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Abstract

A monopile is a large-diameter steel cylinder partially inserted into seabeds; thus, it is one of the major selections of
offshore wind and tower foundations. This study aimed to investigate the effect of monopile diameter, thickness, and ratio
of soil embedded depth to height of water on the lateral and vertical displacements of the embedded part of the pile. In the
study, the monopile was subjected to a lateral displacement equivalent to 10% of the pile diameter at the pile head in order
to examine the lateral and vertical deformations of the embedded length of the pile. The three-dimensional finite element
software PLAXIS 3D was used to simulate the study. The soil layer used consisted of one layer of medium-dense sandy
soil. The study involved investigating the location along the embedded depths that exhibit zero lateral and vertical
displacements; that location was found to depend on the monopile diameter, wall thickness, and ratio of embedded depth
to water height. The depth of zero lateral displacement was found to increase as pile rigidity and wall thickness increase.
The study shows that increasing the L/H ratio on the embedded depth of zero lateral displacement, Lzero, diminishes with
increasing monopile diameter for the same wall thickness. Also, the variation of lateral displacement along pile length
demonstrates a constant trend behavior regardless of pile thicknesses and diameters, but the depth of zero lateral
displacement, Lnzero, Was varied. Furthermore, the monopile diameter effect on the vertical displacement shows that as the
monopile diameter increases, the depth of zero vertical displacement decreases. Also, as L/H decreased, the depth of zero
vertical displacement declined.

Keywords: Monopile Diameter; Monopile Wall Thickness; Monopile Embedded Depth; Monopile Embedded Depth; Depth of Zero
Lateral and Vertical Displacements.

1. Introduction

In order to achieve a more effective approach to addressing climate change, it is essential to reduce carbon dioxide
emissions, extend the lifespan of energy production, and minimize the depletion of available resources. Consequently,
renewable energy sources have been widely adopted across the globe. Renewable energy is a major energy source and
can be considered an alternative to traditional methods of energy generation. It provides many economic and
environmental advantages. Worldwide, it is intended to obtain about 35% of electricity demand from renewable sources.
Wind energy is considered one of the most efficient forms of renewable energy. Many offshore wind farms have been
constructed or are planned offshore; therefore, a robust foundation with sufficient stiffness is required to resist
unacceptable soil deformation or structural rotation [1, 2].

Monopile foundations are one of the efficient solutions for offshore wind structures. Such piles are suitable for
towers and wind turbines in offshore environments, since piles with large diameters can be successfully installed for
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such structures. A monopile usually consists of a large-diameter steel cylinder partially embedded in the seabed. Many
studies have shown that monopiles can satisfy the required safety demands, as such steel piles are easy to construct with
diameters up to 8 m and lengths up to 80 m, with embedded depths up to 10 times the pile diameter [3, 4].

Usually, there are four stages in monopile construction: onshore manufacturing, loading at the port, transportation,
and offshore installation. Two design criteria must be considered when designing piles to resist lateral loads: providing
a safety factor by reducing the ultimate load and ensuring an allowable lateral displacement. Generally, designing based
on allowable lateral displacement is considered a more logical approach, since it allows the designer to address both the
ultimate bearing capacity state and the serviceability limit state [5].

Higgins et al. [6] used Fourier FEM to analyze laterally loaded piles embedded in various elastic soils. In their study,
piles with different lengths, flexibilities, and boundary conditions were first embedded in a single layer with constant
and linearly varying modulus, and then in a two-layer system with constant modulus within each layer. A set of algebraic
equations was developed to describe pile head deflection, rotation, and bending moment by fitting the results of the FE
analyses.

Haiderali et al. [7] studied the behavior of monopiles installed in undrained clayey soil under axial and lateral loads
using three-dimensional finite element analysis. Their study examined four piles, each 35 m long, with diameters varying
from 4 to 7.5 m. Their results showed that under lateral loading, monopiles deformed mainly due to rotation about a
pivot point, while the pile toes experienced negative displacement. The effect of axial load on the ultimate lateral
capacity or lateral displacement of monopiles was insignificant.

