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ABSTRACT

This study presents a comprehensive experimental and numerical investigation of uplift resistance characteristics
in winged composite pile foundations designed to utilize construction surplus soil, addressing Japan's critical
construction waste management challenges where on-site utilization remains at only 54.3%. The novel composite
system integrates steel structural members (liner plates) surrounding steel pipe piles with expanded base wings,
with the annular space filled with construction surplus soil. Through 35 model-scale uplift tests examining seven
distinct configurations, the study systematically evaluated effects of steel structural member presence, soil
density variations (12 and 15 kN/m?®), and surface irregularities across five expanded base wing diameters
(32-64 mm). Results demonstrate that uplift resistance increases proportionally with expanded base wing
diameter across all configurations, with the composite system achieving performance comparable to or exceeding
conventional steel pipe piles under optimal conditions. Soil density emerged as a critical parameter, with 20%
density reduction causing approximately 50% decrease in uplift resistance, emphasizing the importance of
compaction quality control. Corrugated steel structural members enhanced resistance by 12-13% through
improved frictional engagement. Finite element method analyses of three selected cases validated experimental
trends, confirming qualitative agreement despite quantitative differences attributable to simplified material
parameters. The study provides integrated design guidelines combining experimental and numerical findings,
contributing to practical implementation of winged composite pile foundations for wind-load-resistant structures
while achieving substantial utilization of construction surplus soil, thereby addressing both structural and
environmental imperatives in geotechnical engineering.

1. Introduction

1.1. Study background and motivation

In response to increasing environmental loads, a wide range of
experimental and numerical studies have examined the uplift and
pullout behavior of foundations for towers, monopoles, and solar array
structures in granular and composite soils [1-5]. These studies have

Structures such as transmission towers and radio towers experience
significant wind loads, requiring pile foundations with substantial uplift
resistance to withstand uplift forces generated by lateral loading. Recent
climate change has intensified these requirements, with increased
typhoon severity and tornado frequency elevating wind loads on such
structures [1-5]. This trend necessitates development of pile founda-
tions with enhanced uplift resistance capacity.

* Corresponding author.
E-mail address: inazumi@shibaura-it.ac.jp (S. Inazumi).

https://doi.org/10.1016/j.rineng.2026.109404

clarified key mechanisms, such as the development of conical failure
surfaces and the influence of group interaction effects and soil rein-
forcement or anchorage geometry on ultimate pullout resistance.
However, most of this research has concentrated on conventional pile or
anchor geometries in natural or cement-improved soils. There has been
limited consideration of foundation systems designed to handle large
amounts of excess construction soil while increasing uplift capacity.
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Simultaneously, Japan faces critical challenges in construction sur-
plus soil management. According to the Ministry of Land, Infrastructure,
Transport and Tourism's Construction By-products Survey (January
2020), while construction waste achieves 97.2% recycling and reduction
rate, construction surplus soil demonstrates only 79.8% effective utili-
zation, with on-site utilization at merely 54.3% [6,7]. With annual
generation of approximately 290 million m® and off-site disposal of 130
million m3, inadequate management practices have led to environ-
mental pollution and landslide risks, creating significant societal con-
cerns [8,9]. Enhancing on-site utilization rates, particularly through
technologies capable of utilizing large volumes of lower-quality surplus
soil, represents an urgent priority for the construction industry [10,11].

1.2. Review of existing technologies and study gap

Traditional pile foundation systems have evolved to resist uplift
through several approaches, including belled or enlarged base piles,
grouted or planted piles, anchor piles, and composite foundations
[12-15]. Enlarged base or belled piles increase bearing resistance by
enlarging the base area and have been widely studied under compressive
and tensile loading conditions. Grouted or planted piles and anchor piles
further enhance uplift resistance by improving the pile-soil interface and
enlarging the effective failure surface through base grouting or me-
chanical anchorage. Soil-cement column systems and cement-improved
ground around piles can increase lateral and pullout resistance; how-
ever, they generally require substantial cement consumption and
high-quality backfill materials.

Concurrently, numerous recent studies have investigated various
composite or hybrid pile systems, including pile-net composite founda-
tions, soil-filling piles with spiral or fin-type attachments, and hybrid
steel-concrete or GFRP pile foundations, to enhance axial and lateral
performance. These contributions demonstrate that a rational combi-
nation of steel members, concrete, grout, and surrounding ground can
significantly improve foundation performance under complex loading
conditions. However, most of these composite systems are not designed
to utilize large quantities of construction surplus soil, and their design
frameworks rarely incorporate environmental or waste management
objectives [6-11].

The critical study gap emerges at the intersection of structural per-
formance requirements and sustainable construction practices [16-20].
Existing technologies lack systematic integration of structural perfor-
mance enhancement with large-volume construction surplus soil utili-
zation. Previous study has examined individual aspects of pile behavior
under uplift loading or soil improvement techniques separately, but no
comprehensive experimental study has examined how steel structural
member configurations, soil density variations, and surface character-
istics collectively influence uplift resistance in composite systems
designed specifically for surplus soil application. This gap is particularly
significant considering the growing regulatory pressure to reduce con-
struction waste disposal and the policy targets aimed at improving the
on-site utilization of excavated soils. Additionally, the structural de-
mands imposed by climate change-intensified wind loads must be
considered [1-11,16-20].

1.3. Novelty and originality of this study

This study presents three fundamental innovations that address the
identified study gap. First, the novel winged composite pile foundation
system introduces a unique structural configuration integrating steel
structural members such as liner plates with expanded-base steel pipe
piles, creating an annular space specifically engineered for construction
surplus soil placement. This configuration fundamentally differs from
existing technology by accommodating lower-quality surplus soil while
maintaining structural performance through the synergistic interaction
between the steel elements and contained soil mass. The system achieves
dual functionality by simultaneously enhancing structural resistance
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and advancing environmental sustainability through massive surplus
soil utilization [21-23].

Second, the study employs a comprehensive parametric experi-
mental investigation examining seven distinct test configurations that
systematically vary steel member presence, soil density differences both
internal and external to structural members, and surface irregularities.
The statistical rigor of conducting 35 model-scale tests with five
expanded base wing diameters per configuration establishes robust
performance relationships across the full parameter space. This un-
precedented scope represents the first systematic evaluation of winged
composite pile foundation uplift resistance characteristics considering
multiple interacting parameters simultaneously [16].

Third, the integrated experimental-numerical validation framework
provides bidirectional confirmation of observed phenomena through
finite element method analyses of three selected cases. This integration
of experimental findings and numerical predictions into practical design
guidelines enables direct translation of study findings to field imple-
mentation protocols, bridging the gap between laboratory investigation
and engineering practice [24-26].

