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Abstract

Composite piles offer an alternative material for deep foundations, addressing many
durability issues associated with traditional piling materials. Existing studies predominantly
focus on single piles, exploring load transfer mechanisms and flexural responses under
vertical or lateral loading. In practice, piles are often utilized in groups, where their
behaviour differs significantly from that of individual piles. Furthermore, piles typically

experience combined vertical and lateral loading conditions.

The study specifically examines the performance of a novel composite pile system—
Confined Concrete-Filled Aluminum Tube (CCFAT) piles—installed in the sand and
subjected to vertical, lateral, and combined loads. Experimental tests were conducted to
analyse the vertical, lateral, and combined responses of CCFAT piles with different
configurations and slenderness ratios (Lm/D ranging from 10 to 20) in both loose and dense
sand. For benchmarking purposes, two conventional piles were also tested under identical
conditions. The experimental results served as a foundation for validating Finite Element
(FE) models, which were subsequently used to simulate additional configurations, including

2x3 and 3x3 CCFAT pile groups.

The results demonstrated that CCFAT piles exhibit ultimate capacities comparable to, or
greater than, those of the reference piles under both vertical and lateral loading. Moreover,
CCFAT piles consistently displayed superior ultimate lateral capacities. For all CCFAT
configurations, ultimate vertical and lateral capacities increased with higher slenderness
ratios and denser sand conditions. Notably, a consistent maximum bending moment depth
was observed for CCFAT piles with a L/D ratio of 10, while a slight increase was noted for
those with a Lw/D ratio of 20, attributed to the enhanced rigidity of the piles. FE analyses
revealed that increasing the number of piles in a group further improved both ultimate

vertical and lateral capacities. The study also explored soil movement, lateral stress

Xiii



distribution, and failure mechanisms, enhancing the understanding of load transfer in
CCFAT piles. Sensitivity analyses identified the dilatancy angle as the primary factor
influencing vertical capacity, while lateral capacity was predominantly affected by the
internal friction angle. Based on these findings, fitted charts were developed to aid in
estimating the ultimate vertical and lateral capacities of CCFAT piles, accounting for pile

group stiffness.

Under combined loading conditions, results indicated that vertical loads enhanced the lateral
performance of CCFAT pile, groups, particularly in dense sand. Key factors influencing
lateral behaviour under combined loading included slenderness ratios, dilatancy angles,
internal friction angles, and pile stiffness. The pile groups exhibited similar failure
mechanisms under pure lateral and combined loading, characterized by rotation about a
central point beneath the surface and soil deformation between piles. Finally, an expression
was formulated to predict the ultimate lateral load capacity (Puv) of CCFAT pile groups
under combined loading, integrating individual ultimate vertical and lateral loads along with

identified influencing factors.
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1 Chapter One: Introduction

1.1 Introduction

Pile foundations play a crucial role in providing structural support to superstructures like
bridges, piers, and offshore platforms. Nevertheless, the inevitability of damage arises due
to the prolonged exposure of piles to overloading in intricate environments. The
contemporary practice involves employing steel, concrete, and timber for piling. However,
the utilization of these materials in challenging marine soil conditions poses various issues.
Examples of these challenges encompass timber deterioration, corrosion degradation of
steel, and concrete vulnerability to marine borer attacks. Traditional piling materials, when
exposed to harsh conditions, can result in a shortened service life and substantial
maintenance costs (Lampo et al., 1998; Iskander, Hanna and Stachula, 2001; Suzuki and
Nagai, 2023; Lee, Choi and Kim, 2024). Figure 1-1 illustrates instances of conventional pile
structures that have experienced deterioration due to corrosion. The traditional and widely
adopted approaches to safeguard piles against degradation and corrosion primarily include
the application of treated timber or the application of a robust conductive layer through the
process of steel spraying {Al-Darraji, 2023, A Systematic Review of the Geotechnical and
Structural Behaviors of Fiber-Reinforced Polymer Composite Piles}. Among the many types
of composite piles, a structural arrangement comprises a composite tube that is infused with
concrete material. This tube functions as an integral structural casing, serving as both a
mould for shaping the concrete and augmenting the overall rigidity of the system.
Additionally, the composite tube provides a protective barrier against corrosion for the inner
concrete core, consequently leading to a significant extension in the operational longevity of

the pile units.

Despite the limited number of studies, it has predominantly centred on the individual pile's

response when subjected to vertical and lateral loads. Various investigative approaches,



encompassing laboratory experimentation, field observations, and numerical simulations,
have been employed. Nevertheless, the investigation into the collective behaviour of piles
within a group is notably limited, signifying a potentially innovative area for exploration
(Abu-Farsakh, Souri and Voyiadjis, 2023). On the other hand, Pile types that support onshore
or offshore structures or piles subjected to railway loading with varying amplitude and
frequency are more likely to experience lateral loads in addition to vertical compression,
which is the primary loading mode (Wen, Wu and Zhu, 2020). Those circumstances are
induced by earthquakes, waves, and high winds. To accurately reflect the structural reality
of these applications, an exploration of compound loads becomes imperative. The interaction
between the piles, along with the additional resistance offered by the cap, further complicates
the overall response. This complexity results in both additional stress on the piles and the
formation of distinct load patterns imposed on the structure (Wang et al., 2022b). Despite
these intricacies, the prevailing conventional approach in pile design predominantly relies
on single-pile estimations to forecast the lateral capacity of pile groups. This tendency can
be attributed to the limitations and, at times, the absence of a clear theoretical foundation for
handling combined loading in traditional pile design. Consequently, there exists considerable
confusion regarding the impact of vertical loads on the lateral response of piles, and the
available literature on the combination of vertical and lateral loads is notably sparse (Hazzar,
Hussien and Karray, 2017; Abbas and Mahmood, 2021). The limited information available

on this aspect is derived from analytical investigations.

In composite piles, research concerning their behaviour under combined loading conditions
constitutes a pioneering endeavour. While utilising composite piles has experienced
considerable growth and diversification across multiple applications, initial investigations
predominantly concentrated on load transfer mechanisms and flexural responses to axial or

lateral loading. However, the inherent potential of composite piles necessitates a deeper



exploration of their performance under diverse load scenarios. Various iterations of
composite piles have been deployed in numerous infrastructure ventures on a global scale.
For example the Port of Los Angeles in 1987 (Horeczko, 1995; Pando, 2003). Hudson River
Park in 1998 in New York(Zyka and Mohajerani, 2016), The Shard in London, UK, in 2009

(Liu et al., 2022), and Marina Bay Sands in 2010 in Singapore(Coult et al., 2022)

There is a significant absence of a comprehensive understanding of alternative pile materials,
such as composite piles, when subjected to varied loading. This study endeavours to
comprehensively investigate the performance of composite piles, both in singular form and
when organised into pile groups, under the influence of vertical, lateral, and combined
loading. This study employs scaled experimental models and finite element simulations to
pursue its objectives. The selected composite pile configuration for examination is the
Confined Concrete-Filled Aluminum Tube Pile (CCFAT), which represents a unique fusion
of structural attributes derived from aluminum. and concrete materials. CCFAT piles are
typically fabricated through the encapsulation of an aluminum tube with concrete, resulting
in a composite material distinguished by its distinctive properties. The behaviour of confined
concrete-filled aluminum tubes under vertical, lateral, and combined loads has been widely
studied to establish their structural integrity for use as beams and columns (Saadoon and
Nasser, 2019). The use of tubes filled with concrete has many applications in engineering
and construction, including enhancing concrete capacity and ductility, preventing local
buckling, and protecting concrete from environmental decoration. This composite is being
studied for the first time in pile foundations, the aluminum element contributes to the pile's
superior strength-to-weight ratio and resistance to corrosion, while the concrete component
imparts essential compressive strength and structural rigidity. Despite these notable features,
it is noteworthy that CCFAT piles represent a relatively emergent technology in geotechnical

engineering, and the formulation of comprehensive design guidelines for their deployment



remains an ongoing pursuit. Consequently, there exists a critical need for further research
endeavours aimed at elucidating optimal design methodologies and construction practices
for CCFAT piles, as well as enhancing our understanding of their response to vertical, lateral,

and combined loading conditions.

(a) Degradation of concrete piles (b) Corrosion of steel piles
Figure 1- 1: Conventional piles face numerous challenges when deployed in marine or
other corrosive environments

1.2 Thesis aim

This research aims to develop a method for analysing the response of novel composite piles
namely confined concrete-filled aluminum tube (CCFAT) piles subjected to vertical, lateral,
and combined loading to achieve the desired accuracy, reliability, and completeness for
composite pile capacity design in structural analyses.

1.3 Thesis objectives

The following objectives can achieve the above aim:

1- Investigate the current state-of-the-art research about composite pile single and
groups subjected to vertical, and lateral loading.
2- Manufacture an experimental apparatus to study the performance of single and group

CCFAT piles at two densities of sand under vertical, and lateral combined loading.
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Provide a general conceptual analysis of the behaviour exhibited by the CCFAT pile
model by comparing its performance with that of traditional pile models, specifically
hollow aluminum tube (HAT) piles and precast concrete (PC) piles.

Conduct an experimental investigation involving CCFAT single, 2x1, and 2x2 pile
models with slenderness ratios (Lw/D) of 10, 15, and 20, to perform a series of
comprehensive tests under vertical, lateral and combined loading conditions.
Conduct a series of experimental model tests to explain the behaviour of 2x1 and 2x2
CCFAT pile groups with slenderness ratios (Lw/D) of 10, 15, and 20, under the
influence of combined vertical and lateral loads.

Develop and calibrate three-dimensional finite element analysis to simulate the
CCFAT pile models and investigate the influence of different parameters including
pile configuration and soil parameters by using ABAQUS software package. Study
the generation of lateral soil stress and failure mechanism along the depth of CCFAT
piles to explore and enhance understanding of the load transfer mechanism.
Conduct a comprehensive sensitivity analysis using numerical simulation to identify
the most influential factors among soil parameters and the friction coefficient
between CCFAT piles, to the response of CCFAT piles under vertical, lateral, and
combined loading conditions.

Propose design codes to calculate the ultimate lateral and vertical load (Puy and Pyi)
for CCFAT pile groups under different load conditions, as well as produce the
ultimate lateral load (Puy) under combined loading conditions, incorporating

individual ultimate lateral and vertical loads.



1.4 Thesis outlet

A laboratory-based investigation followed by a finite element analysis has been performed
in this research. In doing so, the following chapters have been followed to achieve the aim

and objectives of this research:

Chapter 1: Introduction, this chapter presents a brief background of the research, outlines the
geometrical problem under study, and details the main aims and objectives of the current

investigation.

Chapter 2: Literature Review, this chapter provides an overview of general pile types with
a focus on composite piles. It also discusses the most common design approaches for single

piles and pile groups under vertical, lateral, and combined loading conditions.

Chapter 3: Experimental Apparatus and Testing Procedure, this chapter describes the
experimental setups, apparatus, and scaled models of the CCFAT piles system, including

fabrication processes and material properties.

Chapter 4: Experimental Results, this chapter presents and discusses the test results of

CCFAT pile models under vertical, lateral, and combined loading conditions.

Chapter 5: Finite Element Analysis, this chapter validates the finite element model against
the tested models, generates new configurations for CCFAT pile groups, and discusses the
sensitivity of soil parameters. Additionally, it presents the design codes derived from the

findings.



Chapter 6: Conclusions and Recommendations for Future Work, this chapter concludes and
summarizes the major findings of the study and provides recommendations for future

research.



2 Chapter Two: Literature review

2.1 Introduction

Piled foundations are among the most widely used foundation systems for a variety of
structures, including bridges, offshore wind turbines, offshore platforms, jetties, and other
critical infrastructure (Al-Darraji et al., 2024). Their application is particularly essential in
situations where shallow foundations are likely to experience shear failure or excessive
settlement (Liu et al., 2020). Piles are designed to support vertical, lateral, and combined
loading conditions, thereby enhancing the stability and performance of the structures they

support.

Significant endeavours have been undertaken to comprehend the response of conventional
piles to vertical and lateral loading scenarios through a combination of experimental
modelling, numerical simulations, and analytical methods. Nonetheless, there exists
considerable ambiguity concerning their behaviour under combined loading conditions, with
scant literature available on the combined effects of vertical and lateral loads. Conversely, a
discernible trend in deep foundation engineering involves the increasing adoption of
composite piles, driven by their inherent advantages over traditional piles. Despite these
merits, research efforts on composite piles remain limited and fail to fully address the scope
of inquiry. This chapter provides a comprehensive overview of various types of piles and
discusses pertinent aspects of their geotechnical behaviour. Additionally, it conducts a
literature review aimed at assessing the current state of knowledge regarding pile behaviour
under vertical, lateral, and combined loading conditions. Furthermore, the chapter
summarizes and categorizes previous analytical and experimental studies on composite
piles.

2.2 Traditional and composite pile foundations

A pile is a long, columnar element constructed from timber, steel, concrete, or any

combination of these three materials. There are several distinct cross-sectional
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configurations that piles can take. The most common shapes are pipes for steel piles, circular

sections for concrete piles, and polygonal sections for pre-stressed piles.

The most common components of composite piles consist of timber and either concrete or
steel. Recently, the usage of plastic, steel, and fiber-reinforced polymer tubes in concrete
piles has increased. An in-depth analysis of the benefits and drawbacks of each pile material
and construction technique is presented.

2.2.1 Timber piles

The most common type of foundation is a timber pile, which has been used for hundreds of
years. Timber has a high strength-to-weight ratio, making timber an excellent choice for
pilling. The use of these piles has many advantages, including the fact that wood is easily
accessible and can be chopped to specific lengths. The working loads of timber piles are
typically less than 500 KN. Whether square or round timber piles have a cross-section of
250 mm to 500 mm, making them challenging to drive into the soil (Ikbarieh et al., 2023)
. Timber can withstand impact loads, and due to that reason, timber piles are frequently used
for the construction of piers. However, timber piles incur significant deterioration due to
natural decay in a severe marine environment or above the groundwater table (Lokuge et al.,
2021).

2.2.2 Concrete piles

Concrete is frequently used for piles because of its low cost and high compressive strength.
There are two types of concrete piles: precast and cast in situ (Coduto, 2001). Precast
concrete employs pre-stressed or reinforced members at the manufacture and then
transported and placed at the construction site. Cast in-situ concrete piles are made from
concrete poured into a borehole bored into the ground. Before the concrete is poured, the

installation of reinforcement is placed.



Groups of concrete piles are used to support expansive and weighty constructions. Caissons
and bridge piers are two examples of structures that can benefit from using pile support.
Concrete piles have several drawbacks, including their vulnerability to organic soils, severe
chemical environments, corrosion of the steel reinforcement due to concrete cracks, and the
loss of concrete sections at a sea-bed level due to abrasion from water-borne sediments.
These factors can all contribute to the deterioration of concrete piles over time (Mays, 1991).
Corrosion over the steel's surface creates internal tensile stress, which can induce cracking
in concrete piles.

2.2.3 Steel piles

Steel piles are gaining popularity because of their many advantages. They are light to handle,
can be extended to any length, and can carry heavy loads to deep strata. Steel piles come in
a wide variety of shapes and sizes as pipes, H-sections, and square sections. Piling of steel
pipe can be done in two ways: open or closed. Despite the extensive use of steel piles, they
deteriorate over time due to corrosion, especially in industrial and maritime settings.
Coatings containing heavy metals can prevent steel pilings from corroding. However, pile
protection methods are costly and harmful to the marine environment.

2.2.4 Composite pile

The inaugural method employed in maritime construction involved the utilization of
recycled plastic encased within a steel pipe. Subsequently, the proposition of polymer matrix
composites (PMCs) emerged for potential deployment in reinforcing emergency piles
externally(Seible et al., 1996). As a consequence, the emergence of the second composite
pile type, namely Fibre Reinforced Polymer (FRP) pile, ensued for its application in marine
structural contexts (Pande, Masumura and Armstrong, 1993; Horeczko, 1995; Iskander,
2002). Owing to the favourable outcomes observed with composite piles in their previous
applications, FRP piles were evaluated for potential adoption as fender piles, replacing

wooden piles, in multiple projects across the United States. (Pando, 2003; Shaia, 2013).
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Five different types of composite piles are considered viable options for load-bearing or
fendering purposes. These are known as Fibre Reinforced Polymer (FRP) piles, Steel Core
Plastic (SCP) piles, Structurally Reinforced Plastic (SRP) piles, Plastic Lumber (PL) piles,
and Fibreglass Pultruded (FP) piles. (Farhangi and Karakouzian, 2020; Rubino et al., 2020).

The five varieties of composite piles that are now in use can be seen as illustrated in Figure

FRP tube
Recycled
5 lastic
Non- reinforced Steel pipx i
concrete Steel or fiberglass
rebars
Thick layer of plastic
A Y P B C
High-density
polyethylene
Plastic lumber. : : XX 3 F iberglasr“ |
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Figure 2- 1: Composite pile types:(A) FRP piles, (B) SCP piles, (C) SRP piles, (D) PL
piles, (E) FP piles

FRP piles, acrylic-coated FRP tube sections are typically filled with non-reinforced concrete
to create FRP piles. This composite pile has received significant attention from researchers
and has been adopted quite frequently (Karagah, Dawood and Belarbi, 2018). As a
noncorroding material, the FRP pile holds the concrete during construction while
compressing it, protecting it from the elements, and keeping it in place. On the other hand,
the concrete infill provides internal compression resistance, enhances pile stiffness, and

prevents FRP piles from buckling (Giraldo and Rayhani, 2014).

SCR piles consist of a steel pipe characterized by a slender wall enveloped by a substantial

coating of plastic material. This outer layer serves as a protective barrier against corrosion,
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while the internal steel tubular core primarily shoulders the structural load. Notably, there
exist apprehensions regarding the structural integrity of SCR piles when exposed to marine
environments, particularly concerning the adhesion between the core and the protective
shell. A year post-installation, the emergence of fissures in the plastic casing unveiled
inadequacies in the selection of plastics for its intended purpose (Giraldo and Rayhani,

2014).

SRP pile, the principal constituent comprises an extruded recycled plastic grid, augmented
with either steel or fiberglass reinforcement bars to enhance structural integrity. This
composite pile materializes as a recyclable entity, particularly when fiberglass-reinforced
plastic (FGRP) rods are utilized to fortify the plastic core (Hassan, 1999). During
experimental trials, the utilized Sustainable Reinforced Plastic (SRP) piles exhibited
significant deflection when subjected to lateral loading, with observable distortions
occurring throughout the installation procedure (Iskander, Hanna and Stachula, 2001; Pando,

2003).

PL piles comprise a recycled plastic matrix infused with fiberglass reinforcement distributed
randomly within the matrix. To mitigate weight, a sturdy outer tube is affixed to the external
surface of an inner plastic core, which is subsequently filled with foam. Research findings
indicate a Young's Modulus (E) of 0.37 GPa for this pile variant, less than concrete's E by
over 40 times. Consequently, this pile type is unsuitable for most load bearing applications

(Aliabadizadeh, 2016).

FP piles represent an alternative type of structurally reinforced Fiberglass Reinforced Plastic
(FRP) piles. These piles consist of a high-density polyethylene (HDPE) casing and a
fiberglass grid, aimed at imparting structural robustness and restraining distortion. The grid
configuration comprises four intersecting plates, with interstitial voids filled with either

HDPE, plastic lumber, or polyethylene foam (Guades et al., 2012). Due to their capacity to
12



mitigate the effects of passing vessels, FP piles are extensively utilized as fender piles and
in sheet pile walls along coastal regions. However, given their limited performance under
vertical and lateral loading conditions, it is advisable to refrain from employing FP piles in
scenarios where they would be subjected to such loads Lampo et al. (1998).

2.3 Theories and approaches for evaluating the ultimate bearing capacity of piles
The evaluation of pile bearing capacity remains a central topic in geotechnical engineering
research. The design of pile foundations continues to attract significant attention, with
numerous studies and professional seminars held globally each year. This section presents a

concise review of the principal design theories for pile bearing capacity.

2.3.1 Total stress design approach

When site investigations indicate that the in-situ soil is predominantly fine-grained—such
as clay or silty clay—the total stress design approach is typically employed (Tomlinson and
Woodward, 2015). In such soils, the ultimate load-bearing capacity of a pile is generally
governed by shaft friction resistance developed along the pile—soil interface within the
surrounding zone of influence. This zone refers to the region of the soil mass affected by pile
installation, and its extent depends on both the installation method and the relative density

of the soil (Staubach, Machacek and Wichtmann, 2021).

Empirical studies indicate that this influence zone typically extends between three and eight
times the pile diameter. Piles designed in this context are commonly classified as skin friction
piles (Wang, Zou and Hu, 2021).

2.3.2 Effective stress design approach

As noted by Tomlinson and Woodward (2015) , the effective stress design approach is
generally adopted when the in-situ soil is coarse-grained. Piles designed using this method

are often referred to as point-bearing piles, in contrast to skin friction piles.
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The concept of effective stress—fundamental to soil mechanics—was first formalised by
Terzaghi (1951), how adapted his shallow foundation bearing capacity theory to deep

foundations, though with limitations. He considered:

1) End bearing resistance at the pile tip

i) Shaft friction along the pile length.

2.4 Geotechnical behaviour of pile

2.4.1 Single pile response for vertical loading

Piles withstand vertical loads due to frictional resistance between the pile shaft and the
surrounding soil and compressive resistance provided by the earth beneath the pile base
(Ebrahimian and Movahed, 2017). When the loads at the pile's base and shaft are added
together, the resulting Py value is the pile's ultimate bearing capacity, as can be seen in Figure

2-2.

B, =P, +P, 2.1)

In this context, P, and P; represent the contributions to the pile’s overall vertical load
resistance, where P, denotes the base resistance (bearing capacity at the pile tip), and F;

corresponds to the shaft resistance (shear resistance along the pile shaft).

The resistance of the base can be stated as follows:
Py, =qp Ap (2.2)
Where: g, is the end bearing resistance, and A4, is the pile cross-sectional area at the tip.

The resistance of the piling shaft can be calculated using the following method, which involves

subdividing the soil profile the piling shaft has traversed.

Po= ) 4 As @3

Here q, is pile shaft resistance (unit friction) along the pile interface with the soil layer, and Ay is the

pile shaft area interfacing with the soil layer.
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Figure 2- 2: Pile's base and shaft resistance

As the vertical load exerted on the pile cap increases, the pile's vertical settlement escalates
until it reaches the point of total vertical load (P1v), where significant displacements occur.
Typically, conventional pile vertical load testing methods do not extend to the total vertical
load. Consequently, criteria based on ultimate load have become prevalent for determining
pile load capacity. This criterion, as specified in British Standard (British Standards Institute,
2020), denotes the vertical load required to displace the pile cap by 10% of the pile diameter.
Hence, the ultimate base resistance corresponds to the pile end bearing resistance at a vertical
settlement equal to 10% of the pile diameter. Meanwhile, the shaft resistance of a pile reaches
full mobilization along the pile shaft at a minimal vertical settlement, approximately 1% of
the pile diameter. Consequently, subsequent to the complete mobilization of shaft resistance,

any additional load is borne by base resistance.
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Two primary methodologies are employed in the design of vertically loaded piles: those
predicated on in situ testing and those reliant on soil properties. In the former approach, in
situ test data is not directly assimilated into property-based formulas. Nonetheless, certain
parameters may be inferred from such data. Specifically, in methodologies rooted in in situ
testing, the unit resistance is directly associated with measurements obtained from cone
penetration tests (CPT) or Standard Penetration Tests (SPT) (Duan et al., 2023). Conversely,
in the latter soil-property-based methodologies, unit resistances are computed utilizing
readily available soil parameters documented in conventional geotechnical reports. These
parameters include shear strength parameters, relative density (DR), over consolidation ratio

(OCR), and plasticity index (PI) (Mohammad Shuman, Khan and Amini, 2023)

2.4.1.1 Approaches Utilizing in Situ Testing
a) Cone Penetration Test (CPT):

The mechanics underlying the Cone Penetration Test (CPT) exhibit notable similarities with
those governing vertical pile loading. Consequently, CPT data can be leveraged effectively
to directly approximate the ultimate base resistance (qv) and the shaft resistance (qs). The
cone penetration resistance (pc) can be roughly equated to the ultimate base resistance of
displacement piles (Salgado, 2008). The general equations for estimating qp and qs from CPT

results take the following forms:

dp = Cp Pc (2.4)
4s = CsPc (2.5)

¢y and cs denote constants contingent upon both soil type and pile type. For sandy soils, Table
2.1 illustrates reported values for cp and c¢s pertaining to driven piles. These factors are

influenced by soil properties, notably relative density and friction angle, and pile type.
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Table 2- 1: Values for ¢, and ¢, pertaining to driven piles in sandy soil

Author Chb Cs Pile type
(Randolph, | 0.4 0.029 (0yo/0aem)®*? x(4Ly, /D)~ %38xtan @, | H pile
2003)
(Togliani, 0.2 ki (TLdmean) + ks (% Amean/ Apase) cylindrical
2008) :Eg-o%)] ky = 1.2 (0.8 + R;/8) for Ry < 1 a‘ill‘istapered
m ky = 1.1 (0.4 + InRy) for Ry > 2 P

ky =[1.2 (0.8 + R;/8) + 1.1 (0.4 + InRf)]/2

for1 <Rf <2

k, =(1.2) forp, < 3MPaor (1.0)p, > 3MPa
(Foyeetal, | 1.02 Lee, Salgado, and Paik (2003) presenting had pipe pile
2009) — 0.0051Dz% | been selected for this study. which were

arranged c; as follows:

0.004-0.006 for Dr< 50%

0.006-0.007 for 50% < D < 70

0.007-0.009 for 70% < Dg < 90
(Yu and 0.25 In this study the friction was neglected closed end
Yang, 2012) —0.5logD steel pile
(Han et al., 1 ? ( 001/Pg 2) —0.14Lm ) o closed
2019) —0.005805% | O2 T \Jorp e~ 02)eXP ( Lr ) ended pipe

o' yotan @, pile

b) Standard Penetration Tests (SPT):

The reliability of results derived from Standard Penetration Test (SPT) methodology is

deemed inferior compared to those obtained through Cone Penetration Test (CPT)

methodologies (Oberhollenzer et al., 2021). Consequently, the utilization of SPT-based data

is discouraged, a sentiment echoed by several earlier studies e.g. (Boulanger et al., 1999;

Anderson and Townsend, 2001). In broad terms, the efficacy of SPT blow counts is subject

to similar influencing factors as CPT-based approaches, with expressions formulated for

estimating the bearing capacity (Pb) and skin friction (Ps) as follows:

qp/ Py = np Nepr
QS/Pa = NgNgpr

(2.6)
2.7)
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Here, ny and ns represent parameters contingent upon the soil and pile types, while Nspr
signifies the blow count at the pile base. In instances where CPT data is unavailable, it may
be judicious to convert SPT blow counts to cone penetration resistance and subsequently
employ a CPT-based methodology. This conversion is plausible due to the strong correlation
between s and Nspr, as both tests measure soil penetration resistance. Though exercising
caution is advised when relying on such correlations, the cumulative error inherent in the
CPT-based approach, coupled with the transformation from SPT to CPT, might still be less
than the inherent error associated with SPT-based methodologies. An early correlation by
Aoki and Velloso (1975) posited values for ny and ns in sandy soil for driven piles as 4.8 and

0.033, respectively

2.4.1.2 Approaches utilized soil properties
a) Unite base resistance

The ultimate unit base resistance of driven piles in sandy soil can be formulated as follows:
qp = Nyo, (2.8)

Here, N, denotes the dimensionless bearing capacity factor, and o, represents the vertical

stress.