Kozubal et al. [2] conducted a study using a 3D probabilistic approach to analyze pile displacement under lateral
loads. They focused on a single pile subjected to lateral loads, considering several typical subsurface models. Initially,
a random modulus of elasticity was assigned to each layer of a multi-layer linear elastic soil. Subsequently, a model of
linear elastic soil with a modulus of elasticity increasing randomly with depth was investigated. Their findings showed
that the reliability indices, used to evaluate the suitability of pile design under specific subsurface conditions, were
influenced by the random variability of both the lateral force and the modulus of the upper soil layer.

Lada et al. [8] focused on the analysis of a large-diameter monopile using a numerical analysis model. Pile diameter,
pile length, and load eccentricity were investigated. The results showed that pile diameter and soil properties have the
greatest effect on the ultimate soil bearing capacity, while load eccentricity has a lesser effect. The deformation pattern
varies according to pile stiffness or slenderness, where stiff piles behave as rigid piles, while slender piles behave as
flexible members.

Gupta and Basu [9] presented, in 2015, an analysis of a rigid monopile under various loading conditions. By
considering the external forces acting on the monopile, they developed two sets of formulas to describe pile displacement
and rotation. To evaluate the reliability of the developed formulas, they conducted a three-dimensional finite element
analysis and found good agreement between the formula-based results and the numerical analysis.

Kim et al. [10], in 2016, studied the effect of monopile diameter on the relationship between lateral soil reaction, p,
and pile deflection at a specific depth, y, commonly known as the p—y curve. Their results showed that pile diameter
significantly affects the p—y curve. Accordingly, they concluded that special care should be taken when designing large-
diameter monopiles. The use of p—y curves in designing monopiles in sandy soils is highly recommended by the
American Petroleum Institute [11, 12]. Additionally, pile diameter and soil stratification were considered by Zachariah
& Sahoo [13] in 2019 to study the behavior of a monopile tip under lateral loading. Their analysis was conducted using
three-dimensional finite element modeling for piles installed in clay, sand, and multi-layered soils. Their results showed
that as the diameter of a monopile increases, the pile tends to behave as a rigid member with minor deflection.

Byrne et al. [14] analyzed the results of field tests conducted on a monopile installed in over-consolidated glacial till
under lateral loads. Tests were performed on three piles with diameters of 0.273 m, 0.762 m, and 2 m, and length-to-
diameter ratios varying between 3 and 10. The data supported the development of a one-dimensional model to obtain a
simplified monopile design. Their dataset is considered a unique source of information for piles installed in over-
consolidated soils under lateral loads.

Raktate & Choudhary [15] conducted a parametric study in 2020 on a hollow monopile, focusing on water table
variation and soil properties. By considering aerodynamic and hydrodynamic forces for various structural and soil
parameters, a nonlinear static analysis of the substructure was performed. They proposed equations and nomographs
applicable to similar environmental conditions and turbine characteristics, which reduce the time required for
preliminary feasibility studies and simplify the design methodology.

Al-Qaisee et al. [16] in 2020 and Munaga & Gonavaram [17] in 2021 investigated the behavior of single piles and
pile groups under lateral loads in sandy and multi-layered soils through a series of laboratory model tests. Their results
showed that the tip deflection of both single piles and pile groups in multi-layered soils was less than that in sandy soils.
In 2023, Yu et al. [18] examined the influence of sand anisotropy and scouring on a cyclically laterally loaded pile. The
study was conducted through a series of model tests on monopiles with two cyclic load amplitudes, three soil deposition
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angles, and two scour depths. They found that increasing the deposition angle of sand and scour depth increased the
accumulated displacement at the pile head. Furthermore, sand anisotropy had a significant effect for piles under smaller
cyclic amplitudes, whereas this effect was not observed for scouring.

