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Synopsis:

This thesis concerns the problematics of estimating
the soil-structure interaction for a monopile using
the current design guidelines in the offshore sector.
These recommendations are implemented in a simple
1D Finite Element model used to estimate the first
eigenfrequency of the OWT analysed.

The thesis is divided into four stages. The first stage
serves as a base of knowledge, where the design
tendencies within the field of OWT foundations are
investigated and the theory for basic dynamics of soil
is covered. Stage 2 considers the set up of a simple
Finite Element model, representing the behaviour of
an OWT by modelling a vertical stick with a mass
on top and to analyse the importance of the input
parameters. The purpose of Stage 3 is to incorporate
the effect from the soil surrounding the foundation of
the OWT, by modelling the soil-structure interaction
using the original APl p-y curves recommended
in the current design guidelines. Investigations of
improvements to the current design guidelines and the
method proposed by the PISA project for estimating
the soil-structure interaction are explored. Also, the
Finite Element model is separated in order to model
the OWT and the foundation separately and still being
able to estimate the first eigenfrequency of the full
system. Lastly, Stage 4 considers the utilisation of
the commercial program Plaxis 3D to analyse the
arising subjects from the previous stages. The stage
will contain three analyses, concerning the estimation
of the first eigenfrequency for an OWT, the extraction
of p-y curves from a 3D model and the change in the
displacement field of the soil around the monopile as
the diameter of a monopile is increasing.






Resume

Det overordnede emne for dette speciale er modellering af jord-struktur interaktion, med henblik
pa at bestemme den farste egenfrekvens for en havvindmglle. Hertil er der taget udgangspunkt i
de nuvaerende anbefalinger, der er inden for modellering af jord-struktur interaktion for offshore
sektoren.

Opstartsfasen i specialet inkluderer et litteraturstudie, hvor designmetoder inden for relevante
emner som jord-struktur interaktion, modellering af deempning og udmattelse er prasenteret.
Hernast gennemgas relevante emner inden for dynamiske belastede konstruktioner og jorden, som
konstruktionen er funderet i.

Som en indledende fase til bestemmelsen af egenfrekvenser opstilles en simpel 1D model, hvor jord-
struktur interaktion er ekskluderet, med henblik pa at undersgge hvordan den farste egenfrekvens
@&ndres i takt med at input til selve strukturen varieres. Dette leder videre til en udvidet 1D model,
der inkluderer jord-struktur interaktion ved brug af p-y kurver pa baggrund af de nuvarende
anbefalinger i offshore sektoren. Sensitiviteten af input parametre til metoden undersgges med
henblik pa @ndringer i den farste egenfrekvens. Efterfalgende er forbedringer til de anbefalede
p-y kurver undersggt og effekten af forbedringerne er praesenteret. Udover forbedringerne til
p-y kurverne er en alternativ metode introduceret, der gar under navnet PISA metoden (Pile Soil
Analysis).

Udover den simple- og udvidede 1D model, er programmet Plaxis 3D anvendt til at opstille
en mere avanceret model til f.eks. bestemmelse af den forste egenfrekvens for en havvindmalle.
Plaxis 3D er ogsa anvendt til at sammenholde p-y kurver udtrukket fra programmet, med kurvenerne
der er konstrueret til 1D modellerne ift. anbefalingerne fra offshore sektoren. Til sidst er der
undersggt hvordan et flytningsfelt endres omkring en monopzl, nar diameteren forgges i takt
med at havvindmgllerne bliver starre og sterre. Dette er udfert med henblik pa at kommentere pa
mangler ved de anbefalede metoder til modellering af jord-struktur interaktion.
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Preface

This long Master Thesis is made by three 41 semester students, studying the Master’s programme at
Aalborg University in Structural and Civil Engineering. The subject of the Master has been chosen
as a result of the three writers interests and curiosity within the field of offshore wind turbines. A
long Master Thesis consists of 45 ECTS per person, i.e. 135 ECTS combined.

Reading Guide

The overall structure of the thesis is build up based on four stages, where each stage has its own
specific purpose in the thesis.

Figures, tables and equations have a specific identification number, where the first number defines
the chapter and the second number defines the number of figure, table or equation in the current
chapter.

The references through the thesis can either be used as an active reference or a passive reference.
Active references are defined as "Last-name, Year of publication™ and should be read as a part of the
sentence they are included in. Passive references are defined as "[Last-name, Year of publication]”
and can be found at the end of the sentence. A passive reference before the dot means the reference
is for the current sentence, while a passive reference after the dot means the reference applies for
the full text section. In some cases it is more reasonable to refer to the reference by title. In such
cases the title will be shown as italic to emphasise that the reference is to the title and not the author.
In a few cases, multi-references are used, where the references will appear in the same bracket,
separated by a ";". If a figure reference states "Modified" in the reference bracket, it implies that the
figures origins from the reference, but it is modified by the authors to better illustrate its purpose in
the Master Thesis. The list of references is located after the main report, but before the appendices.

Appendices are located after the main report where each appendix is named by a capital letter.

Throughout the thesis, the terms wind turbine and offshore wind turbine will be used extensively,
and will therefore be referred to as WT and OWT respectively.

Two homemade 1D FE models are present in this report, the first appears in Stage 2 and the
latter in Stage 3. These will be referred to as "Simple Model" and "Extended Model" respectively
throughout the thesis.
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1. INTRODUCTION

Energy in form of electricity is a product which is used to drive all parts of the society. The world
is relying on electricity more than ever before, and the demand is constantly rising. In fact, the
demand for electricity more than doubled in the years from 1990 to 2016. Figure [L.]illustrates the
world wide electricity generation divided into different production categories, where it is observed
that the majority of the generated electricity originates from fossil fuels. However, with the limited
amount of available fossil fuels in the world, new energy sources like renewable energy is believed
to be the future. Also with global warming being a problem which is considered more through the
last decades, new sources of energy is needed to provide the necessary electricity to keep the society
running, without ruining the environment. A renewable energy source which has the potential to
replace fossil fuels is wind energy. The utilisation of wind energy as a source of electricity has
increased through the last 25 years, see Figure[L.T} but the full potential of the wind sector is yet to
be achieved. Electricity extracted from OWTSs alone has the potential to make up for up to 25 % of
EU’s electricity demand according to a study performed by Hundleby and Freeman, 2017.
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Figure 1.1: Illustration of the world electricity generation divided into production categories [Birol,|2018|
Modified].

The idea of using wind energy has existed for more than a 1000 years. Through time wind power
has been used to run machines for different purposes like grinding flour or pumping water. In 1887
the first known WT, which produced electricity was made in Scotland. For the next 100 years
the concept of a WTSs producing energy was further developed and in the 1980s WTSs began to be
placed offshore around in the Danish seas. In 1991 the first ever OWT farm was constructed, which
was placed in the southern danish sea. [Shahan, [2014]

WT farms are more and more commonly placed offshore due to the space required for all the
WTs and space onshore can thereby be saved for other use. Also, WTs are generating loud noises
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and thereby if the structure is placed offshore, this noise will not affect any persons living near
them. However, for OWTs more complicated foundation methods are necessary, as they are not
placed directly on the ground, and they are subjected to wave loads as well as wind loads. Despite
OWTs have been used for more than two decades, methods for improving the design of OWTs
are still being developed. This is also true when looking into the OWT's foundations, as there are
still aspects of the foundation design methods which are not fully covered and thereby there is no
standard procedure for every part of the foundation design.

Offshore Foundation Types

When installing OWTs, different types of foundations are available. Some of the most commonly
used foundation types are illustrated in Figire 1.2 and the distribution of the different OWT
foundation installed at the end of 2018 is illustrated in Figuré 1.3.

(a) Gravity based.  (b) Monopile. (c) Suction bucket. (d) Tripod. (e) Jacket.

Figure 1.2: lllustration of different foundation types.

mmm Monopile: 81 %
= Jacket: 8 %

—= Gravity base: 6 %
1 Tripod: 2.7 %
= Others: 2.3 %

Figure 1.3: Distribution of different OWT foundations installed at the end of 2018 [Selot, Fraile, and
Brindley,@, Modi ed].
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According to Figure 1.3, the monopile is used for the vast majority of offshore projects. This is
partly due to that the offshore eld is a eld where the construction, the operation and the test of
new foundation types are very expensive, which makes it harder to come up with new and trusted
methods. Also, when the costs of offshore projects are so high, insurance companies and other
investors would rather use a more tested and commonly used foundation method like the monopile
where more knowledge has been obtained through many years of usage. It should be mentioned
that new foundation types are being developed like e.g. the suction bucket, the twisted jacket and
oating foundations. These are still at a stage where further testing and development is necessary,
but they could be a possibility for future offshore foundation designs. [Seidel, 2014]

Of the mentioned foundation types, the monopile will be the main focus of this thesis. When

designing a monopile foundation, the length of the monopile is often determined by the overturning
capacity during extreme condition. Alternatively the length of the monopile can be determined

the maximum acceptable tilt of the structure over the lifetime caused by accumulated rotations
from cyclic loading. The diameter of the monopile is often determined by requirements for the

eigenfrequency of the structure. The wall thickness of the monopile is typically governed by either
fatigue loads or shell buckling during extreme events or installation. [Kallehave, Byrne, et al.,

2015]

Problem Statement

This thesis considers the dynamic aspect of the foundation for an OWT where the main focus is
the estimation of the rst eigenfrequency. During the estimation of the rst eigenfrequency of an
OWT, the frequencies for the environmental effects like wind- and hydrodynamic loads have to be
considered. These effects should be considered to make sure that they do not overlap with the rst
eigenfrequencies of the OWT to avoid resonance in the structure. The determination of the rst
eigenfrequency for the structures is an advanced problem where 3D nite element (FE) models can
be used. However, as these models are very time consuming, faster estimates would be optimal for
the work process.

The problem considered in this thesis is to examine the problematic of estimating the soil-structure
interaction for a monopile and set up a simple model which is capable of estimating the rst
eigenfrequency of an OWT. In order to cover this problem, the thesis is divided into four stages.
These are as follows:

Stage 1: This stage consists of a literature study which aims to clarify the theories and
methods used for the design of an OWT foundation nowadays. Furthermore this stage
also supplies a brief introduction to the governing subjects regarding the dynamic
properties of OWTs supported by monopiles.

Stage 2: This stage deals with the set up of a simple 1D nite element model (FE model) used
to obtain the eigenfrequencies of structure. The Simple Model is also used to perform
a sensitivity analysis of the input parameters in order to investigate the importance of
these. In this stage, only the structural part of the simpli ed OWT above mudline is
considered.
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Stage 3: This stage continues the development of the simple FE model from Stage 2, where
also the part of the OWT below mudline is considered i.e. the monopile. The pile-
soil interaction is added to the Simple Model by a consideration optheurves.
Furthermore, this stage also provides an investigation of improvements to the currently
suggesteg-y curves and an alternative method.

Stage 4: This stage deals with the use of commercial software to obtain the response of an
OWT. The stage deals with the determination of the dynamic response in regards
to the rst eigenfrequency of an OWT submerged into a reference layer of sand, a
comparison of the APp-y curves and the correspondipey curves extracted from
Plaxis 3D and an analysis of the difference in the behaviour of soil when the diameter
of a monopile is increased.

During this thesis, not all aspects of the design phase will be covered due to the amount of work this
will require. The main focus will be on the dynamic response of the structure and the interaction
between the soil and the structure.




In the rst stage of this thesis, a literature study is performed in order to obtain
knowledge about previous work related to the dynamics of OWTs. The main focus of
the literature study is to cover subjects concerning the current design guidelines, soil-
structure interaction, modelling of soil damping and fatigue. Here the subject fatigue
is only brie y introduced. Besides the literature study, an introduction to the dynamic
properties regarding an OWT is presented. In this introduction, the effects regarding
the location of the rst eigenfrequency is presented together with an introduction to
the dynamics regarding soil-structure interaction.

2 Literature Study .......................
2.1 Current Design Guidelines

2.2 Soil-Structure Interaction
2.3 Damping
2.4 Fatigue

2.5 Conclusion

3 Dynamic Properties ..................
3.1 Dynamic Equation of Motion
3.2 Offshore Wind Turbines
3.3 Soil-Structure Interaction
3.4 Dynamic Properties of Soil
3.5 Conclusion
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2. LITERATURKTUDY

As the number of OWTs has increased rapidly in the recent years, the research within the eld has
been intensi ed. This has lead to a discussion of the accuracy of the current design guidelines,
especially in regards to the dynamic properties of an OWT. This discussion will be introduced in
the following section, starting with a brief introduction to the current design guidelines followed by
an investigation of alternatives and improvements.

Current Design Guidelines

Eurocode provides design requirements for OWT®/ind turbines - Part 3: Design requirements

for offshore wind turbinesThe Eurocode covers what has to be investigated when designing OWTs,
but it does not provide speci ¢ procedures and guidelines for designing OWTs. Instead these
guidelines can be found in the current design guidelines provided by DNV-GL group, in order to
help the offshore industry move forward. The organisation publishes guidelines in the form of
standards in the offshore sector, whBxeVGL-ST-0126provides guidelines for OWT's support
structures. The standaRNVGL-ST-0126&peci es how to design an OWT with the necessary
safety margin.

The standard provides recommended methods to investigate the limit states with the following
descriptions according ONVGL-ST-0126

« Ultimate limit state (ULS), corresponds to the maximum load-carrying resistance. Here it
is important to ensure that every part of the structure can withstand the ultimate loads the
structure is designed against.

 Serviceability limit state (SLS), corresponds to tolerance criteria applicable to normal use.
For OWTs it is very important to control how much the foundation will rotate during its
lifetime, to ensure that it is inside what is allowed for the speci ¢ OWT.

» Accidental limit state (ALS), corresponds to maximum load-carrying capacity for accidental
loads or post-accidental integrity for damaged structures.

« Fatigue limit state (FLS), corresponds to failure due to the effect of dynamic loading. Here it
is important to ensure that the structure can withstand etc. the dynamic loads from wind and
waves during its lifetime.

The standard also contains guidelines on how to estimate the loads and load combinations for the
limit state analyses. These guidelines include practices on how to handle metocean-, turbine- and
geotechnical data to obtain a safe design for OWT foundations.

As mentioned before, the standard provides methods to calculate and combine the loads necessary
for investigating the different limit states. Besides this the standard provides recommendations on
how to handle subjects like scour, transportation and installation etc. which are also necessary to
consider when designing the before mentioned limit states. This is because e.g. transportation and
installation impacts the fatigue lifetime of the structure and that scour affects the bearing capacities
and dynamic properties of the system.
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The guidelines and recommendations in the standard are constantly changing as new methods are
developed and documented, including the fact that the OWTs keep increasing in size. This leads
to an evolution of methods for designing modern OWT foundations. As the evolution of design
methods is ongoing, the guidelines are always a few steps behind in their recommendations. This
leads to some guidelines are receiving criticism for being too inaccurate in for example estimating
the dynamic properties of an OWT.

In the following literature study, alternative methods are presented. These alternative methods are
developed as a result of the criticism the standard has received. The key points of the literature
study will be introduced in the following sections based on the divisions and references presented
in Figure 2.1.

Figure 2.1: Divisions and references used in the literature study.

The literature study is divided in the three parts de ned in Figure 2.1 due to the problematic this
thesis is investigating. The main focus of this thesis is to describe the dynamic response of an OWT
structure with a monopile as foundation. To be able to describe this system, the time varying effects
from the reality have to be considered. This is e.g. the interaction between the structure and the soll
and the damping which need to be de ned. Also, an offshore structure is normally designed for a
speci ¢ design lifetime where fatigue is a critical part in uencing this estimation.
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Soil-Structure Interaction

One of the most important subjects to deal with when designing an OWT is the soil-structure
interaction. A review of different approaches for determining the effects of the soil-structure
interaction will be performed in this section. This review is based on the following references:

» Aasenetal., 2016

» API 2A-WSD

e Burd et al., 2017

» Damgaard, Andersen, and Ibsen, 2014
« Kallehave, Byrne, et al., 2015

» Kallehave, Thilsted, and Liingaard, 2012
» Kirsch, Richter, and Coronel, 2014

« Page etal., 2017

* Sgrensen et al., 2017

The suggestions in the previously mentioned current design guideline are based on the use of
p-y curves. Thep-y curves describes the relationship between the soil resistance per meter,
and the horizontal displacement of the monopile at a certain pgiat,a certain depttez, The

lateral displacement is normally referred toyakence the namp-y curve. However, the lateral
displacement is in this report referred toladVhen using thg-y curves, a monopile is modelled

as a number of beam-column elements supported by a number of uncoupled non-linear springs,
following the spring analogy, see Figure 2.2(a), wHeis the lateral load. Each of these springs are
characterised by p-y curve, see Figure 2.2(b). They curves are further described in Chapter 5.

[API 2A-WSD

zZ,w
P X, U g Z3
(&)
g
MWL ®
s 2
Mudline 7 3 7
2
Z3
Displacementuy
(a) Example of the spring analogy. (b) Example ofp-y curves.

Figure 2.2: lllustration of the spring analogy armly curves.

The p-y curves recommended AP 2A-WSDwere originally developed for the oil and gas
industry in the 1970s and partly modi ed in the 1980s. The curves were developed based on a
limited number of full scale tests of exible and long slender piles. The fact that the currently
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recommendegb-y curves were developed for piles with diameters less than a tenth of the diameters
of the modern monopiles makes the application questionable.

A paper by Kallehave, Byrne, et al., 2015 is questioning the accuracy of the current design guidelines.
This paper claims that the current approach signi cantly underestimates the soil-structure stiffness
of monopiles installed in sand especially. This underestimated soil-structure stiffness leads to an
underestimation of the eigenfrequencies, and can be explained by the difference between the pile,
for which thep-y curves are developed, and the monopiles used nowadays. This raises an issue,
because it is on the unsafe side both to under- and overestimate the soil-structure stiffness in most
cases. According to Kallehave, Byrne, et al., 2015, only an exact prediction of the soil-structure
stiffness is on the safe side.

Kallehave, Thilsted, and Liingaard, 2012 has performed a further investigation of the original
p-y formulation in order to increase the accuracy of fihg curves and the estimation of the
soil-structure stiffness of a monopile installed in sand. The paper performs an investigation of the
governing parameters in they formulation byAPI 2A-WSDand concludes that the formulation

can be improved by modifying the small strain stiffness variation with depth and the rate of
stiffness degradation with increasing shear strain. A validation of the mogi-gformulation is
performed based on measurements on operating OWTs. This validation concludes that the modi ed
formulation yields results closer to the measurements compared to the opgiriatmulation.

A paper by Kirsch, Richter, and Coronel, 2014 presents a study equally to Kallehave, Thilsted, and
Liingaard, 2012 which investigate the potential for optimising the origmgiformulation in order

to obtain a better estimate of the soil-structure stiffness. The paper compares the displacements of
an embedded pile obtained from they curves using the original formulation and a 3D numerical
model. This comparison shows that the displacements obtained froptloerrves are on the
unsafe side. To compensate for this, the paper introduces a reduction of the angle of friction in
regards to the diameter of the monopile. This reduction leads to a reduced ultimate soil resistance,
and potentially bigger displacements.

A comparative study performed by Sgrensen et al., 2017 compares the opigifiamulation
presented byAPI 2A-WSDto the modi cations presented by Kallehave, Thilsted, and Liingaard,
2012 and Kirsch, Richter, and Coronel, 2014 amongst others. This paper concludes that the two
modi cations in general yield the same response. Both modi cations yield minor increase of the
eigenfrequency compared to the original formulationABl 2A-WSD but the paper concludes that

the eigenfrequencies are on the low side compared to measurements from operating OWTs.

This concludes the literature study within the topic improvements of the current design approach.
The study has revealed that there is a broad consensus about the fact that the original formulation
of the p-y curves by API, 2014 yields too inaccurate solutions and that there is a need for a new
and better approach. There is however no broad consensus about which approach to choose.

The studies performed by Kallehave, Thilsted, and Liingaard, 2012 and Kirsch, Richter, and Coronel,
2014 are both based on improving the estimation of the soil-structure stiffness by modifying the
existingp-y curves. Both studies modify the existipegy curves by adjusting the initial stiffness,

and by taking the diameter of the monopile into consideration. A comparative study performed
by Sgrensen et al., 2017 compares the original formulation optheurves by API, 2014 to
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the modi ed formulations by Kallehave, Thilsted, and Liingaard, 2012 and Kirsch, Richter, and
Coronel, 2014 amongst others. This comparison shows that modi ed formulations yield realistic
values in terms of the eigenfrequency and displacements. The paper however concludes that the
estimated eigenfrequencies still are too low compared to measured eigenfrequencies. The fact
that thep-y curves underestimate the rst eigenfrequency of OWTs when compared to in-situ
measurements is supported by @stergaard et al., 2019.

When looking apart from modi cations of thp-y curves, a few alternative approaches have
been presented in the recent years. A paper by Aasen et al., 2016 compares three alternative
approaches to the suggested approach in the current design guidelines. The comparison shows that
the currently suggesteaty curve approach is too conservative when it does not include damping.
The comparison introduces an alternative approach called the nonlinear rotational model. This
approach is based on Ilwan, 1967 and considers hysteretic damping. This alternative approach
proves itself better at estimating the fatigue lifetime, and thereby less conservative than the current
suggested approach.

Another alternative to the currently suggested approach is the so called consistent lumped-parameter
model as described by Damgaard, Andersen, and Ibsen, 2014. A lumped-parameter model is
describing an OWT, a monopile and the soil in which the monopile is embedded. Such a model
consists of springs, dashpots and point masses, see Figure 2.3. The paper concludes that the lumped-
parameter model yields a solution with a suf cient accuracy when the model is implemented
correctly.

MWL
Mudline LPM

Figure 2.3: Example of the lumped-parameter model.

A newer paper presents a new formulation by Page et al., 2017. This formulation is based on the
macro-element concept, where the response of the monopile and the surrounding soil is presented
by a force-displacement relation. In this model, the embedded part of the monopile is simply
modelled as a rigid element with an intersection at the top where it is connected to the OWT tower,
and a stiffness matrix de ning the boundary at the bottom. The thoughts behind this new model
is inspired from nite element analysis of soil and foundations, where the response of the soil is
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modelled as a constitutive model which imitates the behaviour of soil. This paper concludes that
the advantage of this new formulation is within the simplicity that is reached by applying various
assumptions which reduces the range where the formulation actually can be applied. More research
and experience using this new formulation is needed before it really can be used.

Finally, a new approach, known as PISA (Pile Soil Analysis), has been introduced as an alternative to
the currently suggested approach. The PISA formulation is an enhancemenpef fbemulation,

that includes a distributed moment along the longitude axis of the monopile, see Figure 2.4. This
distributed moment is induced by the vertical traction that is caused by rotation of the monopile.
The in uence of this distributed moment is increasing when the diameter of a monopile is increasing.
A recent investigation of the PISA formulation compared to a 3D FE model concludes that this
formulation actually yields quite accurate solutions in regards to displacements of an embedded
monopile. [Burd et al., 2017]

MWL

Hc
Mudline

Distributed
lateral load

p(z )

Distributed
moment

m(zy )

Horizontal
forceHg(vs) Base

moment
Mg(f )

Figure 2.4: Example of the concept from the PISA formulation.

Depth

Lateral displacement

y Local cross-section rotation

Mg | Moment applied to the pile at ground surface

Hg | Horizontal force applied to the pile at ground surface
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This concludes the literature study of alternative approaches of modelling soil-structure interaction.
In this study the lumped-parameter model, the macro-element concept and the PISA formulation
have been investigated. Common for the three alternative approaches are that they are based or
supported by nite-element analyses and numerical modelling. Benchmark testing has revealed
that all three methods yield more accurate results compared to the original formulatiorpef the
curves. However, more research is required for all of the methods before they can be incorporated
as a design guideline. [Damgaard, Andersen, and lbsen, 2014; Page et al., 2017; Burd et al., 2017]

Damping

Damping is another phenomena which is highly relevant when designing an OWT. Damping is
de ned as the ability to dissipate energy from a system, which is important as this can have a high
effect on the fatigue lifetime of a structure. The vibrations of an OWT tower are caused by wind and
waves affecting the structure and are usually dominated by the rst mode shape in two directions
e.i. fore-aft and side-side, see Figure 2.5.