Additionally, the ultimate base resistance can be expressed as

Apu = NpuOy (2.9)
Ny, represents the dimensionless bearing capacity factor for the applied ultimate vertical

load. This factor, N,,,,can be estimated using various conventional design charts found in

geotechnical literature. The friction angle (@)and the slenderness ratio (Lw/D) are identified
as the most influential factors in calculating. Tomlinson and Woodward (2015) proposed

these charts, as illustrated in Figure 2-3.
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Figure 2- 3: Bearing capacity factor design charts (Tomlinson and Woodward, 2015)

The value of, N, increases with an increase in the @,across a range of pile slenderness ratios
of'5, 20, and 70, reaching its maximum value at a friction angle of approximately 41 degrees.

Early design formulas for estimating Ny,,, were presented by Fleming et al. (2008) as follows

N,y = 0.136e(01820p) (2.10)
Here, @ represents the peak friction angle of the sand. The value of @, can be calculated

using Bolton’s (1987) equation:

D
Q)p:(zjc+3[10;%(Q—lna’mp)]— Ry

In cases where no other information is available for these parameters, the values for Q and

(2.11)

Ry are typically taken as 10 and 1, respectively. Here, @, is recorded as the critical friction
angle, and Dgrepresents the relative density. The mean effective stress, o', ,can be

calculated using the following formula:

' mp/ 0"y =\ Npy (2.12)
Another formula suggested by Salgado and Prezzi (2007) for evaluating the ultimate base

resistance in sandy soil is as follows:
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o
qpu = 1.64P,[0.0264Dy + (0.1041 — 0.0002Dy)@,] <—"

1 | 0-841-00047Dp (2 13)
%)

Here, p,= reference stress 100kPa, @ is recorded as the critical friction angle,

Dy, represents the relative density, and o', horizontal stress.
b) Pile shaft resistance

The fundamental equations for predicting the unit shaft resistance of a pile are

encapsulated in the skin friction term, as expressed by the following equation:
qs = Kepo'ptand (2.14)

In this equation, K., denotes the earth pressure coefficient, o’ represents the vertical
effective stress, and § signifies the interface friction angle along the pile length. Numerous
researchers have suggested values or formulas for the parameters K., and & primarily
derived from back-calculations of pile load test data. Specifically, for driven piles in sand,
Das and Sivakugan (2018) provides predictions for K,,, values corresponding to various pile

installation methods.
For low displacement pile:

Kep = 1.4 (1 — sing@,) (2.15)
For high displacement pile:

Kep = 1.8 (1 — sind,) (2.16)
Here, @ represents critical friction angle.

Loukidis and Salgado (2008) also investigated the value for driven piles utilizing finite
element (FE) analysis combined with advanced constitutive modelling. They recommended
the ratio between the earth pressure coefficient(K) and the coefficient of earth pressure at

rest(Ko) as expressed in the following equation:
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Here, Dy represents the sand relative density, o', denotes the vertical effective stress,
and p, is a reference stress (100 kPa). The coefficient C;assumes values of 0.71 for angular
sands and 0.63 for rounded sands. It should be noted that K,,, is highly dependent on the pile

installation method and soil properties, particularly the relative density.

Conversely, § depends solely on the pile materials and the initial sand relative density
(Tiwari and Al-Adhadh, 2014; Fan, Bienen and Randolph, 2021). Salgado (2008) proposed

the following values for &
For steel pile § = 0.85 @,
For concrete 6 = 0.950,

Meanwhile, Jebur (2018) examined the effect of sand relative density on & for concrete piles.

The findings are presented in Table 2.2.

Table 2- 2: & for concrete piles for various relative densities (Tiwari and Al-Adhadh, 2014)

Concrete Dr<30% 30% <Dgr <70% Dr=70%

surface 8o S, 8o S, 8o S,
Smooth 27.1 23.7 30.8 24.1 37.2 24.5
Rough 29.7 25.7 40.5 28.6 48.4 34.5

Here, 8, and &, represent the peak and critical interface friction angle respectively.

2.4.2 Pile group response for vertical loading

The behaviour of a pile group under a vertical load is distinctively compared to a single pile.
Pile groups transmit the applied vertical load to the surrounding soil through a combination
of shaft and base resistances, as depicted in Figure 2-4. The interaction among piles within
a group can significantly affect the response of each pile, particularly when they are closely

spaced. The response of an individual pile within a group differs from that of an isolated
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pile, especially under vertical loads applied to the shafts. Settlement of one pile in a group
induces a settling effect on the adjacent piles, leading to a collective settlement of the group

(Salgado, 2008).

Pu

Shaft resistances % AJ,/{T 3 T

Interaction force

Base resistances

Figure 2- 4: Piles group’s base and shaft resistance

Two approaches under vertical load can be utilized to account for the pile group effect:
vertical load-settlement curves (Py.y) and the pile group stiftness factor under vertical load
().

a) Pv.yapproach
The settlement of piles within a group must be calculated by accounting for the influence of
neighbouring piles. While all piles in the group settle equally, there can be a non-uniform

load distribution among them(Lee, Park and Choi, 2014; Alhashmi, El Naggar and Oudah,
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2023). Zhang et al. (2020) proposed equations to determine pile head settlement,

incorporating the effects of loads on adjacent piles using an effect factor.

mp (2.18)

i = )
oKy
Here, y; represents the settlement of pile i, P,jdenotes the vertical load on pile j, K;

represents the stiffness of pile j, and e;; signifies the effect factor between piles I and j. The

determination of the effect factor can be achieved through the following equation:

In(R;/S) -0 (2.19)

%ij =™ 2R
ln(Tf)

Here, R,represents the pile vertical reinforcement factor, Rydenotes the fade radius at which
the settlement of the ground surface becomes vanishingly small. Ry denotes the distances, S

center -to-center between piles, and D is the pile diameter. The equations governing the pile
vertical reinforcement factor and fade radius are as follows:

Q + tan L(L3) (2.20)

R, = EAQ:
7 1+ QtanL (L)

Ry = [0.25 + (2.5(1 —v) 0.25) (G;—Z]L (2.21)
14

Here, E represents the Young’s Modulus of pile, A is the cross- sectional area of pile, v
denotes Poisson’s ratio, G, stands for the average shear modulus for pile length, G,, represents
the shear modulus at pile base level, G, signifies the shear modulus obtained through base

resistance test, and L denotes the length of pile, Additionally, Q and 3 represent parameters

of load transfer and the pile base stiffness respectively, and they can be calculated as follows:

(2.22)
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ky, (2.23)

JEAK,

Here, kg and kj, represent subgrade reaction and stiffness of pile base respectively.

O =

b) The pile group stiffness factor under vertical load (ny) approach

Recent evaluations indicate that existing testing methods are inadequate for accurately
estimating the stiffness factor under vertical load (ny). In recent years, geotechnical engineers
have increasingly adopted the group stiffness factor under vertical load methodology to
investigate pile group interactions (Fadhil, 2024). The stiffness factor under vertical load (ny)
is defined as the ratio of the vertical capacity of a pile group to that of a single pile (Soog,

2000) and for ultimate vertical capacity case.

Puve (2.24)

=P X N

Puve and Pyys represent the ultimate vertical capacity of the pile group and a single pile,
respectively, while N denotes the number of piles within the group. Dowling et al.
(2016)presents plots of ny as a function of the number of piles for both fixed and free head
pile groups (Figure 2-5). It is observed that ny decreases from 0.78 for two piles to 0.32 for
ten piles in free-headed pile groups. In fixed-headed pile groups, ny ranges from 1.16 for two
piles to 0.46 for ten piles. Other studies (McCabe and Lehane, 2006; Das and Sivakugan,
2018) suggest that ny is typically estimated based on factors such as pile spacing, soil
conditions, the number of piles, and the pile diameter. Table 2.3 illustrates some of these

studies for driven piles.
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Figure 2- 5: The stiffness factor under vertical load for pile group

Table 2- 3 : Studies for the stiffness factor under vertical load for pile group (nv) for driven
piles

Author Ny
McCabe and Lehane (2006) D, 0.66
@)
N
Tuan ((2016) 1-——[(n— D(m-1)(V2) + (n — Dm
mDnm
+ (m — Dn]
Das and Sivakugan (2018) 2X(m+n—-2)xs+4D
m Xn XmD
Lazarini, Paula and Braz-César (2021) sf[m—1m+(m—-1mn
- D 90nm }
Ates and Sadoglu (2023) 0.583 + 0.157Dp + 0.051N + 0.025%
L
+ 0.032 D

Here, D; and D represent the envelope diameter corresponding to the plan area of the pile
group and pile diameter respectively. n and m denote the number rows and columns in the
pile group respectively, Dr represents the relative density, S center-to-center between piles,
and L is the length of pile.

2.4.3 Single pile reasons for lateral loading

Pile foundations, besides enduring substantial vertical loads, are also capable of supporting

significant lateral loads. Factors such as seismic activity, wind pressure, soil lateral pressure,
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wave loads, and the acceleration and deceleration of vehicles on bridge decks can generate
these lateral loads. In specific constructions, including oil production platforms, earth
retaining structures, wharves, and jetties, piles are designed to transfer these lateral loads to

the ground (Serras et al., 2021)

A pile can fail under lateral load in two different ways. Too short a pile installation causes
the soil mass to fail, and the pile then rotates as if it were a rigid body. As shown in Figure
2-6a, passive soil pressure builds up in front of the pile as the pile rotates. As seen in Figure
2-6b, a plastic hinge forms a fixed distance down the pile shaft, causing significant
displacement near the top of the long pile. As a result, the failure load calculation will be
based only on the limiting pressure acting over the upper part of the pile above the plastic

hinge (Staubach, Machacek and Wichtmann, 2021).

Lateral lacgz 1. /— Lateral laod —» —~
G_L P 45 G L< /

Plastic hinge

Short pile

Long pile

a) Short pile b) Long pile
Figure 2- 6: A single pile failure under lateral load

Studies such as (Ni et al., 2018) advocate for the use of the beam-foundation approach to
elucidate the behaviour of single piles under lateral loading. This method employs the

Winkler approximation for a foundation bearing on soil. In this framework, the soil response
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is modelled using a series of discrete non-linear springs attached to a beam element
representation of the pile. The formulas for pile lateral displacement within the beam-
foundation approach treat the pile as a beam with flexural rigidity, characterized by a
constant Young's modulus (E) and the pile's cross-sectional moment of inertia (I). In the
equilibrium state, the bending moment in the pile (M) is associated with the pile's cross-

sectional stress and strain. The differential form for the pile's bending moment is as follows:

v ] d?y (2.25)
- dr

Here, y represents the lateral displacement, and [ denotes the depth along the pile length.
Given that the surrounding soil mass provides lateral resistance to the pile's lateral
movement, the variation in lateral force over an infinitesimal length dl can be associated
with the soil's lateral resistance. Both active and passive soil resistances, denoted as P, and
P

»a Tespectively, together represent the total lateral resistance of the soil against the pile

movement.

Pry =Py + Py (2.26)
From the force equilibrium of the pile element, the following equation can be derived:

dP; = —Prdl (2.27)
From the moment equilibrium of the pile element, the following equation can be derived:

Pdl =dM (2.28)
Here, P;represents the shear force on the pile.

From equations (2.27),(2.28), and (2.25), the following equation can be obtained:

d*y (2.29)
_PTl = EI W

As mentioned previously, this method adopts the Winkler model, which assumes that the soil
surrounding the pile can be represented as non-linear springs distributed along the pile's
length. Consequently, the soil's active resistance( P,. ) can be modeled as:

Poc = kscy (2.30)
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Here, kg represents the soil spring constant.

The soil offers passive resistance against the tensile forces at the interfaces between adjacent

horizontal soil layers. This passive resistance (P,,) is used to measure the variation in shear

force (Fgy) with depth (dl ) as follows:

b dF., 2.31)
o o dl
Assume the pile slope is equal to (d_Jl])’ the resulting engineering tensile strain (es) can be

expressed as follows:

Fyp dy (2.32)

sT 5. T T 57
ZSh dl
Here, syrepresents a parameter that is correlated with the soil shear modulus.

From Equations (30) ,(31), and (32) the total lateral soil resistance can be determined as

follows:

dzy (2.33)
Pr; = ksy — 2sy, P

Total lateral load resistance can be expressed in terms of the parameters kg and s,

d*y d?y (2.34)
= F] —2 _ 25, —2
0 dix -~ “Sh g
+ ksy

This representation can be integrated with either finite element or finite difference techniques
to determine the deflection, and consequently, the soil mobilization, in each spring. The
beam-foundation method, also referred to as the subgrade reaction approach, incorporates
nonlinear springs, which can be depicted by the modulus of the subgrade reaction (Figure 2-
7). The soil reactions are commonly depicted as nonlinear curves that correlate lateral
displacement (y) with the lateral load (P;). In the literature, these curves are known as( P;-
y) curves and are frequently associated with the subgrade reaction method (Aubeny and
Murtt, 2005; Avci and Gurbuz, 2018; Bhartiya, Chakraborty and Basu, 2020; Zhao, Chen

and Peng, 2020; Owji, Habibagahi and Veiskarami, 2024) .
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Figure 2- 7: Beam- foundation approach depicted to Modulus of the subgrade reaction

2.4.4 Pile group response for lateral load

When a pile group is subjected to lateral loading, each pile moves the soil in front of it,
creating an influence zone around each pile. These zones may overlap, especially when the
piles are closely spaced. This phenomenon, known as pile shadowing within the pile group,
occurs as the presence of neighbouring piles reduces the soil resistance experienced by
individual piles. This overlap of failure zones occurs as the piles move laterally under
external loads, resulting in a reduction of the surrounding soil's resistance. Consequently, the
lateral capacity of the pile group is diminished compared to that of a single pile, as explained
by Vakili, Zomorodian and Bahmyari (2023). The schematic representation of the
"shadowing influence" is shown in Figure 2-8. The most common approaches to account for
the overall effect zone of a pile group under lateral load include lateral load-lateral

displacement curves (Pi-y) and the pile group stiffness factor under lateral load (n).
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Figure 2- 8: Schematic Shows of the shadowing influence

a) Lateral load-lateral load displacement curves (Pi-y)
Since each individual pile in a group provides less resistance compared to a single pile due
to group effects, the lateral load values for a single pile are adjusted to account for these
interactions. Parsons et al.(2006) introduced the concept of a pile-multiplier (fii) to represent
the behaviour of a pile within the group. This multiplier is incorporated into the calculations

of lateral soil resistance (qi) and pile lateral displacement (y) used for single piles.

N;
fu = 1_[ Cij
j=1

Here, N denotes the number of piles in the group, and C;; represents the lateral interaction

(2.35)

coefficients between piles i and j. Literature, such as the work by Chang, Lin and Cheng
(2009), has proposed formulas for calculating the lateral interaction factor based on the row
location relative to the direction of the lateral load. It is important to note that the term "pile

row" refers to piles aligned perpendicular to the direction of lateral load application.

$1\038 (2.36)

For up-row piles
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54026 (2.37)

For down- row piles
Sudani (2013)also developed formulas for all piles in the same row. He suggested that the

pile-multiplier (fi;) can be calculated as follows:

fru = 0.64 4+ 0.06 (%) (2.38)

For up-row piles
S
fig = 0.34 +0.11 (5) (2.39)

For down-row piles

b) The pile group stiffness factor under lateral load (n)

The pile group stiffness factor under lateral load (n;) is used to assess the lateral response of
the pile group under lateral load and depends primarily on the number of piles in the group,
pile spacing, and pile arrangement (Wang, Li and Li, 2022; Vakili, Zomorodian and
Bahmyari, 2023; Nimbalkar and Basack, 2024). The n is calculated as the average pile

capacity divided by the lateral capacity of a single pile, and it is expressed as follows.

Pug (2.40)
n=
Puls X N
In the context of the presented equations, Pulg, and Puls denote the ultimate lateral capacities

of the pile group and a single pile, respectively, while N represents the number of piles in
the group.

Kim and Yoon (2011)evaluated the behaviour of a laterally loaded pile group with spacings
of three, four, and six times the pile diameter using laboratory models. Their results indicated
that when the pile spacing was six times the diameter, the group effects could be disregarded.
Additionally, the group efficiency for a pile spacing of three times the diameter ranged from
0.2 to 0.5 in medium-dense sand. Several studies have examined the stiftness factor of pile
groups under lateral loads through field, experimental, and numerical methods (Rollins,
Peterson, and Weaver 1998; Fellenius 2005; MOT, 2012; AASHTO, 2012). Table 2.5

provides a summary of the findings from this body of literature.
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Table 2- 4: The findings for ni from the body of literature.

Author n
(Mokwa and Duncan, 2005) 0.6% + 0.64 For up-row piles

0.1% + 0.4 For down-row piles

(Karoui et al., 2020) 1 For up()—i(;W piles

s
(%) For down-row piles

(Wang, Li and Li, 2022) [exp(051n+0.01m) -1 05] S +9 47exp—(0.97n+0.54m)
05] 5 .

" - S S
(Wang, Li and Li, 2023) 0.0019N X 5~ 0.086N +0.00015 — + 0.773

2.4.5 Single pile response under combined loading

There is considerable ambiguity regarding the effects of combined load responses in piles,
and the existing literature on the interplay between vertical and lateral loads is notably
limited. Given the critical importance of the lateral response of piles in engineering design,
the primary emphasis has been on the concurrent loading scenario, specifically addressing
how vertical loads influence lateral responses.

a) Numerical investigations

Continuum-based approaches, such as finite-element (FE) modelling, can overcome the
shortcomings of the currently applied methods. During the last decade due to increasing
computational, power of modern computers, most studies to date considering combined
loading of piles are modelling the entire piles employing the FE method. (Karthigeyan,
Ramakrishna and Rajagopal, 2006) examined the impact of vertical loads on the lateral
response of piles using three-dimensional finite element analysis. They considered concrete
piles with cross-sections of 1.2 x 1.2 meters and lengths of 10 meters, embedded in sandy
soils, for their numerical analysis. The results indicated that increasing vertical loads led to
an enhancement in the lateral capacity of the piles. Additionally, the findings revealed that
the influence of vertical loads on the lateral response of piles was more pronounced in dense

sand compared to loosen sand. Achmus and Thieken (2010) conducted a series of finite
32



element analyses to evaluate the pile response in frictional soil under combined vertical and
lateral loads by commercial finite element software ABAQUS. They showed that at the
initial steps of vertical load application, the lateral stiffness of soil increased and
consequently yielded an increase in the combined limit load of the pile. After a threshold
value, the increasing vertical load brought about a significant increase in the lateral soil
deformation, and the soil stiffness exhibited an abrupt decrease. Ghasemipanah and Moayed
(2021) conducted a finite element analysis to evaluate the impact of vertical loading on the
lateral load response of a single pile in various soil types. The study examined different
combinations of potential loading paths and reported the corresponding failure envelopes.
Comparative analyses were performed using Abaqus software to validate the results. The
findings generally indicate a positive correlation between the increase in lateral load and the

displacement of the pile head.

b) Experimental studies

Lee et al. (2011) conducted model pile tests to evaluate the impact of combined loading on
piles installed in sand. The study involved testing two types of instrumented circular piles—
driven and non-displacement in dry sand with varying densities. The model piles, made of
stainless steel with a diameter of 30 mm, a thickness of 2 mm, and an embedment length of
1200 mm, were tested in dense, medium dense, and loose sand samples. Vertical loading was
applied before the introduction of lateral loads in each case. The findings indicate that
vertical loading increases lateral displacements at corresponding lateral loads. Specifically,
additional lateral displacements of approximately 8% of the pile diameter were observed
under a vertical load of 0.75 times the ultimate capacity at the same lateral load level,
compared to the scenario of pure lateral loading. Lu and Zhang (2018) conducted centrifuge
tests on a free-headed monopile installed in saturated sand. A half-model setup was
employed, allowing pile displacements to be observed through a transparent window in the

model. Vertical loads were applied using dead weights positioned on the pile top. In terms
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of the loading sequence, vertical loads were applied first, followed by lateral loads. The
results demonstrated that for a given lateral load, the lateral displacement decreased as the
vertical load increased.

2.4.6 Pile group response under combined loading

Except for a few recent studies (Abu-Farsakh, Souri and Voyiadjis, 2023; Zhou, Barbato and
Ye, 2023), the issue of pile groups subjected to combined loading and the contributions of
the various interacting mechanisms have not received sufficient attention. Additionally, there
is a notable scarcity of experimental data on combined loading. Consequently, the methods
previously discussed lack experimental validation. The interaction between piles in a group
under combined loading, along with the additional resistance provided by the cap, further
complicates the overall response. This complexity results in increased stress on the piles and
the development of distinct load patterns on the structure. Despite these challenges,
conventional pile design approaches predominantly rely on single-pile estimations to predict
the lateral capacity of pile groups. This reliance can be attributed to the limitations and, at
times, the lack of a robust theoretical foundation for addressing combined loading in
traditional pile design. As a result, ambiguity regarding the impact of combined loading on

single piles persists in studies examining pile groups under such conditions.

Moreover, Achmus and Thieken (2010) conducted a series of finite element (FE) analyses
using the commercial software ABAQUS to evaluate the response of piles in non-cohesive
soil under combined vertical and lateral loads. The findings indicated that during the initial
stages of vertical load application, the lateral stiffness of the soil increased, resulting in an
enhanced lateral capacity of the pile. However, beyond a certain threshold, the increasing
vertical load led to significant lateral soil deformation and a sudden reduction in soil
stiffness. Continuum-based methodologies, such as finite element modelling, provide a way

to address the limitations of current techniques. Over the past decade, advancements in
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computational capabilities have enabled more extensive modelling of pile groups using the
FE method. Hussien et al. (2012) noted a slight increase in the lateral bearing capacity of
piles embedded in sandy soil under vertical loading, as indicated by simplified 2D finite
element analyses. Prendergast and Gavin (2016) investigated the deformation response of
piles subjected to concurrent vertical and lateral loadings, showing that lateral displacement
increased with higher vertical loads, using Winkler springs in their analysis. Advanced
constitutive models are effective in capturing the non-linear responses of both soil and piles,
taking into account group effects, geometric factors, non-linearities such as detachment and
sliding at the soil-pile interface, and varying load conditions (Franza and Sheil, 2021).
Despite their computational demands, a significant challenge in utilizing these
methodologies is the need for calibrating and validating advanced constitutive models,
which requires extensive testing and specialized expertise.