Nanda et al. [19] in 2017 examined a monopile under uni-directional and multi-directional loadings. Their research,
conducted under cyclic lateral loads, showed that multi-directional cyclic loading increased pile displacement and
reduced pile stiffness compared with uni-directional loading. In 2024, Alsharedah et al. [20] investigated the
performance of monopiles supporting a 5 MW wind turbine under horizontal loading using three-dimensional nonlinear
finite element models. Various clayey soil profiles were included in the models. They found that soil strength and the
ratio of embedment depth to pile diameter (L/D) significantly influenced monopile performance. As L/D increased,
tower tip displacement decreased, while lateral capacity improved substantially.

Zhu et al. [21] studied the effects of reinforcements with different stiffness values, strengths, and reinforcement
ranges on the lateral bearing capacity, deformations, soil resistance, and soil resistance per unit length relative to pile
deflection (p—y curves) of monopiles using a finite element model. They found that, at the interface with unreinforced
soil, the resistance provided by the reinforced soil decreased noticeably. Additionally, no significant change in the
resistance of the unreinforced soil was observed due to the presence of the reinforced soil.

Haiderali et al. [22] published a study in 2024 to investigate the effect of loose sand layers (in terms of thickness and
depth) on the monotonic lateral capacity of a 10 m diameter extra-large semi-rigid monopile loaded at an eccentricity of
36 m above the mudline in dense sand. A series of three-dimensional finite element analyses was carried out using the
advanced SANISAND-04 constitutive model. They found that both the thickness and depth of the loose sand layer
influenced the lateral capacity of the monopile. Additionally, reductions in bending moments and shear forces were
observed due to the presence of loose layers. Moreover, the lateral capacity of monopiles was significantly affected
when loose sand existed near the pile tip.

Menendez-Vicente et al. [23] conducted a new study in 2025 to investigate the beneficial effects of scour protection
systems on offshore piled foundations. The study involved a parametric analysis of scour protection dimensions and
materials and included both small-diameter and large-diameter monopiles. Numerical analysis using the finite element
method was applied to evaluate natural frequencies and static capacity by employing both moment—lateral load (M-H)
curves and the Load Utilization method. They found that rock fill improved the initial foundation conditions regardless
of pile dimensions. Furthermore, scour protection achieved its dual objectives of preventing scour and increasing
foundation stiffness for small-diameter monopiles, while its contribution to stiffness was limited for large-diameter
monopiles. They also noted that scour protection should be further studied for heavy rock armor and significant
protection heights.

He & Takahashi [24] in 2025 studied the seismic response of monopile-supported offshore wind turbines in sandy
soil, considering the effects of soil-structure interaction (SSI), environmental loads, and soil liquefaction. The study was
conducted using an advanced three-dimensional numerical soil model, and dynamic analyses were performed within the
OpenSees framework. Their results highlighted the importance of higher vibration modes for large wind turbines and
the significant role of SSI in dynamic response. Under the combined effects of wind, earthquake loading, and
liquefaction, monopile-supported offshore wind turbines in dense sand experienced considerable lateral displacement
and rotation. In the study, the monopile was subjected to a lateral displacement at the pile head equal to 10% of the pile
diameter to examine both lateral and vertical deformations along the embedded pile length. The three-dimensional finite
element software PLAXIS 3D was used to simulate a single layer of medium-dense sandy soil interacting with the
monopile foundation. The study contributed to identifying the locations of zero lateral and vertical displacement along
the embedded depth.

As mentioned earlier, monopiles are the most common type of foundation for offshore wind turbines, which are
subjected to lateral loads from wind and water. In this study, the lateral and vertical displacements along the embedded
length of a monopile foundation in sandy soil were investigated under a pile head lateral displacement equal to 10% of
the monopile diameter. The ratio of monopile length in water to the embedded monopile length in soil (L/H) was
considered, and the effects of monopile diameter (D) and monopile wall thickness (t) were also examined.

