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1. Introduction

When the bearing capacity of the near-surface soil is inadequate to support the loads transmitted from the
superstructure, piles are employed to transfer these loads to the natural ground or to deeper bearing strata.
These structural elements can effectively prevent excessive settlements and lateral displacements in the
structure. Piles can contribute to resisting and transferring various types of loads, including lateral, axial, and
bending moments. When a pile is subjected to lateral loading, the surrounding soil acts as a supporting medium
and carries part of the applied load. Most of the research conducted in this area has been based on full-scale
laboratory studies equipped with precise instrumentation such as stress and strain gauges, where parameters
such as load-carrying capacity, rotation, lateral and vertical displacements, as well as internal forces, have
consistently been monitored.

In general, soil-pile interaction is one of the key issues in the design of soil-pile systems. This interaction
inherently exhibits a three-dimensional nature, and due to the complex behavior of soils, the soil medium is
usually considered as a heterogeneous and anisotropic material. Various approaches exist for predicting the
response of the soil-pile system, all of which require appropriate soil parameters for reliable assessment. One
of these methods is the subgrade reaction method, in which the pile is modeled as an elastic beam subjected to
lateral loading. In this approach, the soil is idealized by a series of independent springs with varying stiffness,
each representing the soil reaction per unit length of the pile.

In this study, the behavior of the combined pile-soil system under various geometric and loading conditions
was investigated numerically using the finite element program PLAXIS. To achieve this objective, a sensitivity
analysis was performed to evaluate the effects of changes in different parameters such as the elastic modulus,
pile diameter, the amount of surrounding soil, and the applied loads on pile displacement, internal forces, and
bearing capacity. Furthermore, numerical modeling was employed to examine the deformation pattern of the
soil around the pile and the extent of its influence under axial and lateral loading conditions.
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2. Methodology
2.1. FE modeling

In this study, a three-dimensional geometric model was developed using the finite element software PLAXIS
3D to simulate the behavior of the combined soil-pile system.

For the numerical modeling, circular piles with diameters of 80, 100, and 120cm and a length of 10m were
considered in sandy soils with a thickness of 1.7 times the pile length. In the case of piles subjected to lateral
loading, a 15-m-long pile was modeled within a soil domain extending to a depth of 1.7 times the pile length.
To minimize the influence of boundary conditions, the model was constructed with overall dimensions of
30x30m (23D), and its height extended to 0.7L below the pile toe elevation. In the simulation, a cast-in-place
pile with a free head was modeled.

In these simulations, the Mohr-Coulomb constitutive model was adopted. The parameters of this model
include the internal friction angle (¢), cohesion (C), elastic modulus (E), Poisson’s ratio (v), and dilation angle
(¥). The soils were classified based on their relative density (Dr), wherein a higher relative density corresponds
to a greater internal friction angle.

3. Results and discussion

To evaluate the behavior of the pile and the surrounding soil, sensitivity analysis diagrams were generated
to investigate the effects of variations in different parameters on the deformation of the soil around the pile
and on the extent of its influence zone under axial and lateral loading conditions.

Under lateral loading, the horizontal displacement along the pile, as well as the variations of internal forces
including shear force and bending moment along the pile were examined. In axial loading, the internal forces
induced in the pile due to changes in various parameters, such as the magnitude of the applied load, pile
diameter, and soil type, were also analyzed.

4. Conclusions

For a pile with a circular cross-section, considering the axisymmetric condition under vertical loading
applied at the pile center, the displacement and stress states are uniform in all directions around the pile’s
central axis. Consequently, the stress bulb, or the transmitted stress zone, generated in the surrounding soil is
symmetric with respect to the pile’s central axis.

With an increase in the applied vertical load, the displacement of the pile rises, and this displacement is
transmitted to the soil beneath and around the pile. As the applied load continues to increase, the pile
displacement further grows, causing an increase in the deformation of the surrounding and underlying soil.
Consequently, the stress bulb not only expands laterally but also extends vertically downward beneath the pile.

The horizontal displacement along the pile length is greatest for piles embedded in loose sand, followed by
medium-dense sand, and smallest in dense sand. This behavior is attributed to the higher stiffness of dense
sand and its lower deformability compared to loose sand. Accordingly, it is evident that the horizontal
displacement of the pile decreases with an increase in the internal friction angle of the soil, which corresponds
to higher soil density. Moreover, the maximum bending moment developed in the pile decreases in the same
order loose, medium-dense, and dense sand. With an increase in the applied lateral load, the magnitude of the
bending moment induced along the pile length also increases.

With an increase in the magnitude of the applied lateral load, the location of the maximum bending moment
along the pile tends to shift downward. This phenomenon occurs because, as the lateral load increases, the
effective fixity length of the pile decreases, or equivalently, the depth of pile fixity moves downward, causing
the curvature zone of the pile to extend deeper. Consequently, the point at which the maximum bending
moment and thus the potential location of bending failure develops appears at lower depths along the pile.

Based on the combined results of total and horizontal displacements at various pile sections under lateral
loading, it can be inferred that a portion of the soil in front of laterally loaded piles resists the pile movement.
In three-dimensional conditions, this resistance zone can be idealized as a conical region in front of the pile.

As the lateral load increases, the displacement at the pile head also increases. This head displacement is
transmitted to the soil located in front of the pile, meaning that the induced movement transfers lateral forces
to the soil mass ahead of the pile, forming a conical-shaped deformation zone. The generated cone not only
expands laterally at the pile head but also extends vertically downward with depth, following the pile’s
embedded length.
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