MWL MWL
Mudline Mudline

(a) Fore-aft vibration. (b) Side-side vibration.

Figure 2.5: lllustration of the two dominating vibration directions for an OWT tower. Both directions are
illustrated with the rst eigenfrequency.

The amount of damping in a structure is de ned by the damping ratio. The damping ratio is hard
to estimate for an OWT, even when using FE modelling. The design values are thereby normally
compared with measurements from the nished structure to verify the assumed values for damping.
The problem of estimating the damping values has lead to a discussion of different methods of
predicting the damping ratio. The key points of this discussion are introduced in this section, based
on the following references:

+ Aasenetal., 2016

* M. F. Cook and Vandiver, 1982
Devriendt, Jordaens, et al., 2012
Devriendt and Weijtiens, 2015
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» Guerreiro, Kontoe, and Taborda, 2012
* Petersen et al., 2010
e Tarp-Johansen et al., 2009

Normally, damping can be divided in the four main categories hydrodynamic-, aerodynamic-,
structural- and soil damping. Also, damping due to constructive devices can be used if needed in the
form of e.g. a tuned mass damper. The damping in a system from all the contributions together is
called the overall damping and is very dependent on the environmental and operational conditions,
as these can change the individual damping ratios. [Devriendt and Weijtjens, 2015]

Hydrodynamic damping can be divided into viscous hydrodynamic damping and radiation damping.

The viscous hydrodynamic damping is due to the separated ow drag force and the radiation

damping is the loss of energy that appears when the structure is oscillating in the water. The
oscillations create waves which radiate away from the structure and thereby dissipating energy
away from the structure. [M. F. Cook and Vandiver, 1982]

Aerodynamic damping is the contribution to the damping from the wind affecting the structure,
which is supposed to reduce vibrations in the blades and support structure and thereby increase the
fatigue lifetime. A higher effect of damping is obtained with a soft- and light structure. Aerodynamic
damping has found to be extremely important when working with the rst eigenfrequencies.
However, the aerodynamic damping is highly diminished when a WT is parked. [Petersen et al.,
2010]

Structural damping covers steel hysteretic damping which is the loss of energy that appears from
internal dissipation in a steel structure [M. F. Cook and Vandiver, 1982].

Soil damping can be divided in radiation damping and hysteretic damping. Radiation damping
is where energy is dissipated through geometric spreading of the waves propagating through the
soil. Hysteretic damping, which is also known as internal material damping, is where energy is
dissipated through plastic deformations. Radiation damping can be neglected for frequencies below
1 Hz, and is thereby normally neglected when designing OWTs. [Aasen et al., 2016; M. F. Cook
and Vandiver, 1982]

A study by Tarp-Johansen et al., 2009 examines the accuracy of estimating the damping ratios for
the current design guidelines in regards to cross-wind motions. The study concludes that more
damping is available compared to what is assumed in the current design guidelines which means
there is a potential for optimising the design guidelines in regards of damping. It is however hard
to estimate the magnitude of damping, even though some of the damping contributions can be
neglected. Consequently, researchers have investigated the possibility to estimate the damping ratio
with numerical tools. A research performed by Devriendt, Jordaens, et al., 2012 concludes that it is
possible to estimate the damping ratio numerically, but it demands a lot of calibration.

Another approach is to use the shear modulus reduction curves,(@/&d damping ratio curves

(z). Shear modulus reduction and damping ratio curves are empirical curves based on laboratory
tests. Different families of empirical shear modulus and damping ratio curves have been compared
in Guerreiro, Kontoe, and Taborda, 2012 where it was found that the curves developed by Darendeli,
2001 are the most suitable curves for general application in engineering practise. This is due to
these curves, unlike the others, seems to be able to capture all the major effects across the strain
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range, because it is based on a wider range of tests. However, these curves are more suitable for

non-plastic to medium plasticity soil and the use of these outside this eld should be done with
caution.

Finally, a very acknowledge approach to model damping in a material is proposed by Iwan, 1967.
In this approach, damping in a material is modelled as Coulomb friction, which considers damping
in terms of sliding friction. These Coulomb friction elements are governed by the yield stress of the
material and remains locked until the stress level exceeds this yield stress. The principle of this
approach is illustrated in Figure 2.6.

k1 ko ki

Y1 Y2 Yi

Figure 2.6: lllustration of the lwan model [Gandomzadeh et al., 2010, Modi ed].

The approach proposed by lwan, 1967 consists besides the Coulomb friction elements, of simple
linear springs with the spring constadqt According to Gandomzadeh et al., 2010, this approach
can be used to model the hysteresis loop of any material that obeys the Masing Rule which is a
simple tool to predict the appearance of the backbone curve. The backbone curve is explained and
illustrated in Chapter 3 page 23.

This concludes the literature study of the subject damping. The study has revealed that the
damping of an OWT and the supporting structure consists of four damping contributions:
hydrodynamic-, aerodynamic-, structural- and soil damping. Knowledge about all four contributions

is necessary to determine the total damping where the four damping contributions are dependent
on the eigenfrequency. This means that one of the contributions can be crucial around the rst
eigenfrequency where another can be crucial at higher eigenfrequencies. [Petersen et al., 2010;
M. F. Cook and Vandiver, 1982]

The literature study of damping revealed that there is many different approaches for estimating
the damping ratio, and no broad consensus about which approach is the best suited. However, the
damping curves as presented in Devriendt, Jordaens, et al., 2012 are recommeDYBA3Y-RP-
C212and are relatively easy to apply. The damping phenomena is, despite a lot of research, still a
eld which is hard to describe and thereby further research is required. As stated in the beginning
of this section, damping affects the fatigue lifetime of an OWT. This means that as research is being
put into damping of OWTSs, it will be possible to improve the lifetime of the structure.

The damping phenomena is neglected in Stage 2 and Stage 3 where FE models based on Bernoulli-
Euler beam theory are developed. However, the damping phenomena is considered in Stage 4,
where the commercial program Plaxis 3D is used to model the monopile. When dealing with the
selected material models in Plaxis 3D both Rayleigh damping and hysteretic damping is considered.
Hysteretic damping is a phenomena caused by the dynamic properties of soil and is elaborated in
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Chapter 3. Rayleigh damping is not employed until Stage 4 and the theory and implementation of
this in Plaxis 3D are explained in Appendix J.4.

Fatigue

As OWTs are exposed to dynamic loads, the estimation of the fatigue lifetime of an OWT is really
critical and a crucial part of the design.

When designing an OWT in regards to fatigue, an approach using the so called S-N curve and the
Palmgren-Miners rule is often used. The S-N curve is a plot showing the relation between different
stress levels and number of cycles to failure for a given material. These curves are developed based
on laboratory tests on different materials and different joints. Palmgren-Miners rule is a cumulative
damage model which uses the S-N curves to estimate the lifetime of a structure. Today the usage of
S-N curves and Palmgren-Miners rule is a basic concept. However, due to the complexity of an
OWT, S-N curves and Palmgren-Miners rule are still used within this diNYGL-ST-012p

Despite fatigue is an important subject to consider when designing an OWT, it is disregarded in this
thesis. It is disregarded since a study of fatigue would induce a large eld of topics which would
require much time to study. This time is assessed to be better spend on a study of the other subjects
covered in the literature study. If however fatigue was going to be examined, a literature study
could take point of departure in the following references:

» Aasenetal., 2016

* M. F. Cook and Vandiver, 1982

» Petersen etal., 2010

« Zachert, Wichtmann, and Triantafyllidis, 2016

Conclusion

The aim of the literature study performed is to clarify the more important subjects regarding
dynamically loaded OWTSs. These subject are soil-structure interaction, damping and fatigue as
mentioned above. In the rest of this thesis it is chosen to continue with the subject soil-structure
interaction and how it affects the eigenfrequencies of an OWT. As eigenfrequencies are of interest for
dynamic loaded structures it is also investigated which factors affect them. The factors investigated
are the geometric parameters of the structure and the soil which the structure is positioned in.
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3. DYNAMIC PROPERTIES

An initial examination of the governing subjects regarding the dynamic properties of OWTs
supported by monopiles will be introduced in this chapter. The dynamic properties of such a
structure will be covered in the following order. Firstly, the governing dynamic equation of motion
is introduced, followed by a introduction the dynamic behaviour of the OWT itself, with focus on
eigenfrequencies and load frequencies. Then dynamic soil-structure interaction will be introduced
brie y, followed by an introduction to the dynamic properties of soil. Here the more important
parameters, regarding the behaviour of cyclic loaded soil, will be introduced.

Dynamic Equation of Motion

An OWT is a complex system with multiple degrees of freedom (MDOF). The equation of motion
for such a system can be written with the use of Newton's second law, as done in equation (3.1).

[M]f U(t)gZ ffext(t)g f fint(t)g f fdam[{t)g (3-1)
[M] Global mass matrix
fu(t)g Acceleration vector
ffexi(t)g External forces
ffine(t) g Internal forces
ffaamgt)g | Damping forces

Because of the assumptions used in the Simple Model, which are that the material is linear elastic,
the damping is linear and the problem only considers small displacements, the equation of motion
can be rewritten into equation (3.2).

[MIfa(t)g+[Clfu(t)g+[K]fu(t)g= fF(t)g (3.2)

[C] Global damping matrix

K] Global stiffness matrix
fF(t)g | Load vector
fug Displacement vector

fug Velocity vector

To describe what happens if an OWT e.g. is harmonically loaded, it is convenient to simplify the
system into a single degree of freedom system (SDOF). The equation of motion for a SDOF system
is expressed by equation (3.3) for the system illustrated in Figure 3.1.

mi+ cu+ ku= F(t) (3.3)
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u
F(t) = Pcogwit)

Figure 3.1: SDOF system for an OWT with a harmonic varying load.

The solution to the equation of motion given by equatiid1) is provided in Appendix A. The
solution in the appendix implies that the displacemanfrom the system illustrated in Figure 3.1
is equal to the static displacement times a dynamic ampli cation fadta, The dynamic
ampli cation factor is an interesting factor, when looking at the response of a dynamic loaded
system. The dynamic ampli cation factor is given by equat{8mt) [Damkilde, 2017]. This is also
known as the frequency response function, as it states how much the response is ampli ed for a
given load frequency.
v
u

! (3.4)

- u
famp— u o »
P 1 WL Wi

wy | Cyclic load frequency
wy | Cyclic eigenfrequency
z Damping ratio

The dynamic ampli cation factor shows that when the cyclic loading frequemcyapproaches the
cyclic eigenfrequency of the systemy, thenfampwill increase, leading to a larger displacement
of the system. This tendency is illustrated in Figure 3.2.
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Figure 3.2: Example of the frequency response function where the cyclic load frequency is hormalised to
the rst eigenfrequency and a damping ratio of 0.05 is used.
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The rst eigenfrequency of an OWT is thereby of great importance as this frequency has a
corresponding mode shape that causes the turbine tower to vibrate in a fore-aft or side-side
vibration mode as mentioned in Section 2.3, page 13. If this vibration mode is ampli ed a lot,
the fatigue damage caused by this mode would be crucial for the lifetime of a WT. Thereby it is
necessary to estimate the rst eigenfrequency of the OWT, and model it so that it does not go into
resonance with the loading frequency, meaning thaits equal tow,. which causes resonance. The
different mode shapes of an OWT are illustrated later in the report in Section 4.1.2 page 35.

Offshore Wind Turbines

The governing dynamic interactions for OWTs are generated by the dynamic loads caused by wind,
waves and rotor excitations, see Figure 3.3.

Rotor excitation
fip and fgp

Wind

Wave loads

Figure 3.3: lllustration of OWT and dynamic loads [Kallehave, Byrne, et al., 2015, Modi ed].

Based on the governing dynamic equation and the ampli cation of the response, as the load and
eigenfrequencies become close to each other, the load frequency ranges of these interactions have
to be taken into account when designing OWTs. As mentioned earlier, the rst mode shape is
of great importance, as it should be outside the frequency range of the dynamic loads in order
to avoid resonance. This means that OWTSs typically are designed as soft-stiff structures. The
characterisation of a soft-stiff OWT is that the rst eigenfrequergyjs located between the two
excitation frequenciedyp and fzp, caused by the OWT's rotofsp is the rotational frequency of

the rotor, which is caused by motor imbalance d#dis the blade-passing frequency, that occurs

due to the aerodynamic impulse loads happening as the blades pass the tower. The typical frequency
ranges for rotor excitatiorfyp and fzp, for an OWT are illustrated in Figure 3.4. [Kallehave, Byrne,

et al., 2015]
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Figure 3.4: Typical excitation ranges for a modern OWT [Kallehave, Byrne, et al., 2015, Modi ed].

In Figure 3.4 the spectral density of the wind frequency is shown as a Kaimal spectrum together
with three different JONSWAP wave spectra [DNV GL group, 2018]. The wave spectra differ
from each other, by being generated from different wind speeds. Looking at spectra for wind and
waves, it becomes clear why the structure is designed to have the rst eigenfrequency in between
the rotational frequency of the rotor and the blade-passing frequency. This places the frequency
range for the rst mode shapé;, outside the critical wind and wave spectra, e.i. the rst mode
shape will resonate with the waves caused by lower wind speeds and not the waves with the highest
spectral density. This is illustrated in Figure 3.4, where the typical range for the rst eigenfrequency
is the soft-stiff range, which is placed well outside of the waves with a high spectral density.

Alternatively, OWTSs can also be designed as soft-soft or stiff-stiff structures. Soft-soft means that
the rst eigenfrequency of the structure is in between the wind and wave spectra, where stiff-stiff
indicates that the frequency range fipris located above the blade-passing frequefgy Both

the soft-soft and stiff-stiff frequency ranges flarare illustrated in Figure 3.4. [Kallehave, Byrne,
etal., 2015]

The excitation frequenciefgp and fsp are different for OWTs as they are determined by the rotation
speed range for the individual turbines. There is however a tendency in the change in excitation
frequency ranges as the turbines become larger and larger. Table 3.1 indicates how the excitation
frequency ranges decrease as the turbines become larger.

Table 3.1: Development in excitation ranges as the OWTs increase in size [Desmond et al., 2016; Arany,
Bhattachary, and Macdonald, 2010].

. flp f3p Effect
Turbine Hz] [Hz] MW]
Vestas V66 0.17 - 0.4 051 - 1.2 2
Vestas V90 0.14 - 0.3 042 - 0.9 3
Siemens SWT-3.6-107 0.082 - 0.22 0.246 - 0.66 3.6
Avera M5000 0.075 - 0.248 0.225 - 0.744 5
Siemens SWT-6.0-154 0.083 - 0.187 0.249 - 0.561 6
Vestas V164 0.08 - 0.2 024 - 0.6 8

DTU 0.1 - 0.158 03 - 0474 10
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The eigenfrequencies of an OWT supported by a monopile depends on the stiffness of the structure,
the size and location of masses and the stiffness of the soil stabilising the structure. The importance
of these parameters are investigated in Chapter 4, with a simple dynamic model.

Soil-Structure Interaction

A big part of how the structure will behave and respond to loads is depending on the soil-structure
interaction. If the characteristics of the soil surrounding the foundation vary as the structure is
affected by loading over time, it will change how the structure responds to future loading. These
changes could affect the eigenfrequencies of the system. Here it is important to determine how the
characteristics of the soil surrounding the structure change as the number of load cycles increases.
This is to make sure the critical eigenfrequencies do not change over time and end up interfering
with the critical loading frequencies from wind, waves and rotor excitations.

The dynamic lateral loads affecting OWTs are transferred from the OWT through the monopile and
into the soil by bending actions [Abhinav and Saha, 2015]. If these loads are in the elastic region
of the sail, there will be no change over time in the system, meaning that the eigenfrequencies
stays the same over time. However, if the loading is large enough to yield plastic straining in the
soil, the shear stiffness of the soil will degrade over time, resulting in a change in the system's
eigenfrequency. This degradation of shear stiffness will be introduced in Section 3.4. Modelling
of this soil-structure interaction is very complex, and to understand what lies behind the different
theories accounting for soil-structure interaction, e.g.pyecurves as mentioned in the literature
study Section 2.2, thp-y curves are further examined in Chapter 5. Some basic topics of soil
dynamics are covered in the following section €53:Gmax and damping curves, as these topics are
related to the change of dynamic properties for OWTs over their lifetime.

Dynamic Properties of Soil

The way soil responds to dynamic- and cyclic loading depends strongly on the mechanical properties
of the soil. These properties are e.g. shear modulus, damping ratio, Poisson's ratio and the density.

The dynamic response of soil, as loads are transferred from the structure to the soil, is seen as
different waves propagating through the soil domain surrounding the monopile. When measuring
the response in the soil, three types of waves are usually encountered. These three wave types
are P-waves, S-waves and Rayleigh waves. The primary- and secondary-waves (P- and S-waves)
are propagating over a volume, whereas the Rayleigh waves travel on a half-space e.g. a surface.
Figure 3.5(a) illustrates how the P- and S-waves spread over the volume, and Figure 3.5(b) illustrates
that Rayleigh waves, which are bound to a surface, propagate like rings in water. [Andersen, 2016]
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Point source Point source

(a) Volumetric spread of P- and S-waves. (b) Rayleigh waves spreading on a surface.

Figure 3.5: Wave propagation for the different wave types [Andersen, 2016, Modi ed].

P-waves are often referred to as compression or dilation waves, and cause particle movement in
the same direction as the waves are propagating. The S-waves move exactly in the same direction
as the P-waves, but instead they cause particles to move in a direction perpendicular to the wave,
which is why they are also referred to as shear waves. [Andersen, 2016]

The constitutive relationship for soil is normally categorised into two categories, which are perfectly
elastic and plastic soil behaviour. When dealing with extremely small strain levels in soil it can be
assumed to behave perfectly elastic, meaning that everything is fully recoverable. At larger strains
the stiffness of soil decreases and the soil has to be treated plastic. [Jia, 2018]

When considering static loads, e.g. gravity loads, the material is often considered perfect-elastic
for both sand and clay. However, for e.g. ocean storm wave-induced loads, the cyclic behaviour
requires a more complex material model. The stress-strain relation is considered using an elasto-
plastic where the strength of the soil is non-linear and depends on the strain, stress and possible the
strain rate.

The most important parameters when considering dynamics of soil are the shear mGdahcs,

the damping. The shear modulus is a stiffness parameter and describes the response to shear of a
material. The determination of the shear modulus is normally well established, where modelling of
soil damping is less clearly understood as it was found in the literature study. It is however well
known that both parameters depends on e.g. the effective stress, the over-consolidation ratio, strain
level, void ratio and plasticity index. The change in shear modulus and dampingratiben soil

is cyclic loaded will be described in the following sections.

Shear Modulus

The shear modulus for clean sand is mostly affected by the shear strain amplitude, effective stress
level and void ratio. For clay it has been shown that when increasing the number of loading cycles,
the shear modulus will decrease and the associated pore pressure will increase. The shear modulus
for clay is also in uenced by the over-consolidation ratio and the plasticity index. [Jia, 2018]

Figure 3.6 shows how the shear stresseand shear straing, behave during one load cycle in a
hysteresis loop. As seen in Figure 3.6 the tangential shear mo@liaschanges during the entire
hysteresis loop. The shear modulus is thereby often referred to as the secant shear 1Gggulus,

for a hysteresis loop. The secant shear modulus decreases when the strain increases as the soil is
loaded over time.
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Figure 3.6: Secant shear modulus and tangent shear modulus in a hysteresis loop [Jia, 2018, Modi ed].

As the number of cycles and strain amplitudes increases, the secant shear modulus decreases as
illustrated in Figure 3.7. It can be seen that tting a curve to the tips of the cyclic hysteresis loops

will result in a curve with the shape of a backbone (the blue curve in Figure 3.7) called the shear
modulus reduction curve. Looking at the shear modulus reduction curve it can easily be seen that
when the shear strain is equal to zero the secant shear modulus is at its largest, and that the secant
shear modulus will decrease as the shear strain increases.
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Figure 3.7: Principle sketch showing the variation of the secant shear modulus as the soil is cyclic loaded
(a1 = rstcycle and so on).

The shear modulus reduction curve which is also illustrated in Figure 3.8, is usually normalised
according to the maximum shear modulGg,ax.
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Gmax

Gsed @9

Figure 3.8: Shear modulus reduction curve, illustratiBg,.x andGsec [Jia, 2018, Modi ed].

The normalised shear modulus reduction curve can be seen in Figure 3.9 and is often referred to as
the G=Gnax curve, which is also mentioned in the literature study for damping in Section 2.3.

G=Gmax

Gsec(g() =Gmax

&P log(g)

Figure 3.9: Normalised shear modulus reduction curve [Jia, 2018, Modi ed].

It has to be mentioned that the curves illustrated in Figure 3.8 and 3.9 are hypoelastic as unloading
on these graphs will follow the loading curve. This shows that these models do not account for
the hysteretic behaviour illustrated in Figure 3.6 and 3.7. Unloading does not follow the loading
curve, as the secant shear modulus is degraded. This is because the degradation is caused by plastic
deformations in the soil, which will leave a new unloading curve every time the stiffness of the soil

is degraded. [Jia, 2018]

The theoretical way of calculating the maximum shear mod@gs,, is done by subjecting soil
to a strain smaller thaB 10 © and then measuring the shear wave veloeiyand inserting the
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values into equation (3.5). [Jia, 2018]
Gmax=T V§ (3.5)
The shear wave velocity can be estimated from various test methods. These test methods will

however not be covered here. Alternatively, it can be expressed in terms of the shear m@dulus,
and the density of the soil,, see equation (3.6) and (3.7).

S

Vo= r§ (3.6)
g

p =9 3.7
: (3.7)

g | Unit weight of soil
g | Gravitational acceleration

Damping

According to Jia, 2018 the work done by conservative forces, e.g. elastic-, inertia- and gravitational
forces in a complete loading cycle will be equal to zero and thereby the energy dissipation happens
due to damping alone. Figure 3.10 shows the energy that is dissipated in one hysteresigcycle,
and the total strain energy stored in one cyBlg;s (maximum strain energy).

t
Gsed @9

tO

Eq: Dissipated Energy

Etota: Maximum Strain Energy

Figure 3.10: Dissipated energ¥y, per cycle and the maximum strain enemgya, during one cycle in a
hysteresis loop [Jia, 2018, Modi ed].

The equivalent damping ratiaeq, can then be determined as a ratio between the maximum strain
energy,Eqtal, and the dissipated enerdsy, by equation(3.8). HereAqop is the area inside the
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hysteresis loop shown in Figure 3.10. [Jia, 2018]

7. = Ed — i AIoop
o 4p Etotal 2p Gse&g()g@'

(3.8)

This means that the behaviour of a hysteresis loop can describe both the damping ratio and the
shear modulus of the soil. These properties are both related to the level of glraaysed by

loading over time. The relation is illustrated in Figure 3.11, where the normalised shear reduction
curve and the damping ratio curve are plotted. It is seen here that the shear modulus is reduced as
the shear strain is increased, where the damping ratio is increasing with the shear strain. Figure 3.11
also illustrates the part of the curves that are in the elastic range, which is the range with very small
strains and where the maximum shear modulus can be estimated with equation (3.5).

1 25%
Zeq - CUI’VG

G:Gmax - curve
Very small strains

Small strains Large strains

G=Gmax Zeq

Predominantly linear
Non-linear

0 0%
log(g) ’

Figure 3.11: Relation between the normalised shear reduction curve and the damping ratio. The curves are
illustrated to show the principle of the relation between them, and the values on the axes are
from [Jia, 2018, Modi ed].

There is much more to this subject which is not covered here, as the point of this chapter is just to
enlighten the reader about the main subjects that has to be taken into consideration when analysing
the dynamic properties of an OWT.