2. Modelling of Monopile-Soil System

The monopile embedment length in soil, H, was 20 m, while the water depth above the ground surface, L, was taken
as 10 m and 20 m to achieve L/H ratios of 0.5 and 1.0, respectively. The selected monopile diameters (D) were 2.5 m
and 5.0 m for both L/H ratios. The selected wall thicknesses were 1.5 mm and 3.0 mm for the two diameters and L/H
ratios. Figure 1 summarizes the workflow chart. Table 1 presents the monopile properties, and Figure 2 shows a
schematic representation of the monopile model together with the soil layer.

The soil depth was 40 m to eliminate boundary effects and consisted of a single layer of medium-dense sand. Soil
characteristics are shown in Table 2. A ten-noded tetrahedral element was used in the computational analyses. The sandy
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layer was modeled as medium dense, and the soil behavior was simulated using the Mohr—Coulomb model under drained
conditions. The dilatancy angle for the sandy soil was set to 7.0°, depending on soil density and internal friction angle.

The modeling was performed in two stages. The first stage simulated the installation of the monopile, and the second
stage applied lateral displacement. The global mesh coarseness factor was 0.5, while a finer coarseness factor of 0.25
was used around the monopile and the surrounding soil. To examine the lateral and vertical deformations along the

embedded length of the monopile, a lateral displacement equal to 10% of the monopile diameter (D) was applied at the
pile head.

L=20 L=10
(L/H=1.0) (L/H=0.5)
] ]|
| | | |

monopile diameter=2.5m

monopile diameter=5.0 m

monopile diameter=2.5m

monopile diameter=5.0 m

monopile wall thickness
t=1.5mm

monopile wall thickness
t=1.5mm

monopile wall thickness

monopile wall thickness

monopile wall thickness
t=1.5mm

monopile wall thickness
t=1.5mm

monopile wall thickness

monopile wall thickness

L t=3.0mm - t=3.0mm — =3.0mm t=3.0mm
Figure 1. The flow chart of workflow
Table 1. Properties of monopile wall
Parameter Name Value
Identification - t1 to
Thickness, mm T 15 30
Unit weight, KN/m3 r 78.00 78.00
E; 200*106 200*106
Stiffness, kN/m? =) 200*10°6 200*106
N 0.15 0.15

Table 2. Characteristics of sand used in modelling

Parameter Name Value
Material used Model ~ Mohr-Coulomb
Type of analysis Type Drained
Soil unit weight, kKN/m3 Y 18.70
Initial void ratio € 0.60
E 25000
Stiffness, kN/m?
v 0.25
Cohesion, kN/m? Cret 15.0
Angle of internal friction, degrees ¢ 37.0
Dilatancy angle U 7.0
R inter - 0.7
Data set - USDA
Model - Van Genuchten
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Figure 2. Schematic representation of modeling monopile and soil layers

3. Results and Discussion

PLAXIS 3D software was used for the simulations through a series of three-dimensional finite element analyses.
The lateral displacement (Ux) was examined along the total monopile depth, considering the effect of diameter at
constant wall thickness for each L/H ratio. Comparisons were also made between wall thicknesses for the two selected
diameters. In addition, the vertical displacement (U;) of the monopile was examined along the depth for different
diameters, wall thicknesses, and L/H ratios. The variation of the points where the lateral displacement became zero
(inflection points), Luzero, Within the sandy layer was also studied.

