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Abstract Recent advancements in foundation engi-
neering have introduced composite piles, specifi-
cally the Confined Concrete-Filled Aluminum Tube 
(CCFAT) pile system, which can effectively support 
both vertical and lateral loads. However, the behav-
ior of composite piles under combined loading con-
ditions remains largely unexplored. This research 
investigates the performance of CCFAT pile groups 
installed in loose sand and subjected to combined 
loads. Experimental studies focused on 1 × 2 and 
2 × 2 CCFAT configurations with varying slender-
ness ratios  (Lm/d) of 10, 15, and 20. These experi-
ments were used to validate Finite Element (FE) 
models. Numerical simulations were then conducted 
for new configurations, including 2 × 3 and 3 × 3 

CCFAT piles, to gather additional performance data. 
Results indicated that the ultimate vertical capacity 
of the CCFAT pile groups increased with the  Lm/d 
ratio. Under combined loading, the ultimate lateral 
capacity also improved with higher vertical loads for 
a given  Lm/d ratio. The laboratory findings showed a 
near-linear relationship between both ultimate verti-
cal and lateral capacities and the  Lm/d ratio. Failure 
mechanisms identified through numerical simulations 
revealed that CCFAT pile groups experienced punch-
ing shear failure, indicative of confined deep flow 
behavior. Under specific vertical loads, lateral loading 
resulted in soil compression on the right and tension 
on the left, causing heave and depression zones, sig-
nificant soil yielding, and wedge formations. Sensi-
tivity analyses highlighted that, for pure lateral loads, 
the internal friction angle and Young’s modulus sig-
nificantly affect CCFAT pile group behavior, while 
under vertical loads at 80% of ultimate vertical load 
 (Puv), the internal friction and dilatancy angles have 
a greater impact on lateral capacity than other param-
eters. Based on these findings, new expressions were 
proposed to calculate the ultimate lateral load  (Pulv) 
for CCFAT pile groups under combined loading con-
ditions, integrating the identified influencing factors.

Keywords Composite piles · Confined concrete-
filled aluminum tube · Combined loading · Ultimate 
lateral load
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List of Symbols 
Cc  Coefficient of curvature
Cu  Coefficient of uniformity
d  Pile diameter
D10  Sand Effective size
D30  Effective size
D50  Sand medium diameter
dr  Relative density
E  Young’s modulus of soil
emax  Maximum void ratio
emin  Minimum void ratio
fc′  Compressive strength of concrete cubes
G and λ  Empirical factors
Gs  Specific gravity
K  Friction coefficient
Lm/d  Slenderness ratios
Pʹ  Atmospheric pressure
Pa  Mean principal stress
PIL  Percent improved lateral load
Pl  Lateral load
Plv  Lateral load in the presence of a vertical 

load
Pul  Ultimate lateral load
Pulwv  Ultimate lateral load in the presence of a 

vertical load
Puv  Ultimate vertical load
Pv  Vertical load
S  Centre to-centre distance between piles
γmax  Maximum dry unit weight
γmim  Minimum dry unit weight
μ  Poisson’s ratio
φ  Internal friction angle
ψ  Dilation angle

1 Introduction

Recently, there has been a growing demand for com-
posite piles in civil engineering applications, particu-
larly in marine structures. This is due to the fact that 
conventional foundations can be negatively affected 
by the harsh environmental conditions in these areas. 
Composite piles, which are made from a combination 
of materials such as steel and concrete, have emerged 
as a reliable solution for these critical applications 
(Harianto et  al. 2023; M. A. Hosseini and Rayhani 
2022). Composite piles offer several advantages over 
traditional piles (Al-Darraji et al. 2024). One primary 
benefit is their enhanced structural performance, 

combining the strength of multiple materials like con-
crete and steel to achieve better load-bearing capaci-
ties. Additionally, composites exhibit excellent cor-
rosion resistance, ensuring longevity and reducing 
maintenance needs. Furthermore, their lightweight 
nature simplifies transportation and installation pro-
cesses, contributing to increased efficiency and cost-
effectiveness in construction projects.

In such sites, compound loads are frequently 
applied. Recently, numerous studies have addressed 
the behaviour of composite piles, the majority have 
predominantly focused on axial or lateral load scenar-
ios. Since 1987, the development of various compos-
ite pile types, such as fiber-reinforced polymer (FRP) 
piles, steel core plastic (SCP) piles, Structurally Rein-
forced Plastic (SRP) piles, Plastic Lumber (PL) piles, 
and Fiberglass Pultruded (FP) piles, have been docu-
mented (Al-Darraji et  al. 2023). Despite potential 
complications associated with pile driving and high 
damping attributed to composite pile materials, they 
present a viable alternative, particularly in corrosive 
environments (Shao et  al. 2024). Globally, compos-
ite piles are increasingly incorporated into diverse 
projects owing to their adaptability and resilience 
(Almallah et al. 2020). These composite pile variants 
have found application in numerous infrastructure 
projects globally, including 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). Recent studies have demonstrated 
that composite piles exhibit superior load-carrying 
capacity compared to conventional concrete piles 
(Fam et al. 2003; Mirmiran et al. 2002; Pando 2003). 
The promising capabilities of composite piles warrant 
further investigation into their performance under 
varying load conditions.

Despite the limited number of studies, prior 
research on composite piles has primarily focused on 
load transfer and their flexural response under axial 
or lateral loading (Mohammad Amin Hosseini and 
Rayhani 2017; Iskander et al. 2001; Manjunath et al. 
2020). In a study conducted by Helmi et al.(2006), the 
impact of pile driving forces and high-cycle fatigue 
on the flexural performance of concrete-filled glass/
carbon fiber-reinforced polymer (CFRP) piles was 
investigated. The results of the study showed that the 
driving forces had a relatively insignificant effect on 
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the flexural strength of CFRP piles, which displayed 
greater deflections compared to pre-stressed concrete 
piles. However, the FRP tubes required higher driving 
energy and demonstrated lower flexural resistance, 
which increased the likelihood of buckling. In a recent 
experimental study performed by Lu et al. (2022) on 
the behaviour of fibre-reinforced polymer piles in 
sandy soils, various factors influencing the perfor-
mance of FRP piles under vertical and lateral loads 
in sandy soil were investigated. The study utilized a 
specialized pressure chamber for testing purposes. 
The findings highlighted that soil shearing resistance 
and the bearing capacity of FRP piles under vertical 
loads were primarily influenced by factors such as 
surface roughness, confining pressure, and relative 
density. Furthermore, the flexural stiffness of the piles 
was found to be influenced by the type of FRP, pile 
size, and climate age, indicating a significant impact 
of these variables on the structural behavior of the 
piles. Giraldo and Rayhani (2014) examined hol-
low FRP piles under vertical and lateral static loads, 
revealing a higher axial load-carrying capacity com-
pared to similar steel pipe piles. However, the flexural 
rigidity of FRP piles was found to be less than that of 
steel counterparts, suggesting potential weaknesses in 
compound loading scenarios. Hollow steel piles and 
steel piles filled with concrete were investigated under 
axial and lateral loading conditions, considering vari-
ous length-to-diameter ratios (10, 15, 20, 25, and 30) 
to emulate the behavior of stiff piles. Experimental 
results were validated through comparison with FE 
simulations. Collective findings from both experi-
mental assessments and numerical analyses indicated 
that increasing length-to-diameter ratios resulted in 
enhanced load-carrying capacity and reduced settle-
ment for both types of piles (Venkatesan et al. 2022).

