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Abstract

Large-diameter monopiles serve as foundations for offshore wind turbines (OWT),
and the diameters are now up to 10 meters. These monopiles exhibit lower embedded
length-to-diameter (L/D) ratios compared to the conventional monopile that is widely
employed in offshore oil and gas platforms. They undergo rotation when subjected
to lateral loading like rigid or semi-rigid bodies. This distinct geometry necessitates
a different approach to describe the soil reaction that is induced when a lateral load
is applied. Previous research introduced a 1D model incorporating four soil spring
components to represent four aspects of soil reaction namely lateral soil reaction,
distributed moment, base shear force, and base moment. However, questions have
arisen regarding the contributions of base components, specifically the base shear force
and base moment, to maintaining monopile stability. In response, a series of monotonic
loading tests on monopiles in dry sand is conducted to assess the contributions of
base shear force and base moment to monopile stability. Following this assessment
of base components, parametric analyses are carried out to investigate the effect of
pile diameter (D), the L/D ratio, load eccentricity (e), and sand relative density on
monopile responses under cyclic and monotonic lateral loading. In this study, the
SANISAND-MS material model is employed within 3D Finite Element (FE) software
to model ratcheting during cyclic lateral loading. Finally, an investigation is conducted
with the aim of constructing a 0D model to represent base shear force and base
displacement responses under both monotonic and cyclic lateral loading.

Keywords: monopile, large-diameter, soil reaction model, monotonic, cyclic, base shear force, base moment,
3D FEM, parametric analysis
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Introduction

n 2019, the European Union (EU) signed the European Green Deal, which aims to reduce net
I greenhouse emissions by 55% by 2030, compared to the level at 1990’s, and make Europe the first
climate-neutral continent by 2050 [1]. A massive investment in the required infrastructure to produce
cleaner and renewable energy is necessary to meet such an ambitious vision. To date, offshore wind
energy is named as one of the innovation accelerators to support a sustainable future [2]. In the future,
offshore wind farms will only become larger, generate more power, and have less environmental impact

[3].

1.1. Background

Offshore Wind energy is a renewable energy resource that plays a vital role in achieving carbon neutrality.
Between 2012 and 2030, the compound annual growth of offshore wind is more than 20% [4]. Offshore
wind energy become the main option due to lower carbon dioxide emissions, and the carbon footprint
of wind power is comparable to or even lower than other non-fossil energy generation technologies
[5]. Despite its competitiveness, a wind energy project is capital intensive, with the fixed assets (wind
turbine, gird connection, and civil works) accounting for about 80% of the total cost [6]. To make offshore
wind energy projects more competitive and reduce the cost, the R&D to optimize the main component
of wind-farm becomes highly important.

New offshore wind installations by market Total offshore wind installations by market

Tomwan 1% i Norway 0.5% Ty S ———
Netherlands 2% o----w--- :
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(a) New installation (b) Total installed capacity

Figure 1.1: Offshore wind energy installation in 2021 (GWEC Market Intelegence; [7]).
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By the end of 2021, the cumulative installed capacity reached nearly 56 GW, as illustrated in Figure
1.1a. Among this installed capacity, China and the UK shared the largest portions, constituting 47%
and 22% of the total, respectively, as depicted in Figure 1.1b. Beyond these regions, Taiwan (109 MW)
and Vietnam (779 MW, inter-tidal only) also registered notable increments in offshore wind energy
installations during 2021 [7].

Due to the fluctuations in fossil fuel prices and the influence of global geopolitical dynamics, the
long-term outlook for the global offshore wind market is exceedingly promising. An investigation by [7]
has indicated an average growth rate of 6.3% leading up to 2026, which is projected to surge to 13.9%
until the subsequent decade. By the end of this decade, the installation of 50 GW of offshore wind power
is anticipated, as depicted in Figure 1.2. A study [7] suggests that the European and Chinese markets
will continue to dominate the offshore wind market, with the European market growth projected to
surpass China within this decade.

® Europe

® China 54850

® Asia ex China CAGR* 50920 -2000
North America +13.0% 46076 -2000

-1578

® Other /
38708
33948 -400

13436
9055 e
1881 6000
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2022 2023e 2024e 2025e 2026e 2027e 2028e 2029 2030e 2031e

Figure 1.2: Prediction of global new offshore wind installation from 2022 to 2031 [7].

The anticipated expansion of the offshore wind market will involve venturing into deeper waters,
which will pose greater wave and wind loads. However, despite upcoming advancements in foundation
types, the large-diameter monopile remains the favored choice and is expected to facilitate the rapid
growth of offshore wind in the foreseeable future.

Several choices exist for the fixed-bottom foundation, supporting offshore wind turbines (OWTs).
These options include gravity base foundation, monopile, mono-caisson, multi-pile, and multi-caisson
(Figure 1.3). The site conditions heavily influence the cost-effectiveness of a specific design concept.
The utilization of monopile structures becomes advantageous in areas where the surface conditions are
unfavorable, and the depth of the water is below 35 meters [8].

Most of the installed OWTs were constructed above the fixed-bottom foundation. At the end of 2021,
monopile became the dominant foundation type that supports 64.4% of the total installed capacity in the
market [11]. Even there is an indication of a declining proportion of monopile in the newly announced
market, representing 56.5% of the overall market. Due to the advanced stage of industrialization and
maturity in monopile production, they generally offer a cost advantage and are projected to maintain
their dominant position [11].

Currently, the design, manufacturing, and installation of the substructure account for approximately
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Figure 1.3: Fixed-bottom foundation types for offshore wind turbines ([9]).
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Figure 1.4: Offshore wind system capital expenditure component cost breakdown ([10]).

13% to 37% of the total investment necessary for offshore wind turbines, depending on the type of chosen
foundation (Figure 1.4). Due to the significant investment in its substructure, such as the monopile, a

wind turbine is designed to remain operational for a lifespan of 25 to 30 years to offer economic benefits
[12].

Throughout its lifespan, the monopile must endure challenging environmental conditions character-
ized by multiple loads of moderate intensity ranging from 10% to 10° cycles [13]. These cyclic loading
and unloading processes can result in a permanent rotation of the structure and the accumulation of
plastic strain. Throughout the operational lifespan of an OWT, the permanent rotation due to cyclic
lateral load should not exceed the serviceability limit state (SLS) failure criteria.

Accurate prediction of cyclic lateral deformation is crucial to meet the strict SLS and ULS criteria.
Some literature defines OWT failure criteria as the permanent rotation at the mudline equal to 0.25° [15]
and 0.5° [16]. However, the cyclic behavior of soils is a complex phenomenon that directly affects the
stiffness of the monopile and the accumulation of lateral deformation (Figure 1.5).
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Figure 1.5: Monopile foundation of an offshore wind turbine under lateral load - modified after [14] (M(t) and H(t) indicate
moment and lateral load evolution during the OWT lifetime).

To gain insight into this behavior, cyclic testing is typically conducted either in laboratory or field
settings, providing valuable information on the interaction between the monopile and soil during cyclic
lateral loading. However, due to high costs and experimental complexities, field tests and physical
modeling are not always feasible. To encounter this problem, 3D finite element (FE) analysis is employed
to simulate this process in the current project. The use of 3D FE analysis is considered advantageous
as it allows for a more realistic representation of soil response, requiring fewer simplifications and
assumptions in the modeling process.

1.2. Research Motivation

To expedite the growth of offshore wind energy and the impact of cyclic lateral loading, it is crucial to
conduct research to optimize the monopile design. The design of monopile that experience lateral and
overturning loads commonly employs the p-y method, which is based on the Winkler approach [17].
This method is widely recommended by several offshore design codes [15], [18]. It is already known
that the conventional p-y method fails to accurately depict the behavior of large-diameter monopiles
that are widely used in offshore wind turbine construction [8], [19]. However, current design practice
continues to rely on 1D soil-spring model by modifying the conventional approach by adding more

spring elements or introducing additional parameters. [20].

The utilization of a 1D model such as the p-y curve presents the advantage of yielding results with
minimal computational time. This has led to significant research endeavors aimed at modifying the
conventional p-y curve to align it with responses to cyclic loading [14], [20], [21]. Another primary
motivation behind advancing the p-y curve is to model the soil interaction with large-diameter monopiles,
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which initially encounter challenges and uncertainties with the conventional p-y. To address uncertainties
associated with the behavior of large-diameter monopiles under both monotonic and cyclic lateral
loading conditions, numerous research initiatives have been conducted. Notably, projects such as
PISA [19], PICASO in the UK [19], [22], and the ongoing MIDAS project in The Netherlands [23] have
contributed to this field. This thesis project forms part of the MIDAS (Monopile Improved Design
through Advanced cyclic Soil modeling) initiative, with its primary focus being the application of 3D
FE analysis to simulate the monopile response to cyclic lateral loading. Moreover, the project seeks to
obtain information that can be used to correlate the outcomes obtained through the 3D FE analysis and
the 1D model.

The primary objective of this thesis project is to comprehensively investigate the behavior of monopile-
soil systems subjected to lateral cyclic loading. This is achieved through the utilization of 3D finite
element (FE) analysis, facilitated by the PLAXIS 3D software. To accurately capture the cyclic response
of sand, the study incorporates the application of the newly developed SANISAND-MS constitutive
model, as introduced by [24]. Within this framework, the research investigates the impact of varying
monopile geometry and sand relative density on the cyclic behavior of monopiles. Parameters under
investigation encompass pile diameter, embedded length, load eccentricity, and soil relative density.
The important aspect of this investigation is the assessment of soil reaction at the base of the pile, an
aspect often overlooked in conventional slender monopile analyses. The numerical outcomes generated
through the 3D FE analysis are analyzed and discussed, with the intent to provide information for the
future development of a 0D model capable of effectively representing the soil base reaction curve.

1.3. Research Questions

Looking at previous studies, it is evident that existing research has not provided a clear directive for
evaluating the influence of the force exerted at the pile base on the stability of large-diameter monopiles.
As a result, the primary aim of this thesis is to thoroughly investigate the factors originating from the
pile base that contribute to the overall stability of both moment and lateral forces. To fulfill this objective,
the acquired data from the MIDAS project, involving both centrifuge tests and laboratory experiments,
is used to conduct 3D FE analyses. This research aims to address these aspects, and the main as well as

sub-research questions, are outlined below.

"How do the base shear force and base moment components affect monopile in sand response against

monotonic and cyclic lateral loading?”

1. How do the moment and lateral force components affect the monopile stability?
2. What is the effective soil-spring model to represent the monopile response against lateral loading?

3. What input that can be given to develop a 0D model for Base Shear Force against Base Displacement

(Fp - yp) under monotonic loading?
4. How much base moment (M}) affect the base rotation (0y4.) and the monopile stability ?

5. What considerations must be taken into account when calibrating the 0D F}, - iy, model for cyclic

loading?

1.4. Research Outline

This research aims to establish an enhanced framework for evaluating the force and moment components
at the base of large-diameter monopiles. To achieve this goal, a series of 3D FE analysis results were
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employed to explore the impact of pile geometry on the interaction between the monopile and the
surrounding soil. The analysis is centered on piles with diameters (D) of 6, 9, and 12 meters, featuring
corresponding embedded length-to-diameter (L/D) ratios of 2, 4, and 6. In most cases, the load
eccentricity remains consistent at an eccentricity-to-diameter (e.. /D) ratio of 5, while the relative density
of the sand (D) is set to 0.9.

To further investigate the effect of the pile geometry on the pile base soil reaction, additional analyses
were carried out for pile L/D ratios of 1 and even 0.5. The 3D FE model employs the SANISAND-MS
constitutive model within the Plaxis software.Model parameters were adjusted based on laboratory and
centrifuge tests conducted on Geba sand, as documented in prior research. Minor calibration of the
ratcheting parameter (119) was required during the initial stages of the analysis. The Geba sand sample
used in the centrifuge test was compacted to achieve a relative density (D,) of 0.97, and the collected
data from this test were also employed for the purpose of parameter calibration.

The introductory chapter offers insight into the background, the idea, and the driving motivation
behind this project. Chapter two provides an extensive literature review that contextualizes the research
within the existing body of knowledge. The subsequent chapters, beginning with chapter three,
constitute the core of this study, elaborating on its essential content and explanations. Chapter three
explains the setup and the parameters necessary for executing the 3D FE analysis. This chapter also
outlines the procedure for extracting soil reactions from the 3D FE model and explains the limitations of
the model.

Chapter four is dedicated to the presentation of monotonic analyses. Within this chapter, the
sensitivity analysis of each investigated parameter on monotonic response is extensively discussed.
The following chapter encompasses the outcomes of the cyclic lateral loading analysis. Additionally,
stress and strain recording results are presented in chapters four and five, respectively, to illustrate the
responses of soil elements during both monotonic and cyclic loading scenarios.

The thesis report concludes with chapter six, summarizing the findings and offering remarks for
further research. Additionally, all relevant finite element results can be found in the appendix.



[Literature Review

his chapter provides a literature review to support the findings and ideas presented in this thesis.

It begins with a discussion of research findings concerning failure criteria for monopiles, followed
by an explanation of base shear force, base moment, and distributed moment of monopiles under
monotonic loading. Subsequently, the focus shifts to the behavior of sand subjected to cyclic loading.
This encompasses an exploration of both drained and undrained behaviors of sand under monotonic
shearing loads, followed by a review of the cyclic response of sand. This includes a review of ratcheting
behavior under drained conditions, as well as the progression of sand stiffness during cyclic loading.
Moreover, this chapter also provides an overview of commonly employed methodologies for evaluating

soil response under cyclic lateral loads.

2.1. Large Diameter Monopile Under Lateral Load

A monopile foundation comprises a steel pile with a large diameter, currently D up to 9.5 meters [25],
essentially serving as an extension of the offshore wind turbine (OWT) tower into the ground. The
primary function of the pile is to transmit both lateral and axial loads from the structure to the seabed.
Although the large-diameter monopile is an advancement from the pile employed in the offshore
oil and gas industry, the same design approach may not be directly applied in this scenario. The
conventional p-y (lateral soil reaction-pile displacement) curve (e.g. API[26]) design approach leads to
an underestimation of pile deformations [27], as well as underprediction of the stiffness of the sand [28].

The p-y method was incorporated into the standard Design of offshore wind turbine [29]. This approach
involves a procedure for constructing non-linear p-y curves to characterize the behavior of monopiles in
the sand under cyclic loading. A commonly employed method in the industry is the API [30] approach,
which characterizes the p — y curve as a function of the static ultimate lateral resistance denoted as p,,.

This method is described as follows:

p = Ap, tanh [;; .y] (2.1)

u

where A = 0.9 for cyclic loading, z in the depth (m), and k is the initial modulus of sub-grade reaction
(kN /m?) that depends on internal friction angle (¢b) or sand relative density. Further studies have

7
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Figure 2.1: Idealisation of soil reaction components acting on large-diameter monopile.

revealed that to accurately represent the behavior of large-diameter monopiles and soil interaction,
a minimum of four components is required. These components, identified and discussed in earlier
research work [19], [31], encompass the lateral soil reaction force, distributed moment, base shear force,
and base moment. Figure 2.1 provides a visual depiction of these components.

Due to the differences in geometric characteristics between the monopiles installed in offshore wind
farms (OWFs) and the piles used to develop the original p-y curve, additional components are necessary
to model the soil reaction accurately. The conventional p-y model was primarily based on empirical data
from tests conducted on long, slender, and flexible piles. However, as explained by [32], the installed
monopiles in OWFs have different geometry compared to the piles used in the development of the
initial p-y curve (see Figure 2.2). The behavior of pile rotation under lateral load can be addressed by
using pile relative stiffness. The pile relative stiffness (K,) is a dimensionless parameter introduced by

[33] and calculated according to the following formula:

B K, >0.208  Rigid pile 2.2)
" Esp.L4 K, <0.0025 Slender pile '
. Monopiles in UK OWF - Sand
107+ + Monopiles in UK OWF - Clay
A Expected future OWF - Sand
A Expected future OWF - Clay
107 Piles for development of p-y curves - Sand
v % Piles for development of p-y curves - Clay
= Model tests - Abadie 2015
4 o Model tests - LeBlanc ef al. 2010a
107 e Model tests - Peralta 2010
\ Model tests - Klinkvort 2012
{ long slender piles -~ Limits by Poulos and Hull 1989
10° — :
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Figure 2.2: Pile flexibility factor against L/D ratio for OWF monopiles in UK and the piles used for the derivation of conventional

p-y curve [32].
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In Equation 2.2, E, I, is the pile bending stiffness, L is the pile embedded length, and Es is the soil
modulus at the pile tip, estimated using the small strain shear modulus (G). The area between rigid and
flexible will be called semi-rigid in this report.

2.11. Failure Criteria of Monopile

The monopile and substructure of OWTs are commonly designed as a soft-stiff structure. These
monopiles experience lateral loads caused by aerodynamic impulses and wave forces. The wave
spectrum typically exhibits peak frequencies ranging from 0.1 to 0.3 Hz, which can vary based on factors
such as wind speed and site conditions [34]. All the load exerted from the tower must be transferred to
the ground through the monopile, which is constrained by the allowable deformation value. [35] have
explained that the design of monopile in the OWF must meet the following criteria:

1. Ultimate Limit State (ULS)
2. Target Natural Frequency and Serviceability Limit State (SLS)
3. Fatigue Limit State (FLS)

4. Robustness and ease of installation.

Ultimate Limit State (ULS) failure is characterized by the structural collapse that can occur through
two mechanisms: (a) soil failure, and (b) the formation of a plastic hinge leading to pile failure.
Conversely, Serviceability Limit State (SLS) failure refers to the situation where the deformation exceeds
the acceptable limits (Figure 2.3). Both ULS and SLS failures play a significant role in determining the
pile dimensions. The pile dimensions, defined by the pile diameter (D), pile wall thickness (t,), and pile
embedded length (L), directly influence the bending stiffness of the monopile and the compliance of the
foundation in terms of allowable rotation and displacement at the mudline. Increasing these variables
will enhance the bending stiffness of the monopile while also affecting the foundation compliance with

the design standard.

{/

(b) ULS failure through plastic hinge of the

(a) ULS failure due to failure in the soil pile (c) SLS failure can be due to cyclic loading

Figure 2.3: Explanation of ULS and SLS failure (after [35]).

The serviceability limit state (SLS) of the monopile is determined by either the permanent rotation
or permanent displacement at the mudline. The criteria for SLS failure can vary depending on the type
of turbine. Some publications and design standards suggest a limit of 0.5° for permanent rotation [16],
while others recommend a limit of 0.25° [15]. In their 3D FE analysis, [36] suggests that the peak load
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occurs when the maximum lateral displacement is limited to 0.1D. Other studies define the ultimate
capacity of the monopile based on a permanent rotation limit of 4° [37] or 2° [38]. Although the specific
limits for allowable permanent rotation and displacement at the mudline may be somewhat arbitrary,
this project defines the ultimate capacity of the monopile as the point where the permanent rotation at
the mudline reaches 2°. This criterion is applied based on the assumption that the monopile behaves
as a rigid or semi-rigid body, thereby preventing the formation of plastic hinges under lateral loading
conditions.