1.4. Study objectives

This study aims to experimentally investigate uplift resistance
characteristics of winged composite pile foundations utilizing con-
struction surplus soil through model-scale testing and numerical vali-
dation. The study seeks to quantify the effects of key design parameters
including steel structural member presence or absence, soil density
variations comparing 15 kN/m> versus 12 kN/m® conditions, steel
member surface characteristics distinguishing smooth from corrugated
configurations, and expanded base wing diameter ranging from 32 to 64
mm. Beyond parameter quantification, the study establishes perfor-
mance relationships between expanded base wing diameter and uplift
resistance under various configurations, validates experimental findings
through finite element method numerical reproduction analyses, de-
velops practical design guidelines integrating experimental and nu-
merical insights for field implementation, and demonstrates the
feasibility of utilizing construction surplus soil in structural foundations
while maintaining adequate uplift resistance for wind-loaded structures
[16,27,13].

2. Winged composite pile foundation system
2.1. Structural configuration

Fig. 1 illustrates the plan view and cross-section of the developed
winged composite pile foundation system. This innovative structural
form differs fundamentally from conventional pile foundations through
its capacity for large-volume construction surplus soil utilization [28,
29]. The system comprises four primary components working syner-
gistically to resist uplift forces while incorporating site-generated sur-
plus soil.

Steel structural members, implemented using cylindrical elements
such as liner plates [30], create subsurface voids within the ground
mass. These members serve dual functions by retaining construction
surplus soil against lateral earth pressures while simultaneously devel-
oping frictional resistance with surrounding ground during uplift
loading. The selection of liner plates or similar corrugated members
enhances this frictional interaction through increased surface area and
mechanical interlocking with contained soil.

An expanded-base steel pipe pile with a disk-shaped wing at the pile
tip is positioned centrally within the steel structural member. The
expanded base provides the primary bearing resistance mechanism
against uplift forces, mobilizing the strength of both the natural ground
below and the contained surplus soil above through bearing pressure
distribution. The sizing of this expanded base wing relative to the steel
structural member diameter emerges as a critical design parameter



S. Inazumi et al. Results in Engineering 29 (2026) 109404

Fig. 1. (a) Cross-sectional and (b) plan views of winged composite pile foundation.

governing overall system performance. soil, rather than representing waste requiring disposal, becomes an in-
Construction surplus soil excavated during site preparation fills the tegral structural component working in conjunction with the expanded
annular space between the steel pipe pile and structural member. This base wing to resist uplift forces. The transformation of surplus soil from

. 2. Construction sequence for winged composite pile foundation.
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waste material to structural element represents the key innovation
enabling both structural performance and environmental sustainability.
When site conditions or performance requirements dictate, cement-
based solidification agents can be mixed with construction surplus soil
near the expanded base wing to enhance local strength. This optional
treatment provides design flexibility for accommodating particularly
poor quality surplus soils or demanding loading conditions while still
maintaining the fundamental concept of surplus soil utilization [31-33].
This configuration enables construction surplus soil to form an in-
tegrated mass with the pile's expanded base wing, creating a unified
resistance mechanism against uplift forces. The steel structural member
not only retains soil but also contributes to uplift resistance through
friction with surrounding ground, distinguishing this system from con-
ventional approaches that rely solely on pile-ground interaction.

2.2. Construction methodology

Fig. 2 illustrates the construction sequence for winged composite pile
foundations, which has been developed to facilitate efficient on-site
implementation while maximizing surplus soil utilization. The con-
struction procedure comprises the following sequential steps:

e Step 1 (Ground Excavation): Excavation proceeds to the specified
depth with diameter slightly larger than the steel structural member
outer diameter to facilitate member installation while minimizing
soil disturbance in surrounding ground.

Step 2 (Steel Structural Member Installation): Steel structural mem-
bers are installed within the excavated hole using procedures
adapted to the specific member type. When employing liner plates,
the members can be assembled and installed progressively during
excavation, enabling efficient construction in variable ground
conditions.

Step 3 (Steel Pipe Pile Placement): The expanded-base steel pipe pile
is positioned centrally within the steel structural member using
alignment fixtures at the pile head to ensure verticality throughout
the soil placement process. Maintaining accurate pile alignment
proves critical for achieving design performance.

Step 4 (Construction Surplus Soil Placement): Construction surplus
soil is placed in layers between the steel pipe pile and structural
member, with each layer approximately 30 cm thick after compac-
tion. Each layer receives systematic compaction using metal tampers
or mechanical compactors, with compaction effort controlled to
achieve target soil density.

Step 5: (Strength Enhancement (Optional)): When design re-
quirements specify strength enhancement, cement-based solidifica-
tion agents are mixed with construction surplus soil near the
expanded base wing during placement of those layers. The extent of
soil treatment follows design specifications based on required uplift
capacity and surplus soil quality.

Step 6 (Pile Head Connection): The construction sequence concludes
with connection of the steel pipe pile head to the structure founda-
tion, completing load transfer from the superstructure through the
pile system to the supporting ground.

This construction methodology enables direct utilization of site-
generated construction surplus soil in winged composite pile founda-
tions, substantially reducing off-site disposal volumes while creating a
structurally effective foundation system. The practical feasibility of this
approach in field conditions represents a key consideration validated
through the experimental program described in subsequent sections.

3. Experimental program
3.1. Experimental objectives and overview

The experimental program was designed to achieve two primary
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objectives: first, to evaluate winged composite pile foundation uplift
resistance characteristics experimentally across a comprehensive
parameter space, and second, to generate high-quality data enabling
validation of numerical analysis results. Tests employed scaled models
at 1/50 scale, representing full-scale 15 m pile length as 300 mm models
while maintaining geometric similarity for key features including pile
diameter, expanded base wing proportions, and steel structural member
dimensions.

Seven test configurations were examined, systematically varying
steel structural member presence, soil density differences between in-
ternal and external regions, and steel member surface irregularities.
Each configuration was tested with five different expanded base wing
diameters spanning 32, 40, 48, 56, and 64 mm, totaling 35 individual
uplift tests. This parametric approach enables isolation of individual
parameter effects while establishing their interactions across the per-
formance space relevant to practical design applications.

3.2. Testing apparatus

The testing apparatus comprises three integrated systems: soil
container, loading mechanism, and measurement instrumentation. The
soil container utilizes acrylic construction with internal dimensions of
400 mm length, 400 mm width, and 600 mm height. Acrylic material
selection enables visual observation of ground and pile behavior
through container sidewalls during testing, providing qualitative in-
sights into failure mechanisms that complement quantitative load-
displacement measurements. Drainage holes incorporated in the
container base facilitate soil removal after testing while preventing pore
pressure buildup during loading if soil saturation occurs inadvertently.

