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Abstract

This study evaluates two often-overlooked factors in pile analysis (passive earth pressure and the pile-soil contact method)
and quantifies their combined influence on load-settlement response, shaft friction, and stress distribution. Conventional
finite element analyses rarely consider both passive earth pressure and pile-soil slip simultaneously. This research
quantifies the influence of these two factors on the load—settlement behavior, shaft friction, and stress transfer mechanisms
of a single square pile. A laboratory model test was conducted using a 50 x 50 x 150 mm model pile embedded in loose
sand with a relative density of 25%, and the same conditions were replicated using a 3D FEM model in ANSYS. The soil
was modeled using the Mohr—Coulomb model, with parameters obtained from direct shear tests, and the pile was defined
as a linear elastic material. The lateral boundaries were defined under two conditions: a general roller-type boundary and
a new boundary condition incorporating depth-dependent passive earth pressure. Interface behavior was analyzed with
both bonded and frictional contacts. The passive earth pressure boundary condition reduced post-yield settlement error
from 22% to 6% and increased calculated shaft friction by 4%, resulting in a post-yield settlement curve that closely
matched the experimental results. Bonded contact overestimated the bearing capacity by 17% and produced unrealistic
stress concentrations, while Frictional contact accurately reproduced the observed slip surface and ultimate bearing
capacity within a 3% margin of error. Parametric analysis revealed that the elastic modulus governed pre-yield stiffness,
whereas the friction coefficient primarily influenced plastic deformation behavior. By combining the depth-dependent
passive earth pressure boundary with experimentally calibrated frictional contact, this study successfully captured both
lateral confinement effects and interface slip, which are typically analyzed separately. Consequently, the predictive
accuracy for settlement and bearing capacity of friction piles in sandy soils was empirically improved.

Keywords: Soil-Structure Interaction (SSI); Finite Element Analysis (FEA); Model Test; Soil Parameter.

1. Introduction

Soil is a material characterized by significant heterogeneity and non-uniformity, and its physical and mechanical
behavior varies with changes in time or environmental conditions. Due to these characteristics, accurately analyzing
ground behavior is highly challenging. Among the various analytical methods employed in geotechnical engineering,
the Finite Element Method (FEM) is widely used because it can comprehensively model soil-structure interaction (SSI)
by incorporating various constitutive models [1-3]. Recently, there has been growing interest in SSI analysis that more
precisely simulates the real behavior of materials, particularly in understanding how geotechnical structures such as
piles and retaining walls respond to external loads [4-6].

In particular, piles transfer superstructure loads deep into the ground, developing their bearing capacity through shaft
friction and end bearing [7-9]. In sandy soil, this load transfer mechanism induces horizontal displacement of the
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surrounding soil, leading to the development of passive earth pressure, which is governed by factors such as the internal
friction angle (¢), friction coefficient, and earth pressure state [10-12]. However, accurately reproducing these complex
physical phenomena in numerical analysis requires comprehensive consideration of various parameters, including soil
properties (c, ¢, E, v), boundary conditions (fixed or elastic), and the pile—soil contact method.

In most previous studies, to simplify the modeling process, the lateral boundaries of the soil domain were often
treated as hinges or rollers [13-15], or elastic boundary conditions were applied using spring constants [16-18]. Some
studies have compared the effects of general versus elastic boundary conditions on SSI [19-21], but most have focused
only on self-weight stress and neglected lateral earth pressure. Although some research related to sheet piles [22-24] or
seismic behavior of piles [25-27] has considered earth pressure partially, studies that incorporate depth-dependent
passive earth pressure directly as boundary conditions to quantify actual lateral stresses around the pile remain rare.
Consequently, the actual contribution of shaft friction and end bearing is often underestimated or overestimated, leading
to discrepancies between numerical predictions and actual pile behavior.