2.5 Geotechnical behaviour of composite pile

In the absence of design-specific approaches for composite piles, traditional pile design
methods can still be utilized to determine the ultimate loads they can support (Pando et al.,
2002) . However, the unique material responses of composite piles necessitate new design
methodologies to accurately calculate vertical settlement and lateral displacement. Early
researches (Mirmiran, Shao and Shahawy, 2002; Han, Frost and Brown, 2003) have updated
conventional design approaches to accommodate the unique properties of composite piles.
Among the various types of composite piles, the one detailed by Han, Frost, and Brown
(2003) is the most used. The structural and geotechnical design considerations for confined
concrete FRP piles are essential for enhancing the overall design of composite piles. Despite
the limited number of studies, prior research on composite piles has primarily concentrated

on load transfer and their geotechnical response under vertical and lateral loading.
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2.5.1 Composite pile response under vertical load

Composite piles can fail under vertical loads if the soil fails below the pile bottoms, around
the pile-soil contact, or if the pile shafts are crushed by compression. Therefore, the vertical
bearing capacity of a composite pile is determined by the lesser of two values: the
compressive strength and durability of the shafts, or the maximum load that induces soil
failure and pile-soil contact. Vertical load tests offer a straightforward method for calculating
the bearing capacity of composite piles (Han, Frost and Brown, 2003). Naser, Hawwileh,
and Abdalla (2019) concluded that composite piles concrete exhibits a higher load capacity
compared to plain concrete. It is a widely accepted the notified in pile repose of vertical load
section, principle that a pile's ultimate vertical load capacity is the sum of the end-bearing
resistance and the side friction resistance. The end-bearing resistance is determined by the
soil condition and the size, shape, and depth of the pile foundation, rather than the pile
material itself. Conversely, the shear strength at the pile-soil interface depends on the
roughness of the pile material and the soil condition. To accurately determine the ultimate
vertical bearing capacity, a specific design parameter must be applied for the skin friction
between the composite piles and the soil. There are three different approaches for calculating
pile skin friction: the a method and A method for fine-grain soils, and the  method for
granular soils. Typically, skin friction (ts) values for piles in clay or sand are calculated using

the f method, which is represented as:

Ty = o' tand, (2.41)
T3 =k, 0, tan &, (2.42)
13 = fo’, (2.43)

Here, o', donates the horizontal functional tension acting around the pile shaft after

installation, o', represents vertical effective stress, k,represents coefficient of pressure in
v p

the horizontal plane, and §, highest achievable pile-soil contact friction.

FRP piles' frictional performance in clayey soil samples was tested in tank experiments. The

vertical bearing capacity of FRP piles was found to be 5-40% higher than that of steel piles
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of equivalent size, as evaluated through their respective load transfer mechanisms (Giraldo
and Rayhani, 2014). Giraldo Valez and Rayhani (2017) conducted a thorough investigation
analysing the frictional characteristics of FRP piles in clay, reaffirming the findings of
Giraldo and Rayhani (2014). Furthermore, Frost and Han (1999) conducted experimental
studies on the shear strength of the interface between FRP and sand soil. They found that
this shear strength depends on the normal stress, relative roughness, and interaction
coefficient, Ci. This relationship has been widely adopted to assess the effectiveness of

interface shear strength relative to the internal shear strength of the soil.
C; = tand,/tan@d,, (2.44)

8, donates highest achievable pile-soil contact friction, and @,represents the angle of
internal friction for the soil at its peak value. Figure 2-9 illustrates interaction coefficients
plotted against the roughness index (Ri). The roughness index is determined by dividing the
maximum roughness of the pile material surface by the mean grain size of the soil particles,
also known as Dso. According to Figure 2-9, interaction coefficients for smooth FRP
materials range from 0.4 to 0.5, while coefficients for rough FRP materials range from 0.5

t0 0.9.

1.2

RI

[ ] Pando et al., 2002 ® Han et al., 2003

Figure 2- 9: Interaction coefficients vs Roughness index
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Another studies was carried by Lu et al(2022) when conducted an experimental study to
evaluate factors influencing the behaviour of FRP piles under vertical load in sandy soil,
utilizing a special pressure chamber for testing. Results indicated that surface roughness,
confining pressure, and relative density governed soil shearing resistance, affecting the
bearing capacity of FRP piles under vertical loads. The vertical load-bearing capacity is
significantly affected by the type of Fiber Reinforced Polymer (FRP) material and the
orientation of the fibers, as documented in previous studies (Zyka and Mohajerani, 2016).
Concurrently, the reduced stiffness of FRP piles results in greater displacement of the pile
head under lateral loads when compared to steel piles. Consequently, researchers sought to
improve fiber reinforcement by incorporating glass fibers, resulting in the development of
Fiber Glass -Reinforced Polymer (FGRP) piles. To examine the interface behaviour of FGRP
piles in cohesionless soil, Almallah, El Naggar, and Sadeghian (2020) conducted a study in
which a silica sand coating was applied to the surface of these piles. The research utilized
seven small-scale FGRP piles with varying surface roughness, alongside a reference steel
pile as a control. In this investigation, five of the seven FGRP piles were coated with silica
sand. The study's findings demonstrated that the silica sand coating significantly increased
the interface friction between the FGRP piles and the surrounding sand under vertical loads.
This enhancement led to a marked increase in the ultimate vertical bearing capacity of the
FGRP piles compared to the control. Nonetheless, the increased ultimate vertical bearing
capacity achieved through fiber reinforcement and the application of a sand coating does not
fully elucidate the behaviour of heavier piles under lateral loading. Mieloszyk, Abramski,
and Milewska (2019) evaluated the use of concrete piles in a polymer composite reinforced
with glass fibres in offshore facilities. Full glass fibre-reinforced polymer tube-type piles
were tested in vertical and eccentric compression in a laboratory setting. The results led to

eccentric compression of the samples allowing for assessment of the impact of simultaneous
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vertical compression and bending of the pile. However, the limited stiffness of the composite
material may still predominantly influence the lateral response of these piles.

2.5.2 Composite pile response under lateral load

The extent to which a pile bends is influenced by the lateral load, the soil's resistance to
lateral movement, and the pile's bending stiffness, which is determined by multiplying the
second moment of area by Young's modulus. The beam-foundation approach, the subgrade
reaction method, and finite element (FE) approaches are standard techniques used to analyze
conventional piles under lateral stresses. Although these methods treat the pile as an elastic
beam, this model may be inadequate for composite piles due to the relatively low shear

modulus of the composite materials, which leads to increased shear deformation.

Ma et al. (2018) investigated the bearing properties and horizontal load transmission
mechanisms of composite piles, discovering that the lateral force against pile head
displacement curves exhibited a sharp decline, indicative of typical piercing damage. They
observed that stress and strain were concentrated in the upper one-third of the pile depth.
Consequently, they concluded that the lateral bearing capacity is primarily influenced by the

soil strength in contact with the pile and the displacement of the pile head.

Han, Frost and Brown (2003) proposed a formula for calculating the normalized lateral
displacement of FRP composite piles, incorporating specific considerations related to these

composite materials.

PlW

y= ﬁ
\183(IYYEZZ)

Here, Where y denotes the lateral displacement (mm), P;represents lateral load (KN),

(2.45)

w™ represents normalised lateral displacement (mm), E,, signifies modulus of the

longitudinal section in the z-axis of composite pile (MPa), I, represents rotational inertia

of a cross-section around the y-axis (mm4 ), and 9 signifies constant reaction for soil.
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Utilizing a composite material with a higher shear modulus effectively reduces lateral
displacement. The shear modulus is derived from the section properties, including the
thickness and radius of the tube. By enhancing these properties, lateral displacement can be
minimized. Pando determined that shear deformations must be taken into account when
calculating subsequent deflections if the pile modulus ratio (E/G) of the section increases.
However, the limited stiffness inherent in the constituent material of the tube may continue
to govern the lateral response of these piles. Consequently, a thorough investigation into the
performance of composite piles under both axial and lateral loading conditions is imperative,
potentially leading to the development of a novel composite pile variant within the realm of
pile foundation systems. To this end, a dedicated study was conducted in which a composite
pile made of stainless steel and filled with standard mortar was fabricated as the experimental
specimen, while a hollow steel pile served as the reference. series of experiments were
carried out involving both hollow piles and composite piles embedded within stratified soil,
subjected to static axial and static lateral loads. Various length-to-diameter ratios,
specifically 10, 15, 20, 25, and 30, were considered by adjusting the pile length to emulate
the behaviour of stiff piles. The outcomes of these experimental investigations were
subsequently validated through comparison with results obtained from the finite element
software ABAQUS. The collective findings from the experimental assessments and
numerical analyses revealed that increasing the length-to-diameter ratios results in an
enhanced load-carrying capacity and a concurrent reduction in settlement for both types of
piles (Venkatesan et al., 2022). While Venkatesan et al. (2022) may have successfully
addressed the issue of low stiffness within FRP and GFRP materials, it is noteworthy that
existing research has predominantly focused on elucidating the performance characteristics
of individual composite piles. In practical applications, however, composite pile groups are
more prevalent. Researchers have reported that it is essential to recognize the increased

complexity of the lateral behaviour of pile groups due to inter-pile interactions, which can
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significantly diminish the collective lateral bearing capacity. Zyka and Mohajerani (2016)
highlighted that there is a rising demand for more precise design approaches in terms of

vertical and lateral load capability of confined concrete FRP piles.

2.6 Summary

In this chapter, a comprehensive review of records and general information concerning pile
types has been conducted, with particular emphasis on the geotechnical response of both
traditional and composite piles, whether in isolation or in groups. The most recommended
methodologies for designing single piles and pile groups under both vertical and lateral loads
are provided. An extensive overview of the available experimental and numerical studies on
single piles and pile groups is presented. It has been observed that existing research on the
combined loading of single piles is somewhat contentious, with no consensus regarding the
impact of vertical loads on lateral response. Moreover, the interaction mechanisms of pile

groups under combined loads have not been adequately explored.

Recent advancements in foundation engineering suggest a shift towards the use of composite
piles rather than conventional piles. However, research on composite piles is limited,
primarily focusing on single pile loading, indicating a need for further investigation into
group piles and novel composite pile types. The findings of this chapter indicate that, in the
absence of design-specific approaches for composite piles, traditional pile design methods
can still be employed to estimate the ultimate loads. Nonetheless, the response of composite
piles under combined loading conditions remains uncertain. There is a clear need for
additional experimental tests to rigorously evaluate and wvalidate the geotechnical
performance of composite piles, thereby aiding in the development of reliable design
procedures. The present study is primarily aimed at assessing a method for analysing the

response of novel composite piles subjected to vertical, lateral, and combined loading. This
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aims to achieve the desired accuracy, reliability, and comprehensiveness in the design of

composite pile capacities for structural analysis.
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3 Chapter Three: Experimental set up

3.1 Introduction

Full-scale in-situ tests are highly preferable for determining field pile load carrying capacity.
However, such tests are costly, environmentally impactful, and associated with uncertainties
regarding soil stress history. They are also time consuming and labour-intensive. As a viable
alternative, pile-load tests have been cited as an effective method for evaluating pile load
capacity (Ornek et al., 2012; Momeni et al., 2014; Baziar et al., 2015). Laboratory-scale pile-
testing programs provide a suitable solution to mitigate the limitations of in-situ testing.
Extensive geotechnical problems have been resolved and analysed through physical
modelling simulations using small-scale laboratory tests. Nonetheless, it is crucial to
consider the behaviour at the bench scale compared to prototype behaviour in any laboratory
model testing. Accordingly, in the context of this study, the design and manufacture of the
CCFAT pile models have addressed the effects of boundary conditions due to the finite size
of the soil sample on performance. This chapter presents a comprehensive description of the
experimental methodology employed in this thesis. The chapter begins with a description of
the testing rig and load setup system. Following this, the CCFAT pile models and their
material properties are detailed. Additionally, the soil properties and their preparation within
the testing rig are discussed. Finally, the instrumentation and procedures adopted for the
experimental tests are described in detail.

3.2 Testing rig

The testing rig incorporates a soil chamber, featuring a square cross-section, designed and
fabricated at Liverpool John Moores University (LIMU). The dimensions of the chamber
are 900 mm x 900 mm with a height of 1200 mm. To prevent any relative movement of the
walls, the chamber is reinforced with steel beams and columns at the base, middle, top, and
corners. Initially, this setup was used solely for applying vertical loads to either a single pile

model or a pile group model (Juber, 2018). For the current study, the rig has been modified
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to also apply lateral loads. Both vertical and lateral loads can now be simultaneously applied
to the pile cap of a group of piles, facilitating the testing of combined loads (vertical and

lateral).

To administer vertical loads to the single pile or pile group models, a hydraulic ram was
securely attached to two structural beams within the soil chamber, with the hydraulic ram
positioned atop a reaction beam with dimensions of 15 mm x 75 mm x 18 mm (U-shaped
profile). In addition to the vertical loading capabilities, the testing rig was also equipped to
apply lateral loads. For lateral load tests, a dedicated horizontal reaction beam was custom
fabricated to provide the necessary reaction force against the applied lateral loads on the
single pile or pile group models. Similar to the vertical load application, lateral loads are

administered using a hydraulic ram identical to the one used for vertical loading.

Figure 3-1 presents the front and side views, as well as a photograph of the testing rig, where
the vertical and lateral loading systems are illustrated. For the configuration of combined
loading (vertical and lateral), two hydraulic rams are employed to apply concurrent vertical
and lateral loads to the cap of a group of piles under the same testing regime. The target
vertical load is centrally applied to the pile group caps through a sliding roller connection,
which is crucial for enabling free horizontal movement during the application of lateral

loads.
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(c) Installation of the testing rig

Figure 3-1: Experimental testing rig and loading frames
3.3 Piles models and configuration

3.3.1 CCFAT pile model

The CCFAT pile model is a composite pile group. The aluminum tubes have an outer
diameter of 38.1 mm and a wall thickness of 1.6 mm (Figure 3-2). The lengths of CCFAT
piles were chosen to represent slenderness ratios, embedment length-to-diameter (Lwn/D)
ratios of 10,15 and 20 (Pujiastuti et al., 2022). For the vertical and lateral loading test, the
configurations were developed to represent models: the single, 2x1 pile group model, and
2x2 pile group model. For combined loading test, the configurations were developed to
represent models 2x1 pile group model and 2x2 pile group model. Aluminum plates with
20mm thickness were used to fabricate pile caps with various dimensions. Several holes
were drilled through the thickness of the cap according to the pile's configuration. The
distances centre-to-centre between piles in the group models were of three pile diameters

(S=3D) (Chandrasekaran, Boominathan and Dodagoudar, 2010). Each pile had an 8 mm -
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diameter, and a 60 mm -long screw was used to secure the pile's head to the pile cap. Figure

3-2 shows the CCFAT pile configurations and pile caps dimensions.

o 100mm
:”F -Aluminum cap 20mm thick. | |

-—Dia. 38.1mm

[00mm |

~Aluminum tube 1.6mm thick.

“Dia. 38.1mm

(a) Detail of CCFAT pile model (b) Sigle pile
100mm- - 200mm |
(N ~ ~
W o O
LA Ralot

200mm S/D =3

200mm S/D=3

l\/) l,‘\/l)‘ T
Dia. 38.1mm \
Dia. 38.Imm
(c) 2x1 Configuration (d) 2x2 Configuration

Figure 3- 2: CCFAT pile detail and configurations.

3.3.2 Hollow Aluminum Tube (HAT) pile model

A hollow aluminum tubes are used to present a traditional pile. The same tubes are used for
CCFAT piles. They have a diameter of 38.1 mm and a wall thickness of 1.6 mm. The lengths
of HAT piles were chosen to represent the slenderness ratio embedment length to diameter

(Lw/D) ratio of 10. The HAT piles were set up as pile group model HAT 2x1 with the exact
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dimensions and specifications for the pile cap as those of the CCFAT pile. In this analysis,

the pile group model HAT was chosen for use as a reference point.

3.3.3 Precast concrete (PC) piles

A precast concrete pile is used to present a traditional pile. The same concrete is used as to

be used to fill the CCFAT piles. They have a diameter of 38.1 mm, and the lengths were

chosen to represent the slenderness ratio embedment length to diameter (L./D) ratio of 10.

The PC piles were set up as a pile group model HAT 2x1 with the exact dimensions and

specifications for the pile cap as those of the CCFAT pile. In this analysis, the pile group

model PC was chosen for use as a reference point. Figure 3-3 shows the pile model

configurations.

Figure 3- 3: Pile model configurations

CCFAT pile model 2x2

CCFAT pile, PC pile, and
HAT pile model

CCFAT pile model

48




3.4 Characterisation of CCFAT pile component

3.4.1 Description of Concrete Mixture

The concrete mix design for a composite pile model to fill an aluminum tube, is developed
from the knowledge of the concrete cube compressive strength (fc’). An optimal water-
cement ratio (w/c) is determined. In this study, the concrete was made with type I Portland
cement, gravel, natural sand, water, and superplasticiser. The design parameters for the
concrete mix are summarised in Table 3.1. The coarse and fine aggregate had a gradation of
1 — 6 mm and 0 — 3 mm, respectively. According to Sohail et al.(2018), the maximum
dimension of the coarse aggregate specimen should ideally not exceed one-fifth of the
smallest structural element in the concrete. In this study, the maximum size of the aggregate
used in the concrete mixture was 6 mm, which is below the critical threshold of 7.62 mm for
a pile with a diameter of 38.1 mm. This specific mix design was selected to ensure optimal
workability and compaction of the concrete Resting cubes measuring 100 mm on a side have
been made to track the strength over time. Using the Controls compressive testing machine,
the concrete compressive strength was estimated by applying a loading rate of 0.2 MPa/s, as

displayed in Figure 3-4.

(a) Concrete cube specimens (b) Compressive testing machine

Figure 3- 4: Testing concrete cubes

49



Table 3- 1: Mixture properties of the experimental concrete.

Parameter Values
Cement-Sand-Aggregate ratio 1:1.5:2.5
Water-cement ratio 0.45
Super-plasticiser 1.5 to cement by weight
fc'7 (MPa) 22.9
fc'14 (MPa) 39.7
fc'28 (MPa) 45.2

Models and confined concrete-filled aluminum tube specimens are fabricated in the

following manner.

1-The embedment length to diameter (Ln/D) ratios of 10, 15 and 20 were used on the

aluminum tubes before cutting.

2-Weighing the material by weight scale.

3-As can be seen in Figure 3-5, all ingredients were mixed in a blender, given a good stir,

and poured into the aluminum tubes for CCFAT pile models and plastic mould for PC piles.

4-A concrete vibrator was used to eliminate all air pockets.

Following the casting process, the pile model specimens were maintained at a room
temperature of 20°C for a duration of one day. Subsequently, the specimens underwent a
curing process in water at a constant temperature of 20°C for a period of seven days. It is
noteworthy that the PC piles were demoulded prior to the commencement of the curing

procedure.
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(a) Casting CCFAT piles and PC piles (b) Casting CCFAT piles

Figure 3- 5: Casting Piles model specimens

3.4.2 Aluminum properties

The mechanical properties of the hollow aluminum tubes were determined through tensile
coupon tests. Three coupons, each with a width of 12 mm and a gauge length of 100 mm,
were cut longitudinally from randomly selected locations on the hollow aluminum tube piles,
in accordance with the recommendations of BS EN ISO 6892-1 (2009), as illustrated in
Figure 3-6a. A 50 kN servo-hydraulic tensile machine was employed to conduct the tests.
During testing, grip faces with a pitch serration were used to ensure improved contact
between the specimen and the grips, as shown in Figure 3-6b. The tests were performed
under a displacement-controlled load at a rate of 0.3 mm/min. The experimental stress-strain

curves were modelled using Equations (3.1) and (3.2) as proposed by Arrayago, Real and

Gardner (2015)
_ fa fa ' (3'1)
fa = g+ 0002 ( /fao.z)
a_ In20 (3.2)
i (faoz2
in(f222)
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Here, g,denotes the aluminum strain, f, represents the aluminum tensile stress, E, signifies

Young’s modulus of aluminum, f,q; and f,o, are the 10% and 20% proof stress,

respectively, and f represent the strain hardening factor.

The average measured stress-strain curve of the three coupon specimens for hollow
aluminum tube properties is provided in Figure 3-6¢. The Young’s modulus for the aluminum
was determined to be 70 GPa. The proof stresses f,o.1and f,o.» were found to be 246.4, and
354.4 MPa respectively. Additionally, the factor © was 44.2 and the strain at fracture (g, f)

was 8.79 (mm/mm). Figure 3-6d also illustrates the failure pattern for the coupon specimens.
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(a) Coupons specimens (b) Coupons tensile test
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(c) Average stress-strain curve for aluminum (d) Coupons failure pattern
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Figure 3- 6: Aluminum in test

3.5 Sand properties and preparation

3.5.1 Sand properties

In this study, dry silica sand with consistent properties, sourced from local suppliers, was
utilized in all experimental tests. This sand has a relatively low impurity level, with

approximately 98% quartz content. The morphology and dimensions of the sand particles
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are critical factors influencing the shear behaviour of granular materials, as noted by Dyskin

et al. (2001). Goktepe and Sezer (2010)demonstrated that variations in sphericity,

roundness, or angularity correlate with changes in the minimum void ratio (@min) and

maximum void ratio (€max) of the sand. According to the Unified Soil Classification System,

the sand is classified as poorly graded (SP). Tabaroei, Abrishami and Hosseininia (2017)
highlighted the advantages of using rounded, poorly graded sands, noting that such sands
can be deposited more uniformly in soil chambers or tanks and are less prone to crushing

during pile driving compared to angular sand particles.

To address scale factor issues and accurately simulate in-situ pile-load tests, the influence of
grain size distribution on the combined pile-soil interaction must be considered. McDowell
and Bolton (2000) recommended that the ratio between the pile diameter and the sand
median diameter (Dso) should be 45, while Jebur et al (2021) suggested a ratio of 60. Lehane,
Gaudin and Schneider (2005) argued that the minimum ratio should be 100. In this research,
the condition was met using sand with a ratio between pile diameter and sand mean grain
size diameter (D/Dso) of approximately 112, as illustrated in Figure 3-7a, thereby satisfying

the geotechnical scaling standard.

Scanning electron microscopy (SEM) at 57x magnification and a working distance (WD)
of 14.7 mm was employed to analyse the sand particles' morphology. The analysis revealed
sub-rounded characteristics, which contribute to a higher unit weight compared to rounded
particles, as shown in Figure 3-7b, wherein mag denotes magnification, while HV, ETD, det,
and HFW denote high voltage, Everhart-Thornley Detector, detector, and horizontal field
width, respectively. Sample properties, including classification, specific gravity, and relative
density tests, were carried out according to (British Standards Institute, 2022), while the

shear strength properties, specifically the internal friction angle (@), were experimentally
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determined through direct shear tests following the BSI standard (Institute, 1994) and

summarized in table 3.2.

The sand densities were verified using the known weight and volume of a small mould. After
vibrating the sand, its specific density was determined. Figure 3-8 illustrates the mould tests
designed to confirm the sand's density. The following equation was used to establish the
different sand test beds.

_ Yo (Y~ Yoi) (3.3)
Yd (Ymax - Ymin)

R

Here, Dr is the relative density of sand and Y,;,4x> Ymin> and Y4 are the maximum, minimum,

and dray density for sand (kN/m?), respectively.

Two different densities of sand were used to conduct a parametric analysis of the influence
of sand on CCFAT piles model response. These densities were 17.085 kN/m? and 16.065

kN/m?. These two densities represent a relative density of 80% and 30%, respectively.

In order to determine the angle of internal friction (¢) of the model ground, direct shear tests
were conducted. two samples were tested by pouring and tamping a predetermined weight
of sand into the direct shear test mould to give a unit weight of 16.065 kN/m? and 17.085

kN/m?>. The angle of shearing resistance was found to be 30'and 37.6, respectively.
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Figure 3- 7: Sand properties

Figure 3- 8: Verification of sand density
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Table 3- 2: The characteristics of the used sand

Soil characterise Value

C., Coefficient of Curvature 1.11

Cy, Coefficient of Uniformity 1.9

D, Effective size (mm) 0.21

D3, Effective size (mm) 0.29

Dso, Mean Grain size (mm) 0.35
Particle size rang (mm) 0.063-0.95
Ymax, Maximum dry unit weight (kN/m?) 17.53

Ymin, Minimum dry unit weight (kN/m?) 15.51

GS, Specific gravity 2.65

@ , Internal friction angle, for 16.065 kN/m’ 30
@, Internal friction angle, for 17.085 kN/m’ 37.6

€nin, Minimum void ratio (%) 0.487

€nax, Maximum void ratio (%) 0.699

3.5.2 Sand preparation

Several techniques may be employed to obtain a relatively consistent density of the sand in

the testing rig, for instance:

-Using a specialised sand rainfill with a sieve, sand can be rained down onto a container

below (Ghee, 2010; Liang, Yu and Han, 2013).

