iriciedl applied
e sciences

Article

Finite Element Analysis of Combined Bearing Characteristics of
Pile-Soil Interaction in Composite Foundation

Sugang Sui '3, Xiaoyan Zhang *, Kaiyu Lu !, Ze Li 1%, Wenlian Liu 2, Hanhua Xu 2 and Pengwei Han 2

check for
updates

Citation: Sui, S.; Zhang, X.; Lu, K.;
Li, Z.; Liu, W.; Xu, H.; Han, P. Finite
Element Analysis of Combined
Bearing Characteristics of Pile-Soil
Interaction in Composite Foundation.
Appl. Sci. 2024, 14,3894. https://
doi.org/10.3390/app14093894

Academic Editor: Ana Martins

Amaro

Received: 23 March 2024
Revised: 27 April 2024
Accepted: 29 April 2024
Published: 2 May 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Faculty of Civil Engineering and Mechanics, Kunming University of Science and Technology,

Kunming 650500, China; suisugang2@zskk1953.com (S.S.); 20222110053@stu.kust.edu.cn (K.L.);
lize@kust.edu.cn (Z.L.)

Kunming Prospecting Design Institute, China Nonferrous Metals Industry Co., Ltd., Kunming 650051, China;
lwenl702@sina.com (W.L.); xuhanhua@zskk1953.com (H.X.); hanpengweil@zskk1953.com (P.H.)

Yunnan Key Laboratory of Geotechnical Engineering and Geological Hazards, Kunming 650051, China

*  Correspondence: zhangxiaoyan@kust.edu.cn; Tel.: +86-158-8706-9522

Abstract: Composite foundations have been widely used and promoted in practical engineering
applications. However, research on the joint-bearing mechanism of piles and soil within composite
foundations is still not comprehensive enough. This paper proposes a method for calculating
the additional internal forces of piles and soil within composite foundations. Based on a three-
dimensional finite element analysis, this study investigates the variation patterns of the stress,
displacement, and additional internal forces of piles and soil in the depth direction under the action
of upper loads when using friction piles and end-bearing piles. This research aims to reveal the
bearing performance of piles and soil. The results showed that, under the same conditions and due
to the presence of end-bearing effects, the internal forces experienced by the entire pile body of the
end-bearing piles were more uniform, exhibiting significant advantages in resisting deformation
and being able to withstand larger loads. Additionally, the diffusion mechanism of the vertical
forces, stresses, and displacements of piles and soil is discussed. Due to the negative frictional
resistance of soil and the influence of pile end-bearing effects, the distribution of internal forces and
the displacements of piles and soil exhibited different characteristics. This study provides a scientific
reference for the theoretical analysis and design of composite foundations.

Keywords: composite foundation; friction pile; end-bearing friction pile; finite element; bearing characteristics

1. Introduction

A composite foundation refers to an artificial foundation formed by replacing or
enhancing part of the natural soil in the reinforcement treatment of the natural foundation.
However, after a manual treatment, how to ensure that the reinforcement body and natural
soil can jointly bear the load directly under the applied force remains a topic deserving of
further investigation. Therefore, analyzing the load transfer route and law under a load
can provide a better understanding of the essence of composite foundations [1,2].

The existing research methods for the load-carrying mechanism of composite foun-
dations mainly include theoretical analyses, numerical simulations, and model testing.
In terms of theoretical analyses, based on the deformation coordination conditions of the
internal piles and soil in composite foundations, as well as the constitutive models of
piles and soil, relevant research on the internal deformation and mechanical properties
of composite foundations can be conducted. Previously, Guo Zhongda considered the
force mechanism of rigid pile-based composite foundation piles and soil with cushion
layers. By observing the settlement law of piles and soil in composite foundations under
vertical loads, a deformation coordination equation was derived for composite foundations,
and the stress of the piles and soil was iteratively obtained [3]. Xu Yang considered the
deformation coordination relationship between piles and soil in the tangential and vertical
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directions, and analyzed the consolidation deformation of three-dimensional composite
foundations using the effective stress method [4]. However, it is undeniable that theoretical
analysis methods have certain limitations, such as difficulties in considering the effects
of seismic factors on the additional settlement of composite foundations and the seismic
response of composite foundations. The use of numerical simulation methods can effec-
tively address these issues [5,6]. This is because the use of a limited number of correlated
elements to simulate the geometric model of composite foundations simplifies complex
engineering problems, shows significant advantages in solving problems with complex
boundary conditions, and makes conducting a sensitivity analysis of the load-carrying
capacity characteristics and parameters of composite foundation piles more convenient and
reliable [7-9]. In addition, by considering the interaction model between piles and soil and
analyzing the settlement characteristics of internal piles in composite foundations, the finite
element method can provide good solutions [10]. Often, in order to control the main target
parameters and facilitate comparative experiments, model tests on composite foundations
are necessary. Through model tests, we can not only understand the working mechanism
of different types of composite foundations, including the working mechanism of long- and
short-pile composite foundations [11,12], but also analyze the load transfer mechanism,
deformation, and settlement laws of different types of composite foundations [13-16]. In
some cases, the combined use of numerical simulations and experiments can provide a
more comprehensive study of composite foundations. For example, Wu et al. first calcu-
lated the corresponding pile material parameters through a numerical simulation and then
studied the settlement and stress of lightweight composite foundations through model
tests in order to explore feasible solutions for treating soft soil foundations with lightweight
piles [17].