The behavior of a pile group subjected to both 
vertical and lateral loads is more complex than the 
behavior of a single pile under only lateral or verti-
cal loads, as observed by Choi et al. (2017) and Haz-
zar et  al.(2017). The interaction between piles and 
the additional resistance provided by the cap in a pile 
group leads to a more complicated overall response, 
resulting in increased stress on the piles and the for-
mation of distinct load patterns on the structure. How-
ever, the conventional approach in pile design primar-
ily uses single-pile capacity estimation to predict the 
lateral capacity of pile groups, which can be attrib-
uted to the limitations and lack of a clear theoretical 

foundation for handling combined loading in tradi-
tional pile design. This results in confusion regarding 
the impact of vertical loads on the lateral response of 
piles and a scarcity of literature on the combination 
of vertical and lateral loads. The limited informa-
tion available on this aspect, derived from analytical 
investigations (Liang et al. 2015; L. M. Zhang et al. 
2002) and laboratory studies (Klein and Karavaev 
1979; Li et al. 2020), indicates that, for a given lateral 
load, the presence of a vertical load tends to dimin-
ish the lateral resistance. Conversely, some laboratory 
(Anagnostopoulos and Georgiadis 1993; Mu et  al. 
2018) and FE studies (Achmus and Thieken 2010; 
Conte et  al. 2013; Ramadan et  al. 2024) suggest an 
increase in lateral capacity when subjected to verti-
cal loads. However, from numerical studies, Achmus 
and Thieken (2010) conducted a series of FE analyses 
to assess the pile response in non-cohesive soil under 
combined vertical and lateral loads using the com-
mercial FE software ABAQUS. The results revealed 
that during the initial stages of vertical load applica-
tion, the lateral stiffness of the soil increased consid-
erably, leading to an elevation in the lateral capacity 
load of the pile. Beyond a threshold value, the esca-
lating vertical load induced a significant increase in 
lateral soil deformation, accompanied by a sudden 
decrease in soil stiffness.

Methods based on continuum principles, such as 
FE modeling, provide a way to overcome the con-
straints associated with current techniques in use. 
Over the past decade, advancements in computa-
tional capabilities of contemporary computers have 
facilitated an increasing prevalence of comprehen-
sive pile group modeling through the application 
of the FE method. Hussien et  al. (2012) observed a 
marginal increase in the lateral bearing capacity of 
piles embedded in sandy soil under vertical load, as 
evidenced by simplified 2D FE analyses. Investiga-
tions by Prendergast and Gavin (2016) as well as Wu 
et al., (2018) delineated the deformation response of 
piles subjected to simultaneous vertical and lateral 
loadings, demonstrating an increase in lateral dis-
placement with increasing vertical loads, where the 
application of Winkler springs was incorporated. 
Advanced constitutive models prove valuable in cap-
turing the non-linear responses of both soil and piles, 
explicitly considering group effects, geometric con-
siderations, non-linearities such as detachment and 
sliding at the soil–pile interface, and diverse load 
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conditions (Franza and Sheil 2021; Karthigeyan et al. 
2006). Despite their computational costs, a major 
challenge of using these methodologies is the need to 
calibrate and validate advanced constitutive models, 
which requires extensive testing.

Research on composite piles, particularly under 
combined loading conditions, faces significant chal-
lenges due to the limited focus on their behavior 
compared to traditional piles, especially regarding 
simultaneous vertical and lateral loads. Conventional 
design methods often rely on single-pile capacity 
estimates, which overlook complex interactions in 
pile groups. Additionally, soil variability and the 
high damping characteristics of composite materi-
als during driving complicate load-bearing assess-
ments. This study aims to investigate the combined 
load performance of Confined Concrete-Filled Alu-
minum Tube (CCFAT) piles in loose sand through 
experimental tests and Finite Element simulations. 
The purpose of the study is to enhance understanding 
of composite piles under complex loads, improve FE 
modeling to capture non-linear behaviors, and estab-
lish a theoretical foundation for the effects of vertical 
loads on lateral resistance. To achieve the objectives 
of this research, the following steps have been taken 
and presented in Fig. 1.

Phase one The experimental setups were designed 
to apply vertical, lateral, and combined loads (vertical 
and lateral) on fabricated scaled pile group system, 
having known material properties.

Phase two A series of experimental model tests 
were executed within a soil chamber, elucidating the 
behavior of 1 × 2 and 2 × 2 CCFAT pile groups. The 
investigation encompassed varying slenderness ratios 
 (Lm/d) ratios of 10, 15, and 20 in loose sand, all under 
the influence of combined loading conditions involv-
ing both vertical and lateral loads. Given that piles 
are typically not structurally designed to resist lateral 
loads; particular emphasis is placed on the influence 
of the vertical load on the lateral response of CCFAT 
pile groups-an aspect of paramount importance for 
design engineering. The study explored the response 
of 1 × 2 and 2 × 2 CCFAT pile groups under combined 
load conditions.

Phase three: In this phase, beyond providing 
insights into evolving resistance mechanisms and 
their interactions, the experimental results serve as a 
benchmark for validating the corresponding FE mod-
els. The FE simulations were performed in ABAQUS.

Phase four: Following successful validation at the 
model scale, the investigation extends to evaluate new 
configurations, specifically 2 × 3 and 3 × 3 arrange-
ments for CCFAT pile groups, forming a parametric 
study. Subsequent to this analysis, the study explores 
the variation of lateral soil stress variation around 
CCFAT piles under varying combined load condi-
tions. Moreover, in order to enhance the compre-
hensiveness of the research, a sensitivity analysis is 
conducted, accounting for variations in soil properties 
and the coefficient of friction between CCFAT piles 
and the surrounding soil.

Phase five: In the final phase, the knowledge devel-
oped and gained through the experimental investiga-
tion and FE analyses were summarised to improve the 
existing knowledge and understanding of composite 
pile groups under combined loading. As well as the 
finding design codes that consider realistic structural 
and environmental loading were proposed.

2  Experimental Test

2.1  Experimental Setup

The experimental setup comprises a soil chamber, 
a square-sectioned enclosure crafted at Liverpool 
John Moores University (LJMU), with dimensions 
of 900 × 900 mm in plan and a height of 1250 mm. 
Configured for the application of combined loading 
(vertical and lateral), the experimental rig utilizes 
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 is cen-
trally applied to the pile group caps through a slid-
ing roller connection, crucial for facilitating free 
horizontal movement during lateral load application. 
The vertical load is quantified using a calibrated load 
cell attached to the sliding roller, connected to an 
adjustable pin with perforations along an extendable 
rod spanning up to 1500  mm. This rod is securely 
fastened to a vertical hydraulic arm, with the first 
hydraulic pump responsible for administering the ver-
tical load. Maintaining a constant vertical load, the 
lateral load is incrementally applied in approximately 
50 N increments until the final lateral load capacity 
is reached. The ultimate lateral capacity in this study 
is defined as the load corresponding to the lateral 
displacement equivalent to 10% of the pile diameter. 
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This systematic procedure is applied to all pile group 
models to evaluate their response under combined 
loading.

Notably, combined load tests are conducted for 
vertical loads corresponding to the ultimate vertical 
load  (Puv) as follows:  0Puv, 20%Puv, 40%Puv, 60%Puv, 
and 80%Puv. The  Puv is conventionally defined as the 
load corresponding to the vertical settlement of 10% 
of the outer pile diameter (British Standards Institute 

2020). In the lateral load system, the load cell, accom-
panied by the adjustable pile, is connected to a hori-
zontally oriented hydraulic arm directed toward the 
pile model head. The other end of the horizontal 
hydraulic arm is linked to the second hydraulic pump, 
responsible for generating the lateral load. To miti-
gate rotational effects induced by lateral load on the 
pile model cap, a steel plate measuring (200 × 10 mm) 
is interposed between the load cell and the pile model 

Fig. 1  The methodology of 
the research



 Geotech Geol Eng           (2025) 43:58    58  Page 6 of 28

Vol:. (1234567890)

cap. Concurrently, two horizontal LVDTs monitor 
lateral displacements, while a 16-bit resolution data 
acquisition system records vertical and lateral loads, 
as well as lateral displacements. Figure  2a, b and c 
present the section, front, and top views of the test-
ing rig respectively, illustrating the combined loading 
systems.