Ohta and Nakata (2025) analyzed the behavior of pipe—soil interaction using 3D DEM, applying lateral force to a
buried pipe and assigning periodic boundary conditions instead of conventional fixed ones. Their results indicated shear
failure occurring on the passive side of the pipe and reported strong similarity to experimental outcomes [28]. Elsiragy
et al. (2025) conducted experiments and numerical analyses (using Plaxis 3D) on laterally loaded piles, applying general
boundary conditions but also incorporating self-weight and at-rest pressure coefficient (K, ) to more accurately simulate
the effect of earth pressure [29]. Additionally, though there are prior studies addressing various boundary conditions in
FEM (e.g., Mixed, Dirichlet, Neumann, Two-Point), their direct application in geotechnical soil models remains
insufficient [30-32].

Bonded contact, a commonly used approach in FEM software, assumes perfect adhesion between the pile and soil
with no slip or separation, often resulting in overestimation of pile resistance. In contrast, frictional contact better
simulates actual slip and frictional behavior in sandy soils by considering parameters such as friction angle, contact
stiffness, and surface roughness. However, there are relatively few studies where such parameters have been
experimentally calibrated, and direct comparisons between Bonded and Frictional contacts are also limited. Moreover,
studies that comprehensively analyze the interaction between boundary conditions (especially including lateral earth
pressure) and contact methods in pile modeling using the Mohr-Coulomb model are even rarer.

To address these research gaps, this study proposes an alternative numerical modeling approach that incorporates
“depth-dependent passive earth pressure” directly as a side boundary condition. It also systematically analyzes how
numerical results change when applying both Bonded and Frictional contact approaches for SSI. Laboratory model tests
were performed to measure the actual load—deformation behavior of a pile in sand, and the same conditions (soil
properties, pile geometry, etc.) were used to construct a corresponding finite element model. Unlike conventional simple
boundary conditions such as hinges or rollers, this study proposes a method that quantifies and applies lateral pressure
by depth and then compares the effects of Bonded and Frictional contact separately.

In particular, the Frictional contact model incorporated internal friction angle and friction coefficients obtained from
direct shear tests, ensuring the analysis is based on experimental data rather than assumed values. Furthermore, the
numerical investigation considered not only cohesion (c) and internal friction angle (¢), but also self-weight stress,
passive earth pressure distribution, boundary conditions, and contact methods. Their impact on pile settlement, moment
distribution, and shaft friction was examined in a multi-faceted manner.

Finally, by comparing the numerical results with the laboratory experiments, the study evaluates how accurately the
proposed model can reproduce the real behavior of the soil surrounding the pile when applying depth-dependent lateral
earth pressure and Frictional contact. It also assesses how much analytical precision is improved compared to
conventional boundary conditions and Bonded contact. This study highlights the often-overlooked role of lateral
pressure modeling and the effectiveness of Frictional contact methods, ultimately providing a basis for improving
accuracy and safety in future pile foundation design. The findings are expected to contribute to establishing clearer
guidelines for selecting boundary conditions, contact modeling techniques, and soil properties in geotechnical analysis.

2. FEM of Geotechnical Engineering

To apply finite element analysis (Finite Element Method, FEM) in geotechnical engineering, it is essential to use a
constitutive model that can appropriately simulate the behavior of soil, which is an inhomogeneous and nonlinear elasto-
plastic material. Several models are commonly used for soil analysis, including the Linear Elastic model, Drucker-Prager
model, Hardening Soil model, and Mohr-Coulomb model. The selection of a specific model depends on factors such as
the analysis purpose, soil properties, and computational efficiency [33].