2.1.2. Base Shear Force

Offshore wind turbines is used to construct using the monopile with a small L/D ratio, which can be
classified as short-rigid piles [37]. Due to their geometry and mechanical properties, these monopiles
exhibit similar behavior to a rigid or semi-rigid body, with a single rotational point along their embedded
length [39]. In contrast to long and flexible piles, which tend to fail through the formation of plastic
hinges, short and rigid monopiles may experience relatively large displacements at the pile tip. Asa
result, a horizontal shear force develops at the pile base [27], [39] oy, it is also known as base shear force
(Fp)-

Limited research has been conducted to explore the magnitude of the base shear force (Fp) [37], [40],
[41], [42], and there are still gaps in understanding how to effectively address this aspect. One of the
most well-known approaches was proposed by [37], which computes the (F;) for sand according to
Coulomb theory:

Fy = <C3.V + %DzLy’) Sin ¢er 2.3)

In this equation, the base shear force (Fy) is modeled as the combination of the effective overburden
stress and the contribution from the gravity force acting on the structure, multiplied by the critical
friction angle (¢.,). Additionally, a dimensionless constant, denoted as c3, is introduced, which falls
within the range of 0 to 1 (Figure 2.4) This equation was formulated under the assumption that the
deformation of the soil below the pile base can be represented by a direct simple shear (DSS) element
test. In this scenario, the F} is assumed to be governed by the residual strength of the soil once it has
passed its peak strength.

Subsequently, [40] proposed modifications to this equation by introducing the concept of the
maximum base shear force (Fy ;. r), which is calculated using the following formula:

Fb,ref =W tan((;bpeak)
= ((Q + W, = ULr)cs + W) tan ¢ pear

= [(Q+W, - Up)cs + (%DZLy’)] fan Gpeqk (2.4)

where W; = total resulting vertical force acting at the pile tip, which encompasses several components.
These components include Q, which denotes the combined weight of the tower, substructure, and rotor
assembly; W, representing the weight of the pile itself; Ws, indicating the weight of the soil contained
within the pile; U}, denoting the hydrostatic force exerted at the interface between the pile and the soil
at the pile base. Additionally, the parameter c3 is further defined as the load transfer factor, calculated
as the ratio between the sum of the vertical forces acting on the pile and the vertical force transferred to
the pile base.
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[40] estimate the c3 value using the results from their 3D FE analysis and it align with the following
equation:

D?
(Gzz,ave - V,LD_lz) ‘7-[‘411‘:)2
_ 25
c3 g+ W, -1 (2.5)

where 0 400 represents the average effective vertical stress exerted on the soil element beneath the pile
and the soil within the pile. The results obtained from a 3D finite element analysis conducted on piles
with diameters ranging from 5 to 7 meters and embedded lengths between 20 and 30 meters indicate
that the factor c3 is approximately equal to 0.3 [40]. Later, in this project, a hypothetical maximum Fj
(Fp,ref) is introduced by setting the value of c3 = 1.

A potential approach to enhancing the 0D soil spring model for describing the F; - y;, relationship
may involve the incorporation of Fy .. This can be achieved through the utilization of the hyperbolic
tangent function, as depicted below:

Fy = Fp,ref tanh(cs - yp) (2.6)

Here, the constant c; is adjusted to align with the outcomes from finite element simulations. It is
evident that Equation 2.6 bears a resemblance to the formula for lateral soil reaction force, which is also

expressed using a hyperbolic tangent function concerning its ultimate value (Eq. 2.1).
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Figure 2.4: Horizontal stress distribution in the ultimate limit state for stiff and rigid pile under lateral load - modified after [37]

[42] proposed an alternative method to estimate the base shear force, which was derived from
studying rigid monopiles on the crest of a clay slope. Although the stress distribution on the slope crest
is different from that in an OWF monopile environment, the fundamental concept can still be applied to
analyze OWF monopiles. In their study [42], the Fj, was calculated using the following formula:

Fy=Ap.fp 2.7)

where A, is the pile base area, and f; is the unit of horizontal shear resistance at the pile base. [43]
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provided a formula to calculate f; as follows:

Yb
Yo,cr '

fo = foref (2.8)

where f ¢ is the maximum base shear resistance, and the yj ¢, is the base displacement which
maximum shear resistance (fp,¢s) is mobilized. In their study, [44] suggested an estimation method for
fo,ref based on the formula for side shear resistance, as outlined in the guidelines provided by [30]. The

estimation is given by the following expression:

fh,ref = ﬁ.G;Z(Z) (2.9)

where the f is the dimensionless shaft friction factor for cohesionless soil according to [30] and o7, is

the effective overburden stress.

Upon examining the provided equations (Eq. 2.7 - Eq. 2.9), it becomes evident that the analysis
carried out by [42] is primarily applicable to situations involving linear elastic perfectly plastic (LEPP)
deformations. In this context, the value of f; is controlled by the ratio between the current displacement
and the critical displacement. Consequently, the curve will continue to increase and then remain the
same once the displacement reaches vy, .,. It is important to be cautious when utilizing these equations,
particularly because soil deformation predominantly follows a non-LEPP behavior.

2.1.3. Base Moment and Distributed Moment

The behavior of short and large-diameter monopiles can be characterized as a semi-rigid or rigid body.
When subjected to lateral loads, the pile not only undergoes bending but also exhibits distinctive rotation
with a noticeable toe kick at the pile base. Studies conducted using laboratory tests [45], [46] have
identified three types of plastic flow that occur in the soil around semi-rigid or rigid monopiles when
subjected to lateral loads: wedge-type flow, full flow, and rotational flow (Figure 2.5).

This suggests that the lateral load applied to a large-diameter monopile is resisted not only by
the lateral soil resistance but also by the base moment, and base shear force. Apart from these three
components, the pile is also supported by shear stress around the vertical shaft, referred as the shear
force (Figure 2.1b), which generates the distributed moment. [45] has already identified that the
contribution of the pile base moment and distributed moment aligns with an increase in pile diameter

and a decrease in the L/D ratio.

An investigation conducted by [47] aimed to establish a dimensionless stiffness coefficient for My — 0
springs by normalizing the obtained value with respect to the soil shear modulus (G(z)). In order to
achieve this, they introduced a dimensionless coefficient known as the local shaft M, — 6 stiffness (K}i o)
which is calculated locally along the pile length using the following equation:

s _ XfAy

mo — 6G(Z)D2 (210)

where f, is the nodal reaction force in the z-direction, Ay denotes the horizontal distance in the
y-direction from the node to the central vertical plane of the monopile, and 6 represents the local rotation

of the pile (see Figure 2.6). On the other hand, the dimensionless coefficient for the base rotational
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stiffness (Ki o) can be defined as follows:
A
oo 2f Ay (2.11)
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Figure 2.5: Soil flow mechanism and lateral displacement profile of (a) semi-rigid pile, and (b) rigid pile [45].
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Figure 2.6: Schematic view of the nodal force around the pile shaft [47]
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To account for the variation of shear modulus against the depth, G(z) was assumed to follow this

formula:
z

a
G(2) = Gp. (5) 2.12)
where Gp is the shear modulus at the depth equal to the pile diameter (D) and a is the parameter that

accounts for soil heterogeneity.

2.2. Cyclic and Monotonic Loading on Sand

Sand response under shearing depends on the state condition of the sand. Loose sand and dense sand
will give a different response under monotonic and cyclic loading. One method to learn the behavior of
soil under shearing is by doing a triaxial test that can give sand strength parameters by using various

stress conditions.

2.2.1. Monotonic Loading

In triaxial test, an undrained test involves two phases: (1) the consolidation phase, where isotropic stress
is applied and drainage allowed, and (2) the shearing phase, where the sample is subjected to undrained
conditions. Under undrained conditions, water cannot freely migrate from the soil during shearing,
leading to the generation of excess pore water pressure [48]. This excess pore water pressure sometimes
reduces the effective stress of the soil, as depicted in Figure 2.7.
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Figure 2.7: The stress-strain response and effective stress path under triaxial undrained test - after [48].

Loose sand exhibits a rapid increase in deviatoric stress (q) until it reaches the peak, followed by
a softening process until it reaches equilibrium in a critical state. In loose sand, shearing induces
the development of pore water pressure, leading to a decrease in soil strength. Medium dense sand
undergoes initial softening but then experiences a hardening process [49], while dense sand continues
to harden until it reaches the critical state. On the contrary, negative pore pressure is generated in dense
sand, increasing the effective stress and soil strength.

Under drained conditions, water is allowed to move in the soil during both the consolidation and
shearing stages. Dense sand initially undergoes compaction or hardening before transitioning to dilation
if the applied stress continues to increase (Figure2.8). Loose sand, on the other hand, continues to
undergo compaction until it reaches a critical void ratio. The same material under, the same state of
stress, will reach the same critical void ratio regardless of the initial density (Figure 2.8.

According to a study by [50], the tendency of soil to dilate is primarily influenced by the density and
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arrangement of particle structures. However, tests conducted on granular soils at critical confining stress
(p.,;;) [61] have demonstrated that increasing confining pressure leads to a reduction in the friction
angle (¢). The test on granular soils has proof that under high confining pressure soil particles may
crush before they even dilate [52].
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Figure 2.8: The stress-strain response and effective stress path under triaxial drained test - after [48].

2.2.2. Cyclic Loading

Under undrained conditions, a loose soil undergoing cyclic simple shear experiences liquefaction, which
occurs in several steps according to [53]:

1. Shear stiffness degradation occurs cycle by cycle, evidenced by increasingly larger shear strain
excursions.

2. A significant portion of the large cyclic shear deformation develops rapidly at nearly constant, low
shear stress and effective confinement.

3. Once drainage is allowed, the soil gradually regains shear stiffness and strength after these large
shear strain excursions, accompanied by an increase in effective confinement (resulting from

dilatancy).
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Figure 2.9: Typical response of copper—gold—zinc tailings in constant-volume cyclic DSS loading - after [54].

Under undrained conditions, the response of sand to cyclic loading is primarily governed by two
parameters: soil relative density and the cyclic stress ratio, as indicated by [55]. Loose sand exhibits

small dilation prior to failure, followed by significant shear strain. The cyclic stress ratio determines



2.2. Cyclic and Monotonic Loading on Sand 16

the number of cycles required for liquefaction to occur and also influences the magnitude of cyclic
shear strain. According to a study by [54], under undrained conditions, granular materials exhibit a
contractive behavior at the initial stages of cyclic loading. As the number of cycles increases, there is a
continuous accumulation of excess pore water pressure (Figure 2.9).

Under drained conditions, cyclic loading can induce progressive and irreversible deformation. Over
numerous cycles, these non-recoverable deformations lead to an accumulation of deformation that is
also known as ratcheting [56]. Understanding the ratcheting phenomenon is crucial in predicting the
long-term stability of the geotechnical structures. As demonstrated in a study by [57], this ratcheting
effect can result in significant displacements of the structures that exceed their allowable serviceability
limit state (SLS) failure criteria.
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Figure 2.10: Typical strain accumulation under drained cyclic test in response to (a) different strain amplitude and (b) different
grain size and distribution [57].

A study by [57] examined the influence of soil stress conditions and sand relative density on the
magnitude of accumulated strain. The study identified several factors that affect the accumulation of

plastic strain, as outlined below:

* The magnitude of accumulated strain (£”“) is influenced by the strain amplitude (¢*"?), with
higher strain amplitudes resulting in larger accumulated strains (Figure 2.10a).

¢ There is a positive correlation between the strain amplitude (¢*"*F) and the deviatoric stress.

e Initially, the strain amplitude (¢"™?) decreases as the number of cycles increases, eventually

reaching a terminal value after 10° cycles.
® The accumulated strain (‘) decreases with increasing mean pressure (p).
¢ Loose soil exhibits higher accumulated strains.
¢ The strain amplitude (¢*"F) positively correlates with relative densities.

¢ The accumulated strain (¢7°“) increases with an increasing number of cycles (Figure 2.10b).

These findings provide clear insights into the influence of stress conditions and state parameters on

ratcheting behavior.
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2.3. Monopile Response Under Cyclic Loading
2.3.1. Ratcheting Behaviour

Cyclic lateral loading on the monopile leads to the accumulation of displacement and rotation. Under
drained conditions, when a high number of cycles are applied permanent displacement and rotation can
accumulate, a phenomenon commonly also referred to as ratcheting. An investigation conducted by [37]
found that the accumulated rotation is influenced by various sand relative density and load characteristic
parameters (Cp and C.). Furthermore, in addition to soil conditions and load characteristics, studies by
[58] and [59] have indicated that pile geometry also plays a significant role in influencing the ratcheting
response under cyclic loading. In addition to this study [58], [59], further investigation is needed to fully
understand the impact of monopile geometry on the ratcheting response.

Iy
i —

Accumulated lateral displacement

Horizontal load H
3
£

Figure 2.11: Definition of plastic strain accumulation in load-displacement plane [60].

In the analysis of monopiles, cyclic load testing may involve applying a series of different load
packages. Each load package is defined by several parameters, including the average amplitude (H;¢),
regular cyclic variation (H,), maximum (H,,y), and minimum (H,;;,,) lateral load values (Figure 2.11).
To describe the characteristics and magnitude of the cyclic load package, [37] introduced dimensionless
parameters denoted as (. and Cj, respectively, which can be calculated using the following equations:

Hmax

g, = —max 2.13

T (2.13)
Hmin

C, = 2min 2.14

‘= H, (2.14)

the reference load (H,;) represents the ultimate load to induce 2° pile rotation at the mudline.
Based on the tests on the sand, [37] suggested that accumulated rotation due to cyclic loading can be

calculated as follows:
AO(N) On -0

0s 0s

in which T; and T; is dimensionless functions that depend on load characteristic and relative density.

= Ty(Cp, Dy)Te(Ce).NO3 (2.15)

The magnitude of rotation increment by cyclic loading denoted by AG(N) that calculated by subtracting
the rotation at N*/ cycle Oy with the rotation at the first cycle 6p. The 0; is the rotation that occurs in
the static test when the load is equivalent to the maximum cyclic load (defined as C, X Mg).
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2.3.2. Stiffness Evolution During Cyclic Loading

The cyclic response of a monopile in dry sand is characterized by several factors, including the
accumulation of permanent displacement (ratcheting), changes in secant stiffness, and the dissipation of
energy per cycle [61]. To accurately assess stiffness changes without combining them with ratcheting
effects, [61] defined the secant stiffness (k;) at the center of the cycle (Figure 2.12a, Cycle 1). This stiffness
is obtained by taking the inverse of the average of the loading and unloading flexibility is expressed in
terms of the secant loading stiffness (k;;) and secant unloading stiffness (ks,) (Figure 2.12a) as follows:

_ ksiksy
ks =2 (ksz - ksu) (2.16)

The initial or maximum loading stiffness (Figure 2.12a) is determined by fitting the loading and
unloading data during the initial stages of rotation at the mudline (0s;,) when it is less than 0.003 degrees
[62]. During unidirectional cyclic testing, the secant stiffness consistently increases with the number of

cycles. Eventually, the k; reaches a plateau and remains constant after a high number of cycles [61].

Another approach to understanding the evolution of monopile stiffness under cyclic lateral loading
has been presented by [37]. Drawing upon laboratory testing, [37] has proposed that the change in
monopile stiffness over cyclic loading can be anticipated using the following equation:

ky = ko + AxIn(N) (2.17)

Here, Ax represents a dimensionless constant, ky stands for the stiffness at the N-th cycle, and ko denotes
the stiffness value at N = 1. The suggested value for Ay based on laboratory tests is approximately 8.02,
while the value of Ky can be calculated using the subsequent equation:

ko = Kp(Cp)Ke(Ce) (2.18)

Here, K; and K, represent dimensionless functions determined by the load characteristics and D,.
Nonetheless, [37] has argued that the stiffness of sands with low to medium densities seems to be
insensitive to their relative density. Furthermore, in situations involving very dense sand (D, — 1.0),

the stiffness is expected to remain relatively constant.
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Figure 2.12: Definition of maximum stiffness and cyclic secant stiffness - after [61].
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2.4. Numerical Model to Predict Monopile and Soil Responses un-
der Cyclic Loading

The numerical modeling of monopile and soil ratcheting response over a specified number of cycles (N)
can be approached through at least two methods, commonly referred to in the literature as explicit and

implicit approaches [63].

2.4.1. Explicit Method

The explicit method directly associates the accumulated deformation with the parameter N. In this
approach, the calculation or accumulation of relevant strain components in the soil is performed solely
at the end of each loading cycle. Explicit models typically rely on comprehensive laboratory testing,
necessitating significant simplification due to inherent limitations in testing capabilities concerning
various aspects of cyclic behavior. An example of a well-established explicit approach for assessing
accumulated deformation is the cyclic contour diagram [64].

Cyclic contour diagrams (CCDs) serve as valuable tools for visually tracking soil behavior under cyclic
loading conditions. Typically featuring two axes—one indicating the number of loading cycles (N), and
the other representing geotechnical parameters like shear strain, shear stress, or pore pressure—these
diagrams have played a crucial role in offshore structure foundation design for over three decades [64],
[65]. Key elements within CCDs include the cyclic stress ratio (CSR), representing the soil exposure to
alternative stress levels, cyclic strain, cycle count, and the failure envelope. Notably, failure criteria can
be defined when the permanent strain resulting from a combination of pure cyclic or static loads equals
either 15% [66] or 10% [36]. The same underlying concept has also driven the development of advanced
FE models such as the undrained cyclic accumulation model (UDCAM) [67] and the partially drained
cyclic accumulation model (PDCAM) [68].

While CCDs offer invaluable insights into pore pressure generation and the combined effects of
cyclic and static loading leading to defined failure criteria, their construction is notably intricate.
These challenges are a common characteristic of explicit models. Constructing a CCD requires certain
assumptions, such as strain compatibility and the magnitude of horizontal stress in direct simple shear
(DSS) tests, which may not universally hold. Furthermore, interpreting CCDs demands a high level of
expertise due to their complexity, where each contour line signifies distinct soil behavior. Moreover,
constructing a CCD entails collecting vast amounts of data, given the need to identify stress combinations
leading to failure—a process that can be both time-consuming and costly.

2.4.2. Implicit Method

The implicit method relies on the constitutive model to describe the soil response through a sequence of
stress-strain increments over each loading cycle. The overall response of cyclic loading history results
from the time integration of all stress-strain increments. Since a couple of years ago, some implicit
constitutive models have been developed according to different constitutive approaches. The three most
well-known approaches are hyperplasticity, hypoplasticity, and elastoplasticity concept.

The hyperplasticity concept is based on a thermomechanical framework [69] and relies on the
utilization of internal variables, such as plastic strain for ratcheting analysis, to characterize soil loading
history. Achieving an accurate approximation of ratcheting behavior through continuous curves
becomes feasible when a sufficient number of internal variables are introduced [70]. One notable
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example of a constitutive model founded on hyperplasticity principles is the Hyperplastic Accelerated
Ratcheting Model (HARM)), specifically designed to capture the accumulation of ratcheting strain [71].

Despite HARM successful testing and calibration against both monotonic and cyclic loads [71], its
application still requires extensive parameter calibration. This calibration is a complex process that
cannot be fully explained within the soil element test framework. An alternative to the hyperplastic
constitutive model involves the utilization of a hypoplastic concept.

Hypoplastic models originate from the framework of Rational Mechanics and are formulated as
functions of stress and stretching tensors. They exhibit commendable performance in predicting
monotonic responses [72]. Nevertheless, they tend to yield nearly identical stress-strain curves for
primary loading and reloading cycles [73]. In order to more effectively capture the impact of the shift
in strain path, which typically characterizes cyclic loading, a study by [74] introduced the concept of
intergranular strain [75] and a memory surface [76] within the hypoplastic framework. However, this
study [74] indicates that the model provides slightly different results when compared to triaxial cyclic
undrained tests and suggests that further advancement is required to fully enable it to simulate cyclic

soil responses.

