additional stress curves of pile core soil. 
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Figure 7. Distribution curves of lateral frictional resistance of GPF: (a) Distribution curves of outer friction resistance, (b) distribution curves of inner friction resistance. 
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Figure 8. Settlement curves of piles ①, ④, and ⑤. 
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Figure 9. Axial force curves of piles ①, ④, and ⑤. 
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Figure 10. Lateral friction resistance of piles ①, ④, and ⑤: (a) The outer frictional resistance of piles ①, ④, and ⑤, (b) the inner frictional resistance of piles ①, ④, and ⑤. 
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Figure 11. Settlement curves of piles ①, ②, and ③. 
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Figure 12. Axial force curves of piles ①, ②, and ③. 
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Figure 13. Lateral friction resistance of piles ①, ②, and ③: (a) The outer frictional resistance of piles ①, ②, and ③, (b) the inner frictional resistance of piles ①, ②, and ③. 
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Figure 14. GPF settlement curves. 
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Table 1. Model dimensions.
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Foundation Type

	
SWF

	
GPF




	
A

	
B

	
①

	
②

	
③

	
④

	
⑤






	
Length of side (m)

	
5

	
6

	
6

	
7.2

	
4.8

	
6

	
6




	
Thickness (m)

	
0.8

	
1.2

	
1.2

	
1.2

	
1.2

	
1.2

	
1.2




	
Length (m)

	
27

	
30

	
30

	
30

	
30

	
33

	
27
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Table 2. Pile and soil parameters.
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	Density

(kg/m3)
	Elasticity Modulus (E/MPa)
	Internal Friction Angle

φ/(°)
	Cohesive Force

(c/kPa)
	Poisson’s Ratio

(v)
	Initial Void Ratio e0
	Coefficient of Lateral Pressure k0





	Pile
	2500
	30,000
	-
	-
	0.2
	-
	-



	Soil layer 1
	1860
	60
	27.5
	10
	0.3
	0.71
	0.54



	Soil layer 2
	1720
	30
	18
	18
	0.3
	0.76
	0.69
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Table 3. Statistics of random variables.
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	Random Variables
	Distribution Pattern
	Upper Limit
	Lower Limit





	E/MPa
	Uniform distribution
	60
	40



	  ν  
	Uniform distribution
	0.4
	0.2



	P/MN
	Uniform distribution
	60
	50
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