3.1. Effect of Monopile Thickness and Diameter on Embedded Depth of Lateral Displacement

Figures 3(a) and 3(b) illustrate the comparative analysis of lateral displacement along the monopile length for wall
thicknesses of 1.5 mm and 3.0 mm for each diameter (2.5 m and 5.0 m) when L/H = 1. In general, the behavior was
similar for both diameters and thicknesses. However, the depth at which lateral displacement approached zero (L zero)
increased with increasing monopile diameter and thickness. The value of Lyzero increased from 3.057 m to 4.312 m for
a wall thickness of 1.5 mm, and from 8.361 m to 10.185 m for a wall thickness of 3.0 mm. The lateral displacement at
the interface between sand and water (Dzro) also increased with increasing monopile diameter. It increased from 25.30
mm to 30.18 mm for a wall thickness of 1.5 mm, and from 37.12 mm to 53.51 mm for a wall thickness of 3.0 mm, as
the diameter increased from 2.5 m to 5.0 m. The results for different monopile diameters showed good agreement with
those reported by Kim et al. [10] and Ji et al. [25], confirming the reliability of the lateral displacement trends.

20 20
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g B
- 3 0~
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= 2 .
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S-1 S -10 |
—— Ux-3T-2.5D > Ux-3t5D
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Lateral Displacement (mm) Lateral Displacement (mm)

(a) lateral displacement along monopile of 2.5 m diameterand L/H =1  (b) lateral displacement along monopile of 5.0 m diameter and L/H =1

Figure 3. Variation of embedded depth of lateral displacement along monopile length for L/H =1.0 and different monopile-
wall thicknesses and diameters
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Figures 4(a) and 4(b) present a comparative analysis of lateral displacement along the monopile length for wall
thicknesses of 1.5 mm and 3.0 mm for both diameters (2.5 m and 5.0 m) when L/H = 0.5. The value of Lzero varied
from 5.00 m to 8.00 m for a wall thickness of 1.5 mm, and from 8.00 m to 10.916 m for a wall thickness of 3.0 mm. The
lateral displacement at the sand—water interface (Dyzro) increased with increasing diameter. It increased from 25.61 mm

to 33.00 mm for a wall thickness of 1.5 mm, and from 95.5 mm to 138.5 mm for a wall thickness of 3.0 mm, as the
diameter increased from 2.5 m to 5.0 m.
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Figure 4. Variation of embedded depth of lateral displacement along monopile length for L/H =0.5 and different monopile-
wall thicknesses and diameters

The lateral displacement along the monopile length is illustrated in Figures 5 and 6 for L/H = 1 and L/H = 0.50,

respectively. These figures analyze the variation in lateral displacement for wall thicknesses of 1.5 mm and 3.0 mm for
each diameter.
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Figure 5. Variation of lateral displacement along monopile length for L/H =1
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Figure 6. Variation of lateral displacement along monopile length for L/H = 0.5
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For L/H =1, it can be observed that the value of Lyzero increased from 3.057 mm to 8.361 mm when the wall thickness
was kept constant at 1.5 mm. Similarly, Lnzro increased from 4.312 mm to 10.185 mm when the wall thickness was set
at 3.0 mm. In addition, the lateral displacement of the monopile at the boundary between sand and water (D zero) Showed
a significant increase as the monopile diameter increased, regardless of wall thickness. Specifically, Dizro increased
from 25.30 mm to 37.12 mm for a thickness of 1.5 mm, and from 30.18 mm to 53.51 mm for a thickness of 3.0 mm, as
the diameter increased from 2.5 m to 5.0 m.

For L/H = 0.5, the value of Lyzero Varied between 5.00 mm and 8.00 mm for a wall thickness of 1.5 mm, and between
7.50 mm and 10.916 mm for a wall thickness of 3.0 mm. The lateral displacement at the sand—water boundary (Dzero)
also increased as the diameter increased. It rose from 25.61 mm to 33.00 mm for a wall thickness of 1.5 mm, and from
95.5 mm to 138.5 mm for a wall thickness of 3.0 mm, corresponding to a diameter increase from 2.5 m to 5.0 m.

In this manner, the embedded depth at which lateral displacement becomes zero increases with increasing diameter;
however, this increase is smaller for thinner wall sections compared to thicker ones. Furthermore, as the monopile
diameter decreases, the pile behaves more like a flexible pile, and the deflection at the pile head becomes larger. Table
3 presents the embedded depth of zero lateral displacement (Luzero) for different wall thicknesses and L/H ratios.