The loading apparatus, shown in Fig. 3, applies controlled vertical
uplift displacement to the pile head through an electric jack system. This
displacement-controlled loading approach, as opposed to load-
controlled methods, ensures stable post-peak behavior observation and
complete load-displacement relationship characterization [34]. The
load cell, with 100 N maximum capacity and 0.01 N measurement
precision, provides accurate quantification of uplift forces throughout
the loading history. The capacity selection reflects the scale model forces
expected from preliminary analyses while ensuring adequate resolution
for detecting subtle performance differences between configurations.

Measurement instrumentation comprises a laser displacement sensor
monitoring pile head displacement with 0.01 mm precision and the load
cell measuring uplift force continuously throughout each test. A data
logger captures synchronized load-displacement measurements at 1-s
intervals, providing temporal resolution adequate for the 0.5 mm/min
loading rate employed. This measurement configuration enables precise
characterization of both peak resistance and post-peak behavior, with
the latter proving particularly important for understanding failure
mechanisms and assessing ductility characteristics relevant to structural
design.

3.3. Testing procedures

Fig. 4 illustrates the systematic testing procedure developed to
ensure reproducibility across the 35-test experimental program. The
procedure comprises the following sequential operations:

e Step 1 (Soil Container Preparation): The soil container is positioned
horizontally with non-woven geotextile fabric placed on the base to
prevent soil loss through drainage holes while permitting pore water
drainage.

e Step 2(Steel Structural Member Installation (for winged composite
pile cases)): Steel structural members fabricated from PVC pipe or
corrugated sheet material (Fig. 5) are installed at the container
center before soil placement, using alignment jigs to maintain
verticality and concentric positioning.
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Fig. 3. Temperature-controlled tensile testing apparatus (Instron tensile compression testing machine (AG-50kNX)).

Fig. 4. Installation procedures for model tests.

. 5. Steel structural members with surface irregularities.

Step 3 (Pile Installation): Model steel pipe piles with various
expanded base wing diameters (Fig. 6) are placed at the container
center, or at the steel member center when such members are pre-
sent. Fig. 7 shows the 64 mm diameter expanded base wing pile.
Fixtures attached to pile heads maintain verticality throughout soil
placement.

Step 4 (Test Soil Placement): Test soil is placed in approximately 50
mm thick layers both outside and inside steel structural members
when present. Commercial silica sand No 5 (grain size 0.25-0.5 mm)
serves as the test soil. Each layer receives compaction using a metal

tamper: 25 blows per layer for 15 kN/m® density; 10 blows per layer
for 12 kN/m® density.

Step 5 (Instrumentation Installation): Following soil placement
completion, the loading apparatus and displacement sensor are
installed at the pile head.

Step 6 (Uplift Loading): Displacement-controlled uplift loading
commences at 0.5 mm/min rate continuing to 20 mm maximum
displacement. Pile head displacement and load are measured
continuously throughout loading.

This systematic approach to experimental execution ensures
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. 6. Dimensions of model steel pipe piles.

. 7. Steel pipe pile with 64 mm expanded base wing.

reproducibility while enabling careful control of key parameters gov-
erning uplift resistance behavior.

The internal dimensions of the soil container are 400 mm x 400 mm
x 600 mm, corresponding to widths approximately 6.3-12.5 times the
32-64 mm expanded base wing diameter and a depth about 9.4 times
the 300 mm model pile length. The uplift mechanism of the winged
composite pile is primarily confined to the soil mass inside the steel
structural member and the soil immediately surrounding the expanded
base wing, as evidenced by post-test observations in Figs. 10 and 11.
Consequently, the influence of the container walls on uplift resistance is
limited, though some confinement effect is present and consistently
included in all test cases.

3.4. Test case matrix

Table 1 summarizes the seven test configurations implemented in
this experimental program, with five expanded base wing diameters
tested for each case generating the 35-test matrix. Case 1 and Case 2
examine steel pipe pile behavior without steel structural members,
representing baseline performance for subsequent comparison with
winged composite pile configurations. Case 1 employs 15 kN/m? soil
density throughout the container while Case 2 reduces density to 12 kN/
m®, enabling isolation of density effects independent of steel member

presence.

Table 1
Test case matrix showing configurations.

Steel Structural Soil Density Soil Density Steel Member

Member Presence Inside Steel Outside Steel Surface
(Pile Configuration) Member Member (kN/  Irregularities
(kN/m®) m®)
Case Absent (Steel pipe 15 15 Absent
1 pile only)
Case Absent (Steel pipe 12 12 Absent
2 pile only)
Case Present (Winged 15 15 Absent
3 composite pile)
Case Present (Winged 12 12 Absent
4 composite pile)
Case Present (Winged 15 15 Present
5 composite pile)
Case Present (Winged 15 12 Absent
6 composite pile)
Case Present (Winged 15 12 Present
7 composite pile)

Case 3 and Case 4 introduce steel structural members while main-
taining uniform soil density both internal and external to these
members. Case 3 employs 15 kN/m? throughout while Case 4 utilizes
12 kN/m? universally. Comparison of these cases with their respec-
tive baseline configurations (Cases 1 and 2) quantifies the effects of
steel structural member installation on uplift resistance enhance-
ment, addressing a fundamental question regarding winged com-
posite pile performance.

Case 5 maintains identical conditions to Case 3 but substitutes
corrugated steel structural members for the smooth members used in
Case 3. Direct comparison between these cases isolates the effect of
surface irregularities on frictional resistance, addressing practical
design questions regarding optimal steel member selection for field
applications.

Case 6 and Case 7 introduce density differentials between internal
and external regions, with 15 kN/m® internally and 12 kN/m®
externally. This configuration simulates realistic field conditions
where construction surplus soil placed within steel structural mem-
bers may receive different compaction effort or possess different
characteristics than surrounding site soils. Case 7 extends Case 6 by
employing corrugated rather than smooth steel members, enabling
assessment of whether surface irregularity benefits persist under
density differential conditions.

Soil volume for each case was meticulously recorded separately for
internal and external regions, with mass measurements performed layer-
by-layer during placement. This careful mass and volume tracking
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ensures experimental soil density reproducibility and enables correla-
tion of measured performance with actual as-built density conditions
rather than target values alone.

4. Experimental results and discussion
4.1. Overview of results

Figs. 8 and 9 present comprehensive experimental results across all
test configurations. Fig. 8 displays pile head displacement versus uplift
force relationships for all seven cases, with each case shown at two
displacement scales to capture both initial response characteristics and
extended post-peak behavior. Fig. 9 summarizes uplift force versus
expanded base wing diameter relationships, consolidating maximum
resistance values for direct comparison across cases. Figs. 10 and 11
provide photographic documentation of post-test conditions for Case 3,
illustrating physical mechanisms underlying the measured load-
displacement responses.