- The sand can be layered and then vibrated or tamped between each layer to achieve the

desired density (Basack, 2009; Al-Attar et al., 2018)

A dense sand bed could be achieved with rainfill and not with tamping, but this requires
pouring sand from a greater height than is practically possible, as well as the dust generated
during the rainfall process resulted in significant issues for the laboratory personnel. (Khari,
Kassim and Adnan, 2013; Madhusudan Reddy and Ayothiraman, 2015; Al-Attar et al., 2018).
As a result, it was determined that the pouring and tamping techniques will be used in this
research. The procedure entailed systematically dividing the chamber height into 100 mm
layers. Pre-measured and weighed sand was meticulously transferred into the testing
chamber using a scoop. To achieve the desired relative density, the scoop was gradually

lowered into the soil chamber until it reached the level of the previously poured sand layer.
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A hand compactor was then employed to compact the sand to the appropriate depth for each
layer. The required cumulative density was obtained by methodically tamping these layers
of sand. Figure 3-9 represents the stages involved in setting up the sand inside the soil

chamber.

ividing the chamber height (b) Compacting the sand to the
appropriate depth

Figure 3- 9: Setting up the sand inside the soil chamber

(a) D

3.6 Loading procedure

3.6.1 Bearing capacity performance

The experimental testing program was meticulously designed and executed to evaluate the
bearing capacity of pile models embedded in cohesionless soil under varying conditions:
loose soil with a relative density (Dr) of 30% and dense soil with a Dr of 80%, subjected to
vertical, lateral, and combined loading. Notably, the pile models were driven to specific
depths, achieving predetermined L./D ratios of 10, 15, and 20, using a uniform vertical

hydraulic loading mechanism.

Figure 3-9a presents a schematic representation of the experimental setup for vertical load
tests on the pile models. The vertical loading system incorporated a precisely calibrated load

cell affixed to the apex of the pile model cap, connected to an adjustable pin with a series of
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perforations along an extendable rod extending up to 1.5 meters. This rod was securely
attached to a vertical hydraulic arm, with the hydraulic pump responsible for applying the
vertical load. Two calibration linear variable differential transducers (LVDTs) were
strategically positioned equidistant from the model's centre to monitor the vertical
displacement of the pile cap during loading. A 16-bit resolution data acquisition system
recorded both the vertical load and associated displacement. For vertical static load tests,
load increments of 100 N were applied in loose sands (Dr 30%) and 200 N in dense sands
(Dr 80%). After each load increment, the load was maintained until the pile head settlement
stabilized. It is noteworthy that tests were performed on single and pile group models. Table

3.3 lists the configurations of the piles that were tested under vertical loading.

For the lateral load system, the load cell, along with the adjustable pile, was connected to a
horizontally oriented hydraulic arm aimed at the pile model head. To mitigate rotational
effects on the pile model cap induced by lateral loading, a steel plate measuring 200 mm x
10 mm was interposed between the load cell and the pile model cap. Concurrently, two
horizontal calibration LVDTs monitored the lateral displacement. The lateral load,
administered by a hydraulic pump connected to the horizontal hydraulic arm, and the
resulting displacement were recorded using the same data acquisition system as used in the
vertical load and displacement experiments. Figure 3-9b illustrates the overall layout of the
experimental configuration for the lateral load tests. Similar to the vertical static load tests,
horizontal hydraulic load increments of 50 N were applied in loose sands (Dr 30%) and 100
N in dense sands (Dr 80%). The lateral loads were maintained constant between increments
until the lateral pile displacement stabilized. It is noteworthy that tests were performed on
single and pile group models. Table 3.3 lists the configurations of the piles that were tested

under lateral loading.
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The experimental rig configured for combined loading (vertical and lateral) utilized two
hydraulic arms to apply concurrent vertical and lateral loads to the cap of a group of piles
under the same testing regime. The target vertical load was centrally applied to the pile group
caps through a sliding roller connection, facilitating free horizontal movement during lateral
load application. The vertical load was measured using a calibrated load cell attached to the
sliding roller, connected to an adjustable pin with perforations along an extendable rod
extending up to 1500 mm. This rod was securely fastened to a vertical hydraulic arm, with
the first hydraulic pump responsible for administering the vertical load. While maintaining
a constant vertical load, the lateral load was incrementally applied in approximately 50 N
increments for loose sand (Dr 30%) and 100 N for dense sand (Dr 80%), until the final
lateral load capacity was reached. This systematic procedure was applied to all pile group
models to evaluate their response under combined loading. The applied vertical and lateral
loads were monitored using two calibrated load cells. The lateral displacement of the pile
models was measured by calibration LVDTs connected to the same steel plate (200 mm x 10
mm) used in the lateral load test. A 16-bit resolution data acquisition system recorded the
vertical and lateral loads, as well as lateral displacements. Combined load tests were
conducted for vertical loads corresponding to 0%, 20%, 40%, 60%, and 80% of the ultimate
vertical load (Puy), conventionally defined as the load corresponding to a vertical settlement
of 10% of the outer pile diameter (British Standards Institute, 2020). The eftects of sand
density and L./D ratios were evaluated by comparing the test results across different pile
group models. The details of the pile group models for the bearing capacity performance

under combined load are summarized in Table 3.4
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(c) Setup for combined load tests

Figure 3- 10: Schematics for the bearing capacity performances
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Table 3- 3: Configurations of the piles were tested under vertical and lateral loading

Pile type Configuration Ln/D Pile spacing Dr%
S/D
CCFAT pile Single 10 - 30
80
CCFAT pile Single 15 - 30
80
CCFAT pile Single 20 - 30
80
CCFAT pile  2x1 10 3 30
80
CCFAT pile  2x1 15 3 30
80
CCFAT pile  2x1 20 3 30
80
HAT pile 2x1 10 3 30
PC pile 2x1 10 3 30
CCFAT pile  2x2 10 3 30
80
CCFAT pile  2x2 15 3 30
80
CCFAT pile  2x2 20 3 30
80

Table 3- 4: Configurations of the piles group were tested under combined loading

Pile type Configuration Ln/D Pile spacing Dr%
S/D
CCFAT pile  2x1 10 3 30
80
CCFAT pile  2x1 15 3 30
80
CCFAT pile  2x1 20 3 30
80
CCFAT pile  2x2 10 3 30
80
CCFAT pile  2x2 15 3 30
80
CCFAT pile  2x2 20 3 30
80

3.6.2 Bending moment performance

A series of strain gauges were deployed across various models of CCFAT pile models to

measure the bending moment during lateral load testing. It can be asserted that CCFAT piles
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offer a promising alternative due to their inherent stiftness. The selected pile configurations
included single CCFAT piles with length-to-diameter (L/D) ratios of 10 and 20, enabling
an examination of bending moments across different slenderness ratios within CCFAT piles.
Additionally, 2x1, 1x2, and 2x2 pile groups with a Lw/D ratio of 15 were utilized to
investigate the variation of bending moments within the pile groups. Table 3.5 details the
configurations of CCFAT pile models used to study bending moment test. It is worthy to note
that in order to comprehend the bending moment behaviour of CCFAT pile models under
varying conditions of sand relative density, all bending moment tests were conducted for

both loose sand (Dr 30%) and dense sand (Dr 80%).

The term "pile row" refers to piles aligned perpendicular to the direction of lateral load
application. Notably, for the 2x2 pile group model, the assumption of identical responses
among piles in each row, as posited by Rollins, Peterson and Weaver (1998), led to the
instrumentation of strain gauges on only one pile per row. Each individual pile model was
outfitted with six strain gauges on its outer surface, evenly spaced vertically from the base.
Figure 3-10 illustrates the locations of strain gauges on the selected CCFAT pile group
models. These strain gauges had a resistance of 120 ohms and were excited with a 3V (E)

bridge voltage.

The installation of the strain gauges involved cleaning and smoothing the surface of the
CCFAT pile shaft with acetone to remove dust and grime, thereby enhancing the adhesion of
the strain gauge to the aluminum surface. The strain gauges were then bonded to the
aluminum shaft of the pile using strain gauge adhesive and secured with adhesive tape. Two
data acquisition systems, the 800SM with 8 channels, were employed for strain recording,

capturing strains along the embedded length of the pile.

The strain gauges for the CCFAT pile were calibrated before the commencement of testing.

The calibration involved placing the pile in a cantilever beam arrangement, where one end
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of the pile was clamped to knife-edge supports, while the other end remained free. Known
loads were applied at the free end, and the strain gauges measured the bending moment at
each pile section. The measured strain at each section was compared with the actual
calculated bending moment for the cantilever. This comparison provided a direct calibration
between the change in voltage and the bending stress at the strain gauge locations, as

depicted in Figure 3-11.

(a) Instrumented 2x1 CCFAT pile model (b) Instrumented 2x2 CCFAT pile model

Figure 3- 11: Strain gauges location in a CCFAT pile group models

Figure 3- 12: Calibration of CCFAT pile model for bending moment test
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Table 3- 5: Configurations of CCFAT pile models used to study bending moment test

Configuration Lu/D Dr%
Single 10 30
20 80
2x1 15 30
80
2x2 15 30
80

3.7 Summary

This chapter details the experimental instruments and procedures used to conduct tests on
pile models subjected to vertical, lateral, and combined loads. Throughout the experimental
program, the rig setup was enhanced to facilitate the application of lateral and combined
loads in addition to the vertical load previously utilized. HAT pile and PC models were
prepared to serve as references for comparing the response of the CCFAT pile under vertical
and lateral loads. The compounds of the CCFAT pile model were tested, revealing an infill
concrete strength of 25 MPa and a Young’s modulus for the aluminum tube compound of 70
GPa. Poorly graded sand was uniformly distributed in the soil chamber. The ratio between
the pile diameter and the mean grain size diameter of the sand (D/D50) was approximately
112, which exceeds the values suggested by Jubber (2021) and Lehan (2005). Pouring and
tamping techniques were used to prepare both loose and dense sand beds. Two hydraulic
pumps were employed to apply vertical, lateral, and combined loads to the cap of a group of
piles under the same testing regime. A sliding roller connected to the pile group model cap
facilitated free horizontal movement during lateral load application in combined loading
scenarios. During the vertical, lateral, and combined load tests, data were recorded from

calibrated LVDTs and load cells using a 16-bit resolution data acquisition system. To
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measure the bending moment during lateral load testing, six strain gauges were deployed
along the embedded length and across various CCFAT pile models. These strain gauges were
calibrated, and their data was recorded by two data acquisition systems, with the 800SM

system, featuring 8 channels, capturing the strains along the embedded length of the pile.
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4 Chapter Four: Experimental Results

4.1 Introduction

Traditional piling materials, such as concrete, steel, and timber, face significant challenges
related to strength degradation over time, particularly when exposed to harsh or aggressive
marine environments. Each material encounters distinct issues: timber is prone to biological
deterioration, steel is susceptible to corrosion, and reinforced concrete can experience
substantial degradation, all of which compromise the longevity and service life of these piles.
Moreover, the repair and maintenance costs associated with these materials in such

environments can be considerable.

Arecent trend in the deep foundation industry is to explore composite materials as substitutes
for traditional piling options, offering potential resilience against environmental degradation
(Al-Darraji et al., 2024). Despite this shift, limited studies have directly compared the
geotechnical performance of composite piles with that of traditional piles, especially in terms
of behaviour under various load conditions. The CCFAT (Concrete Composite Filled
Aluminum Tubular) pile represents an innovative approach to addressing the environmental
limitations of conventional piles. By combining the structural benefits of both aluminum and
concrete, the CCFAT pile aims to offer enhanced durability and improved load-bearing
capacities in challenging environments. This chapter seeks to advance our understanding of
the geotechnical behaviour of the CCFAT pile model by presenting and analysing
experimental loading test results. Through these tests, the CCFAT pile’s performance under
load is compared to that of traditional piles to assess its advantages. Additionally, the chapter
includes a comprehensive statistical analysis of the dataset gathered from the experimental
testing program. Results are organized into four primary cases to illustrate load distribution:
(1) vertical loading, (2) lateral loading, (3) bending under lateral loading, and (4) combined
loading conditions. These cases consider the impact of pile configuration, L./D ratio, and

the relative density of the sand. Through this approach, the analysis provides detailed
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insights into the performance and suitability of CCFAT piles in conditions where traditional

materials often fall short.

4.2 Vertical load test

4.2.1 A Comparative analysis of CCFAT pile and conventional pile models under
vertical load

Figure 4-1 presents the relationship between vertical load and settlement for CCFAT, HAT,
and PC piles configured in a 2x1 arrangement within loose sand conditions (DR = 30%),
with a L/D ratio of 10. Traditional piles reach their ultimate vertical bearing capacity when
vertical settlement equals 10% of the pile diameter (Mozaftari et al., 2024). In this study, the
ultimate vertical capacity for all foundation types is defined by the settlement corresponding
to 10% of the foundation diameter. As observed in Figure 4-1, at lower vertical loads, the
settlement for CCFAT, PC, and HAT piles increases almost linearly, transitioning to a non-
linear increase with a steeper slope as the load grows. The vertical load tests revealed similar
behaviour between the CCFAT and PC pile models, both showing analogous trends. The
ultimate vertical capacities (Puy) were determined to be 781.62 N for CCFAT, 778.80 N for
PC, and 432.40 N for HAT piles. Notably, the CCFAT pile model demonstrated a superior
vertical load-carrying capacity compared to the HAT pile model, with the ultimate vertical
bearing capacity of the CCFAT pile being nearly double that of the HAT pile. The vertical
load-settlement curve indicates that the CCFAT pile model exhibited a rapid increase in
resistance, attributable to early mobilization of bearing capacity. This suggests a significant
impact of bearing capacity on the performance of pile foundations under vertical loads.
Regarding total vertical load capacity (P1v), defined as the peak load recorded at the
termination of the vertical load versus settlement curves, the capacities were 2708.64 N for

CCFAT, 2956.80 N for PC, and 1674.80 N for HAT piles.
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Figure 4- 1: CCFAT pile and traditional tile models under vertical load

4.2.2 Vertical capacity for CCFAT pile models
The vertical load testing procedure included the use of CCFAT single pile models, as well as

2x1 and 2x2 pile group configurations, with a centre-to-centre spacing of three pile
diameters. The experimental setup employed model piles characterized by Li/D ratios of 10,
15, and 20, with a pile diameter of 38.1 mm. The CCFAT pile models were installed in sand

prepared at both cases loose and dense densities.

Figures 4-2, 4-3, and 4-4 graphically illustrate the relationship between vertical load capacity
variation and pile head settlement curves for CCFAT single, 2x1, and 2x2 pile models in

loose sand conditions with Ly/D ratios of 10, 15, and 20, respectively.

According to Figure 4-2, for a Lw/D ratio of 10, the ultimate vertical capacity of a single pile
is determined to be 369.88 N. For the same aspect ratio, the ultimate vertical capacities of
the 2x1 and 2x2 pile groups are 781.62 N and 1611.60 N, respectively. The corresponding
total vertical capacities for the single pile, 2x1 pile group, and 2x2 pile group are 1240.01

N, 2708.64 N, and 5166.68 N, respectively.

Referring to Figure 4-3, with a L/D ratio of 15, the ultimate vertical capacities of the single

pile, 2x1 pile group, and 2x2 pile group are 438.63 N, 892.17 N, and 1919.25 N, respectively.
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For the same aspect ratio, the total vertical bearing capacities are 1327.72 N, 2916.47 N, and

5900.98 N for the single pile, 2x1 pile group, and 2x2 pile group, respectively.

Figure 4-4 indicates that for a L/D ratio of 20, the ultimate vertical capacities for the single
pile, 2x1 pile group, and 2x2 pile group are 539.90 N, 1109.44 N, and 2562.75 N,
respectively. The total vertical capacities for the same aspect ratios are 1419.53 N, 3102.62

N, and 6140.61 N for the single pile, 2x1 pile group, and 2x2 pile group, respectively.

From these observations, the maximum ultimate and total vertical capacities are consistently
higher for the 2x2 pile group, followed by the 2x1 pile group, and then the single pile. A
consistent trend is noted across all models, indicating that an increase in the L/D ratio
results in increased vertical capacity. This increase is attributed to higher overburden
pressure, which enhances the mobilized friction resistance within the soil-pile interaction
zone. Moreover, the ultimate vertical capacity (Puy) shows a significant improvement with
an increasing number of piles. Notably, the rate of increase in Puy is more pronounced with
a larger number of piles. This phenomenon is primarily due to the intensified sand
densification occurring during the driving of piles in larger groups. While interaction effects
may potentially counteract this, it appears that densification plays a more substantial role in

increasing the capacity for 2x1 and 2x2 pile configurations.
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Figure 4- 3: Relationship between Vertical load and pile head settlement in loose sand for

CCFAT pile models, L/D 15.

71



Vetrical Load (N)

0 1000 2000 3000 4000 5000 6000 7000
0 % \l L L L L L I ]
~ NN, _—— - = = 2x2 Pile group
! \. \\ = « = 2xI1 Pile groy,
5 1 \ \ N group
—_ \ '\ N = = = Single pile
: Vo h
£10 A \ \ ~
— \ \ N
5 \ N N
515 A \ N
k= \ \ \
A “ \ AN
:q_‘: 20 ' \ \ \
& \ \ \
25 - '
30 -

Figure 4- 4: Relationship between Vertical load and pile head settlement in loose sand for
CCFAT pile models, L/D 20.

Figures 4-5, 4-6, and 4-7 present the load carrying capacities of CCFAT single, 2x1, and 2x2
pile models in dense sand conditions with Ln/D ratios of 10, 15, and 20, respectively.
Initially, an evident elastic response is observed under the applied load, up to the point of
ultimate vertical capacity, where the pile head settlement reaches approximately 10% of the
pile diameter. Beyond this point, the foundation behaviour becomes non-linear due to the
formation of a plastic mechanism within the effective zone of the surrounding sand. As the
applied load increases, the rate of pile head settlement accelerates significantly. Comparative
graphical analyses reveal that the predicted results for dense sand conditions are significantly
stiffer than those for loose sand. Furthermore, the ultimate and total vertical capacities in
dense sand are approximately three times greater than those in loose sand for all

configurations.

According to Figure 4-5, for a Lu/D ratio of 10, the ultimate vertical capacity of a single
pile is 1236.76 N, while the 2x1 and 2x2 pile groups exhibit ultimate vertical capacities of
2425.24 N and 14094 N, respectively. The corresponding total vertical capacities are 4203.61
N for a single pile, 7437.65 N for a 2x1 pile group, and 14094.70 N for a 2x2 pile group. In
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Figure 4-6, with a L/D ratio of 15, the ultimate vertical capacities are determined to be
1437.61 N for a single pile, 2749.57 N for a 2x1 pile group, and 5425.60 N for a 2x2 pile
group. The total vertical bearing capacities for the same ratio are 4654.79 N for a single pile,
8457.75 N for a 2x1 pile group, and 16422.73 N for a 2x2 pile group. Figure 4-7 indicates
that for a L/D ratio of 20, the ultimate vertical capacities are 1710.72 N for a single pile,
3243.04 N for a 2x1 pile group, and 6470.31 N for a 2x2 pile group. The total vertical
capacities for these configurations are 4116.63 N for a single pile, 8491.38 N for a 2x1 pile

group, and 16840.61 N for a 2x2 pile group.
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Figure 4- 5: Relationship between vertical load and pile head settlement in dense sand for
CCFAT pile models, L/D 10.
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Figure 4- 6: Relationship between vertical load and pile head settlement in dense sand for
CCFAT pile models, Ln/D 15.
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Figure 4- 7: Relationship between vertical load and pile head settlement in dense sand for
CCFAT pile models, L/D 20.

In this study, the pile group stiffness factor under vertical load (ny) was examined to gain a
more comprehensive understanding of the load-bearing behaviour of CCFAT pile groups
under vertical loads. The analysis utilized the values of the pile group stiffness factor under

vertical load (ny) derived from the relevant equation:

Puve (4.1)

V=P X N

Tables 4.1 and 4.2 were created to represent the Pile group stiffness CCFAT pile models

under vertical loading for piles embedded in loose sand and dense sand, respectively.

Table 4- 1: Pile group stiffness CCFAT pile models under vertical loading in loose sand

Model details Lu/D nv
Single 10 -
Single 15 -
Single 20 -
2x1 pile group 10 1.06
2x1 pile group 15 1.02
2x1 pile group 20 1.03
2x2 pile group 10 1.09
2x2 pile group 15 1.09
2x2 pile group 20 1.19
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Table 4- 2: Pile group stiffness CCFAT pile models under vertical loading in dense sand

Model details Lu/D ny
Single 10 -
Single 15 -
Single 20 -
2x1 pile group 10 0.98
2x1 pile group 15 0.96
2x1 pile group 20 0.94
2x2 pile group 10 0.96
2x2 pile group 15 0.95
2x2 pile group 20 0.93

Tables 4.1 and 4.2 indicate that the pile group stiffness factor under vertical load (ny) changes
significantly within a given sand density as the configuration and L./D ratio vary. For
instance, in loose sand, ny ranges from 1.09 to 1.19 for the 2x2 CCFAT pile group with L,/D
ratios from 10 to 20, respectively. In contrast, ny ranges from 0.98 to 0.94 for 2x1 CCFAT
pile group with L/D ratios from 10 to 20 in dense sand. There is an observable increase in
ny with a concurrent rise in the number of piles. This trend is consistent across all aspect
ratios, contributing significantly to the higher ultimate and overall vertical load capacities.
Notably, the values of ny exceed 1.0 in loose sand, whereas they are slightly less than 1.0 in
dense sand. These findings suggest that the densification of sand during pile driving in loose
sand plays a more substantial role than interaction effects. Conversely, in dense sand, the
surrounding sand dilates and disperses during pile driving, indicating that interaction effects

are more dominant.

4.3 Lateral load test

4.3.1 A Comparative analysis of CCFAT pile and conventional pile models under
lateral load

Figure 4-8 presents the relationship between lateral load and lateral displacement for CCFAT,
HAT, and PC piles configured in an 2x1 arrangement within loose sand conditions (Dr =
30%), with a Lu/D ratio of 10. In the context of various foundations subjected to lateral

loads, the ultimate lateral load capacity is typically defined as the lateral load that
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corresponds to a pile head lateral displacement equal to 10% of the pile diameter, as
suggested by Sun, Jiang and Liu (2024). As illustrated in the figure, with increasing lateral
load, the response of the pile group exhibits rapid increases during the initial elastic phase,
transitioning into a plastic phase after critical points where the slope of the curves
significantly changes. Notably, the CCFAT pile model demonstrates superior lateral load-
carrying capacity compared to the PC and HAT pile models, which may be attributed to its
higher stiffness. The ultimate lateral capacities (Pu) for the CCFAT, HAT, and PC models
were determined to be 318.35 N, 126.45 N, and 211.12 N, respectively. The CCFAT model
exhibited an increase in ultimate lateral bearing capacity (Pu) by approximately 1.5 times
and 2.5 times relative to the PC and HAT models, respectively. It is important to note that in
this study, the lateral load test was extended until the pile head displacement reached
approximately 25 mm. This extended testing duration was employed to capture the complete
behaviour of the pile under significant lateral deflection and to determine the total lateral
load capacity (P11), which was found to be 474.07 N, 303.44 N, and 400.07 N for the CCFAT,
HAT, and PC pile models, respectively. The behaviour of piles under lateral loading is
generally governed by the soil response and the stiffness of the piles, as noted by Han, Frost,

and Brown (2003).
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Figure 4- 8: CCFAT pile and traditional tile models under lateral load

4.3.2 Lateral capacity for CCFAT pile models

Lateral load testing was performed on different configurations of CCFAT pile models,
including single piles, 2x1 arrangements, and 2x2 configurations were installed in sand
prepared at both loose and dense densities. The tests were conducted with a centre-to-centre
spacing equal to three times the pile diameter. The experimental setup also included model
piles with length-to-diameter ratios (Ln/D) of 10, 15, and 20, with a pile diameter of 38.1

mim.

Figures 4-9, 4-10, and 4-11 present the relationship between lateral load and pile head
displacement for single piles, 2x1, and 2x2 pile groups with L/D ratios of 10, 15, and 20 in
loose sand. Across all configurations examined, the lateral capacity initially increases in a
nearly linear manner as pile displacement remains small. However, beyond a certain
threshold, the lateral capacity begins to increase non-linearly until it reaches an ultimate
condition. This nonlinear behaviour can likely be attributed to inelastic dilatancy, which
destabilizes the strain field and leads to the localization of plasticity. As sand particles shift
towards a more stable arrangement during various stages of deformation, the development

of plastic strain is intensified, as noted by Li et al. (2023).
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The variation in lateral load response is observed to be consistent across all configurations
and aspect ratios examined in the study. According to Figure 4-9, the ultimate lateral capacity
for a single pile with a Lw/D ratio of 10 is determined to be 164.98 N. For the same aspect
ratio, the ultimate lateral capacities for the 2x1 and 2x2 pile groups are 291.77 N and 483.86
N, respectively. The corresponding total lateral capacities for single, 2x1, and 2x2 pile

groups are 248.88 N, 433.73 N, and 732.00 N, respectively.