Unlike elastic materials (e.g., reinforced concrete and steel), soil exhibits nonlinear elasto-plastic behavior. Thus, a
simplified linear analysis that does not account for this behavior can lead to significant discrepancies from actual soil
response. This study focuses on analyzing pile behavior in sand and, after reviewing various nonlinear models, adopts
the Mohr-Coulomb model as the constitutive model representing the elasto-plastic behavior of the soil.
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2.1. Outline of the Mohr-Coulomb Model

The mohr-coulomb model is a linear elastic-perfectly plastic model. In the elastic region, the material behavior is
governed by Hooke’s Law, while in the plastic region, it follows the Mohr-Coulomb failure criterion. This model
primarily uses cohesion (c) and internal friction angle (¢) as key parameters and is one of the most traditional and simple
methods for simulating shear behavior in geotechnical engineering. In practical design and numerical analysis, values
for ¢, @, Young’s modulus (E), and Poisson’s ratio (v) can be easily estimated through experiments or literature data,
making the Mohr-Coulomb model widely used as an initial approach for numerical analysis [34, 35].

The yield function F({c’},{k}) in the Mohr-Coulomb model represents the elasto-plastic properties of soil in their
most general form. In FEA using the Mohr-Coulomb model, the analysis of the plastic region requires not only the yield
function F, but also a separate plastic potential function P({c’},{m}). In most cases, the plastic potential function P is
set equal to the yield function F, allowing for the application of the associated flow theory.

F({o'},{k}) = o — 0 — 2c'cos@’ — (a] + 03)sing’ 1)

The yield function F can be rewritten in terms of the stress invariants I, J, and 0 as follows.

Flo ) = ), — (o + 1) <—“’) @

!
¢ 7

where ¢ is Internal Friction Angle, I1 is First Stress Invariant, and J2 is Second Deviatoric Stress Invariant.

2.2. Non-Associated Flow Rule and Dilatancy

In geotechnical FEA, applying the associated flow rule, where the yield function F and the plastic potential function
P are the same, can lead to infinite dilatancy, causing significant deviations from actual behavior. Therefore, to better
simulate the real behavior of sand, the non-associated flow rule is applied, and the dilatancy angle () is set close to
zero or to a small value to calibrate the model.

In this study, a non-associated flow rule is adopted for sand analysis, ensuring that the plastic potential function P
has a shape similar to the overall yield surface. This adjustment prevents excessive overestimation of volumetric changes
(dilatancy) after failure. Specifically, the plastic potential function P is defined to have a similar form to the yield
function F, but with modified parameters such as the dilatancy angle, allowing for a more accurate reproduction of
failure patterns observed in experiments. The revised plastic potential function P is given as follows [36]:

P({o'}, (m}) =/, — [( Ct1)- “’] =0 ®)
V3

taneg/

By rearranging the above plastic potential function, the final yield function is obtained as follows:
1 . ’ Or—sin@rsing’ ,
Ellsm(p + \/]_Z(W) —cos@ =0 4

2.3. Comparison with Other Models

To analyze soil nonlinearity, various soil constitutive models such as the Hardening Soil model, Cam-Clay model,
Drucker-Prager model, and Mohr-Coulomb model are commonly employed. These constitutive models provide high
accuracy by precisely simulating consolidation behavior, variable elastic modulus, and distinguishing between
volumetric and shear plastic deformations. However, the application of these models requires numerous parameters.
This increases computational complexity and consequently reduces analytical efficiency.

In contrast, this study utilizes cohesion (c) and internal friction angle (¢) values obtained from direct shear tests on
sand. The Mohr-Coulomb model defines post-yield behavior using a linear relationship based solely on cohesion and
internal friction angle, allowing for straightforward integration of these directly measured parameters without additional
calibration procedures. On the other hand, employing models like Drucker-Prager or other constitutive models typically
necessitates additional calibration procedures for parameter input, potentially increasing errors and uncertainties.
Therefore, the Mohr-Coulomb model was selected as the constitutive model for this research.