Conclusion

This concludes a brief introduction to some of the important subjects regarding the dynamic
properties of an OWT. The introduction is the basis for the following chapters, where the subjects
will be reintroduced and elaborated. Initially, the knowledge acquired during this rst part of
the project, will be used to develop a simple dynamic model, which is capable of calculating
eigenfrequencies of the system and to determine the importance of the parameters described in
Section 3.2.




In this stage, a simple 1D FE model of an OWT is developed, to analyse the in uence
on the system's rst eigenfrequency from the different input parameters and obtain
knowledge for these. The set up of the model is described with the basic knowledge
for this purpose. After, a parameter variation is performed, where the individual
parameter's in uence on the eigenfrequency is determined and the different parameter's
in uence is compared to each other, in order to determine which input parameters are
the most sensitive.

4 Simple Dynamic Model ..............
4.1 Set up of Model
4.2 Parameter Variations
4.3 Closure
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4., SIMPLEDYNAMIC MODEL

In this chapter a simple 1D nite element model (FE model) is used to investigate the dynamic
properties of a very simpli ed OWT structure. It is simpli ed into being a xed stick with a mass

on the top. No damping is included, only stiffnesses and masses are considered. The model will
be used to investigate the changes in the rst eigenfrequency of the structure, as input parameters
are changed, e.g. tower diameter, height or mass on top of the stick. The model in Stage 2 is the
OWT structure from mudline and up, see Figure 4.1 where the part of the OWT considered in
Stage 2 is illustrated. It should be noted that the effects from the water and soil are neglected in the
Simple Model. All parametric variations are performed on a simpli ed system where the bottom

is 100 % xed. This means that the model is restricted against bending and horizontal movement
at the mudline. This is however not a re ection of the real behaviour of an OWT. To capture the
real behaviour of an OWT, a modi ed support at the bottom of the OWT tower is examined. This
modi ed support will be introduced later.

Blade
Hub
Nacelle
Stage 2 model
h Tower

Transition piece

MWL
Model cut

Mudline
Monopile

Figure 4.1: lllustration of an OWT, to specify what the Simple Model covers.

Eigenfrequencies are used as reference, for observing changes in dynamic properties of the system,
as the input parameters to the model are varied. This is due to the fact that OWTs are dynamic
loaded structures, and when a structure is dynamic loaded the eigenfrequencies of a system are of
great importance, as explained in Section 3.2.
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For an undamped system the equation of motion can be rewritten into eq(#aid[R. D. Cook
etal., 2002].

[K] w?[M] fDg = fDgg (4.1)

K] Global stiffness matrix

w Cyclic eigenfrequency

[M] Global mass matrix

fDg | Nodal amplitude vector

fDgg | Static equilibrium displacement vector

The nodal amplitudest Dg, varies sinusoidally with time relative to the static equilibrium
displacements by time independent lodd3s:g. If time independent loads are zero, tHdDg is
equal tof 0g, which reduces the equation of motion to equation (4.2).

[K] w?[M] fDg= foOg (4.2)

The nodal amplitude vectorf,Dg, represents the system's excursions from an unstressed
con guration. The cyclic eigenfrequenciesy, are independent of the static equilibrium
displacementsf Dgg, and a physical interpretation of the vibrations caused by the cyclic
eigenfrequenciesy, and their corresponding mode shapes is expressed by eq(#a8driR. D.
Cook et al., 2002]

[K]fDg = w?[M]f Dg (4.3)

This results in a vibration mode which is a con guration where the elastic resistances are balanced
by the inertia loads.

The above described equations are the governing equations for the Simple Model. The model is
developed in order to be able to estimate eigenfrequencies for a simple system. The set up of the
model is described in the following section.

Set up of Model

A 1D FE model is developed in MATLAB and the set up of the model is described in this section.
The model is as mentioned earlier a structure, consisting of an OWT installed on a transition piece
resting on a monopile, which is simpli ed into a mass on top of a xed stick as illustrated in
Figure 4.2.

In this chapter coordinate system references are referred t6 #ralz-directions illustrated in

Figure 4.2. The blue ball on top of the stick represents the mass of the OWT's hub, nacelle and
blades shown in Figure 4.1. The mass is placed at a height equal to the distance from the mudline to
the hub of the analysed OWT. A DTU 10 MW WT is used as reference for dimensions and weights
of the OWT structure in the following analysis [Desmond et al., 2016]. The DTU 10 MW WT

is an onshore WT, but as the purpose of the model is only to investigate how changing different
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X

Figure 4.2: lllustration of the simple 1D model.

parameters in uences the rst eigenfrequency of the system, the data available for the turbine
can still be used for this purpose even though it is not an OWT. The height of the structure is
the sum of the WT, the height of the transition piece from mean water lever and up, which is
assumed to be 27 m and the water depth assumed to be 15 m. It is assumed the cross section of the
transition peace and the monopile is identical to the cross section the WT. The structure is modelled
with Bernoulli-Euler beam elements with two degrees of freedom per node, see Figure 4.3. This
representation is chosen for the model, as it is suf cient to describe the system by two degrees of
freedom per node. Also, this representation is suited for further analyses performed in Stage 3
where the soil-structure stiffness is implemented usingotliyeeurves The cross section of the beam
elements is illustrated in Figure 4.4, whetés the tower diameter artds the tower wall thickness.

t

01 02 d

Uz uz
L

Figure 4.3: lllustration of a Bernoulli-Euler beam  Figure 4.4: Cross section of the beam elements.
element with two degrees of freedom
per node.

To present how the model is set up, the following subjects are covered in this section.

A description of the FE calculation.

« A convergence analysis to determine the necessary number of elements needed to perform
further analyses.

» A description of how the model simulates a certain percentage of xation.

« A presentation of the nal model used for the following parametric variations.
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4.1.1 FE Calculation

To illustrate which steps the calculation goes through, a simple owchart is presented. The chart
covers the main subjects of the calculation step by step. Some of the steps will be elaborated further
after the chart.

to create a topology for the model and determine stiffness-

1. De ne input:
and mass matrices.

The rst step is to de ne the input for the model, to be able
ht,d, E, r, m nge

! The topography is generated using the height of the

2. Generation of structure and the number of elements. This is done in
FE topography order to set up node coordinates and de ne the elements in
the FE model.

The degrees of freedom (DOFs) which are restricted from
movement are de ned. For a xed support this is the two

3. De ne boundary
in the bottom nodexg andq;).

conditions

. The local stiffness- and mass matrices are calculated for
4. Assembly of the global< each element, transforming them to the global coordinate

stiffness- and mass matri system and assemble them into the global stiffness- and
mass matrix.

! As the previous step of assembling the mass matrix only

5. Lumping in extra includes the tower weight, a mass is lumped in at the top
mass at top node node, which is equal to the weight of the nacelle, hub and
the blades.

Solve [K] w?[M] fDg = f0g for all w? which are the
squared cyclic eigenfrequencies with the unit (radés)d

6. Solving the
their corresponding mode shagdd3g.

eigenvalue problem

The last step in the calculation collects all squared cyclic
eigenfrequenciesy?, and sort them from lowest to highest.
The squared cyclic eigenfrequencieg, are converted
into eigenfrequencied,, with the unit Hz.

7. Obtaining
eigenfrequencies
and mode shapes

1. As mentioned the DTU 10 MW WT is used as reference for dimensions and masses of
the OWT. These dimensions are listed in Section 4.2. The DTU 10 MW WT tower has an
inclination and also varying steel thickness. In this simpli ed FE model the average diameter,
d, and thicknesd, are used.
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The variablengie, de nes how many beam elements are used in the FE model to model the
OWT structure.

The rest of the input parameters are the structure hdighfung's modulus for the steel,

E, density of the steel,, and the mass on top of the turbime, This mass represents the
weight of the nacelle, blades and hub.

4. To calculate the global stiffness matripK], the local stiffness matricegk], has to be
determined. These are calculated with equatid) for each element wherd] is the
strain interpolation matrix anfD] is the stress-strain relation, also known as the constitutive

relation.
z

[k]= V[B]T[D][B] dv (4.4)

The same goes for the global mass matifiA], where the local mass matricdg)], are
calculated with equation (4.5) whejid] is the shape function matrix.
VA
[ml=  r[N]"[N]dV (4.5)
Y

A more detailed description of what goes into equaiié®) and (4.5) can be found in
Appendix B.

5. The combined mass of the nacelle, hub and the three blades is inserted into the global mass
matrix, [M], at the position of the top node in tledirection.

6. The eigenvalue problem is solved by equat{dr6), to obtain the non-trivial solution to
equation (4.2).

det [K] w?[M] =0 (4.6)

In this step the boundary conditions of the system have to be taken into consideration. This is
done by removing the rows and columns in the global stiffn¢kg;,and mass matri{M],
connected to the degrees of freedom that are restricted to movement.

This results in a number of squared eigenfrequenuiésalso know as eigenvalues, equal to

the number of degrees of freedom in the 1D FE model.

7. The eigenvaluesw?, are put into equatior(4.2) to obtain the mode shape$Dg,
corresponding to the eigenvalues. The eigenfrequendjgsare calculated from the
eigenvalues by equation (4.7).

P
2
The simple 1D FE model of an OWT structure described above has to be further calibrated in order
to determine the important eigenfrequencies with a satisfactory precision. This calibration is done
by performing a convergence analysis in regards to the number of elements necessary to obtain
convergence in the eigenfrequencies.

o= (4.7)
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Convergence Analysis

A convergence analysis is performed for the rst four eigenfrequenéigbroughf,, as the higher

the eigenfrequencies become, the less they interfere with the dominant dynamic loading frequencies.
An illustration of these load frequencies was seen in Figure 3.4 page 20. The input parameters
used in the model for the convergence analysis is based on the DTU 10 MW WT and are listed in
Table 4.1.

Table 4.1: Data for the analysed structure based on the DTU 10 MW WT [Desmond et al., 2016].

Parameter Symbol Unit DTU 10 MW WT value
Structure height h m 161
Structure diameter d m 6.9
Structure wall thickness t m 0.03
Mass at top (hub, nacelle, bladesin ton 593.27
Young's modulus E Pa 21 104
. k
Structure steel density r ﬁg 7850

The convergence analysis is performed by executing the FE calculation described in Section 4.1.1.
The variable in the calculation is the number of beam elemeats,used to model the OWT
structure. The number of elements is varied from 2 to 12 elements, and the result of the analysis is
shown in Figure 4.5.

15
—— Mode shape 1
1.4+ —— Mode shape 2

o Mode shape 3
5 13} —— Mode shape 4
5 » Convergence
g 12|

..I_!z 11

1

2 3 4 5 6 7 8 9 10 11 12
Number of elements)eje [-]

Figure 4.5: Convergence analysis of eigenfrequencies compared to number of elements. The blue
dot represents the number of elements needed to obtain convergence for the rst four
eigenfrequencies. The eigenfrequencigsare normalised according to the eigenfrequencies
calculated for the different modes with 50 elements.

From Figure 4.5 it can be seen that the rst four mode shapes converge when 10 beam elements are
used in the 1D FE model. An illustration of the rst four mode shapes corresponding to the rst
four eigenfrequencied;,, can be seen in Figure 4.6.
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(a) Mode 1:f, = 1. (b) Mode 2: f, =9.8. (c)Mode 3: f,=30.4. (d) Mode 4:f,=62.6.

Figure 4.6: Stick with a mass, and the rst four mode shapes for the model with their corresponding
normalised eigenfrequencies. The normalised eigenfrequerigiese normalised according to
the rst eigenfrequency.

When observing the different mode shapes it becomes clear why mode 1, seen in Figure 4.6(a),
converges right away. This shape can be described with one Bernoulli-Euler beam element. The
opposite goes for mode 4, seen on Figure 4.6(d), where more elements are needed as the mode
crosses the static equilibrium state three times. The convergence analysis concludes that it is
necessary to use 10 elements in order to obtain a satisfactory accuracy. Therefor, 10 elements are
used in the remaining analysis in this chapter.

4.1.3 Modelling of the Modi ed Support

The model of a stick with a mass at the top, as described in Section 4.1, is developed based on
a xed support at the bottom, see Figure 4.7(a). However, this model does not capture the real
behaviour of an OWT, because it assumes that the OWT structure is xed at the mudline and that
the monopile below mudline is restrained against movement in the horizontal plane. A modi ed
model is therefore developed, see Figure 4.7(b), where the support at the bottom consists of a
horizontal stiffnesy, allowing horizontal movement, and a rotational stiffnlegg replicating the
behaviour at the mudline. The modi ed model is, equal to the Simple Model, restrained against
movements in the axial direction, as these movements are assumed to be neglectable.

(a) Simple Model. (b) Modi ed model.

Figure 4.7: lllustration of the two models of a stick with a mass at the top.
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If the values of the rotational and horizontal stiffness goes to in nity, model a and b from Figure 4.7
will behave equally. Instead of using in nity as the value for the two stiffnesses to make the model
from Figure 4.7(b) behave as the model from Figure 4.7(a), they are assigned values that will give a
precision of 0.01 Hz on the rst eigenfrequency of both models. This value will be interpreted to
be the stiffness necessary to make the modi ed model behave like the xed model.

In the parametric variation section the horizontal and the rotational stiffness will both be varied in a
range from zero to values of the chosen xation with a precision of the mentioned 0.01 Hz, to see
the effect of these combinations on the rst eigenfrequency.

Final Simple 1D FE Model

The nal model for performing parametric variations is a 1D FE model constructed of 10 Bernoulli-
Euler beam elements. The bottom node is xed in the restricted movement in any direction but
the model has the option to change the rate of horizontal- and rotational xation in the range from
0-100 %. Also, the model has a lumped mass in the top node to represent the mass of the nacelle,
blades and the hub from an OWT. The nal model, with a xed support s illustrated in Figure 4.8.

Figure 4.8: Final model used for the following parametric analyses.

Parameter Variations

A parameter analysis is performed for the model input. Here reference values are taken from
the DTU 10 MW WT. The values for this WT and the ranges which will be used in the
parameter analysis are listed in Table 4.2. The analyse will be performed with respect to the rst
eigenfrequency, i.e. how a change of the individual parameters will affect the rst eigenfrequency.

It has to be stated that some individual parameters will in uence other parameters when varied, e.g.
when the diameter is increased, the mass of the tower is also increased as the cross-sectional area
of the steel is increased.

The mass and the geometric parameters (height, diameter and thickness) are investigated in a
range of 10 %. Larger variations of dimensions for OWTs are possible compared to the material
parameters which are prede ned for the materials. The material parameters are, contrarily to the
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Table 4.2: Data for the analysed structure based on the DTU 10 MW WT from Desmond et al., 2016 and
the ranges used in the parameter variations.

Parameter Symbol Unit DTU 10 MW value Minimum Maximum
Structure height h m 161 90 % 110 %
Structure diameter d m 6.9 90 % 110 %
Structure wall thickness t m 0.03 90 % 110 %
Mass at top (hub, nacelle, bladesin ton 593.27 90 % 110 %
Young's modulus E Pa 21 101 95 % 105 %
. k
Structure steel density r ﬁg 7850 95 % 105 %

mass and geometric parameters, well known parameters. The ranges for these parameters are
therefor reduced to a range ob % to account for uncertainties in the material and to analyse the
in uence of these.

Parametric variations are performed for all six variables listed in Table 4.2 including an extra
variation of the horizontal- and rotational stiffneksandkq; respectively.

The parametric variations presented in the Section 4.2.1 to 4.2.7 show the effect a change in an
individual parameter has on the rst eigenfrequency of the system. The tendencies illustrated in
those sections are commented on with words to explain why it behaves as it does. To nish up the
parametric variations a more theoretical explanation of the tendencies can be found in Section 4.2.8,
where the model is simpli ed into a SDOF system.

Structure Height

The rst parametric variation is performed to estimate how a change in the structure height is
affecting the rst eigenfrequency. The result of this analysis can be seen in Figure 4.9.
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Figure 4.9: Eigenfrequency depending on the height. Both axes are normalised with respect to the value
from the DTU 10 MW WT.
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It is seen that when the height of the OWT structure is increased the eigenfrequency decreases.
This pattern is expected as the overall structure becomes less stiff, wherhthatio is decreased.

As the structure becomes less stiff, the oscillations of the structure will be larger and thereby
one oscillation takes a longer period of time, resulting in a lower eigenfrequency. The legend in
Figure 4.9 contains information about the elasticity of the varied parameter i.e. the height. The
elasticity is calculated as the average elasticity for three different ranges illustrated in the gure
by the red, black and purple line, see Appendix C for a deeper elaboration on how the elasticity is
calculated. Varying the height has a great in uence on the rst eigenfrequency as the elasticity is
above 1. This means that changing the height by 1 % will cause a change in the eigenfrequency
which is larger than 1 %. The elasticities are determined for each parametric variation and they are
commented on in Section 4.3.

Structure Diameter

The second parametric variation is performed to estimate how a change of the diameter affects the
rst eigenfrequency. The result of the analysis can be seen in Figure 4.10.
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Figure 4.10: Eigenfrequency depending on the diameter of the structure. Both axes are normalised with
respect to the value from the DTU 10 MW WT.

As the diameter is increasing, the moment of inertia is enlarged and the structure becomes stiffer.
This causes the opposite reaction of what is described in Section 4.2.1 for the structure height, and
the pattern illustrated in Figure 4.10 is thereby as expected.

Structure Thickness

The third parametric variation is performed on the thickness of the structure in regards to the rst
eigenfrequency. This analysis can be seen in Figure 4.11.

Increasing the tower steel thickness results in a larger moment of inertia, and like before the
structure becomes stiffer. The increased stiffness causes smaller oscillations when the structure is
vibrating in the rst mode shape, which raises the number of oscillations over a period and thereby
the eigenfrequency.
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Figure 4.11: Eigenfrequency depending on the thickness of the structure. Both axes are normalised with
respect to the value from the DTU 10 MW WT.

Lumped Mass

The fourth parametric variation is performed on the lumped mass in regards to the rst
eigenfrequency. The lumped mass involves both the mass of the nacelle, the hub and the blades.
The result of this analysis can be seen in Figure 4.12.
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Figure 4.12: Eigenfrequency depending on the mass at the top. Both axes are normalised with respect to the
value from the DTU 10 MW WT.

As the mass is increasing the rst eigenfrequency is reduced, which can be seen in Figure 4.12.
This is due to the fact that a larger mass has to be accelerated. This has to ful | Newton's second
law that statesForce= Mass Acceleratiofi. Thereby a higher mass will cause a longer time for

one oscillation and the rst eigenfrequency will be lower.
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Young's Modulus of Steel

The fth parametric variation is performed on Young's modulus of steel in regards to the rst
eigenfrequency. The results of this analysis can be seen in Figure 4.13.
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Figure 4.13: Eigenfrequency depending on Young's modulus. Xfais is normalised for the standard
value of Young's modulus and theaxis for the calculated eigenfrequency with the standard
value.

From Figure 4.13 it can be seen that the eigenfrequency is increased when Young's modulus is
increased. This corresponds with that the stiffness of the structures material is de ned by Young's
modulus and an increase of this parameter results in a more stiff structure which increases the
eigenfrequency.

Density of Steel

The sixth parametric variation is performed to estimate how a change in the density of the tower
material affects the rst eigenfrequency. The results of this analysis can be seen in Figure 4.14.
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Figure 4.14: Eigenfrequency depending on the density. X¥axis is normalised for the standard value of
steels density and theaxis for the calculated eigenfrequency with the standard value.
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From Figure 4.14 it can be seen that the density has a small in uence on the rst eigenfrequency.
The eigenfrequency is affected at the third decimal and is thereby assumed to be so small the
change is insigni cant. The value of the eigenfrequency is expected to decrease as the density is
increased. The tendency can be explained by a larger mass has to be accelerated which causes
lower eigenfrequencies. This is the same tendency as for the parametric variation of the mass at the
top of the OWT, which was seen in Figure 4.12.

Ratio of Fixation for the Modi ed Support

Finally, an analysis of the ratio of xation is performed. This is done in order to estimate the
in uence of the xation at the bottom of the OWT structure. The analysis can be seen in Figure 4.15.
Here an analysis of both xations are performed individually, where for the analysis in Figure 4.15(a)
rotational movement is restricted and for the analysis in Figure 4.15(b) horizontal movement is
restricted.
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ratio of xation in the horizontal direction. ratio of xation in the rotational direction.

Figure 4.15: Results from varying the two ratios of xation individually.

The in uence from the rate of xation in horizontal and rotational direction can be seen in

Figure 4.15. Here it is observed that at 50-60 % xation for either the horizontal or rotational
direction, the eigenfrequency is close to the nal frequency of the system with a xation of 100 %.
Figure 4.15 illustrates the in uence of each of the two xations individually. However, in the real

world both of these xations are present. To illustrate the combined effects of the two xations on
the eigenfrequency, a surface plot is computed, see Figure 4.16.
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Figure 4.16: Surface plot of the eigenfrequency depending on both varied stiffnesses in the bottom node.
The eigenfrequency is hormalised with respect to the value when both stiffnesses are at 100 %.

Figure 4.16 shows how necessary it is to model the soil-structure interaction for monopiles, because
it in uences the rate of xation at the bottom of the OWT e.q. if the soil-structure stiffness is very
low, it will allow for a greater horizontal movement at the mudline, compared to if the soil-structure
stiffness was very high. The rate of xation is a crucial information that has to be known if the real
eigenfrequencies are to be obtained through a FE model. The incorporation of the soil-structure
interaction into the model is covered in Stage 3.

Simpli ed SDOF System

In this section, the tendencies derived from the parameter variation performed in Section 4.2 are
veri ed. This veri cation is done by computing an equation for the rst eigenfrequency of a SDOF
system. In Appendix D.1 an equation to estimate the eigenfrequency of a SDOF system is derived.
The system represents a xed cantilever beam with a distributed mass and a point mass at the end,
see Figure 4.17.

El; r g

h

Figure 4.17: Cantilever beam with a point mass at the end.

This system is comparable to the earlier presented parametric variations. It should be mentioned
the solution is an approximation and not an exact solution. The fundamental frequency for the

simpli ed system can be estimated by equation (4.8).
S
1 3EI

2p  (0:2235hrp (dt t2)+ m)h3

(4.8)

f
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The rst eigenfrequency of the system
Young's modulus for the tower material
Area moment of inertia of the tower
Point mass (hub, nacelle and blades)
Density

The height of the turbine tower

S-S 3 - me

The area moment of inertia for a tube is given by equaf#f)wherer, andr; are the inner and
outer radius of the turbine tower. This can be rewritten to equétidi®), which is explained in
Appendix D.2.

P
uzérf (4.9)
- P 4

=g 4 (d 21 (4.10)

By substitutingl from equation(4.10) into equation(4.8), an equation including all of the
parameters from the parametric variations is obtained, see equation (4.11).

V
u
1B 3E & d* (d 2p)*

f 2p  (0:22350rp (dt t2)+ m)h3

(4.11)

The equation is used to determine how the eigenfrequency is in uenced by changes of different
parameters. For doing this, each parameter is increased individually and the tendency of the
response is obtained, see Table 4.3. From here it is seen the only parameters, which are negative
correlated, is the height, the mass at top and the density of the tower material.

Table 4.3: Expected behaviour of parametric variations according to a simple SDOF system.

Variable increased Symbol Change in eigenfrequency
Structure height h #
Structure diameter d "
Structure wall thickness t "
Mass (hub, nacelle, blades) m #
Young's modulus E "
Density r #

By comparing Table 4.3 to the results from the parametric variations performed earlier it is seen
that they show the same tendency.
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Closure

In this section the parameter variations are further evaluated, where the effect from all parameters
is shown together in one gure in order to determine the most sensitive parameters, when it comes
to the dynamic properties of the system. Finally, a conclusion on the use of the Simple Model and

the analysis is presented.

Combined Plot and Elasticity

To compare the importance of the different input parameters in the model, a combined plot including
all parametric variations is shown in Figure 4.18. From this gure the determination of the most
sensitive input parameters can be performed, as a variation in these parameters have a greater effect
on the rst eigenfrequency.