4.2. Baseline performance: Cases 1 and 2

Case 1, representing steel pipe piles in 15 kN/m? density soil without
steel structural members, establishes baseline performance against
which winged composite pile enhancements are evaluated. As shown
in Fig. 8(a) and (b), uplift force increases systematically with
expanded base wing diameter, progressing from 35.64 N at 32 mm
diameter through intermediate values of 47.20 N, 50.20 N, and 53.88
N at 40 mm, 48 mm, and 56 mm respectively, reaching maximum
resistance of 58.98 N at 64 mm diameter. The load-displacement
relationships show an almost linear initial response up to a
displacement of about 1-2 mm. This is followed by a nonlinear re-
gion where the uplift resistance quickly approaches its peak and then
slowly decreases. This reflects the progressive mobilization and
softening of the soil resistance around the expanding deformation
zone above the base wing. Following peak load attainment, re-
sponses show slight load reduction stabilizing to relatively constant
residual resistance, indicating that post-peak behavior remains
controlled rather than catastrophic.

Case 2 mirrors Case 1 configuration but reduces soil density to 12
kN/m? throughout the container. Fig. 8(c) and (d) reveal similar
displacement-response characteristics but substantially reduced up-
lift forces: 17.75N, 18.12 N, 19.42 N, 21.26 N, and maximum 28.74
N for the respective expanded base wing diameters. Direct compar-
ison between Cases 1 and 2 quantifies the dramatic influence of soil
density on uplift resistance. The 20% density reduction from 15 to 12
kN/m?® produces approximately 50% reduction in uplift force across
all expanded base wing diameters. This substantial sensitivity re-
flects the combined effects of reduced bearing resistance around
expanded base wings and decreased shaft friction along pile surfaces,
both of which depend fundamentally on soil density through its in-
fluence on stress-dependent strength parameters. These baseline re-
sults establish that compaction quality control during construction
surplus soil placement will prove critical for achieving design per-
formance in field applications.

4.3. Winged composite pile with uniform density: Cases 3 and 4

Case 3 introduces steel structural members while maintaining 15 kN/
m® uniform density both internal and external to these members,
enabling direct assessment of steel member effects by comparison
with Case 1 baseline. Fig. 8(e) and (f) show uplift forces of 36.61 N,
36.04 N, 32.29 N, 41.38 N, and maximum 53.92 N for expanded base
wing diameters progressing from 32 to 64 mm. Comparison with
Case 1 reveals nuanced behavior: at smaller diameters, Case 3 per-
forms comparably, but at larger diameters, particularly 56 mm and
64 mm, Case 3 exhibits slightly reduced resistance relative to Case 1.

Results in Engineering 29 (2026) 109404

This reduction likely results from frictional resistance developing
between the soil mass moving upward with the expanded base wing
and the steel structural member inner wall, effectively creating
additional resistance that must be overcome during uplift. This
observation suggests that steel structural member benefits emerge
through mechanisms other than simple resistance addition, requiring
careful consideration in design.

Case 4 parallels Case 3 configuration but employs 12 kN/m> uniform
density, enabling evaluation of whether steel structural member ef-
fects depend on soil density. Uplift forces of 13.99 N, 17.58 N, 16.63
N, 17.45 N, and maximum 19.32 N demonstrate that winged com-
posite pile behavior persists at reduced density. Comparison with
Case 2 baseline reveals interesting trends: Case 4 shows lower
resistance at 32 mm diameter but higher resistance at larger di-
ameters. This crossover behavior suggests that steel structural
member benefits become more pronounced as expanded base wing
diameter increases, possibly because larger diameters create wider
zones of soil disturbance that interact more effectively with steel
member confinement effects. The consistent increase of uplift resis-
tance with expanded base wing diameter across both Cases 3 and 4
confirms that fundamental design relationships established for con-
ventional piles remain applicable to winged composite pile systems.

4.4. Surface irregularity effects: Case 5

Case 5 maintains identical conditions to Case 3 while substituting
corrugated steel structural members for smooth members, isolating
surface irregularity effects through direct comparison. Fig. 8(i) and
(j) present uplift forces of 37.79 N, 30.40 N, 38.74 N, 41.37 N, and
maximum 60.92 N across the diameter range. The maximum value of
60.92 N at 64 mm diameter substantially exceeds the corresponding
Case 3 value of 53.92 N, representing approximately 13% enhance-
ment attributable solely to corrugated surface geometry. This per-
formance improvement derives from two complementary
mechanisms: increased contact area between construction surplus
soil and steel structural member surface, and mechanical inter-
locking effects wherein irregularities create local bearing resistance
against soil movement. The magnitude of enhancement, while
modest in percentage terms, translates to significant capacity in-
creases in full-scale applications, potentially enabling reduced pile
dimensions or enhanced safety margins for equivalent loading
conditions.

The practical implications prove particularly significant for field
implementation. Liner plates, commonly employed in temporary exca-
vation support, possess inherent corrugations serving as structural
stiffeners. The experimental results demonstrate that these existing
corrugations provide substantial secondary benefits for uplift resistance
when liner plates serve as permanent steel structural members in winged
composite pile foundations. This dual functionality, structural stiffness
and enhanced soil interaction, adds no incremental material cost while
improving performance, making corrugated members economically
attractive for winged composite pile applications.

4.5. Density differential effects: Cases 6 and 7

Case 6 introduces density differential with 15 kN/m? internally and
12 kN/m? externally, simulating realistic field conditions where
construction surplus soil placement and compaction within confined
spaces may differ from surrounding site work. Fig. 8(k) and (1) show
uplift forces of 19.88 N, 19.62 N, 21.17 N, 22.22 N, and maximum
27.85 N. These values fall between the uniform high-density Case 3
results and uniform low-density Case 4 results, confirming that
external soil density influences overall system behavior despite the
expanded base wing residing primarily within the internal soil mass.
This finding indicates that uplift resistance mechanisms extend
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Fig. 8. Load-displacement relationships for all test cases (a-n).
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Fig. 9. Maximum uplift resistance versus expanded base wing diameter for all cases.

Fig. 10. Post-test conditions for Case 3.

Fig. 11. Soil mass lifted by steel pipe piles.

beyond immediate base wing vicinity, with external soil partici-
pating through confinement effects on internal soil or through in-
dependent frictional contribution along steel structural member
exterior surfaces.

Case 7 extends Case 6 by employing corrugated rather than smooth
steel members, testing whether surface irregularity benefits persist
under density differential conditions. Uplift forces of 17.20 N, 23.05
N, 22.82 N, 25.69 N, and maximum 31.14 N demonstrate

approximately 12% enhancement compared to Case 6, closely
matching the enhancement magnitude observed in Case 5 relative to
Case 3. This consistency confirms that corrugated member benefits
remain robust across varying soil density conditions, supporting
specification of corrugated members as general practice rather than
conditional on achieving high-quality soil compaction. The persis-
tence of diameter-resistance relationships even under density dif-
ferentials further validates fundamental design approaches while
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highlighting the importance of considering external soil properties in
capacity calculations.