Figure 4-10 shows that for a L/D ratio of 15, the ultimate lateral capacities are 207.16 N,
369.90 N, and 646.50 N for single, 2x1, and 2x2 pile groups, respectively. The total lateral

capacities for the same configuration are 304.75 N, 544.46 N, and 952.33 N, respectively.

For a L/D ratio of 20, as depicted in Figure 4-11, the ultimate lateral capacities are 230.82
N, 439.77 N, and 743.76 N for single, 2x1, and 2x2 pile groups, respectively. The total lateral
capacities are 340.20 N, 619.38 N, and 1046.76 N for the same configurations. The study
reveals that the 2x2 pile group exhibits the highest ultimate and total capacities, followed by

the 2x1 pile group and the single pile.

When examining the influence of the L/D ratio, it was found that models with longer piles
tend to exhibit higher ultimate capacities and improved initial stiffness compared to those
with shorter piles, given the same number of piles. This behaviour can be attributed to the
increased passive resistance resulting from the greater pile length. While the ultimate lateral
capacity (Pu) significantly increases with the number of piles, this increase occurs at an
accelerating rate. This trend can be explained by the phenomenon of pile shadowing within
the pile group, as described by Wang, Li and Li (2023). The presence of neighbouring piles
reduces the soil resistance experienced by individual piles, leading to overlapping failure
zones as the piles move laterally under external loads. Consequently, the surrounding soil
loses some of its resistance, resulting in a reduced lateral capacity compared to that of a

single pile, as explained by Stacul, Squeglia and Morelli (2017).
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Figure 4- 11: Relationship between lateral load and pile displacement in loose sand for
CCFAT pile models, Ln/D 20.

Furthermore, Figures 4-12, 4-13, and 4-14 present the results of lateral load versus pile
displacement for the CCFAT pile models driven in dense sand. In the initial stages of applied
lateral load, the load-carrying capacity displays a distinct elastic behaviour. However, as the
magnitude of the lateral load increases, nonlinearity becomes more pronounced due to soil
yielding, which can lead to excessive lateral displacement beyond the ultimate lateral loads.
This is often followed by continued settlement under nearly constant applied loads,
indicating structural failure. Comparative analyses show that the predicted responses for
dense sand conditions are considerably stiffer than those for loose sand. Moreover, both the
ultimate and total lateral capacities in dense sand are approximately double those observed

in loose sand across all configurations.

According to Figure 4-12, the ultimate lateral capacity for a single pile with a L/D ratio of
10 1s 259.47 N. For the same aspect ratio, the ultimate lateral capacities for the 2x1 and 2x2

pile groups are 431.70 N and 737.89 N, respectively. The corresponding total lateral
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capacities for single, 2x1, and 2x2 pile groups are 370.33 N, 659.26 N, and 1136.97 N,

respectively.

Figure 4-13 illustrates that for a Lw/D ratio of 15, the ultimate lateral capacities are 347.63
N, 511.03 N, and 936.72 N for single, 2x1, and 22 pile groups, respectively. The total lateral

capacities for these configurations are 522.28 N, 748.14 N, and 1371.35 N, respectively.

For a Liw/D ratio of 20, as shown in Figure 4-14, the ultimate lateral capacities are 377.70 N,
560.06 N, and 1034.97 N for single, 2x1, and 2x2 pile groups, respectively. The total lateral
capacities for these configurations are 571.53 N, 856.03 N, and 1496.87 N. The study
consistently demonstrates that the 2x2 pile group has the highest ultimate and total

capacities, followed by the 2x1 pile group and the single pile.
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Figure 4- 12: Relationship between Lateral load and pile displacement in dense sand for
CCFAT pile models, Lw/D 10.
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Figure 4- 14: Relationship between Lateral load and pile displacement in dense sand for
CCFAT pile models, Ln/D 20.

To comprehend the phenomenon of pile shadowing, which is particularly evident in pile
groups subjected to lateral loads, resulting in a reduction of soil resistance on individual piles
due to the overlapping of failure zones as piles move laterally under external forces, the pile

group stiffness factor under lateral load (n;) has been considered. The analysis employed the
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values of the pile group stiffness factor under lateral load (n;), which were derived from the

relevant equation.

Pulg

rll - Puls X N

(4.2)

Tables 4.3 and 4.4 were generated to illustrate the pile group stiffness for CCFAT pile models

under lateral loading conditions for piles embedded in loose sand and dense sand,

respectively.

Table 4- 3: Pile group stiffness CCFAT pile models under lateral loading in loose sand

CCFAT pile (L./D) 1
model

Single 10 -
Single 15 -
Single 20 -
2x1 pile group 10 0.88
2x1 pile group 15 0.89
2x1 pile group 20 0.95
2x2 pile group 10 0.73
2x2 pile group 15 0.78
2x2 pile group 20 0.81

Table 4- 4: Pile group stiffness CCFAT pile models under lateral loading in dense sand

CCFAT pile (Lo/D) n
model

Single 10 -
Single 15 -
Single 20 -
2x1 pile group 10 0.83
2x1 pile group 15 0.73
2x1 pile group 20 0.74
2x2 pile group 10 0.71
2x2 pile group 15 0.67
2x2 pile group 20 0.68

It is noteworthy that the n; values were consistently below 1.0 in both loose and dense sand

conditions, with a decreasing trend as the number of piles increased. For example, in the

CCFAT 2x1 and 2x2 models with a L/D ratio of 10 and loose sand, the n; values were 0.88
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and 0.73, respectively. In dense sand, for the same aspect ratio, the nj values were 0.83 and
0.71, respectively, for the CCFAT 2x1 and 2x2 models. A significant observation from Tables
4.3 and 4.4 is the variation in the pile group stiffness factor under lateral load (n;) with respect
to soil density. Specifically, n; tends to decrease as soil density increases, meaning that the
ni values in loose soil are higher than those in dense soil. This finding suggests that the
shadow effect among CCFAT piles is more pronounced in dense sand. Additionally, there is
a noticeable decrease in ny with an increasing L/D ratio, a trend that is consistent across all

aspect ratios.

4.3.3 Bending moment along the embedment length for CCFAT pile.

The bending moment distribution along each specific instrumented pile model can be
determined by analysing the data collected from strain gauges, which are strategically placed
along the embedded length of the pile. According to the principles established in the theory
of elasticity and Hooke’s law (Timoshenko, 1940), the moment induced within the pile
section is directly correlated with the strain values measured by the strain gauges, as

represented by the following equation:

M= (EI)pS (4-3)

(ED)p for CCFAT piles = E, I, + K, x (E_I.) (4.4)

Herein, E, and E, represent the modulus of elasticity for the aluminum tube and concrete
infill, respectively, while I, and I. denote the moment of inertia associated with the
aluminum tube and concrete infill, respectively. The term K, refer to the correction factor

for concrete and is equal to 0.6 (Patel, Liang and Hadi, 2020; Georgantzia et al., 2021)

Ec can be calculated as follows: (Azad, Li and Uy, 2021; Georgantzia et al., 2021)

84



fc+ 8)0'3 (4.5)

Ec = 22000(
¢ 10

Here, fc represents the compressive strength of the concrete cube =30MPa.

The variable € is defined as the peak strain recorded by the strain gauges, and ' r ' denotes

the outer radius of the CCFAT pile.

Figure 4-15 (a and b) presents the development of the bending moment profile in relation to
pile head displacement for a single CCFAT pile, with aspect ratios of 10 and 20, respectively,
in loose sand. In all scenarios, the bending moment consistently increases with the applied
load. The bending moment reaches its peak at the midline level, followed by a gradual

parabolic decrease with depth along the embedment length.

In Figure 4-15(a), for a Ly/D ratio of 10, lateral loads were applied corresponding to 0.1,
0.2, 0.3, 0.4, and 0.5 times the diameter of the pile (D), and the resulting variations in the
bending moment along the embedment depth were recorded. The maximum bending
moments for the single CCFAT pile at the mudline for 0.1D, 0.2D, 0.3D, 0.4D, and 0.5D
were 26086.07 N.mm, 73,912.54 N.mm, 93512.02 N.mm, 104347.11 N.mm, and 147825.08
N.mm, respectively. In Figure 4-15(b), for the same pile configuration, when the Li/D value
was increased to 20, the maximum bending moments at the mudline level were 36363.38
N.mm, 75151.01 N.mm, 124443.59 N.mm, 145453.55 N.mm, and 206059.19 N.mm,
respectively, for lateral loads corresponding to 0.1, 0.2, 0.3, 0.4, and 0.5 times the pile

diameter.

It is noteworthy that, at equivalent pile head displacements, the pile with a L/D of 20
exhibits greater resistance to bending moments compared to the pile with a L./D of 10. This
difference can be attributed to the significantly lower load resistance of the L./D 10 pile

relative to the Ly/D 20 pile under the same pile head displacements. Moreover, for the L/D
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of 20 pile, there is a slight increase in the depth at which the maximum bending moment
occurs as loading progresses, whereas this depth remains constant for the L/D of 10 model.
This behaviour may be due to the persistent influence of pile stiffness, which, despite the
surrounding soil degradation, continues to play a key role in determining the location of the

maximum bending moment (McAdam et al., 2020).
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Figure 4- 15: Bending moment profile for single CCFAT pile in loose sand

In this study, 2x1 and 2x2 CCFAT pile groups with a slenderness ratio (L./D) of 15 were utilized to
investigate the variation of bending moments within the pile groups. Regarding the 2x1 pile
group model, the symmetrical geometry of this pile group relative to the direction of the
lateral load suggests that the responses of each pile within the group should be similar.
Consequently, Figure 4-16 illustrates identical bending moment distributions for each pile
in this group in loose sand. Figures 4-17(a-b) depict the evolution of the bending moment
profiles as a function of pile head displacement for both the up-row and down-row piles
within the 2x2 pile group, which also has an aspect ratio of 15 and loose sand. The observed
trends closely resemble those of a single pile, where the bending moment increases with the
applied load. For the 2x1 pile group, the similarity in response is evident as lateral loads
corresponding to 0.1, 0.2, 0.3, 0.4, and 0.5 times the diameter of the pile (D) are applied. The

maximum bending moments for both piles were recorded as 22,617.24 N.mm, 44,971.58
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N.mm, 74,560.14 N.mm, 103,392.7 N.mm, and 144,428.4 N.mm, respectively. Notably,
there is a slight increase in the depth at which the maximum bending moment occurs as the

load progresses.

In contrast, distinct differences in bending moment profiles emerge between the up-row and
down-row piles within the 2x2 CCFAT pile group. The down-row pile consistently exhibits
greater resistance to bending moments than its up-row counterpart, with the disparity
between them gradually increasing. As shown in Figure 4-17a, the maximum bending
moments for the up-row pile, recorded at the mudline for lateral loads corresponding to 0.1D,
0.2D, 0.3D, 04D, and 0.5D, are 21,155.41 N.mm, 44,717.84 N.mm, 51,302.61 N.mm,
79,544.86 N.mm, and 110,605.22 N.mm, respectively. For the same geometry and aspect
ratio, Figure 4-17b presents the corresponding values for the down-row pile, recorded as
20,624.37 N.mm, 36,116.04 N.mm, 58,690.19 N.mm, 84,572.24 N.mm, and 129,428.77

N.mm.

The variation in bending moment response can be attributed to two primary factors. First,
the up-row pile experiences tension, while the down-row pile is subjected to compression.
This difference results in a multiplication effect of the vertical load by the horizontal
displacement, thereby influencing the magnitude of the bending moment (Wen, Wu, and
Zhu, 2020). Second, the up-row pile falls within the active zone of the down-row pile,
thereby experiencing a shadowing effect (Wang, Li, and Li, 2022). Although the maximum
bending moment was achieved at nearly identical depths for both the up-row and down-row
piles, no discernible change was observed in the depth at which the maximum bending
moment occurred for both piles. This observation highlights the crucial role of pile stiffness
in shaping the bending moment profile, as stiffness consistently influences the characteristics

of the bending moment.
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Figure 4- 16: Bending moment profile for 2x1 CCFAT pile group loose sand
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Figure 4- 17: Bending moment profile for 2x2 CCFAT pile group in loose sand

The bending moment profile in relation to pile head displacement for the same CCFAT pile
model in dense soil was analysed and discussed. Figures 4-18(a-b) present the bending
moment distribution for a single CCFAT pile group with aspect ratios of 10 and 20 in dense
sand, respectively. Figure 4-19 illustrates the bending moment distribution for each pile in a

2x1 pile group with a Lw/D ratio of 15 in dense sand. Additionally, Figures 4-20(a-b) depict
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the bending moment profiles as a function of pile head displacement for the up-row and
down-row piles within a 2x2 pile group, which also has an aspect ratio of 15, in dense sand.
For all CCFAT pile models, the bending moment performance exhibits a similar distribution
pattern in dense sand as observed in loose sand, where the bending moment increases with
applied load. However, in dense sand, the bending moment values are overestimated,
particularly for single CCFAT pile models. Compared to CCFAT pile models in loose sand,
it has been suggested that the total lateral soil resistance in dense sand is greater than in loose
sand. From Figure 4-18a, with a Li/D ratio of 10, the maximum bending moments for the
single CCFAT pile at the midline for 0.1D, 0.2D, 0.3D, 0.4D, and 0.5D were 30,608.49
N.mm, 66,312.59 N.mm, 115,593.4 N.mm, 140,897.5 N.mm, and 232,259.1 N.mm,
respectively. In Figure 4-18b, for the same pile configuration with an increased L/D ratio
of 20, the maximum bending moments at the midline were 41,955.27 N.mm, 90,181.2
N.mm, 151,821.2 N.mm, 222,556.1 N.mm, and 342,081.7 N.mm, respectively, for lateral
loads corresponding to 0.1, 0.2, 0.3, 0.4, and 0.5 times the pile diameter. It is noteworthy that
the line of the maximum bending moment for both single pile cases in dense sand is located
similarly to that in loose sand, regardless of soil density. This behaviour may be attributed
to the persistent influence of pile stiffness, which continues to play a key role in determining
the location of the maximum bending moment, despite the surrounding soil degradation (Lu

et al., 2022).

Figure 4-19 illustrates identical bending moment distributions for each pile in a 2x1 pile
group in dense sand. The symmetrical geometry of this pile group relative to the direction of
the lateral load suggests that the responses of each pile within the group should be similar.
This similarity in response is evident as lateral loads corresponding to 0.1, 0.2, 0.3, 0.4, and
0.5 times the diameter of the pile (D) are applied. The maximum bending moments for both

piles were recorded as 23,783.65 N.mm, 52,616.75 N.mm, 88,726.56 N.mm, 129,240.9
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N.mm, and 183,418.2 N.mm, respectively. Moreover, a slight increase in the depth at the
maximum bending moment, which occurs in loose sand as the load progresses, is also

observed in dense sand.

To further evaluate the performance of the up-row and down-row piles within the 2x2
CCFAT pile group, the bending moment distributions for these piles in dense sand are
presented in Figures 4-20(a-b). The down-row pile consistently exhibits greater resistance to
bending moments than its up-row counterpart, with the difference between the two being
significantly larger (approximately 10%) in dense sand compared to loose sand. This
observation suggests that the shadow effect increases with soil density (Fadhil, 2023). As
shown in Figure 4-20a, the maximum bending moments for the up-row pile, recorded at the
mudline for lateral loads corresponding to 0.1D, 0.2D, 0.3D, 0.4D, and 0.5D, are 24,963.38
N.mm, 53,657.82 N.mm, 91,074.04 N.mm, 127,288.3 N.mm, and 205,636.4 N.mm,
respectively. For the same geometry and aspect ratio, Figure 4-20b presents the
corresponding values for the down-row pile, recorded as 33,002.44 N.mm, 71,499.04 N.mm,

120,314 N.mm, 173,481.6 N.mm, and 291,471.6 N.mm.
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Figure 4- 18: Bending moment profile for single CCFAT pile in dense sand
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Figure 4- 19: Bending moment profile for 2x1 CCFAT pile group in dense sand
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Figure 4- 20: Bending moment profile for 2x2 CCFAT pile group in dense sand

4.4 Combined load test

The lateral response of piles is critically important in design engineering, which underscores

its primary focus in this investigation. This study examines a combined load scenario,
treating it as a vertical-lateral load, with particular emphasis on analysing how the vertical
load influences the lateral response of CCFAT pile groups. Accordingly, the vertical load is
applied to the CCFAT pile model before introducing the lateral load. The initial analysis

independently evaluates the ultimate vertical load (Puy) for each CCFAT group model during
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experimental testing. In the subsequent phase, the vertical load is gradually increased to a
predetermined level as outlined in Section 3.6. Afterwards, the lateral load is incrementally
applied to the pile model's cap in approximately 50 N steps until the total lateral load capacity

is reached, with the vertical load held constant throughout the process.

Figures 4-21 and 4-22 illustrate the variation in the combined load-induced lateral response
of the 2x1 and 2x2 CCFAT pile group models, respectively, for L/D ratios of 10, 15, and
20. The experimental tests were conducted by varying the vertical loads from 0%, 20%, 40%,
60%, to 80% of the corresponding ultimate vertical load (Puy) for the CCFAT pile groups. As
shown in Figure 4-21(a), for a L/D ratio of 10, the ultimate lateral capacity of the 2x1
CCFAT pile group increases with the applied vertical load, rising from 291.77 N at 0% load
to 312.06 N, 317.61 N, 339.459 N and finally to 339.459 N at 20%, 40%, 60%, and 80%
load, respectively. Similarly, the ultimate lateral capacities for this pile group are higher at
increased Ln/D values. For instance, with a Ly/D ratio of 15, the ultimate lateral capacities
increase from 369.90 N to 378.63 N, 393.93 N, 404.67 N, and 410.69 N, respectively, as the
vertical load rises. A similar trend is observed for all the Li/D ratios in this study for the 2x2

CCFAT pile group, as detailed in Table 4.5.

The observed increase in lateral capacity with higher vertical loads can be attributed to the
densification effect caused by the vertical load application (Deb and Singh, 2023). This
densification enhances the confining pressure around the CCFAT pile group, thereby
improving its lateral resistance. As vertical loads are applied, the surrounding soil
experiences increased stress and compaction, which in turn augments the lateral capacity.
Additionally, the increase in lateral capacity with higher Ln/D ratios is due to the rise in
confining stress with depth. As the length of the CCFAT pile group increases, so does the
confining stress, leading to greater frictional resistance between the pile and the surrounding

soil. This increased frictional resistance contributes to the higher pile capacity observed.

92



(O]
(=]
S

N
=)
S

300

Lateral Load (N)

200

100

800
700

wn D
o O
o O

Lateral Load (N)
N
S

T ST
s T s L T e
4 B s AL tu VUSRS
FeITie
4 ///5"’ ......
1,0
/// ......... Pv=0
4 s
s eeaes Pv=0.2Puv
7 = = =Pv=0.4Puv
-r = « = Pvy=0.6Puv
= e Py=0.8Puv
L] L] L] L] L] 1
0 5 10 15 20 25 30
Pile Displacement (mm)
(a) Lw/D equal 10
i = =T T
‘.a'— e
- - f’—_—::::‘-_:: ....................
‘V/ f’..—-‘—‘ .....
i /’;"’
'f.?"—'.’-'
o7
1 J eeeeeeees Pv=0
« £ 0 ee——-- Pv=0.2Puv
i = e = Py=(0.4Puv
( = « = Pv=0.6Puv
= e Py=0.8Puv
L] L] L] L] L] 1
0 5 10 15 20 25 30

Pile Displacement (mm)

(b) Lw/D equal 15

93



700 A — = mr T
T
] B o
5 600 T
5 500 - l’/’
g
—=4001 £ Pv=0
s
§ o044 eecaa. Pv=0.2Puv
3 200 - = = = Pv=0.4Puv
100 { -« = Pv=0.6Puv
= e Py=(0.8Puv
O T T T T T
0 5 10 15 20 25 30
Pile Displacement (mm)
(¢) Lw/D equal 20
Figure 4- 21: Combined load-induced lateral response of CCFAT pile group model 2x1
configuration in loose sand
1000 -
900 1 e —_———=—=—
—_— T =
800 - ST D s mmIoT I
L T T T T s
> 700 - AP S
= 600 - /,’: :_/' .........
g T
a 500 4 ’/' ......... Pv=0
£ 4004 pr
< ‘{’ ----- Pv=0.2Puv
= 300 1 K
/ = = = Pv=0.4Puv
200 A
= « = Pv=0.6Puv
100 ‘[
= == Pv=0.8Puv
0 T T T T T 1
0 10 15 20 25 30

Pile Displacement (mm)

(a) Lw/D equal 10

94



1200 -

1% L R eI
- _ — ,.:’:_’,,’, .......................
% 800 4:::‘7'::’ .......
E e
36004 £ e Py—0
g £ Pv=0.2Puv
< 400
- = «= = Py=0.4Puv
200 '{ = « = Pv=0.6Puv
e e Py=0.8Puv
O L] L] L] L] L] 1
0 5 10 15 20 25 30
Pile Dispacement (mm)
(b) Lw/D equal 15
1400 -
1200 - _
— —_—=T :.._-;-:-.."-."_
~ 1000 A .4’.?_"_{; _;:’:::.-.'._.. ...........................
< P s
3 AT
§ 800 f“f
B 600 - ,/,{4" ......... Pvo
9) 7°
3 )4 ----- Pv=0.2Puv
4007 *“ = = = Py=0.4Puv
200 { =+ = Pv=0.6Puv
= e Py=0.8Puv
O L] L] L] L] L] 1
0 5 10 15 20 25 30

Pile Displacement (mm)

(¢) Lw/D equal 20

Figure 4- 22: Combined load-induced lateral response of CCFAT pile group model 2x2
configuration in loose sand



Table 4- 5: Ultimate lateral capacity of CCFAT pile groups under combined loading in
loose sand

Ultimate lateral capacity (N)
2x1 CCFAT pile group 2x2 CCFAT pile group

La/D Py (%)

0 291.77 483.86
20 312.06 509.70
10 40 317.61 550.70
60 331.30 561.50
80 339.46 576.20
0 369.90 646.50
20 378.63 671.80
15 40 393.93 678.40
60 404.67 702.30
80 410.69 726.40
0 439.77 743.80
20 450.59 764.80
20 40 466.03 775.70
60 473.42 791.80
80 475.39 800.10

The effects of vertical load on the lateral response of CCFAT pile groups in dense sand have
been further investigated, as highlighted in Figures 4- 23 and 4- 24, which illustrate the
variations in the combined load-induced lateral response for 2x1 and 2x2 CCFAT pile group
models, respectively, at Ly/D ratios of 10, 15, and 20. As previously discussed, a series of
experimental tests was conducted by varying the vertical loads from 0%, 20%, 40%, 60%,
to 80% of the corresponding ultimate vertical load (Puy) for the CCFAT pile groups. The
results indicate that the presence of vertical load has a beneficial impact on the lateral
response in dense sand, which follows a similar trend as observed in loose sand, though to a

greater extent in the former.

The experimental findings reveal that the lateral capacity of CCFAT pile groups increased
with the application of vertical loads across all configurations. However, the influence of
vertical load on the lateral response was found to be more significant in dense sand compared
to lose sand. Additionally, an important observation is that the influence of vertical load on

lateral response decreases as the number of piles in the 2x1 pile group reduces. Notably, the
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most substantial impact of vertical load was observed in the 2x2 pile group, as evidenced by

the relatively higher percentage increase in lateral soil stress compared to the 2x1 group. As

shown in Figure 4-23(a), for a Lw/D ratio of 10, the ultimate lateral capacity of the 2x1

CCFAT pile group increased from 431.69.77 N at 0% vertical load to 451.40 N, 462.49 N,

497.80 N, and finally 513.90 N at 20%, 40%, 60%, and 80% load, respectively. In

comparison, for the 2x2 group with the same aspect ratio (Figure 4-24 (a)), the ultimate

lateral capacity increased from 737.78 N to 835.66 N, 896.07 N, 939.61 N, and 1008.63 N

as the vertical load increased. A similar trend was observed across all Ly/D ratios in this

study for both the 2x1 and 2x2 CCFAT pile groups, as detailed in Table 4.6.
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Figure 4- 23: Combined load-induced lateral response of CCFAT pile group model 2x1
configuration in dense sand
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Figure 4- 24: Combined load-induced lateral response of CCFAT pile group model 2x2
configuration in dense sand

Table 4- 6: Ultimate lateral capacity of CCFAT pile groups under combined loading in
dense sand

Lo/D Py (%)

Ultimate lateral capacity (N)

2x1 CCFAT pile group

2x2 CCFAT pile group

0 431.69 737.78
20 451.40 835.66
10 40 462.49 896.07
60 497.80 939.61
80 513.90 1008.63
0 511.02 936.72
20 531.66 991.98
15 40 551.50 1050.12
60 559.97 1081.97
80 572.84 1105.43
0 560.04 1034.973
20 572.19 1068.23
20 40 580.3 1098.91
60 587.44 1109.13
80 594.93 1124.69
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4.5 Variation of ultimate lateral capacity with vertical load and Lw/D

The relationship between the ultimate lateral load capacity and the applied vertical load,
incremented by 0%, 20%, 40%, 60%, and 80% of the ultimate vertical capacity, for 1x2 and
2x2 CCFAT pile groups is illustrated in Figure 4-25. As indicated by the figure, for a specific
pile group and a constant L./D ratio, the ultimate lateral capacity increases with rising
vertical load. For example, in the 2x2 CCFAT pile group with a Li/D ratio of 20, the ultimate
lateral capacity exhibits a near-linear increase from 743.80 N to 764.80 N, 775.70 N, 791.80
N, and 800.10 N, as the vertical load is applied at 0%, 20%, 40%, 60%, and 80% of the
ultimate vertical load, respectively. Additionally, for a given vertical load, the ultimate lateral
capacity is observed to increase as the Li/D ratio rises. For instance, for the 2x2 CCFAT pile
group under a vertical load equivalent to 20% of the ultimate vertical load, the ultimate
lateral load capacity increases from 509.70 N to 671.80 N and 764.80 N for L/D ratios of
10, 15, and 20, respectively. A similar trend is observed across all the geometries investigated

in this study.