The comparison is made like the individual analyses by normalising the parameters with the value
from the DTU 10 MW WT. In this way the effect of multiple parameters in uence on the rst
eigenfrequency can be compared when they are changed with the same rate. The same ranges are
used as in the individual analyses.
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Figure 4.18: Different parameter's effect on the eigenfrequency when comparing to the DTU 10 MW WT.

From Figure 4.18 it can be seen that the most sensitive parameters for the system are the structure
height and the diameter, as a change of these will have the largest effect on the eigenfrequency.
The tendencies illustrated in Figure 4.18 shows exactly the same behaviour as the conducted
elasticity analyses and the theoretical tendency of a SDOF system. The mean elasticity for each
input parameter can be seen in Table 4.4 together with the theoretical tendencies found from
equation(4.11)for the SDOF system. Here a positive value for the mean elasticity means there is
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a positive correlation between the parameter and the eigenfrequency, and a negative value means
there is a negative correlation between the parameter and the eigenfrequency.

Table 4.4: Mean elasticity for all parametric variations and the tendencies for the correlations between the
input parameters and the eigenfrequency, found from the SDOF analysis.

Input parameter Symbol Mean elasticity Theoretical correlation
Structure height h -1.62 Negative

Structure diameter d 1.39 Positive

Structure wall thickness  t 0.37 Positive

Mass (hub, nacelle, blades)m -0.38 Negative

Young's modulus E 0.50 Positive

Structure steel density r -0.10 Negative

As the offshore wind industry is developing, the OWTs become higher and higher, which according
to this analysis could decrease the rst eigenfrequency drastically. However, as the OWT towers
becomes higher, the diameter is increased as well which according to this analysis will result in

a higher rst eigenfrequency, and thereby keep the rst eigenfrequency of the system in a safe
range, as the height and diameter are increased simultaneously. Despite the eigenfrequency is
not changing drastic by varying parameters, it will still affect the structure as a small change

in the eigenfrequency has a huge impact on the system's response to the dynamic loads. The
safe range for the eigenfrequency mentioned here is referring back to Figure 3.4 page 20, where
the load frequencies, that should be avoided, are illustrated. These load frequencies should be
avoided to make sure that the system does not go into resonance by having the same fundamental
eigenfrequencies as the load frequencies.

Conclusion of the Analysis

The analysis in this chapter has provided knowledge about the in uence from the parameters
which are input in the simple FE model. From the analysis it was found that the diameter and the
height was the two input parameters which had the largest impact on the rst eigenfrequency when
changing all input parameters by the same rate. The material parameter Young's modulus does
also have a relative large in uence on the eigenfrequency compared to all the input parameters.
However, this parameter does not have a wide range and the possible effect on the eigenfrequency
is limited.

The model used in this chapter should not be used for providing results for the response of the full
structure. This is due to no information about the soil is provided in the model nor any damping is
considered. With these inputs excluded, an acceptable result can not be obtained, but the importance
of the different parameters is observed by the simple dynamic model.

When the importance for the different input is analysed, further work with the model is made to
include the soil in the model, where the knowledge from the literature study in Chapter 2 will be
used to extend the model. The Extended Model is described and set up in Stage 3.







In this stage, the effects from the soil will be incorporated by extending the Simple
Model introduced in Stage 2. Firstly, they approach is examined, in order to obtain
knowledge for what is necessary to include in the model. Secondly, the FE model
from Stage 2 is further developed in order to incorporatepyecurves, and parameter
variations are performed for the new input. After, suggested improvements peythe
curves are analysed and a new method, in the form of the PISA project, is introduced.
Lastly, the Extended Model is separated at the mudline and a FE model for the upper-
and lower part of the structure are developed, to be able to analyse different parts of

the structure separately.
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5. SOIL REACTION CURVES

In this chapter, one type of soil reaction curves, also known ap-theurves, is introduced. The

p-y curves represent the relationship between the soil resistpnaad the lateral displacement,

at a certain depttz, The lateral displacement is normally referred tydsence the namp-y curve.
However, the lateral displacement is in this report referred ta d$he p-y curves provides the

input used to model soil-structure stiffness when calculating the lateral response of pile foundations,
like an OWT monopile foundation, and is the currently suggested approach in the design guidelines
DNV GL group, 2018 and API, 2014.

The p-y curves are in this project used as a tool to estimate the soil-structure stiffness between
the monopile and the soil in which the monopile is embedded. This soil-structure stiffness is then
used to include the effects of the soil surrounding the monopile in the Extended Model, which is

developed in Chapter 6.

The following sections will introduce thp-y curves by the following steps. Firstly, the governing
equation for a pile subjected to a lateral load is presented. After the presentation of the governing
equation, the origingb-y curves as suggested by API, 2014 will be introduced for soft clay, stiff
clay and sand.

Governing Equation

When using theg-y curve approach, the pile is assumed to behave like a vertical Bernoulli-Euler
beam. A pile subjected to lateral loads can be modelled from the equilibrium equation according
to the Bernoulli-Euler beam theory, see equaiidri). The equilibrium equation is derived by
considering an in nitesimal small part of the monopile.

du  d?u

El—— N

7 Ngg*Pp=0 (5.1)

m

Bending stiffness
Displacement
Depth

Axis force

Soil resistance

T Z2 N C

The derivation of equatiof5.1) is performed based on a few assumptions. The two main
assumptions being that plane sections remain plane and that the equation only deals with small
displacements and small rotations. This means that displacements caused by shear are neglected.
Furthermore, it is assumed that the pile material is homogeneous, isotropic and linear elastic.

p-y Curves by API

The formulation of the-y curves as presented by API, 2014 is the original formulation which is
suggested in the current design guideline. The formulation is mainly based on eld tests performed
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on exible and slender piles in the 1960s. Since then, the experimental dgriyedirves have
been extrapolated to other pile dimensions.

The determination of the-y curves are dependent on the type of soil. According to API,
2014, thep-y curves for different types of soil should be constructed according to the following
recommendations.

 Soft clay according to Matlock, 1970
« Stiff clay according to Reese, Cox, and Koop, 1975
» Sand according to O'Neill and Murchison, 1983

Soft Clay

This section deals with the construction of ey curves for soft clay. The formulation of the

p-y curves for soft clay is based on Matlock, 1970 which considers full scale tests performed on
12.75 inch diameter steel pipes (corresponding to approximately 0.32 m). These full scale tests
were performed at two different test sites with soil characterised as soft clay.

Lateral Capacity

In order to be able to construct tipey curves, the ultimate lateral soil resistance has to be calculated.
The ultimate lateral soil resistance in clay is usually determined as the lowest of two possible
failure mechanisms - a wedge failure mechanism which is dominating on shallower depths, see
Figure 5.1(a), and a ow failure mechanism which is dominating at greater depths, see Figure 5.1(b).

Flow direction

Flow direction

(a) Wedge failure mechanism. (b) Flow failure mechanism.

Figure 5.1: lllustration of the failure mechanisms for soft clay.
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From the wedge failure at shallower depths illustrated in Figure 5.1(a), it can be seen that the pile is
displaced adequately for a passive soil failure at the front of the pile and an active soil pressure
behind the pile.

From the ow failure at greater depths illustrated in Figure 5.1(b), it can be seen that the soil is
moving around the monopile. The soil is however staying in the same horizontal plane due to
restraining of the overburden pressure.

The ultimate soil resistance for soft clay at shallow depth, where the wedge failure is dominating,
can be expressed by equati@i2) and at greater depths where the ow failure is dominating can
be expressed by equation (5.3).

pu=3s,d+g%d+Jgz forz< zg (5.2)
pu=9sd forz zx (5.3)

Ultimate soil resistance per unit length

Undrained shear strength

Pile diameter

Effective unit weight of submerged soil

Dimensionless empirical constant

Depth below original mudline

Depth below soil surface to bottom of reduced resistance zone (transition depth)

L o

Q o
[=}

;BJNLa

The dimensionless empirical constadt,is dependent on the consistency of clay. It can vary
between 0.25 and 0.5 and can be determined by eld testing. According to Jia,2€d8 pe taken
as 0.5 for soft clay and 0.25 for stiff clay.

The transition deptleg, indicates the depth for which equati/2) becomes greater or equal to
equation(5.3). The transition depth is thereby also an indication of the depth where the most likely
failure mechanism changes from the wedge mechanism, which was illustrated in Figure 5.1(a), to
the ow mechanism, which was illustrated in Figure 5.1(b). For conditions with constant strength
with depth the transition deptiy can be expressed by equation (5.4).

AL (5.4)

Fa,
SJJ

In cases where the strength varies with depth, the transition depth should be obtained by determining
the depth where equatiqh.2) yields a higher ultimate resistance compared to equd&d).
According toAPI 2A-WSDthis depth should not be less than 2.5 times the average pile diameter.

Lateral Soil Resistance - Displacement

The construction of they-y curves for soft clay is dependent on the ultimate soil resistance
calculated in the previous section, the depth for which the curve is constructed, the type of loading
and the reference displacemesg, which is the displacement corresponding to the displacement
occurring at 50 % of the ultimate soil resistance. The reference displacement can be expressed by
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equation (5.5).
Uso = 2:56:,0d (5.5)

The strain levebksg is the strain level occurring at 50 % of the maximum principal stress in an
undrained compression laboratory test. If no laboratory test is avaigblean be taken as 0.02
for soft clay and 0.005 for stiff clay according to A. W. Skempton, 1951.

As mentioned, the construction of thpey curves is dependent on the depth which the curves
represent and whether the soil is monotonic loaded or cyclic loadedp-fteirves for monotonic
loading are only considering a monotonic loading and a corresponding displacement and they do
not account for unloading-reloading. Tipey curves for cyclically loading consider the effects

of unloading-reloading and the soil response to such a loading. For monotonic loadipey the
curves are established using equa(drb) for a displacement lower than eight times the reference
displacement, and using equati?)if the displacement is greater than eight times the reference
displacement.

1
_ P u @
2 e foru 8usg (5.6)
P= pu foru> 8usgg (5.7)

A p-y curve for monotonically loaded soft clay is illustrated in Figure 5.2. If the soft clay is
loaded cyclic, another formulation for theey curves is available. This formulation is dependent

on whether the depth is greater or smaller than the transition depth. If the depth is smaller than
the transition depth, thp-y curve can be constructed using equaid:8) for displacements lower

than three times the reference displacement and equ&ti®yfor displacements greater than three
times the reference displacement.

1

_Puoud
p= 2 leo foru 3ugg (5.8)
p=0:72py foru> 3usg (5.9)

A p-y curve for cyclically loaded soft clay in a depth lower than the transition depth is illustrated in
Figure 5.2. When the depth becomes greater than the transition depth, a third and last formulation
is used to construct thgy curves. Once again, this formulation is dependent on the displacement.

If the displacement are smaller than three times the reference displacemegniy theve can

be constructed using equati10) However, if the displacement are greater than 15 times the
reference displacement, equati@nll)is used for the construction. In case the displacement is in
between the limits of the reference displacement, a linear interpolation is used between the values
of three and 15 times the reference displacement.

1

Pu u @
== — f 3 5.10
p 2 Uso oru Usg ( )
p= 072 pui foru 15usg (5.11)

A p-y curve for cyclically loaded soft clay in a depth greater than the transition depth is illustrated
in Figure 5.2.
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Figure 5.2: Example ofp-y curves for soft clay according to Matlock, 1979.

From Figure 5.2 and equatidb.6), (5.8) and(5.10)it can be seen that the rst part of they
curves for soft clay is constructed as a third order parabolic function. This meaps/thgrves

for soft clay according to API, 2014 have in nite initial slope, which means the curves predict an
in nite initial stiffness. This is not physically possible and tpey curves for soft clay are thereby
corrected by a linear initial slope according to DNV GL group, 2017.

_ 0dpy
P= 023050

foru 0:23usg (5.12)

This concludes the presentation of g curves for soft clay according to Matlock, 1970. From
the presentation, it appears that the following parameters are input for the constructiop-gf the
curves:

S | Undrained shear strength

eso | Strain level occurring at 50 % of the maximum principal stress
J Dimensionless empirical constant

s? | Effective overburden pressure

d Pile diameter

z Depth below original mudline

u Lateral displacement

From the description of the input parameters above, it can be seen that the behaviour of soft clay is
described from a representation of the undrained shear strepgdtstrain leveleso, and a empirical
constantJ. A parameter variation of these input parameters are performed with the Extended
Model, see Section 6.4. Following this parameter variation, a discussion is addressing whether the
behaviour of soft clay can be described from these input parameters alone, see Section 6.6.
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Stiff Clay

This section deals with the construction of g+ curves for stiff clay. The formulation of thg-y
curves for stiff clay is based on Reese, Cox, and Koop, 1975. This formulation is based on lateral
load tests of two 0.6 m diameter steel piles embedded in stiff clay beneath water table.

Lateral Capacity

In order to construct the-y curves, the ultimate lateral soil resistance has to be calculated. As
for soft clay, the ultimate lateral soil resistance is determined as the lowest of two possible failure
mechanisms - a wedge failure mechanism and a ow failure mechanism.

The wedge failure mechanism is, as for soft clay, the dominating failure mechanism at shallower
depths, when the depth is smaller than the transitional depth. The development of the wedge failure
mechanism in stiff clay is dependent on the strength parameters of the clay. In stiff clay conditions
with a high strength, the soil might have suf cient strength to stand vertically and thereby cause a
gap behind the pile, while the passive wedge failure is happening in front of the pile, see Figure 5.3.
However, in weaker stiff clay conditions, the wedge failure mechanism will happen like the one in
soft clay, see Figure 5.1(a) page 50.

Figure 5.3: Wedge failure mechanism for strong stiff clay.

At greater depths, the ow failure mechanism is the dominating failure mechanism, as it was the
case for soft clay. The ow failure mechanism is identical to the one introduced for soft clay, see
Figure 5.1(b) page 50.
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The ultimate lateral soil resistance per unit length in stiff clay, is estimated by using the lowest
value from equation (5.13).
= 25,d+ ¢°d z+ 2:835, 2
0, = min Pus= 2Sd+ g Sa (5.13)
Pud = 11s,d
The equation fopys represents the ultimate lateral soil resistance for the wedge failure mechanism
in stiff clay whereas the equation fpgq represents the ultimate lateral soil resistance for the ow
failure mechanism in stiff clay.

Lateral Soil Resistance - Displacement

In this section, the procedure for constructing g curves in stiff clay is presented. The
construction of the-y curves for stiff clay is not as well described as the construction of the curves
for soft clay. According to API, 2011, stiff clay has a non-linear stress-strain relationship, but the
issue about the stiff clay is that it is more brittle than soft clay. However, according to API, 2011,
the formulation developed by Reese, Cox, and Koop, 1975 can be used.

As mentioned, the construction of tipey curves is in general dependent on the depth of where

the curves are constructed and the type of loading. In cases where the loading can be de ned as
monotonic loading, th@-y curves for stiff clay can be composed of ve parts. The initial part of

the curve, de ning the initial stiffness of the stiff clay, can be estimated from equation (5.14).

p=(ks2u (5.14)

The slope of the initial part of the curve for monotonic loadikgdepends on the average undrained
shear strengtls,, see Table 5.1.

Table 5.1: Representative values for the initial slope of g curves for stiff clay according to Reese, Cox,
and Koop, 1975ks is the initial slope for monotonic loading akgdis the initial slope for cyclic

loading.
A drained sh t kP
Parameter verage undrained shear strength[kPa]
50 - 100 100 - 200 200 - 400
ks [MN/m3] 135 270 540
ke [MN/m3] 55 110 540

The next part of the curve is a parabolic part de ned by equatob5) This part of thep-y curve

starts at the intersection between equation (5.14) and (5.15).
u 0:5
p=05p, — (5.15)
Usg

The reference displacemengy, is in this formulation de ned as equation (5.16).

Uso = €500 (5.16)

Equation(5.17)de nes the next part of the curve, from the point where it intersects with the part
de ned in equation(5.15)to the point where the displacementjs equal toAsusp. HereAgis a
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constant depending on the depth of whereghgecurve is constructed and the diameter of the pile.
As can be determined in Appendix E.1.

0:5 1:25
u u AsUsg
=05 — 0:055py, ——— 5.17
p Pu Usg Pu AcUsg ( )
The last two parts of th@-y curve is de ned by two straight lines, equati@18)and(5.19)

respectively.

0:0625

p= 0:5p,(6A)%° 0:411p, pu(U BAsUsg) for Aslsy U< BAsUsg  (5.18)

p= 0:5p,(6A)%° 0:411p, 0:75puAs foru 18Asuso (5.19)

The procedure of constructing they curves during monotonic loading for stiff clay, which

was presented above, assumes there is an intersection between the initial part of the curve,
equation(5.14) and the parabolic function, equati¢h.15) However, this might not always

be the case. Thp-y curve for stiff clay is de ned by equatiofb.14)until it intersects with another

part of thep-y curve. If no intersection occurs, equatil14)de nes the completg-y curve

[Reese, Cox, and Koop, 1975]. gy curve for monotonic loading of stiff clay is illustrated in
Figure 5.4.
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Figure 5.4: Example ofp-y curve under monotonic loading for stiff clay according to Reese, Cox, and Koop,
1975.

If the stiff clay is loaded cyclic, another formulation is available whereyeurves are constructed
from four parts. The rst part of the curve is almost identical to the rst part of phecurve for
monotonically loaded stiff clay, except from the slope for monotonic loadigdpeing replaced by
the slope for cyclic loadings.

p=(k2u (5.20)
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The next part of the-y curve is de ned by a parabolic function, see equa{d:21)and(5.22)

This parabolic part starts at the intersection between equation (5.20) and (5.21).
!
u 0:45u, 2°
0:45u,

Up = 4:1 Ac Uso (5.22)

P=Acpu 1 (5.21)

The constan#; can be determined in Appendix E.1. The last two parts of the curve are expressed
as straight lines, see equation (5.23) and (5.24).

0:085

p= 0:936A: pu " pu(u  0:6up) forO:6up, u< 1:8up (5.23)
50
0:102
p= 0:936A: pu 7 Pulp foru 1:8up (5.24)
50

The procedure of construction thpey curves during cyclic loading for stiff clay is identical to

the procedure of construction of thpey curves during monotonic loading. This means that the
procedure assumes that there is an intersection between the rst linear part and the second parabolic
part. If this is not the case, the equation that yields the smallest soil resispafceany value of

the displacementy, should be employed. -y curve for cyclic loading of stiff clay is illustrated

in Figure 5.5.
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Figure 5.5: Example ofp-y curve under cyclic loading for stiff clay according to Reese, Cox, and Koop,
1975.

When comparing the formulation for cyclic loading of stiff clay, see Figure 5.5, to the formulation
used for soft clay, see Figure 5.2, it is noticed that the only difference is that the peak point is
reduced drastically. This reduction of the peak point is a result of the more brittle properties of the
stiff clay compared to soft clay.
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This concludes the presentation of g curves for stiff clay according to Reese, Cox, and Koop,
1975. From the presentation, it appears that the following parameters are input for the construction
of the p-y curves.

s | Undrained shear strength

Sa | Average undrained shear strength

eso | Strain level occurring at 50 % of the maximum principal stress
Empirical constant

9 | Effective overburden pressure

Diameter of the pile

Depth

Lateral displacement

C N O 0 G

From the description of the input parameters above, it can be seen that the behaviour of stiff
clay is described from a representation of the undrained shear strgngtigs,, a strain level,

es0, and an empirical constanit, Parameter variations of these input parameters are performed
with the Extended Model, see Section 6.4. Following this parameter variation, a discussion is
addressing whether the behaviour of stiff clay can be described from these input parameters alone,
see Section 6.6.

Sand

This section deals with the construction of thg curves for sand. The formulation of they

curves for sand is based on O'Neill and Murchison, 1983 which considers full scale tests of two
identical steel pipes with a diameter of 0.61 m, performed at Mustang Island. The tests were only
performed on one type of sand.

Lateral Capacity

In order to be able to construct they curves for sand, the ultimate lateral soil resistance rst
has to be determined. The ultimate lateral soil resistance for sand is expressed in terms of two
possible failure mechanisms, which are identical to the ones introduced for soft clay - a wedge
failure mechanism, see Figure 5.1(a), and a ow failure mechanism, see Figure 5.1(b) page 50.

The wedge failure mechanism occurs when the pile is displaced adequately for a passive failure to
happen in front of the pile, which is dominant at shallower depths. The displacement of the pile
does also cause an active failure to happen behind the pile as it was the case for soft clay. The ow
failure is the dominating failure mechanism at greater depths where soil is moved around the pile as
a result of the displacements. The ultimate lateral soil resistance for sand is expressed as the lowest
value of the ultimate lateral resistance at shallow depih,and the ultimate lateral resistance at
greater depthgy,q, see equation (5.25).

( pus=(C1z+ C d)goz

pu= min
’ Pua= Cad oz

(5.25)

Ci,C & Ca \ Lateral resistance coef cients
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The lateral resistance coef cients are dependent on the effective angle of internal friction of sand,
j © and can be determined using the formulation presented in Appendix E.2.

Lateral Soil Resistance - Displacement

The p-y curves for sand can be constructed from equattoB6)which is a hyperbolic tangent
function.

p= A p, tanh :;uu (5.26)

k | Initial modulus of subgrade reaction
A | Factor to account for type of loading

The initial modulus of subgrade reaction is determined as a function of the effective internal friction
angle. The determination of the initial modulus of subgrade reaction is described in Appendix E.2.

The A-factor is dependent on which type of loading the sand is subjected to, and can be estimated by
equation(5.27)if the sand is subjected to cyclic loading or equat{br28)if the sand is subjected
to monotonic loading.

A= 09 for cyclic loading (5.27)

A= 30 O:8§ 0:9 for monotonic loading (5.28)

From equation(5.26)and(5.27)it can be seen that the factéris a multiplier of the ultimate

lateral soil resistance. It can be seen that the factor allows a soil resistance up to three times the
ultimate soil resistance close to the surface, but the sizedgfcreases with increasing depth. From
equation(5.26)it is further noticed that the-y curves for sand are controlled by the initial stiffness

of the soilkz also known a&,y, and the ultimate soil resistance. Figure 5.6 illustrates an example

of a p-y curve for sand.

p ' Ultimate soil capacityp,A

'/ Initial stiffness,kz

/

Soil resistancep [kN/m]

O | | | |

Dispacementy [m]

Figure 5.6: Example ofp-y curve for sand according #8PI 2A-WSD
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This concludes the presentation of g curves for sand according &P Recommended Practise
2GEQ From the presentation of they curves for sand it appears that the following parameters
are the input parameters.

Effective angle of internal friction
Effective overburden pressure
Depth below original mudline
Pile diameter

Lateral displacement

._.
<o o

C O N O

From the presentation of input parameters in the table above, it is concluded that the effective
angle of internal frictionj © is the only parameter describing the behaviour of sand. A parameter
variation of the effective angle of internal friction is performed with the Extended Model, see
Section 6.4. Following this parameter variation, a discussion is addressing whether the behaviour
of sand can be described from the effective angle of internal friction alone, see Section 6.6.
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6. EXTENDEDM ODEL

This chapter considers an extension of the model from Stage 2, now considering the soil-structure
interaction using the APp-y approach.

The geometric difference from this model compared to the Stage 2 model is, that instead of cutting
the model at the transition piece the complete structure of the OWT supported by a monopile is
included. Instead of the xed support used in Stage 2, the support for the Stage 3 model consists of
the soil surrounding the monopile. The system is illustrated in Figure 6.1.

Blade
Hub
Nacelle
Stage 3 model
h Tower
Transition piece

MWL

Mudline heite

Monopile

Figure 6.1: lllustration of an OWT and which parts that are considered in Stage 3.

As the full system is now modelled, more phenomena have been included in the model. These
are the added mass from the water around the pile and the soil and water inside the pile. The
implementation of these are explained in the set up of the model.