4.6. Synthesis of experimental findings

Comprehensive analysis of all experimental configurations yielded
several critical insights into the uplift resistance mechanisms of winged
composite pile foundations. Uplift force was observed to increase
consistently with the expanded base wing diameter across all seven test
cases, irrespective of steel structural member presence, variations in soil
density, or the application of surface corrugations. Fig. 9 demonstrates
systematically that maximum resistance is positively correlated with
wing diameter for all configurations, revealing this relationship as a
fundamental design principle for such systems.

The test results confirmed that the incorporation of steel structural
members enables winged composite piles to achieve uplift capacities
comparable to, or surpassing, those of conventional steel pipe piles,
provided that suitable conditions, particularly adequate soil compac-
tion, are ensured. However, the performance of the composite system is
strongly dependent upon both the physical properties of the contained
and surrounding soil and the surface geometry of the steel member,
suggesting that the steel structural members act mainly through
confinement and friction rather than as simple additive resistive
elements.

The effect of soil density proved pronounced: a 20% reduction in soil
density resulted in an approximately 50% reduction in uplift capacity in
all tested cases, as shown in Fig. 9. This finding highlights that strict
quality control of soil compaction during surplus soil placement is
paramount for ensuring the desired foundation performance in field
conditions.

Surface irregularities, specifically, corrugated steel members, pro-
vided a consistent uplift resistance enhancement of approximately
12-13% over smooth members, independent of soil density. This
enhancement is ascribed to increased soil-member interface area and
mechanical interlocking, thus endorsing the selection of corrugated
members (such as liner plates) for practical applications wherever
feasible.

External soil conditions also influence uplift resistance, even where
the primary uplift mechanism originates within the steel member/
expanded base domain, as demonstrated by comparative analysis of
Cases 3, 4, 6, and 7. Designers should, therefore, consider not only the
properties of construction surplus soil inside structural members but also
the characteristics of in situ ground outside the composite element.

Fig. 10 presents photographic documentation of the post-test con-
ditions for Case 3, showing the deformed state of the contained soil mass
after uplift. This image illustrates that the expanded base mobilizes the
inner soil mass as a nearly rigid block during uplift, with significant
resistance arising from friction along the interface between the steel
member wall and the upward-moving soil. This visual evidence supports
the mechanical interpretations of the observed load-displacement
responses.

Fig. 11 further substantiates the uplift mechanism, displaying the
extracted soil mass corresponding to multiple expanded base diameters.
The images facilitate a direct assessment of how the size of the mobilized
soil block increases with wing diameter, reinforcing the experimental
observation that uplift capacity is governed not only by the physical
dimensions of the steel elements but also by the extent of the soil mass
that actively participates in resistance.

Collectively, these results, supported by photographic evidence from
Figs. 10 and 11, provide robust empirical confirmation of the principal
resistance mechanisms and parameter sensitivities discussed. They
establish the core performance relationships necessary for the rational
design and implementation of winged composite pile foundations uti-
lizing construction surplus soil.
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5. Numerical reproduction analysis and validation
5.1. Analysis objectives and approach

Numerical reproduction analyses using finite element method aim to
validate experimental results and verify analytical methodology appli-
cability for winged composite pile foundation design [35,36]. Three
cases designated Case 3, Case 4, and Case 6 were selected for repro-
duction analysis based on their representation of key configurations:
uniform high density, uniform low density, and density differential
respectively. Analysis models replicate experimental dimensions exactly
while material parameters derive from experimental conditions subject
to necessary assumptions regarding unmeasured properties.

A critical methodological consideration warrants emphasis. Model
experiments measured only soil unit weight directly, with detailed
material constants including elastic modulus, shear modulus, cohesion,
and internal friction angle remaining unmeasured due to specimen size
limitations and testing scope constraints. Consequently, these parame-
ters were estimated from assumed N-values using established correla-
tions applicable to sandy soils [37,38]. This simplification necessarily
introduces quantitative differences between experimental and analytical
results. However, the analysis objective centers on confirming qualita-
tive trend agreement, particularly regarding relationships between
expanded base wing diameter and uplift force, rather than achieving
precise numerical match. Successful qualitative agreement validates
analytical methodology for parametric studies and design applications
where relative performance comparisons guide decision-making.

5.2. Analysis conditions and parameters

Analysis model configuration replicates experimental soil container
dimensions of 400 mm by 400 mm plan area extending 600 mm depth,
with 300 mm pile length, 300 mm steel structural member length where
applicable, and 100 mm steel member diameter as illustrated in Fig. 12.
Mesh discretization employs refined elements near the expanded base
wing where stress gradients concentrate, with progressive coarsening
toward model boundaries where stress levels diminish. This adaptive
meshing strategy balances computational efficiency against accuracy in
regions governing system response.

In the numerical reproduction analyses, the soil domain is modeled
with the same plan dimensions and depth as the experimental container.
The steel structural member (liner plate) surrounding the steel pipe pile
is also explicitly included. Under uplift loading, mobilized deformation
and failure mechanisms concentrate within the soil mass inside the
structural member and in the immediate vicinity of the expanded base
wing. The outer region mainly provides global confinement, as observed
in post-test photographs. Thus, the container walls and outer soil
boundaries are represented by kinematic constraints (fixed bottom and
normal lateral boundary restraints) to reproduce the experimental
conditions. Their influence is interpreted as part of the composite
confinement system rather than an artificial boundary effect to be
eliminated. Since the tests and numerical models have the same geo-
metric limits and boundary constraints, any boundary effect is present in
both and does not affect the comparison of experimental and analytical
results.

Prior to the final analyses, a mesh convergence assessment was
conducted to confirm that the predicted uplift response was not overly
sensitive to element size, especially near the expanded base wing, where
stress gradients are concentrated. Three mesh configurations were
examined: a coarse mesh with an average element size of approximately
15 mm around the expanded base wing; a medium mesh with an element
size of about 10 mm; and a fine mesh with an element size of about 5 mm
in the same region. In all cases, the mesh gradually became coarser to-
ward the model boundaries. For Case 3, which had an expanded base
wing of 64 mm, the maximum uplift force predicted by the medium and
fine meshes differed by <3%. The corresponding load-displacement
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Fig. 12. Finite element analysis model configuration.

curves showed nearly identical shapes over the entire displacement
range. Based on these results, the medium mesh was adopted for all
subsequent analyses because it strikes a balance between computational
efficiency and accuracy. This ensures a mesh-independent representa-
tion of uplift resistance characteristics relevant to design.

Soil parameters for Case 3 reproduction analysis appear in Table 2.
Unit weight matches the experimental value of 15 kN/m® directly
measured during test soil placement. Elastic modulus and shear modulus
derive from assumed N-value correlations appropriate for medium-
dense sand at this density, yielding values of 26,400 kN/m? and 9790
kN/m?, respectively. Poisson's ratio of 0.35 represents typical sandy soil
behavior. Internal friction angle of 30 degrees and cohesion of 1.25 kN/
m? reflect medium-dense sand shear strength characteristics [39-41].
Steel pipe pile parameters including unit weight of 76.6 kN/m?>, elastic
modulus of 205,000,000 kN/mZ, and Poisson's ratio of 0.30 represent
standard structural steel properties.