Table 3. The embedded depth of zero lateral displacement, Lrzero, and the lateral displacement Dizro for different wall
thicknesses and L/H ratios

Diameter, LH Wall thickness,  Pile Rigidity, =~ Embedded depth of zero lateral  Lateral displacement value of the monopile at the
D, (m) W (mm) El (kN.m?) displacement, Luzero, (M) boundary between the sand and water, DLzero,

3.00 3.727x10° 4.312 30.18

25 1
1.50 2.522x10° 3.057 25.00
3.00 8.247x108 10.185 53.51

5.0 1
1.50 1.855x107 8.361 37.12
3.00 7.500 33.00

25 0.5 -
1.50 5.002 25.61
3.00 10.916 95.50

5.0 0.5 -
1.50 8.000 138.5

In general, the behavior was identical for both diameters and wall thicknesses; however, the depth at which the lateral
displacement approached zero (Lwzero) increased with larger monopile diameters and thicker walls. The point of Lizero
represents the pile center in the upper part of the embedded length, where the pile is subjected to forces resulting from
the applied external lateral displacement. Below this point, the pile compresses the surrounding soil, and this behavior
is influenced by soil-structure interaction.

The flexural rigidity (EI) of the pile increased significantly as both the diameter and wall thickness increased. As a
result, the pile became more rigid and exhibited greater resistance to bending, causing the location of Lz t0 move
downward. This increase in lateral resistance highlights the significant impact of monopile diameter on structural
stability. As the diameter increases, resistance to lateral forces improves, making it essential to consider these factors in
the design process.

When the L/H ratio increased from 0.50 to 1.0 (indicating a doubling of the water height) under constant wall
thickness, the parameter Luzero decreased. This reduction was more pronounced for the 2.5 m diameter pile, whereas the
5.0 m diameter pile showed negligible response regardless of wall thickness. The 5.0 m diameter pile, with both wall
thicknesses considered, exhibited substantial rigidity, and variations in the L/H ratio did not significantly affect its
behavior or the location of Lzero, €ven though the overturning moment caused by water pressure was effectively reduced
by half. In contrast, the 2.5 m diameter pile, with both wall thicknesses, demonstrated greater flexibility and showed a
noticeable reduction in Luzro as the L/H ratio increased.

This highlights an important principle in geotechnical engineering: increasing pile diameter enhances stability but
reduces the system’s flexibility in responding to changing load conditions.

3.2. Effect of Monopile-Wall Thickness and Diameter on the Embedded Depth of Vertical Displacement

The variation of vertical displacement along the total embedded depth of monopiles with diameters of 2.5 mand 5.0
m is presented in Figures 7-a and 7-b for an L/H ratio of 1, and in Figures 7-c and 7-d for an L/H ratio of 0.5, for the
same diameters and wall thicknesses. In general, the vertical displacement of the monopile decreased with increasing
depth until it reached a stable condition at the pile tip. Skin friction at the interface between the monopile surface and
the surrounding soil increased with depth, providing resistance that prevented further settlement; consequently, vertical
displacement decreased with depth.
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Figure 7. Variation of vertical displacement along monopile length for different diameters and thicknesses

It can be noted that the depth associated with zero vertical displacement, Lvzero, increased for wall diameters of 2.5
m and 5 m, while showing minimal influence from changes in wall thickness. In summary, it can be concluded that no
direct relationship exists between wall thickness and the embedded depth at which zero vertical displacement occurs. In
addition, the depth corresponding to zero vertical displacement, Lvzero, decreased as the L/H ratio was reduced, with a
more pronounced decrease observed for larger diameters. Table 4 illustrates the depth at which zero vertical
displacement, Lvzero, 0Occurs for different wall thicknesses and L/H ratios, and also presents the maximum vertical
displacement at the monopile head. Under constant wall thickness and monopile diameter, an increase in the L/H ratio
is associated with an increase in maximum vertical displacement due to the monopile's rigidity; as the monopile diameter
increases, its behavior more closely resembles that of a rigid structural element.