On the other hand, the ultimate lateral capacities of the 2x1 and 2x2 CCFAT pile groups,
derived from Figures 4-22 and 4-23, have been plotted against L./D for vertical loads of
0%, 40%, and 80% of the ultimate vertical capacity, as illustrated in Figure 4-26. The figure
shows that for any given pile group configuration, and at a constant L./D ratio, the ultimate
lateral capacity increases almost linearly with the rise in vertical load. For instance, in the
2x1 pile group with a Lw/D ratio of 10, the ultimate lateral capacity increases to 291.77 N,
317.61 N, and 339.46 N for vertical loads corresponding to 0%, 40%, and 80% of the
ultimate vertical load, respectively. Under the same conditions, the 2x2 CCFAT pile group
consistently exhibits higher lateral capacity compared to the 2x1 configuration. This trend

has been observed across all geometries examined in this study.
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Furthermore, as depicted in Figure 4-25, for the 2x1 CCFAT pile group with a Li/D ratio of
10, the ultimate lateral capacities increased by 6.95%, 8.86%, 13.55%, and 16.34% for
vertical load increments of 20%, 40%, 60%, and 80% of the ultimate vertical capacity,
respectively, with the pile group under pure lateral load serving as the reference. For the
same pile group geometry, but with an increased Ln/D ratio of 20, the ultimate lateral
capacities increased by 2.46%, 5.97%, 7.65%, and 8.10%, corresponding to vertical loads of
20%, 40%, 60%, and 80% of the ultimate vertical capacity, respectively, again using the pile
group under pure lateral load as a reference. It is observed that for smaller L/D ratios, the
effect of applied vertical load on the ultimate lateral capacity is more pronounced compared
to higher L/D ratios. This trend can be attributed to the relatively greater percentage

increase in lateral soil stress experienced by shorter piles, in contrast to their longer

counterpart.
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Figure 4- 25: Variation of ultimate lateral capacity with vertical load (%) in loose sand
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Figure 4- 26: Variation of ultimate lateral capacity with L/D in loose sand
The ultimate lateral capacity for the 1x2 and 2x2 CCFA pile groups was derived from Figures
4-24 and 4-25, with the results for dense sand under incremental vertical loads of 0%, 20%,
40%, 60%, and 80% illustrated in Figure 4-27. Observations indicate that for a given pile
group configuration and a constant L/D ratio, the ultimate lateral capacity increases with
the applied vertical load. Notably, the lateral capacity shows less uniformity in dense sand
compared to loose sand as the applied vertical load increases, likely due to the influence of
soil structure under higher stress levels (Al-Darraji et al., 2024). For example, in the 2x1
CCFAT pile group with a L/D ratio of 10, the ultimate lateral capacities increased by 4.56%,
7.13%, 15.53%, and 19.04% for vertical load increments of 20%, 40%, 60%, and 80% of
the ultimate vertical capacity, respectively, with pure lateral load serving as the baseline. In
contrast, for the 2x2 pile group with an identical L./D ratio, the lateral capacities rose by

13.2%, 21.45%, 27.35%, and 36.71% at the same vertical load increments.

The effect of the Li/D ratio on the ultimate lateral capacities of 2x1 and 2x2 CCFAT pile
groups in dense sand was further analyzed under vertical loads of 0%, 40%, and 80% of the
ultimate vertical capacity, as depicted in Figure 4-28. The results show that within a constant
pile group configuration, the ultimate lateral capacity increases approximately linearly with
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increasing vertical load. For instance, with a Lw/D ratio of 10 in the 2x1 pile group, the
ultimate lateral capacities reached 431.69 N, 462.49 N, and 513.9 N for vertical loads of 0%,
40%, and 80% of the ultimate capacity, respectively. Under the same conditions, the 2x2
CCFAT pile group consistently demonstrated a higher lateral capacity than the 2x1

configuration, a trend observed across all pile geometries examined in this study.
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Figure 4- 27: Variation of ultimate lateral capacity with vertical load (%) in dense sand
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Figure 4- 28: Variation of ultimate lateral capacity with L/D in dense sand
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4.6 Summary

In this chapter, an experimental test pile program was implemented to enable a direct
comparison of the vertical and lateral load responses of CCFAT piles versus traditional piles
under identical configurations and soil conditions. The laboratory testing encompassed
vertical, lateral, and compound load tests across varied configurations in both loose and
dense sand. Additionally, pile group stiffness factors under vertical (ny) and lateral (n;) loads
were analyzed to attain a more comprehensive understanding of the load-bearing behaviour

of CCFAT pile groups under these conditions. The following key findings were observed:

The CCFAT pile demonstrated a significantly higher vertical load-bearing capacity and
enhanced lateral load resistance compared to the traditional pile, attributable to the increased

stiftness of the CCFAT pile.

From the vertical load capacity and pile head settlement curves, notable variations were
evident in vertical load capacity across different pile types, influenced by soil density and
Luw/D ratios. For pile configurations of 2x1 and 2x2, the stiffness factor ny increased with the
number of piles. Notably, ny values exceeded 1.0 in loose sand but were slightly below 1.0

in dense sand.

While increasing Lwn/D enhanced the initial stiffness in lateral load versus pile head
displacement compared to shorter piles, greater nonlinearity was observed in dense sand due
to soil yielding. This effect led to excessive lateral displacements beyond ultimate lateral
loads. The shadow effect resulted in consistently lower n; values, remaining below 1.0 in

both loose and dense sand, with a decreasing trend as the number of piles increased.

Due to the inherent stiffness of the CCFAT pile model, the maximum bending moment
increased with loading progression for long piles, along with a slight increase in depth,
whereas this depth remained constant in short pile models. At any given moment, the down-

row pile consistently showed greater resistance to bending moments than the up-row pile,
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with this disparity increasing over time. This is due to the up-row pile’s position within the

active zone of the down-row pile, resulting in a shadowing effect.

Analysis of the combined load-induced lateral response of the 2x1 and 2x2 CCFAT pile
group models indicated a notable influence of vertical load on the lateral behaviour of

CCFAT pile groups.
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S Chapter Five: Finite Element Analysis

5.1 Introduction

Over the past three decades, the finite element (FE) method has become a widely used tool
in geotechnical engineering. An increasing number of robust FE commercial software
packages, such as FLAC, PLAXIS, and ABAQUS, are available in the global market. Of
these, ABAQUS is particularly effective in handling contact problems (Zyka and
Mohajerani, 2016). Consequently, this research adopts ABAQUS software (version standard
2021) to simulate a CCFAT pile model under various loading conditions to deepen
understanding of the vertical, lateral, and combined responses (Anderson and Townsend,
2001), as well as the load transfer mechanisms of CCFAT pile groups. This chapter begins
by discussing the theory underlying the FE method as it applies to simulating the behaviour
of CCFAT pile foundations under vertical, lateral, and combined load conditions. Following
this, experimental test results are compared to those from numerical simulations to validate
the model. Upon confirming the model’s accuracy, a parametric study is conducted to
explore performance variations across different configurations of CCFAT pile groups.
Additionally, sensitivity analysis is performed to examine the effects of varying soil
properties and the friction coefficient between CCFAT piles and the surrounding soil. Finally,
the FE modelling approach is used to generate numerical data that highlights the potential
benefits within the broad array of possibilities in FE applications and composite pile group

configurations.

5.2 Finite element simulation

5.2.1 Matrix of element

The finite element formulation is derived from the principle of virtual work, which asserts
that the externally applied loads (P) are equal in magnitude and opposite in direction to the

internal stresses. This principle can be mathematically represented as follows:
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5.1
p= f (D17 dv G-l
Vol

Here, [D] denotes the strain-displacement matrix, while o represents the vector describing

the current stress state of the body.
The strain matrix is defined as follows (Guan et al., 2023):

{Ae} = [D]{ad]. (5.2)
In this context, the matrix [D]consists solely of derivatives of the shape functions E, while

{A d}, represents the vector of nodal displacements for an individual element.

The above equation may also be represented in terms of the applied nodal loads and their

corresponding nodal displacements (Yang and Xia, 2024)

[P] = [Kyl{Ad]. (5.3)

Here, [Ky] represents the element stiffness matrix and can be expressed as follows:

(K] = [, [D]7[B] [D]dV (5.4

Here, [B] is the constitutive matrix, representing the stress-strain relationship. This matrix is
applied in the numerical simulation of sand material in the following section.

5.2.2 Material properties

The behaviour of the loose sand bed was modelled using the Mohr-Coulomb (M-C)
elastoplastic constitutive model, incorporating a non-associated flow rule. The M-C model
was selected due to its favourable balance between simplicity, computational efficiency, and
accuracy across a wide range of geotechnical problems. Upon the application of a load to
the soil mass, elastic deformation occurs initially, followed by yielding once a critical load
threshold is surpassed. Yielding is generally defined as the transition from elastic
deformation to plastic flow under a given stress state. Specifically, for frictional materials,

the yield criterion is typically dependent on the first stress invariant or the mean pressure.
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According to the M-C model, the yield criterion can be expressed as:

r=c+ J} tan® (5.5)
Herer are the material parameter, 7, represents the shear stresses on the failure, " denotes as
the cohesion, oy is the effective normal stress on the failure plane, and @'angle of shearing

resistance.

The M-C's law of friction can be extended to the general state of stress in soil, and equation

(5.5) can be formulated as:

o1;— 05, = 2¢ cos®’ + (o] + o}y ) sin®’ (5.6)
This formula represents the failure criterion of the M-C model. Here present the major and
minor effective principle stresses at failure. This is adopted as the yield function in the

current model, as follows:

P’({OJ}, {K}) = O'llf— O'?:f - 2C’COS(D' - (O'llf+ O-?if) Sin%l (57)

P'is the yield function and can be a scalar function of stress and can be expressed in terms
of either stress variation or stress components and the state parameter set {K}. As illustrated
in Figure 5-1, the yield function is represented by an irregular hexagonal cone in the principal
effective stress ( 0; + o3 ) space (Yang and Xia, 2024). This sixfold symmetry results from

the possible permutations of principal stress values.
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Figure 5- 1: Three dimensional principal stress in MC yield surface (Karaoulanis, 2013)

The incremental total strain in a material, denoted as {Ae}, generally comprises two
components elastic and plastic strain {€®}and {eP}. The follows equation can be expressed

as follows:

{ae} = {e°} + {eP} (5.8)
Within the elastic stage, elastic deformation can be readily determined using Hooke’s law.
However, as the applied load increases further, the combined stresses reach the yield surface,
causing the soil to transition into plastic deformation. To quantify the extent of plastic
deformation once the stress state reaches the yield surface, the plastic strain increment or

plastic strain rate is calculated as follows:

LG (5.9)

Agz.j =
t do;
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Aa? is the six components of plastic strain increment. A represents the scalar multiplier and

B, denotes as the plastic potential function which is expressed as:

P, = ({c'},{m}) (5.10)

Here, {m} represents a parameter vector.

A relationship exists between the yield function and the plastic potential function in soil
mechanics. When the soil enters the plastic deformation stage, the plastic potential intersects

the current stress state point, which lies on the yield surface (Karaoulanis, 2013).

The incremental stress resulting from the application of a load can be determined using:

{Aar} = [B°P]{Ag} (5.11)

By substitution, the elasto-plastic constitutive matrix [B¢P] is defined by equation:

- {app([”'}.{x})} {ap([ﬂ'}.{x})}T[B] (5.12)

dc ac

[B°?] = [B] -

’ T ’ ' T
(5] {aP({a }.{K})} {aPp({o }.{m})}_i{ap({a }.{K})} K

do dc A oK
In summary, the elastic behaviour of loose sand soil is characterized by several parameters:

Young’s modulus (E), Internal friction angle (@), Dilation angle ( y), Poisson’s ratio ( v),

and the plasticity cohesion which is defined as (C’).

The soil non-linearity is captured by defining the modulus of elasticity, as presented in

Equation (5.13) (Deb and Singh, 2018).

Feco (aﬂ)l (5.13)

g

Here, o represents the mean principal stress, gy, denotes atmospheric pressure, and ¢ and
A are empirical factors. The soil properties, derived from laboratory tests and calibrated with

various numerical models (Conte, Troncone and Vena, 2013; Bhowmik, Baidya and
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Dasgupta, 2016; Amaludin et al., 2023; Nagai, Takai and Yasuda, 2024), are provided in

Table 5.1.

Table 5- 1: Physical properties of sand used in this study

Soil parameters Value
Young’s modulus, E (MPa) 20
Empirical factor, G 600
Empirical factor, A 0.55
Internal friction angle, @ (°) 30
Unit weight, v (kN/m?) 16.06
Dilation angle, y (°) 5
Poisson’s ratio, v 0.2

Plasticity cohesion, C’(kN/m?) 0.1

The behaviour of the CFAT pile, composed of aluminum and concrete, was evaluated. Based
on the conversion of engineering stress and strain for aluminum obtained from coupling tests
into true stress and logarithmic plastic strain, the aluminum tube and pile cap were modeled
as linear elastic materials. Additionally, the properties of the concrete material, derived from
compression tests on cubes as described earlier in Chapter Three, were also modeled as linear
elastic. It is worth to note that it has been acknowledged that the assumption of linear elastic
behaviour for both aluminum and concrete in the FE introduces potential limitations,
particularly under high-load conditions where material nonlinearity can become significant.
The linear elastic simplification was adopted to streamline the analysis and provide a
conservative estimate of the system's response. Nevertheless, the current model offers a valid
approximation for the range of loading conditions considered in this study, where linear
elasticity is a reasonable assumption. Acknowledging these limitations, the results presented
should be interpreted with caution when extrapolating to higher load scenarios. The
properties of the aluminum and concrete composite used to model the linear elastic

behaviour of the CCFAT pile are presented in Table 5.2.
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Table 5- 2: Properties of composed CCFAT pile used in FE analysis

Composed Young's modulus, Poisson's ratio Density, kN/m?
GPa
Aluminum 70 0.3 27
Concrete 25 0.16 24

5.3 Geometry and mesh

Considering the geometric and loading symmetry of the system, only half of the entire soil
domain and the CCFAT pile geometries were modelled. The dimensions of the simulated
soil domain corresponded to half of the soil chamber area used in the experimental tests
conducted for validation purposes. For the novel configurations, however, the domain size

was carefully adjusted to minimize boundary effects.

The finite element mesh, presented in Figure 5-2, illustrates the discretized model, which
includes the soil domain, the CCFAT pile group (2x2) with a Lu/D ratio of 15, and the
embedded pile assembly. Additional details of the simulated section, incorporating the soil
domain, the single pile, 2x1, 2x3, and 3x3 CCFAT piles group with a L/D ratio of 15 are

approved in Appendix A.

For the simulation, the soil domain, aluminum tube, and concrete components were modelled
using first-order, eight-node linear brick elements with reduced integration (C3D8R). This
element type, known for its single integration point, effectively prevents numerical
instabilities and has been extensively and successfully employed in modelling composite
structural members and solving geotechnical problems (Conte, Troncone and Vena, 2013;
Cao et al., 2024; Nagai, Takai and Yasuda, 2024). Although a finer mesh typically yields
more accurate results, it significantly increases computational time and resource demands.
To address this trade-off, mesh convergence trials were conducted to determine the optimal

element size for aligning simulation outputs with experimental results. For computational
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efficiency and accuracy, finer meshing was applied near the pile models and the ground

surface, while coarser meshes were used in regions further from the piles.

(a) Soil domain

(b) CCFAT pile group model
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(c) Assembly of CCFAT pile group and soil domain

Figure 5- 2: Mesh description for CCFAT pile group of 2x2 configuration (Ln/D =15)

5.4 Boundary conditions

Accurate representation of boundary conditions is essential for the reliable analysis of pile
foundations. Researchers have employed various boundary conditions to replicate
experimental investigations of both single piles and pile groups tested within soil chamber
(Nigitha, Rathod and Krishnanunni, 2023; Al-Darraji et al., 2024). For the validation
analysis of experimental models, the boundary conditions were defined as follows: the
bottom boundary of the soil domain was fully restrained in all directions, while the vertical
boundaries were constrained to prevent horizontal displacement. Furthermore, normal
displacements were restricted along the plane of symmetry, whereas the top surface was left
free to move in all directions. A sample of these constraints, applied to the 2x2 CCFAT pile

model, is illustrated in Figure 5-3.
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Figure 5- 3: A sample of boundary conditions applied on CCFAT pile model
5.5 CCFAT pile-soil contact

In contact simulations, it is essential to predetermine the tracking approach that accounts for
the relative motion between interacting surfaces. Two primary tracking methodologies are
available in ABAQUS: the finite sliding tracking approach and the small sliding tracking
approach (Fattah and Hamood, 2023). The finite sliding approach accommodates arbitrary
relative separation, sliding, and rotation between contact surfaces. For finite sliding, the
connectivity of active contact constraints changes dynamically in response to tangential
motion between the interacting surfaces. In contrast, the small sliding tracking approach
assumes minimal sliding between the surfaces and employs linearized approximations for
the master surface per constraint. In this method, the grouping of nodes associated with each
contact constraint remains fixed throughout the analysis, although the status of constraints

(active or inactive) may vary during the simulation.

ABAQUS also provides a surface-to-surface contact modelling option, which has been
widely applied to simulate interactions such as those between soil and foundations or

composite elements (Siacara, Beck and Ji, 2024). This technique employs the master-slave
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principle, where the master surface is generally stiffer and more finely discretized than the
slave surface. Depending on the selected tracking method, the master surface may penetrate

the slave surface during the simulation.

In the present study, a surface-to-surface contact approach was adopted to accurately
represent the interactions in the model. Specifically, this approach was applied to simulate
contact between the soil and the external surface of the CCFAT pile, as well as between the
inner surface of the aluminum tube and the outer surface of the concrete compound. For the
soil-tube interaction, the aluminum tube's outer surface was designated as the master, while
the soil was defined as the slave surface. Conversely, in the aluminum-concrete interaction,
the concrete compound's outer surface was assigned as the master, with the aluminum tube's

inner surface acting as the slave.

The contact interfaces were governed by the "hard" contact model in the normal direction
and Coulomb friction in the tangential direction, with a friction coefficient of 0.3 used for
the interaction between the CCFAT pile and the soil (Al-Darraji et al., 2024; Siacara, Beck
and Ji, 2024). The hard contact model ensured that normal stresses developed without
penetration at the aluminum-concrete interface. However, in the case of aluminum-soil
interaction, significant undetected penetration of the master surface into the slave surface

was observed.

5.6 Applied loads represented

To simulate the wvertical, lateral, and combined loading conditions observed in the
experimental tests, the loads were applied incrementally in a sequential manner. In the first
step, a geostatic load was imposed to establish the initial stress state across the entire soil
domain. Ideally, this step ensures equilibrium between the applied loads and the resulting
initial stresses, producing zero deformation. However, for complex and nonlinear problems,

ABAQUS performs iterative calculations during the geostatic step to achieve a stress state
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that satisfies the specified boundary conditions and applied loads. In the second step, contact
interactions were established between the external surface of the CCFAT pile model and the
surrounding soil, as well as between the inner surface of the aluminum tube and the outer
surface of the concrete pile. In this stage, the contact modelling prioritized the stiffer master

surface over the more compliant slave surface, as previously discussed.

In the third step, the loading sequence from the experimental tests was replicated in the FE
analysis. A vertical load was applied to the top of the pile group. In the final step, a
displacement-controlled lateral load was introduced at the top centre of the pile group until
failure occurred. To ensure consistency and accuracy, the sequence of vertical and lateral
loads in the numerical simulations mirrored the procedures followed in the laboratory
experiments. It is important to note that the numerical simulations did not account for
installation effects, assuming the pile groups were "wished-in-place," wherein the piles are
assumed to be installed without inducing any disturbance to the surrounding soil.

5.7 Load increment criteria in ABAQUS in solving the nonlinear problem

In nonlinear analysis, the solution cannot be determined by solving a single system of
equations, as is typically done in linear problems. Instead, the solution process involves
specifying the loading as a function of time and incrementally increasing the time to compute
the nonlinear response. Consequently, ABAQUS divides the simulation into multiple time
increments, solving for an approximate equilibrium configuration at the end of each
increment. Utilising the Newton-Raphson method, this process often requires multiple
iterations to achieve an acceptable solution for each increment. Consider an external load, P
and internal element forces, I. The internal forces acting on a node result from the stresses
in elements connected to that node. For equilibrium, the external and internal forces must

balance, expressed mathematically as:

P—1=0 (5.14)
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The nonlinear response of a structure to a small load increment, A P is illustrated in Figure

5-4.
Load Ka
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Figure 5- 4: ABAQUS nonlinear response of a structure to a small load increment (Zhao,
Bao and Zhang, 2023)

ABAQUS uses the initial stiffness of the structure, K, which is determined based on its
configuration at uy along with A P to calculate a displacement correction, c, , This correction
updates the structural configuration to u,. The program then calculates the internal forces,

I, , for the new configuration, enabling the determination of the residual force (R,):

P—1I,=R, (5.15)
If R, is zero for every degree of freedom in the model, as illustrated in Figure 5-4, point
a would lie on the load-displacement curve, indicating equilibrium. In practice, R, is never
exactly zero; therefore, ABAQUS compares R, against a specified tolerance. If R, is smaller
than this tolerance at all nodes, the solution is deemed in equilibrium. By default, the
tolerance is set to 0.5% of the average internal force, averaged over time. ABAQUS
calculates this tolerance automatically for spatial and temporal loading throughout the

simulation. If R, satisfies the current tolerance, P and R, are considered in equilibrium, and
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u, is accepted as a valid equilibrium configuration for the applied load. Before final
acceptance, ABAQUS also verifies that the last displacement correction, c, is sufficiently

small relative to the total incremental displacement as in equation (5.6).

Aug = ug — uy (5.16)
By default, ¢, must be less than 1% of the incremental displacement. If ¢, exceeds this
threshold, ABAQUS performs an additional iteration. Both conditions must be satisfied for
convergence within the time increment. If convergence is not achieved, ABAQUS repeats

the iteration to balance the external load and internal forces.

Once a solution converges, ABAQUS updates the stiffness of the structure to K, reflecting
the configuration at u,. This stiffness, combined with R, determines another displacement
correction, ¢, that moving the system closer to equilibrium at the point b as shown in Figure
5-5. The program calculates a new force residual, R, based on the internal forces at the
updated configuration, u;. The largest residual force at any degree of freedom, R}, is then
compared to the tolerance, and the displacement correction. ¢, is evaluated against the
incremental displacement, Auy,. In each iteration, ABAQUS forms a new stiffness matrix and
solves the nonlinear equations. The computational cost of each iteration is approximately
equivalent to conducting a complete linear analysis, making nonlinear analysis significantly
more computationally expensive. Furthermore, because ABAQUS can save results at each
converged increment, the volume of output data generated in nonlinear analysis often

surpasses that of linear analysis for the same geometry.
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Figure 5- 5: ABAQUS converges solution (Zhao, Bao and Zhang, 2023)

5.8 Validation FE models

The accuracy and reliability of the FE analysis conducted in this study were evaluated by
comparing numerical predictions with experimental test results across three distinct stages.
The selected pile models included a 2x1 configuration with a L./D ratio of 20 and a 2x2
configuration with a L/D ratio of 10, allowing for variations in both pile geometry and L/D
ratios. In the initial stage, focusing on vertical loading, Figure (5-6a) presents the comparison
between the numerical predictions and experimental results, specifically the vertical load—
settlement response of the CCFAT pile group models. The numerical predictions closely
align with experimental outcomes for both pile groups. Additionally, the agreement between
the numerical and experimental results for Py, is satisfactory, with discrepancies in the
predicted and measured Py, values limited to less than 12% and 11% for the 2x1 and 2x2

models, respectively.