2.2  Soil Properties and Preparation of Test Chamber

In the experimental setup, a homogeneous, fine-
grained sand with a quartz content of 96.5% was used 
within the soil chamber. The morphology and dimen-
sions of sand particles represent pivotal factors influ-
encing the shear behavior of granular materials, as 
articulated by Dyskin et al. (2001). Göktepe and Sezer 
(2010) affirmed that alterations in sphericity, round-
ness, or angularity correlate with variations in the 
minimum void ratio (emin) and maximum void ratio 
(emax) of the sand. This investigation utilized Scanning 
Electron Microscopy (SEM) at 57 × magnification and 
a Working Distance (WD) of 14.7 mm to analyze the 
morphology of sand particles, revealing sub-rounded 
characteristics that contribute to a higher unit weight 
in comparison to rounded particles as can be shown in 
Fig.  3a. According to the Unified Soil Classification 
System criteria, the sand can be categorised as poorly 
graded (SP). The sand, categorized as loose with a 
Relative Density  (dr) of 30%, adheres to the physi-
cal properties outlined in Table 1. The shear strength 
property, specifically the internal friction angle (φ), 
was experimentally determined through direct shear 
tests following the BSI (1994). Adhering to the scal-
ing law standards, a ratio of 112 between the pile 
diameter and the sand medium diameter (d/D50) was 
maintained, as depicted in Fig. 3b. This conforms to 
the recommended ratio of 60 Jebur et al. (2021).

To prepare the loose sand bed, the pouring and 
tamping technique, as prescribed by Basack (2009), 
Khari et  al., (2013), Reddy and Ayothiraman (2015), 
and Al-abboodi and Sabbagh (2018) and Aamer et al. 
(2024) was used. This involved the systematic division 
of the chamber height into 50  mm layers. Sand, pre-
quantified and weighed, was then meticulously trans-
ferred to the testing chamber using a scoop. To attain 
the desired relative density, the scoop was gradually 
lowered into the soil chamber until it reached the level 
of the previously poured sand layer. Subsequently, a 
hand compactor was utilized to compact the sand to the 

appropriate depth for each layer. The cumulative den-
sity required was achieved by systematically tamping 
these layers of sand.

2.3  CCFAT Pile Group Models

The CCFAT pile model constitutes a composite arrange-
ment of piles. The aluminum tubes used are having an 
external diameter of 38.1  mm and a wall thickness of 
1.6 mm. The formulation of the concrete mix for filling 
the aluminum tube in the composite pile model is predi-
cated on the knowledge of the compressive strength of 
concrete cubes  (fc′). An optimal water-cement ratio (w/c) 
is ascertained through this process. The concrete com-
position in this investigation comprises Type I Portland 
cement, gravel, natural sand, water, and a superplasti-
cizer. The coarse and fine aggregates exhibit gradations 
of 1–6 mm and 0–3 mm, respectively. Cubes measuring 
100 mm on each side have been produced for ongoing 
strength monitoring. As depicted in Fig. 4a, all compo-
nents are thoroughly blended, stirred, and subsequently 
poured into the aluminum tubes. The design parameters 
for the concrete mix are briefly outlined in Table 2.

The lengths of CCFAT piles are deliberately selected 
to depict slenderness ratios  (Lm/d) of 10, 15, and 20, as 
specified by Pujiastuti et al. (2022). For the experimen-
tal combined loading test, two configurations have been 
devised to represent the pile group models of CCFAT 
1 × 2 and CCFAT 2 × 2 configurations. As illustrated 
in Fig.  4b, instances of CCFAT pile group models 
were subjected to combined loading. Pile caps with 
diverse dimensions were fabricated using aluminum 
plates with a thickness of 20  mm. The configuration 
of holes drilled through the cap aligns with the speci-
fied arrangement of pile. The center to-center distances 
between piles in the group models adhere to three pile 
diameters (S = 3d), as detailed by Comodromos et  al., 
(2009). The geometric and loading details considered in 
this study have been tabulated in Table 3.

3  Results

3.1  Experimental Investigation

3.1.1  Vertical Capacity of CCFAT Piles

The crucial importance of the lateral response of 
piles in engineering design is the main focus of this 
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Fig. 2  The combined loading systems
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investigation. In this study, the concurrent load sce-
nario is approached as a vertical-lateral load combi-
nation, with a specific focus on delineating the impact 
of the vertical load on the lateral response of CCFAT 
pile groups. Consequently, the vertical load is 

administered to the CCFAT pile model preceding the 
application of the lateral load. Initial scrutiny involves 
the independent evaluation of the ultimate vertical 
load  (Puv) for each CCFAT group model in the experi-
mental test. Subsequently, in the second scenario, the 
vertical load is incrementally applied to a predeter-
mined value, as discussed above. Following this, the 
lateral load is introduced at the cap of the pile model 
in increments of approximately 50 N until it attains 
the ultimate lateral load capacity, under the constant 
vertical load.

Figure  5a and b present the vertical load versus 
vertical settlement curves for CCFAT pile groups of 
1 × 2 and 2 × 2 configurations, respectively. In this 
study, the ultimate vertical capacity  (Puv) has been 
defined as the vertical load that corresponds to a 
settlement of 10% of pile diameter. For a pile diam-
eter of 38.1  mm, from Fig.  5a, the ultimate vertical 
capacities of 1 × 2 CCFAT pile group correspond-
ing to 3.81  mm settlement are obtained as 781.92, 
892.17 and 1109.44 N for  Lm/d ratios of 10, 15 and 
20, respectively. Similarly, from Fig. 5b, the ultimate 

Fig. 3  Sand characterises

Table 1  Physical characteristics of the sandy soil employed in 
the experimental program

Soil characterise Value

Coefficient of curvature  (Cc) 1.11
Coefficient of uniformity  (Cu) 1.9
Effective size,  D10 (mm) 0.21
Effective size,  D30 (mm) 0.29
Mean grain size,  D50 (mm) 0.35
Particle size range (mm) 0.063–0.95
Maximum dry unit weight, γmax (kN/m3) 17.53
Minimum dry unit weight, γmim (kN/m3) 15.51
Specific gravity,  Gs 2.65
Maximum void ratio, emax 0.71
Minimum void ratio, emin 0.48
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vertical capacity of 2 × 2 CCFAT pile group, the ulti-
mate vertical capacities for  Lm/d ratios of 10, 15 and 
20 are obtained as 1611.60, 1919.25 and 2562.75 N, 
respectively.

The ultimate vertical capacity of CCFAT pile 
groups of 1 × 2 and 2 × 2 configurations have been 
noted to increase with  Lm/d due to the contribu-
tion of both skin friction and end bearing resistance. 

The increased length leads to a greater surface area 
of the pile in contact with the soil, which results in 
increased skin friction resistance.

In order to investigate the variation of ultimate ver-
tical capacity with  Lm/d ratio, the vertical load capac-
ity at failure for 1 × 2 and 2 × 2 are plotted with  Lm/d 
ratios of 10, 15 and 20, respectively, shown in Fig. 6. 
From the figure, for 1 × 2 CCFAT pile group model, 
the ultimate vertical capacity is noted to increase 
in a near linear manner from 781.62 to 892.17 and 
1109.44 N, respectively for  Lm/d ratios of 10, 15 and 
20 N. A similar variation is noted for 2 × 2 CCFAT 
pile group model.  The ultimate vertical capacity for 
the  1 × 2 CCFAT pile group model is found to be 
781.62 N for  Lm/d value of 10. As the  Lm/d ratio is 
increased to 15 and 20, the ultimate vertical capacity 
is noted to increase by 14.10% and 41.89%, consider-
ing  Lm/d of 10 as a reference. For 2 × 2 CCFAT pile 
group model, the ultimate vertical capacity is found 
to be 1611.6 N for  Lm/d of 10. As the  Lm/d is further 
increased to 15 and 20, the ultimate vertical capacity 
is noted to increase by 19.09% and 59.02%, compared 
to  Lm/d ratio of 10. For both 1 × 2 and 2 × 2 CCFAT 
pile group models, the ultimate vertical capacities are 
noted to increase in almost a linear manner.