The Mohr-Coulomb model reliably predicts pile behavior in sand using relatively simple and directly measurable
parameters. Additionally, the Mohr-Coulomb parameters provided by ANSYS software are strain-independent,
implying that the characteristics of the soil material do not vary with deformation and thus do not account for strain-
softening or strain-hardening effects. Nonetheless, adjustments to residual internal friction angle (¢re), residual cohesion
(cre), and dilatancy angle (), along with the application of non-associated flow rules, were implemented to accurately
replicate the post-yield soil behavior closely resembling actual sand.
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3. Laboratory Model Test

This study conducted a laboratory model test to closely examine pile behavior in sand and to identify influencing
factors that should be considered in finite element analysis (FEM) [37, 38]. This chapter provides a brief description of
the characteristics of the sand and model pile used in the experiment, as well as the fabrication of the model ground and
the experimental procedures. The data obtained from the experiment were used to compare and analyze numerical
simulations, helping to define the necessary parameters and boundary conditions for SSI analysis [39-41].

The maximum dry unit weight of the sand used in the experiment was 1.571 g/cm3, while the minimum dry unit
weight was 1.388 g/cm3. The relative density (Dr) was set at 25%, replicating the conditions of naturally loose sand.
The most critical parameters in the Mohr-Coulomb model are the internal friction angle (¢) and cohesion (c), which
were determined through direct shear tests prior to the experiment. The test results showed that the internal friction angle
of the sand was 30.8°, and the cohesion was 0.0054 N. The model soil box was constructed using a rigid frame with
dimensions of 330 mm (width) x 330 mm (length) x 350 mm (height). The sand was placed and compacted in layers to
ensure a uniform relative density. The box was designed with sufficient thickness and rigidity to minimize distortions
in the lateral earth pressure and to maintain realistic soil conditions around the pile. The model pile was made of acrylic
material with a cross-section of 50 mm x 50 mm and a length of 150 mm. However, due to the smooth surface of acrylic,
it was difficult to simulate the frictional behavior between concrete and sand. To address this, crushed concrete powder
was applied to the surface of the model pile to better simulate the actual pile-soil contact behavior. This surface treatment
was intended to realistically capture shaft friction, which plays a crucial role in pile-soil interaction and soil deformation
observations.

The experimental procedure was as follows. First, the sand was placed and compacted in layers while carefully
maintaining a relative density of 25%. After installing the model pile, a step load was applied to the pile head, and at
each stage, the pile head displacement was measured using an LVDT. Based on these measurements, load-displacement
curves were plotted. Special attention was given to observing how shaft friction develops in sand and assessing the
influence of Mohr-Coulomb model parameters by carefully monitoring pile displacement at each loading step [42, 43].
The load-displacement curve from this experiment serves as a reference for validating FEA models. This study
systematically examines overlooked factors in SSI analysis, including boundary conditions and contact methods. By
comparing experimental data with numerical results using different boundary conditions, contact methods, and Mohr-
Coulomb parameters, it aims to refine numerical modeling for more accurate pile behavior simulation.

4. FEM Modeling

In this study, ANSYS (2021), a 3D finite element analysis (FEA) program, was used to analyze the SSI. This software
is based on the finite element method (FEM) and offers various simulation capabilities, including linear and nonlinear
analysis, dynamic analysis. Before the modeling process, the pile was defined as an elastic model with the material
properties of concrete, while the soil was modeled using the Mohr-Coulomb model. In ANSYS, the Mohr-Coulomb
model requires input parameters such as Young’s modulus (E), Poisson’s ratio (v), internal friction angle (¢), cohesion
(¢), as well as dilatancy angle (y), residual cohesion (cre), and residual internal friction angle (¢re). Based on the direct
shear test results, the internal friction angle and cohesion were set, while the dilatancy angle was set to zero to account
for the non-associated flow rule. Considering that the sand used in the physical model test was a non-cohesive soil, the
residual cohesion was also assumed to be zero. The material properties used for the pile and soil entities are summarized
in Table 1.