During the second and third stages, the results of combined loading scenarios in the
numerical models were compared against experimental tests performed under analogous

loading conditions. These stages incorporated models subjected to zero vertical load and
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80% Puy to evaluate the iterative methodology utilized in the numerical models under varying
vertical load conditions. Figure (5-6b) illustrates a comparative analysis of numerical and
experimental outcomes for combined loading in the 2x1 CCFAT pile group model. The
vertical loads considered included zero and 80% of Puy. The numerical model successfully
captured the response curves across the full loading range, from small-strain stiffness to the
highly nonlinear regime. The differences between the ultimate lateral load predictions from
the numerical and experimental models were restricted to 14% and 12% for zero and 80%

Py conditions, respectively.

Similarly, Figure (5-6¢) compares lateral load—displacement curves derived from numerical
models with experimental results for the 2x2 CCFAT pile group (Lw/D = 10) under zero and
80% Puy vertical loads. The numerical models exhibited slightly higher initial stiffness
compared to the experimental results, while the overall capacity was conservatively
predicted. Notably, the precise measurement of initial stiffness in small-displacement
regions is challenging due to equipment limitations (Wang et al., 2022a). Despite these
limitations, the numerical models demonstrated reasonable agreement with the experimental
tests, capturing consistent trends in lateral load-displacement behaviour. For ultimate lateral
load predictions, the discrepancies between numerical and experimental results remained

within 3% and 6% for zero and 80% Py vertical loads, respectively.

A synthesis of observations from Figures (5-6) (a), (b), and (c) reveals several consistent

patterns:

1- The numerical model curves are smoother than the experimental test curves.
2- The stiftness of the numerical models is slightly lower than that of the experimental

results.

This discrepancy may be attributed likely due to simplifications in the simulation approach,

particularly in representing soil contact with the external surface of the CCFAT piles and the
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inner aluminum interface of the concrete composite. These simplifications are essential to
manage the complexities inherent in real-world composite pile soil interactions. Other
factors contribute to the discrepancies between the FE model predictions and experimental
test results, particularly in the context of complex composite pile-soil interactions. These

factors include:

Boundary Conditions: The boundary conditions employed in the FE model to simulate far-
field soil behaviour may not perfectly replicate those of the experimental tests. In laboratory
settings, boundary effects often play a significant role, influencing the observed responses

and leading to potential variations between experimental and numerical results.

Mesh Quality: The accuracy of FE analysis is highly sensitive to the quality of the mesh
used in the simulations. A coarse or inadequately refined mesh may fail to capture critical
stress concentrations or localized failure mechanisms near the pile. This limitation can result
in deviations between the FE model predictions and experimental outcomes, particularly in
regions of complex stress distribution. These considerations underscore the importance of
carefully defining boundary conditions and employing appropriately refined meshes to

improve the fidelity of numerical simulations in capturing pile-soil interaction behaviour.

Furthermore, a satisfactory correlation was achieved between the experimental results and
FE simulations concerning the total load capacities under both vertical and lateral loading
conditions, denoted as (Ptv) and (P1i). Table 5.3 presents the capacity ratios derived from
experimental and FE simulation values for total vertical capacity (Prvexp./ pTv,FE) and total
lateral load capacities (Priexp/ Prire). The ratios were observed to be close to unity,
indicating strong agreement between the two approaches. Among the models analyzed,
CCFAT pile group 2x2 with Lw/D of 10, demonstrated the most accurate capacity
predictions, the values for (P1vexp/ Prvre) and (Priexp/ P1irE) were determined to be 1.04

and 1.03, respectively.
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Despite these differences, the numerical models successfully replicate the essential

behaviour of the CCFAT pile groups, considering variations in Ln/D under diverse loading

scenarios. This successful validation bolsters confidence in employing the numerical model

for parametric investigations aimed at generating further performance insights into various

configurations of CCFAT pile groups under combined loading conditions.
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Figure 5- 6: Validation the FE models to experimental results

Table 5- 3: Agreement of total capacity of experimental and FE simulation

Model details Lm/D PTv,Exp./ PTv,FE PTl,Exp./ PT],FE
2x2 pile group 10 1.04 1.03
2x1 pile group 20 1.06 1.10

5.9 Parametric study

The experimental investigations in this study primarily aimed to assess the performance of
the CCFAT pile model in comparison with conventional pile models. The research evaluates
the behaviour of CCFAT piles under vertical, lateral, and combined loading scenarios, with
particular attention to the distribution of bending moments along the embedded length. A
novel arrangement of CCFAT pile groups was systematically analysed using the FE
simulations, enabling the exploration of a wide range of spatial configurations. The
parametric study utilized a series of validated FE models to investigate various CCFAT pile
configurations, including single, 2x1, 2x2, 2x3, and 3x3 groupings, focusing on parameters
that have not been previously explored experimentally. Among these parameters, the number
of piles was identified as a key factor influencing both the vertical and lateral load-bearing
capacities of the pile groups (Liang, Yu and Han, 2013; Arjomand, Mostafaei and Kutanaei,

2022). To address boundary effects in the simulations of 2x3 and 3x3 configurations,
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modifications were made to expand the soil domain width in the direction of lateral load
application, increasing it to 1200 mm compared to the 900 mm used for other configurations.
The length of the soil domain remained constant at 1200 mm, as variations in length were
found to have no impact on vertical behaviour.

5.9.1 Influence of pile number on CCFAT Pile response under vertical load

The application of vertical loads derived from the FE parametric study encompasses CCFAT
pile configurations, including single, 2x1, 2x2, 2x3, and 3x3 arrangements. These models
feature a center-to-center spacing equal to three pile diameters and a L./D ratio of 15. Figure
5-7 graphically illustrates the relationship between total vertical load and vertical settlement
at the pile head for selected CCFAT pile models. The results indicate a consistent increase in
the vertical capacity of pile groups with an increasing number of piles; However, variations
in stiffness responses were distinctly observed among different group configurations. In
particular, the 2x1 and 2x2 pile group arrangements exhibited relatively higher stiffness
compared to the 2x3 and 3x3 configurations. This behaviour suggests that the relationship
between pile group size and vertical capacity is not strictly linear and may be influenced by
factors such as group geometry, pile interaction effects, and load distribution patterns within
the group. These findings underscore the importance of considering both the number and
spatial arrangement of piles when evaluating the vertical performance of pile foundations.
Figure 5-7 also reveals that the vertical settlement increases with the applied vertical load
for all CCFAT geometries considered. Among the tested configurations, the ultimate vertical
and total vertical capacities were highest for the 3x3 pile group, followed sequentially by the
2x3, 2x2, 2x1, and single pile groups. For instance, the ultimate vertical and total capacities
for the 3x3 pile group were determined to be 3101.38 N and 11,579.9 N, respectively. These
values decreased to 2494.30 N and 8083.10 N for the 2x3 group, 1792.84 N and 5640.59 N
for the 2x2 group, 865.33 N and 2679.15 N for the 2x1 group, and finally 426.19 N and

1300.59 N for the single pile configuration.
126



The observed increase in vertical capacity with a higher number of piles can be attributed
to several factors. First, as the number of piles increases, the applied load is distributed more
evenly among the piles, reducing the load per pile and enhancing individual performance.
Second, the increased total surface area in contact with the soil enhances skin friction,
contributing to greater overall load-bearing capacity. Third, the interaction between piles in
a group improves load sharing and stabilizes the surrounding soil, reducing settlement and

effectively increasing the overall vertical capacity.

To further facilitate comparison, Table 5.4 presents the calculated values of ny from the FE
simulations under vertical loading. Notably, ny values exceeded 1.0 for the 2x1 and 2x2
models, indicating a higher rate of increase in ultimate vertical capacity (Puy) with the
number of piles compared to experimental observations. Conversely, ny values for the 2x3
and 3x3 models were less than 1.0, reflecting a greater rate of decrease in Pyy with increasing
pile numbers. These trends may be attributed to densification effects during pile installation
in larger groups, with significant benefits observed for groups containing up to four piles.
Beyond this point, the negative interaction between closely spaced piles becomes more

prominent, offsetting the benefits of densification and limiting further capacity gains.
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Figure 5- 7: Vertical load response of different CCFAT pile configuration
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Table 5- 4: ny from the FE simulations under vertical loading

CCFAT pile My
model
Single -
2x1 pile group 1.015
2x2 pile group 1.052
2x3 pile group 0.980
3x3 pile group 0.810

5.9.2 Influence number of piles on CCFAT Pile response under lateral load

The application of lateral loads derived from the FE parametric study includes various
CCFAT pile configurations, such as single piles and pile groups with 2x1, 2x2, 2x3, and 3x3
arrangements. These models exhibit a centre-to-centre spacing of three pile diameters and a
Lw/D ratio of 15. Figure (5-8) illustrates the variation in lateral load capacity with respect to
pile head lateral displacement for single pile, 2x1, 2x2, 2x3, and 3x3 pile configurations with
a Lw/D ratio of 15. The results indicate that the lateral capacity increases with the number of
piles, although the rate of improvement is less than the lateral capacity of a single pile model
multiplied by the number of piles. This behaviour highlights the influence of the shadowing
effect, where the neighbouring piles reduce the ability of the internal soil to provide full
resistance. The highest ultimate and total lateral capacities are observed for the 3x3 pile
group, followed by the 2x3, 2x2, 2x1, and single pile configurations. Specifically, the
ultimate and total lateral capacities for the 3x3 pile group are 1146.96 N and 1603.30 N,
respectively. For the 2x3 pile group, these values decrease to 805.81 N and 1195.88 N,
respectively. In the case of the 2x2 pile group, the ultimate and total lateral capacities further
decrease to 540.01 N and 922.77 N, respectively. The 2x1 pile group shows ultimate and
total lateral capacities of 301.64 N and 510.47 N, respectively. For the single pile, the

ultimate and total lateral capacities are 184.26 N and 300.00 N, respectively.

Compared to a single pile, the lateral loads in pile groups are distributed across all piles,

which reduces the load on each individual pile and enhances the group’s ability to resist
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greater lateral forces. As the number of piles in the group increases, the interaction between
the piles and the surrounding soil intensifies due to the larger surface area, thus improving

the lateral resistance of the pile group relative to isolated piles.

The stiffness of the pile group subjected to lateral load is calculated using Equation (4.2),
and the results are presented in Table 5.5. According to the table, the lateral load transfer
ratio () decreases as the number of piles increases. This reduction in the stiffness of the pile
group with the addition of piles under lateral load can be attributed to several factors,
including the overlap of stress zones during the interaction between the piles and the

surrounding soil, which is discussed in further detail.
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Figure 5- 8: Lateral load response of different CCFAT pile configuration

Table 5- 5: ny from the FE simulations under lateral loading

CCFAT pile n
model
Single -
2x1 pile group 0.820
2x2 pile group 0.730
2x3 pile group 0.720
3x3 pile group 0.690
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5.9.3 The CCFAT Pile configurations under combined loading

Previous studies, such as Zhang et al. (2023), have paid limited attention to the potential
benefits associated with the wide range of configurations in the FE spaces and composite
piles arranged in group configurations. This section specifically examines novel 2x3 and 3x3
configurations of CCFAT pile groups, employing a length-to-diameter (Lw/D) ratio of 15
under combined loading. This approach highlights the uniqueness of both the group pile

arrangements and the composite pile type under investigation.

Figures (5-9a) and (5-9b) depict the relationship between the lateral load induced by
combined loading and the resulting lateral displacement for the 2x3 and 3x3 CCFAT pile
group models, respectively. These results are derived from numerical simulations conducted
under varying vertical load levels, equivalent to 0%, 20%, 40%, 60%, and 80% of the

ultimate vertical capacity (Puv) for CCFAT pile groups.

The ultimate lateral capacities for the 2x3 pile group were determined as 827.71 N, 943.10
N, 974.50 N, 995.50 N, and 1047.90 N for vertical loads corresponding to 0%, 20%, 40%,
60%, and 80% of Puy, respectively. Similarly, the ultimate lateral capacities for the 3x3 pile
group were found to be 1168.60 N, 1366.40 N, 1442.30 N, 1472.70 N, and 1528.20 N under

the same loading conditions.

Analysis of these results reveals three consistent trends in the behaviour of the 2x3 and 3x3
CCFAT pile group models under combined loading conditions: (i) increasing vertical load
significantly enhances the lateral load capacity for a given lateral displacement; (ii) while
the linear stage shows moderate increases in lateral capacity, more substantial enhancements
are observed during the nonlinear stages; and (iii) the total lateral capacity converges
uniformly across all vertical loading scenarios. These trends are further substantiated by

experimental test results, which suggest that the distinctive behaviour may be attributed to
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the stiffness of the composite piles, providing increased resistance to lateral loads,

particularly in the initial loading stages.

Additionally, both configurations demonstrated similar failure modes under lateral loads

when subjected to vertical loading. However, the influence of vertical load on the lateral

response was notably more significant for the 3x3 model compared to the 2x3 configuration.
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5.9.4 Load transfer mechanism under vertical and lateral loads

To gain a deeper understanding of the load transfer mechanism of vertical loading within the
soil domain, figure (5-10) (a—c) presents the vertical settlement contours for CCFAT pile

groups arranged in 2x2, 2x3, and 3x3 configurations, respectively.

In Figure (5-10a), under vertical loading applied up to failure, significant downward
movement of the soil mass is observed, originating at the mid-depth along both the interior
and exterior sides of the piles within the group. As the vertical load increases, the extent of
soil displacement progressively expands along the piles, from the mid-depth to the pile tips.
Notably, this downward movement is most pronounced at the tips of the 2x2 CCFAT pile
group, where the maximum soil settlement under the applied vertical load occurs. However,
the settlement is confined to a specific depth, while the soil mass enclosed between the two

piles undergoes minimal deformation along the embedded length of the pile group.

Figure (5-10b) illustrates the settlement behaviour of the 2x3 CCFAT pile group, which
exhibits a pattern similar to that of the 2x2 configuration. Soil settlement initiates
approximately at the mid-depth of the piles and propagates downward toward the pile tips,
along both interior and exterior sides adjacent to the piles. The maximum settlement is
concentrated at the tips of the three piles in the group, with notable settlement extending
below the foundation tips to a certain depth. Compared to the 2x2 configuration, the 2x3 pile
group shows a greater extent of downward soil movement when referenced to the tip level.
Furthermore, the soil mass encapsulated within the group undergoes significant settlement
along with the entire pile group under the applied load, suggesting the development of a

block failure mechanism.

Figure (5-10c) depicts the behaviour of the 3x3 CCFAT pile group, which demonstrates a
distinct block failure mechanism, characterized by extensive soil deformation laterally

toward both the left and right sides of the foundation at the base level. This indicates a more
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substantial soil movement compared to the smaller configurations. Additionally, greater soil
settlement is observed below the pile tips within the 3x3 group, emphasizing the differences

in soil-pile interaction and the overall response of the foundation to vertical loading.
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Figure 5- 10: Vertical settlement contours for CCFAT pile group under vertical loading

To enhance understanding of the load transfer mechanism under lateral loading within the
soil domain, Figures (5-11) (a—c) illustrate lateral displacement contours for CCFAT pile
configurations arranged as single piles, 2x3, and 3x3, respectively, aligned with the direction

of the applied lateral load.

When subjected to lateral loading until failure, the pile groups exhibit a rigid rotation about
a specific point along their depth. Above this point of rotation, the pile group displaces to
the right, while below the rotation point, it shifts to the left relative to its initial position,
consistent with the direction of the applied load. This rotation results in compression of the
soil on the right side and tension on the left side of the foundation at the bed level. The
maximum lateral soil displacement is observed at the bed level on both the compressive
(right) and tensile (left) sides. Along the depth of the extreme left and right piles, soil
displacement decreases progressively towards the pile tips, forming wedge shaped zones of
compression and tension. At the bed level, significant heave is observed on the compressive

side, while a depressed zone forms on the tensile side.
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A comparison of Figures (15-11) (a—c) reveals that, at failure, the single pile configuration
exhibits a smaller extent of lateral soil displacement compared to the 2x3 and 3x3 pile
groups. This suggests that the single pile induces a more localized soil deformation pattern,

whereas the larger pile groups engage a broader soil zone.

As shown in Figures (5-11a and 5-11b), the 2x3 and 3x3 pile groups demonstrate consistent
behaviour, with the extreme left piles moving upward under tensile forces and the extreme
right piles experiencing compression, penetrating deeper into the soil. Additionally, for both
configurations, a heave formation is observed at the bed level within the soil mass enclosed

by the pile groups at failure.

Overall, Figures (5-11) (a—c) indicate that, compared to a single pile, the 3x3 and 2x3 pile
groups undergo rigid rotation and differential movement, enabling interaction with a larger
soil volume and mobilizing greater lateral resistance. The formation of distinct compression
and tension zones, wedge-shaped deformation patterns, and heave/depression at the bed level
contribute to the increased lateral capacity of the larger pile groups. Conversely, the single

pile exhibits a more localized deformation pattern, resulting in lower lateral capacity.
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Figure 5- 11: Lateral displacement contours for the CCFAT pile group under lateral loading

5.9.5 The lateral soil stress around the CCFAT pile group

Soil stresses present significant challenges that are difficult to modify through experimental
methods (Wen, Wu and Zhu, 2020; Al-Darraji et al., 2025). However, numerical models,
with their extensive control capabilities, provide a promising approach to addressing these
challenges, thereby enhancing the database for improved engineering insights, particularly
regarding the effects of vertical, lateral and combined loading on composite piles. To this
end, a detailed investigation was conducted to examine the lateral soil stresses induced by
vertical, lateral, and combined loads on CCFAT pile groups. The analysis focused on the
lateral soil stresses in front of the 2x3 and 3x3 CCFT pile group models under three loading
conditions: ultimate vertical load, pure ultimate lateral load, and ultimate lateral load
combined with 0.8Py, vertical load. Contour plots in Figures (5-12), (5-13), and (5-14)
illustrate the distribution of lateral soil stresses under these conditions, with positive values
indicating stresses in the positive x-axis direction and negative values representing stresses
in the opposite direction. In the contour plots, blue regions denote maximum stress values,

while red areas highlight zones of minimal impact.
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(a) Lateral soil stresses under ultimate vertical load (Puy) Figures (5-12) (a) and (b) compare
lateral soil stress contours for the 2x3 and 3x3 CCFT pile groups under ultimate vertical
load. For both configurations, stress concentrations occur near the base of the piles,
primarily due to soil compression and downward movement, leading to soil
densification under the vertical load. However, a notable difference is observed between
the two models. The 3x3 pile group exhibits a significantly higher maximum lateral soil
stress (9.049 x 10* N/m?) compared to the 2x3 group (4.867 % 10* N/m?), a disparity
attributable to the larger ultimate vertical load sustained by the 3x3 configuration.

(b) Lateral soil stresses under pure ultimate lateral load Figures (5-13) (a) and (b) depict
lateral soil stress contours for the 2x3 and 3x3 CCFT pile groups subjected to pure
ultimate lateral load. For the 2x3 configuration, the rightmost pile experiences a
parabolic increase in lateral stress from the ground level along its depth, peaking at mid-
depth and decreasing toward 75% of the pile length. Conversely, the leftmost pile
generates lateral stress primarily along the lower 25% of its length. A similar pattern is
observed for the 3x3 pile group, though with higher stress magnitudes. The extent of
rightward lateral stress exceeds that of leftward stress, likely due to the shadowing effect
caused by the down-row piles influencing the up-row piles (Wen, Wu and Zhu, 2020)
The maximum lateral soil stresses for the 3x3 and 2x3 pile groups are 6.648 x 10* N/m?
and 5.638 x 10°> N/m?, respectively.

(c) Lateral soil stresses under combined vertical and lateral load Figures (5-14) (a) and (b)
illustrate lateral soil stress contours for the 2x3 and 3x3 CCFT pile groups under
combined ultimate lateral load with an additional vertical load of 0.8Pyuy. The results
indicate an increase in both lateral stresses and the affected area, particularly around the
ground and mid-level of the down-row piles. This increase is attributed to the "soil
densification effect," wherein the vertical load compresses the adjacent soil, enhancing

its stiffness and contributing to amplified lateral stresses. The maximum lateral stress
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for the 3x3 model (2.758 x 10* N/m?) is nearly double that of the 2x3 model (1.503 x

10* N/m?), reflecting the larger ultimate vertical load sustained by the 3x3 configuration.

The analysis highlights significant differences in lateral soil stresses between the 2x3 and
3x3 CCFT pile groups across varying load conditions. The results emphasize the critical role
of vertical load in enhancing soil stiffness and magnifying lateral load resistance, particularly
for larger pile group configurations. These findings offer valuable insights into soil-pile
interaction mechanisms under complex loading scenarios, contributing to the optimization

of pile group designs.
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Figure 5- 12: Contours lateral soil stress for Puy
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Figure 5- 13: Contours lateral soil stress for Pure lateral load
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5.9.6 Failure mechanism

Analysing the failure mechanisms in CCFAT pile groups under vertical, lateral and combined
loading is essential for enhancing the reliability of their design. The ultimate soil condition
has been characterised by using plastic strain contour diagrams. A detailed study was
undertaken to evaluate the plastic strain responses resulting from vertical, lateral and

combined loading applied to CCFAT pile configurations. Notably, the colour red in these
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diagrams represents the regions of maximum plastic strain, whereas blue highlights areas

minimally affected.

Figures (5-15) (a) and (b) depict the plastic strain distribution under ultimate vertical loads
for 2x3 and 3x3 CCFAT pile group models. In both configurations, the soil surrounding the
external pile interfaces exhibits plastic yielding predominantly in the lower half of the pile
embedment length, with plastic strains extending to a depth below the pile tips. Failure in
both models occurs due to punching shear, accompanied by the development of a confined
deep-flow mechanism. Comparatively, under vertical load at failure, the 3x3 pile group
configuration demonstrates a greater magnitude of plastic strain than the 2x3 arrangement.
At the point of maximum plastic strain, the values are 6.966x1072 and 9.962x1072 for the

2x3 and 3x3 configurations, respectively.

Figures (5-16) and (5-17) present the failure mechanisms of the 2x3 and 3x3 CCFAT pile
groups subjected to pure lateral loading and under the combined load of 80% of ultimate
vertical load capacity. Under combined loading conditions, both pile group configurations
exhibit rotation about a central point, referred to as the rotation centre, located at a specific
depth beneath the surface. The upper half of the pile groups move rigidly in the direction of
the applied lateral load, above the rotation centre, while the lower half shifts in the opposite
direction relative to the mean position. The lateral load induces upward movement in the tips
of the leftmost piles and deeper penetration of the rightmost pile tips into the soil, relative to
their mean positions. At the ground surface, the soil adjacent to the right side of the pile
groups undergoes compression, resulting in heaving, while the left side experiences tension,
forming a depression zone (Zhang et al., 2022). Plastic yielding of the soil, reflected as
significant plastic strains, occurs in the soil mass between the piles under combined loading.
This yielding is observed in wedge-shaped formations along the pile depth, particularly near
the surface on both sides, with the intensity of plastic deformation reducing by

141



approximately 50-60% along the pile depth. Deformations near the pile tips are also

noticeable.