Fig. 4  Examples of CCFAT pile group models tested under combined loading

Table 2  Mixture properties of the experimental concrete

Parameters Value

Cement-sand-aggregate ratio 1: 1.5: 2.5
Water-cement ratio 0.45
Super-plasticiser 1.5% to 

cement by 
weight

Compressive strength,  fc′ (MPa) 30

Table 3  Geometric and loading details of experimental study

CCFAT Pile 
group geometry

Pile 
diameter 
(mm)

Slenderness 
ratio,  Lm/d

Puv (%)

1 × 2 pile group 40 10, 15, 20 0, 20, 40, 60 & 80
2 × 2 pile group
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3.1.2  Lateral Capacity of CCFAT Pile Group

Figures 7 and 8 show the variation of the combined 
load-induced lateral response of CCFAT pile group 
models 1 × 2 and 2 × 2, respectively, for  Lm/d of 10, 
and 20. The experimental tests were conducted by 
varying the vertical loads from 0, 20, 40, 60, and 80% 
of the corresponding ultimate vertical load  (Puv) for 
CCFAT pile groups. From Fig.  7a, for  Lm/d value 
of 10, the ultimate lateral capacity of 1 × 2 CCFAT 
pile group is noted to increase as the vertical load is 
increased from 0 to 80%. For example, the ultimate 
lateral load capacity is noted to increase from 336.50 

to 359.90, 366.30, 382.10 and 382.10 N as the verti-
cal load is increased from 0 to 20, 40, 60 and 80%, 
respectively. For the same CCFAT pile group con-
figuration, the ultimate lateral capacities are noted 
to be higher for increased  Lm/d values. For instance, 
for  Lm/d ratio of 20, the ultimate lateral capacities 
are noted to increase from 487.50 to 499.50, 516.60, 
524.80 and 526.99 N, respectively. Similar variation 
is noted for all the  Lm/d ratios considered in this study 
for 2 × 2 CCFAT pile group, shown in Table 4.

The lateral capacity increase with increasing 
vertical loads can be attributed to the densification 
effect caused by the vertical load (Deb and Singh 
2023). This densification effect enhances the con-
fining pressure around the CCFAT pile group, lead-
ing to an improvement in the lateral resistance. As 
vertical loads are applied to the CCFAT pile group, 
the surrounding soil experiences increased stress 
and compaction, which in turn enhances the lateral 
capacity. In addition, the increase in lateral capac-
ity with increasing  Lm/d ratios in sand is due to 
the increase in confining stress with depth. As the 
length of CCFAT pile group increases, the confin-
ing stress also increases, leading to an increase in 
the frictional resistance between the pile and the 
surrounding soil. This increase in frictional resist-
ance results in a higher pile capacity (Deb and 
Singh 2023).

Fig. 5  Vertical load versus vertical settlement curves

Fig. 6  Variation of ultimate vertical capacity with  Lm/d
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3.1.3  Variation of Ultimate Lateral Capacity 
with Vertical Load and  Lm/d

The variation of ultimate lateral load capacity with 
the vertical load applied in increments of 0, 20, 40, 
60 and 80% of ultimate vertical capacity for 1 × 2 and 

2 × 2 CCFAT pile groups are shown in Fig. 9. From 
the figure, for a given pile group and constant  Lm/d 
ratio, the ultimate lateral capacity is noted to increase 
with increasing vertical load. For instance, for 2 × 2 
CCFAT pile group having the  Lm/d ratio of 20, the 
ultimate lateral capacity is noted to increase in a 
nearly linear manner from 743.80 to 764.80, 775.70, 

Fig. 7  Combined load-induced lateral response of CCFAT pile group model 1 × 2 configuration

Fig. 8  Combined load-induced lateral response of CCFAT pile group model 2 × 2 configuration
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791.80, and 800.10 N as the vertical load is applied 
corresponding to 0, 20, 40, 60 and 80% of the ulti-
mate vertical load. Also, for a given value of verti-
cal load value, the ultimate lateral capacity is noted 
to increase with the  Lm/d ratio. For example, for the 
2 × 2 CCFAT pile group and vertical load correspond-
ing to 20% of ultimate vertical load, the ultimate lat-
eral load capacity is noted to increase from 509.70 to 
671.80 and 764.80 N for  Lm/d values of 10, 15, and 
20, respectively. Similar variation is noted for all the 
geometries considered in this study.

The ultimate lateral capacities of 1 × 2 and 2 × 2 
CCFAT pile groups obtained from Figs. 7 and 8 have 
been plotted against  Lm/d for 0, 40 and 80% of ulti-
mate vertical capacity and is shown in Fig. 10. From 
the figure, for any given pile group configuration and 
at constant  Lm/d, the ultimate lateral capacity is noted 
to increase almost linearly with increasing vertical 
load. For example, in the case of 1 × 2 pile group and 
for a constant  Lm/d ratio of 10, the ultimate lateral 
capacity is noted to increase to 336.50, 366.30 and 
391.50 N for vertical load corresponding to 0, 40 and 
80% of ultimate vertical load. Keeping all parameters 
constant, the 2 × 2 CCFAT pile group configuration 
always showed higher lateral capacity as compared to 
1 × 2 CCFAT pile group configuration. Similar varia-
tion has been observed for all the geometries consid-
ered in this study.

In addition, from Fig. 9, for the 1 × 2 CCFAT pile 
group having a  Lm/d value of 10, the ultimate lat-
eral capacities were found to increase by 6.95, 8.86, 
13.55 and 16.34% for the applied vertical load values 
of 20, 40, 60 and 80% of ultimate vertical capacity, 
respectively, considering pile group under pure lateral 
load as reference. For the same geometry, consider-
ing the pile group under pure lateral load as a refer-
ence, for an increased  Lm/d value of 20, the ultimate 
lateral capacities were noted to increase by 2.46, 5.97, 
7.65 and 8.10% for the applied vertical loads cor-
responding to 20, 40, 60 and 80% of ultimate verti-
cal capacity, respectively. It can be noted that for a 
smaller  Lm/d ratio, the influence of applied vertical 
load on ultimate lateral capacity is higher as com-
pared to a higher  Lm/d ratio. This trend finds support 

Table 4  Ultimate lateral capacity of CCFAT pile groups

Lm/d Pv (%) Ultimate lateral capacity (N)

1 × 2 CCFAT pile 
group

2 × 2 CCFAT 
pile group

10 0 336.50 482.90
20 359.90 509.70
40 366.30 550.70
60 382.10 561.50
80 391.50 576.20

15 0 417.20 646.50
20 427.05 671.80
40 444.30 678.40
60 456.30 702.30
80 463.20 726.40

20 0 487.50 743.80
20 499.50 764.80
40 516.60 775.70
60 524.80 791.80
80 526.99 800.10

Fig. 9  Variation of ultimate 
lateral capacity with verti-
cal load (%)
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in the relatively higher percentage increase in lateral 
soil stress for short piles as opposed to their longer 
counterparts.

3.2  Numerical Analysis

To investigate the lateral response and load transfer 
mechanism at failure of CCFAT pile group founda-
tions under combined loads, numerical simulations 
were carried out in ABAQUS.

The numerical simulation steps were first validated 
by comparing the results with experimental tests.