Set up of the Model

As for Stage 2, the Extended Model in Stage 3 model is programmed in MATLAB using Bernoulli-
Euler beam elements, with the same tower and pile cross section from bottom to the top of the
model. Beyond the addition of Bernoulli-Euler beam elements below the mudline, springs are
added to the model perpendicular to the surface below the mudline to represent the soil-structure
stiffness. The Stage 3 model is illustrated in Figure 6.2.
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MWL

Mudline

Figure 6.2: lllustration of the 1D model considered in Stage 3.

In the previous model the input were all linear-elastic, but asptlyecurves are implemented,

a non-linearity is included in the model. To linearise this non-linearity fromptyecurves, a
residual calculation is performed, using the tangential stiffness from-theurves to determine the
soil-structure stiffness and the displacements of the system related to &1dduk load is placed

at the height of the mean water level, see Figure 6.2. The Radpresents the load from current

and small waves that are occurring at all times, even if no wind is present at the location. Instead of
determining the load it is chosen to observe its effects on the eigenfrequency as the load is varied.
The displacements of the structure caused by the load and the soil-structure stiffness caused by
this displacement are considered as the stationary state for the model. It is for this state that the
eigenfrequencies are determined.

The implementation of the soil-structure stiffness is done with the previous desgxipedrves
for the soil. Here the standard Aty curves, presented in Chapter 5, are used for the Extended
Model in Stage 3.

To further describe how the Extended Model estimates the eigenfrequencies for an OWT, a
description of the FE calculation is provided in the following section.
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FE Calculation

For the Stage 3 FE calculation the goal is to determine the eigenfrequencies of an OWT, just as for
the Stage 2 model. They curves are, as stated earlier, non-linear, and therefor the calculation can
not be performed in one step. The non-linearity from phgsprings has to be linearised to perform

the FE calculation. The linearisation can be performed in different ways e.g. using the tangential
stiffness of thep-y curves as the soil-structure stiffness or using a secant stiffness on the curve. In
this thesis both tangential and secant stiffness are used, where the tangential stiffness is the slope of
the p-y curve at the displacement, see Figure 6.3(a) and the secant stiffness is used as the secant
between the origin and the displacementsee Figure 6.3(b) . Using the secant stiffness from the
origin means that the system is assumed to oscillate around zero displacement. In this thesis two
overall steps goes into the determination of the eigenfrequencies. These are:

1. Determining the displacements of the system, as the system is subjected to the constant
external load?, by the use of the tangential stiffness from the ARy} curves. The tangential
stiffness is illustrated in Figure 6.3(a).

2. Determining the eigenfrequencies using the displacement of the system to determine the
soil-structure stiffness and obtain the global stiffness matrix. This stiffness matrix is a
combination of Bernoulli-Euler beam stiffness and the secant stiffness froploeirves
instead of the tangential stiffness used in the rst step. The secant stiffness is illustrated in
Figure 6.3(b).

Soil resistancep [KN/m]
Soil resistancep [KN/m]

Displacementu [m] Displacementy [m]

(a) The tangential soil-structure stiffness froiib) The secant soil-structure stiffness from the API
the API p-y curves, used to determine the p-y curves, used for calculating the eigenfre-
displacements of the system according to the quency of the system.
external loads.

Figure 6.3: lllustration of tangential- and secant soil-structure stiffness from thepAPturves.

These two steps are further illustrated in the following owchart which describes the calculation
process, and the different steps from the owchart are further elaborated below the chart.
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The rst step is to de ne the necessary input for the model,
[ 1. De ne input ] to be able to create a topology for the model and determine
stiffness- and mass matrices.

The topography is generated according to the height of
the turbine tower, the depth of the monopile, the soll

Y

2. Generation of
FE topography

stratigraphy, the position of external loads and the number
of elements chosen. This is done in order to set up node
coordinates and de ne the elements in the FE model.

Y

3. Determining the
displacement vector
f ug using the tangential
stiffness for thep-y curves

The displacements caused by the external |Padre
determined using a Newton-Raphson iteration and the
tangential stiffness.

. The global stiffness matrix is assembled by the Bernoulli-

4. Assembly of the Euler beam stiffnesfK g] and the soil-structure stiffness
global stiffness matrixK] matrix [K py]. As mentioned the soil-structure stiffness at
this state is the secant stiffness of {rg curves.

. The mass matrix contains the mass of the beam elements
5. Assembly of the and the lumped mass at top of the OWT, including the

global mass matrixM] added mass from the water surrounding the pile and the
extra mass from the water and soil located inside the pile.

Y

6. Solving the eigenvalu
problem to obtain Solve [K] w?[M] fDg = f0gfor all w? which are the

the eigenfrequencies squared cyclic eigenfrequencies with the unit (r&d/s)
of the system

1. The input consists of a soil pro le, geometric de nitions e.g. the height, diameter and wall
thickness of the OWT, material parameters e.g. Young's modulus and density, a lumped mass,
external loads and meshing information e.g. number of beam elements below and above the
mudline. The places the input parameters are used can be seen from Figure 6.4.

2. The FE model's topography is computed in two steps.

(a) First, nodes are positioned along the OWT model according to the number of elements
chosen for the pile above and below the mudline.
(b) Afterwards, nodes are positioned at every soil layer boundary and at the height of the
mean water level and the lo&d
By this a node is placed wherever a change occurs in the input to the model. Figure 6.5
illustrates how the mesh is generated for the Extended Model.
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Figure 6.4: lllustration of the input parameters for the Extended Model.
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Figure 6.5: lllustration of the node positioning for the Extended Model.

3. The displacements caused by the external IPadye as mentioned solved by a residual
calculation to obtain the displacements that causes equilibrium between the internal- and
external loads. As the load is modelled as stationary, the tangential soil-structure stiffness
from the p-y curves is used. The residual calculation is illustrated in Figure 6.6 and the
process is further elaborated in Appendix F.

4. The global stiffness matrix used to determine the eigenfrequencies of the system, is the sum
of the global Bernoulli-Euler beam stiffness and iy stiffness matrix. The Bernoulli-Euler
beam stiffness is calculated as for Stage 2. The soil-structure stiffness used to determine
the eigenfrequencies is the secant stiffness optlgeurves. Figure 6.7 illustrates how the
secant stiffness for thp-y curve is determined.
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Figure 6.6: lllustration of Newton-Raphson iteration using the tangential stiffness to obtain equilibrium.
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Figure 6.7: lllustration of the secant stiffness used according to the displacement determined by the previous
step.

5. The mass of the beam elements and the mass on top of the OWT are calculated as stated in
Stage 2. The masses from the soil and water inside the pile are calculated together with the
added mass from the water surrounding the pile. These masses are then substituted into the
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global mass matrix. The process for calculating the new contributions to the global mass
matrix is described in Appendix F.4. The masses considered are illustrated in Figure 6.8.

Myile
Madded mass water
MWL
Myater inside
Mudline
Msoil inside

Figure 6.8: lllustration of the masses included in the Extended Model.

6. The solution of the eigenvalue problem is performed as described in the owchart in Stage 2.

6.3 Convergence Analysis

Following the development of the Extended Model, an investigation of the convergence of the
model is performed. This convergence analysis is performed in order to nd a compromise between
computational time and the accuracy of the results obtained from the model. The computational
time is mainly governed by the number of calculations performed and thereby the number of
elements the model consists of. There are three parameters that have an in uence on the number of
elements in the Extended Model developed in Stage 3, which are:

 Length of elements below the mudline
* Number of integration points per element below the mudline
» Length of elements above the mudline

The convergence analysis will be performed in two parts. The rst part is regarding the number of
elements and springs necessary to obtain a converged result below the mudline, and thereby the
two rst bullets on the list presented above. The second part is regarding the number of elements
necessary to obtain a converged result above the mudline, and thereby the last bullet on the list
presented above. Both parts of the convergence analysis will be performed on the three soil pro les,
one consisting of sand, one of soft clay and one of stiff clay. The input parameters and their values
are presented in Table 6.1. The diameter and the thickness is varied compared to the Simple Model
in Stage 2, as the new values presented in the table are more realistic for an OWT compared to the
reference turbine from DTU used in Stage 2 that is an onshore WT.
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Table 6.1: Input parameters used to perform the convergence analysis of the Extended Model, if a certain
input is not speci ed the value from Stage 2 is used for the Extended Model. *Reference strain
level is the strain occurring at 50 % of the maximum principal stress in an undrained compression

laboratory test.
Parameter Symbol  Unit Sand Softclay Stiff clay
Effective angle of internal friction fO 37.5 - -
Undrained shear strength Su kPa - 125 350
Effective unit weight of soil q° kKN/m® 9.5 9 10
Reference strain level* 60 - - 0.015 0.008
Empirical constant J - - 0.5 0.25
Diameter of the monopile d m 8 8 8
Length of the monopile below mudlinehpie m 30 30 30
Pile wall thickness t m 0.1 0.1 0.1

The values of the strength parameters e.qg. the effective angle of internal frictidhe undrained
shear strengthy,, and the effective unit weight’, are based on the mean value of the suggested
ranges according to Jensen et al., 2015. The reference strainggyald the empirical constant,

J, are based on suggestionsAlyl Recommended Practise 2GEO

The two parts of the convergence analysis are performed based on the ranges presented in Table 6.2.

Table 6.2: Ranges of the parameters used in the convergence analysis. An illustration of the integration
points can be seen in Appendix F.1.1.1.

Parameter Unit Minimum Maximum

Length of elements below the mudline m 0.1 30
Number of integration points per element - 2 10
Length of elements above the mudline m 3 54

The ranges presented in Table 6.2 are based on the geometric parameters e.g. the length and
diameter of the monopile, as described in Table 6.1.

Convergence Analysis Below the Mudline

In the convergence analysis the elements below the mudline are de ned by two parameters in the
Extended Model. They are de ned by the element length and the number of integration points per
element. The convergence analysis is performed for the ranges presented in Table 6.2 and for the
rst four eigenfrequencies to ensure that the higher eigenfrequencies are converged as well.

The convergence analysis below the mudline revealed, similarly to the convergence analysis
performed on the Simple Model in Stage 2, that the fourth eigenfrequency converges slowest
in general. The analysis also revealed the soil pro le consisting of stiff clay yields the slowest

converging eigenfrequency. The convergence analysis of the fourth eigenfrequency in stiff clay is
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presented in Figure 6.9 as this eigenfrequency needs most elements for converging. The rest of the
convergence analyses for the three other eigenfrequencies are presented in Appendix G.

Figure 6.9: Convergence analysis of the fourth eigenfrequency in stiff clay performed with the Extended
Model.

From Figure 6.9 it can be observed that when using more than four integration points, the fourth
eigenfrequency is converged when using 40 elements, corresponding to 1.33 elements per meter
below mudline, or more elements below the mudline. This means that the calculation performed
with the Extended Model is performed with four integration points and an element length of 0.75 m
prospectively in order to obtain reliable results, but also reduce the computational time.

6.3.2 Convergence Analysis Above the Mudline

In the convergence analysis the elements above the mudline is only de ned by the element length.
The convergence analysis above the mudline is, similar to the one below mudline, performed for
the rst four eigenfrequencies.

The convergence analysis above the mudline also revealed that the fourth eigenfrequency in general
is the slowest of the four eigenfrequencies to converge, and that the eigenfrequency in soft clay
converges slower compared to sand and stiff clay. The convergence analysis above the mudline
for soft clay is presented in Figure 6.10. The rest of the convergence analyses are presented in
Appendix G.
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Figure 6.10: Convergence analysis above the mudline in soft clay performed by the Extended Model.

From Figure 6.10 it is observed that when using 0.4 elements per meter above mudline to describe
the model, the rst four eigenfrequencies are converged. This means that calculations performed
with the Extended Model are performed using 65 elements above the mudline in order to obtain

reliable results, but also to reduce the computational time

Parameter Variation

From the Extended Model developed in Stage 3, a parameter variation can be performed to analyse
the in uence on the rst eigenfrequency of the different input parameters which have been added
since the development of the Simple Model in Stage 2. The difference between the Extended
Model developed in Stage 3 and the Simple Model from Stage 2, is, as already explained, the
implementation of the effects from the soil, by using thg curves explained in Chapter 5. This
means that the parameter analysis performed for the Extended Model will be concentrated around
the input parameters for thgy curves.

The parameter variation considers the three types of soil as introduced in Chapter 5, sand, soft clay
and stiff clay. The input parameters for each of the three soil types were also introduced in the same

chapter. These input parameters are however reduced in order to simplify the parameter variation.
The parameters and the ranges for which they are varied in the parameter variation are presented in
Table 6.3.

The ranges of the effective angle of internal friction, the undrained shear strength and the unit
weight are based on suggestionsTaknisk Stabivhereas the ranges for the reference strain level,
&s50, is based on suggestions B?| Recommended Practise 2GEIhe geometric parameters of

the monopile are identical to the ones used in the convergence analysis.

In order to simplify the parameter variation and isolate the effects from the varied parameter, some
assumptions have been made. It is assumed that the monopile has the same diameter and length in
the three types of soil, see Table 6.3. Additionally it is assumed when e.g. varying the effective
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Table 6.3: Input parameters and ranges investigated in the parameter variation in Stage 3.

Parameter Symbol  Unit Sand Softclay  Stiff clay
Effective angle of internal friction fO 35-40 - -
Undrained shear strength Sy kPa - 50-200 200-500
Reference strain level &0 - - 0.01-0.02 0.005-0.01
Effective unit weight of soil q° kKN/m®  8-11 8-10 8-12
Diameter of the monopile d m 8 8 8
Length of the monopile below mudlinehyje m 30 30 30

Pile wall thickness t m 0.1 0.1 0.1

angle of internal friction for sand, that the soil surrounding the monopile only consists of one layer
of sand with constant strength parameters throughout the entire depth of the layer. How the API
p-y curves for the three soils vary with depth are illustrated in Appendix I.1. Prior to the variation
of the input parameters to thy curves, an analysis of the relationship between the external
load applied at the MWL and the lateral displacement at mudline is performed. It is assumed that
the external load is the same in the three cases described in Table 6.3. Therefore, this analysis
is performed in order to establish a suitable level for the external load. The relation between the
externally applied load and the corresponding lateral displacement is illustrated in Figure 6.11. The
magnitude of the externally applied load is selected, such that it is below the magnitude causing
a failure in any of the three introduced soil pro les. Failure can be assumed to happen when the
lateral displacement exceeds 10 % of the diameter of the pile, accorddg\&L-RP-C212This
criterion is also illustrated in Figure 6.11.
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Figure 6.11: Load displacement curve for the three introduced cases, as well as the desired externally
applied load. The two red dots illustrates the area of numerical error which will be elaborated
later.
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From Figure 6.11 it is observed that sand can resist a higher lateral load compared to both soft-
and stiff clay. This tendency is expected and can be explained by the fact that sand has a higher
ultimate lateral resistance compared to both soft- and stiff clay. From the gure it is observed that
failure occurs in both the sand and stiff clay soil pro le before a lateral displacement of 10 % of
the pile diameter is reached. This is however not the case for the soft clay. From Figure 6.11 it is
also observed that the load-displacement curve for soft clay jumps from one displacement to anther
for a load around 3.86 MN. This jump is caused by an numerical error, and is discussed later in
Section 7.3.

The magnitude of the externally applied load is, based on Figure 6.11 and the observations presented
above, xed at a magnitude of 1 MN. This load is located at the initial part of the load-displacement
curve for each of the three soil pro les, and is thereby lower than the failure load for the three cases.
However, the estimation of this load level does not affect the tendencies presented in the parameter
variation, but it does have an effect on the presented elasticity.

The parameter variations for sand, soft clay and stiff clay respectively are described in the following
sections.

Sand

The parameter variation of the input parameters forgyscurves for sand is performed in this
section. When dealing with the originply curves as recommended Bl Recommended Practise
2GEQ the input parameters are the effective angle of internal frictidhthe effective unit
weight of soil,g®% and geometric parameters such as the depth of the point whepeytberve is
constructed, the diameter of the monopile and the lateral displacement. In this parameter variation,
the effective angle of internal friction and the effective unit weight of sand are varied according to
the ranges presented in Table 6.3. The parameter variation in regards to the rst eigenfrequency is
presented in Figure 6.12.
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Figure 6.12: Parameter variation for input parameters for fhg curves for sandj ¢ Effective angle of
internal friction.g® Effective unit weight of soil.
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The elasticities for the two varied parameters are listed in Table 6.4. In the table, three values of the
elasticity for each parameter is presented. The elasticity is calculated with the same method as used
in the parameter variations in Stage 2. However, the elasticity is referred to as left end, middle and
right end in this stage for clarity. Left end is used for the elasticity for the rst few points located

at the very left of the current graph, whereas the middle is used for the elasticity of a few points
around the middle of the graph for the current graph etc. In simple terms, the value of the elasticity
correspond to the change (in percentage) of the eigenfrequency when the parameter is varied 1 %.
For a deeper elaboration on how elasticity is calculated, see Appendix C.

Table 6.4: Elasticities of the input parameters for they curves for sand.

Elasticit
Parameter Symbol asticly
Leftend Middle Rightend
Effective angle of internal friction j © 0.302 0.260 0.163
Effective unit weight of soil d° 0 0 0

From the parameter variation in Figure 6.12 and the elasticity values presented in Table 6.4, itis
observed that a change in the effective unit weight of gfihas no noticeable in uence on the
eigenfrequency, and this parameter is thereby neglected. From Figure 6.12 and Table 6.4 it is also
observed that a change in the effective angle of internal fricfi@rhas a bigger in uence on the
eigenfrequency. It can be seen that when the effective angle of internal friction is increased, so
is the eigenfrequency of the system. This tendency is as expected because the initial modulus of
subgrade reactiolk, is dependent on the effective angle of internal friction. The tendency can be
explained by the fact that an increase of the effective angle of internal friction yields an increase
of the initial modulus of subgrade reaction, which yields an increase of the soil-structure stiffness
and thereby also an increase of the eigenfrequency. From Table 6.4 it can be seen that the rate of
increase of the eigenfrequency, which is caused by an increase of the effective angle of internal
friction, reduces slowly. This can be explained by the non-linear relation between the effective
angle of internal friction and the initial modulus of subgrade reaction. This relation can be seen in
Appendix E.2.

Soft Clay

The parameter variation of the input parameters forgyecurves for soft clay is performed in

this section. When dealing with the originady curves for soft clay as suggested Al 2A-WSD

the input parameters consist of the undrained shear strexgthe reference strain levessg and

the effective unit weightg® in addition to the geometric parameters, which are identical to the
ones described for sand. In the parameter variation for soft clay, the input parameters are varied
according to Table 6.3. The results for the parameter variation can be seen in Figure 6.13 and the
elasticities for the three input parameters are presented in Table 6.5.

From the parameter variation seen in Figure 6.13 and the elasticities for the different parameters
presented in Table 6.5, it can be concluded that the effective unit weight for soft clay also has a
neglectable in uence on the eigenfrequency.
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Figure 6.13: Parameter variation for input parameters for gag curves for soft clays,: Undrained shear
strength.eso: Reference strain leved® Effective unit weight of soil.

Table 6.5: Elasticities of the input parameters for they curves for soft clay.

Parameter Symbol Elasticity

Leftend Middle Rightend
Undrained shear strength s, 0.244  0.186 0.158
Reference strain level &0 0.178 0.221 0.254
Effective unit weight of soil ¢° 0.033 0.036 0.038

When considering the in uence of the undrained shear strength on the eigenfrequency of the system,
Figure 6.13 and Table 6.5 reveals a positive correlation, meaning that when the undrained shear
strength is increased, so is the eigenfrequency of the system. From the load-displacement curve
in Figure 6.11 it can be seen that the external load at the system is within the range of the linear
relation between the load and displacement. This means that the magnitude of the external load
will provoke a soil-structure stiffness re ected by the initial slope of gag curve. Recalling the

con gurations of thep-y curves for soft clay, as described in Chapter 5, the initial slope of the
curve is expressed by equation (6.1).

0:23py
= f 0:1 6.1
010, oru Uc (6.1)
Uc = 2:5e50d (6.2)

pu | Ultimate lateral resistance of soft clay, see equation (5.2) and (5.3) page 51
Uc | Reference displacement
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From equatior{6.1)it can be seen that the initial slope opay curve for soft clay is dependent on

the ultimate lateral resistance. The ultimate resistance is dependent on the undrained shear strength,
meaning that when the ultimate shear strength is increasing, the initial slope wtberve is
increased. This is resulting in an increase in the soil-structure stiffness which yields an increase
of the eigenfrequency. If the magnitude of the external load is increased above the linear relation
between the load and displacement, the same tendency will be present, but with another ratio.

The last parameter considered in the variation for soft clay is the reference strain level. From
Figure 6.13 and Table 6.5 it can be seen that there is a negative correlation between the reference
strain level and the eigenfrequency, meaning that an increase in the reference strain level yields
a decreased eigenfrequency. This tendency can be described by e¢ddfiand(6.2). From
equation(6.2)it is observed that an increased reference strain level yields an increased reference
displacement. When considering equati@nil) it can be seen that an increased reference
displacement yields a decreased initial slope offihecurve and thereby a decreased soil-structure
stiffness which yield a decreased eigenfrequency.

Stiff Clay

The last parameter variation is performed for the input parameters gfytoairves for stiff clay.

When dealing with the formulation of they curves for stiff clay as suggested Bl 2A-WSD

the input parameters consists of the undrained shear streggtihe reference strain leveds, and

the effective unit weightg® in addition to the geometric parameters. In the parameter variation for
stiff clay, the input parameters are varied according to Table 6.3. The results from the parameter
analysis can be seen in Figure 6.14.
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Figure 6.14: Parameter variation for input parameters for fhg curves for stiff clay.s,: Undrained shear
strength.eso: Reference strain leveg® Effective unit weight of soil.

The elasticities for the three input parameters are presented in Table 6.6.
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Table 6.6: Elasticities of the input parameters for they curves for stiff clay.

Elasticit
Parameter Symbol asticlty
Leftend Middle Rightend
Undrained shear strength s, 0.095 0.072 0.058
Reference strain level &0 0.059 0.077 0.094
Effective unit weight of soil g° 0.005  0.005 0.006

From the parameter variation in Figure 6.14 and the elasticities of the three input parameters
presented in Table 6.6, it can once again be concluded that the effective unit weight has little to no
in uence on the eigenfrequency of the system.

When considering the undrained shear strength, Figure 6.14 and Table 6.6 reveals a positive
correlation with the eigenfrequency, meaning that an increase of the undrained shear strength yields
an increased eigenfrequency of the system. This tendency is similar to the one described for soft
clay but less pronounced. This can be explained by the fact that the ultimate lateral resistance is
governed by the average undrained shear streggtfihis average undrained shear strength does
not vary within the considered range for the undrained shear strength, see Table 5.1 page 55.

However, when considering the load-displacement relation for stiff clay, see Figure 6.11, it is hard

to see whether the relation is linear, or the magnitude of the load is past the initial linear part of
the p-y curve for stiff clay. Regardless if response of the stiff clay is on the linear part or not, the
positive correlation can be explained by the fact that the ultimate lateral resispanéa, stiff clay

is dependent on the undrained shear strength. This means that an increase of the undrained shear
strength causes an increased ultimate lateral resistance which yields an increased soil-structure
stiffness and thereby an increased eigenfrequency of the system.

The last parameter considered in the variation for stiff clay is the reference strain level. From
Figure 6.14 and Table 6.6, a negative correlation between the reference strain level and the
eigenfrequency of the system is revealed. This tendency is as expected and is similar to the
tendency for the same parameter for soft clay.

6.4.4 Conclusion of Parameter Variation

In Section 6.4.1 through 6.4.3 the parameter variations for three soil pro les consisting of sand,
soft clay and stiff clay respectively were made. The parameter variations revealed the strength
parameters, i.e. the effective angle of internal friction for sand and the undrained shear strength
for clay, are positively correlated with the eigenfrequencies. This means that when the strength
parameter for a soil increases, so does the eigenfrequency of the system. In the case of soft- and stiff
clay, the parameter variation revealed that the reference straindgye$ negatively correlated

with the eigenfrequency. Finally, the parameter variation revealed that the effective unit weight of
soil has almost no in uence on the eigenfrequency. The tendencies are summed up in Table 6.7.
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Table 6.7: Tendencies revealed in the parameter variation of sand, soft clay and stiff clay.