From Figures (5-16) (a) and (5-16) (b), it is evident that the maximum plastic strain for the
3x3 pile group is higher than for the 2x3 configuration, with values of 1.927x1072 and
1.370%1072, respectively. Similarly, Figures (5-17) (a) and (5-17) (b) show maximum plastic
strain values of 3.113x1072 and 2.300%1072 for the 3x3 and 2x3 configurations, respectively.
The influence of vertical load on lateral load-induced failure was analysed by applying 0%
and 80% of the ultimate vertical load capacity. Plastic strain at failure increased with higher
vertical loads. For instance, in the 2x3 configuration, increasing the vertical load from 0%
to 80% of the ultimate vertical load raises the plastic strain at failure from 1.37x1072 to

2.30%1072. A similar trend is observed for the 3x3 pile group.
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Figure 5- 15: Contours diagram of plastic strain for Puy
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Figure 5- 16: Contours diagram of plastic strain for Pure lateral load
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Figure 5- 17: Contours diagram of plastic strain for lateral load and vertical load (Py
=80%Puv)

5.10 Sensitivity analysis of soil parameters on the behaviour of CCFAT pile groups

Soil parameters, including the internal friction angle, dilatancy angle, Young’s modulus, and
friction coefficient between CCFAT piles and soil, play a pivotal role in the constitutive
model, influencing bearing behaviour (Wen, Wu and Zhu, 2020; Arjomand, Mostafaei and
Kutanaei, 2022). While some parameters, such as the internal friction angle, can be measured
through geotechnical tests, others, like the dilatancy angle, present measurement challenges,

leading to imprecise determinations. Consequently, a meticulous investigation was
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conducted to assess the significance of these parameters in the Mohr-Coulomb soil model.
For the sensitivity analysis, simulations were conducted using standard reference values for
internal friction angle, dilatancy angle, Young's modulus, and friction coefficient, as listed
in Table 5.6. The parametric study was then performed by varying each parameter
individually while keeping the others constant. Specifically, the internal friction angle was
varied from 25° to 40°, the dilatancy angle from 2° to 10°, Young's modulus from 10 MPa to
40 MPa, and the friction coefficient from 0.2 to 0.5. This approach allowed for a
comprehensive examination of the effects of each parameter on the behaviour of pile groups
under vertical, lateral, and combined loading conditions (Zak, 2024). The chosen parameters
provide a basis for understanding the behaviour of the CCFAT piles in various range of soil
properties. Three control models, the 2x1 CCFAT pile group with Ly/D of 20, the 2x2
CCFAT pile group with Ln/D of 10, and the 3x3 CCFAT pile group with L/D of 15 were
selected for vertical, lateral, and combined loading, respectively. It is worth mentioning, that
in the combined loading case, the presence of vertical loads is equivalent to 80% of Puy. To
elucidate the impact of the aforementioned parameters, ultimate vertical capacity (Puy) was
normalised against the standard ultimate vertical capacity of CCFAT pile group 2x1 with
(Li/D) 20 (Puys), ultimate lateral capacity (Pu) were normalised against the standard ultimate
lateral capacity of 2x2 CCFAT pile group with (Lw/D) 10 (Puis), and ultimate lateral capacity
(Pu) with present vertical load 80% of Puy was normalised against the standard the standard
ultimate lateral capacity with present vertical load 80% of Puy of 3x3 with (Lw/D) 15 (Pus).
Owing to space constraints and the extensive data produced from the sensitivity analysis for
all parameters, the results of each individual model are provided in Appendix B. This section,
however, presents a summary of the outcome curves discussed above, which are

quantitatively illustrated in Figures 5-18, 5-19, and 5-20.
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Table 5- 6: Categorised soil parameters

Parameters Values Standard value
Internal Friction Angle, @ (°) 25, 35,40 30
Dilatancy Angle, v (°) 2,10, 15 5
Young's Modulus, E (MPa) 10, 30, 40 20
Friction Coefficient, K 0.2,04,05 0.3

The ultimate vertical capacities for the 2x1 CCFAT pile group with L./D of 20 are obtained
as 550.7506, 1046.30, 1108.486 and 1653.965 N for internal friction angles of 25°, 30°, 35°
and 40°. For the same geometry, the ultimate vertical capacities are obtained as 559.73 N,
1046.30 N, 1379.47 N and 2011.06 N, respectively, for the dilation angle values of 2°, 5°,
10°, 15°. As the Young’s modulus values have increased from 10, 20, 30 and 40 MPa, the
ultimate vertical capacities are obtained as 647.98 N, 1046.30 N, 1265.57 N and 1356.50 N.
For the friction coefficient values of 0.2, 0.3, 0.4 and 0.5, the ultimate vertical capacities are

obtained as 850.36 N, 1046.30 N, 1108.93 N and 1185.17 N, respectively.

The influence of soil parameters on vertical loading is evident in Figure (5-18) Both the
internal friction angle and dilatancy angle emerged as key determinants of the vertical
behaviour of the CCFAT pile group. A linear relationship revealed a substantial increase in
ultimate vertical capacity with an increasing dilatancy angle, reaching a variation of 140%
within the dilatancy angle range of 2°-15°. Similarly, the effective internal friction angle
exhibited a consistent upward trend, resulting in a total increase of 110%. Furthermore, an
increase in Young’s modulus contributed to the ultimate vertical load, but the growth
decelerated gradually. With Young’s modulus ranging from 10 MPa to 20 MPa, the ultimate
vertical capacity increased by up to 38%. Conversely, when Young’s modulus ranged from
30 MPa to 40 MPa, the increase in ultimate vertical capacity was less than 10%. The
influence of Young’s modulus was more pronounced in loose sand conditions (10-20 MPa)

than in dense sand conditions (>30 MPa). In contrast, the friction coefficient between the
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pile and soil had a marginal effect, resulting in a 30% improvement within a reasonable range

(0.2-0.5).

The ultimate lateral capacities for the 2x2 CCFAT pile group with Ln/D of 10 are obtained
as 229.27 N, 467.9 N, 556.80 N and 687.81 N for the angle of internal friction values of 25°,
30°, 35° and 40°, respectively. For the same geometry, as the dilatancy angle values are
increased from 2°, 5°, 10° and 159, the ultimate lateral capacities are obtained as 299.46 N,
467.90 N, 519.37 N and 575.52 N, respectively. The ultimate lateral capacities are obtained
as 243.31 N, 467.90 N, 575.52 N and 650.38 N, respectively, for the Young's modulus values
of 10, 20, 30 and 40 MPa. For the friction coefficient values of 0.2, 0.3, 0.4 and 0.5, the
ultimate lateral capacities are obtained as 397.71 N, 467.90 N, 500.65 and 547.44 N,

respectively.

Considering lateral loading, as depicted in Figure (5-19), internal friction and Young’s
modulus emerged as significant factors influencing the lateral behaviour of the CCFAT pile
group. The ultimate lateral capacity exhibited a substantial increase with an increasing
internal friction angle, reaching an 82% variation within the internal friction angle range of
25°-40°. The effective Young’s modulus showed a similar pattern, with a 79% increase.
However, this demonstrated that the influence of Young’s modulus was less effective in
dense sand conditions. Additionally, the ultimate lateral capacity increased with an
increasing dilatancy angle, showing a unique trend, and resulting in a total increase of 45%.
The friction coefficient between the pile and soil had a slight effect, leading to a 25%

improvement within a reasonable range of friction coefficients (0.2-0.5).

The ultimate lateral capacities for the 3x3 CCFAT pile group with L/D of 15 in the presence
of vertical loads equivalent to 80% of Pyy are obtained as 932.2 N, 1528.2 N, 1726.9 N and
2445.12 N for the angle of internal friction values of 25°, 30°, 35° and 40°, respectively. For

the same geometry, as the dilatancy angle values are increased from 2°, 5°, 10° and 15°, the
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ultimate lateral capacities are obtained as 947.5 N, 1528.2 N, 1910.3 N and 2506.2 N,
respectively. The ultimate lateral capacities are obtained as 978.1 N, 1528.2 N, 1940.04 N
and 2231.2 N, respectively, for the Young's modulus values of 10, 20, 30 and 40 MPa. For
the friction coefficient values of 0.2, 0.3, 0.4 and 0.5, the ultimate lateral capacities are

obtained as 1176.7 N, 1528.2 N, 1619.8 N and 1757.4 N, respectively.

In the presence of vertical loads equivalent to 80% of Pyy, as depicted in Figure (5-20), the
impact of the internal friction angle, ranging from 25° to 40°, demonstrated a substantial
increase in ultimate lateral loads by nearly 99%. Notable enhancements in ultimate lateral
loads were observed, particularly in relation to variations in dilatancy angle from 2° to 15°.
The behaviour exhibited a nearly linear relationship, manifesting a significant rise in ultimate
lateral load with an increasing dilatancy angle, reaching a variation of 102%. Conversely,
for diverse Young’s modulus values spanning from 10 to 40 MPa, the ultimate lateral load
exhibited approximately the same improvement trend as observed in the pure lateral load
case, with an enhancement of 90%. Furthermore, this analysis illustrated that the influence
of Young’s modulus was less pronounced in dense sand conditions. Additionally, the ultimate
lateral load was dependent on the friction coefficient between the pile and the soil.
Nevertheless, the percentage improvement was comparatively lower than that associated
with other considered soil factors, resulting in a 38% enhancement within a reasonable range
of friction coefficients (0.2—0.5). In the presence of vertical loads equivalent to 80% of Puyv,
internal friction angle and dilatancy angle were noted to have higher influence on the lateral

load capacity as compared to the other parameters.
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Figure 5- 18: Sensitivity analysis of soil parameters to CCFAT pile under vertical load

2 =

15 4 40

(951
W

0.3

e
~

Pul/ puls

0.5 1

o = o =

0
Internal Friction Angle Dilatancy Angle v Young's Modulus  Friction Coefficient K
) (MPa)

Figure 5- 19: Sensitivity analysis of soil parameters to CCFAT pile under lateral load
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Figure 5- 20: Sensitivity analysis of soil parameters to CCFAT pile under combined load

5.11 Design expression

Design expression serves as an effective approach for normalizing variables to establish
relationships between parameters derived from both experimental and numerical analyses in
this study. In this section, a design framework has been developed to normalize the ultimate
load of the CCFAT pile under vertical and lateral loading. Additionally, the lateral capacities
corresponding to varying vertical loads are analyzed and presented in a design-oriented

format.

5.11.1 CCFAT piles under vertical and lateral loading

The estimation of the ultimate load of a pile under combined vertical and lateral loading,
based on geotechnical engineering principles, can be effectively achieved by utilizing charts
representing pile group stiffness factors (ny and n) in relation to the number of piles subjected
to vertical and lateral loads. Stiffness charts are fundamental tools in engineering practice,
extensively used for calculating the ultimate and total loads of piles and foundations, thereby
addressing various geotechnical challenges (Eslami and Ebrahimipour, 2024; Jindal et al.,

2024) .

The vertical pile group stiffness (n,) and lateral pile group stiffness (n), derived from

numerical simulations for 2x1, 2x2, 2x3, and 3x3 pile groups, are plotted against the number
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of piles, as illustrated in Figure (5-21). The resulting data points were used to fit curves and

develop expressions in a general form, as provided in Eq. (5.17), to estimate the vertical and

lateral stiffness of pile groups while accounting for the influence of the number of piles.

Initial parameter estimates were informed by prior experience, and the Least Squares Method

was applied to minimize the discrepancies between observed and predicted values. The

quality of the fit was evaluated through residual analysis and statistical metrics, including R?

and Root Mean Square Error (RMSE). Once acceptable R? and RMSE values were obtained,

the coefficients of the mathematical models were finalized and are presented in Table 5.7.

Pile Group Stiffness Factor
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Figure 5- 21: Pile group stiffness charts

7,77, =an®*+bn+c (5.17)

Here, n denotes the number of piles, and the coefficient values required to calculate 77 , 77,and

77,are provided in Table 5.7.

Table 5- 7: Proposed coefficients to determine 77, and 7,

Coefficients a b c
Mv -0.0076  0.0528  0.9459
ui 0.0027 -0.0461 0.8932
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The above expression serves as an initial guideline for practitioners and designers in the
design of CCFAT pile group foundations, encompassing the range of geometries and soil
parameters evaluated in this study.

5.11.2 CCFAT piles under lateral loading to varying vertical loads

The lateral capacities at failure under varying vertical loads, as well as the pure lateral
capacities (under zero vertical loads) for 2x1, 2x2, 2x3, and 3x3 CCFAT pile groups, were
analysed to calculate the Percent Improved Lateral load (PIL) (Jindal et al., 2024). For a
given CCFAT pile group geometry, PIL is determined as the ratio of the difference between
the lateral capacity at failure under vertical loads and the pure lateral capacity to the pure

lateral capacity, as expressed in Equation (5.18).

Plv — Pl (5.18)

PIL = 1009
pr *©100%

Here, Piy denotes the lateral load at a specific lateral displacement in the presence of a vertical
load, and P; represents the lateral load at the same lateral displacement as Piy under pure
lateral load conditions. The variation of Percent Improved Lateral load (PIL) for 2x1 and

2x2 CCFAT pile groups, as determined from laboratory experiments, is presented in Figures

(5-22) (a)—(c).
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Figure 5- 22: Percent improved lateral load (PIL) vs the vertical load percentage

The laboratory investigation revealed that for a 2x1 pile group with a Ly/D ratio of 10 (as
shown in Figure (5-22a) the increases in lateral capacity at vertical load levels corresponding
to 20%, 40%, 60%, and 80% of the ultimate vertical capacity were 6.97%, 8.85%, 13.55%,
and 16.34%, respectively. Similarly, for a 2x2 pile group at the same L./D, the lateral
capacity increased by 5.56%, 14.04%, 16.28%, and 19.33% at the same vertical load levels.
The results demonstrate that the Percent Improved Lateral load (PIL) exhibits an
approximately linear increase as the vertical load rises from 20% to 80% of the ultimate
vertical capacity. This trend of increasing PIL with higher vertical loads was consistently

observed across all pile group configurations and Lw/D.

Additionally, Figure 5- 22(a) highlights specific findings for the 2x1 CCFAT pile group. For
a Ln/D ratio of 10, a 20% increase in PIL was observed when the vertical load reached 80%
of the ultimate vertical capacity, compared to the pure lateral loading condition. Similarly,
Figures (5-22b) and (5-22c) show that at the same vertical load level, PIL values were 13%

and 8% for Lu/D ratios of 15 and 20, respectively. These observations indicate that
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increasing vertical loads enhance the ultimate lateral capacity; however, as the pile depth

increases, PIL decreases significantly.

When analysing PIL against vertical load percentages for the 2x1 and 2x2 CCFAT pile group
configurations with the same L/D, a similar linear trend slope was observed. This suggests
that the number of piles in these configurations had a negligible effect on PIL. This behaviour
may be attributed to the higher ultimate vertical load for the 2x2 pile group compared to the
2x1 group, resulting in increased lateral resistance. Consequently, both configurations
exhibited comparable improvements in the lateral load for the same percentage of applied

vertical load. This trend was consistent across all geometries examined in the study.

The data points for each geometry, plotted for PIL versus P./Py, were used to derive the
general form of the relationship, which can be expressed by Equation (5.19). In this equation,
a’ represents the slope or the coefficient of the linear relationship, while b’ denotes the y-
intercept, reflecting the value of PIL when the vertical load percentage is zero. The

coefficients for all the geometries are provided in Table 5.8.

P
PIL=a'x—v+b' (5-19)
Puv

Table 5- 8: Proposed coefficients for determining PIL of pile group

Configuration Coefficient L,/D=10 Ln/D=15 Ln/D=20

1x2 model a 19.684 14.544 10.684
b 1.290 0.031 0.555
2x2 model a 24.691 14.711 9.388
b’ 1.166 0.085 0.4758
2x3 model a 21.75 29.189 32.298
b 1.245 0.014 1.678
3x3 model a 31.54 30.907 42.38
b 0.846 0.041 0.258
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Additionally, by utilizing Equations (5-18) and (5-19)), the ultimate lateral load capacity in
the presence of a vertical load (Puv) can be expressed as a function of the applied vertical
load (in %) and the pure lateral load, as given by the general form in Equation (5.20). The

coefficients for all the geometries are provided in Table 5.9.

Pv
Pulv = (a" x —+ b") x Pul x 1072
Puv

(5.20)

Table 5- 9: Proposed coefficients for determining Pulv of pile group

Configuration Coefficient L,/D=10 Ln/D=15 Ln/D=20

1x2 model ar 19.684 14.544 10.684

b~ 101.290 100.031 100.555
2x2 model ar 24.691 14.711 9.388

b~ 101.166 100.085 100.4758
2x3 model ar 21.75 29.1 322

b~ 101.2 100.014 101.6
3x3 model ar 31.5 30.9 42

b~ 100.8 100.041 100.2

. P . . .
For a given value of Pul and P—IZ), the above expression can be used to predict the ultimate

lateral load capacity within the parameter ranges considered in this study. These expressions
can serve as an initial guideline for the design of CCFAT pile group foundations under
combined loading conditions.

5.12 Summary

A numerical analysis was conducted using ABAQUS software to validate the behaviour of
CCFAT pile models subjected to vertical, lateral, and combined loadings. The Mohr-
Coulomb elastoplastic constitutive model was employed to simulate the behaviour of loose
sand. The CCFAT pile components, composed of aluminum and concrete, were modelled
using a linear elastic approach, while surface-to-surface contact modelling was adopted to

accurately represent the interactions at the pile-soil interface.
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Validation efforts focused on two CCFAT pile configurations: a 2x1 arrangement with a
Lw/D ratio of 20 and a 2x2 arrangement with a Lu/D ratio of 10. These configurations
allowed for an investigation of variations in pile geometry and Lw/D ratios. The analytical
predictions for vertical, lateral, and combined loadings exhibited good agreement with the
experimental results. However, some discrepancies between the experimental and numerical
outcomes were observed, likely due to simplifications in the simulation approach.
Specifically, these differences may stem from challenges in accurately representing the soil
interaction with the external surfaces of the piles and the inner aluminum interface within

the concrete composite.

A parametric study was conducted, leveraging the flexibility offered by finite element
analysis to explore a range of pile configurations. Results indicated an increase in vertical
and lateral capacities with a greater number of piles. The load transfer mechanism analysis
revealed that under vertical loading, as the applied load increased, the zone of soil
displacement expanded progressively along the pile length, extending from mid-depth to the

pile tips. Under lateral loading, pile groups exhibited a rigid rotation about a specific depth.

Stress distribution analysis showed that vertical loading caused stress concentrations near
the pile bases, whereas lateral loading resulted in a parabolic increase in lateral stress from
the ground surface to greater depths. Combined loading further intensified lateral stresses

and expanded the affected area.

A sensitivity analysis identified the dilation and friction angles as the most influential
parameters affecting vertical response. For lateral response, the friction angle and Young’s
modulus were the most significant factors under pure lateral loading, while the dilation and

friction angles were critical under combined vertical and lateral loading conditions.

Finally, mathematical models were developed to support the design of CCFAT piles,

providing a practical tool for engineering applications.
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6 Chapter Six: Conclusion

6.1 Conclusion

Historically, pile foundations have utilized conventional materials such as concrete, steel,
and timber. Despite their widespread use, these materials are prone to issues such as strength
degradation, corrosion, and deterioration due to marine borer infestations, often leading to
high repair costs. To address these limitations, the piling industry has increasingly explored
the use of composite piles as alternative materials. This study was conducted to evaluate the
structural and geotechnical behaviour of composite piles, with a particular focus on Confined
Concrete-Filled Aluminum Tube (CCFAT) piles. The investigation considered both
individual piles and pile groups subjected to vertical, lateral, and combined loading
conditions. Experimental work using scaled models and finite element (FE) simulations with
ABAQUS software were employed to achieve this objective. As part of the experimental
work, comparative analyses were conducted to compare the performance of CCFAT pile
models against Hollow Aluminum Tube (HAT), and Precast Concrete (PC) piles under
vertical and lateral loading capacity. According to the obtained results, the following

conclusions were drawn:

1. The ultimate vertical capacity (Puy) of the CCFAT pile model was comparable to that
of the PC pile model and approximately double that of the HAT pile model under
consistent L/D ratios, loading conditions, and soil properties. Additionally, the
ultimate lateral capacity (Pu) of the CCFAT model was 1.5 times greater than that of
the PC model and 2.5 times greater than that of the HAT model.

2. The relationship between vertical load and settlement exhibited a linear trend with a
well-defined slope, whereas the lateral load-displacement relationship followed a
nonlinear curve with rapidly changing slopes.

3. A consistent trend was noted across all CCFAT pile models, Both ultimate vertical

and later capacity increase with the increase of L/D in both loose and dense sand.
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10.

For same configurations, the ultimate and total vertical capacities in dense sand were
approximately three times greater than in loose sand, while ultimate and total lateral
capacities in dense sand were roughly double those observed in loose sand.

The pile group stiftness factor under vertical load (ny) varied significantly within a
given sand density, depending on configuration and L./D ratio. For loose sand, ny
values exceeded 1.0 for 2x1 and 2x2 configurations but remained below 1.0 for dense
sand under the same conditions.

The pile group stiffness factor under lateral load (n;) was consistently below 1.0 for
both loose and dense sand, decreasing as the number of piles increased. However, n;
values were higher in loose sand due to a more pronounced shadow effect among
CCFAT piles in dense sand.

Due to the pile stiffness of the CCFAT pile, the maximum bending moment depth
remained constant for the L/D 10 model and slightly increased for the Ln/D 20
model under lateral loads in both loose and dense sand. The down-row pile in a 2x2
group consistently exhibited greater bending moment resistance than the up-row pile,
with this difference being approximately 10% larger in dense sand.

Vertical loading had a significant impact on the lateral response of CCFAT pile
groups, particularly in dense sand. The stiffness of the foundation improved lateral
resistance in the early loading phases, resulting in higher capacity during nonlinear
stages compared to linear stages.

FE simulations showed excellent agreement with experimental results for various
CCFAT pile models under vertical, lateral, and combined loading at different L./D
ratios and configurations.

Ultimate vertical and lateral capacities increased with the number of piles, although

the rate of increase was less pronounced compared to single piles.
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11.

12.

13.

14.

15.

The lateral response of CCFAT piles under combined loading was influenced by the
Lw/D ratio, with the impact of vertical loads diminishing as pile length increased. In
FE simulations, the 3x3 CCFAT pile group demonstrated significantly higher
ultimate vertical loads than the 2x3 group.

Under vertical loading, significant downward soil movement occurred at mid-depth
along the interior and exterior sides of piles in the group. In contrast, lateral loading
caused upward soil movement along the up-row piles, generating tensile forces,
while downward soil movement along the down-row piles generated compressive
forces.

Vertical load significantly increases lateral soil stresses in CCFAT pile groups (2x3
and 3x3), particularly around the ground and mid-level of the down-row piles.
During failure, the response of these pile groups under pure lateral and combined
loads involves plastic yielding, causing notable soil deformation between the piles
and forming plastic wedges along the pile depth. The greatest deformation occurs at
the surface, decreasing to about 50-60% of the foundation depth.

CCFAT pile groups (2x3 and 3x3) under vertical loading failed due to punching shear,
accompanied by a confined deep-flow mechanism. Under pure lateral and combined
loading, the groups exhibited rotation about a central point beneath the surface, with
failure involving plastic strain and deformation of soil between the piles.

The sensitivity analysis revealed that the dilatancy angle and internal friction angle
significantly affect the ultimate vertical capacity of the CCFAT pile group. Under
pure lateral loading conditions, the internal friction angle and Young’s modulus were
identified as key parameters. Additionally, when vertical loads equivalent to 80% of
the ultimate vertical capacity (Puy) were applied, the dilatancy angle and internal
friction angle had a substantial impact on the ultimate lateral capacity, with the

influence of Young’s modulus being more pronounced in loose sand.
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16. The developed fitted charts could be used as a tool for estimating the ultimate vertical
and lateral capacities of CCFAT pile groups based on pile group stiffness.
17. Design expression was proposed to estimate the Puy for CCFAT pile groups which
takes into account the pure lateral and vertical loads into account.
6.2 Future work recommendations
This thesis presents an effective methodology for estimating the ultimate capacity of a novel
composite pile, the Confined Concrete-Filled Aluminum Tube (CCFAT) pile, under vertical,
lateral, and combined loading conditions. The configurations analyzed are representative of
typical pile group layouts, providing a foundation for broader application. Nonetheless,
further research is required to validate and refine this approach for specialized and unique
configurations. The findings of this study hold significant potential for contributing to the
development of design charts and equations, which could serve as valuable tools for

researchers and engineers in the effective implementation of composite piles.

To build on these findings, future research should address the following:

1. Extreme Loading Conditions: Investigate the behaviour of CCFAT piles under
extreme loading scenarios, such as seismic and impact loads, to evaluate their
resilience and reliability.

2. Groundwater Effects: Assess the impact of groundwater content on the vertical,
lateral, and combined load capacities of CCFAT piles to better simulate marine and
saturated soil environments.

3. Pile Group Spacing: Explore the influence of varying pile group spacing on the
behaviour of CCFAT pile groups, considering a wider range of configurations and
arrangements.

4. Diverse Soil Conditions: Extend the analysis of CCFAT piles under vertical, lateral,

and combined loading to include different soil types and stratifications, providing a
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comprehensive understanding of their performance across varied geotechnical

conditions.

These areas of investigation will further advance the application and understanding of

CCFAT piles in diverse and challenging engineering contexts.
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Appendix (A): Mesh
description for CCFAT
pile models



(a) Soil domain

(b) CCFAT pile group model

(c) Assembly of CCFAT pile group and soil domain

Figure A- 1: Mesh description for CCFAT single pile (Ln/D =15)
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(a) Soil domain

(b) CCFAT pile group model

(c) Assembly of CCFAT pile group and soil domain

Figure A- 2 : Mesh description for CCFAT pile group of 2x1 configuration (Lw/D =15)
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(a) Soil domain

(b) CCFAT pile group model

z

L

(c) Assembly of CCFAT pile group and soil domain

Figure A- 3 : Mesh description for CCFAT pile group of 2x3 configuration (Ln/D =15)
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Figure A- 4 : Mesh description for CCFAT pile group of 3x3 configuration (Ln/D



Appendix (B): The
sensitivity analysis for
soil parameters



Vertical Load (N)
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(a) Response of CCFAT pile at different
values of internal friction angle, ®
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(c) Response of CCFAT pile at different

values of Young's Modulus, E
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(b) Response of CCFAT pile at different
values of Dilatancy Angle, y
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(d) Response of CCFAT pile at different
values of Friction Coefficient, K

Figure B- 1: The effect of soil parameters on the CCFAT pile response under vertical load

181



Lateral Load (N)
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Figure B- 2 : The effect of soil parameters on the CCFAT pile response under lateral load
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Figure B- 3: The effect of soil parameters on the CCFAT pile response under combined
load
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