Elastoplasticity theory is widely used for the development of constitutive models. In this theory, in
addition to the elastic relationship, three components are essential to compute the incremental plastic
strain tensor: the yield criterion, plastic flow rule, and hardening rule. An example of such a constitutive
model, developed based on elastoplasticity theory, is SANISAND-MS [24]. To account for the ratcheting
effect, SANISAND-MS also incorporates a memory surface [76] into the conventional SANISAND model
[77], [78]. This enhancement enables SANISAND-MS [24] to capture the ratcheting effect and potentially
provides a more practical alternative than constitutive models rooted in hyperelastic and hypoplastic

concepts.



Finite Element Model

valuation of the influence of variations in pile geometry on sand behavior under cyclic loading was
E conducted through a 3D finite element (FE) analysis. The analysis was performed using Plaxis
version 21, and the SANISAND-MS constitutive model was implemented. All simulations were carried
out in a dry sand environment with a water content of 0%. This chapter presents the essential steps
taken before relying on the results obtained from the 3D FE analysis. It commences with an explanation
of the geometry and meshing of the model, followed by a discussion of the materials employed in the
model. The subsequent section provides a concise overview of the boundary and initial conditions.
Finally, it briefly outlines the methods used for post-processing the results from the 3D FE.

3.1. Finite Element Geometry and Mesh

To conduct the finite element (FE) calculation, the model geometry is subdivided into individual
elements, collectively referred to as an FE mesh. In this project, the FE mesh encompasses three distinct
materials: soil, the pile, and the pile-soil interface. In the Plaxis 3D software, the horizontal coordinates
are denoted by x and y axes, while the vertical coordinate is represented by the z axis.

The model dimensions are expressed relative to the pile diameter (D), with a width of 30D, a length
of 15D, and a height of 12.5D (Figure 3.1). The soil extends approximately 7.5D below the pile tip, and
the analysis is conducted under dry sand conditions. In order to reduce computational time, only half
of the pile and the surrounding soil are modeled in the 3D FE analysis due to the symmetric loading
conditions and material properties. The geometry is then discretized into a mesh consisting of 10-node
wedges (Figure 3.2).

The monopile is represented as a half-cylinder with varying diameter (D), embedded length (L), and
eccentricity (e), which is further subdivided into surfaces and plates. For the piled plate, 6-node elements
are employed to simulate the axial and bending stiffness of the monopile wall. The interface elements
are employed to simulate the region of intense shearing between the soil and the plate, facilitating the
modeling of soil-structure interaction ( Figure 3.1b). These interface elements create node pairs at the
junction of the structure and soil.

Each interface element consists of six pairs of nodes, with one node from each pair belonging to the

21
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structure, and the other to the soil. The distinction is made between the positive side (the surface facing
the positive local z-direction) and the negative side (the surface facing the negative local z-direction)
of the interface. The interface stiffness matrix is determined through Gaussian integration using six
integration points [79]. The position of these integration points is selected to ensure exact numerical
integration for linear stress distribution (Figure 3.3).

(b) Plate and interface
(a) 3D FE geometry in Plaxis elements

Figure 3.1: The setup for 3D FE analysis consists of (a) the model geometry and (b) pile plate elements (dark blue) and interface
elements (green).
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Figure 3.2: Local numbering and positional of nodes in a 10-node wedge element.
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Figure 3.3: Distribution of nodes and integration points in interface element and their connection to the soil element [79].

The meshes were automatically generated using Plaxis. The mesh coarseness was set to medium,
with local refinement applied to clusters in proximity to the monopile (as depicted in Figure 3.1a). This



3.2. Materials 23

was obtained by creating a circular surface around the pile and applying a refinement factor (rf) of
0.25. In this configuration, the average size of mesh elements is approximately 1.9D, with the smallest

element volume at around ~ 0.13D and the largest element volume at approximately ~ 3.7D.

3.2. Materials
3.2.1. Soil and SANISAND-MS Material Model

The SANISAND-MS model is an advancement of the SANISAND model [77], [78], [80] and is rooted in
the principles of critical soil mechanics. SANISAND-MS [81], [82] introduces an additional memory
surface to monitor fabric changes and enhance deformation prediction control. It has undergone
testing, demonstrating adherence to Miner rule, which employs load superposition principles [60]. This
constitutive model is formulated within the framework of bounding surface plasticity and forms the

basis for the development of an enhanced p-y curve known as the enhanced memory p-y curve [20].

In the SANISAND-MS model, three pivotal surfaces are employed: the yield surface, bounding
surface, and memory surface (Figure 3.4). The memory surface plays a crucial role in capturing
micro-mechanical phenomena associated with cyclic fabric changes, including variations in stiffness and
dilatancy. These variations exhibit attributes of both "intensity" and "directionality" at the micro-scale,
which prompted the incorporation of a combined isotropic-kinematic hardening mechanism for the
memory surface in SANISAND-MS [24].

The memory surface has a circular shape in the normalized 7 plane (Figure 3.4). The evolution of

the memory surface is described by three key rules:

1. As plastic strains occur, the size of the memory surface changes. An expanding memory surface,
characterized by positive plastic volumetric strains, indicates a more stabilized soil fabric response,
implying a stiffer condition during shearing. Conversely, the contraction of the memory surface is
associated with negative (dilative) plastic volumetric strains, signifying a less compact soil fabric
response. This concept of memory surface size change is introduced to account for changes in soil
stiffness during both drained and undrained conditions.

2. The yield surface is always enclosed by the memory surface [24], and the minimum size of the
memory surface can be considered as the yield surface.

3. The stress state surface at the current moment must always remain within the boundary of the

memory surface.

The evolution of the elasto-plastic stiffness of the sand is influenced by both the bounding surface

and the memory surface, utilizing the plastic modulus (K,) as shown in Equation 3.2.

2,
Ky =3p hi@’ —a):n (3.1)

The distance from the bounding-associated back stress to the yield surface, projected along the direction
of the unit tensor normal to the yield surface (n), is calculated as (a” — &) : n, as shown in Equation 3.2.
In this equation, p’ represents the mean effective stress, h stands for the hardening coefficient, a’ is
the projection onto the bounding surface with respect to the relative Lode angle, and a denotes the

back-stress ratio tensor.
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The hardening coefficient (/) is determined using the following formula (Equation 3.3):

bo p/ )0.5 ( bM )2
h=_————.ex . . 3.2
(a —ﬂfl’n) n P l,UO (Patm bref ( )
Here, (b™) represents the distance between the memory and yield loci, by is defined as a’ — ab) : n,

with all terms illustrated in Figure 3.4. a;, signifies the initial back-stress ratio tensor at load reversal, by
corresponds to the hardening factor, and b,. indicates the reference distance for normalization. The
parameter (o controls strain accumulation under drained cyclic loading. To use the SANISAND-MS
model, 16 parameters are necessary, which can be determined and calibrated through laboratory and

centrifuge testing.

Bounding surface 8 A

~=~T~~.  Memory surface fM
Critical surface f%/ ~ ry

7

Figure 3.4: SANISAND-MS model loci in the deviatoric stress ratio plane - from [82]

Two series of centrifuge tests were performed, and the initial 100 cycles of each test were employed
for the calibration of the constitutive relationship. Each test involved a 100 g sample subjected to
unidirectional cyclic loading with different load parcels. In the first test (Figure 3.5a), the load amplitudes
followed a sequence of 400N — 800N — 1200N — 1600N, while in the second test (Figure 3.5b), the
load amplitudes followed 1600N — 400N — 800N — 1200N. The physical modeling employed very
dense sand with a relative density of 0.97. An aluminum pile was used in the centrifuge tests, and
following the scaling law, the pile geometry was transformed to an outer diameter (D) of 6 meters, an
embedded length (L) of 36 meters, a load eccentricity (e) of 36 meters, and a pile thickness (t,) of 0.25

meters.

To utilize the SANISAND-MS model, a total of sixteen parameters are required, and an additional
parameter, My 4y, is introduced to enhance the stability of SANISAND-MS in Plaxis. My may is a
constant representing the maximum stress ratio under triaxial compression. The calibration of fifteen
parameters for Geba Sand has been conducted in a separate study, using both laboratory and centrifuge
tests.

A prior study by Liu et al. [24] suggested that a maximum value of py equal to 250 was adequate
for accurately capturing the ratcheting phenomenon in the soil. However, further calibration was
found necessary to determine the correct value of y that aligns better with the results of the centrifuge
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tests. This difference might be attributed to the influence of stress levels, as the previous study by [24]
calibrated the pg value based on triaxial element test results by [57].
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Figure 3.5: Two sets of centrifuge tests at 100g that used for parameter calibration with load sequence (a) 400N — 800N —
1200N — 1600N and (b) 1600N — 400N — 800N — 1200N (test conducted by H. Wang (2022) and obtained from personal
correspondence).

A series of 1o values was examined against the centrifuge data. For the lower load of 400 N ((; = 0.1),
it was observed that the 1o parameter is not very sensitive against the accumulated displacement value
(Appendix A). However, further investigation revealed that more accurate displacement calculations
could be achieved by selecting po values within the range of 400 to 500. Subsequently, additional
calibration was performed for the higher load of 16 MN (( = 0.4), and it was determined that a g
value of 500 provided better predictions of the accumulated displacement. The comparison between the
load and displacement at the mudline demonstrated a favorable agreement between the 3D FE model
and the centrifuge results when 1o was set to 500 (Appendix A). Consequently, for the remainder of this
project, the value of iy = 500 was adopted consistently across all models.

Sixteen SANISAND-MS parameters used for the 3D FE Method are detailed in Table 3.1. Due to the
characteristics of the SANISAND family constitutive model, a Poisson ratio of v = 0.05 was employed in
the model. Additionally, apart from the 16 SANISAND-MS parameters, the maximum void ratio (€,4x)
was set to 1.07, the minimum void ratio (€,ix) is 0.64, and the soil friction angle (¢5,i7) is 30°. In the
model, the influence of D, on the soil unit weight was taken into account, and at D, = 0.9 the soil dry



3.2. Materials 26

unit weight (y4,,)) was determined to be 15.85kN/ m3.

Table 3.1: The parameters to model Geba sand using SANISAND-MS constitutive model.

Parameters Description Value Dimension
Go Dimensionless shear modulus 400 [-]
v Poisson ratio 0.05 [-]
M, Critical stress ratio in compression 1.25 [-]
c Compression-to-extension ratio 0.702 [-]1
Ac CSL shape parameter 0.0015 [-]
'3 CSL shape parameter 0.7 [-]
eo Reference critical void ratio 0.935 [-]
m yield locus opening parameter 0.1 [-]
ho hardening parameter 8.640 [-1
Ch hardening parameter 1.09 [-]
n? void ratio dependence parameters 0.96 [-]
nd void ratio dependence parameters 0.75 [-]
Ao intrinsic dilatancy parameter 1.104 [-]
Ho ratcheting parameter 500 [-]
C memory surface shrinkage parameter (0.0001 [-]
B dilatancy memory parameter 0 [-]
3.2.2. Pile

The material employed to represent the monopile consists of plate elements, and their behavior is
assumed to be linear and isotropic. These plate elements are assigned the properties of steel, as indicated
in Table 3.2. Although the analysis is performed in a dry sand environment, impermeability can be
introduced into the plate elements by utilizing positive and negative interfaces with the pile elements.
The thickness of the plate elements (t,) is consistently set at 10cm. In the following chapter, t, will be
presented in terms of pile diameter ratio over ¢, (D/t,).

Table 3.2: Material properties of the plate employed in the monopile

Property Symbol Dimension  Value
Unit Weight y kN /m? 785
Young Modulus E kN /m? 200.E6
Poisson Ratio v [-] 0.3
Shear Modulus G kN /m? 76.92.E6

3.2.3. Pile-Soil Interface

The interface elements are designed to induce negligible deformation, and the Mohr-Coulomb material
model is employed to model it. A specific set of interface parameters is chosen to model the area of
intense shearing around the soil-monopile contact area (Table 3.3). Although the tensile strength is zero,
tension cut-off is considered in this model. The gap closure is not selected for the interface element, as
this option is already enabled in the soil model to ensure the restoration of contact between the soil and
structure before imposing another compressive force.

The soil elastic modulus (Es,;) is determined based on the value of Gy (Table 3.1), utilizing the
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following equation:

(2.97 - éng] ( Plr )0'5
Ecoi1 = Go. - 3.3
soil 0-Patm [ (1 + eini) Patm (33)

In this equation, putm represents the reference atmospheric pressure (101kPa), é;,; denotes the initial
void ratio, and p?, is the mean effective stress ratio of soil at rest. The coefficient of lateral earth pressure
at rest (Kp) is automatically calculated, with the same value applied in both the x and y directions.

Table 3.3: Material properties of the Pile-Soil Interface

Property Symbol Dimension Value
Unit Weight y kN /m? as soil unit weight
Elastic Modulus E kN /m? 5.Espil
Poisson Ratio v [-] 0.3
Initial void ratio Cini [-] as soil void ratio
Reference level Zref m 1
Effective cohesion c, f kN /m? 0
Interface friction angle loF [°] 2/3.¢s0il
Strength reduction ratio  Riyter [-] 0.67

3.3. Boundary and Initial Conditions

To prevent rigid body movement of the FE mesh, constraints are applied at the base, setting all three
displacement components in the x, y, and z directions to zero. Additionally, displacements normal to
the vertical boundaries are constrained, along with zero forces in the vertical z direction and tangential
directions to these boundaries. To ensure that the x — z plane at y = 0 functions as a plane of symmetry,
displacements normal to this plane (i.e., in the y-direction) are constrained, as well as the forces in the x

and z directions.

The horizontal surface at the pile head is treated as rigid to prevent deformation under high lateral
loads. This rigid body is used to represent the applied load and does not possess any volumetric
value. The lateral and moment loads are applied at the coordinates x = 0, ¥ = 0, and z = e. Within
this rigid body, there is a reference point that is defined by a combination of forces, moments, and/or

displacements, as described in [79].

Table 3.4: The boundary conditions of the reference point at the rigid body.

Condition

Axis Translation Rotation

X Force Moment
y Force Moment
z Force Moment

When an external force is applied, the reference point becomes associated with six independent
degrees of freedom (DOF) and contributes six force components to the global equations. This reference
point encompasses a separate set of DOFs that is distinct from the rest of the finite element (FE) model.
Consequently, boundary conditions for all six DOFs of the reference point must be explicitly specified.
These boundary conditions can encompass either force or displacement conditions, and the boundary
conditions used in this study are outlined in Table 3.4. It is important to note that the terms "moment"
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and "rotation" refer to rotation and moment around their respective axes, with a positive rotation value

indicating a clockwise rotation relative to the positive axis direction.

In general, the procedures for the 3D Finite Element (FE) model can be categorized into four distinct
phases, each of which is detailed below:

¢ Initial Phase:
During this initial phase, soil stress is computed following the Ky procedure. The impact of sand
relative density (D,) on the sand unit weight is taken into account, with y4,, equal to 15.85kN /m?
for sand with D, = 0.9. The initial void ratio is also determined as a function of D,, with the
maximum void ratio (€,4x) at 1.07 and the minimum void ratio (¢,,i,) at 0.64. The applied load
originates from the self-weight of the soil, and lateral soil pressure is calculated using the Jaky Ko
method. The deformation is not considered during this phase.

¢ Equilibrium Phase:
In the equilibrium phase, the monopile is assumed to be installed in place (WIP), and the effects
of its installation are not taken into consideration. This assumption is consistent with a study
conducted by [83], which suggests that the response of a monopile to lateral cyclic loading is
nearly identical, whether the pile is plugged or unplugged, implying that the installation effect can
be deemed negligible. Plastic calculations are employed during this phase, with a time interval
set to zero days. The displacements are reset to zero, and small strains are also reset upon the
completion of this phase.

¢ Unloading Phase:
The unloading phase follows the equilibrium phase and is consistently employed after the loading
phase in cyclic analyses. The model is run using plastic calculations.

* Loading Phase:
The configuration in the loading phase mirrors that of the unloading phase. During this phase,
lateral loads are incrementally applied using the rigid body load until the maximum prescribed
lateral load is reached.

In these analyses, the contribution of the vertical load resulting from the weight of the pile on the
lateral response of the monopile is not taken into account.

3.4. Finite Element Result Post-Processing

3.4.1. Extraction of Lateral Soil Reaction and Distributed Moment

By employing the pile-soil interface, it is possible to extract the stresses that come from the soil-pile
interaction. The illustration of the positive orientation of the stresses in the interface elements is provided
in Figure 3.6. In the Plaxis 3D FE analysis database, the stress responses are segmented into three
components: normal effective stress (d,), horizontal shear stress (71), and vertical shear stress (72).

The soil reaction per unit length along the circumference of the monopile, denoted as p, corresponds
to the x-component of the total stress exerted on the pile. This stress component at a specific point

within a soil element is represented by the traction vector T, as defined by the following expression [84]:
T, = ojny + Tiny (3.4)

where, 1, and ny represent the unit normal components along the x- and y-directions (Figure 3.6, 3.1),
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respectively, and can be expressed as:
Ny = cos Oy (3.5)

ny, = cos 0, (3.6)

The symbols used in the equations above (Eq. 3.5, 3.6) are depicted in Figure 3.7.
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Figure 3.6: From the left to the right: pile slice at a given depth for stress evaluation; positive normal effective stress (d7);
horizontal shear stress (71); and vertical shear stress (1) - after [85]
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Figure 3.7 visually demonstrates the aforementioned expression. To obtain an accurate horizontal
soil reaction (p), Ty is recorded at multiple stress points along the circumference of the pile. The
horizontal soil reaction (p) is determined by combining the x-components of o}, and 71 for each interface
element. To calculate the total soil reaction per unit length along the pile, p is integrated over the pile
circumference (Figure 3.6), resulting in the following expression:

p= / T, dA (3.7)

where A represents the circumference of the monopile element.

The stress acting on the z-plane in the x-direction (1) (Figure 3.6) must be accounted for as a
distributed moment along the monopile. To calculate the distributed moment, an additional traction
vector in the z-direction (T}) is introduced and determined as follows:

T, = Ton, (3.8)

Given that 7, acts in the same z-direction, the value of n, equals 1. The process of recording T,
follows the same steps as recording T,. The total vertical soil reaction is obtained by integrating T, over
the pile circumference, as shown in Figure 3.6. This gives the vertical soil reaction denoted as p, in
kilo-newton per meter and represented by the following expression

po = ( / T, dA) (3.9)
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following this equation (Eq. 3.9), the distributed moment can be calculated as follows:
Mg =py.r (3.10)

where r is the radius of the monopile (Figure 3.7).

Figure 3.7: Schematic cross-section and example of how the stress points are recorded - after [85]

3.4.2. Calculation of Base Shear Force and Base Moment

The study conducted by [83] suggests that the response of a monopile to lateral cyclic loading is nearly
identical, whether the pile is plugged or unplugged, implying that the installation effect is negligible.
However, the surrounding soil near the pile base influences the lateral capacity of the pile. Based on
this assumption, it is necessary to calculate the base shear force for the entire pile base area. To account
for the entire pile base area, the base shear force (F;) and base moment (M,) are calculated using the
equilibrium principle. The calculation of the base shear force (F) involves the following equation.