Table 4. The embedded depth of zero vertical displacement, Lnzro, for different wall thicknesses and L/H ratios

Diameter, L/H Wall thickness, Embedded depth of zero vertical Maximum vertical displacement,
D (m) W (mm) displacement, Lvzero, (M) Uz, at pile head

3.00 -8.101 -18.790

25 1
1.50 -8.101 -18.781
3.00 -14.711 -60.093

5.0 1
1.50 -14.711 -63.897
3.00 -7.500 -28.588

25 0.5
1.50 -7.500 -30.569
3.00 -5.603 -82.622

5.0 0.5
1.50 -5.600 -90.349
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It can also be observed that the depth of zero vertical displacement, denoted as Lvzero, increased with diameters of
2.5 mand 5 m; however, this variation had a negligible effect on wall thickness. In other words, a direct correlation
between wall thickness and the embedded depth corresponding to zero vertical displacement does not exist. Furthermore,
Lvzero decreased as the L/H ratio decreased, with a more pronounced reduction occurring for larger diameters. Table 4
presents the embedded depth of zero vertical displacement, Lvzero, for various wall thicknesses and L/H ratios, and shows
the maximum vertical displacement at the monopile head. It has been noted that for constant monopile wall thickness
and diameter, an increase in the L/H ratio leads to an increase in maximum vertical displacement, which can be attributed
to the rigidity of the monopile. As the monopile diameter increases, it tends to behave more like a rigid structural
component. Figures 8 and 9 show the variation of lateral and vertical displacement based on numerical results.
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Figure 8. the variation of Lateral Displacement by Numerical Outputs
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4. Conclusions
The following conclusions can be drawn from the foregoing analysis:

e The variation of lateral displacement with depth shows a consistent trend regardless of pile thickness or
diameter. However, due to pile rigidity, the depth of zero lateral displacement, Lz, Varies. The embedded
depth of zero lateral displacement, Luzero, decreases as monopile wall thickness decreases, but the magnitude
of reduction for small diameters is greater than that for large diameters, regardless of the L/H ratio.

e The effect of increasing the L/H ratio on the embedded depth of zero lateral displacement, Lizero, diminishes
as monopile diameter increases for the same wall thickness. The influence of L/H variation on Luzero increases
for a monopile with a diameter of 2.5 m and wall thicknesses of 1.5 mm and 3 mm by 64% and 74%,
respectively, for L/H ratios of 1.0 and 0.5. Meanwhile, for a monopile with a 5 m diameter, the increase did not
exceed 10%. Moreover, for L/H = 1.0, when the monopile wall thickness decreased by 50%, the embedded
depth of zero lateral displacement decreased by 29% and 18% for pile diameters of 2.5 m and 5 m, respectively.
For L/H = 0.5, when the monopile wall thickness decreased by 50%, the embedded depth of zero lateral
displacement decreased by 33% and 27% for pile diameters of 2.5 m and 5 m, respectively.

e The effect of monopile diameter on vertical displacement shows that as the monopile diameter increases, the
depth of zero vertical displacement decreases. Also, as the L/H ratio decreases, the depth of zero vertical
displacement declines. Monopile wall thickness has a negligible effect on vertical pile displacement.

5. List of Symbols

D = diameter of monopile, m.

H= embedded monopole depth in soil, m.

L= embedded monopole depth in water, m.

Lrzero = embedded depth at which the zero of lateral displacement from ground level, m.
Lvzero = embedded depth of zero vertical displacement, m.

Dzero= lateral displacement of monopile at borderline between the sand and water.

t = thickness of the wall of the monopile, mm.

Ux = lateral displacement, mm.

U; = vertical displacement, mm
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