Table 1. Material property

¢ ) c(N) E (MPa) v Dr (%) v (kg/m?) v () bre(®) Cre (N)
Sand 30.8° 0.0054 3-7 03 25% 1,430 0 23 0
Pile - - 30,000 0.5 - 2,300 - - 0

The numerical analysis model was constructed in a three-dimensional space, where the sand inside the soil box and
the pile were modeled as separate volumes. The model and mesh configuration are presented in Figure 1. The soil
domain was defined with dimensions of 330 x 330 x 50 mm, matching the size of the soil box used in the laboratory
test, and the pile was modeled as a 50 x 50 x 150 mm volume. The pile entity, assumed to exhibit elastic behavior, was
discretized using a minimal number of elements, while the soil entity was meshed with more refinement. Approximately
11,000 elements were employed for the soil model. Various mesh sizes were examined during the finite element analysis
(FEA), and the mesh that most accurately replicated the experimental behavior was selected for the final model. The
pile was modeled as a linear elastic material, whereas the Mohr-Coulomb constitutive model was applied to the soil
domain.
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Figure 1. Model and mesh configuration

A fixed boundary condition was applied to the bottom of the soil model, restricting both displacements and rotations.
Although previous studies have often simplified the side boundaries of the soil box using hinge or roller conditions, this
study considered the potential development of passive earth pressure along the sidewalls. Accordingly, an alternative
analysis was conducted in which earth pressure was applied to represent a more realistic boundary condition (Section
5.1.1). Contact between the pile and the surrounding soil was defined to simulate shaft friction and sliding at the
interface. In ANSY'S, contact interactions are implemented using CONTA and TARGE elements [44-46]. To account
for the relative sliding that occurs during pile movement in sand, the frictional contact method was adopted in this study.
For comparative and validation purposes, an additional analysis was also performed using the bonded contact method,
where the pile and soil remain fully attached. This comparison allowed for an evaluation of the influence of contact
methods on SSI analysis (Section 5.1.2).

The analysis procedure began by defining the initial contact state between the pile and the soil, followed by an initial
equilibrium analysis considering self-weight and initial earth pressure. A nonlinear static analysis based on the Newton—
Raphson iterative algorithm was performed, wherein each load step proceeded only after the residual force converged
within a predefined tolerance. To more accurately capture the separation and sliding behavior at the pile-soil interface,
the Augmented Lagrange contact formulation was employed. Subsequently, vertical loads up to 3500 N were
incrementally applied to the pile head, and nonlinear soil behavior was analyzed under each load step. At every stage,
critical responses such as plastic yielding, contact separation or slip, displacement, and stress distribution were closely
monitored. Ultimately, load-displacement curves and soil deformation patterns surrounding the pile were obtained.

In this study, numerous simulations were conducted by adjusting influencing factors and parameters to achieve load—
settlement behavior consistent with the experimental results. Density and internal friction angle values were directly
adopted from laboratory tests, whereas the elastic modulus and friction coefficient were calibrated based on their
agreement with the experimental data. Figure 2 compares the load—settlement curves obtained from laboratory testing
and ANSY'S simulations. While slight discrepancies were observed in the elastic range around 1,500-1,800 N, the plastic
behavior beyond yielding closely matched the experimental results. These findings confirm that the bearing capacity of
the pile, particularly in the ultimate load range, was accurately replicated through the numerical model. The overall
procedure of the FEA is presented as a flowchart in Figure 3.

Load (N)
0 500 1000 1500 2000 2500 3000 3500
0 41
51
Ewnl
g J
g i
& i
£ 15 +
@ ]
wn
20 1 | —=——simulated Result
@ |_ah Test Result
25 L

Figure 2. Load-Settlement Curves from Lab Test and FEM Simulation
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+ Define sandbox and pile as sperate 3D entity

3D Model & Geometry
= Assign pile as elastic, soil as mohr-coulomb model

1 }

Meshing & Mesh Sensitivity Analysis
Generate mesh for pile and soil entity
+ Test different mesh sizes/shapes for convergence
Optimal mesh