L
/ p(z)dz+F, —H =0
0

F,=H - p(z)dz

Fy=H-Xp (3.11)

In this model, the integral of the p curve was generated by interpolating the recorded data points
(Figure 3.8a). Consequently, achieving an accurate total lateral soil reaction (Xp) through a summation
process requires a very fine discretization size (A;), as depicted in Figure 3.8b. However, employing
a finer mesh with smaller elements in the FE analysis consumes significant memory resources and
extends the simulation duration. To tackle this challenge, a discretization size of 1 meter per element
is selected, and the integration of p is carried out using the trapezoidal integration rule (Figure 3.8c).
The accuracy of the trapezium integration has been assessed and found to significantly reduce errors
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originating from mesh dependency in the extraction processes of lateral soil reaction ( Appendix A).

The calculation of the base moment (M}) is performed based on the equilibrium principle. It involves
the following formula:

L L
M - / p(z)zdz — Mgy — / Mgi(z)dz—M, =0
0 0

L L
My,=M —/ p(z)zdz — Mgy —/ My(z)dz — My
0 0

My = M — M, — Mg, — EMy — Mj, (3.12)
Mpp = Fy X L (3.13)
M=Hxe (3.14)
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Figure 3.8: Illustration how to obtain a p curve from recorded points and the method to calculate total p.

Given the utilization of the trapezoidal integration method with a discretization size of A; =1
meter to determine the total p, the calculation of (3} M) involves dividing the p within each element
into two distributed loads, namely rectangular and triangular loads (Appendix A). Near the center of
instantaneous rotation, the p is further divided into two triangular distributed loads (Appendix A).
The moment is obtained by computing the total load multiplied by the lever arm. However, accurately
determining the position of the rotational point (RP) poses significant challenges due to numerical
instability. Therefore, careful judgment is required when calculating the bending moment from each p
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element (M), as the resulting RP may not precisely represent the point where y = p = 0 (Appendix A).
Furthermore, a comparison between the model responses and the findings of the study by [61] is also

presented in Appendix A.



Reference Case

he reference case serves as the benchmark for the subsequent analyses. This chapter offers a

discussion of the cyclic and monotonic responses pertaining to the reference case. Detailed
information regarding the pile geometry and the sand relative density (D,) employed in the reference
case is presented in Table 4.1.

Table 4.1: Pile geometry and soil setup for the reference case

Code D[m] L/DI[-] e/D[-] D/t,)[-] D;[-] K,[-] Class
0A 9 4 5 90 0.9 0.0064 Semi-rigid

In the Table 4.1, the ratio of load eccentricity (e) to D is indicated as e/D. One-way cyclic lateral load
analyses (C. = 0) are also performed with load parameter (Cp) values of 0.4 and 0.1.

4.1. Monotonic Load

4.1.1. Load-Displacement and Moment-Rotation Curves

Load-displacement and moment-rotation curves are constructed with the criterion that the ultimate
capacity is achieved when the rotation of the monopile at the mudline or seabed (0;;) reaches 2°. These
curves for the reference case are illustrated in Figure 4.1. In the load-displacement curve, the ultimate
lateral capacity (H,;;) and ultimate displacement are reached when the monopile (MP) rotation at the
mudline (05p) is approximately 2°.

The load-displacement (H — y) and moment-rotation (M — 0) curves are also present in their
normalized form (Figure 4.2). The normalization process is performed following the method proposed

by Leblanc et al. [37], as following expressions:

H

1 4.1)
LZDVdry
M 42)
L3D7/dry
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Here, y4,, denotes the dry unit weight of the soil. Additionally, the pile displacement at the mudline
(ysp) is normalized with respect to D. The purpose of this normalized plot is to facilitate the comparison
of the results with responses obtained from scaled tests, such as centrifuge tests or pile tests with smaller
values of D. While such tests are not included in this study, future works possibly require a comparable

plot presented in a normalized form.
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Figure 4.1: The ultimate capacity of monopile represent in term of (a)Load-displacement and (b)Moment-rotation curve for the
reference case (The maximum displacement obtained when 6;b = 27).

Based on the analysis of the H —y and M — 0 curves (Figure 4.1), it is determined that for the reference
case, H,; = 82.7MN, y,1; = 0.673m, and M,,;; = 3721.5MNm. Upon inspecting the normalized H — y
curve (Figure 4.2a), it is observed that the ultimate normalized displacement is y,,;;/D = 0.075.
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Figure 4.2: The Normalized (a)Load-displacement and (b)Moment-rotation curve for the reference case (The maximum

displacement obtained when 6}, = 2°).

4.1.2. p-y curve

The distribution of p along the monopile can be represented as a simplified distribution model (Figure

4.3). This model aligns with the simplified model proposed by [86].
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Figure 4.3: The lateral soil reaction (p) curve at ultimate load (H,;;) over the monopile length from the 3D FE model and the
model to approximate the curve (Case 0A). This model is suggested to be used only for rigid and semi-rigid monopiles.

In the model (Figure 4.3), the distribution of p is assumed to be adequately represented by two

triangles. Four parameters are required to derive the distribution: pmax, Pbase; Zmax, and rotational point

(RP) (Figure 4.3). This approach enables estimation of Xp and allows for the determination of the Fj

value based on the equilibrium principle (Eq. 3.11). Additionally, this approach can be used to calculate

the bending moments along the monopile.
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Figure 4.4: The depth of rotational point for reference case present in (a)absolute value and (b) normalized value

The rotational point (RP) is precisely defined as the location along the monopile where the pile

displacement (y) approaches zero (y = 0). In the vicinity of this region (y =~ 0), the lateral soil pressure

(p) is assumed to have converged to zero as well. However, due to mesh dependency effects and the fact

that the A for recording p is 1m while for y it is 0.5m, there is a small disparity between the RP obtained

through the interpolation of p and that obtained through the interpolation of y. Nonetheless, this

disparity is considered negligible, amounting to only up to 42cm. To ensure precision and consistency,
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the RP is consistently calculated as y ~ 0 in all cases.

Normalized p-y curve for Case 0A

= 251 —— Z=-1m
-
3 — z=-7m
3
E 20 — Zz=-13m
E — Zz=-19m
“; 15 z=-25m
i) z=-31m
-—
§ 101 z=-36m
e
3 5
()
©
s 0
-—
S
. —5-
£
—
=)
4 —-0.02 0.00 0.02 0.04 0.06

Normalized Pile Displacement (y/D) [—]

(@) p — y at different depth
Normalized p-y curve for Case 0A

01 — z=-6m
—— z=-5m
—11 z=-4m

Norm. Lateral Soil Reaction (p;/ [Hyi/L]) [-]
I
w

0.00 0.02 0.04 0.06
Normalized Pile Displacement (y/D) [—]

(b) p — y curve where softening occurs

Figure 4.5: The normalized p — y curves for reference case when the ultimate load (H,;;) is applied for (a)multiple depth and (b)
the depth where softening is observed .

The analysis of the RP for the reference case is depicted in Figure 4.4. Examining the evolution of the
RP (Figure 4.4a), it is evident that in the early stages of loading, the RP is situated at a shallow depth. As
the applied load increases, the RP gradually shifts to a deeper level. The normalized plot (Figure 4.4b)
indicates that the final value of RP is located at a depth of approximately z ~ 0.72L. This observation
closely aligns with the findings of [86], which reported that the rotational point is typically situated at a
depth of 0.75L.

Examining the normalized p — y curves along the depth of the monopile reveals that the behaviors
of p and y are influenced by the position of the soil element relative to the rotational point (RP) (Figure
4.5a). At a depth less than RP (Figure 4.3), the p acts in the opposite direction of H, and y acts in the
positive direction. While the p and y act in the opposite manner for the depth higher than RP (Figure
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4.3 4.5). In the vicinity of the RP, both p and y tend to converge to zero, as evident in the p — y curve for
z = —25m (Figure 4.5a).

Further examination of the p — y curve at shallow depths (Figure 4.5b) reveals a softening behavior
in the p — y response. The conventional approach to the p — y curve (e.g., [30]) (Eq. 2.1) estimates the
p — y relationship based on soil hardening response alone. However, there is an indication that the p — y
response should also account for softening behavior, especially in shallow soil layers. This suggests the

need for additional investigation into the response of soil elements in these conditions.

4.1.3. Local Soil Response under Monotonic Load

Stress and strain measurements were conducted to investigate the behavior and response of soil elements
under monotonic loading conditions. The analysis primarily focused on the soil surrounding the
monopile in axial (Figure 4.6a), lateral (Figure 4.6b), and radial directions (Figure 4.6c). Additionally,
the analysis extended to include the soil elements at the pile base (Figure 4.6d). The configuration of the
analysis is depicted in Figure 4.5 and detailed in Tables 4.2, 4.3, 4.4, and 4.5.
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Figure 4.6: The configuration of stress and strain recording in the soil around the monopile for configuration in (a) axial direction,
(b) lateral direction, (c) radial direction on the pile top, and (d) pile base.

The recorded data were utilized to create void ratio-mean effective stress (¢ — p’) diagrams for each
element. To further explore the distance between the state of each soil element to their respective critical
state line (CSL) during lateral loading, an additional analysis of the state parameter (W) is provided.
The void ratio (e) is extracted from Plaxis, and p’ is calculated using the following equation:
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ol + 0!, + 0l
p = % 4.3)

Here, 0, 0y, 0’ represent the effective stress components in Cartesian coordinates.

The assessment of state parameters (W) has been conducted by calculating W using the following
expressions:

W(e,p)=¢e—eéc (4.4)
2er = 20— Ae(L—)* (45)
Patm

Here, é., is the critical void ratio, &y is the reference critical void ratio, A, and & are CSL shape parameters
(Table 3.3), p’ is soil mean effective stress, and pg, is the reference atmospheric pressure (101kPa). A
positive W signifies that the soil is in a loose state and tends to compact under shearing forces, while a
negative W indicates that the soil is in a dense state and tends to dilate under shearing.

Table 4.2: Coordinate of stress and strain recording configuration along the monopile in axial direction

Code X[m] Y[m] Z[m] Code X[m] Y[m] Z[m]
Cs1  -0.7D + -L Cs8 0.7D +0 -L
Cs2 -0.7D +0 -5L/6 CSs9 0.7D +0  -5L/6
Cs3  -0.7D +0 -2L/3 Cs10 0.7D +0 -2L/3
Cs4 -07D +0 -L/2 Cs11 0.7D +0 -L/2
CS5 -0.7D +0 -L/3 CS12 0.7D +0 -L/3
CS6 -0.7D +0 -L/6 CS13 0.7D +0 -L/6
Ccs7 -07D +0 +0 Cs14 0.7D +0 +0

Table 4.3: Coordinate of stress and strain recording configuration along the monopile in lateral direction

Code X[m] Y[m] Z[m] Code X[m] Y[m] Z[m]
CSs15 -0.6D +0 -D CS19 0.6D +0 -D
CS16 -D +0 -D CS20 D +0 -D
Cs17 -15D +0 -D Cs21 15D +0 -D
Cs18 -3D +0 -D Cs22 3D +0 -D

Table 4.4: Coordinate of stress and strain recording configuration at the top of monopile (z= +0) in the radial direction

Code X [m] Y [m] Code X [m] Y [m]

CS23 (-0.7D)cos22.5° (0.7D)sin22.5° CS27 (0.7D)cos22.5° (0.7D) sin22.5°
CS24 (-0.7D)cos45° (0.7D) sin 45° CS28 (0.7D) cos45° (0.7D) sin 45°
CS25 (-0.7D)cos67.5° (0.7D)sin 67.5° CS29 (-0.7D)cos67.5° (0.7D)sin 67.5°
CS26 =0 0.7D

An investigation into the mesh dependency effect was carried out to assess the influence of mesh
size on the recorded stress data. Three different refining factors (rf) of 0.1, 0.15, and 0.25 were applied to
the soil surrounding the monopile (Figure 3.1) for this evaluation. Higher rf values indicate a coarser

mesh, whereas lower rf values represent a finer mesh.

Even though the mesh dependency effect is observed, the results indicate that changing the mesh
sizes does not change the trend in the soil element (Appendix B). Since these analyses are focused on
the trend that can be obtained from the stress path and void ratio analyses, looking at the result it is
concluded that the mesh dependency effect is negligible.
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Table 4.5: Coordinate of stress and strain recording configuration at the base of monopile

Code X[m] Y[m] Z[m] Code X[m] Y[m] Z[m]
CS30 -0.6D +0 -L CS33 025D 0 -L
CS31 -025D =0 -L CS34 0.6D +0 -L
CS 32 +0 +0 -L CS 35 +0 0.6D -L

Analyzing the ¢ — p’ space and the evolution of W during the loading phase in the axial direction
(Figure 4.7, 4.8) reveals that the rotational point (RP) significantly influences soil deformation in both
the positive and negative x-axes. Below the RP, specifically in the negative x-axis (CS 1 and CS2) (Figure
4.7a, 4.8a), compaction occurs due to the rotation from the pile. Conversely, for elements in the positive
x-axis (CS 8 and CS 9) (Figure 4.7b, 4.8b), the void ratio increases due to volumetric expansion.

Observing the elements situated above the RP, the elements in the negative x-axis (CS 4 and CS
6) (Figure 4.7a, 4.8a) reveal a rise in void ratio due to volumetric expansion. Meanwhile, elements in
the positive x-axis (CS 11 and CS 13) (Figure 4.7b, 4.8b) experience dilation caused by the shear force
transferred from the monopile. A comparison between CS 13 and CS 11 (Figure 4.8) indicates that the
rate of soil dilation is influenced by the overburden stress (07,), with a more pronounced dilation effect
observed at CS 13 (z = —L/6) than at CS 11 (z = —L/2).
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Figure 4.7: The & — p’ space for soil elements around the monopile in the axial direction at (a) negative x—axis and (b) positive
x—axis for reference case (0A).
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Upon closer examination of the elements positioned at z = —=L/6 (CS 6 and CS 13) (Figure 4.8), it
becomes evident that both elements ultimately exhibit a substantial increment of void ratio during the
loading phase. This observation aligns with the softening trend observed in the p — y curve at a depth
approximately around —6m, as depicted in Figure 4.5. When analyzing the p’ — g space (Figure 4.9), a
reduction in p’ is observed for element CS 6 (Figure 4.9a), with the p’ value almost reaching 0 during
loading. On the other hand, for CS 13 (Figure 4.9b), the stress path has already moved beneath the CSL
during the loading phase. These observed phenomena in the p — g’ space possibly also align with the
softening response in the p (Figure 4.5).
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Figure 4.9: The p’- q space for soil elements around the monopile in the axial direction at (a) negative x—axis and (b) positive
x—axis for reference case (0A).
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Figure 4.10: The ¢ — p’ space for soil elements around the monopile at z = —D in the lateral direction at (a) negative x—axis and
(b) positive x—axis for reference case (0A).

The analysis in the lateral direction was conducted at a depth corresponding to z = —D, indicating a
consistent trend among soil elements located on the same side of the monopile (Figure 4.10, 4.11). For
the neighboring elements situated along the negative x—axis (CS 15 to CS 17), the void ratio exhibits
an initial increase owing to volumetric expansion during the loading phase, followed by relatively
minor compaction during the unloading phase (Figure 4.10a). In contrast, the surrounding elements
located on the positive x—axis (CS 19 to CS 21) undergo compaction in the early loading phase, followed
by pronounced dilation induced by the lateral load in the later stages (Figure 4.10b). Subsequent to
unloading, these elements (CS 19 to CS 21) experience a slight increase in void ratio due to volumetric
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expansion.

Moreover, an observation in the ¢ — p’ space (Figure 4.10, 4.11) suggests that soil elements located at
a distance of 2.5D from the monopile (CS 18 and CS 22) do not appear to experience significant void
ratio changes during when lateral load is imposed. The indication that dilation is not prominent under
high overburden stress conditions is visually depicted in Figure 4.11b. Upon examining the evolution
of ¥, it becomes evident that, under high overburden stress, the void ratio increase due to volumetric

expansion (Figure 4.11a) is substantially more pronounced compared to the influence of dilation (Figure
4.11Db).
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Figure 4.11: The plot of state parameters (W) during loading phase for soil elements around the monopile at z = —D in the lateral
direction at (a) negative x—axis and (b) positive x—axis for reference case (0A).

The assessment of the & — p’ relationship for the soil elements situated at the mudline in the radial
direction reveals a consistent increase in void ratio throughout both the loading and unloading phases

(Figure 4.12a). This phenomenon is likely attributed to the relatively low confining stress imposed on
these soil elements.
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Figure 4.12: The analysis results for soil elements around the mudline in radial direction presented in (a) € — p’ space and (b) ¥
evolution during the loading phase for the reference case (0A).

When examining the evolution of W (Figure 4.12b), it becomes evident that the most significant
change in void ratio does not occur within the elements closest to y = 0 (CS 23 and CS 29). Instead, the
highest void ratio change is observed in CS 27. This deviation may be ascribed to the location of CS
27, which results in the load from the monopile affecting the soil in a manner resembling a torsional
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moment. A study by [87] indicates that applying torsional moment on lower confining stress can induce
a higher dilation rate.

The recording of stress at the pile base entails the placement of elements beneath the rotational point
(RP) and conducting measurements at approximately the same depth. A thorough examination of the
€ — p’ space reveals that the majority of soil elements undergo shearing and dilation during the loading
phase, with the exception of CS 34 and CS 35 (Figure 4.13a). Interestingly, the stress release within
element CS 35 appears to be counteracted by the overburden stress, causing this element to continually
experience compaction.

The analysis of W evolution for CS 34 (Figure 4.13b) illustrates that the soil experiences volumetric
expansion due to a substantial stress release. This stress release can likely be attributed to the rotation
of the monopile, resulting in reduced overburden stress within this soil element.
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Figure 4.13: The analysis results for soil elements at the pile base presented in (a) € — p’ space and (b) ¥ evolution during the
loading phase for the reference case (0A).

4.1.4. Pile Base Components Response

The response observed at the pile base comprises two fundamental components: the base shear force
(Fp) and the base moment (M}). The response stemming from the base shear force (F) is inherently
coupled with the displacement at the pile base (y;), and this relationship is illustrated for the reference
case in Figure 4.14a. It is noteworthy that ultimate base shear force (F; ), attained when the 6;;, reaches
2°,1is 29.2MN or equivalently, approximately 35.3% of the H,;;. The base displacement at ultimate
capacity (yp,,) is determined to be 0.673m, corresponding to approximately 25.7% of ysyp,,,, with yp
acting in the direction of the negative x-axis.

In addition to the base shear force, the base moment (M) response is coupled with the base rotation
(6p). The response characteristics of M, — 0 for the reference case are presented in Figure 4.14b.
Notably, the ultimate base moment (M}, ,,) observed when 6y, equals 2° is 30.6 M Nm, which represents
approximately 1.64% of the ultimate moment capacity (M,;). Meanwhile, the ultimate rotation at the
base (0p,,) amounts to 1.03° or approximately 51% of Oy, ,. A close examination of the F, and M,
responses clearly reveals that the magnitude of F ,,, relative to H,, significantly larger than the ratio of
My, against the M,;;.

Upon normalizing the F, and Zp components relative to H (Figure 4.15a), it is found that F}, always
acts in the same direction as the applied lateral load. Furthermore, the values of F, and X, progressively
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increasing following the increment of H.
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Figure 4.14: The curve for base component responses in terms of (a) F, — i and (b) My, — 6}, for the reference case.

The same analysis was also done for the moment component by calculating the ratios of “ZM,, My, ZMy,
and M, relative to M (Figure 4.15b). The result indicates that these four-moment components always
act in the opposite direction of M. It is also observed that, while the contribution of M, diminishes,
the contributions of other moment components (Mry,, ZMy, and My) increase with the rise in M (Figure
4.15b). Upon comparing these analyses (4.15), it is deduced that the contribution of F to the lateral
balance is substantial, whereas the contribution of M}, to the moment balance is not significant.
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Figure 4.15: The balance equilibrium assessment for the model in terms of (a) Lateral balance equilibrium and (b) Moment
equilibrium for the reference case.