The CCFAT pile group foundation comprises alu-
minum and concrete components. Based on the con-
version of engineering stress and strain for aluminum 
from coupling tests to true stress and logarithmic 
plastic strain, the aluminum tube and pile cap were 
modeled as linear elastic materials. For aluminium, 
Young’s modulus of 70 GPa, Poisson’s ratio of 0.3, 
and density of 27 kN/m3 have been considered. To 
model the behaviour of concrete, Young’s modulus of 
25 GPa, a Poisson’s ratio of 0.16, and a density (γ) of 
24 kN/m3, were considered. The behavior of the lose 
sand bed was simulated using the Mohr–Coulomb 
elastoplastic constitutive model with a non-associ-
ated flow rule. The soil non-linearity was captured 
by defining the modulus of elasticity as expressed in 
Eq. 1 (Deb and Singh 2018):

Here,  Pa represents the mean principal stress, P′ is 
atmospheric pressure, and ɢ and � are empirical fac-
tors. The soil properties, obtained from laboratory 
tests and calibrated with various numerical models 
(Amaludin et al. 2023; Bhowmik et al. 2016; Castilla-
Barbosa et  al. 2024; Z. Wang et  al. 2023a, b), are 
detailed in Table 5.

The FE analyses were initially carried out to vali-
date the vertical and lateral loads versus displacement 
results by comparing them with experimental results. 
For vertical load response, the geometries considered 
are 1 × 2 for  Lm/d of 10 and 2 × 2 pile groups for  Lm/d 
value of 20. For lateral load response, 1 × 2 of  Lm/d 
value of 20 and 2 × 2 pile group with  Lm/d value of 10 

(1)Es = P × Pa

(

P�

Pa

)�

Fig. 10  Variation of ulti-
mate lateral capacity with 
 Lm/d

Table 5  Properties of sand

Soil parameters Value

Young’s modulus, E (MPa) 20
Empirical factor, G 600
Empirical factor,� 0.55
Internal friction angle, φ (°) 30
Unit weight, γ (kN/m3) 16.06
Dilation angle, ψ (°) 5
Poisson’s ratio, μ 0.2
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were considered under the applied vertical load cor-
responding to 0 and 80% of ultimate vertical loads.

Thereafter, the FE simulations were performed for 
pile groups of 2 × 3 and 3 × 3 configurations for  Lm/d 
value of 15 under the applied vertical load corre-
sponding to 0, 20, 40, 60 and 80% of ultimate vertical 
load.

The discretized FE models of soil domain, 
CCFAT pile group (2 × 2 configuration) and assem-
bly mesh, are illustrated in Figs.  11a–c, respec-
tively. Due to geometric and loading symmetry, 

only half of the CCFAT pile group embedded in the 
soil deposit was modelled. The lateral and vertical 
extents of soil domain were chosen large enough 
to avoid boundary effects. First-order, eight-node 
linear brick elements with reduced integration 
(C3D8R) were utilized to model soil domain and 
CCFAT pile group. To improve the accuracy of 
the solution, finer meshes were used in the vicin-
ity of the pile group, the mesh size was gradu-
ally increased as the distance from the pile group 
increased in the horizontal direction. Boundary 

Fig. 11  Mesh descrip-
tion for CCFAT pile group 
of 2 × 2 configuration 
 (Lm/d = 10)
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conditions were implemented by restraining the 
bottom boundary of the soil deposit in all direc-
tions, while the vertical boundaries were con-
strained in the horizontal direction. The normal 
displacements were restricted within the symmetric 
plane.

To accurately capture interactions, a surface-to-
surface contact approach was employed to establish 
contact between the soil and the external surface 
of the CCFAT pile model, as well as the contact 
between the inner surface of the aluminum tube 
and the outer surface of the concrete compound. 
Specifically, the contact was established by defin-
ing the outer surface of the aluminum tube as 
the master surface and the soil surface as the slave 
surface. Conversely, for the contact between the 
aluminum tube and the concrete compound, the 
outer surface of the concrete compound was des-
ignated as the master surface, while the inner sur-
face of the aluminum tube acted as the  slave sur-
face. The interface governing these interactions 
was modeled using the “hard” contact model with 
Coulomb’s tangent friction, and a specified friction 
coefficient between the CCFAT pile and soil was 
0.3 (Fattah and Hamood 2023). No slippage was 
allowed between the aluminum tube and concrete 
surfaces. To replicate the combined load conditions 
from the experimental test, the loads were applied 
in sequential steps. In the first step, geostatic load 
was applied to establish the initial stress state 
across the entire soil domain. In the second step, 
contact between the external surface of the CCFAT 
pile model with soil and the inner surface of the 
aluminium tube with the outer surface of the con-
crete were established. In the third and final steps, 
the same sequence of load applications used in the 
experimental test was followed in the current FE 
analysis. In the third step, vertical load is applied 
at the top of the pile group. In the final step, the 
displacement controlled lateral load is applied at 
the top centre of the pile group till failure. In order 
to ensure a consistent and representative loading 
scenario, the sequence of vertical and lateral loads 
applied in the FE model was the same as that used 
in the laboratory experiments. In the numerical 
simulations, the installation effects were neglected, 
and the pile groups were assumed to be wished in 
place.

3.3  Numerical Study

3.3.1  Validation of FE Model

The accuracy and reliability of the present FE analy-
sis were validated by comparing the predicted numer-
ical model with experimental test models across three 
stages. The selected pile models comprised a 1 × 2 
model with a  Lm/d of 20 and a 2 × 2 model with a 
 Lm/d ratio of 10, introducing variations in both pile 
configurations and  Lm/d. In the initial stage focusing 
on vertical load, Fig.  12a shows the numerical pre-
dictions against the experimental test results in terms 
of vertical load in relation to the vertical settlement 
response of the chosen CCFAT pile group models. 
The close agreement between the numerical predic-
tions and experimental results is evident for both 
group models. Additionally, a satisfactory alignment 
is observed between the numerical models and exper-
imental tests concerning  Puv. Nevertheless, the dispar-
ity between the predicted and measured  Puv loads is 
less than 12% and 11% for the 1 × 2 and 2 × 2 models, 
respectively.

During the second and third stages, the outcomes 
of combined loading in the numerical model were 
juxtaposed with those obtained from experimental 
tests conducted under similar combined loading con-
ditions. These stages involved the utilization of mod-
els featuring zero vertical loads and 80%  Puv. This 
was carried out to substantiate the iterative procedure 
employed in the proposed numerical models under 
conditions of limited and substantial vertical loads. 
Figure 12b illustrates a comparative analysis between 
numerical predictions and experimental results for 
combined loading, specifically for the CCFAT pile 
group 2 × 1, where zero and 80% of  Puv constituted 
the vertical loads. The numerical model accurately 
captures the curves spanning the entire spectrum of 
responses, from small-strain stiffness to the markedly 
non-linear regime. Regarding ultimate lateral load, 
the discrepancy between experimental and numerical 
models is confined to 14% and 12% for zero and 80% 
 Puv vertical loads, respectively.

In Fig.  12c, the lateral load–lateral displacement 
curves derived from the numerical models were 
depicted alongside the corresponding experimental 
data results for the CCFAT pile group 2 × 2, featuring 
a  Lm/d of 10, under conditions of zero vertical load 
and 80% of  Puv. It is observed that, across both load 
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stages, the initial stiffness of the numerical models is 
marginally higher than that observed in the experi-
mental tests, while the overall capacity tends to be 
reasonably conservative compared to the experimen-
tal outcomes. It is noteworthy that measuring the ini-
tial stiffness in small displacement zones poses signif-
icant challenges due to equipment limitations (Wang 
et  al. 2022). Nevertheless, the comparative results 
suggest that the numerical models exhibit reasonable 

concordance with the experimental tests, demonstrat-
ing similar trends in the lateral load–lateral displace-
ment curves. Furthermore, Fig.  12c effectively rep-
resents the predicted numerical results in terms of 
ultimate lateral load. The disparity between the exper-
imental and numerical models remains below 3% and 
6% for zero and 80%  Puv vertical loads, respectively.