The Case 4 reproduction analysis parameters, shown in Table 3,
reduce the soil unit weight to 12 kN/m® to match the experimental loose
sand condition. The elastic modulus (21,400 kN/m?) and the shear
modulus (7830 kN/m?) were determined using the same N-value-based
empirical correlations as in Case 3, but with a lower assumed N-value,
which is representative of loose silica sand. The internal friction angle
decreased from 30° to 25° to reflect the transition from medium-dense to
loose sand. This is within the typical range reported in the literature for
this sand type. Cohesion remained at 1.25 kN/m? because the sand is
essentially cohesionless, and the small cohesion value is a numerical

Table 2
Material parameters for Case 3 analysis.

(a) Model ground (soil) parameters

Parameter Value Parameter Value
Unit weight (kN/m%) 15.00 Poisson's ratio 0.35
Elastic modulus (kN/m?) 2.64x10* Internal friction angle (°) 19.40
Shear modulus (kN/m?) 9.79x10° S-wave velocity (m/s) 80.00
Cohesion (kN/m?) 1.25 P-wave velocity (m/s) 166.50

(b) Steel pipe pile parameters

Parameter Value
Unit weight (kN/m%) 76.60
Elastic modulus (kN/m?) 2.05x10%
Shear modulus (kN/m?) 7.9 x 107
Poisson's ratio 0.30
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Table 3
Material parameters for Case 4 analysis.

(a) Model ground (soil) parameters

Parameter Value Parameter Value
Unit weight (kN/m®) 12.00 Poisson's ratio 0.35
Elastic modulus (kN/mz) 2.14x10* Internal friction angle (°) 19.47
Shear modulus (kN/m?) 7.83x10° S-wave velocity (m/s) 80.00
Cohesion (kN/mZ) 1.25 P-wave velocity (m/s) 166.50

(b) Steel pipe pile parameters

Parameter Value
Unit weight (kN/m%) 76.60
FElastic modulus (kN/m?) 2.05x10%
Shear modulus (kN/m?) 7.9 x 107
Poisson's ratio 0.30

parameter rather than a measured quantity. These adjustments aim to
capture the relative reduction in stiffness and strength associated with
the lower density rather than reproduce exact measured values. Steel
parameters remain identical to Case 3 as pile material properties remain
unchanged across cases.

Case 6 reproduction analysis introduces dual soil regions with pa-
rameters detailed in Table 4. External soil employs 15 kN/m? density
with elastic modulus of 41,940 kN/m?, internal friction angle of
21.32 degrees, and other properties adjusted for this density level.
Internal soil reduces to 12 kN/m® density with correspondingly
reduced strength and stiffness parameters matching those employed
in Case 4 analysis. This dual-region approach enables simulation of
density differential effects observed experimentally.

The finite element model represents the experimental soil container
as a deformable continuum, constraining its external boundaries to
resemble the rigid acrylic walls used in the tests. The bottom boundary
of the soil domain is fully fixed in all directions, preventing vertical and
horizontal movement. This allows the base to behave as a rigid support,
which is consistent with the base of the container in the experiments.
The four lateral boundaries are restrained in the direction normal to
each boundary plane, but remain free in the tangential directions. This
allows for vertical settlement and uplift, while suppressing the outward
lateral translation of the container walls.
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Table 4
Material parameters for Case 6 analysis.

(a) Model ground (external soil - outside steel member) parameters

Parameter Value Parameter Value
Unit weight (kN/m>) 15.00 Poisson's ratio 0.35
Elastic modulus (kN/m?) 41.94x10° Internal friction angle (°) 21.32
Shear modulus (kN/m?) 15.53x10° S-wave velocity (m/s) 100.80
Cohesion (kN/m?) 1.25 P-wave velocity (m/s) 209.80
(b) Model ground (internal soil - inside steel member) parameters

Parameter Value Parameter Value
Unit weight (kN/m®) 12.00 Poisson's ratio 0.35
Elastic modulus (kN/m?) 21.14x10° Internal friction angle (°) 19.47
Shear modulus (kN/m?) 7.83x10° S-wave velocity (m/s) 80.00
Cohesion (kN/m?) 1.25 P-wave velocity (m/s) 166.50

(c) Steel Pipe Pile Parameters

Parameter Value
Unit weight (kN/m>) 76.60
Elastic modulus (kN/m?) 2.05x10%
Shear modulus (kN/m?) 7.9 x 107
Poisson's ratio 0.30

Symmetry boundary conditions are then imposed on the symmetry
planes so that normal displacements and shear stresses vanish appro-
priately. The steel pipe pile and the steel structural member are modeled
as linearly elastic bodies tied to the surrounding soil at the base and in
the radial direction. Relative slip is permitted only along the pile
shaft-soil interface, where uplift shaft resistance develops. Contact be-
tween the soil and steel elements is simulated using a Coulomb-type
frictional interface. In this interface, normal separation is permitted,
but tangential shear is limited by a friction coefficient that corresponds
to the assumed soil-steel interface friction angle.

Uplift loading is reproduced by prescribing a vertical displacement at
the pile head node and incrementally increasing it up to the maximum
experimental displacement of 20 mm. Reaction forces at the pile head
are recorded to obtain the load-displacement relationship. All other
degrees of freedom at the pile head are constrained to prevent rigid-body
rotation, consistent with the experimental loading frame configuration.
This displacement-controlled loading scheme ensures stable numerical
convergence beyond peak resistance and enables direct comparison with
experimental tests performed under displacement control.

5.3. Analysis results and experimental comparison

Case 3 reproduction analysis results appear in Fig. 13(a) comparing
analytical predictions with experimental measurements across the
full expanded base wing diameter range. Analysis generally predicts
higher uplift forces than experiments measured, with 28.47 N
analytical versus 36.61 N experimental at 32 mm diameter, pro-
gressing to 47.11 N analytical versus 53.92 N experimental at 64 mm
diameter. The systematic offset between predictions and measure-
ments likely reflects the incomplete material parameter replication,
particularly elastic modulus and internal friction angle assumptions
potentially exceeding actual test soil properties or boundary condi-
tion idealizations in the numerical model. However, the critical
observation emerges that both experimental and analytical results
demonstrate uplift force increasing with expanded base wing diam-
eter, with similar rate of increase between the two datasets. This
qualitative agreement validates the analytical methodology for
parametric design studies despite quantitative offsets. Maximum
absolute difference of 8.14 N represents approximately 12% devia-
tion relative to experimental values, falling within acceptable ranges
considering parameter estimation uncertainties.