4.2. Cyclic Load
4.2.1. Cyclic Load Response at The Mudline

The cyclic load response of the monopile for the reference case is depicted in Figure 4.16, presenting
load-displacement (Figure 4.16a) and moment-rotation (Figure 4.16b) curves. It is evident that, after
100 cycles, the analysis with C; = 0.4 does not reach the ultimate displacement (ysp ) (Figure 4.16a) or
rotation (Op,,) (Figure 4.16b). Following load release at the end of the 100 cycles, the cyclic test with
Cp = 0.4 yielded a displacement accumulation (y,..) of approximately 0.172m, equivalent to 25.6% of
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(Ysb,.). Similarly, this analysis indicates an accumulated rotation (6,..) of 0.37°, which corresponds
to 18.3% of Ogp,,. This O, is known to exceed the SLS criteria by [15], which limited the O, at the
mudline to 0.25°.

The same analysis for the cyclic test with (; = 0.1 resulted in y,. = 0.0125m or 1.86% of ysp,,. This
cyclic test left O, = 0.028° or 1.39% of Oy, upon unloading at cycle-100. Upon examining the 1/, and
Oucc results, it is evident that the cyclic test with C, = 0.1 induces minimal accumulated deformation,
which is not significant. Consequently, the analyses in this chapter will focus on the cyclic test with
Cp = 0.4. Results for the cyclic test with (, = 0.1 are presented only if deemed important, otherwise,
they can be found in Appendix C.
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Figure 4.16: The monopile global response with respect to the mudline presented in terms of (a) Load- Displacement curve and
(b) Moment-Rotation curve for the refernce case (D =9,L/D =4,e/D=5,D, =0.9.

To evaluate the accumulated rotation, a dimensionless ratio is employed, following the formula
introduced by [37] (Eq. 2.15). As observed in Figure 4.16, it becomes evident that under constant sand
D, and pile geometry, the deformation curves during the first cycle are the same as the monotonic load
response. Therefore, the term 6 is equivalent to 6; (Eq. 2.15), and Equation 2.15 can be adjusted as
follows:

Ov =00 _On-00 _Ox  _ AON)
Qs B 60 _60 a 95

= Ty(Dr, Cp).Te(Cc).N“ (4.6)

The formulation, originally introduced by [37], underlined that the development of the accumulated
rotation ratio (AG(N)/ 05) concerning the number of cycles can be effectively described using a power
law. The study by Leblanc et al. ([37]) also suggested that the slope of the power law function can be
depicted by a = 0.31 (Eq. 2.15). Furthermore, for a test with . = 0 the T.(C.) value is 1.

In this subsection, the accumulated rotation analyses are conducted both when the monopile is
subjected to the maximum cyclic load and when the load is completely removed from the monopile.
The analysis is also extended to investigate the accumulated displacement at the mudline, for which
Equation 2.15 is modified by substituting the 0 value with the y value. The dimensionless ratio of
accumulated displacement is also assumed to follow a power law function (Eq. 2.15).

The results of 0, analyses are presented in Figure 4.17 for the loading phase (Figure 4.17a) and
unloading phase (Figure 4.17b). Furthermore, the analyses of y,.. are illustrated in Figure 4.18 for the
loading phase (Figure 4.18a) and unloading phase (Figure 4.18b). Both the ratios of AG(N) and Ay(N)
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as functions of N can be effectively represented using a power law with a = 0.51. The a = 0.51 value is
different compared to Equation 2.15.
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Figure 4.17: The accumulated rotation (04c) at the mudline for the reference case 0A presenting during (a) loading phase and (b)
unloading phase.
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Figure 4.18: The accumulated displacement (y,¢c) at the mudline for the reference case 0A presenting during (a) loading phase
and (b) unloading phase.

Observing the analysis of 0,.c and v, (Figure 4.18 and 4.19), it becomes evident that both the
rotation and displacement at the mudline continuously accumulate. This phenomenon is observed in
both model setups, whether with C, = 0.4 or (; = 0.1, during both the loading and unloading phases.
However, the deformation accumulation is more pronounced in the test with C, = 0.4. Furthermore, it
is also observed that even after 100 cycles, the values of AO(N)/6; and Ay(N)/ys have not reached their
respective asymptotic values, with this trend being more apparent in the test with (; = 0.4.

4.2.2. p-y Curve Response Under Cyclic Load

The p —y response under cyclic load relationship at various depths is illustrated in Figure 4.19. Examining
the normalized p — y curves for two cyclic tests (Figure 4.19), it is evident that the soil reaction (p) and
pile element displacement (y) from the cyclic test with (; = 0.4 (Figure 4.19a) are significantly larger
than those from the test with (, = 0.1 (Figure 4.19b). Under a higher load parameter (Figure 4.19a), a
softening response in the p — y curve is observed at a depth of z = —13m and z = -7m.
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Normalized p-y curve for Case 0A; {p= 0.4
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Upon closer examination of the p — y curve at z = —13m (Figure 4.19a), the softening response

becomes more apparent during the later cyclic loading phases, following some initial hardening effects

in the initial cycle phases. When referring back to the monotonic response (Figure 4.5a), it is evident
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that the p — y response at z = —13m exhibited a linear behavior. On the other hand, the p — y response
at z = —6m (Figure 4.19a) indicates a softening behavior in the earlier stages of the cycles, followed by a
transition to hardening in the later cyclic phases. This p — y response at z = —6m differs from the p — y
response under monotonic loading, which only displays a softening response (Figure 4.5a).

Analysis of the rotational point (RP) (Figure 4.20) also indicates that the position of the RP moves
deeper into the soil during cyclic loading. This phenomenon is also observed in the monotonic load
analyses (Figure 4.4). The RP movement during cyclic loading is more pronounced for the cyclic test
with ( = 0.4 compared to (, = 0.1. However, for the cyclic load with C, = 0.4, after 60 cycles, the depth
of the RP is nearly constant. At the first cycle, the depth of the RP for (, = 0.4 is at z = —25.37m, while
for Cp =0.1,itis at z = —=24.1m.

The evaluation of y,.. at different depths is conducted using the same method applied to calculate
Yace at the mudline (Figure 4.18). Analyses are performed for both the loading (Figure 4.21a) and
unloading phases (Figure 4.21b). The results from the cyclic test with (, = 0.4 indicate that the Ay(N)
ratio for all depths can be effectively modeled using a power law with a = 0.51.

Observation of the v, at different depths (Figure 4.21) also indicates that after 100 cycles, the v,
values are still increasing. This is evident from the fact that the values of Ay(N)/ys have not reached
their respective asymptotic values upon completing cycle-100. Additionally, it is noteworthy that the
Ay(N) ratio for z = —25m is significantly larger compared to other depths. This is primarily due to the
proximity of the element to the RP during the first cycle, resulting in an almost 0 value of yg since near
the RP, both the developed p and y values must be very small.
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Figure 4.21: Normalized accumulated displacement (y,..) at different depths for the reference case during (a) loading and (b)
unloading, with load characteristic ¢ = 0.4.

4.2 3. Local Soil Response under Cyclic Load

The investigation into the response of soil elements under monotonic loading has revealed compaction,
dilation, and volumetric expansion phenomena occurring during both the loading and unloading
phases, attributed to stress increments and releases (Figure 4.7 to 4.13). The evolution of void ratios
during cyclic loading is presented in terms of the & — p” space (Figure 4.22) and W evolution (Figure 4.23).
Examining the soil elements surrounding the monopile in the axial direction (Figure 4.22a and 4.23a),
it is observed that the elements in the negative x-axis and below the RP (CS 1 and CS 2) experience
slight compaction under cyclic loading. Conversely, the elements located above the RP (CS 4 and CS 6)
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undergo volumetric dilation.
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Figure 4.22: The & — p’ space for the soil elements around the monopile recorded in axial direction for the elements in (a) negative
x— axis and (b) positive x—axis (C = 0.4).
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Figure 4.24: The stress path of the soil elements around the monopile recorded in the axial direction for the elements in (a)
negative x— axis and (b) positive x—axis (C, = 0.4).

The trend in the void ratio evolution for the elements in the positive x-axis (Figure 4.22b and 4.23b)
is opposite to that observed for the elements in the negative x-axis. In the positive x-axis, the soil
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elements above the RP (CS 11 and CS 13) are getting compacted significantly due to the transferred load
from the monopile. For the elements below the RP, an increase in void ratio is observed, although it
is not particularly significant. Based on this analysis, it can be deduced that the rates of compaction
and dilation are influenced by the confining stress. When the confining stress is higher, the effect of
relatively small loading on the void ratio changes becomes less significant.

The stress path (Figure 4.24) illustrates that all soil elements around the pile are situated below
the CSL once the pile is installed. In the positive x—axis (Figure 4.24a), elements below the Rotational
Point (RP) (CS 1 and CS 2) exhibit a clear pattern of stress increments during cyclic loading, followed
by releases, consistently remaining beneath the CSL. However, for the elements above the CSL (CS 4
and CS 6), their stress paths oscillate around the CSL. The trend for soil elements in the positive x—axis

(Figure 4.24b) is more pronounced, indicating that the stress path for these elements evolves very close
to the CSL.

Upon examining the response of soil elements in the lateral direction at a depth of —9m, it becomes
evident that the area impacted by the load is also influenced by the load characteristic parameters (Cp).
While the significant & changes in the monotonic analysis extend up to D in the lateral direction from the
monopile, the impacted area for cyclic loading with (; = 0.4 only reaches up to 0.5D (Figure 4.25 and
4.26). When looking at the elements in the negative x-axis (Figure 4.25a and 4.26a), it can be observed
that the closest element to the pile (CS 15) experiences volumetric dilation during the cyclic loading. As
for CS 16, after undergoing volumetric dilation during the initial cyclic phases, the compaction that
occurs during later cyclic phases and stabilizes the void ratio after N = 60.
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Figure 4.25: The & — p’ space for the soil elements around the monopile recorded in the lateral direction for the elements at
z = =D in (a) negative x— axis and (b) positive x—axis (C; = 0.4).

Similarly, elements in proximity to the monopile in the positive x-axis direction (CS 19 and CS 20)
experience compaction under cyclic loading (Figure 4.25b and 4.26b). While the compaction for CS 19
continues even after 100 cycles, the void ratio of element CS 20 remains constant after 30 cycles. The
compaction processes for CS 20 stabilize its void ratio after 40 cycles. The continuous compaction of
CS 19 even results in this element having a void ratio below the minimum void ratio (¢,,i,). A similar
response has been observed in a previous study [88], which indicates gradual densification due to
repeated shear loading on the soil adjacent to the monopile. Furthermore, upon completing 100 cycles,
all of the elements in positive and negative x—axis are still positioned below and distant from the Critical
State Line (CSL) (Figure 4.25).
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Observing the evolution of the void ratio of the soil elements around the mudline (Figure 4.27), it

is apparent that two points positioned at the same angle in the positive and negative x-axis tend to
exhibit similar trends. Both CS 23 and CS 29 undergo compaction in the later stages of cyclic loading
after experiencing dilation in the early stages (Figure 4.27b). In contrast, CS 25 and CS 27 display
opposing trends. CS 25 consistently undergoes volumetric expansion and dilation during the loading
and unloading phases, respectively. Meanwhile, CS 27 experiences compaction after initially undergoing
dilation in the early stages of cyclic loading.

The sole element situated along the positive y-axis, CS 26, also exhibits volumetric dilation under
cyclic loading. However, the changes in the void ratio for CS 26 are relatively insignificant when
compared to other soil elements adjacent to the monopile head. Unlike the response under monotonic
loading (Figure 4.12), the highest increment in the void ratio occurred in element CS 25. Since the
same angle from the x—axis is applied for CS 25 and CS 27, this phenomenon may be due to the
same underlying reason. It is also observed that, with the exception of CS 26, most of these elements
experience conditions where the effective stress approaches zero (102kPa ~ 0) at certain stages (Figure
4.27a).
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The analyses of the soil elements at the pile base (Figure 4.28) indicate that the elements situated in
the negative x-axis direction (CS 30 and CS 31) were observed to undergo compaction during loading
phases, followed by a slight rebound in void ratio during unloading phases. Remarkably, the element at
the center of the pile base (CS 32) experienced compaction during the cyclic loading process, which
make the void ratio approaching the &,,;,.

In contrast, soil elements positioned along the positive x-axis (CS 33 and CS 34) exhibited dilation
in the initial cyclic stages, followed by compaction after a certain number of cycles (Figure 4.28). The
compaction at the later phases is possibly due to the high overburden stress imposed on these elements,
Notably, the dilatancy effect is more pronounced for CS 34 compared to CS 33. Similarly, the element
situated on the positive y-axis (CS 35) displayed a phenomenon similar to that of CS 34, although the
compaction and volumetric extension effects were less distinct. In addition, analyses on the cyclic load
with C; = 0.1 are provided in Appendix C.

4.2.4. Pile Base Components Response Under Cyclic Load

Fp — yb curve OA My — 6, curve 0A
* —— monotonic 601 —— monotonic
2% — (b= 04 — (=04
Zp= 01 30 &= 0.1

N
o

B

o

15

10

Base Moment (M) [MNm]
N w
o o

Base Shear Force (Fp) [MN]

(O]
=
o

0 s 0
-0.16 -0.14 -0.12 -0.10 -0.08 -0.06 —-0.04 -0.02 0.00 0.0 0.2 0.4 0.6 0.8 1.0
Pile Base Displacement (y») [m] Pile Base Rotation (6p) [°]
(@) Fy — yp curve (b) My — 6 curve

Figure 4.29: The base response under monotonic and cyclic loading for the reference case presented in term of (a) F, — y; curve
and (b) M — 6y curve.

The base components response under cyclic lateral load is presented in terms of F, — y, and M; — 6y,
curves (Figure 4.29). Looking at the F;, — y;, curve (Figure 4.29a), it is observed that the ratcheting
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phenomenon also occurs in the F;, component. This is indicated by the residual Fj, and y; that exist upon
releasing the load, and these residual values also grow as the number of cycles increases. Moreover,
cyclic load with C = 0.1 induces very small F, and y; values.

It is observed that the ratcheting effect on the base components is highly affected by (; parameters.
Looking at the very small F, and y;, accumulation (Figure 4.31a), it is possible to assume that the
ratcheting effect is not involved in the model with C; = 0.1 (Figure 4.31a). In addition to Fj, — y; response,
a Mj — 0y, response is also provided in Figure 4.31b.

The analysis of the F, values when the maximum lateral load (Hy,4x) is applied (Fp,max) and when
the load is completely released (H,uin) (Fp,min) is presented in Figure 4.30. These analyses indicate that
the magnitudes of Fj, ;4x and Fy i, increase with an increment in C;, (Figure 4.30a, 4.30b). It is also
observed that the magnitudes of Fj .y and Fy, ;i increase as the number of cycles increases. Looking
at the Fyp i, values (Figure 4.30), it is evident that the F; value never becomes 0 even when the load is
completely released (H = 0).
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Figure 4.30: The evolution of F;, when the maximum load Hjqy is imposed (Fp yqx) and F, when during unloading (Fy i, ) for
the cyclic test with (a) {5 = 0.4 and (b) (; = 0.1.

Upon normalizing the Fj ,,4» against the Hy,,, it is evident that the contribution of Fj, to the monopile
lateral balance at cyclic test is significant (Figure 4.31a). Furthermore, the contribution of F;, becomes
larger following the value of (; (Figure 4.31a, Appendix C). Therefore the F;, component must be also
included in the cyclic 1D soil-spring model.

Normalizing four-moment components against M,,,, indicates that the contribution of M, is not
significant on the monopile balance during cyclic lateral loading (Figure 4.31b), even for the cyclic
test with (; = 0.4. The M contribution is even smaller when the load characteristic is reduced to
Cp = 0.1 (Appendix C). The analysis also suggests that the contribution of the moment from p (M)
to the moment balance decreases with an increasing number of cycles (Figure 4.31b). Conversely, the
contribution of other moment components (2M,, Mry, M) increases with an increasing number of
cycles. Given that the contribution of M, is not significant and may even be removed from the 1D
soil-spring model, and the following chapter does not provide any further explanation for M, for the
monopile.
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Parametric Study

fter obtaining the material model parameters and conducting a thorough review of the model
A setup, a parametric analysis was performed. The parameters under investigation encompassed
the pile diameter (D), the L/D ratio, the e/D ratio, and D,. The specific tests and their corresponding
parameters are detailed in Table 5.1. Throughout all tests, the pile thickness (t,) was consistently
maintained at a fixed value of 10 cm.

Table 5.1: List of tests conducted in the parametric study.

Code D[m] L/D e/D D/t, D;l] K, [-] Class Cyclic Test”
1A 9 2 5 90 09 0.1458 Semi-rigid (, =0.4;0.1
2A 9 6 5 90 0.9 0.001 Slender  (p =0.4;0.1
3A 6 4 5 60 0.9 0.012 Semi-rigid (, =0.4;0.1
4A 6 2 5 60 0.9 0.263 Rigid Cp =0.4;0.1
5A 6 6 5 60 0.9 0.0019  Slender Cp =0.4;0.1
6A 12 4 5 120 0.9 0.0042 Semi-rigid (; =0.4;0.1
7A 12 2 5 120 0.9 0.0955 Semi-rigid (; =0.4;0.1
8A 12 6 5 100 0.9 0.0008  Slender Cp =0.4;0.1
9A 9 4 0 90 0.9 0.0064 Semi-rigid (, =0.4;0.1
10A 9 4 15 90 0.9 0.0064 Semi-rigid (, =0.4;0.1
11A 9 4 5 90 0.5 0.0083 Semi-rigid (, =0.4;0.1
12A 12 1 5 100 0.9 2.58 Rigid Cp =04
13A 9 1 5 90 0.9 3.30 Rigid Cp =0.4;0.1
14A 6 1 5 100 0.9 3.65 Rigid Cp=04
15A 12 0.5 5 100 0.9 58.37 Rigid -
16A 0.5 5 90 0.9 46.46 Rigid -
17A 3 2 5 90 0.9 0.253 Rigid -

Continued on next page

54
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Table 5.1 — continued from previous page

Code D[m] L/D e/D D/t, D,l] K: [-] Class Cyclic Test”
18A 3 4 5 90 0.9 0.011 Semi-rigid -

19A 3 6 5 90 0.9 0.0018  Slender -

20A 9 4 5 90 0.15 0.0104 Semi-rigid (, =0.4
21A 9 4 10 90 0.9 0.0064 Semi-rigid (; =0.4
22A 9 4 3 90 0.9 0.0064 Semi-rigid (, =0.4;0.1
23A 9 4 5 90 0.7 0.0074 Semi-rigid -

24A 9 4 5 90 0.3 0.0095 Semi-rigid (, =0.4;
25A 9 2 5 90 0.5 0.167 Semi-rigid -

26A 9 2 5 90 0.5 0.1895 Semi-rigid -

27A 9 2 5 90 0.3 0.2155 Rigid -

28A 9 2 10 90 0.9 0.1471 Semi-rigid -

29A 9 2 3 90 0.9 0.1471 Semi-rigid -

30A 9 2 1 90 0.9 0.1471 Semi-rigid -

31A 9 4 5 90 0.1 0.0108 Semi-rigid -

32A 12 4 0 120 0.9 0.00426  Semi-rigid -

33A 12 4 3 120 0.9 0.00426 Semi-rigid -

34A 12 4 10 120 0.9 0.00426  Semi-rigid -

35A 12 4 20 120 0.9 0.00426 Semi-rigid -

36A 6 4 0 60 0.9 0.011742 Semi-rigid -

37A 6 4 3 60 0.9 0.011742 Semi-rigid -

38A 6 4 10 60 0.9 0.011742 Semi-rigid -

39A 6 4 20 60 0.9 0.011742 Semi-rigid -

? [-]= only monotonic test performed.