Existing studies have shown that, under upper loading and due to the influence of
group pile effects, the stress characteristics of the central pile differ from those of other
pile locations. Specifically, the axial force and displacement of the central pile are most
affected by other piles, while piles farther away from the central pile are least affected by
others [18,19]. Therefore, the relevant characteristics of the central pile become representa-
tive analysis objects when studying the load transfer rules and variable stiffness leveling
design of composite foundations [20,21].

Currently, although many scholars have conducted experimental research on the
bearing capacity of composite foundations, there is still a series of common problems in the
application of composite foundations that have not been solved due to the complex soil
environment. For example, when different types of pile foundations are used in composite
foundations, the bearing mechanism of piles along the depth direction of the soil is still not
clear, and when considering the influence of parameters such as different pile lengths, the
pile modulus, and the soil modulus, the joint-bearing performance of the internal piles and
soil in composite foundations will change.

Taking into account the above shortcomings, this study takes a practical engineering
project in Fujian Province as an example. The study employs a three-dimensional finite
element method to numerically simulate different types of pile composite foundations.
Based on the plan layout and a cross-section of concrete piles, a three-dimensional numerical
model, “raft-sleeper layer-piles—pile-intermediate soil-lower soil-rock”, was established.
A method for analyzing the additional internal forces of pile bodies and soil in composite
foundations was proposed. This study analyzed the variation in the additional internal
forces of piles and soil under loading conditions when friction piles and end-bearing piles
are used in composite foundations. Additionally, the diffusion mechanism of internal
stresses and strains within the composite foundations was investigated.

2. Theoretical Calculation of Additional Internal Forces in Composite Foundation Piles
and Soil

Based on the results of three-dimensional finite element numerical calculations of
composite foundations, this paper calculated the additional axial force on the cross-section
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of the target pile and the additional vertical force on the target soil caused by the top load.
Specifically, the additional axial force of the pile was equal to the axial force of the pile
when the top load was applied minus the axial force of the pile generated by the initial
ground stress. The additional vertical force of the soil was equal to the vertical force of the
soil when the top load was applied minus the vertical force of the soil generated by the
initial ground stress.

The main analysis steps were as follows:

(1) Three-dimensional modeling of composite foundations: A three-dimensional finite
element model of composite foundations was established by finely constructing three-
dimensional numerical models of concrete piles, inter-pile soil, cushion layers, and
lower rock—soil structures.

(2) Calculation of initial ground stress field: The initial ground stress field of composite
foundations was calculated through the finite element method by simulating the con-
solidation deformation of ground soil due to the self-weight stress before construction.
At this time, concrete piles were assigned the material of the corresponding soil layer.

(3) Loading condition calculation: Concrete material parameters were assigned to the
concrete piles, and the vertical loads generated by the upper buildings on the surface
of the composite foundations were applied to simulate the actual loading conditions
of the composite foundations.

(4) Calculation of additional internal forces of piles and soil: Based on the results of the
three-dimensional finite element numerical calculations, the additional axial force
on the cross-section of the target pile and the additional vertical force on the target
soil were calculated. Then, the proportion of the additional axial force of the pile
was calculated.

2.1. Assumptions

Due to the complexity of the combined load-bearing capacity of pile bodies and
soil in the composite foundations, the following assumptions were made to simplify the
calculation process:

(1) The pile bodies and soil were considered ideal linear—elastic materials and followed
the Mohr—Coulomb yield criterion;

(2) The soil layers were assumed to be uniformly distributed and isotropic, and the effects
of soil voids and underground seepage were neglected;

(3) The stress-strain behavior of the soil varied within the elastic—plastic range, while the
pile bodies and cushion layers deformed elastically.

2.2. Method for Calculating the Additional Internal Forces of Target Piles and Soil

The target piles and soils investigated in this study refer to all piles and inter-pile soils
within the composite foundation, as illustrated in Figure 1. Additionally, the focus included
the central pile and inter-pile soil located at the central position, as depicted in Figure 2.

(a) (b) ()

Figure 1. Schematic diagram of all piles and inter-pile soils in the composite foundation: (a) all piles
and inter-pile soils; (b) all piles; and (c) all inter-pile soils.
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Concrete pile cross-section Inter-pile soil cross-section

(a) (b) (c)

Figure 2. Schematic diagram of central pile and inter-pile soil: (a) central pile and inter-pile soil;
(b) central pile; and (c) inter-pile soil.

When calculating the additional axial force in the target pile, it was necessary to select
all finite element units corresponding to the target pile. Different cross-sectional areas
at various elevations were established for the target pile. The vertical normal stresses of
the finite elements at the cross-section were then mapped onto the cross-sectional area.
Subsequently, the sectional numerical integration method was employed to calculate the
additional axial force and additional vertical internal force at the cross-section, as shown in
Equation (1).

B = [ (o ot 1)
Az

where FK] represents the additional axial force at the cross-section of the target pile;
of denotes the vertical normal stress on the cross-section of the target pile under the

loaded condition; (sz 0 represents the vertical normal stress on the cross-section of the target
pile under the initial condition; and A, is the cross-sectional area of the target pile.