Case 4 reproduction analysis shown in Fig. 13(b) reveals more sub-
stantial quantitative differences between analytical predictions and
experimental measurements. Analytical results of 27.77 N, 31.07 N,
35.87 N, 40.17 N, and 44.91 N across the diameter range substan-
tially exceed corresponding experimental values of 13.99 N, 17.58 N,
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Fig. 13. Comparison of experimental and analytical results (Cases 3, 4, 6).

16.63 N, 17.45 N, and 19.32 N. The larger discrepancies for Case 4
compared to Case 3 suggest that material parameter assumptions
introduce greater errors for loose sand conditions than for dense
sand. Specifically, the assumed 25-degree internal friction angle may
exceed actual test soil friction angle at 12 kN/m® density, or elastic
modulus assumptions may prove overly stiff for this density level.
Despite these quantitative differences, both analytical and experi-
mental datasets show uplift force increasing with expanded base
wing diameter, maintaining the qualitative agreement essential for
validating analytical methodology. Maximum difference of 25.59 N
represents more substantial 130% deviation, highlighting the
importance of material characterization for quantitative predictions
while confirming qualitative trend utility.

Case 6 reproduction analysis presented in Fig. 13(c) demonstrates
intermediate behavior between Cases 3 and 4 regarding quantitative
agreement. Analytical predictions of 26.82 N, 30.98 N, 33.26 N,
35.26 N, and 36.75 N compare with experimental measurements of
19.88N,19.62 N, 21.17 N, 22.22 N, and 27.85 N across the diameter
range. Differences ranging from maximum 19.40 N to minimum 6.94
N prove smaller in both absolute and percentage terms than Case 4
discrepancies. This improved agreement for the density differential
case suggests that material parameter estimation errors partially
cancel when both high and low density regions contribute to overall
response. The consistent increasing trend with diameter maintained
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by both datasets confirms qualitative validation despite quantitative
offsets.

5.4. Validation assessment and limitations

Fig. 14 comprehensively compares experimental and analytical re-
sults for expanded base wing diameter versus uplift force relationships
across all three analyzed cases. Analysis results show similar magnitudes
across cases, all confirming uplift force increase with expanded base
wing diameter. The parallel trends between experimental and analytical
datasets for each case validate the fundamental physical mechanisms
captured by finite element modeling, including soil-structure interac-
tion, bearing resistance mobilization, and frictional effects.

Critical evaluation of validation success requires acknowledging
methodological limitations. Reproduction analyses match only unit
weight to experimental values precisely, with all other parameters
calculated from assumed N-values rather than direct measurement. This
approach proves necessary given specimen size limitations in model-
scale experiments but inevitably introduces parameter uncertainty.
Quantitative experimental-analytical discrepancies ranging from 15%
for dense uniform soil to 130% for loose uniform soil reflect this un-
certainty, establishing that current analytical models cannot predict
absolute capacities reliably without comprehensive material character-
ization. However, the consistent qualitative trend agreement across
varying density conditions and steel member configurations demon-
strates that analytical models capture fundamental behavior correctly.

The validation objective centers on confirming that experimental
and analytical results exhibit similar trends in expanded base wing
diameter versus uplift force relationships rather than achieving nu-
merical precision. Successful confirmation of qualitative agreement
across all three analyzed cases provides important evidence supporting
numerical analysis-derived knowledge reliability. This validation en-
ables confident application of numerical modeling for parametric design
studies, comparative evaluations of alternative configurations, and
optimization analyses where relative performance governs decisions.
The established limitations regarding absolute capacity prediction
emphasize the importance of field-scale verification testing before
relying on numerical predictions for final design without empirical
validation.

6. Design guidelines for winged composite pile foundations
6.1. Integrated design methodology

Design guidelines for winged composite pile foundations must inte-
grate knowledge from numerical analyses and model experiments into a

systematic methodology accessible to practicing engineers [42,43].
Fig. 15 presents the recommended design parameter determination
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sequence, which proceeds through the following steps:

(1) Pile Length and Steel Structural Member Diameter Determina-
tion: Determine pile length and steel structural member diameter
based on ground conditions at the construction site and the type
and scale of structure requiring support. Required uplift resis-
tance relates approximately proportionally to pile length,
enabling reverse calculation from structural loading demands to
necessary embedded length.
Shaft Diameter Determination: Determine shaft diameter
ensuring adequate working space (minimum 60 cm clearance) for
workers accessing the internal space between the steel pipe pile
and steel structural member for surplus soil placement and
compaction operations. Since shaft diameter exerts minimal in-
fluence on uplift resistance, prioritize constructability and
economy.

Expanded Base Wing Diameter Determination: Using numerical

analysis relationships between pile length and uplift force, sup-

plemented by shaft diameter effects, optimize expanded base
wing dimensions for the established pile geometry. Optimal

expanded base wing diameter typically ranges from 80% to 90%

of steel structural member diameter, balancing capacity

enhancement against construction complexity.

(4) Strength Enhancement Zone Determination: Determine the ver-
tical extent over which construction surplus soil near the
expanded base wing receives treatment with cement-based so-
lidification agents. Model experiments and numerical analyses
indicate that enhancement zones extending 20% to 30% of pile
length upward from the expanded base wing provide optimal
benefit.

(5) Solidification Material Selection: Select solidification agent type
and quantity required to enhance steel structural member base
interior soil to specified strength (N-value 10-15) based on site-
specific construction surplus soil characteristics determined
through laboratory testing programs.

(6) Steel Structural Member Selection: Specify member type and
surface characteristics. Corrugated members such as liner plates
enhance uplift resistance by 12% to 13% compared to smooth
members. Economic analyses should compare total installed costs
against capacity benefits to guide optimal member selection.

(2)

3

-

6.2. Critical design considerations

Several critical considerations transcend the sequential design
methodology, requiring attention throughout the design process:

e Soil Compaction Quality Control: Construction specifications must
establish clear density requirements with verification testing

Fig. 14. Comprehensive comparison of all analytical and experimental results.
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Fig. 15. Design guideline flowchart for winged composite pile foundations.

protocols ensuring achievement throughout the fill height, as 20%
density reduction causes approximately 50% uplift resistance
reduction. Compaction effort specifications should account for layer
thickness, equipment type, and soil moisture content, with field
density testing confirming compliance at regular intervals.

External Soil Condition Effects: Design calculations should conser-
vatively evaluate both best-case and worst-case external soil sce-
narios, particularly when site investigations reveal variable
conditions or groundwater fluctuations that may alter soil properties
during structure service life. External soil conditions beyond steel
structural member boundaries influence overall system performance.
Construction Quality Assurance: Quality assurance extends beyond
density verification to encompass alignment control, with pile
verticality maintained within 1% tolerance; member installation
verification confirming depth, diameter, and wall integrity; and
admixture placement documentation when solidification agents are
specified.