In the various loading stages used to validate the 
numerical models, several common observations 

Fig. 12  Verification the numerical models to experimental results
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can be summarized from Figs. 12a, b and c: (1.) The 
calculated numerical model curves exhibit smoother 
profiles compared to the experimental test curves. 
(2.) The stiffness of the numerical models is slightly 
lower than that observed in the experimental tests. 
This discrepancy in stiffness may be attributed to the 
simplifications employed in the simulation approach, 
particularly in representing the contact between the 
soil and both the outer surface of the CCFAT pile 
model and the inner aluminum surface of the concrete 
compound. Such simplifications are necessary to 
address the inherent complexities of real-world sce-
narios involving composite piles in soil.

Despite these differences, the numerical model 
successfully reproduces key aspects of the observed 
CCFAT pile group, accounting for variations in  Lm/d 
under different loading conditions. This success-
ful reproduction enhances confidence in using the 
numerical model for an investigational parametric 
study, which aims to generate additional performance 
data across diverse configurations of CCFAT pile 
groups under combined loads.

3.3.2  Parametric Study

Due to the constraints imposed by experimental test 
conditions, a parametric investigation was undertaken 
utilizing rigorously validated numerical models. 
Prior research efforts, as exemplified by Zhang et al. 

(2023), scarcely addressed the potential advantages 
inherent in the extensive array of possibilities within 
FE spaces and composite piles with group configura-
tions. The present study focuses on a unique 2 × 3 and 
3 × 3 configurations of CCFAT pile groups, maintain-
ing a  Lm/d ratio of 15, thereby establishing the nov-
elty of both group piles and a distinct composite pile 
type.

Figure 13a and b illustrate the relationship between 
combined load-induced lateral load and lateral dis-
placement for CCFAT pile group models 2 × 3 and 
3 × 3, respectively. These figures comprehensively 
depict the outcomes of numerical tests conducted 
with varying vertical loads (0, 20, 40, 60, and 80% of 
 Puv) for CCFAT pile groups.

The ultimate lateral capacities of 2 × 3 pile group 
are found to be 827.71, 943.10, 974.50, 995.50 and 
1047.90 N under the vertical load corresponding to 
0, 20, 40, 60 and 80% of ultimate vertical capacities, 
respectively. Similarly, the ultimate lateral capacity 
of 3 × 3 pile group foundation is found to be 1168.60, 
1366.40, 1442.30, 1472.70 and 1528.20 N, respec-
tively for vertical load applied corresponding to 0, 20, 
40, 60 and 80% of ultimate vertical capacities.

Observations from these figures reveal three con-
sistent patterns in the responses of CCFAT pile group 
models 2 × 3 and 3 × 3 under the considered com-
bined loading conditions: i) an increase in vertical 
load leads to a significant increase in lateral load at a 

Fig. 13  Numerical results combined load-induced lateral response  (Lm/d = 15)
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given lateral displacement; ii) During the linear stage, 
a moderate increase in lateral capacity is evident, in 
contrast to more pronounced increases in the non-
linear stages; iii) A uniform total lateral capacity is 
reached under all vertical loading conditions. These 
trends were elucidated further based on the experi-
mental test results. These findings provide evidence 
suggesting that the distinctive behavior may arise 
from the stiffness of the composite pile, enhancing its 
resistance to lateral loads, particularly in the primary 
loading stages. Furthermore, the pile group exhibits 
the same failure type under lateral loads when sub-
jected to vertical loading. However, it is noteworthy 
that the impact of vertical load on the lateral response 
of the CCFAT pile group was more pronounced in the 
3 × 3 model compared to the 2 × 3 model.

3.3.3  The Lateral Soil Stress Around CCFAT Pile 
Group

Soil stresses pose formidable challenges that prove 
resistant to modification through experimental inter-
ventions (Peck 1969). Nevertheless, the expansive 
control capabilities inherent in numerical models offer 
a viable avenue to address this challenge, thereby 
enhancing the extensive database for improved engi-
neering comprehension, particularly concerning the 

impact of combined loading on composite piles. Con-
sequently, an in-depth exploration was undertaken to 
examine the lateral soil stresses resulting from both 
vertical and combined loads applied to groups of 
CCFAT piles. Further scrutiny was directed towards 
the evaluation of lateral soil stresses in front of CCFT 
pile group models 2 × 3 and 3 × 3, subjected to ulti-
mate vertical load, pure ultimate lateral load, and ulti-
mate lateral load, with an additional vertical load of 
0.8Puv. The contour figures, denoted as 14, 15, and 
16, depict the distribution of lateral soil stresses in the 
specified conditions. Irrespective of the sign, a posi-
tive value signifies lateral stress in the positive direc-
tion of the x-axis, while a negative value indicates 
stress in the opposite direction. Notably, the blue col-
our signifies the maximum stress value, whereas the 
red colour highlights the least affected zone.

From Figs. 14a and b, a comparative analysis of the 
contours illustrating lateral soil stress under ultimate 
vertical load  (Puv) is presented for CCFT pile group 
models 2 × 3 and 3 × 3. Notably, for both extremum 
models, the concentration of lateral soil stress is 
observed in close proximity to the base of the piles. 
This phenomenon can be attributed to the compres-
sion and downward movement of the soil, resulting 
in the densification of the soil under the influence of 
the vertical load. However, a discernible discrepancy 

Fig. 14  Counters lateral soil stress for  Puv
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is evident in the impact on the soil district between 
the  CCFAT pile group 3 × 3 and 2 × 3 models. Spe-
cifically, the maximum lateral soil stress is markedly 
higher in model 3 × 3, reaching 9.049 ×  104 N/m2, 
compared to model 2 × 3, where it records 4.867 ×  104 
N/m2. This increase in stress levels in the 3 × 3 model 
can be directly attributed to the higher ultimate verti-
cal load experienced by the CCFAT pile group 3 × 3.

The lateral soil stress contours at pure ultimate 
lateral load for CCFAT pile groups models 2 × 3 and 
3 × 3 at failure are shown in Figs. 15a and b, respec-
tively. For the 2 × 3 pile group, in the rightmost pile 
of the pile group, the lateral stress is noted to increase 
from ground level in a parabolic manner along the 
pile depth, attains a maximum value at mid-depth of 
the  pile and decreases at approximately 75% of the 
pile length. At the same load level, for the left most 
pile in the group, the lateral stress is noted to gener-
ate along the lower 25% (approximately) of the pile 
length. The variation remained similar for 3 × 3 pile 
group, with a higher magnitude of lateral stress. It is 
worth noting that the extent of the rightward lateral 
stress is significantly greater than that of the leftward 
lateral stress. This may attribute to the suggestion 
that the up-row pile falls within the active zone of 
the down-row pile, thereby experiencing a shadow-
ing influence with the application of the lateral loads 
(Wen et al. 2020). On the other hand, the maximum 

lateral soil stress obtained from contour figures for 
analysis of the CCFAT pile group 3 × 3 models was 
slightly higher compared with 2 × 3 models. The 
maximum lateral soil stress for the CCFAT pile group 
3 × 3 models was 6.648 ×  103 and 5.638 ×  103 N/m2 
for the 2 × 3 model.