The method for calculating the additional vertical force in the target soil was the same
as that for the pile, as shown in Equation (2).

o= [ (=) @
As

where F}; represents the additional vertical force at the cross-section of the target soil;
o; denotes the vertical normal stress on the cross-section of the target soil under the loaded
condition; £ represents the vertical normal stress on the cross-section of the target soil
under the initial condition; and A, is the cross-sectional area of the target soil.

2.3. Calculation of the Proportion of Additional Axial Force in Piles

In order to study the proportion of additional axial forces in the central pile, the ratio
of the additional axial force in the central pile to the sum of the additional vertical forces
in the central pile and the soil between the central piles was defined as J5. The specific
calculation formula is given in Equation (3) as follows:

Fy

0 =
UFL+F

®)

where Js represents the percentage of additional axial force in the central pile; Ff; is the
additional axial force at the cross-section of the central pile; and Fy; is the additional vertical
force at the cross-section of the central pile and inter-pile soil.

The ratio of the additional vertical force in the pile and inter-pile soil to the top load
was defined as A,. This ratio intuitively reflects the proportion of the top load supported
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by the pile and inter-pile soil as stress diffuses at different depths, concurrently indicating
the degree of stress diffusion at various depths. The specific formula is as follows:

L+ FA
o pSXAf

2 4)
where ps represents the uniformly distributed load on the upper structure foundation,
with a value of 400 kPa; A 7 is the foundation area; Fﬁ] is the additional axial force at the
cross-section of all piles; and FSA is the additional vertical force at the cross-section of all the
piles and inter-pile soil.

3. Three-Dimensional Finite Element Model of Composite Foundations
3.1. Project Overview

This research was based on a construction project in Fujian Province. The construction
site consisted of two plots, east and west. The east plot comprised 4-story villas and 2-story
commercial buildings, while the west plot consisted of 6- to 11-story townhouses and
26- to 33-story high-rise residential buildings. The main high-rise buildings in the western
region were #12, #15, #16, #18, #19, and #20, all of which contained 25-31 floors. For this
simulation, Building 15 (33 floors above ground and 1 floor below ground) was selected as
the research object (as shown in Figure 3), with a building height of 99.99 m and a floor
area of 336.9 m?. According to geological drilling, the main soil layers in the site included
silty clay, coarse sand, gravel, organic clay, angular gravelly silty clay, and moderately
weathered limestone, with significant differences in soil characteristics among layers. The
foundation of Building 15 was designed as a composite foundation. It consisted of 800 mm
diameter concrete bored piles spaced at 2.4 m x 2.4 m intervals. The effective pile lengths
ranged from approximately 20 to 30 m, with a base-bearing pressure of 400 to 450 kPa.

Building 19;28 floors ! Building 15;33 floors

Building 18;26 floors
Building 16;28 floors
4-storey villa

- 2-storey shopping mall

Residential units on
the 7th to 11th floors -

W

Figure 3. Project rendering.

3.2. Finite Element Model

Taking into account the planned load of the building and the characteristics of the
soil layers at the construction site, this project proposed the use of pile lengths ranging
from 20 m to 30 m and designed two pile layout schemes: friction piles and end-bearing
piles. This study selected a 12 m x 12 m area at the center of the building as the calculation
zone and installed 25 concrete piles within this area. The dimensions of the composite
foundation calculation model are illustrated in Figure 4. The three-dimensional finite
element model is shown in Figure 5.
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End-bearing piles Friction piles
(b)

Material(Thickness)
=== Mattress layer(1.0 m)
== Silty clay(3.0m)
mmm All piles(20m;30m)
=== All inter-pile s0il(20m;30m)
— Gravel(4.0m)
== Silty clay with gravel(10m to 30m)
mmm Limestone( > 10m)

mm Central pile(20m;30m)
mmm Inter-pile s0il(20m;30m)

40m

()

Figure 4. Schematic of the composite foundation calculation model dimensions: (a) end-bearing
pile composite foundation; (b) friction pile composite foundation; and (c) composite foundation
plan view.

(a) (b)
Finite element  Finite element A1 Piles f‘“d i.nter-
Global finite element model Global finite element mesh model of all piles mesh of all piles pile soil finite
element mesh
® ® ) @ 0) |
7 A . Central pile and Central pile and  Finite element
Cross-sectional finite Cross-sectional finite inter-pile soil finite inter-pile soil finite model of all piles
element model element mesh

element model element mesh  and inter-pile soil

Figure 5. Finite element models of various components of the composite foundation.

During the modeling process, the coordinate system’s origin was defined at the center
of the ground surface, with the z-axis pointing upwards and the x—y plane representing
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the ground surface. The Ansys software version 17.0 was used for three-dimensional finite
element modeling. The computational model was divided into 568,040 finite elements
using 8-node solid elements. Contact elements were placed between the concrete piles and
the inter-pile soil to simulate the frictional interaction between the piles and the soil.

The boundary conditions of the model were as follows: the displacement in the
X and Y directions was constrained on the front, back, left, and right sides, while the
displacement in the X, Y, and Z directions was constrained at the bottom. The friction
between the pile and the soil was set as a rigid—flexible surface contact, with the rigid target
surface being the contact surface between the pile and the cushion layer, as well as the
contact surface between the cushion layer and the soil, which was simulated using Target
170 elements. The flexible contact surface was the interface between the soil and the pile,
and was simulated using Conta 174 elements. The friction coefficient between the soil and
the concrete material was set to 0.3. The specific settings of the contact elements referred
to [22].