Conclusions

7.1. Study achievements

This study has experimentally and numerically evaluated uplift

resistance characteristics of winged composite pile foundations utilizing
construction surplus soil through a comprehensive program comprising
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35 model experiments and finite element method reproduction analyses
of three selected cases. Principal achievements include:

(1) Universal diameter-resistance relationship: Uplift force increases
with expanded base wing diameter across all test cases, remain-
ing consistent regardless of steel structural member presence, soil
density variations, or steel member surface irregularities. This
fundamental relationship establishes a primary design principle
applicable across the full range of practical configurations.
Composite system validation: Winged composite piles incorpo-
rating installed steel structural members achieved uplift resis-
tance comparable to or exceeding steel pipe piles alone under
appropriate conditions, validating the proposed system concept
for practical structural applications.

Soil density sensitivity quantification: 20% soil density reduction
from 15 to 12 kN/m? resulted in approximately 50% uplift force
reduction, demonstrating that construction surplus soil compac-
tion management during field construction proves essential for
achieving design performance.

Surface treatment effectiveness: Corrugated steel structural
members enhanced uplift resistance by approximately 12% to
13% compared to smooth members across varying density con-
ditions, validating the effectiveness of using corrugated steel
members such as liner plates in actual winged composite pile
foundations.

(2)

3

-

(C))
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(5) Numerical methodology validation: Model experiments and
reproduction analyses showed similar trends in expanded base
wing diameter versus uplift force relationships, validating finite
element methodology appropriateness for parametric design
studies despite quantitative differences attributable to material
parameter estimation uncertainty.

Practical design framework: Integrated design guidelines were
developed synthesizing knowledge from numerical analyses and
model experiments, providing practicing engineers with acces-
sible methodologies for implementing winged composite piles in
appropriate applications.

6

~

7.2. Engineering significance and broader implications

This study addresses dual imperatives confronting contemporary
geotechnical engineering practice. From a structural performance
perspective, the work demonstrates that winged composite pile foun-
dations can reliably achieve required uplift resistance for wind-load-
resistant structures through systematic design considering expanded
base wing dimensions, soil density specifications, and steel member
surface characteristics. The quantitative relationships established be-
tween design parameters and resistance enable rational capacity pre-
dictions with appropriate consideration of parameter uncertainties and
construction quality variability.

From an environmental sustainability perspective, the study pro-
vides a viable technological pathway for substantially increasing on-site
utilization of construction surplus soil, potentially improving current
54.3% on-site utilization rates toward the 79.8% effective utilization
target established in national policy objectives. The transformation of
surplus soil from waste material requiring costly disposal into structural
foundation elements supporting critical infrastructure represents a
paradigm shift in construction waste management philosophy. Eco-
nomic analyses at project scale should evaluate cost savings from avoi-
ded disposal against potential incremental costs for enhanced quality
control, with many applications likely demonstrating net economic
benefit alongside environmental advantages.

The validated experimental-numerical framework enables rational
design decisions for winged composite pile foundation systems while
facilitating technology transfer from study to practice. Design guidelines
developed through this work provide practicing engineers with acces-
sible methodologies for implementing winged composite piles in
appropriate applications without requiring specialized expertise in
study-level computational modeling or advanced soil mechanics.

7.3. Future study directions

Several important study questions remain unresolved, requiring
investigation before complete confidence in field-scale implementation
can be established:

(1) Soil type variations: Model experiments employed only silica
sand as test soil. Study investigating various construction surplus
soil types with different grain size distributions, plasticity indices,
and gradation characteristics would establish performance re-
lationships across the full spectrum of materials likely encoun-
tered in practice. Particular attention should focus on cohesive
soils where time-dependent consolidation behavior and moisture
sensitivity may substantially influence both construction pro-
cedures and long-term performance.

Full-scale field testing: Full-scale field tests represent an essential
validation step. Model experiments necessarily introduce scale
effects that may cause behavioral differences from full-scale ap-
plications, particularly regarding soil dilatancy, particle crush-
ing, and strain localization phenomena. Field test programs
should instrument full-scale winged composite pile foundations

2

—
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during installation and loading to verify that mechanisms
observed at model scale remain operative at prototype scale.
Dynamic loading considerations: Study addressed only static
uplift loading, while actual wind loads possess time-varying
characteristics with potential for cyclic loading effects, dynamic
amplification, and resonance phenomena. Study programs should
examine winged composite pile response under cyclic loading
protocols representative of wind storm load histories.
Long-term performance assessment: Long-term loading tests
would evaluate creep characteristics and assess deformation
progression under constant uplift force application representing
steady wind loads. Time-dependent behavior of construction
surplus soil under sustained stress may differ substantially from
short-term monotonic loading response captured in model
experiments.

(5) Construction quality assurance procedures: Laboratory-derived
compaction specifications and density requirements must trans-
late to practical field procedures executable with available
equipment under actual site constraints. Study integrating con-
struction engineering perspectives with geotechnical design
considerations would establish optimal construction sequences
and effective verification testing protocols.

Economic optimization analyses: Cost modeling should compre-
hensively account for material costs, construction labor and
equipment, quality control and verification testing, and avoided
disposal fees. Decision frameworks integrating economic, envi-
ronmental, and technical performance considerations would
enable stakeholders to make informed technology adoption de-
cisions for specific projects.

3

-
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7.4. Implementation strategy and path forward

Addressing these study directions requires coordinated efforts
among multiple stakeholders including researchers, consulting engi-
neers, contractors, and regulatory agencies. A phased implementation
strategy would proceed as follows:

e Phase 1 (Pilot Projects) Begin with pilot projects at carefully selected
sites offering favorable soil conditions and manageable risk levels to
generate field experience while minimizing consequences of un-
foreseen issues. Early projects should incorporate comprehensive
instrumentation and monitoring programs generating data to vali-
date design methodologies.

Phase 2 (Knowledge Dissemination): Professional education initia-
tives introducing winged composite pile foundation concepts to
practicing engineers through technical publications, conference
presentations, and continuing education programs would accelerate
knowledge dissemination and technology transfer.

Phase 3 (Regulatory Framework Development): Regulatory engage-
ment with building code authorities and geotechnical design stan-
dard committees would establish appropriate design factors, quality
assurance requirements, and approval processes for winged com-
posite pile foundations.

Phase 4 (Broad Adoption): Experience accumulated through early
implementations would inform evidence-based regulatory provisions
balancing innovation encouragement with public safety protection,
enabling confident widespread adoption.

This comprehensive implementation strategy progressing from
fundamental study through pilot applications to broad adoption would
realize the full potential of winged composite pile foundations for
addressing both structural performance requirements and construction
waste management challenges. The technology offers genuine promise
for advancing sustainable construction practices while meeting
increasing demands for resilient infrastructure capable of withstanding
intensifying climate-driven environmental loads.
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