Figures  16a and b illustrates the impact of the 
present vertical load at 80% of the  Puv through con-
tours representing CCFAT pile groups 2 × 3 and 3 × 3, 
respectively. Analysis of the lateral soil stresses under 
these load conditions reveals an increase in both the 
lateral soil stresses and their influencing area around 
the ground and mid-level of down-row piles for both 
models. The observed increase in lateral soil stresses 
in these regions can be attributed to the compressive 
densification of the soil. Specifically, the vertical 
load is postulated to enhance the compression of the 
adjacent soil, consequently increasing soil stiffness. 
This phenomenon is denoted as the “soil densifica-
tion effect.” It can be inferred that the present verti-
cal load magnifies the soil densification effect, pro-
viding additional insights into the reasons behind the 
amplified lateral load experienced by the CCFAT pile 
group when subjected to a vertical load (Nagai et al. 
2024). Conversely, a conspicuous distinction is noted 
when determining the maximum lateral soil stresses 
between the two models. The maximum lateral soil 
stress in the 3 × 3 model is approximately twice that 

Fig. 15  Counters lateral soil stress for Pure lateral load
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in the 2 × 3 model, a difference attributed to the larger 
ultimate vertical load value in the former. The maxi-
mum lateral stress is calculated at 1.503 ×  104 and 
2.758 ×  104 N/m2 for the CCFAT pile group models 
3 × 3 and 2 × 3, respectively.

3.3.4  Failure Mechanism

Understanding the load transfer mechanism of 
CCFAT pile groups under vertical and combined 
loading is crucial for ensuring confidence in the 
design. The yielding of soil at the ultimate condition 
has been represented through plastic strain counter 
diagrams. Subsequently, an exhaustive investigation 
was conducted to scrutinize the plastic strain induced 
by vertical and combined loads applied to clusters of 
CCFAT piles. It is noteworthy that the colour red des-
ignates the maximum plastic strain, while the colour 
blue accentuates the least affected zone.

Figure  17a–b illustrate the generation of plastic 
strain diagrams under ultimate vertical loads for 2 × 3 
and 3 × 3 CCFAT pile group models. In both models, 
the surrounding soil mass along the external interface 
of the piles is observed to undergo plastic yielding in 
the lower half of the embedment length. The plastic 
strain is noted to extend up to a certain depth below 
the tip of the piles. Both 2 × 3 and 3 × 3 CCFAT pile 
group models experience failure due to punching 

shear, and this is accompanied by the manifestation of 
a confined deep-flow mechanism. Under the vertical 
load, at failure, as compared to 2 × 3 pile group con-
figuration, the magnitude of plastic stain was noted 
to be higher in the case of 3 × 3 pile group. Specifi-
cally, at the point of maximum plastic strain, there are 
conspicuously convergent values of 6.966 ×  10−2 and 
9.962 ×  10−2 for CCFAT pile groups 2 × 3 and 3 × 3, 
respectively.

Figures  18 and 19 illustrate the failure mecha-
nisms of 2 × 3 and 3 × 3 CCFAT pile groups subjected 
to lateral loads at failure, both under unloaded con-
ditions and at 80% of the ultimate vertical loads. In 
response to these combined loads, the 2 × 3 and 3 × 3 
CCFAT pile groups exhibited rotation around a cen-
tral point, referred to as rotation centre, located at a 
specific depth beneath the ground. The upper half of 
the pile groups, as depicted in the figures, moved rig-
idly toward the direction of the applied lateral load, 
above the rotation center. Conversely, the lower half 
shifted leftward below the rotation centre, consider-
ing the mean position as a reference. Under the appli-
cation of the lateral load, the tips of the leftmost piles 
in both groups shifted upward, while the tips of the 
rightmost piles penetrated deeper into the soil, rela-
tive to the mean position. At the ground surface level 
for both configurations, the soil on the right side of 
the pile groups experienced compression, causing 

Fig. 16  Counters lateral soil stress with combined load  (Pv = 80%Puv)
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heave, while the soil on the left experienced ten-
sion, leading to the formation of a depression zone 
(Siacara et al. 2024). Due to the foundation displace-
ment under combined loads, significant soil yield-
ing in terms of plastic strains was noted in the soil 
mass between the piles within the group. Soil yield-
ing appeared as wedge formations along the depth 

of the piles, most prominently on both the right and 
left sides at the surface level, with plastic deformation 
diminishing approximately 50–60% down the founda-
tion depth. Notable deformations at the pile tips were 
also observed.

It is noteworthy from Figs.  18a and b that the 
maximum plastic strain, as deduced from contour 

Fig. 17  Counters diagram of plastic strain for  Puv

Fig. 18  Counters diagram of plastic strain for Pure lateral load
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diagrams of CCFAT pile group 3 × 3 models, was 
higher when compared to 2 × 3 models. Specifically, 
the maximum plastic strain for the CCFAT pile group 
3 × 3 models was 1.927 ×  10−2, while for the 2 × 3 
model, it was 1.370 ×  10−2. Similarly, as illustrated 
in Figs. 19a and b, the maximum plastic strain values 
are 3.113 ×  10−2 and 2.300 ×  10−2 for the CCFAT pile 
groups of 2 × 3 and 3 × 3 configurations, respectively. 
The influence of applied vertical load for the pile 
groups at failure under lateral loads was studied by 
applying 0 and 80% of ultimate vertical loads for pile 
groups of 2 × 3 and 3 × 3 configurations. The plastic 
strain at failure is noted to increase with the applied 
vertical load. For example, from Figs.  18a and 19a, 
for 2 × 3 pile group, as the vertical load is increased 
from 0 to 80% of ultimate vertical, the plastic strain 
at failure is noted to increase from 1.37 ×  10−2 to 
2.30 ×  10−2. Similar variation is noted in the case of 
3 × 3 pile group.

3.3.5  Sensitivity Analysis

Soil characteristics, encompassing factors such as 
internal friction angle, dilatancy angle, Young’s 
modulus, and friction coefficient between CCFAT 
piles and soil, exert considerable influence over the 
densification of sand, constituting crucial elements 
in numerical modelling (X. Wang et  al. 2023a, b; 

X. Zhang and Lu 2023). While certain factors, such 
as the internal friction angle, can be quantified 
through geotechnical assessments, challenges in 
measurement, particularly for the dilatancy angle, 
contribute to imprecise determinations. Conse-
quently, a meticulous investigation was undertaken 
to evaluate the significance of these factors within 
the non-linear Mohr–Coulomb soil model. The soil 
parameters were varied within the practical range 
typically encountered in field applications to ensure 
relevance. The chosen parameters provide a basis 
for understanding the behavior of the CCFAT piles. 
The CCFAT pile group, configured as 3 × 3 with a 
 Lm/d of 15, was designated as the control model. 
Table  6 presents the various parameters such as 
internal friction angle, dilatancy angle, Young’s 
modulus, and friction coefficient between CCFAT 
piles and soil and their influence on lateral response 
under combined loading conditions. Each numerical 

Fig. 19  Counters diagram of plastic strain for lateral load and vertical load  (Pv = 80%Puv)

Table 6  Valuated soil factors

Parameters Standard Value

Internal friction angle, φʹ (°) 30 25, 35, 40
Dilatancy angle, ψ (°) 5 2, 10, 15
Young’s Modulus, E (MPa) 20 10, 30, 40
Friction Coefficient, K 0.3 0.2, 0.4, 0.5
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model underwent modification of a singular factor 
for detailed examination.

The impact of soil factors and the friction coef-
ficient between CCFAT piles and soil is delineated 
in Figs.  20a and b, illustrating the response of the 
CCFAT pile group under both a pure lateral load sce-
nario and a vertical load equivalent to 80% of  Puv, 
respectively. To elucidate the impact of the afore-
mentioned factors more distinctly, the computed ulti-
mate lateral loads were normalized against the initial 
loads for both loading conditions. In the case of pure 
lateral load, depicted in Fig.  20a, an increasing cor-
relation demonstrated a substantial increase in the 
ultimate lateral load with increasing internal friction 
angle values within the range of 25°–40°, exhibiting 
a variation of 104%. The ultimate lateral load exhib-
ited an increase with increasing dilatancy angle from 
2°−15°, demonstrating a distinctive trend and result-
ing in a cumulative rise of 60%. With Young’s modu-
lus varying from 10 to 20 MPa, there was an increase 
in the ultimate lateral load by 36%. Conversely, when 
Young’s modulus ranged from 30 to 40  MPa, the 
enhancement in ultimate vertical capacity was less 
than 19%. The impact of Young’s modulus was more 
pronounced in loose sand conditions (10–20  MPa) 
compared to dense sand conditions (> 30 MPa). The 
friction coefficient between the pile and soil had a 

marginal effect, contributing to a 35% improvement 
within a reasonable range of friction coefficients 
(0.2–0.5). The internal friction angle and Young’s 
modulus were identified as pivotal factors influencing 
the lateral behavior of the CCFAT pile group.