3.3. Loading Conditions and Material Parameters

According to the results of the site survey, information about the layers of the compos-
ite foundation is shown in Table 1. The foundation adopted concrete bored piles with a
diameter of 800 mm, spaced at 2.4 m x 2.4 m intervals. The effective length of the piles
was approximately 20 m to 30 m, and the base-bearing pressure was 400 kPa.

Table 1. Physical and mechanical parameters of subsoil for the foundation.

Serial Number

Material Type Thickness of Soil Layer/m  Density/kg/m®  Elastic Modulus/MPa  Poisson’s Ratio

—_

NGl = WN

Mattress layer 1.0 2100 100 0.30
Silty clay 3.0 1900 20 0.32
Gravel 4.0 2200 80 0.28
Angular gravelly 10.0~30 1800 50 0.32

silty clay
Limestone 12.0 2400 2000 0.28
Pile 20.0; 30.0 2400 5000~25,000 0.27

Using elastoplastic statics, three-dimensional static numerical calculations of the com-
posite foundation were conducted to simulate the stress distribution among the “cushion
layer—concrete pile—inter-pile soil-lower soil” during loading, with the aim of obtaining
detailed information on the stress, strain, and deformation of each structural component.

In order to comprehensively consider the effects of the pile length, pile type, soil
modulus, and pile modulus on the bearing capacity of the composite foundation, this study
conducted calculations for 40 different scenarios. Specifically, simulations were performed
for a pressure of 400 kPa while considering two pile lengths, two soil elastic parameters,
five pile elastic modulus parameters, and two pile types. The computational conditions for
the three-dimensional numerical simulations are listed in Table 2.

Table 2. Computational conditions for three-dimensional numerical simulation of composite foundation.

Soil Elastic Modulus = Concrete Pile Elastic

Pile Length L/m E./MPa Modulus E,/MPa Pile Type
. . 5000; 10,000; 15,000;  Friction pile; end-bearing
20;30 50; 100 20,000; 25,000 friction pile

4. Stress and Displacement Diffusion Laws of Pile Bodies and Soil in Composite
Foundations with Different Types of Piles

4.1. Initial Stress Field of Composite Foundation

In the initial state, the composite foundation was only subjected to the self-weight
of the soil, and the soil completed a consolidation deformation under its self-weight. The
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vertical normal stress of the overall foundation model is shown in Figure 6a, and the vertical
normal stress in the horizontal cross-section is shown in Figure 6b. Under the action of
self-weight, the soil was predominantly under compression, and the vertical normal stress
exhibited a regular layered distribution, gradually increasing with the depth of the soil. The
deeper the depth, the greater the compression degree, with the maximum vertical normal
stress occurring at the bottom of the model at —808.59 kPa, and the maximum horizontal
normal stress at —314.46 kPa.

I = I =

| - 629,559 —244,830

| - 450,525 | -210,017
—361,009 | — 175,204
-271,492 ‘ -140,391
- 181,975 -105,578

-92,458 -170,766
-2944 -35,953

UL
TRl

(a) (b)

Figure 6. Isoline of initial geostress field /Pa: (a) vertical stress; (b) horizontal stress.

4.2. Stress Distribution

In order to investigate the stress diffusion patterns of friction piles and end-bearing
piles, stress values for the central pile body and the soil between the piles were derived
from the results of each condition. Stress distribution curves along the depth direction of
the soil were plotted. Taking a pile length of 20 m as an example, Figure 7 shows the stress
distribution of pile bodies and soil under an upper load action, while Figure 8 depicts the
stress distribution of the two types of piles when the soil modulus was taken as 50 MPa or
100 MPa.

E -1
J. -1+
—=— Friction Pile/Ep=5GPa 2 -2
—O—Fr%ction Pile/EpZIOGPa 4-4 4] —
—+— Friction Pile/Ep=15GPa 025L - - - —--025L
—v— Friction Pile/Ep=20GPa 1-6 -6 —=— Friction Pile/Ep=5GPa
—+— Friction Pile/Ep=25GPa 1.8 8] —— Fr%ct%on P%le/Ep=lOGPa
End-bearing Pile/Ep=5GPa E & —— Fﬂ_cl}on P!le/EpZI 5GPa
—— End-bearing Pile/Ep=10GPa 1-10 £ =101 —— Friction Pile/Ep=20GPa
—e— End-bearing Pile/Ep=15GPa 1125 %.a2 —*— Friction F_"le/E_PZZSGPa
—— End-bearing Pile/Ep=20GPa = End-bearing Pile/Ep=5GPa
—e— End-bearing Pile/Ep=25GPa 2 4-14 -14 —— End-bearing Pile/Ep=10GPa
g P : —e— End-bearing Pile/Ep=15GPa
1-16 16 —+— End-bearing Pile/Ep=20GPa
__________ .18 18 4— == — — —0.9 L—— End-bearing Pile/Ep=25GPa
. 120 20
- y y y y 2 . 0 50 100 150 200 250 300 350
1 2 4
0 000 000 3000 000 Stress of the soil around the central pile/kPa
Pile stress/kPa
(a) (b)

Figure 7. Stress distribution in piles and soil under upper load: (a) pile stress; (b) soil stress.