5.1. Monotonic Load
5.11. Effect of Pile Geometry

The influence of monopile geometry (D and L) on its load-bearing capacity is elucidated through
load-displacement and moment-rotation curves (Figure 5.1 to 5.4). Inspection of the load-displacement
curves for varying L/D (Figure 5.1a, 5.2a, 5.3a, 5.4a) reveals that an increase in D corresponds to higher
values of H,;; and yp . Given the limitation of O, to 2°, the y; is found to be always less than 01.D.
Analysis of moment-displacement curves (Figure 5.1b, 5.2b, 5.3b, 5.4b) indicates that a larger D also
leads to higher M,;.

The examination of the impact of the pile L/D ratio (Figure 5.5) demonstrates that increasing L/D
results in higher H,,;; and y,p,,, and this trend holds true for both rigid and semi-rigid monopiles (Figure
5.5a). For slender piles with L/D = 6, H,; is notably the highest on the plot (Figure 5.5a), but v 4 is
lower compared to piles with L/D = 4. This discrepancy is possibly due to the fact that, for flexible
piles, pile rotation does not act homogeneously along the monopile. A summary of the impact of pile
geometry (L/D ratio and D) on lateral load and moment capacity, is provided in Figure 5.6.
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Figure 5.1: The parametric analyses on the effect of pile geometry (D and L) into the monopile ultimate capacity presented in
(a)Load-displacement and (b) Moment-rotation curves for the pile with L/D = 4
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Figure 5.2: The parametric analyses on the effect of pile geometry (D and L) into the monopile ultimate capacity presented in
(a)Load-displacement and (b) Moment-rotation curves for the pile with L/D =6

In the preceding chapter, a simplified model was introduced to approximate the distribution of p and
bending moment along the pile (Figure 4.3). Four components, namely pax, Zmax, RE, and ppas., need
to be examined to understand these distributions. Information regarding the effect of pile geometry on

the distribution of these four components, when H,;; is applied, is presented in Figure 5.7 and 5.8.

The maximum p (pax) always acts in the opposite direction to H. Increasing the pile L/D is known
to increase the ratio between pyax/Hyui: (Figure 5.7a). However, as L/D is increased from 4 to 6, the
increase in the p,4y ratio is relatively small compared to when L/D changes from 2 to 4. Regarding the
depth of pimax (zmax), increasing L/D causes it to occur at shallower depths (Figure 5.7b). When D is
increased, the ratio of p.x to Hy¢ is become lower, and z,,,x moves to shallower levels upon reducing
D (Figure 5.7b).

The pile base lateral soil reaction (ppgse) consistently exerts force in the same direction as the H. It is
observed that increasing the pile L/D ratio reduces the ratio of pyss. to Hyj (Figure 5.8a). Conversely,
decreasing the pile diameter (D) is observed to increase these values. Analysis of the normalized
rotational point (RP) (Figure 5.8b) reveals that reducing L/D causes the RP to shift to a deeper layer.

Conversely, increasing D results in the RP migrating to a shallower depth.



5.1. Monotonic Load 57

Load-Displacement at Mudline [L/D= 2; ¢/D=5; D,= 0.9] Moment - Rotation at Mudline [L/D= 2; /D= 5; D,= 0.9]
41 — 17a;D= 3m — 17A;D= 3m
351 — 4A;D=6m —_ — 4A;D= 6m ‘
— | — 1A;D= 9m £ 2000) — 14,0= 9m
é 30 7A;D=12m S 7A;D=12m
E 25 g 1500
5 E
@ 20 [}
S % 1000
91 = |
= 9 !
210 2 :‘é’c-b
éL‘ '—‘& 500 ]
5 < N
0 0

0.00 025 050 0.75 1.00 125 150 175 2.00

0.0 0.1 0.2 0.3 0.4 0.5 0.6 . . 0 °
Pile Displacement at Mudline (V<s) Iml Rotation at Mudline (85p) [°]
(a) Load-displacement curve (b) Moment-rotation curve

Figure 5.3: The parametric analyses on the effect of pile geometry (D and L) into the monopile ultimate capacity presented in
(a)Load-displacement and (b) Moment-rotation curves for the pile with L/D =2
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Figure 5.4: The parametric analyses on the effect of pile geometry (D and L)into the monopile ultimate capacity presented in
(a)Load-displacement and (b) Moment-rotation curves for the pile with L/D =1
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Figure 5.5: The parametric analyses on the effect of pile L/D ratio into the monopile ultimate capacity presented in
(a)Load-displacement and (b) Moment-rotation curves for the pile with D = 9m.
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monopile.
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Additionally, an analysis of the effect of pile geometry (D and L/D) on the pile base reaction
components was performed under conditions where H,; is applied (Figure 5.9). Examination of base
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shear force when the ultimate load is applied (Fp,,) (Figure 5.9a) reveals that increasing D and the L/D
ratio results in a lower Fy ,, /Hy; ratio. A similar trend is observed in the plot for the base moment when
the ultimate moment is applied (My,,,) (Figure 5.9b). In conclusion, base shear force and base moment
components become increasingly significant for monopile stability as D and L/D decrease. However,
considering the reasonable pile geometry (D = 9 —12m, L/D = 2 — 4), the contribution of M, is always
negligible (Figure 5.9b).

_ Ultimate Fp [e/D= 5; D,= 0.9] _ Ultimate M, [e/D= 5; D,= 0.9]
:Ia.. 3.0 X X Lb=1 E 0.200 x X LD=1
< m LD=2 s m LD=2
~.s % ® L/D=4 ~ 0.175 . ® L/D=4
s 4 L/D=6 Q & LD=6
=3 u E 0.150 =
820 2
4 o 0.125
o g
P =]
515 . S 0.100 &
@ ©
& [ ] @ 0.075 °

1.0 ° m
[} = |
3 § 0.050
m ° N *

0.5 =
g * ° g 0.025 ®
3 * * £ * 3
Z 0.0 2 0.000

2 4 6 8 10 12 2 4 6 8 10 12
Pile Diameter [m] Pile Diameter [m]
(a) Normalized Fj ,, (b) Normalized M ,,

Figure 5.9: The effect of pile geometry (D and L/D) into the base response when the ultimate load is applied presented in terms
of normalized (a) Base Shear Force and (b) Base Moment.

5.1.2. Load Eccentricity Effect

This subsection explores the influence of load eccentricity (e) in terms of the e/D ratio while keeping
other parameters, including D, D,, and the L/D ratio, constant. The analysis of the e¢/D effect on pile
bearing capacity is once again presented in terms of load-displacement and moment-rotation curves
(Figure 5.10, 5.11, and 5.12). Examination of the load-displacement curve reveals that decreasing the
e/D ratio leads to higher values of H,j; and ysp ., (Figure 5.10a, 5.11a, and 5.12a). However, the ultimate
moment capacity (M,;;) is found to increase as the e/D ratio rises (Figure 5.10b, 5.11b, and 5.12b).
Comparing the load-displacement (Figure 5.10a) and moment-rotation (Figure 5.10b) curve, it becomes
evident that 0, = 2° consistently corresponds to s, < 0.1D.
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Figure 5.10: The parametric analyses on the effect of pile e/D ratio into the monopile ultimate capacity presented in
(a)Load-displacement and (b) Moment-rotation curves for the pile with D = 9m, D, = 0.9.
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The analyses of the moment-rotation curve (Figure 5.10, 5.11, and 5.12) indicate that the increment
of My starts to reach a terminal value when the e¢/D is continuously increased. The same trend in
the reduction of H,;; is also observed in the load-displacement curve analysis (Figure 5.10b, 5.11b, and
5.12b). For a deeper understanding of the effect of e/D on monopile capacity, an interaction diagram
between moment and lateral load is provided (Figure 5.13 and 5.14).
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Figure 5.11: The parametric analyses on the effect of pile e/D ratio into the monopile ultimate capacity presented in
(a)Load-displacement and (b) Moment-rotation curves for the pile with D = 12m, D, = 0.9.
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Figure 5.12: The parametric analyses on the effect of pile e/D ratio into the monopile ultimate capacity presented in
(a)Load-displacement and (b) Moment-rotation curves for the pile with D = 6m, D, = 0.9.

An interaction diagram is a method used to analyze rigid caisson movement and shallow foundations,
illustrating the yield surface of the caisson under the influence of three loads: vertical load (V), lateral
load (H), and moment (M). This domain is commonly referred to as VMH space [89]. A 3D-FEM study
by [90] suggests that a complete moment-lateral load (M-H) diagram can be constructed through a
curve-fitting process using an ellipse function. However, a study in clay soil by [91] suggests that the

shape of the interaction diagram is not a perfect ellipse but rather resembles a rugby ball.

Examining the results (Figure 5.13a and 5.14a), it is apparent that the size of the envelope increases
with higher values of D, L/D, and sand D,. Due to the small possibility of combinations other than
a positive moment and positive lateral load, the curve fitting process was performed using a linear
function. The results of the fitting process are already plotted in Figure 5.13a and 5.14a. Based on the
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curve fitting analysis, the required lateral load to cause monopile failure under solely lateral load (Hy4x),
as well as the required moment to cause pile failure under a pure moment (M,,4x), can be determined.

Normalizing each data point representing H,,;; and M,,;; with their respective H,5x and M5 results
in all data points, as well as the trendline, converging into a single trendline (Figure 5.13b, 5.14b). This
outcome aligns with findings from studies by [91] and [90]. Additional analysis through curve-fitting
the data points using the ellipse function was also conducted (Appendix B) following [90].
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Figure 5.13: Interaction diagram between moment and lateral load for monopile with L/D = 4 installed at sand with D, = 0.9
presented in (a) absolute value and (b) normalized value.
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Figure 5.14: Interaction diagram between moment and lateral load for monopile with D = 9m installed at sand with D, = 0.9
presented in (a) absolute value and (b) normalized value.

Information regarding the effect of /D on the distribution of four components in a simplified p
distribution, when H,,;; is applied, is presented in Figure 5.15 and 5.16. Increasing the pile e/D ratio is
observed to increase the ratio between p,,x and H,j; (Figure 5.15a). Regarding the depth of pyax (Zmax),
increasing the e/D ratio causes it to move into shallower depths (Figure 5.15b).

It is indicated that increasing the pile e/D ratio leads to a higher ratio of pyss. to Hy; (Figure 5.16a).
Analysis of the normalized rotational point (RP) (Figure 5.16b) reveals that reducing e /D causes the RP
to shift to a deeper layer.
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Figure 5.16: The effect of load eccentricity (e/D) into the p — y response in terms of (a) Normalized p response at pile base and (b)
depth of rotational point.
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Figure 5.17: The effect of load eccentricity (e/D) into the base response when the ultimate load is applied, presented in terms of
normalized (a) Base Shear Force and (b) Base Moment.

In addition, the analyses of the effect of load eccentricity (e/D) on the pile base reaction components
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are presented in Figure 5.17. Examination of the ultimate base shear force (F; ;) (Figure 5.17a) reveals
that increasing the e/D ratio results in a higher F;, , /Hy; ratio. Increasing the e/D ratio is found to
lower the value of My, /Hy (Figure 5.17b). In conclusion, while the contribution of F; to monopile
stability significantly increases with an increase in the e/D ratio, the opposite trend is observed for M.
Furthermore, the contribution of M}, is once again considered to be negligible (Figure 5.17b).

5.1.3. Sand Relative Density Effect

The influence of sand relative density (D) on pile bearing capacity is depicted through load-displacement
and moment-rotation curves (Figure 5.18 and 5.19). Examination of the load-displacement curves for
varying D, (Figure 5.18a and 5.19a) reveals that an increase in D, corresponds to higher values of H,,;;
but lower values of ysp,. In the moment-rotation curve (Figure 5.18b and 5.19b), it is evident that
increasing D, also results in a higher M,;;. A summary of the impact of D, on lateral load and moment
capacity is provided in Figure 5.20. It is observed that both the relationship between H,;; and D, (Figure
5.20a) and the relationship between M,,;; and D, (Figure 5.20b) is almost linear. Observation at the D,
effect (Figure 5.19) indicate that 05, = 2° consistently corresponds to ys; < 0.1D.
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Figure 5.18: The parametric analyses on the effect of sand relative density (D,) into the monopile ultimate capacity presented in
(a)Load-displacement and (b) Moment-rotation curves for the pile with D =9m,L/D = 4.
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Figure 5.19: The parametric analyses on the effect of sand relative density (D,) into the monopile ultimate capacity presented in
(a)Load-displacement and (b) Moment-rotation curves for the pile with D = 12m,L/D = 2.
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Figure 5.20: The effect of sand relative density D, on (a)lateral load ultimate capacity and (b) ultimate moment capacity of the

monopile.
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point.

Further discussion on the effect of D, on the distribution of four components in a simplified p

distribution, under the application of H,, is presented in Figure 521 and 5.22. It is shown that



5.1. Monotonic Load 65

increasing the D, results in a higher p,.x/(H,t /L) ratio (Figure 5.21a). Regarding the depth of pax
(Zmax), increasing the D, causes it to move into shallower depths (Figure 5.21b) for the pile with L/D = 4.
For a shorter pile with L/D = 2, raising the D, above 0.5 does not significantly alter the position of z,x
(Figure 5.21b).

Furthermore, it is observed that increasing the D, ratio results in a lower ratio of pyss. to H,;; (Figure
5.22a). The analyses of the normalized rotational point (RP) (Figure 5.22b) reveal that decreasing the D,

ratio causes the RP to shift to a deeper layer.

Examination of base shear force when the ultimate load is applied (Fy ;) (Figure 5.23a) reveals that
increasing the D, ratio results in a lower Fj ,, /Hy; ratio. A similar trend is observed in the plot for the
base moment when the ultimate moment is applied (My ;) (Figure 5.23b). In conclusion, base shear

force and base moment components become more significant for monopiles with lower D, .
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Figure 5.23: The effect of D, into the base response when the ultimate load is applied, presented in terms of normalized (a) Base
Shear Force and (b) Base Moment.

5.1.4. Discussion on Pile Relative Stiffness (K,)

The pile relative stiffness ([33]) is a dimensionless parameter that can be calculated according to Equation
2.2. This parameter takes into consideration the pile geometry, properties, and soil properties in the
calculation process (Eq. 2.2). Understanding this, efforts have been made to establish a correlation

between the rotational behavior of the pile and K,.

One aspect of interest is to determine the amount of rotation induced at the pile base when 6,5, = 2°.
To comprehend this behavior, an analysis of the correlation between the ratio of 8, over 65, and K,
is conducted (Figure 5.24). The results demonstrate that for L/D ratios of 2 or less, the 0},/6,, ratio
approaches 1. Two dashed black lines are provided in Figure 5.24 indicating the limit for rigid and
flexible monopiles. These boundaries are created following the classification by [33] and calculated
according to Equation 2.2. Further examination of the data plot suggests that the data points follow a
distinct trendline forming an S-shaped curve when plotted on a logarithmic x-axis (Figure 5.24).

The S-shaped curve can be represented by various types of functions, including the sigmoid function,
hyperbolic tangent function, and error function. After conducting a thorough study comparing these
options, it is suggested that the hyperbolic tangent function provides a better fit to the data points
compared to the other functions. Additionally, the hyperbolic tangent function offers simplicity in
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expressing the relationship as follows:

Obase ( K, )
= tanh 5.1
Osp QKr 1)

Based on the curve-fitting process, the coefficient ak, for the Equation 5.1 is suggested to be
agy = 0.0108. While this function (Eq. 5.1) may appear to well represent the data points, further
investigation is necessary to validate its applicability to different sand types, beyond the specific Geba
Sand used in this study.
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Figure 5.24: The plot of ratio between 6}, and 6}, against the K.

5.2. Cyclic Load

The parametric analyses under cyclic loading are conducted on two key aspects: the accumulated
rotation (O,c.) and displacement (y,..) at the mudline, which are calculated using Equation 4.6. In
addition to this, the examination of the maximum and minimum base shear forces during peak loading
(Hmax) and unloading (Hy,i,) are also provided. Notably, the presented analyses primarily emphasize
the outcomes derived from cyclic loading analyses with C; = 0.4. The results of the cyclic load test with
Cp = 0.1 can be found in Appendix C.

5.2.1. Influence of Pile Geometry on Monopile Cyclic Response

The influence of pile geometry on 6, increment is examined for various L/D scenarios (Figure 5.25
and 5.26). When analyzing the monopile with L/D = 4, it becomes evident that increasing D results in
a lower AO(N) over 0, ratio during both the loading (Figure 5.25a) and unloading phases (Figure 5.25b).
Upon closer examination of Figure 5.25 reveals that the values of AG(N)/6;s during the loading and
unloading phases are nearly identical. Therefore, for other L/D ratios, the 8,.. analyses are provided
solely for the loading phase (Figure 5.26).
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Figure 5.25: The effect of pile geometry (D and L) on 0, at the mudline during cyclic load with (; = 0.4, presented during (a)
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Figure 5.26: The effect of pile geometry (D and L) on 0. at the mudline during cyclic load with {j, = 0.4, presented for monopile
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When considering the increments in the y,., it is apparent that the Ay(N)/y; value increases as D
decreases (Figure 5.27 and 5.28). A more detailed observation of Figure 5.27 suggests that the values of
Ay(N)/ys during the loading (Figure 5.27a) and unloading (Figure 5.27b) phases are nearly identical.
Thus, for other L/D ratios, the y,.. analyses are also exclusively provided for the loading phase (Figure
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5.28).
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Figure 5.27: The effect of pile geometry (D and L) on y,¢c at the mudline during cyclic load with j, = 0.4, presented during (a)
loading phase and (b)unloading phase (L/D =4,¢/D =5,D;, = 0.9).
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Figure 5.28: The effect of pile geometry (D and L) on y,¢ at the mudline during cyclic load with {;, = 0.4, presented for monopile
with (a) L/D =6, (b) L/D =2,and (c) L/D =1 (D, =0.9,e/D = 5).

Increasing the L/D ratio results in a lower increment of accumulated rotation (AG(N)/6;) during
both the loading and unloading phases (Figure 5.29a). However, it is important to note a deviation
from this trend for a rigid monopile with L/D = 1 which tends to rotate under a more uniform
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manner. Furthermore, the same trends are observed in the Ay(N)/ys values (Figure 5.29b). Upon closer
examination of the increments in O,¢c and Yy, it becomes evident that both AG(N)/6s and Ay(N)/ys
values as a function of the number of cycles (N) can be represented by an exponential function with the
variable (a) set to 0.51.
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Figure 5.29: The effect of pile geometry (L/D) on (a)Bacc (b) Yacc presented for the monopile with D = 9m,L/D =4,¢/D =5 and
installed in sand with D, = 0.9.

The impact of the diameter geometry on the F, when subjected to H = 0.4H,,;; and H = (0 is presented
for various pile L/D ratios (Figure 5.30, 5.31, 5.32, and 5.33). Examining the F; values under the
application of Hyux (Fp,max), it is evident that increasing the D results in higher Fj ;45 values for rigid
and semi-rigid monopile (Figure 5.30a, 5.32a, and 5.33a). Similarly, this trend is observed for the F;
values upon load release (Fj i) (Figure 5.30b, 5.32b, and 5.33b).