Variable increased Symbol Change in eigenfrequency
Strength parameter j Qors, "

Reference strain level &0 #

Effective unit weight of soil  ¢°

6.5 Eigenfrequencies and Excitation Frequencies

As stated in Stage 1 page 20, it is important that the eigenfrequencies of the system are located
outside the frequency ranges of the dynamic loads from wind, waves and excitations from rotor and
blades to avoid resonance in the system. To observe how the response of the system is ampli ed
as the system is exposed to external loads with different loading frequencies, the global system
is modal decoupled. A modal decoupling can provide information about the response caused by
individual eigenfrequencies and their corresponding mode shapes. A more thorough description of
modal decoupling can be seen in Appendix H.

This section is based on a pile in sand using the pfplcurves, where the input values presented
in Table 6.3 page 71 and an external load of 1 MN are used.

In this particular case the dynamic ampli cation factor for individual modes are of interest. The

dynamic ampli cation factor was presented in equatf8ml)in Stage 1 page 18 and is repeated in

equation (6.3).
U

=1 " (6.3)
t | w

W1 W1

fam p

The dynamic ampli cation factor is used to observe where the peaks of the ampli cations are
located on the frequency band. To determine the dynamic ampli cation factor the damping ratio,
has to be determined. The damping ratio is given by equation (6.4).

c

zZ= Pp— 6.4
2 km (6-4)

¢ | Modal damping for a speci ¢ mode
k | Modal stiffness for a speci c mode
m | Modal mass for a speci ¢ mode

The global stiffness- and mass matrix are known from the Extended Model. To obtain modal
parameters for damping, stiffness and mass the global damping matrix has to be determined. The
global damping matrix is modelled as a Rayleigh damping matrix by equ@ibjiR. D. Cook

et al., 2002].

[C]=a[M]+ b[K] (6.5)
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[C] Global damping matrix (Rayleigh)
[M] Global mass matrix

K] Global stiffness matrix

a & b | Damping tting constants

The damping tting constanta & b are set to 0.006 and 0.004 respectively. These are made up
values, as no information is available about the structural damping ratios, and thereby they can not
be tted to speci c modes. This Rayleigh damping is introduced in Appendix J.4

The dynamic ampli cation factor for mode 1 to 4 are illustrated in Figure 6.15, where it is observed
that the chosen damping matrix provides the smallest damping on the rst eigenfrequency.

Figure 6.15: The dynamic ampli cation factor, for mode 1 to 4 according to varying load frequencies,
including the combined ampli cation response from mode 1 to 4.

The low damping on the rst eigenfrequency is optimal for an OWT as this allows the peak from
the rst eigenfrequency to be located in between the load excitation frequencies from rotor and
blades.

In this thesis there is no information about the location of the investigated OWT and thereby no
information about behaviour of the wind and sea state. Data is available for the DTU 10 MW WT
and thereby the excitation rangdsg, and f3; are known. The excitation ranges are illustrated in
Figure 6.16, where also the combined dynamic ampli cation factor for mode 1 to 4 is plotted, to
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illustrate that the ampli cation peak is located in betwefgpand f3p. This means that the DTU
10 MW WT is designed as a soft-stiff structure, referring back to Figure 3.4 presented in Stage 1
page 20.

Figure 6.16: The superposition of the dynamic ampli cation factors from mode 1 to 4, and the excitation
rangesfip and f3, coming from rotor and blades respectively.

Figure 6.16 shows the superposition of mode 1 to 4. Here it is seen that the only crucial
eigenfrequency is the rst, when comparing to the excitation frequerfejeand f3p. The peaks

from mode 2 to 4 illustrated in Figure 3.4 are all located outside the loading frequencies and are
thereby in this speci ¢ case not of interest. By this it can be concluded that the meshing of the
Extended Model is suf cient to provide accurate results, as the model is converged for the rst four
eigenfrequencies, and only the rst mode is of interest.

Discussion

In this section, the de nition and the accuracy of the Ay curves are discussed. Thezg

curves were developed for the oil and gas industry in the 1970s, as already mentioned, and only
partially modi ed in the 1980s. They were developed based on full scale tests using long and
slender piles. Thg-y curves for sand are based on full scale tests of a pile with a diameter of
0.61 m, whereas thp-y curves for clay are based on full scale tests of a pile with a diameter of
0.32 m. As the diameter of modern monopiles is more than a tenfold of the diameter for which the
formulations was derived, the slenderness ratio of the monopiles has changed from being small
slender exible piles to larger and more rigid monopiles. This raises the question whether the API
p-y curves still are applicable, or they are outdated. This question will be discussed in the following
sections. However, to be able to discuss this, some topics regarding the shear strength of soil has to
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be presented, to show the behaviour of different soil types as they are sheared to compare with the
soil structure response modelled by the APy curves.

Shear Strength of Soils

In this section, the important parameters regarding the shear strength of soils is elaborated. The
section is based on Budhu, 2010 and will be based on a division of soils into two groups. These are
as follows:

1. Type | soil: Loose sands, normally consolidated and lightly overconsolidated clay (OZR
2. Type Il soil: Dense sands and heavily overconsolidated clay (OCR > 2)

In the following sections, the behaviour of these two soil types will be investigated in regards to
some of the important parameters and phenomena when the shear strength of soil is considered.
These parameters and phenomena will also be the basis for the discussion of fig @&RrVes

later in this chapter.

Strain Hardening / Softening

In this section, the behaviour of the two types of soil is elaborated in regards to strain hardening and
softening. Type | soils strain harden until they reach a critical state sheartsiyesmsd a critical

void ratioegs as the soil is compressed, see Figure 6.17 and 6.18(b). The Type Il soils have a rapid
increase of the shear stress at small shear strains until it reaches a pedak, valboere further
increasing of the strains will soften the soil material and the shear stress will thereby decrease as
seen in Figure 6.17.
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Figure 6.17: Responses of soils due to shearing [Budhu, 2010, Modi ed].

Figure 6.17 illustrates how Type | and Il soils both go towards the critical shear sifgss the

shear strain is increased. Some Type Il soils e.g. overconsolidated clay referred to as Type II(A)
reaches a shear stress below the critical shear stress named a residual shear Strisdsappens

as shear bands develop in overconsolidated clay when they are subjected to shear. This causes the
clay particles to become oriented parallel to the direction of the shear bands, which results in a
shear strength of the soil below the critical state shear stress.
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Compression/Dilation of Sheared Soils

As the shear strain is increased for Type | soils, the soil is compressed until it reaches the critical
void ratio. Contrary type Il soils have an initial compression at small shear strains, where it
afterwards dilates until reaching the critical void ratio. This behaviour is illustrated in Figure 6.18.
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Figure 6.18: Change in vertical strain and void ratios as the soils are sheared [Budhu, 2010, Modi ed].

6.6.1.3 Effective Stresses

A change in the effective vertical stress), affects the stress-path of Type | and Il soils. Figure 6.19
illustrates how the stress-strain paths of the soil types changes as the effective vertical stress is
increased. Itis seen that for Type | soils the critical state shear stress is increased together with the
effective vertical stress. For Type Il soils an increase of the effective vertical stresses will eventually
result in a stress-strain path with the same behaviour as for Type | soils. Type | soils can behave as
Type Il soils if the effective vertical stresses are low enough.

t

Type Il soils
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Figure 6.19: Effects on stress-strain path as the effective vertical stresses are increased. The solid lines are
Type Il soils and the dashed lines represent Type | soils [Budhu, 2010, Modi ed].
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Overconsolidation Ratio

The overconsolidation ratio also affects the stress-strain path. Highly overconsolidated soils tend
to have a higher peak shear stress and thereby a greater volume expansion, compared to a lower
overconsolidated soil, see Figure 6.20.

t

2 (OCRY,
o

»

g (OCRY
e

0p]

Gy
Shear strain

Figure 6.20: The effects of OCR on the peak shear stress (BCFR,) [Budhu, 2010, Modi ed].

The behaviour of the two types of soil when shear strained, as explained above, is the behaviour
which thep-y curves has to replicate. Whether 4 curves are able to replicate the full behaviour
or only part of the behaviour will be covered in the following discussion.

API p-y Curves Discussion

The discussion of the AR)-y curves will be covering the curves for sand, soft clay and stiff clay. In
general these three methods for modelling soil-structure interaction all face the same problematic,
which is that they do not capture the correct stress-strain relation. This is because none of the
curves have the ability of changing the stress-strain path and their hardening and softening patterns
due to the input parameters for the formulations. The discussion is primarily general, but is divided
into subsections in order to create a better overview of the main points.

Sand

As presented in the previous section the stress-stain path differs for Type | and Il soils. This
behaviour of the different stress-strain paths is however not fully covered by thp-APlirves.

When observing the API formulation for sand the hardening and softening of the soils as they are
sheared are worth to mention, together with the initial soil-structure stiffness and the effects of
scaling the diameter of the monopiles.

Hardening / Softening

When observing th@-y curves presented by API for sands, it is observed that the sand hardens
until it reaches the ultimate soil resistance. The input parameters used for theydRirves to
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describe the state of sand are the effective angle of internal frigtfband the effective vertical
stressess 2. The correct stress-strain path for dense sandy soils has an initial part where the sand
hardens as it is strained. This hardening occurs until it reaches its peak shear stress, whereas it
softens afterwards until it reaches the critical state shear stress. This behaviour of dense sands is
illustrated with the stress-strain path in Figure 6.17, where the dense sand acts as a Type Il sail.
This means that the AR3-y curves do not account for the effects of the void ratio of the sandy soils,
and the API formulation does thereby neglect the effects of expansion of soils as they are sheared.

The effects of varying the input parameters for the API sand formulation are illustrated in
Figure 6.21(a). Here it is observed that as the effective angle of internal friction and the effective
vertical stresses are changed, g curves retain the same shape. Sand hardens until reaching the
ultimate soil resistance, where very dense sands and loose sands with low effective vertical stresses
both should harden at small displacements and afterwards soften as mentioned previously.
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(a) p-y curve for sand according to API. (b) API formulation for sand compared to an actual

pile resistance [Achmus, Thieken, and Lemke,
2014, Modi ed].

Figure 6.21: lllustration of p-y curves for sand.

Initial Stiffness

Another uncertainty of thg-y curves is the fact that the curves underestimate the initial soil-
structure stiffness and overestimates the following soil-structure stiffness as the diameter of the pile
is increased. This is presented in the paper Achmus, Thieken, and Lemke, 2014, where the actual
resistance of a monopile in sand is compared to the API sand formulation, see Figure 6.21(b).

Diameter Effects

The p-y curves are developed on small diameter slender piles as already mentioned. When
extrapolating the formulation to larger pile diameters, the diameter's effect on the initial stiffness
from the API sand formulation is neglected. This is due to the fact that the initial stiffness is
determined by multiplying the initial modulus of subgrade reactiomith the depthz. This means

that the diameter does not affect the initial stiffness [Kallehave, Thilsted, and Liingaard, 2012]. In
general, the APp-y curves for sand, soft- and stiff clay do not take diameter effects caused by
the rapid increase in pile diameters into account, as the diameters used nowadays are much larger
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than the slender piles the formulations were developed for. As the diameter of the monopiles is
increased the failure mechanism changes. Instead of being slender exible piles they are now closer
to rigid body motions as the larger structures result in a larger bending stiffness of the piles. When
a large diameter pile rotates in the soil, shear forces develop on the surface of the pile. This is not
accounted for in the APp-y formulation but it is included in the PISA approach which will be
introduced in Section 7.2.

Soft Clay

Neither of the threg-y formulations presented in this thesis for sand, soft clay and stiff clay take

the void ratio into account, when considering the input parameters of the API formulation. This
means that it is unknown whether the regarded soil has a void ratio beyond or below the critical
void ratio and thep-y curves can thereby not provide the actual stress-strain paths for the soils. The
critical void ratio is illustrated in Figure 6.18(b). This means that none of the formulations can
describe the correct stress-strain path, all though some effects are better described by the curves
for clay than for sand. For example tpey curves for soft clay presented in Figure 6.22 show that
using the curves developed for cyclic loading, the soil hardens at small displacements followed by
a softening as the displacement increases.
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(a) Above the transition deptlzg. (b) Below the transition deptfzg.

Figure 6.22: lllustration of p-y curves for soft clay. The dashed lines are for cyclic loading, where the solid
lines illustrate the curves for monotonic loading.

Being below the transition depth i.e> z (whenzis positive downwards) means that the effective
vertical stresses are higher than for the soil located above the transition depth. This higher vertical
stress causes a ow failure in the soil instead of the wedge failure happening above the transition
depth. Figure 6.22(a) illustrates tipey curves for soft clay above the transition depth, where it

is observed that the-y curves consider the initial hardening followed by softening. Contrary,
Figure 6.22(b) illustrates thg-y curves for soft clay below the transition depth, where is it observed
that thesep-y curves only consider hardening. This means fhgicurves for soft clay succeed in
considering the hardening and softening behaviour of soft clay e.i. that the softening disappears
when the effective vertical stresses are increased, see Figure 6.18(b).
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Initial Stiffness

The p-y curves for soft clay are de ned as a 3rd order polynomial, which means that the initial
stiffness of thep-y curves is in nite. This is however not physically possible, and a modi cation of
the initial stiffness is therefor performed. This modi cation is performed by replacing 3rd order
polynomial by a linear relationship for small displacements, which yields a modi ed initial stiffness
of the p-y curve.

Diameter Effects

The modi ed initial stiffness does, contrary to tipey curves for sand, consider the effects of an
increasing pile diameter. This diameter effect is scaled linearly according to the diameter of the
pile and the reference strain levely.

Stiff Clay

If stiff clay was to be described by the previously introduced terms, it would be a Type Il soil. This
means that the soil initially hardens until reaching a peak shear stress, where it afterwards softens
until reaching the critical void ratio.

Hardening / Softening

The hardening and softening behaviours are captured by both the curves for monotonic and cyclic
loading for stiff clay presented in Figure 6.23. Although it is seen that when increasing the effective
vertical stresses the softening is still present. This behaviour is against the argument presented
earlier in Figure 6.18(b), stating that the softening should disappear as the effective vertical stresses
are increased.

p p

Soil resistance
Soil resistance
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(a) Monotonic loading. (b) Cyclic loading.

Figure 6.23: lllustration of p-y curves for stiff clay.

If the p-y curves are applied in cases where unloading and reloading occurs, then the unloading will
follow the same path as for the loading, and not the correct path presented in Stage 1 in Figure 3.7
page 23. Here the hysteresis loops revealed an unloading path that is different from the loading
path.
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This concludes the discussion of they curves presented by API. Through the discussion it was
revealed that using the effective angle of internal friction and the undrained shear strength to
describe the stress-strain path for sheared soils is not suf cient to describe the behaviour of soils.
The state of the soil has to be described more thoroughly in order to determine how the stress-strain
path turns out. This could be improved by creating curves based on the relative density i.e. by
including the actual void ratio and the critical void ratio into the model which accounts for the
stress-strain paths.

As stated earlier and illustrated in Figure 6.18(a), the plformulation underestimated the initial
stiffness of the soils. Some proposed improvements to this problem and an introduction to the PISA
approach will be presented in the following chapter.
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/. IMPROVEMENTS

In this chapter, improvements on the original A#Y curve formulation that is currently suggested
design guideline are presented together with an alternative method of modelling soil-structure
stiffness. As already mentioned, the current design guideline suggests to use thg Altives

to analyse laterally loaded piles, which was the theory looked into in Chapter 5. However, as
revealed in the literature study in Chapter 2, these curves have received some criticism for being
too inaccurate when used for estimating the soil-structure stiffness on large diameter monopiles,
and thereby also being inaccurate in the estimation of eigenfrequencies of OWTSs. As a result of
the criticism, several improvements and alternative formulations have been proposed in order to
estimate the eigenfrequency of an OWT more precisely. The following chapter will be divided
into three main parts. The rst part consists of a presentation of two improvements to the\API
curves. The second part consists of a presentation of a new alternative to tpeyABtves. The

third and last part of this chapter consists of a comparison of the originapAfiurves and the
presented improvements as well as a discussion of the different approaches.

Improvements to the APl p-y curves

Due to the already addressed inaccuracy of the p®Icurves when used for monopiles

with diameters larger than 2 m, several improvements have been proposed. In this thesis the
improvements proposed by Kallehave, Thilsted, and Liingaard, 2012 for sand and by Kirsch,
Richter, and Coronel, 2014 for clay are considered. These improvements have been selected
because this thesis considers the estimation of eigenfrequencies of an OWT and both of these
improvements are developed in order to optimise the initial stiffness giheurves which can
improve the estimation of eigenfrequencies.

Improvement Proposed by Kallehave

In this section the improvement to the origimay curves presented by Kallehave, Thilsted, and
Liingaard, 2012 will be introduced. This improved formulation is based on a study of estimation
of eigenfrequencies for OWTs using the origimay formulation for sand compared to nacelle
measurements from OWTs installed in sand. This comparison shows that the eigenfrequency is
underestimated in the range of 5-7 % when using the original formulation gftheurves.

The study performed by Kallehave, Thilsted, and Liingaard, 2012 revealed that while maintaining
the overall format of thg-y curves by introducing a modi ed initial stiffness of the sand, a better
estimate of the eigenfrequencies can be obtained. This modi cation of the initial stiffness is based
on a modi cation of the stress and strain level respectively.

In the original formulation of the-y curves it is assumed that the initial stiffness of sand increases
linearly with depth. However, according to Kallehave, Thilsted, and Liingaard, 2012, the response
of sand is governed by the isotropic stress level. One approach to account for the effects of isotropic
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stress level is to express the soil modulasas expressed in equation (7.1).

E=Ey —YL (7.1)

Ey | Reference soil modulus
s? | Effective stress level
s, | Reference effective stress level

The reference effective stress Ievsgﬁo, is de ned such that at this level, the soil modul&s,

is equal to the reference soil modull®,. Based on the fundamental behaviour of sand, and
an assumption regarding that the effective stress level in sand is proportional to theziepth,
eqguation (7.1) can be rewritten into equation (7.2), which is a modi cation of the stress level.

n

Z
ST (7.2)

Z | Reference depth
n | Depth exponent

The modi cation of the strain level is based on a consideration of the strain eld around a pile,
and how this strain eld evolves as the diameter of the pile increases. The modi cation of the
strain level performed by Kallehave, Thilsted, and Liingaard, 2012 is based on eq{7aBpas
suggested by Stevens and Audibert, 1979.

m(u)

EYERY =

(7.3)

do | Reference diameter (0.61 m)
m | Diameter exponent

The reference diametety, is equal to the pile diameter used to derive the origmgiformulation.

The diameter exponent, is dependent on the displacement of the pildilowever, a constant
value of 0.5 for the diameter exponent will yield representative results according to Kallehave,
Thilsted, and Liingaard, 2012. This value yields an underestimation of the soil-structure stiffness
of the top soil layers, while it yields an overestimation of the soil-structure stiffness of the lower
layers.

When combining equatiofv.2) and(7.3), an expression for the modi cation of the initial soil-
structure stiffness is obtained, see equation (7.4).

n 0.5

z d
EY =kz = — 7.4
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From equation{7.4), an expression for the initial modulus of subgrade reaction can be derived, see
equation (7.5).
n 0:5
o Z d

Kkallehave= k; % dT) (7.5)
From the expression of the initial modulus of subgrade reaction in equ@tidnthe p-y curve
according to Kallehave, Thilsted, and Liingaard, 2012 can be compared to the oggimalrve
according toAPI 2A-WSD This comparison is illustrated in Figure 7.1.

| —API

—— Kallehave
| | | | | | I I I |

Soil resistancep [KN/m]

Displacementy [m]

Figure 7.1: Comparison of-y curves according t&PI 2A-WSDand Kallehave, Thilsted, and Liingaard,
2012.

From Figure 7.1 it is observed that the improvement proposed by Kallehave, Thilsted, and Liingaard,
2012 yields a higher initial stiffness of thy curve resulting in a higher initial soil-structure
stiffness. This tendency is as expected, because Kallehave, Thilsted, and Liingaard, 2012 developed
this formulation based on the revelation that fRg curves according t&PI 2A-WSDunderestimate

the initial soil-structure stiffness and thereby the eigenfrequency of a monopile in sand.

Improvements Proposed by Kirsch

In this section the improvements to the origimay formulation presented by Kirsch, Richter,
and Coronel, 2014 will be introduced. This includes an improved formulation fgo-theurves
for both soft- and stiff clay. These improvements are based on comparisons of the goiginal
formulation and a numerical model.

The improvements to thp-y curves for clay as presented by Kirsch, Richter, and Coronel, 2014 are
a modi cation of the approach presented by Matlock, 1970, where the ratio of the soil resigtance,
the ultimate resistanc@,, and the ratio of the dynamic to static soil stiffness modtdi,andEs
respectively, are considered. Kirsch, Richter, and Coronel, 2014 proposed a modi cation of the
strain level g;, which is the strain level occurring at 50 % of the maximum principal stress in an
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undrained compression laboratory test. This modi cation is expressed by equation (7.6).
0

€50Kirsch = %O%l‘*' 1 P %)i 1&2 (7.6)
Pu Esd

Es

Es | Static soil stiffness modulus
Esq | Dynamic soil stiffness modulus

The dynamic soil stiffness moduluEgq, is according to Kirsch, Richter, and Coronel, 2014
expressed as a function of the static soil stiffness mod&usThe expression for the dynamic soil
stiffness modulus is presented in equation (7.7).

Esd: 10 0:42109(0:0006Es) Es (7.7)

The static soil stiffness modului,, is dependent on the consistency of the clay considered. The
values used in this section is presented in Table 7.1.

Table 7.1: Stiffness moduli used in the comparison of {4y curves obtained from API, 2014 and the
modi ed p-y curves provided by Kirsch, Richter, and Coronel, 2014.

Soiltype Eg[MPa] Egq[MPa]

Soft clay 10 75
Stiff clay 100 400

From the modi ed expression of the reference strain lesg), the improvedp-y curves according

to Kirsch, Richter, and Coronel, 2014 can be compared to the original formulation according to
API 2A-WSD This comparison is illustrated in Figure 7.2(a) and 7.2(b) for soft and stiff clay
respectively.
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(a) Soft clay. (b) Stiff clay.

Figure 7.2: Comparison of the originap-y formulation for clay according t&APl 2A-WSDand the
improvement presented by Kirsch, Richter, and Coronel, 2014 for soft- and stiff clay respectively.

From the comparison in Figure 7.2 it is observed that the improvements proposed by Kirsch, Richter,
and Coronel, 2014 yields a higher slope of the initial part ofihecurves. This increase in the
slope of thep-y curves increases the soil-structure stiffness which increases the eigenfrequency of
the system.
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PISA

As mentioned earlier, thp-y curves was developed for the oil and gas industry, where the approach
was used for platforms with slender piles. With the development in the OWT sector, the increase of
the pile diameters results in inaccurate estimates.pFheurves are becoming inaccurate as the
slenderness ratid,=d ratio is getting smaller for the pile, whekeis the length of the monopile
andd is the diameter.

The PISA (Pile Soil Analysis) project is a relative new project research, which was ongoing between
2013 and 2016. It considered the development of a new 1D design model for monopile foundations
for OWTs. The 1D model was calibrated according to 3D models and experimental tests. The
problem by only using 3D models is the computational time, and the goal of the research was
thereby to make a simpler and faster 1D model, which can provide reliable results. This section
about the PISA project is based on Burd et al., 2017.

PISA Theory

The theory behind the PISA approach is basically an extended version pfjtharves where a
horizontal force and moment acting on the bottom of the pile and a distributed moment along the
pile are considered as well. Figure 7.3 illustrates the PISA concept.
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(a) Assumed soil reactions acting on monopile. (b) 1D design model.