@ Boundary & Initial Conditions N
» Fixed B.C at bottom
* Consider typical side B.C or passive earth pressure
for alternative analysis
\ Perform initial equiiibrilum with self-weight Y,
@ Contact Definition A
* Define pile-soil interface
* Set frictional vs. bonded contact
* Implement augmented lagrange / Newton-Raphson
\_ for slip & separation triking Y,
( Incremental Nonlinear Analysis )
+ Gradually increase pile head load in steps
+  Monitor plasticity, slip, displacement and stress
\ Evaluate load-displacement curves y,
( Post-Processing & Validation )
¢ Compare results(P-S Curve, Disp., Stress) with
lab test or literature
+ Assess impact of contact method and boundarty
\ conditions on SSI analysis Y,

Figure 3. Schematic Illustration of the Pile-Soil Finite Element Analysis Process

5. Result of FEA
5.1. Influence Factor
5.1.1. Boundary condition

In pile numerical analysis, boundary conditions are often simply constrained using a hinge or roller, allowing for
rotation. However, in sand, it is well known from static equations that shaft friction is directly influenced by earth
pressure [47]:

fs=K-o-tané 5)
where fs is Shaft friction, K is Coefficient of earth pressure, and & is Friction angle between soil and pile.

Earth pressure is determined by the unit weight and internal friction angle of the soil. In the case of a pile installed
in sand, when a force is applied to the pile head, it inevitably displaces the surrounding soil laterally, generating passive
earth pressure. This leads to shaft friction that exceeds the typical friction force between the pile and sand.

Therefore, this study compared two lateral boundary conditions: one using a simple roller constraint and the other
applying a depth-dependent passive earth pressure function (Soil Pressure B.C.), as shown in Figure 4. The Soil Pressure
B.C. was implemented by applying passive earth pressure, calculated based on soil unit weight and internal friction
angle, in an incremental form with depth.

200.00 (mm)

Figure 4. Soil Pressure Boundary Condition
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According to the results shown in Figure 5, both boundary conditions exhibited similar bearing capacity, but
differences occurred in the settlement behavior within the plastic region. Notably, above 3,100N, the boundary condition
considering earth pressure more accurately reproduced the settlement behavior observed in the experiment. Although
plastic region behavior differed between the two methods, the overall bearing capacity remained almost the same.
However, differences were observed in the distribution of bearing capacity. Pile bearing capacity consists of a
combination of tip resistance and skin friction, with the load distribution varying depending on soil conditions. Since
the soil used in this study was sand, the pile behaved as a friction pile. In the numerical analysis, shaft friction in the
Soil Pressure B.C. case was evaluated at approximately 0.918 MPa, which was about 4% higher than in the Hinge B.C.
case (0.873 MPa).

Load (N)
0 500 1000 1500 2000 2500 3000 3500
0
5 1
€ .
E 101
g ]
IS ]
= .
2 15+
1 = S0il Pressure B.C
07 e Hinge B.C
e | ab Test Result
25 +

Figure 5. Load-Settlement Curves under Boundary Conditions

Figure 6 shows the stress distribution at the final load step. Overall, shaft friction was more actively developed
in the soil pressure B.C case compared to roller B.C. Notably, the stress observed near the pile head at the ground
surface was 0.023 MPa for soil pressure B.C. and 0.011 MPa for roller B.C, indicating a difference of more than
twice. The higher stress at the pile head near the surface suggests that passive earth pressure was effectively
activated.

000 10000 200,00 (mem)
L SE—— SS—

5000 15000

(a) Soil Pressure Boundary Condition (b) Roller Boundary Condition

Figure 6. Stress Distribution under Boundary Conditions
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Figure 7 shows the stress distribution at the final load step. Overall, shaft friction was more actively developed
in the soil pressure B.C case compared to roller B.C. Notably, the stress observed near the pile head at the ground
surface was 0.023 MPa for soil pressure B.C. and 0.011 MPa for roller B.C, indicating a difference of more than
twice. The higher stress at the pile head near the surface suggests that passive earth pressure was effectively
activated. Differences were also observed in the settlement pattern. Figure 8 illustrates the vertical settlement at the
final load step, showing that soil pressure B.C (Figure 7-a). had a wider influence on the surrounding soil compared
to roller B.C (Figure 7-b). These results suggest that while boundary condition differences may not significantly
affect overall bearing capacity, considering passive earth pressure leads to a more accurate representation of friction
pile behavior in sand. Thus, soil pressure B.C. should be considered more advantageous for realistic geotechnical
modelling.