A deviation from the general trend is evident for the monopile with an L/D of 6 (Figure 5.31). The
analysis indicates that reducing the diameter (D) results in higher Fj ;4 values (Figure 5.31a), while
the magnitudes of Fp i, remain relatively consistent (Figure 5.31b). This is due to the monopiles
with L/D = 6 being classified as flexible monopile (Table 6.1). As established in the analysis, flexible
piles exhibit relatively small displacements and rotations at the pile base when 6;, = 2° (Figure 5.24).
Consequently, there is less mobilization at the pile base, leading to lower values of Fj,.
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Figure 5.30: The effect of pile geometry (D) on the Fj, during (a)maximum loading applied and (b) load completely released
(L/D =4,e/D =5,D, =0.9).
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Figure 5.31: The effect of pile geometry (D) on the Fj, during (a)maximum loading applied and (b) load completely released
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Figure 5.32: The effect of pile geometry (D) on the F; during (a)maximum loading applied and (b) load completely released
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Figure 5.33: The effect of pile geometry (D) on the Fj, during (a)maximum loading applied and (b) load completely released
(L/D=1,e/D =5,D, =0.9).

Additionally, the influence of the L/D ratio on Fj j4x and Fp iy is presented in Figure 5.34. Upon
examining the impact of the L/D ratio on Fj . (Figure 5.34a), it is apparent that a clear trend cannot
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be deduced with changes in the L/D ratio and the same observation is made for Fy, i, (Figure 5.34b).
However, when focusing on the analysis of semi-rigid monopiles (L/D = 2 and 4), it can be observed
that increasing the L/D ratio leads to higher values of both Fy, ., (Figure 5.34a) and Fj i, (Figure
5.34b). In contrast, for the flexible piles (L/D), the smallest values of Fj, ;4x and F ;i are observed due
to the small contribution of Fj, to monopile stability (Figure 5.9a). The analyses on the increment of
Fpy max over a cycle (AFp max(N)/Fp max;s) are also provided in Appendix C.
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Figure 5.34: The effect of pile geometry (L/D) on the F}, during (a)maximum loading applied and (b) load completely released
(D =9m,e/D =5,D, = 0.9).

5.2.2. Influence of Load Eccentricity on Monopile Cyclic Response
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Figure 5.35: The effect of load eccentricity (e/D) on on B¢ at the mudline during cyclic load with (; = 0.4, presented during (a)
loading phase and (b)unloading phase (D = 9m;L/D = 4,D, = 0.9).

The influence of ¢/D on the increment of 6, is depicted in Figure 5.35. A more detailed analysis of
Figure 5.35 reveals that an increase in e /D leads to a lower ratio of AO(N) over 8; during both loading
(Figure 5.35a) and unloading (Figure 5.35b). In contrast to the observed trend with D and L/D ratio
(Figure 5.25), the values of AO(N)/0, during loading and unloading phases exhibit differences when
changing e/D. Furthermore, continuous increases in the e¢/D ratio do not significantly raise the AG(N)
over O, ratio after a certain point, a phenomenon also found in Figure 5.11 and 5.12. A similar trend is
observed for the Ay(N)/ys ratio during both loading (Figure 5.36a) and unloading phases (Figure 5.36b)
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when varying the e/D ratio.

Displacement at Mudline (Loading) [D=9m; 1/D=4; D,=0.9] OBisplacement at Mudline (Unloading) [D=9m; L/D=4; D, = 0.9]
0.7 A

B 9A;e/D=0 e 9A;e/D=0
. a/D= . e/D= et
o6 W 22AeD=3 o6l ® 22AneD=3 o
m OA;e/D=5 e OA;e/D=5 ““,.-"
T os 21A; e/D= 10 — o5 21A; e/D= 10 ™ e
o 10A; e/D= 15 = 10A; e/D= 15 .-"". o™ o)
=1 ° o» o eaet e
kel =1 W T e
=04 : go4 it
w
2 2
’E E 0.3
= 2
< Y
B Joz|
0.1{ &
}v
.
0.0
40 60 80 100 0 20 40 60 80 100
Number of Cycle (N) [-] Number of Cycle (N) [-]
(@) Yacc atloading (b) Yacc at unloading

Figure 5.36: The effect of load eccentricity (¢/D) on yacc at the mudline during cyclic load with C; = 0.4, presented during (a)
loading phase and (b) unloading phase (D = 9m;L/D =4,D, = 0.9).

Additionally, the impact of the e/D ratio on Fp yar and Fp iy is presented in Figure 5.37. Upon
examining the influence of the e/D ratio on Fj ;4 (Figure 5.37a), it is observed that modifications to the
e/D do not significantly affect the F, ;,,, values. The effect of e/D is more pronounced in the Fy in
values (Figure 5.37b). Analysis of the Fj i, values suggests that increasing the e/D results in lower
Fp, min values. However, continuous increases in the ¢ /D ratio may lead to saturation in the Fy i, value.
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Figure 5.37: The effect of load eccentricity (e/D) on the F; during (a) maximum loading applied and (b) load completely released
(D=9m,L/D =4,D, =09.

5.2.3. Influence of Sand Relative Density on Monopile Cyclic Response

The influence of D, on the increment of 0, is illustrated in Figure 5.38. An analysis illustrated by
Figure 5.38, reveals that reducing D, leads to a lower ratio of AG(N) over 65 during both loading (Figure
5.38a) and unloading (Figure 5.38b). Changes in D, result in different AO(N)/6; values during the
loading and unloading phases. Deviations in the trend for the sand with D, = 0.3 are possibly due to
the relatively low D,. A similar trend is observed for the Ay(N)/ys ratio during both loading (Figure
5.39a) and unloading phases (Figure 5.39b) when varying D,.

Additionally, the impact of D, on Fy ;qx and Fj i, is presented in Figure 5.40. Upon examining the
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influence of D, on Fy j,,x (Figure 5.40a), it is observed that lowering D, also reduces the Fy ;4 value.

The same trend is also found when evaluating the effect of D, on Fy i, (Figure 5.40b).
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Figure 5.38: The effect of sand relative density (D;) on 0. at the mudline during cyclic load with {, = 0.4, presented during (a)
loading phase and (b) unloading phase (D =9m;L/D =4,e/D =5).
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Simplified Model for Pile Base
Response

he development of a simplified model is considered important because employing 3D FE analyses
T requires a significant amount of computational time. Building upon the results presented in the
previous chapter, the analysis of the 0D response is focused on the components of base shear force and
base displacement (Fy — ). The results and analyses conducted to develop the 0D model are presented
for both monotonic loading and cyclic loading in this chapter.

6.1. Monotonic Load
6.1.1. Hypothetical Maximum F;, (Fy, )

The objective behind establishing a hypothetical maximum base shear force (Fy,f) is to determine a
limiting value for the evolution of F;, during monotonic lateral loading. This calculation is based on the
assumption that the stress and deformation conditions of the soil element beneath the pile base under
lateral loading can be represented by a triaxial shearing test. Under this assumption, the F} ;. can be
determined by adapting the approach by [37] and [40] (Eq. 2.4) following this expression:

Fy = (C3.V + gDzLy’) tan ¢eak 6.1)

The calculation of Fy s assumes that all gravitational forces from the monopile are entirely
transmitted to the pile base (c3 = 1). The gravitational force is assumed to originate from the steel plate,
with the steel properties detailed in Table 3.2, and the geometry is outlined in Table 4.1 and 5.1. The
peak friction angle (¢eqk) (Table 6.1) is determined through Plaxis soil element testing and calibrated
against soil laboratory tests with D, = 0.8. The analysis reveals that the ¢ ¢« for sand with D, = 0.9
ranges between 38° and 39 (Table 6.1).

The calculated Fy ;. values are provided in Table 6.1. After obtaining the Fj ;s value, the ratio of
Fy,u to Fpre5 is calculated. While in most cases the Fy ,,/Fp e ratio is less than 1, some cases yield a
ratio greater than 1 (Table 6.1).

74
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Table 6.1: Calculation result for Fy ;s with the ratio between Fy , from model with Fp, ;. ¢.

Code D[m] L/D e/D D,[-] ¢pear [°] Foref [KNI*  Fpu [kN]’ Ratio a/b

0A 9 4 5 0.9 38.43 33779.9 291855  0.86
1A 9 2 5 0.9 38.57 18394.6 207199  1.13
2A 9 6 5 0.9 38.32 490729 103122 0.21
3A° 6 4 5 0.9 38.51 10766.8  19333.2  1.80
4A 6 2 5 0.9 38.63 6034.7 9842.5 1.63
5A 6 6 5 0.9 38.43 15476.3 119932  0.77
6A 12 4 5 0.9 38.35 78699.1  34326.8 0.44
7A 12 2 5 0.9 38.51 42601.0 329337 0.77
8A 12 6 5 0.9 38.23 1124235 105105  0.09
12A 12 1 5 0.9 38.63 24430.8 151434 0.62
13A 9 1 5 0.9 38.67 10656.1 9029.7 0.85
14A 6 1 5 0.9 38.72 3063.5 3673.2 1.20
20A 9 4 5 0.15 29.99 21205.1 174959  0.83
21A 9 4 10 0.9 38.43 36475.1  29008.6  0.80
22A 9 4 3 0.9 38.43 327019 296282 091
23A 9 4 5 0.7 35.67 29299.0 268053 091
24A 9 4 5 0.3 31.17 228372  12979.7  0.57
25A 9 2 5 0.7 35.78 15987.8  16665.7  1.04
26A 9 2 5 0.5 33.27 14031.2 119551  0.85
27A 9 2 5 0.3 31.03 12428.2 6573.0 0.53
28A 9 2 10 0.9 38.57 21103.3 215348  1.02
29A 9 2 3 0.9 38.32 17160.2  19869.6  1.16
30A 9 2 1 0.9 38.51 16196.7 176923  1.09
31A 9 4 5 0.1 29.57 20661.8  18097.3  0.88

These values, which are larger than 1, may be attributed to the fact that Equations 2.3 and 2.4 do not
account for the evolution of vertical effective stress (07,) during the lateral loading phase. To investigate
the evolution of 0’zz during the lateral loading process, stress measurements were conducted at the pile
base for both the reference case (0A) and Case 3A. The configuration and coordinates at the pile base
for the stress measurement process are illustrated in Figure 6.1. The results of the stress measurement
process are presented in Figure 6.2 for the reference case (Figure 6.2a) and Case 3A (Figure 6.2b).
Examining these results, it is evident that o7, evolves during the lateral loading process (Figure 6.2).

Upon evaluating the stress measurements in Figure 6.2, the evolution of o7, at the pile base appears
to depend on the location of the soil element with respect to the lateral load. Generally, the elements
located in the positive x—axis experience a significant increase in their ¢7,, while the elements at the

negative x—axis experience stress release (Figure 6.2).
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Figure 6.2: The stress recording result at the pile base for two different cases (a) Reference case/0A and (b) 3A (The black dashed
line indicates o7, under self-weight of the soil).

Despite the fact that Equations 2.4 and 2.3 do not account for the possibility of o7, evolution during
lateral loading, the obtained Fy ;. using Equation 2.4 remains reasonably acceptable. The underlying
concept behind this method assumes that the pile base is going to fail in a manner similar to shear
failure in the triaxial element test. Another approach to calculating Fy ., such as the method proposed
by [92], was also considered but found to be unsuitable in this case.

6.1.2. OD F;, — y, Model for Montonic Response

To reconstruct the 0D Fj, — y; response, a curve-fitting process is conducted using the F;, — y, data
obtained from 3D FE analysis. As explained in chapter four, failure (ULS) is determined when 6
reaches 2°. However, to thoroughly explore the response of the pile base, a push-to-fail (PTF) analysis is
conducted with the objective of inducing continuous mobilization of the pile base. Two PTF analyses
have been performed, one on the reference case (D =9m,L/D =4,¢/D =5,D, = 0.9) and another on
case 11A (D =9m,L/D =4,e/D =5, D, = 0.5). The results of these analyses and the F, — y; response
are presented in Figure 6.3a and 6.3b.
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The 3D FE analyses for the reference case (0A) indicate that the F; — 1, response during monotonic
lateral loading may be depicted following using a bi-linear curve (Figure 6.3a). The bi-linear function
used to reconstruct the 0D F, — yy, relationship, for case 0A (Figure 6.3a) is derived from the modification
of Equation 2.8 into the following expression:

Fy = A.Fyyef. min (1, Yo

Yb,cr

) (6.2)

where A represents a constant, and y . denotes the critical yy.

Examining the 3D FE results (Figure 6.3a), it is evident that the hardening effect during the loading
process is not very pronounced and could possibly be considered negligible. The 3D FE analysis for
Case 0A also suggests that when the applied lateral load exceeds 134.6M N, the pile will be mobilized
continuously. To represent this phenomenon, a limit on F; is applied at 134.6M N, and the bilinear
function (Eq. 6.2) is used to construct the 0D F; — y;, curve for OA (Figure 6.3a).

The analysis of Case 11A suggests that a different pile base response is expected when changing the
sand relative density (D,) (Figure 6.3b). In contrast to the reference case, the hardening effect during
lateral loading is more pronounced, and the allowable y;, is also higher (Figure 6.3b). To capture this
hardening effect and reconstruct the 0D F, — y; response, both power law and hyperbolic tangent
functions were considered. Upon completing the analyses, the hyperbolic tangent function was chosen
to reconstruct the F;, — v, response for Case 11A.

The hyperbolic tangent function used to construct the 0D F; — y, model for Case 11A is derived by
modifying the API [30] function, originally proposed for creating the p — y model (Eq. 2.1). To adapt
this formula (Eq. 2.1) for constructing the 0D Fj, - y;, curve, it is modified as follows (Eq. 6.3):

kL
AFb,ref e

F, = APb,ref tanh ‘ (6.3)

In Equation 6.3, k represents the modulus of sub-grade reaction (kN /m?), and A represents a constant.
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Figure 6.3: Comparison between Fj,-1;, curve that obtained from 0D model with 3D FEM for (a) Reference Case (0A) and (b) Case
11A.

Ideally, the value of k for sand is a function of the friction angle (¢), and some recommended values
can be found in [30]. However, in this analysis, the values of both A and k have been determined through
a curve-fitting process involving the 0D model and 3D FE results. The curve-fitting process resulted in a
value of k equal to 2.3MN /m?, with A being equal to 1.27. Subsequently, based on this function (Eq.
6.3) and the curve-fitting outcomes, the 0D Fj-1;, curve for Case 11A was established (Figure 6.3b).

Upon a thorough analysis (Figure 6.3), it becomes evident that at the ULS failure (65, = 2°), the pile
base is not necessarily at failure condition. Examining the F, — y;, response, it appears that the F, — y,,
behavior up to the ULS failure can be approximated using a linear function (Figure 6.3), especially in
the case of very dense sand. However, it is deemed insufficient to rely solely on a linear function to
model the behavior until reaching the PTF capacity.

For dense sand, the Fj, — y;, response up to the defined PTF capacity can be effectively described using
a bilinear function (Figure 6.3). The utilization of a bilinear function is considered to be more explicit
when compared to a hyperbolic tangent function (Eq. 6.1). To reconstruct the 0D F;, — y; response,
Equation 6.2 is employed.

The critical base displacement (i ;) serves as a model parameter that may be influenced by pile
geometry and relative density (D,). Through an analysis of the ratio between y, and D at ULS failure
(Appendix B), it was determined that for very dense sand, the y;, ., value is suggested to be 0.04D or less.
However, further investigation is required to comprehend the hardening behavior of medium sand.

Following Equation 6.2, additional curve-fitting procedures were conducted to reconstruct the 0D
Fp, —yp curve for the remaining cases (Appendix B). The process of reconstructing the 0D Fj, — i, behavior
is facilitated by setting the y; ., value to 0.04D. Therefore, the curve-fitting process was solely employed
to determine suitable values for A. An overview of the values of A used in the fitting processes is
presented in Table 6.2. Further investigation into the influences of D, L/D, ¢/D, and D, on the values
of A is deemed necessary in order to develop a more robust approach for constructing the 0D F, — y3
model.
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Table 6.2: The values of A parameter that employed to reconstruct the 0D Fj-y;, model.

Case Al-] Case Al-]
D =9m;L/D =4;e/D =5,D, =09 0.87 D=9m;L/D =4;¢e/D =5;D, =05 0.64
D =9m;L/D =2;¢e/D =5,D, =09 1.00 D =12m;L/D =1;¢/D =5;D, =09 0.71
D =6m;L/D =4;¢/D =5,D, =09 143 D =9m;L/D =1;¢e/D =5,D, =0.9 1.04
D=6m;L/D =2;¢/D=5,D, =09 150 D=6m;L/D =1;¢/D =5;D, =09 1.50
D =12m;L/D =4;¢/D =5,D, =0.9 0.61 D=9m;L/D =4;e/D =10;D, =0.9 0.56
D =12m;L/D =2;¢/D =5,D, =0.9 0.70 D=9m;L/D =4;¢/D =3;D, =09 1.15
D=9m;L/D =4;e/D =15;D, =0.9 0.41 D=9m;L/D =4;e/D =5;D, =0.7 0.84

6.1.3. PISA curve

The Pile Soil Analysis (PISA) is one of few research projects that elaborate on the base moment, base
shear force, and distribution moment contribution in addition to lateral soil reaction in the monopile
equilibrium [93]. The initial PISA publication [93] proposed a 0D soil reaction model that included
My, My, p, and Fp, in the form of a load-displacement curve (Figure 6.4a). In subsequent PISA
publications [19], [31], [94], [22], it was noted that the information required to recreate this curve was
insufficient. Nevertheless, practical guidelines for offshore wind turbine (OWT) design concepts [95]
have incorporated this curve (Figure 6.4a) into the design process.

The PISA curve (Figure 6.4a) is developed through a 0D (parameterized) approach to match the 3D
FE response. In this curve (Figure 6.4a), these four components (distributed load, F,, M4, and My) are
assumed to support the pile against displacement induced by the lateral load. Furthermore, the PISA
curve assumes that the contributions of the base response components (F, and Mj) to pile stability are
relatively small when compared to the other two components (Figure 6.4a).

In Chapter 3, it was explained that, in this study, F, is calculated based on the equilibrium principle
(Eq. 3.11, Figure 3.8). The calculation process assumes that pile displacement due to lateral load is
resisted by Fj and p only. Therefore, in terms of the load-displacement curve, only two components
contribute namely Fj, and Yp (Figure 6.4b).
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Figure 6.4: The load-displacement curve presented in terms of (a) PISA curve and (b) Lateral load components for reference case
(D =9m,e/D =5,L/D =4,D, =0.9).

The analysis of the direction and magnitude of F}, (Figure 4.15a and 4.31a) also differ from the
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information that can be derived from the PISA curve (Figure 6.4). The findings suggest (Figure 4.15a
and 4.31a) that Fj, acts in the same direction as H. Additionally, the influence of F; on lateral stability is
larger compared to the conclusions drawn from the PISA method (Figure 6.4a).

Moment Components Reference Case (0A)

- M,
Mep
My

025 050 075 100 125 150 175 2.00
Pile Rotation at the mudline (8.,) [°]

Figure 6.5: The moment-rotation curve presented with all moment components for the reference case
(D =9m,e/D =5,L/D =4,D, =0.9).

In this study, the calculation of M, is also based on the equilibrium principle (Eq. 3.12). The
calculation is conducted under the assumption that all soil reaction components (F, p, My, M}) prevent
the pile from rotating when a moment is applied. Consequently, a moment-rotation curve can be
constructed with respect to the mudline (Figure 6.5).