From Figure 7, it can be observed that both friction piles and end-bearing piles exhib-
ited three distinct stages in the vertical stress of the central pile and the vertical stress of the
soil between the piles along the depth direction.

Specifically, in the first stage, the additional vertical stress of the pile body sharply
increased within the depth range of 0 to 0.25 L. In the second stage, within the depth range
of 0.25 L to 0.9 L, there was a gradual decrease. Compared to the friction piles, due to the
effect of end-bearing, the vertical stress of the end-bearing piles was 30% to 80% greater, and
the decreasing trend of the pile stress was slower. In the third stage, from 0.9 L to 1 L, the
pile stress decreased sharply until it approached the stress value at the pile top. The stress
diffusion pattern in the soil was completely opposite to that of the pile body. Additionally,
under the same conditions, the vertical stress of the pile body increased with an increase in
the elastic modulus of the pile body. This indicates that the higher the stiffness of the pile,
the greater the load it can bear.
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14 —_—
24

—=#— Ep=5GPa/Es=50MPa —_— ™
-4 {—*— Ep=10GPa/Es=50MPa 0250 — — - — P —
—4— Ep=15GPa/Es=50MPa
-6 1 —v— Ep=20GPa/Es=50MPa
Ep=25GPa/Es=50MPa
Ep=5GPa/Es=100MPa
g -10 1 —>— Ep=10GPa/Es=100MPa
B —e— Ep=15GPa/Es=100MPa
2 —+— Ep=20GPa/Es=100MPa
_14 | —*— Ep=25GPa/Es=100MPa

47 —s—Ep=5GPa/Es=50MPa 025 =~
64 —*  Ep=10GPa/Es=50MPa
—— Ep=15GPa/Es=50MPa
-89 —v— Ep=20GPa/Es=50MPa
Ep=25GPa/Es=50MPa
Ep=5GPa/Es=100MPa
124 —>— Ep=10GPa/Es=100MPa
—e— Ep=15GPa/Es=100MPa
-141 e Ep=20GPa/Es=100MPa
_16] —*—Ep=25GPa/Es=100MPa

-104

Depth/m

-16

-18 -18 e -
201

-20 21 " " " " " " " " " .

21 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

0 500 1000 1500 2000 2500 3000 3500 4000
Friction pile stress/kPa

(@) (b)

Figure 8. Influence of soil elastic modulus on stress distribution of two types of piles: (a) stress

End-bearing Pile stress/kPa

distribution of friction piles; (b) stress distribution of end-bearing piles.

From Figure 8, it is evident that the smaller the elastic modulus of the soil, the greater
the additional stress on the pile body, indicating a higher load-bearing capacity of the pile.
When the elastic modulus of the pile decreased, the change in the pile body stress due to
variations in the soil modulus became more pronounced. For instance, when the elastic
modulus of the pile body was uniformly 5 GPa, the interval between the stress curves of
the pile body was most distinct when the soil modulus increased from 50 MPa to 100 MPa.

4.3. Displacement Distribution

Similarly, to investigate the vertical displacement diffusion characteristics of friction
piles and end-bearing piles in a composite foundation, taking a pile length of 20 m as an
example, the vertical displacements of the central pile and the soil between the piles were
extracted from the calculation results. The vertical displacement curves of the pile and soil
in the direction of the soil were plotted separately. Figure 9 shows the distribution of the
vertical displacement of the pile and soil under an upper load, and Figure 10 shows the
distribution of the vertical displacement of the soil for two types of piles with soil elastic
moduli of 50 MPa or 100 MPa.

11

{2
—1, y=- 12
x=-1,y=-40.995 x=1,y=-41.385
14 14
- _6 1.6
—=— Friction Pile/Ep=5GPa 18 . 18
o . P £ —=— Friction Pile/Ep=5GPa g
chson gg}ejgp::(;gga 171° 5 —=—Friction Pile/Ep=10GPa 1103
riction File/Ep= a L. 2« —— Friction Pile/Ep=15GPa S 2
b D i . 112 8 . —Critical depth {128
Fr?ct?on Pfle/EpZZOGPa ] Critical depth A —— Friction Pile/Ep=20GPa ° riticaldep =]
antlon Plle/E]:l):ZSGPa 4-14 Friction Pile/Ep=25GPa 1-14
End-bearing Pile/Ep=5GPa End-bearing Pile/Ep=5GPa
—>— End-bearing Pile/Ep=10GPa 1-16  —>— End-bearing Pile/Ep=10GPa 1-16
—=— End-bearing Pile/Ep=15GPa S 1] —=*— End-bearing Pile/Ep=15GPa Critical depth— —4-- -18
—— End-bearing Pile/Ep=20GPal Critical depth 18— End-bearing Pile/Ep=20GPa
—=— End-bearing Pile/Ep=25GPa A=-21,y=22.944 | ] 20 —* End-bearing Pile/Ep=25GPa S1,y=22554 1-20
——1-21 60 -55 -50 -45 -40 -35 -30 -25 20 -15 -10 -5 0

-60 -55 -50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0
Pile displacement/mm

() (b)

Figure 9. Distribution of displacement in piles and soil under upper load: (a) pile displacement;
(b) soil displacement.