Figure 7.3: lllustration of the PISA concept [Burd et al., 2017, Modi ed].
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The monopile is modelled as an embedded beam where the external loads are applied at the top
as a moment\g, and a horizontal force{g. The soil effects on the embedded monopile can be
regarded as four separated components.

A distributed lateral loadp, acting on the pile as thp-y curves considers as well.

» A distributed momentn, which is caused by the vertical traction occurring at the surface
from the soil-structure interaction when local pile rotations occurring.

A horizontal force Hg, at the bottom of the pile.

« A moment,Mg, at the bottom of the pile.

The soil reactions are applied to the beam by the use of the Winkler assumption, which states that
p andHg components are de ned as functions of the local pile displacementreartti Mg are

de ned as functions of the local pile cross-section rotationThe local rotation and the vertical
shear traction can be seen at a small gauf the pile in Figure 7.4. Despite the Winkler approach
neglects the coupling, which occurs between adjacent soil layers, it gives a good basis for the design
calculations.

Rotation,y

Vertical shear traction
around pile perimeter

dz

Pile

Figure 7.4: lllustration of small piece of the pile [Burd et al., 2017, Modi ed].

When thel.=d ratio is large, the APp-y curves yields acceptable results and only the distributed
lateral load has a large effect on the result. Asltkd ratio is decreasing the three other parameters

are getting increasingly important. This is due to the distributed moment depends on the diameter
and when the diameter increase, the moment does as well. Also, the force and moment at the bottom
become increasingly important as tbed ratio decreases. The effect from the three parameters
depending on the=d ratio is called the "diameter effect", which causes the original pylcurves

to become increasingly unreliable.

When the monopile is modelled as a beam, Timoshenko beam theory is used to be able to include
the shear strains in the analysis. This is important to model, as an increase of the diameter of
monopiles and thereby a reduction of ttved ratio will give the shear strains a larger in uence on

the overall pile response. Using Timoshenko beam theory will thereby make the 1D model usable
when thelL=d ratio decrease as the development OWT sector causes an increase in diameter of
monopiles.
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PISA Research

The PISA research uses eld tests which where conducted at the two sites Cowden and Dunkirk.
Here multiple tests were performed with varying diameters (0.273 m, 0.762 m and 2.0 irgdénd

ratios of the monopiles between 2 and 10, where the range afttheatio is based on the expected

ratios for full-sized monopiles. The Cowden test site is a clay till site in the north-east England
and the Dunkirk test site is a dense sand site in northern France. Both sites are located at land and
have been used for testing before, which means that previous eld tests and laboratory soil data are
available for usage.

Cowden and Dunkirk were chosen as test sites because the soil conditions on these sites are similar
to the conditions at the North Sea, where present and future OWT farms are located or planned to
be. Due to the metocean conditions in the North Sea, the monopile is a feasible foundation solution.

3D modelling was performed for obtaining FE results, which the eld test results could be compared
to. This was done for con rming the validity of the procedure used for the 3D modelling. The
constitutive modelling of the soil used in the 3D models were constructed with the knowledge
obtained from site investigations for the locations and the preexisting data.

To be able to account for the difference from the eld tests performed on land and the desired results
for offshore, a calibration analysis is conducted. In this way the sand- and clay pro les, based on
the eld tests from the locations, are adjusted to be representative values for offshore conditions.

The numerical data from the calibration analysis is directly used for calibrating the soil reaction
curves which are used in the PISA 1D model. This means the 1D model is dependent on the eld
data and the 3D FE procedure. The approach used for updating the curves used in the 1D model in
the research is illustrated in Figure 7.5.

Site investigation

Calibrate

i . Constitutive
Field tests Validate 3D FE analysis .
modelling

Calibration of
1D design model

Figure 7.5: Flowchart of the PISA research approach [Burd et al., 2017, Modi ed].
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Discussion

The PISA modelling approach can be used to obtain monopile design in two different ways, the
"rule-based" method and the "numerical-based" method.

The rule-based method is similar to the current form ofghecurves and is used for the initial
design calculations. Here prede ned functions and parameters can be used to represent the sail
reaction curves. The prede ned functions and parameters are determined from the soil pro les
which are established for each individual site from relatively simple index or testing.

The numerical-based method is used to obtain more detailed and robust design calculations. This
method was the one used in the PISA research in order to calibrate the soil reaction curves in the 1D
model. In general the site conditions are investigated more intensively using advanced laboratory
and eld techniques to establish the behaviour in details for the soil present at a given location. The
nal design is then found from the 3D FE calculation using the likely ranges of soil pro les and
parameter variations. At the end, the soil reaction curves can be found from the predictions for the
soil-structure interface traction from the FE analysis.

The paper Burd et al., 2017 is using the numerical-based method for calibrating a 1D model for a
speci c case. Here a comparison indicates the various approximations and assumptions used in the
1D model do not make the results signi cantly less reliable.

Further work has to be made for obtaining more knowledge and extend the method for being able
to handle other soil types and layered soils. The effect of cyclic loading should be considered in
further work, as the current work is based on monotonic lateral loading of the piles. Also, more

advanced geotechnical effects as multi-directional loading, damping, densi cation, age hardening,
installation methods and creep can be included. In all, further work is needed for making the model
able to consider more complex effects.

Comparison of p-y Curves

In this section, a comparison of the original ARy curves and the modi cations proposed by
Kallehave, Thilsted, and Liingaard, 2012 and Kirsch, Richter, and Coronel, 2014 is performed. The
comparison is performed based on the development of the rst eigenfrequency as the external load
is increased. This is done because the exact level for the external load is unknown as no speci c
case is considered. The input parameters foiptyeurves used in this comparison are identical

to the input parameters used in the convergence analysis of the Extended Model, and is presented
again in Table 7.2.

Table 7.2: Input parameters used to compare eigenfrequencies.

Parameter Symbol  Unit Sand Softclay Stiff clay
Effective angle of internal friction fO 37.5 - -
Undrained shear strength Su kPa - 125 350
Effective unit weight of soil q° kKN/m® 9.5 9 10
Reference strain level &0 - - 0.015 0.008
Empirical constant J - - 0.5 0.25
Diameter of the monopile d m 8 8 8

Length of the monopile below mudlinehpje m 30 30 30
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The development of the rst eigenfrequency in regards to the external load for the-pBlrves
as well as the modi cations proposed by Kallehave, Thilsted, and Liingaard, 2012 and Kirsch,
Richter, and Coronel, 2014 is presented in Figure 7.6.
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Figure 7.6: Comparison of eigenfrequencies obtained from the original formulation optheurves
according toAPI 2A-WSDand the modi cations proposed by Kallehave, Thilsted, and Liingaard,
2012 and Kirsch, Richter, and Coronel, 2014.

For sand it is observed that the modi cation proposed by Kallehave at smaller loads yields higher
eigenfrequencies as the slope on the initial part ofgtyecurve provided by Kallehave is greater

than the one by API. This results in a greater soil-structure stiffness i.e. a higher eigenfrequency.
As the load is increasing, the eigenfrequencies from the modi ed approach by Kallehave are getting
closer to the results using the API curves. At the end of the curves illustrated in Figure 7.6, the
eigenfrequencies using the Apiy curves are getting larger than the ones obtained by using the
modi ed Kallehave formulation. Here is should be noted the modi cation proposed by Kallehave

is meant to be representative for the initial stiffness, and not with large displacements.

Thereby the eigenfrequencies from using the formulation by Kallehave are higher at smaller loads.
This corresponds to the expectations as the modi cation from Kallehave, Thilsted, and Liingaard,
2012 was meant to increase the initial soil-structure stiffness where the API curves are claimed to
yield too small eigenfrequencies. As the external loads and thereby the displacements are getting
larger, the formulation by Kallehave should no longer be seen as valid, as the modi cation is not
tted for large displacements.

When considering soft clay, see Figure 7.6, it is observed that the eigenfrequency for both Kirsch
and API has a signi cant drop at an external load just below 4 MN. This happens due to the
fact that the displacements are calculated using the tangential stiffnesspy th@ves, and as

both curves are a combination of a linear initial slope followed by a third order polynomial, there
will be a signi cant change in the tangential stiffness going from the initial linearised curve to
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the polynomial. This numerical error is illustrated and explained further in Appendix 1.2. The
signi cant change in the tangential stiffness yields an relative increment of the displacement and
thereby a reduction of the eigenfrequency using the secant stiffness frqwytberves. Beyond

the drop of the eigenfrequencies, which is similar for both the API- and Kirsch formulation, the
curves differ from each other as Kirsch provides higher stiffness in the beginning of the curves
as illustrated in Figure 7.2(a) page 90. At a certain point the slope of th@Amrlurve becomes
steeper than the one provided by Kirsch, until they both reach the ultimate soil resistance. This
behaviour is transferred to the eigenfrequencies illustrated in Figure 7.6 where Kirsch provides
higher eigenfrequencies than API, but the gap between the curves decreases as the external load
and thereby the displacements are increased.

When considering stiff clay, it is from Figure 7.6 observed that the eigenfrequency obtained when
using the original APIp-y curve is identical to the one obtained when using the modi cations
proposed by Kirsch, when the external load is low. This is due to the fact that the determination of
the initial stiffness is independent of the modi cations proposed by Kirsch. Following the initial
part, the modi edp-y curve yields a larger eigenfrequency compared to the@Pturve. This
tendency can be explained from a comparison of the gxiPcurve and the modi edb-y curve

by Kirsch, see Figure 7.2(b), where it is observed that the parabolic part of the Kisschrve
reaches a top point earlier than the A#?y curve, which makes the Kirsghy curve steeper and
thereby increases the soil-structure stiffness. However, because of the larger stiffness, the graph is
reaching a displacement, where no stiffness is left in the soil, earlier than the original API. This is
also the explanation for why the Kirsch approach not is providing eigenfrequencies for the same
maximum load as the ARJ-y curves, as the Kirsch method is loosing the stiffness from the soil
before the APIp-y curves.

Discussion

This discussion covers the improvements and the alternative formulation presented in this chapter,
and will be divided into two main parts. The rst part concerns the improvements to the original
p-y curves whereas the second part concerns the alternative formulation.

Improvements to the APl p-y curves

Two improved formulations for the originghy curves are presented in this chapter. These are the
improvement of thex-y curves for sand as suggested by Kallehave, Thilsted, and Liingaard, 2012
and the improvements of thgy curves for soft- and stiff clay as suggested by Kirsch, Richter,
and Coronel, 2014. Both the improvements proposed for sand and clay consider the fact that the
p-y curves in general are derived based on tests performed on piles which are very different from
monopiles. The origingb-y curves were derived based on tests on long and slender piles compared
to the dimensions of the monopiles used today. However, the formulation pfyteeirves has not
changed accordingly, and the formulation might therefore be obsolete.

The improvement of the-y curves for sand proposed by Kallehave, Thilsted, and Liingaard,
2012 is based on measurements from operating WTs and theoretical considerations. It considers
a modi cation of the originalp-y curves in regards to the depth and pile diameter for which the
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p-y curve is constructed. This modi cation yields a higher initial stiffness and the formulation
is thereby better at estimating the soil-structure stiffness at small loads. However, the modi ed
p-y curve yields the same ultimate capacity as the origmglcurve and is thereby, equally to

the original formulation, inaccurate in the determination of the soil-structure stiffness for extreme
loads, see Figure 7.1 page 89.

A comparative study performed by Achmus, Thieken, and Lemke, 2014 compares soil resistances
obtained from the originap-y curves and the improvement proposed by Kallehave, Thilsted,
and Liingaard, 2012 to the soil resistance obtained from a 3D FE analysis, see Figure 7.7. The
comparison supports the statement about that the orighyaturves underestimates the soil-
structure stiffness for small loads whereas they overestimates the soil-structure stiffness for extreme
loads. From the gure it is also observed that the improvement proposed by Kallehave, Thilsted,
and Liingaard, 2012 yields a better estimation of the aqgbexaturve for small loads, but converges
towards the same ultimate capacity as the origpagicurves. The study concludes that none of the
currently knownp-y approaches are suited to the design of large diameter monopiles in sand and a
new design formulation is needed in order to avoid the under- and overestimation of soil-structure
stiffness dependent on the load level.

P Kallehave et. al (2012)

API
Actual resistance

Soil resistance

Displacement

Figure 7.7: lllustrative comparison op-y curves obtained from different approaches [Achmus, Thieken,
and Lemke, 2014, Modi ed].

The improvements of thp-y curves for clay proposed by Kirsch, Richter, and Coronel, 2014 are
based on theoretical considerations and a 3D numerical model which considers a modi cation of the
reference strain levedsg. This strain reference level is modi ed in regards to the ratio of the present
soil resistance to the ultimate soil resistance and the ratio of the dynamic soil stiffness modulus
to the static soil stiffness modulus. This formulation is, contrary to the formulation proposed by
Kallehave, Thilsted, and Liingaard, 2012, based on the cyelicurves proposed by Matlock,
1970. The improvements proposed by Kirsch, Richter, and Coronel, 2014 yield a higher initial
stiffness of Matlockp-y curves. However, these improvements do, similar to the improvement
proposed by Kallehave, Thilsted, and Liingaard, 2012, converge towards the same level of soil
resistance as thgy curves, see Figure 7.2 page 90.

A comparative study performed by Achmus, Terceros, and Thieken, 2016 compares the
improvements proposed by Kirsch, Richter, and Coronel, 2014 t@-4heurves proposed by
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Matlock, 1970, thep-y curves proposed by both DNV GL group, 2018 and API, 2014, and
results obtained from a 3D numerical model. Tgg curves proposed by Matlock, 1970 have an

in nite initial stiffness yielding an overestimation of the soil-structure stiffness for small loads.
This means that the improvements proposed by Kirsch, Richter, and Coronel, 2014 also yield an
overestimation of the initial stiffness, since these improvements are increasing the initial stiffness
of the cyclic Matlockp-y curves. The comparative study concludes that none of the currently know
p-y approaches are well-suited to design large diameter monopiles in clay. The study however
concludes that the approach proposed by DNV GL group, 2018 and API, 2014 is the best suited
of the known approaches, since this approach bypasses the in nite initial stiffness and thereby an
unrealistic overestimation of the soil-structure stiffness for small loads.

When designing an OWT, the rst eigenfrequency is of particular interest, as earlier explained. The
rst eigenfrequency is often estimated based on a combination of loads, which are representable
for the sea state, and the environment where the OWT is located. This means that these loads
typically are relative small compared to the extreme load cases the OWT has to be designed against.

Figure 7.8 illustrates the rst eigenfrequency obtained from the diffepepnipproaches introduced

so far in this thesis. The eigenfrequencies are estimated from the parameters presented in Table 7.2
page 94 and with an external load of 1 MN applied at the MWL, see Figure 6.2 page 62. This load
level is assumed to be representative for a normal sea state on a location of an OWT.

Figure 7.8: Comparison of the dynamic ampli cation factors obtained frompecurves and the excitation
rangesf;, and fzp coming from rotor and blades respectively.

From Figure 7.8 it is observed that the rst eigenfrequency obtained from the preseyted
approaches are located close to, or even within the area of the rotational freqtipnchhis
tendency is as desired, as g curves tend to underestimate the initial soil-structure stiffness and
thereby also the eigenfrequency at small loads. This means that the rst eigenfrequency in reality




7.4 Discussion 99

might be closer td3p than illustrated in Figure 7.8. However, the rst eigenfrequency estimated
from the APIp-y curves for soft clay is located within the areaf@$, which is not allowable since
this could cause the rst eigenfrequency to resonate Wigh This concludes the discussion of the
p-y curves and the improvements presented in this chapter.

7.4.2 PISA Approach

The PISA approach is a relatively new approach developed through a research project. The project
concerned the development of a new alternative to accurately model laterally loaded piles. The
PISA approach differs from thp-y approach in the way it succeeds in including the effects of a
large diameter pile. A simple illustration of the differences in the two approaches are shown in
Figure 7.9.

MWL MWL

Mudline Mudline

Distributed Distributed
lateral load lateral load

p(zu) p(z u)

Distributed
moment

m(zy )

horizontal
forceHg(vg) Base
moment

Mg(f g)

(a) 1D design model for the-y approach.  (b) 1D design model for the PISA approach.

Figure 7.9: lllustration of the difference between tipey approach and the PISA approach.

From Figure 7.9(a) and 7.9(b) it is observed that whereptyeapproach only considers the lateral
load, p, the PISA approach also considers a distributed monmere,horizontal force at the base of
the pile,Hg, and a moment at the base of the pWg. The distributed moment is caused by vertical
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traction that occurs when the pile rotates, see Figure 7.4 page 92. These additional parameters are
included in the model because experiments reveal that the importance of these parameters increases
when the diameter of the pile increases, or when the length-diameteriratiogtio) decreases

[Burd et al., 2017].

Equally to thep-y approach, the PISA approach provides curves which represent the load-
displacement response for a particular case. These load-displacement curves can either be obtained
from a series of normalised parameters, which are normalised in regards to the dimensions of the
pile e.i. the pile length and the pile diameter, or through a 3D FE analysis which can then calibrate
the load-displacement curves for the desired soil.

Despite the PISA approach is not yet included in the design guidelines, the approach seems to
provide more accurate results compared to the pdplapproach. An illustration of a comparison

of the API- and PISAp-y curves to a 3D FE model for sand can be seen in Figure 7.10, where it is
clear the PISA approach provides a better t to the 3D FE model curve. The 3D FE model curve
represents the results obtained from a 3D FE analysis of sand during the PISA project, and should
thereby re ect the behaviour of sand to a certain degree. [Byrne et al., 2015]

P PISA

3D FE model

API

External load

Displacement

Figure 7.10: lllustration of comparison between Aty curves, PISA approach and results obtained from a
3D FE model in sand [Byrne et al., 2015, Modi ed].

When the PISA approach is providing better results, as seen in Figure 7.10, it can be a possible
replacement for the API approach used nowadays. However, the PISA approach is still relatively
new and more experience with this approach is needed.
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8. SEPARATION OFEXTENDEDM ODEL

A representative 1D FE model for the analysis of eigenfrequencies of an OWT has been set up
and validated through Stage 3. The Extended Model from Stage 3 is a model for the full structure,
where the user of it needs to have knowledge of the complete system to apply it i.e. the soil and
the structure. However, the responsibilities for the design of an OWT are typically divided into
different departments that cover e.g. the foundation or the structure, and thereby the set up of two
separate models is therefore investigated. One model from the mudline and downwards covering
the foundation and the use of tpey curves, and a second model including the structure from the
mudline and upwards. These substructures can be handled by different companies who do not want
to share knowledge amongst each other. However, the companies still have to cooperate in order to
obtain the correct response for the OWT.

In this chapter the Extended Model, which was described in Chapter 6, is separated into two parts
called substructures, which yields a part for the model above mudline and a part below mudline,
see Figure 8.1. The problem is to be able to work with each part separately, but still being able to
analyse the response of the full structure.

Blade
Hub
Nacelle
Above
h Tower
Transition piece
MWL
Model cut
Mudline heite Below
Monopile

Figure 8.1: lllustration of where the OWT is to be separated, to indicate the two substructures.

The so called component mode synthesis is used to divide the model. The idea of the component
mode synthesis is to divide the structure into substructures for different departments to be able to
work with the different substructures at the same time.
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Modi cations of the design can be implemented in one substructure without including this
modi cation in other substructures. This means a modi cation of one speci ¢ substructure does
not affect other substructures individually and only the response of the considered substructure and
the full structure will be affected. When the designs of the substructures are done, the response
from the full structure can be obtained in the form of eigenfrequencies.

Many different approaches for component mode synthesis are available, but the most common
used for dividing a structure into substructures is the Craig-Bampton method, which is the method
considered in this chapter. The theory for the Craig-Bampton is based on R. D. Cook et al., 2002.

Procedure

The Craig-Bampton method uses a weighted majvi4], to reduce the mass- and stiffness matrix
for each substructure. These reduced matrices are then used to obtain a global reduced mass- and
stiffness matrix[M]cums and[K]cus respectively, which can be used to estimate the eigenfrequency
for the full structure by solving the eigenvalue problem. The global reduced mass- and stiffness
matrix describe the full system despite the matrices have fewer entrances than the matrices for the
original system. In order to obtain the weighted matrix, the mode shapes for each substructure
are needed. The mode shapes for a substructure are obtained by xing all substructure attachment
DOFs and then solving the eigenvalue problem for this speci ¢ substructure, see ed8atjon

A substructure attachment DOF is characterised by a DOF which node is connected to other
substructures, when considering the full structure. Conversely, nodes which are not attached to
other substructures are called internal substructure nodes.

In order to be able to use the Craig-Bampton method, the Extended Model is separated at the
mudline creating two substructures, see Figure 8.2. Here a FE model for each substructure is made,
which is independent of other substructures. Thereby, it is possible to obtain the reduced matrices
without sharing information of the substructures between different departments.

MWL MWL

Mudline Mudline P

(a) Above mudline. (b) Below mudline.

Figure 8.2: lllustration of the two separated models used for calculations. The red nodes represents the
attachment DOFs and the black nodes represents the internal substructure DOFs.
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The mass- and stiffness matrix for the two substructures are determined from the FE models created
for each substructure. The load applied at the full structure does not affect the stiffness matrix
for the substructure above mudline, as the stiffness only depends of the Bernoulli-Euler stiffness.
Because of this, the load is not used in the FE model above mudline, see Figure 8.2(a). However, as
the stiffness matrix for the substructure below mudline is in uenced by both the Bernoulli-Euler
stiffness and the soil stiffness, the load needs to be included in order to employ theves, which

was investigated in Chapter 5. To be able to model the stiffness from the soil, the load affecting the
structure above mudline is transferred to the separation point at the mudline by applying a moment
corresponding to the relocated load. The moment is determined by assuming the load can be moved
linearly. However, this assumption has to be veri ed in order to ensure the accuracy of the results
obtained.

The mode shapes for the individual substructures can be determined by solving the eigenvalue
problem as presented in equati@l). This is done because the mode shapes are necessary to
determine the weighted matrix for the substructure later.

[Knnlj WEMnnl; fDigj=f0g  [F1j =[fD1gfDag:::f Dig]; (8.1)

n | Identi cation of substructure DOFs which is not attachment DOFs
Identi cation of substructure

Identi cation of speci ¢ substructure mode

Number of mode shapes retained in modal matrix

N T —

Here the mass- and stiffness matrix for each substructure is derived from the internal substructure
DOFs. These are shown as the black nodes in Figure 8.2.

The connection between the internal loads of a substructure and the corresponding stiffness matrix
is expressed in equation (8.2).
n # m # n #
Ko K Y 0
noom = (8.2)
Kna Kaa j I j R j

a Identi cation of attachment DOFs

n Identi cation of other substructure DOFs

j Identi cation of substructure

[Y] | Matrix with resulting vectors of internal substructure DOFs

[1T | Unit matrix

[R] | Matrix for the resulting vectors of reactions at attachment DOFs

From equatior{8.2) an expression for the matrf¥ ] can be derived, see equation 8.3. This matrix
is necessary for the determination of the weighted matrix for each substructure.

Y] = [Knn]j 1[Kna]j (8.3)
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The idea of the Craig-Bampton method is to reduce the number of nodes, which represents the
substructure. The transformation between the original DOFs representing the original substructure
system and the substitute DOFs which represent the reduced substructure, is performed by the
weighed matrix, see equati@d.4). The weighted matrix is used to reduce the number of nodes
which are representing the substructure.

() () o #

fDg;j = Dn =[W] where [W]; = I(:) YT

D, (8.4)

a
Da
i i
fag | Vector containing modal coordinates
fDpg | Contains internal substructure DOFs
fDag | Contains substructure attachment DOFs
[W] | Weighted matrix
[F] Modal matrix containing mode shapes

A reduced stiffness- and mass matrix for each substructure can now be calculated as the weighted
matrix is known for each substructure. These are calculated using eqatrand (8.6)
respectively. When the global reduced matrices are to be determined afterwards, only the
reduced mass- and stiffness matrices for each substructure have to be shared amongst the different
substructures, and the rest of the information used through the calculations can be kept secret if this
is desired.