Integrating all soil reaction components (F, My, p, My) into a load-displacement curve (Figure 6.4a),
as performed by PISA, is considered to be less coherent. For example, attributing the role of preventing
lateral pile movement to M, (Figure 6.4a) is hard to describe. Therefore, it is recommended to combine
all soil reaction components into a moment-rotation curve, following the example in Figure 6.5). To
construct this curve (Figure 6.5), the F, and p components can be transformed into moment components,
as outlined in Equation 3.12 and 3.13.

6.2. Cyclic Load

Upon investigating the possibility of developing a 0D Fj, — y; response under monotonic lateral loading,
the research is extended to provide insights into constructing a 0D F; — y, model under cyclic lateral
loading. Examining the normalized F; — y; curve for the reference case (Figure 6.6), it becomes
evident that information regarding the evolution of the Fj, — y; envelope during cyclic lateral loading is
essential. This envelope should be able to capture the development of F; and y; as well as the ratcheting
effect during cyclic loading. Furthermore, it is crucial to examine the increment in the accumulated
displacement of the pile base (Ay;(N)). Additionally, the investigation of the cyclic secant stiffness
evolution under lateral loading is also conducted.
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Figure 6.6: The normalized Fj, — yj, for the reference case (D =9m,e/D =5,L/D =4,D, =0.9).

6.2.1. F, Envelope

The F; envelope is determined by normalizing the cyclic Fj response with their corresponding Fy ;e f

values (Table 6.1). This normalization process takes the values of Fy ;4 and Fp ;in to construct the

F), envelope. The F, envelope for the reference case is presented in Figure 6.7. Examination of the

normalized Fp ;4 and Fp i, values for two different load settings (Figure 6.7) reveals that the

parameters govern the evolution of the Fj, envelope during the cyclic loading period.
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Figure 6.7: The F}, envelopes presented in term of normalized (a) Fp, yqx and (b) Fp iin against the Fp ;. ¢ for the reference case

(D=9m,e/D =5,L/D =4,D, =0.9).

It is observed that, for the test with C, = 0.4, the ratio of Fy, ;. relative to Fp ;. continues to increase

until cycle-80 before it reaches a terminal value (Figure 6.7a). A similar trend is observed for the F, i

ratio under the same (;, value (Figure 6.7b). Conversely, for the model with (; = 0.1, the increment in

the Fp, yqx and Fp iy ratio is limited to cycle-20 (Figure 6.7). After this point, these ratio values generally

remain constant. Since the parametric analysis of the absolute values of Fy, ;4 and Fy i, was conducted

in Chapter 5, the parametric analysis of the Fj ,,

ax and Fy i, ratios can be found in Appendix C. In

addition, the analyses on the ratio between F;, max over Fj,, min are also provided in Appendix C.
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6.2.2. Accumulated Displacement at Pile Base

The next component required to construct the envelope (Figure 6.6) is the information regarding the
increment of base rotation accumulation (Ay;(N)). The study on Ay, (N) is conducted using the same
method employed to analyze displacement accumulation at the mudline (Figure 5.27, 5.28, 5.29, 5.36,
and 5.39). The ratio of Ay,(N)/y; is calculated by using the modified formula proposed by [37] (Eq.
4.6). The results of the Ay, (N) analyses for the reference case are provided in Figure 6.8.
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Figure 6.8: The increment of Ay, (N) by the number of cycle during the (a)Hqx applied and (b)H,;,i, applied for the reference
case (D =9,L/D =4,¢/D =5,D, =0.9.

Observations on the reference case (Figure 6.8) indicate that the Ay;(N)/y; ratio has not reached
an asymptotic value even after 100 cyclic loading phases. This phenomenon is observed for both the
loading (Figure 6.8a) and unloading (Figure 6.8a) phases. The value of ; was found to only influence the
magnitude of the ratio, as indicated by higher (, values followed by higher Ay,(N)/y; ratios. However,
the Ay, (N)/ys evolution trend is found to be the same for {; = 0.4 and (, = 0.1 (Figure 6.8).
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Figure 6.9: The effect of pile geometry (D and L) on Ay, (N) during cyclic load with (; = 0.4, presented during (a) loading phase
and (b)unloading phase (L/D =4,e/D =5,D, =0.9).

In addition to the observations on the reference case, parametric analyses of the Ay, (N)/y; ratio
are also conducted. When analyzing the monopile with L/D = 4 (Figure 6.9), it becomes evident that
increasing D results in a lower Ay(N) over y; ratio during both the loading (Figure 6.9a) and unloading
phases (Figure 6.9b). Similar to previous analyses (Figure 5.27), the values of Ay(N)/ys during the
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loading and unloading phases are found to be nearly identical. Therefore, for other L/D ratios, the
Yace,p analyses are provided solely for the loading phase (Figure 6.10).
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Figure 6.10: The effect of pile geometry (D and L) on Ay, (N) during cyclic load with (; = 0.4, presented for monopile with (a)
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Increasing the L/D ratio results in a lower increment of accumulated base rotation (Ay(N)s/ys)
during both the loading and unloading phases (Figure 6.11). However, it is important to note a deviation
from this trend for a rigid monopile with L/D = 1. Upon closer examination of the increments in yacc, b,
it becomes evident that Ay(N)y/ys values as a function of the number of cycles (N) can be represented

by a power law function with the same variable, as mentioned in Chapter 5, (a) set to 0.51 for all cases.
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Figure 6.12: The effect of load eccentricity (e/D) on Ay, (N) during cyclic load with (; = 0.4, presented during (a) loading phase
and (b)unloading phase (D = 9m;L/D =4, D, =0.9).

The influence of ¢/D on the increment of Ay,(N) is depicted in Figure 6.12. A more detailed analysis
of Figure 6.12 reveals that an increase in e/D leads to a lower ratio of Ay(N)b over y,; during both
loading (Figure 6.12a) and unloading (Figure 6.12b). The values of Ay(N)b/y,s during the loading and
unloading phases differ when changing ecc/D. Furthermore, continuous increases in the e/D ratio
result in the saturation of the Ay;(N) over y; ratio, a phenomenon also found in Figures 5.11 and 5.35.
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Figure 6.13: The effect of sand relative density (D) on Ay, (N) during cyclic load with (; = 0.4, presented during (a) loading
phase and (b) unloading phase (D = 9m;L/D =4,e/D =5).

The influence of D, on the increment of Ay;(N) is illustrated in Figure 6.13. An analysis depicted
in Figure 6.13 reveals that reducing D, leads to a lower ratio of Ay(N)b over y; during both loading
(Figure 6.13a) and unloading (Figure 6.13b). Changes in D; result in different Ay,(N)/ys values during
the loading and unloading phases. Deviations in the trend for the sand with D, = 0.3 are possibly due
to the relatively low D,. Similar deviations are also observed in Figure 5.39). Additionally, the analyses
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on the increment of y,; for the cyclic load with (; = 0.1 indicate that the same trend occurred over

changing the investigated parameters (Appendix C).

6.2.3. Cyclic Secant Stiffness at Pile Base

In addition to investigating the F}, — y; envelope, it is also important to examine the stiffness response at
the pile base during lateral cyclic loading. Understanding the evolution of stiffness can be crucial to
verify the adequacy of the future 0D F}, — y, model in representing the pile base behavior. The stiffness
evolution at the pile base is explored through the calculation of cyclic secant stiffness at the pile base
(Ki;fh). The process for calculating (Ki;fb) is illustrated in Figure 6.14.

Fu, [kN]

A

yb [m]

Figure 6.14: The figure to illustrate the K*¢¢, calculation process.
cy,b

The analysis of Ki;"b evolution for the reference case (Figure 6.15) indicates that the response of Ki;cb
is governed by the number of cycles (N) and the (; value. For higher Hy,4 (Cp = 0.4), the value of Ki;cb
significantly increases until cycle-60. After this cycle, Ki; °, starts to approach a terminal value (Figure
6.15).

The analysis of the test with (; = 0.1 indicates that after 20 cycles, Ki;cb remains nearly stable until
cycle-40 (Figure 6.15). After cycle 40, a softening behavior is observed, indicated by the degradation
of Ki;cb Additionally, observations on y;, also indicate an acceleration of displacement accumulation,
upon loading, after a certain number of cycles often occurred (Figure 6.6, Appendix C). Furthermore,
the initial increase in Ki;cb at the second cycle is less than 10% of the Ki;cb at the first cycle (Figure 6.15).

The Ki;cb analysis is further extended to all semi-rigid monopiles with different C; values (Figure
6.16). Only semi-rigid monopiles are considered, as for flexible piles, the contribution of F is less
significant. Meanwhile, rigid monopiles, with K, higher than 0.208 (Figure 5.24), are considered
impractical. The analysis of the tests with (; = 0.4 (Figure 6.16a) indicates a significant increase in Ki;cb
during the first 2 cycles. Afterward, Ki;cb continues to increase slightly until cycle 40, after which it

remains constant and reaches a terminal value (Figure 6.16a).
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Subsequently, the analysis of semi-rigid monopile Ki;cb with , = 0.1 is also provided in Figure
6.16b. This analysis indicates that the increase in Ki;“b during the first 2 cycles is lower compared to the
test with C, = 0.4 (Figure 6.16a). The increase in Ki; ¢, during the first 2 cycles is known to be influenced
by D and L. A higher D results in a larger increase in Ki;cb, while a lower L leads to a higher increase in
Ki;cb. After the first 2 cycles, Ki; £, continues to slightly increase until it reaches a terminal value at cycle
20, remaining constant until cycle 40. Beyond 40 cycles, K%'¢, starts to diminish, indicating a softening

v,
behavior (Figure 6.16b).



1.1

Conclusions and Recommendations

Conclusion

The analyses have been done for monotonic and cyclic lateral loading and the conclusion of this study is

summarized as follows:

1.

The SANISAND-MS material model was effectively employed to simulate the accumulation of
plastic strain resulting from lateral loading on large-diameter monopiles. This conclusion is based
on a comparison of the results from the 3D FE analysis with the response obtained from the
centrifuge test at 100 g.

. The derivation of lateral soil reaction (p) from the model, relying on nodal stress (d};, 72), resulted

in p values that were sensitive to discretization size (A;) (Appendix A). To reduce errors and
mitigate this sensitivity effect, the total p (Lp) and total moment from p (XM,) are computed using
the trapezium integration method. Following this process, F; and M, values can be obtained
using equilibrium principles.

. The analysis of the distribution of p for the reference case suggests that the distribution of p along

the monopile can be approximated using a simplified model (Figure 4.3). To build this simplified
p model, four components are required: maximum p value (puqx), depth of maximum p value
(Zmax), rotational point (RP), and p at the pile base (pp4s.). This simplified model can also simplify
the calculation of bending moments along the monopile.

. The analysis of the p — y response at the reference case indicates that a softening response is

possible to occur at shallow depths. This response is also reflected by significant void ratio changes
in the soil elements around the monopile at shallow depths.

. The F; component contributes significantly to the lateral balance equilibrium; therefore, the Fj

spring must be included in the 0D soil reaction model. F; is known to always act in the same

direction as the applied load (H), and its magnitude increases progressively with increasing H.

. Analysis of both monotonic and cyclic loading indicates that the contribution of M, to the monopile

moment balance is less significant. Thus, it is suggested to remove the base moment rotational
spring from the 0D soil reaction model. The analysis of moment balance shows that LM, decreases
with increasing M, while other moment components (XM, My, MFy,) progressively increase with

88
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M. These four moment components act in the same direction to counteract M. Consequently, a
more efficient 0D soil reaction model can be achieved by excluding the rotational spring at the pile
base, which initially accounts for the M;, component (Figure 2.1c).

. The cyclic lateral load analyses on the reference case indicate that:

o After 100 cycles, the AO(N)/6s and Ay(N)/ys ratios have not reached asymptotic values. This
trend was observed for cyclic tests with ;, = 0.1 and (, = 0.4.

* The values of p, y, AO(N)/6s, Ay(N)/ys, RP, Fpy jnax, and Fp, ;i are higher with increased N
and (p.

¢ The base response under cyclic loading shows higher values of F, and Xp with increased
N and (p. For the moment component, LM, is the only component that degrades with
increased N.

8. The results of parametric studies are presented in Table 7.1 and 7.2.

9. The attempt to calculate Fy ;s using the formula proposed by [37], with some modification,

10.

11.

12.

13.

14.

indicates that this formula does not consider the evolution of ¢,, during lateral loading. The stress
recording process at the pile indicates that ¢, at the pile base varies and evolves during lateral
loading (Figure 6.2).

Constructing a 0D Fj — y, model must account for the soil D, and L. Dense sand typically adheres
to a bilinear function in their Fj — y;, relationship, with limited evidence of hardening effects.
Conversely, medium sand exhibits an apparent hardening response in the F; — y;, relationship.
Additionally, a larger y; is allowed for medium-dense sand compared to dense sand.

In contrast with the PISA curve ([93]), this study presents only F, and p components in a load-
displacement curve (Figure 6.4). It is considered more appropriate to present all components
(My, ZM4, ZMp, MFp in a moment-rotation curve (Figure 6.5).

The analysis of the Fj, envelope, which can be utilized for developing a 0D Fj, — v, model, reveals
that the ratio of Fp yax and Fy iy concerning Fy ;. reaches a terminal value after 80 cycles for the
test with (; = 0.4. In contrast, for the test with (; = 0.1, the terminal value is reached after 20
cycles. It is also observed that the ratio of Ay,(N)/ys has not yet reached a terminal value even
after 100 cycles for both the loading and unloading phases.

The development of a 0D F, — y, model must also take into account the stiffness of the base
response. The behavior of Ki;cb indicates that both the hardening and softening responses of the
pile base are influenced by the number of cycles (N) and the ;. Additionally, during the first 2
cycles, the behavior of Ki; *y is primarily governed by the pile diameter (D) and length (L).

In the case of very dense sand (D, = 0.9), the behavior of the Fj, — 1, response under cyclic loading
is primarily influenced by the ratcheting effect, with the hardening effect possibly being considered
negligible. Conversely, for dense and medium sands, both the hardening and ratcheting effects
need to be taken into consideration when developing the 0D F; — v, model.

Table 7.1: The summary of the parametric analyses.

Parameter Modification Hy;r My Ysbu  Fou  Mbu  Pmax-L/Hutt Zmax/L  Poase-L/Huis

L/D ) ) m U U
e/D n U n ([} m U
D, U U U m n

D m M T m l |
ﬂﬂ

EeEoeae
Seee
SoDee

N
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M= increase, || = decrease, ? = only for rigid and semi-rigid cases.

Table 7.2: The continous summary of the parametric analyses.

Parameter Modification RP/L AO(N)/AOs Ay(N)/Ays Fumax Fomin  Ayp(N)/Asp

D ) U U U m m U
L/D n U I Ik m° e K
e/D i U U U U U U

D, U ) U U U U U

b

= increase, || = decrease, * = only for rigid and semi-rigid cases, ” = only for semi-rigid and flexible cases, ¢ = only for

semi-rigid cases .

7.2. Reccomendation

Some aspects of this project, require further investigation. To guide further investigations to be aligned

with the objective and motivation of this research, recommendations are provided in this section.

1. In the current project, an attempt to create a 0D Fj-1/445, model for monotonic lateral loading
(Figure 6.3) has been made. However, it is necessary to conduct a more comprehensive study to
find a function that can accurately depict the effect of the investigated parameters on the F, — v
response. While a bi-linear function is proposed to capture the Fj, — y;, response for very dense
sand in this project, a more holistic function is required to represent the hardening response
observed in medium and dense sands.

2. A study to understand the ratcheting effect of the F;, — y; response is essential, especially if a 0D
Fp, — yp model for cyclic lateral loading is going to be constructed. Additionally, investigating the

evolution of pile base stiffness during cyclic loading is necessary.

3. The base shear force and base moment values obtained in this study are based on 3D FEM
simulations. To validate these results, further research involving physical modeling in a centrifuge

or pile dynamic tests is recommended.

4. The calculations and models in this study were conducted on homogeneous sand and only focused
on 1-way cyclic lateral loading. To further evaluate the results, additional analyses should be
performed on non-homogeneous sand, where stiffness varies with depth. Moreover, investigating
the response under symmetric cyclic loading is necessary. An example of the stiffness response
under two-way cyclic loading is provided in Appendix C.

5. In this study, the value of the distributed moment is extracted from the 3D FE analysis, and
the parametric studies do not include the M; component. A study focusing on the distributed
moment and the rotation response of pile elements is required to develop a complete 0D soil

reaction model for large-diameter monopiles.
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Load-Displacement Curve at z= 12 m
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Integration of lateral soil reaction (Zp) [MN]
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Additional Figure and Table for
Monotonic Analysis

€ - p' space in axial direction [Case 0A]

€ - p' space in axial direction [Case 0A]

_____________________________ . 0.73 CS 9; rf= 0.25
AR R RRT T — — = 0.15 """ v v vvv vvr vvr vrveryrey
T — =010 =
0721 v CS13rf=025 TR
. -—-- rf=0.15 -
V¥ CS2;rf=025 = rf=0.10
=015 | ©gqp
— =010 | o
¥V CS 6;rf=0.25 T
=015 | & 0.70
— =010 [ 2
>
0.69
—————
0.68
102 10° 10! 102 10°

mean effective stress (p') [kPa]

negative x—axis

mean effective stress (p') [kPa]

positive x—axis

The comparison between three different mesh sizes obtained using 3 rf (0.25, 0.15, 0.1) presented in & — p’” space space in axial
direction at (a) negative x—axis and (b) positive x—axis for Case 0A (D=9m, L/D=4, e/D=5, D, = 0.9).

101



102

€ - p' space in lateral direction [Case 0A]
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The y;, /D ratio when ULS failure is obtained.
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Additional Figures for Cyclic Analyses

Accumulated Displacement during loading 0A; = 0.4 Accumulated Displacement during unloading 0A; {,= 0.4
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Accumulated Displacement during loading 0A; {p= 0.1
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Rotation at Mudline (Loading) [L/D=4; e/D=5; D,=0.9] Rotation at Mudline (Unloading) [L/D=4; e/D=5; D,=0.9]
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The effect of pile geometry (L and D) on the F, during (a)maximum loading applied and (b) load completely released
(L/D =4,¢/D =5,D, =09, = 0.1).
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The effect of pile geometry (L and D) on the F, during (a)maximum loading applied and (b) load completely released
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Rotation at Mudline (Loading) [D=9m; L./D=4; D,=0.9] Rotation at Mudline (Unloading) [D=9m; L/D=4; D,=0.9]
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The effect of load eccentricity (e/D) on 6 at the mudline during cyclic load with C; = 0.1, presented during (a) loading phase
and (b)unloading phase (D = 9m;L/D =4, D, = 0.9).
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The effect of load eccentricity (e/D) on yacc at the mudline during cyclic load with (, = 0.1, presented during (a) loading phase
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The effect of sand relative density (D;) on 6. at the mudline during cyclic load with {, = 0.1, presented during (a) loading
phase and (b) unloading phase (D = 9m;L/D =4,e/D = 5).
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The Fj, — yp, curve for (a) Case 0A and (b) Case 1A with {, = 0.1 indicate an acceleration in accumulated displacement at the end
of cycles.
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Load-Displacement Curve for monotonic test only and monotonic loading that imposed after 40 cyclic loading.

Moment-Rotation Curve Case 0A
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Moment-Rotation Curve for monotonic test only and monotonic loading that imposed after 40 cyclic loading.
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