Soil displacement/mm
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2 12
{4 {-4
16 1.6
8 B {-8 —=— Ep=5GPa/Es=50MPa 18
— EpjoG(}:a/ ?S—EOSAPE‘ Critical depth g —— Ep-10GPa/Es=50MPa =
T Ep=l0GPa/Es=SOMPa ly N 105 —— Ep-15GPa/Es=50MPa 103
—— Ep=15GPa/Es=50MPa \ 1l —v— Ep=20GPa/Es=50MPa 125
—v— Ep=20GPa/Es=50MPa | a2 Ep=25GPa/Es=50MPa a
Ep=25GPa/Es=50MPa {4 Ep=5GPa/Es=100MPa -14
Ep=5GPa/Es=100MPa —>— Ep=10GPa/Es=100MPa
—>— Ep-10GPa/Es=100MPa 1-16 —e— Ep=15GPa/Es=100MPa -16
—— Ep=15GPa/Es=100MPa 148 —+— Ep=20GPa/Es=100MPa 18
—+— Ep=20GPa/Es=100MPa | —e— Ep=25GPa/Es=100MPa  Critical depth — —
—e— Ep=25GPa/Es=100MPa ; {-20 2

-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0

50 -45 40 35 30 -25 20 -15 -10 End-bearing pile displacement/mn;

Friction pile displacement/mm
(@) (b)

Figure 10. Influence of soil elastic modulus on displacement distribution of two pile types: (a) displacement
of friction pile; (b) displacement of end-bearing pile.

From Figure 9, it can be observed that the vertical displacement of the central pile
generally decreased with increasing depth. However, after surpassing a critical depth,
there was a slight increase in the vertical displacement of the pile. It is noteworthy that the
vertical displacement above the critical depth was negatively correlated with the elastic
modulus of the pile body, meaning that a larger elastic modulus resulted in less vertical
displacement. Conversely, the vertical displacement below the critical depth was positively
correlated with the elastic modulus of the pile body, indicating that a larger elastic modulus
leads to more vertical displacement. Lastly, from a depth of approximately 2 m above the
pile base to the pile base itself, there was a significant reduction in the vertical displacement
of the pile. The trend in the vertical displacement in the soil between piles was opposite to
that for the pile body.

From Figure 10, it is evident that, under the same conditions, smaller values of the
soil elastic modulus resulted in larger vertical displacements of the pile body. Due to their
end-bearing effect, the stiffness of the end-bearing piles was greater, resulting in smaller
deformations. Consequently, the coordinated deformation between the pile and the soil
between the piles was relatively small.

5. Analysis of the Combined Load-Bearing Characteristics of Piles and Soil in
Composite Foundations

5.1. The Variation in Additional Internal Forces on the Central Pile and Inter-Pile Soil along the
Depth Direction

In order to study the influence of the pile length, soil modulus Es, pile modulus Ep,
and pile type on the additional vertical force on the central pile and inter-pile soil, the
variation in the additional axial force along the depth direction of the central pile was
plotted for a pile length of 30 m and a soil modulus of 50 MPa (Figure 11). To compare the
performance of the central pile and inter-pile soil under different conditions, the variation
in the additional axial force along the depth direction was plotted for a pile length of 20 m
and soil moduli of 50 MPa and 100 MPa (Figures 12 and 13), as well as the percentage of
the additional vertical force on the central pile and inter-pile soil for soil moduli of 50 MPa
and 100 MPa (Figure 14).

From Figures 11-14, it can be observed that, under two different soil modulus condi-
tions, the variation curves of the additional vertical force on the pile and inter-pile soil, as
well as the percentage of additional axial force on the pile, were basically consistent along
the depth direction. This indicates that the influence of the soil modulus on the load-bearing
characteristics of the pile and soil was minimal. By comparing the variation curves of the
additional axial force along the depth direction for different pile lengths of the central pile,
it was found that the length of the pile hardly affected the variation trend of the additional
axial force along the depth direction. Under the action of the upper load, the variation
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trend in the additional axial force on the central pile and the additional vertical force on the
inter-pile soil in the depth direction mainly showed the following characteristics:

(1) Withanincrease in the soil depth, the additional axial force on the central pile generally
increased rapidly and then gradually decreased. In the depth range of 0 to 1/10 L,
the cushion layer directly transmitted the pressure to the top of the pile, while the
deformation of the inter-pile soil was greater than that of the pile, resulting in a rapid
increase in the additional axial force on the pile. In the depth range of 1/10 Lto 1 L,
the vertical deformation of the pile was greater than that of the inter-pile soil, and
the pile was subjected to the upward frictional force from the inter-pile soil, leading
to a gradual decrease in the additional axial force on the pile. Compared with end-
bearing friction piles, the additional axial force of the friction piles was smaller, and it
increased with the pile modulus and decreased with the soil modulus. It is important
to note that, within a depth range of 1 m from the top and bottom of the pile, there
were significant variations in the additional internal forces acting on both the pile and
the soil.