000 100.00 200.00 (mm) 000 100.00 200,00 (mm)

[ EEE——  SS—— [ EE— ES—
5000 150.00 5000 150.00
(a) Soil Pressure Boundary Condition (b) Hinge Boundary Condition

Figure 7. Difference in Settlement under Boundary Conditions

2.1.2. Contact Method

In numerical analysis, various methods exist for handling contact between different elements. Depending on the
method, the analysis can be classified as linear or nonlinear, and the consideration of sliding between nodes also varies.
In this study, bonded contact was applied to the pile tip, while the shaft-soil interface was analyzed using both bonded
and frictional contact to compare the effects of different contact methods on the results. In previous ANSY S-based pile
analyses, researchers commonly introduced a 1-3 mm gap between the pile shaft and soil and applied bonded contact.
However, in this study, two models were compared and analyzed: one using frictional contact without a gap, and another
using bonded contact with a gap. For the contact analysis algorithm, multiple methods were tested, and those with the
highest agreement between numerical results and experimental data (ex: Normal Lagrange Method, Augmented
Lagrange Method) were selected. The pile tip, connected via bonded contact, was constrained in the vertical direction,
while the shaft was analyzed using the augmented lagrange method, allowing for vertical movement to simulate
frictional behavior.

As shown in Figure 8-a, the bonded contact model exhibited higher bearing capacity in the load-settlement curve
compared to the experimental results. This is because the pile and soil were fully bonded, preventing any relative
sliding, which led to an overestimation of stiffness. This effect is clearly reflected in the stress distribution (Figure
8-b) and settlement pattern (Figure 8-c) obtained from the bonded contact analysis, where excessive stress was
observed around the pile shaft. Even when a small gap was introduced between the pile and soil, the Bonded nodes
still induced greater settlement in the surrounding soil, resulting in an artificially high shaft friction value. In
contrast, the frictional contact method successfully simulated the gradual reduction in shaft friction and the
occurrence of sliding as the pile entered the plastic region. As a result, the load-settlement curve closely matched
the experimental data, highlighting that material parameters such as elastic modulus and friction coefficient can
have varying effects depending on the contact method. Ultimately, it can be concluded that frictional contact
provides a more accurate modeling approach for simulating pile behavior in sand, as it better represents the actual
experimental response.
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(a) Load-Settlement Curves under Different Contact Methods

0.00 100,00 200.00 (mm) 0.00 100,00 200,00 (rmim)
[ EEE—— ES— [ I S
5000 15000 50,00 150,00

(b) Settlement of Bonded Contact (c) Stress of Bonded Contact

Figure 8. Results of Bonded Contact FEM Analysis

5.2. Parameter
5.2.1. Elastic Modulus

The elastic modulus is a key parameter governing the linear behavior before yield, determining the stiffness of
the soil. According to empirical estimates in the literature [47], loose sand with a relatively low density (Dr) and an
internal friction angle of approximately 33° typically has an elastic modulus of 10,000 kPa or lower. However, as
soil itself is not elastic, the elastic modulus cannot be directly measured; thus, empirical estimates from the literature
are commonly employed. Therefore, this study examined variations in load-settlement behavior by applying
different elastic modulus values (3, 5, and 7 MPa), while all other conditions remained constant. As shown in Figure
9, a higher elastic modulus resulted in reduced initial settlement and altered settlement patterns after yielding. Lower
elastic modulus values (3-5 MPa) exhibited linear behavior similar to experimental results in the pre-yield region,
but a value of 7 MPa was found to more accurately replicate the post-yield plastic behavior. This finding suggests
that accurately predicting settlement near the ultimate bearing capacity of a pile requires considering not only the
linear region but also the characteristics of plastic deformation in the post-yield region when determining the elastic
modulus.
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Figure 9. Load-Settlement Curves for Various Elastic Modulus