In the presence of vertical loads equivalent to 80% 
of  Puv, as depicted in Fig. 20b, the impact of the inter-
nal friction angle, ranging from 25° to 40°, demon-
strated 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, man-
ifesting a significant rise in ultimate lateral load with 
an increasing dilatancy angle, reaching a variation of 
102%. Conversely, for diverse Young’s modulus val-
ues 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 illus-
trated 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. Neverthe-
less, the percentage improvement was comparatively 
lower than that associated with other considered 
soil factors, resulting in a 38% enhancement within 

Fig. 20  Influence combined loading with soil-sensitive factors on CCFAT piles group
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a reasonable range of friction coefficients (0.2–0.5). 
In the presence of vertical loads equivalent to 80% of 
 Puv, internal friction angle and dilatancy angle were 
noted to have higher influence on the lateral load 
capacity as compared to the other parameters.

3.4  Design Expressions

The lateral capacities obtained at failure under vari-
ous vertical loads and pure lateral capacities (under 
zero vertical loads) for 1 × 2, 2 × 2, 2 × 3 and 3 × 3 
CCFAT pile groups were utilized to obtain Percent 
Improved Lateral load (PIL) (Karthigeyan et  al. 
2006). For a particular CCFAT pile group geometry, 
PIL can be obtained as the ratio of the difference 
between lateral capacity obtained at failure under var-
ious vertical loads and pure lateral capacity to pure 
lateral capacity (shown by Eq. (2)).

Here,  Plv represents the lateral load at a specific 
lateral displacement in the presence of a vertical 
load, and  Pl denotes the lateral load at the same lat-
eral displacement as  Plv under pure lateral load condi-
tions. The variation of PIL for 1 × 2 and 2 × 2 CCFAT 
pile groups obtained from laboratory experiments is 
shown in Figs. 21a–c.

The lateral capacities obtained at failure under var-
ious vertical loads and pure lateral capacities (under 
zero vertical loads) for 1 × 2, 2 × 2, 2 × 3 and 3 × 3 
CCFAT pile groups were utilized to obtain PIL. For 
a particular CCFAT pile group geometry, PIL can be 
obtained as the ratio of the difference of lateral capac-
ity obtained at failure under various vertical loads and 
pure lateral capacity to pure lateral capacity (shown 
by Eq. (2)).

The laboratory investigation revealed that for 
a pile group size of 1 × 2 with a  Lm/d of 10 (as 
shown in Fig.  21a, the increases in capacity per-
centages at vertical load levels of 20, 40, 60, and 
80% of the ultimate vertical capacity were 6.97, 
8.85, 13.55, and 16.34, respectively. Similarly, for a 
2 × 2 pile group at the same  Lm/d, the lateral capac-
ity increased by 5.56, 14.04, 16.28, and 19.33% at 
these same vertical load levels of 20, 40, 60, and 
80%, respectively. The data indicates that the PIL 
tends to rise almost linearly as the vertical load 
increases from 20 to 80% of the ultimate capacity. 

(2)PIL =
Plv − Pl

Pl
× 100%

This trend of increasing PIL with higher vertical 
loads for all the pile groups and  Lm/d ratios was 
consistent across all pile group configurations con-
sidered in the study.

Additionally, Fig.  21a illustrates specific obser-
vations for CCFAT pile group 1 × 2. From the fig-
ure, with  Lm/d of 10, 20% increase in PIL has been 
observed when the vertical load corresponding to 
80% of the ultimate vertical load was applied, com-
pared to pure lateral loading condition. At the same 
vertical load level in Figs. 21b and c, with  Lm/d at 
15 and 20, PIL was observed to be 13% and 8%, 
respectively. From these figures, it can be observed 
that the increasing vertical load has an  increasing 
effect on the ultimate lateral capacity. However, 
with increasing pile depth, it is evident that the PIL 
decreases considerably. Notably, when analysing 
PIL against the vertical load percentage for CCFAT 
pile group models, for example, 1 × 2 and 2 × 2 con-
figurations, with the same  Lm/d, a similar slope in 
the linear trend was observed. This suggests that the 
number of piles in the configurations 1 × 2 and 2 × 2 
had a diminished effect on the PIL. This phenom-
enon may be attributed to the higher magnitude of 
ultimate vertical load for CCFAT pile group 2 × 2 
compared to 1 × 2, encountering increased lateral 
resistance. Consequently, there was an approxi-
mately equivalent improvement in lateral load for 
the same percentage of present vertical load in both 
CCFAT pile groups 1 × 2 and 2 × 2. The variation 
remained similar for all the geometries considered 
in this study.

The data points obtained for each geometry plotted 
for PIL versus  Pv/Puv are utilized to arrive at the gen-
eral form of relationship and can be expressed using 
Eq. (3). Here, a represents the slope or the coefficient 
of the linear relationship, and b is the y-intercept, 
indicating the value of PIL when the vertical load 
percentage is zero. The details of the coefficients for 
all the geometries have been presented in Table 7.

Additionally, using Eqs.  (2) and (3), the ultimate 
lateral load capacity in the presence of a vertical load 
 (Pulv) and can be expressed in terms of applied verti-
cal load (in %), and pure lateral load using the general 
form given by Eq. (4). The details of the coefficients 
for all the geometries have been presented in Table 8.

(3)PIL = a ×
Pv

Puv
+ b
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For a  known value of Pul and Pv

Puv
 , the above 

expression can be utilized to predict the ultimate lat-
eral load capacity within the range of parameters uti-
lized in this study. The above expressions can serve as 
a preliminary guideline for the design of CCFAT pile 
group foundations.

(4)Pulv =

(

a� ×
Pv

Puv
+ b�

)

× Pul × 10
−2 4  Conclusion

Based on the laboratory experiments and finite ele-
ment simulations performed on CCFAT subjected to 
combined vertical and lateral loading conditions are:

1. Vertical load greatly affects the lateral response 
of CCFAT pile groups, with capacity increas-
ing as vertical load increases. The stiffness of 

Fig. 21  Percent improved lateral load (PIL) vs the vertical load percentage
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the foundation improves lateral resistance, espe-
cially in early loading phases, resulting in capac-
ity increase during nonlinear stages compared to 
linear stages.

2. The lateral behavior of piles subjected to com-
bined loading is dependent upon the  Lm/d ratio of 
the CCFAT pile. The impact of vertical load on 
the lateral response diminishes as the pile length 
increases. The CCFAT pile group 3 × 3, which 
has a higher ultimate vertical load, displayed 
significantly larger PIL values compared to the 
CCFAT pile group 2 × 3 model in FE simulations.

3. Vertical load significantly increases lateral soil 
stresses in CCFAT pile groups (2 × 3 and 3 × 3), 
particularly around the ground and mid-level of 
the down-row piles. During failure, the response 
of these pile groups under pure lateral and com-
bined 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.

4. Under pure lateral load conditions, the internal 
friction angle and Young’s modulus were iden-
tified as crucial parameters. Furthermore, in the 
presence of vertical loads equivalent to 80% of 
 Puv, the dilatancy angle and internal friction angle 
had a significant influence on ultimate capacity.

5. Design expression was proposed to estimate the 
 Pulv for CCFAT pile groups which takes into 
account the pure lateral and vertical loads into 
account.
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