(2) With an increasing depth into the soil, the additional vertical force acting on the soil
between the piles underwent five distinct stages: a rapid decrease, a gradual decrease,
constant maintenance, a gradual increase, and then a rapid increase. The cushion
layer directly transferred pressure to the soil between the piles. Within a depth range
of 1 m from the pile’s top, the additional vertical force acting on the soil between the
piles decreased sharply due to the pile support. Within the depth range from 1 m to
0.1 L from the pile top, the additional vertical force decreased gradually. In the depth
range of 0.1 L to 0.9 L, it remained relatively constant. Within the depth range from
0.9 L to 1 m from the pile bottom, the additional vertical force on the soil between
the piles gradually increased. Starting from a depth of 1 m from the pile bottom, the
additional vertical force on the soil between the piles increased rapidly.

(3) Within a depth range of 1 m from both the top and bottom of the pile, the proportion
of additional axial force on the central pile exhibited the most noticeable variation.
Subsequently, it remained relatively constant within the depth range from 0.1 L
to 0.9 L.
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Figure 11. Variation in the additional axial force on the central pile along the depth direction with a
pile length of 30 m: (a) the additional axial force of the central pile; (b) the ratio of the additional axial
force on the central pile.
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Figure 12. Variation in the additional axial forces along the depth direction for the central pile and
inter-pile soil with a soil elastic modulus of 50 MPa: (a) the additional axial force of the central pile;

(b) the additional vertical force of the soil around the central pile.
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Figure 13. Variation in the additional axial forces along the depth direction for the central pile and

inter-pile soil with a soil elastic modulus of 100 MPa: (a) the additional axial force of the central pile;
(b) the additional vertical force of the soil around the central pile.
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Figure 14. Proportion of vertical forces between central pile and inter-pile soil: (a) soil elastic modulus
of 50 MPa; (b) soil elastic modulus of 100 MPa.
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5.2. The Variation in the Additional Internal Forces on the Central Pile and Inter-Pile Soil along
the Depth Direction

Figure 15 illustrates the variation in the additional vertical forces along the depth

direction for all the piles and inter-pile soil when the pile length was 30 m. Figure 16 depicts
the variation in the additional vertical forces along the depth direction for all the piles and
inter-pile soil when the pile length was 20 m. The calculation results revealed the following:

)

@

®)

—=— Friction Pile/Ep=5GPa
—e— Friction Pile/Ep=10GPa
—— Friction Pile/Ep=15GPa
—v— Friction Pile/Ep=20GPa
Friction Pile/Ep=25GPa

End-bearing Pile/Ep=5GPa
—— End-bearing Pile/Ep=10GPa
—e— End-bearing Pile/Ep=15GPa
—+— End-bearing Pile/Ep=20GPa

The additional vertical forces of the piles and inter-pile soil gradually decreased
with an increasing soil depth, exhibiting an approximately linear relationship. This
indicates that the load borne by the piles and inter-pile soil diminishes as a result
of stress diffusion within the soil. Additionally, the additional vertical forces of the
piles and inter-pile soil increased with an increase in the pile’s elastic modulus, but
decreased with an increase in the soil’s elastic modulus. The additional vertical forces
of the end-bearing friction piles were consistently greater than those of the friction
piles, suggesting that end-bearing friction piles have a significant advantage in bearing
top loads.

The ratio of the pile-soil additional vertical forces to the top load reflects the proportion
of the top load borne by the piles and inter-pile soil. With an increasing soil depth,
this ratio gradually decreased. For the friction piles, it decreased from 0.9-1.0 at the
top to 0.20-0.35 at the bottom, while for the end-bearing friction piles, it decreased
from 0.9-1.0 at the top to 0.7-0.85 at the bottom. This indicates that end-bearing
piles experience more uniform loading, which is beneficial for enhancing the overall
bearing capacity of the composite foundation.

Based on the slope of the curves, the additional vertical forces on all the piles and soil
can be divided into three stages. Among these, the most significant changes occurred
within a depth range of 1 m downwards from the pile’s top and 1 m upwards from the
pile’s bottom. In this interval, the additional vertical force decreased linearly with an
increasing depth. In comparison to the friction piles, the end-bearing piles exhibited
a more gradual reduction trend. Increasing the pile stiffness effectively delayed the
decrease in the additional vertical force, particularly when the pile stiffness increased
to 25 GPa, where the additional vertical force remained essentially constant.
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Figure 15. Variation in additional vertical forces along depth direction for all piles and inter-pile soil

with a pile length of 30 m: (a) sum of additional vertical force on piles and inter-pile soil; (b) ratio of

additional vertical forces on piles and inter-pile soil to upper load.
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Figure 16. Variation in additional vertical forces along depth direction for all piles and inter-pile soil
with a pile length of 20 m: (a) sum of additional vertical force on piles and inter-pile soil; (b) ratio of
additional vertical forces on piles and inter-pile soil to upper load.
5.3. Discussion

Composite foundations are essential in engineering applications, and understanding
their bearing mechanisms is crucial for effective designs. In this study, we investigated the
internal force diffusion mechanisms of friction piles and end-bearing piles to provide guid-
ance for pile foundation designs. Additionally, we explored the calculation of additional
forces in piles and inter-pile soil to inspire solutions for uneven settlement treatments in
composite foundations.

To compare the effects of different parameters on the combined bearing capacity
of composite foundations, finite element numerical simulation methods were employed.
Specifically, we analyzed the variations in the additional vertical forces in the depth direc-
tion of pile lengths for single piles, inter-pile soil, and all piles. We also investigated the
load-sharing effects between piles and soil.