5.2.2. Frictional Coefficient

In this study, instead of using the gap + bonded contact method, a nonlinear frictional contact method was adopted
to address soil-structure interaction (SSI). When using the frictional contact method in ANSYS, the friction coefficient
parameter is required to simulate the interaction between materials. Although the model pile used in the laboratory test
was made of acrylic, it was coated with concrete powder to replicate the surface roughness of real concrete. According
to existing literature, the friction coefficient between concrete and sand typically ranges from 0.3 to 0.4 [48, 49].

In the FEA, three friction coefficient values were tested: 0.3 (in line with literature), and two higher values 0.5 and
0.7. Figure 10 shows that variations in the friction coefficient had little impact on both the linear and plastic regions of
the load-settlement curve. However, the curve that best matched the experimental results was obtained using a friction
coefficient of 0.5, which is slightly higher than the values reported in the literature. This suggests that, as sand has nearly
no cohesion, the friction along the pile surface is the primary contributor to shaft resistance. Therefore, to more
accurately reflect the surface roughness conditions in the experiment, using a slightly higher friction coefficient than
literature values can help reduce modeling errors.

Load (N)
0 500 1000 1500 2000 2500 3000 3500
0 A
5 £
E 10
*ch |
IS
<@ |
E 15 +
i F.C.0.3
i e=——F.C.0.5
20 +
| —F.C. 0.7
E e |_ab Test Result
25 +

Figure 10. Load-Settlement Curves for Different Friction Coefficients
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6. Conclusions

This study aimed to identify influence factors in SSI by analyzing the load-settlement behavior of a pile in sand
through a combination of laboratory model tests and FEA. First, a laboratory model test was conducted to measure the
behavior of a model pile installed in sand under loading, and the results were used to validate and refine the FEM
analysis.

During the analysis process, various parameters, boundary conditions, and contact methods were adjusted to compare
and analyze their agreement with the experimental results. The findings indicated that, in sand, selecting an appropriate
range of elastic modulus was essential for accurately simulating both the pre-yield linear region and the post-yield plastic
region. Additionally, applying a higher friction coefficient (0.5) than the typical literature range (0.3-0.4) resulted in a
better match with the experimental data. Furthermore, compared to the general boundary conditions that constrain side
boundaries using simple hinge or roller supports, incorporating depth-dependent passive earth pressure provided a more
realistic simulation of post-yield behavior. In contact analysis, using only bonded contact led to an overestimation of
bearing capacity, as it completely restricted sliding between the pile and soil. However, when frictional contact was
applied, the load-settlement curve closely matched the actual laboratory test results, successfully simulating realistic
pile behavior.

Through these analyses, it was found that accurately predicting pile bearing capacity and settlement behavior in sand
requires a comprehensive approach that considers factors such as the choice of soil material model, parameters (elastic
modulus, friction coefficient), the inclusion of passive earth pressure, and the contact method. In particular, the ability
to precisely simulate plastic behavior is important for estimating the ultimate load and allowable settlement in pile
design. Furthermore, when applying these findings to practical designs, additional factors such as pile surface roughness,
soil relative density, and dynamic or cyclic loading conditions in field environments must also be considered. To achieve
this, continuous validation and calibration through laboratory model tests or field measurements is essential.

In conclusion, this study integrated lab tests and numerical analysis to specifically illustrate how various factors,
such as boundary conditions and contact methods, can influence structure-soil interaction analysis in sand, which are
often overlooked. These findings are meaningful as they provide a foundation for ensuring both safety and cost-
effectiveness in pile design and construction, while also enhancing the accuracy of predicting complex soil behavior in
practical design.

Future research should expand the scope of SSI analysis by considering sand with different relative densities and
internal friction angles, clay-sand mixed ground, and dynamic loading conditions. Developing a more comprehensive
and versatile SSI modeling approach would be a valuable direction for further study.
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