In order to study the influence of various parameters on the additional vertical forces
of all piles and soil within the composite foundation, the maximum ratio A; (pile top)
and minimum ratio A, (pile bottom) of the additional vertical forces to the top load were
compared under different conditions. The increase in the AA; and AN, ratios after changing
the parameters is presented in Table 3.

Table 3. Comparison of ratios of all piles and inter-pile soil to top load under different conditions.
Ratio of Additional . .
. . . Increase in the Ratio A,
Parameters Comparison of Conditions Vertical Force to Top
Denoted as AA/AN,
Load At/}\b
20m Friction piles 0.953/0.298
Pile length L Ep =5GPa 0.363%/—19.364%
30m Es =50 MPa 0.956/0.241
; : Friction piles
Soil elastic 50 MPa p 0.953/0.298 , .
modulus E; Ep, =5GPa —1.610%/—8.708%
100 MPa L=20m 0.938/0.272
Pile elastic 5GPa End-bearing friction piles 0.965/0.696 1.565%/
modulus Es =50 MPa 13.023%
Ep 10 GPa L=20m 0.980/0.800 '
Friction piles L=20m 0.953/0.298
Pile type End-bearing E,=5GPa 1.222%/133.277%
friction piles E; =50 MPa 0.965/0.696
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It was observed that variation in the parameters had a limited impact on the maximum
ratio A; of the additional vertical forces of piles and soil to the top load, with AA; consistently
within 2%. However, the impact on the minimum ratio A, was significant after changing
the parameters, especially when switching from friction piles to end-bearing friction piles,
where the increase in AA, reached 133.277%. This further demonstrates the significant
advantage of end-bearing piles in improving the bearing capacity of pile foundations in
composite foundations.

In summary, the ratios of piles and soil to the top load vary under different conditions
and are influenced by multiple factors. Further numerical simulations or experimental
studies are needed to deepen our understanding of how these factors affect the joint-bearing
capacity performance of pile-soil systems in composite foundations, and to validate the
data and trends in the table. Additionally, the optimization of pile design parameters can
be explored to enhance the stability and bearing capacity of structures.

In order to validate the effectiveness of the results obtained in this study, a comparison
was made with the computational method presented in [7]. The comparison results are
shown in Figure 17. In [7], a finite element analysis was employed to investigate the
influence of the cushion layer, pile length, soil modulus, and pile spacing on foundation
settlement and stress distribution. Therefore, the same research object and computational
parameters as those in [7] were selected for comparison. However, unlike [7], this study
considered the negative skin friction on the pile and the end-bearing effect. The comparison
of the calculated results for the pile stress along the depth is shown in Figure 17, which
indicates a close agreement between the variations in pile stress. The discrepancies observed
can mainly be attributed to two factors:

(1) Element type: Ref. [7] employed 20-node solid elements, while this study used 8-node
solid elements. The difference in the displacement interpolation functions between the
two types of elements arose from the incomplete quadratic polynomial interpolation
functions of the 20-node elements, leading to certain computational errors.

(2) Frictional resistance and end-bearing effect: In this study, the calculation considered
the negative skin friction on the pile and the end-bearing effect. Contact elements
were used to simulate the interaction between the pile and the soil, and the influence
of the end-bearing effect when the pile bottom directly contacted the bedrock was
also calculated.

—=#— Chi,Y.(2003)
—— This paper(Friction pile)
—4— This paper(End-bearing pile)

T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Pile stress/kPa

Figure 17. Comparison of calculation results [7].

In conclusion, this study contributes to the understanding of composite foundation
behavior and provides insights for optimizing pile design parameters. Further research is
warranted to address the limitations and ensure the safety and reliability of structures in
practical applications.
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6. Conclusions

Based on a finite element numerical simulation, this study constructed a three-dimensional
numerical model of a composite foundation consisting of concrete piles, inter-pile soil,
cushion layers, and the underlying rock-soil structure, and analyzed its stress—strain varia-
tions and the mechanical load-bearing mechanism of the pile—soil interaction. The main
conclusions are as follows:

(1) The vertical stress of both the pile and the soil can be divided into three stages in the
depth direction, from the pile’s top to the pile’s bottom. The stress diffusion of the
pile undergoes a sharp increase, followed by a gradual decrease, and then a sharp
decrease, while the stress diffusion of the soil is opposite to that of the pile.

(2) The displacement of the pile can be divided by a critical depth. Above the critical
depth, the displacement of the pile gradually decreases with depth, while below the
critical depth, the displacement of the pile slightly increases with depth.

(3) Under other identical conditions, end-bearing piles, due to their end-bearing ef-
fects and higher stiffness, exhibit larger vertical normal stresses and smaller de-
formations compared to friction piles, resulting in a higher bearing capacity for
composite foundations.

(4) The influence of the soil elastic modulus on the bearing characteristics of both the pile
and the soil is very weak. In contrast, the bearing characteristics are mainly affected
by the elastic modulus of the pile.

(5) With an increase in soil depth, the stress diffusion effect of the soil becomes more
pronounced. The additional vertical forces on all piles and inter-pile soil, as well as
the ratio of additional vertical forces to the top load, gradually decrease. These trends
are positively correlated with the elastic modulus of the pile and negatively correlated
with the elastic modulus of the soil.
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