[Kred; = [WI] [K]; [W]; (8.5)
[Mred; = [WI] [M]; [W]; (8.6)

With the reduced mass- and stiffness matrices for the two substructures, the global reduced matrices,
[K]ems and[M]cms, are made by combining the obtained reduced matrices from the substructures.
These global reduced matrices can describe the full structure. Finally, the eigenvalue problem can
be solved in order to obtain the eigenfrequencies for the full structure with eq&tionThis is

the same equation as used previously in Stage 2 and 3 for estimating the eigenfrequency by solving
the eigenvalue problem, which was rst introduced in Chapter 4 page 30.

[Klems W?[Mlcms fDgi = fOg (8.7)

i \ Mode shape and eigenfrequency number

The number of possible eigenfrequencies obtained from equ@idydepends on the number of

mode shapes, which is included to obtain the weighted matrix in equ@idh In this thesis only

the rst eigenfrequency is considered, as this eigenfrequency is used as reference, and because of
this only one mode shape is used in equaf)to obtain the weighted matrix. If the obtained
eigenfrequency deviates signi cantly to the eigenfrequencies obtained from the Extended Model
or higher order eigenfrequencies are desired, more mode shapes can be applied to determine the
weighted function. The method should thereby give a better estimate of the eigenfrequencies and
be able to obtain the same number of eigenfrequencies as the number of mode shapes included in
the weighted matrix.
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Discussion of Application

As the theory described in the previously section should be used in the design phase, two FE models
for the substructure above- and below mudline are set up respectively. The FE models, which are

set up for both substructures, can be seen in Figure 8.3 where the applied external loads considered
are illustrated.

(a) Above mudline. (b) Below mudline.

Figure 8.3: lllustration of the two FE models used, which are set up for the two substructures. Locations of
applied external loads for each substructure are illustrated as well.

When the mass- and stiffness matrix are determined by the FE models illustrated in Figure 8.3, the
Craig-Bampton method is applied. Here the boundary conditions illustrated in Figure 8.4 are used.

(a) Above mudline. (b) Below mudline.

Figure 8.4: lllustration of the two FE models used with their considered boundary conditions when the
Craig-Bampton method is used.

The procedure of estimating the eigenfrequency of the full structure is presented in the owchart
below. As already mention, this procedure is applicable both for the initial investigation of the
eigenfrequency of a structure, but also applicable to update this eigenfrequency if a substructure
is modi ed. Modi cations of the substructures can be necessary if the eigenfrequency of the
full structure is close to load frequencies or excitation frequencies, which causes resonance as
introduced in Section 3.2. The following owchart is valid both for the initial estimation of the
eigenfrequency of a structure but also if a substructure has been modi ed.
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The design for each substructure is either

created or updated. In case any modi ca-
Create/update desivan tions are made for the substructure above
Substructure belo mudline, which yields a changing load mag-
nitude, this must be informed to the respon-
sible of the substructure below mudline.

Create/update desig_rl
Substructure abov

The FE model for each substructure run

Run FE model Run FE model . .
un mode un mode for obtaining their individual stiffness- and

for substructure for substructure

mass matrix.
Obtain reduced Obtain reduced The Craig-Bampton method is used to ob-
matrices using matrices using tain the reduced stiffness- and mass matrix,
Craig-Bamton Craig-Bamton [Kred and[M (], for each substructure.
3 / With the reduced stiffness- and mass matrix
Obtain the global from each substructure, the global reduced
stiffness- and stiffness- and mass matrifK]cus and
mass matrix [M]cwms, are determined as the combination
of these.

— By using the global reduced matrices,
Estimate the . .
the eigenvalue problem is solved and

eigenfrequency of . .
g g y the eigenfrequency for the structure is
the full structure .
estimated.

From the owchart it is observed that the load only affects the structure above mudline and that the
reduced matrices from each substructure in the only information which have to be shared amongst
the substructures. Thereby no speci ¢ information for the substructures are shared, which was
the idea of this separation of the Extended Model. In order to employ the procedure presented in
the owchart, it should be noted the procedure has to start for the substructure above mudline, as
the applied loads have to be passed on for the initial design of the substructure below mudline.
However, no speci c load cases are considered for the structure in this thesis, which is why a
varying load is used. If other design aspects was considered, these could result in an update of the
substructures design.

In order to obtain comparable results, the soil parameters used in the convergence analysis in
Section 6.3 are also applied in this analysis. The parameters for the three different soil types are
repeated in Table 8.1. It should be noted that these parameters are only used for the Extended
Model and the Separated Model below mudline, as the Separated Model above mudline does not
require any information about the soil.
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Table 8.1: Input parameters used in the Extended Model and the Separated Model below mudline for
analysis. *Reference strain level is the strain occurring at 50 % of the maximum principal stress
in an undrained compression laboratory test.

Parameter Symbol  Unit Sand Softclay Stiff clay
Effective angle of internal friction fo 37.5 - -
Undrained shear strength Su kPa - 125 350
Effective unit weight of soil q° kKN/m?® 9.5 9 10
Reference strain level* &0 - - 0.015 0.008
Empirical constant J - - 0.5 0.25
Diameter of the monopile d m 8 8 8
Length of the monopile below mudlinehpie m 30 30 30

The information about the structure needed for the Separated Model above- and below mudline can
be seen in Table 8.2.

Table 8.2: Structural data for the Separated Models above- and below mudline.

. Val

Parameter Symbol Umt&

Above Below
Structure height h/hyie m 161 30
Structure diameter d m 8 8
Structure wall thickness t m 0.1 0.1
Mass at top (hub, nacelle, bladesin ton  593.27 -
Young's modulus E GPa 210 210
Structure steel density r % 7850 7850
Applied load P MN - 0-30

Most of the structure parameters for the Separated Model above- and below mudline are the same,
but it is possible to use varying values, etc. the diameter, the wall thickness or the type of steel
above- and below mudline could be different, and thereby resulting in different input for the two
separated models.

Results

The results obtained by using the Separated Model are presented in this section. The results are
presented in the form of displacements and eigenfrequencies and are compared to the results
obtained by using the Extended Model.

The displacement at mudline for the Separated Model below mudline can be compared to the
corresponding displacement at mudline for the Extended Model. This is done in order to verify the

Separated Model and the assumption of the load at MWL can be represented of an equivalent load
and moment at mudline, where the moment are estimated by a linear transformation. If there is a
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difference between the displacements obtained from the two systems, the assumption of moving
the load linearly is not applicable. Figure 8.5 shows the displacement at mudline for the Extended
Model and the Separated Model below mudline for the different soil types and loads. From here it
is seen the displacements at mudline, which are estimated by the Separated Model below mudline
are identical to the displacements obtained from the Extended Model.

30
—— Extended Model sand
o5l | Extended Model soft clay
Extended Model stiff clay|
o Separated Model sand
20| | o Separated Model soft clay
Separated Model stiff clay

Load,P [MN]
H
(&)

=
o
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O l I L] I
10 © 10 ° 10 4 10 3 10 ? 101 10°
Displacementy [m]

Figure 8.5: Comparison between the displacement at mudline using the Separated Model and the Extended
Model to obtain results where the original APy curves are used. The displacement is shown
by a logarithmic axis in order to see the comparison of the results better.

An example of the comparison of the displacements below mudline for the Extended Model and
the Separated Model can be seen in Figure 8.6, where the comparison point used in Figure 8.5 is
illustrated.

The assumption of moving the load linearly to the mudline is thereby veri ed for the Separated
Model as it does not seems to have any in uence at the obtained results in the form of displacements.

The eigenfrequencies estimated using the Craig-Bampton method are presented in Figure 8.7, where
the solid lines are the original API curves for the full structure, which was obtained previously in
Stage 3 using the Extended Model, see Figure 7.6 page 95. The results obtained with the Separated
Model are illustrated with scatters.
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Figure 8.6: Example of the deformation below mudline obtained for the Extended Model and the Separated
Model considering sand and an applied logdof 3 MN.
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Figure 8.7: Estimated eigenfrequencies for the Separated Model compared to the Extended Model using the
API p-y curves.

From Figure 8.7 it is observed that the results are very similar to the ones obtained using the
Extended Model. The method yields acceptable results as the eigenfrequencies estimated are within
0:05% of the eigenfrequencies obtained by using the Extended Model for the three types of soil.

From the analysis it can be concluded that the Separated Model using the Craig-Bampton method
yields close to identical eigenfrequencies and displacements, when comparing to the Extended
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Model using the original APp-y curves. The Craig-Bampton method is thereby veri ed as being
able to separate the Extended Model and keeping the information about each substructure secret
without loosing precision in estimating the eigenfrequency for the full structure.




In this stage, the commercial FE program Plaxis 3D is used for analysing a monopile.
The stage is consisting of a description of how a model is set up in Plaxis 3D, together
with a convergence analysis for the dimensions of the soil domain and mesh size of the
model. After, a free vibration analysis is performed to estimate the eigenfrequency of
an OWT. This is followed by an analysis pfy curves extracted from Plaxis 3D and

an analysis of the displacement eld around a monopile.
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9. APPLICATION OFPLAXIS 3D

Purpose

Stage 4 is the nal stage of this thesis. The purpose of this stage is to further analyse some of the
previously covered problematics using a commercial FE program. Here Plaxis 3D will be used as

the available possibilities provided by the program within material models and analysis forms etc.

covers the needs of this nal stage. The analyses performed in Plaxis 3D in this stage are plastic-
and dynamic calculations. Analyses in a 3D FE program can be very time consuming, especially
the dynamic calculations. Because of this, it is chosen that the analyses performed in Stage 4 will
be performed with just a single soil pro le e.i. the reference soil pro le. This reference soil pro le

will be introduced in the following section.

Three different analyses are performed. The rst analysis is a free vibration analysis of a simpli ed
OWT. This analysis is performed to estimate the rst eigenfrequency of the system and compare
the result with the eigenfrequency obtained by using the Extended Model described in Chapter 6.
The second analysis is an extractionpey curves from Plaxis 3D, to compare them to the API

p-y curves described in Chapter 5. The third and nal analysis is an observation of the different
behaviour of piles, as they go from being very slender with a small diameter, to having larger
diameters and becoming more like rigid structures.

Prior to the three analyses in Stage 4, the reference soil pro le is described, the material models
used are introduced together with a brief introduction to the set up of the model in Plaxis 3D. This
is followed by a convergence analysis of the soil domain size and the meshing of the model.

Reference Soil Pro le

As this thesis is not site speci ¢ nor conducted on any determined soil, a reference soil pro le
derived by the authors of this thesis during an earlier semester project is used to obtain input
parameters for Plaxis 3D. The reference values provided in Table 9.1 covers the input parameters
necessary to use the models in Plaxis 3D. It is chosen only to work with a single layer of soil, and
the depth of the soil is thereby assumed in nite.

Table 9.1: Reference values for soil parameters used in Plaxis 3D models through Stage 4 [Nielsen et al.,

2013].
General Stiffness Strength
Layer Soiltype Bottom limit  gsa Chry et E®L ER'T m nd n s j0 vy
[No] [] [m] [kN/m3] [kN/m3] [MPa] [MPa] [MPa] [] [] [1 [kPa] [] []

5 Sand ¥ 19.0 14.0 34 34 204 054 0.2 03 - 36.6 10.8
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Giry | Dry unit weight

Gat | Saturated unit weight

EL" | Primary straining due to primary deviatoric loading
Ere" | Primary straining due to primary compression
E/¢f | Elastic unloading/reloading

m Stress dependency factor

n Poisson's ratio for primary loading

nd | Poisson's ratio for unloading/reloading

S Undrained shear strength

jo Effective angle of internal friction

y Angle of dilatancy

Determination of the stiffness parameters are elaborated in Appendix J.1.

Material Models

In the following sections the material models used in Plaxis 3D for this thesis will be introduced.
The material models introduced from Section 9.3.1 to 9.3.4 are based on Plaxis, 2017a.

Linear-Elastic

The Linear-Elastic material model is the simplest material model. The material model is based
on Hooke's law of isotropic elasticity. The input parameters for the Linear-Elastic material model
are the elastic parameters Young's modulus and Poisson's ratio. In this thesis the Linear-Elastic
material model is used to illustrate the importance of using more advanced soil models with more
input parameters to mimic real soil behaviour. The input parameters are summed in Table 9.2. As
Young's modulus in not given in the soil parameters for the sand stated in Table 9.1, it is instead
derived based on Hooke's law, see Appendix J.2.

Table 9.2: Input parameters for the Linear-Elastic material model for Plaxis 3D.

Input Symbol Unit Value
Saturated unit weight gsat KN/m?3 19
Dry unit weight Chiry KN/m?3 14
Young's modulus E MPa 25.3
Poisson's ratio n - 0.3

The stress-strain path for the Linear-Elastic material model is illustrated in Figure 9.1. Here it is
seen that the Linear-Elastic material model has in nite strength, and the loading and unloading
paths are the same.
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Figure 9.1: Stress-strain path for a Linear-Elastic material.

Application of the Linear-Elastic material model

The Linear-Elastic material model is not suited for modelling the behaviour of soil, as soil behave
non-linear and the loading- and unloading paths are different from each other. The material model
can be used if the user in Plaxis 3D wants to start with a soil model that is as simple as possible and
add more advanced features over time to observe the behaviour of the 3D model, as more complex
features are added. The only real application of the Linear-Elastic material model is when it is used
to model massive structures in soil or bedrock layers.

Using a Linear-Elastic material model ensures in nite strength of the material and disregards
plasticity. When such a model is used for dynamically loaded structures it disregards the effects
of shear degradation over time due to rearrangements of soil grains when the soil is loaded. No
mater the magnitude of the loading, linear-elastic soils will behave the same, and follow the same
stress-strain path for primary loading and unloading/reloading. This makes the model unsuitable
for dynamic models.

Mohr-Coulomb

The Mohr-Coulomb material model is a linear elastic perfectly-plastic material model. The material
model uses Young's modulus and Poisson's ratio to model the elasticity of soil, equally as for the
Linear-Elastic material model. However, the model considers the strength and plasticity of the soil.
These effects are included by the following strength input parameters: Effective angle of internal
friction, undrained shear strength and the angle of dilatancy. Using this material model allows for
either estimating a constant average stiffness for a soil layer or a stiffness that increases linearly
with depth. In this thesis the rst option is utilised.

This simplicity of the stiffness modelling allows relative fast computational times, and the material
model is therefor good for obtaining a rst estimate of the soil-structure behaviour. The input
parameters for the Mohr-Coulomb material model are given in Table 9.3.

The stress-strain path for the Mohr-Coulomb material model is illustrated in Figure 9.2. Different
from the Linear-Elastic material model, the Mohr-Coulomb material model includes a yield criteria,
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Table 9.3: Input parameters for the Mohr-Coulomb material model for Plaxis 3D.

Input Symbol Unit Value
Saturated unit weight Gsat KN/m?3 19
Dry unit weight Chry KN/m?3 14
Young's modulus E MPa 25.3
Poisson's ratio n - 0.3
Effective angle of internal friction j ° 36.6
Undrained shear strength Sy kPa -
Angle of dilatancy y 10.8

as strength parameters are included in the model. It is also observed that the material model includes
plastic strains and that primary loading and unloading/reloading have the same slope.

t

g

Figure 9.2: Stress-strain path for a Mohr-Coulomb material.

Application of the Mohr-Coulomb material model

The Mohr-Coulomb material model introduces yielding and plasticity, but does not include strain-
nor stress dependency on the stiffness of the material. The Linear-Elastic perfectly-plastic material
model can be used quite accurately to describe the effective stress states at failure. However,
as the material model is still linear-elastic for loading and unloading, the material model is not
suitable for dynamic models, as the hysteresis loops introduced in Stage 1 are non existing using
the Mohr-Coulomb material model.

Hardening Soil

The Hardening Soil material model is a more advanced soil model compared to the Mohr-Coulomb
material model. The strength of the material is as for the Mohr-Coulomb material model described
by the effective angle of internal friction, the undrained shear strength and the dilatancy angle. The
elasticity of the soil is though more well de ned in this model than the Mohr-Coulomb material
model, now including three different stiffness input parameters rather than just using Young's
modulus. The three stiffnesses are the triaxial loading stiffness, the triaxial unloading/reloading
stiffness and the loading stiffness from oedometer testing.
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Plaxis suggests that the unloading/reloading stiffness often can be set to three times the triaxial
loading stiffness. The triaxial stiffness and the oedometer stiffness can usually be set equal to each
other if the soil is not very soft nor very stiff. In this thesis the unloading/reloading stiffness is set
to a value greater than three times the loading stiffness, as this value has been tted in Plaxis 3D to
mimic the soil behaviour from test data.

Another difference from the Mohr-Coulomb material model is that the Hardening soil material
model includes stress-dependency of the stiffness moduli. This differs from the Mohr-Coulomb
material model, as this model only has the ability to increase the stiffness with depth for a soil layer.
The input parameters for the Hardening soil material model are given in Table 9.4.

Table 9.4: Input parameters for the Hardening Soil material model for Plaxis 3D.

Input Symbol Unit Value
Saturated unit weight Ghat kN/m?3 19
Dry unit weight Hiry kN/m3 14
Primary straining due to primary deviatoric loadindesg MPa 34
Primary straining due to primary compression  Egeq MPa 34
Elastic unloading/reloading Eur MPa 204
Stress dependency factor m - 0.54
Poisson’'s ratio for primary loading n - 0.3
Poisson's ratio for unloading/reloading Nur - 0.2
Effective angle of internal friction jo 36.6
Undrained shear strength Sy kPa -
Angle of dilatancy y 10.8

The stress-strain path for the Hardening Soil material model is illustrated in Figure 9.3, where it is
observed that the stress-strain relation is now stress dependent and no longer linear. The Hardening
Soil material model also introduces different stiffnesses for primary loading and reloading.

t

g

Figure 9.3: Stress-strain path for a Hardening Soil material.

Application of the Hardening Soil material model

The Hardening Soil material model is capturing more of the real soil behaviour as the model has
different stiffnesses for primary loading, unloading and reloading, compared to the Mohr-Coulomb
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material model, although the model still disregards a few effects according to real soil behaviour.
The material model does not account for the softening of a material as the soil dilates. The model is
not completely useful for dynamic problems, as it does not account for real hysteretic behaviour
due to its isotropic hardening model. The isotropic hardening model causes the lack of shear
degradation as the soil is cyclic loaded inside its yield surface, meaning that cyclic mobility is
disregarded in the model. The large stiffness of soil at small strains is also excluded in this material
model, but included in the Hardening Soil Small-strain material model. This means that in the free
vibration analysis performed in Chapter 11, only the loading phase will affect the yield surface of
the material model. This is due to the rst oscillation is the biggest and the following oscillations
are decreasing in size, meaning the stresses are kept inside the material yield surface. By this it
can be concluded that the unloading/reloading stiffness is very important to determine correctly for
these analyses, as this is the primary used soil stiffness in a free vibration analysis.

Hardening Soil Small-Strain

The Hardening Soil Small-strain material model is a modi cation of the previous mentioned
Hardening Soil material model. This material model differs from the Hardening Soil material
model by including an increased stiffness of soil when the strains are small. To include this
behaviour where the small-strain stiffness is higher than for the Hardening Soil material model, two
additional input parameters have to be included in the model. These parameters are the small-strain
shear modulus and a value that indicates at which strain level the shear modulus has reduced to
approximately 70 % of the small-strain shear modulus. When the material model is used in dynamic
models, as for the free vibration analysis, it introduces hysteretic material damping.

The input parameters for the Hardening Soil Small-strain material model are given in Table 9.5.
The small-strain shear modulus and the strain level for 70 % are determined in Appendix J.2, as
these are unknown for the given soil pro le.

Table 9.5: Input parameters for the Hardening Soil Small-strain material model for Plaxis 3D.

Input Symbol Unit Value
Saturated unit weight Cat KN/m?3 19
Dry unit weight Chiry KN/m?3 14
Primary straining due to primary deviatoric loadindesg MPa 34
Primary straining due to primary compression  Egeq MPa 34
Elastic unloading/reloading Eur MPa 204
Stress dependency factor m - 0.54
Poisson's ratio for primary loading n - 0.3
Poisson's ratio for unloading/reloading Nyr - 0.2
Effective angle of internal friction jo 36.6
Undrained shear strength Su kPa -
Angle of dilatancy y 10.8
Small-strain shear modulus Ge! MPa 134.22

Strain level at 70 % o6g Q7 - 10 4
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The stress-strain path for the Hardening Soil Small-strain material model is illustrated in Figure 9.4,
where it compared to the Hardening-soil material model illustrated in Figure 9.3 now has a larger
initial stiffness.

g

Figure 9.4: Stress-strain path for a Hardening Soil Small-strain material.

Application of the Hardening Soil Small-Strain material model

The Hardening Soil Small-strain material model has the same limitations as mentioned above
for the Hardening Soil material model. This means that this material model does not capture the
real hysteretic behaviour either, although this model introduces hysteretic damping for dynamic
applications. The Hardening Soil Small-strain material model is superior to the Hardening Soil
material model when it comes to calculating a model where the strain level is rather small. In the
free vibration analysis of the OWT, the tower will be loaded until the deformation at hub height is
somewhere above two meters. It will be commented at the end of the analysis if this small strain
stiffness changed anything for this speci ¢ analysis.

9.3.5 Input for Plaxis 3D
Table 9.6 sums the input parameters used in this thesis for the previously described material models.

Table 9.6: Input parameters for the used material models for Plaxis 3D.

Parameter Symbol  Unit Value LE MC HS HSS
Dry unit weight Osat kN/m3 19 P P PP
Saturated unit weight Chry kN/m3 14 P P PP
Young's modulus E MPa 25.3 P b

Primary straining due to primary deviatoric loadindesg MPa 34 pP
Primary straining due to primary compression  Egeq MPa 34 P P
Elastic unloading/reloading Eur MPa 204 P P
Stress dependency factor m - 0.54 P P
Poisson's ratio for primary loading n - 0.3 P b

Poisson'’s ratio for unloading/reloading Nyr - 0.2 P P
Effective angle of internal friction j 36.6 poPp P
Undrained shear strength Sy kPa 0 P P P
Angle of dilatancy y 10.8 PP P
Small-strain shear modulus Ge' MPa  134.22 P

Strain level at 70 % 06 Q7 - 10 4
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Set up of Model in Plaxis 3D

In this section the set up of the Plaxis 3D model is explained brie y. Most of the models used in
the analyses performed in Stage 4 are based on the same model composition. This section serves
therefore as a general introduction to the way these models are composed. The following owchart
illustrates the ve general steps of computing a Plaxis 3D model. Each of these ve steps are
elaborated below the owchart.

The borehole of the model is de ned, i.e. the sail layers,

1. De ne soil contours .
[ j conditions and the water level are de ned.

The geometry and materials for structures in the model

[ 2. De ne structures ] are de ned

( 3. De ne meshes ) The mesh of the model is de ned and generated.

The phases of the calculations are de ned. Each phase

[ 4. De ne calculation phasesj ) : .
corresponds to a loading or construction calculation.

5. View and export The results obtained through the calculations of the
results from calculation different phases are displayed and exported.

1. De ne Soil Contours

When creating a model in Plaxis 3D, the rst option for the user is to de ne the size of the soil
domain and to de ne solil strati cation. The size of the soil domain is determined through a
convergence analysis, see Chapter 10. The symbols and references used for the dimensions of the
soil domain are illustrated in Figure 9.5, where the dark area around the pile will be described
during the de nition of meshes.

The Plaxis 3D model of the OWT is modelled as a symmetric model in order to reduce the
computational time of the calculations. This can be done because the geometry of the monopile is
symmetric, and because horizontal loads only are applied in one direction.

The soil strati cation is characterised by de ning a borehole where each soil layer is described
by a material model and the corresponding material parameters. In Plaxis 3D, soil elements are
composed of a 10-node tetrahedral 3D element. In this step, also the water head is requested in
order to be able to calculate the overburden pressure at a later state.
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Figure 9.5: lllustration of dimensions and symbols used to refer to the dimensions of the numerical model.

2. De ne Structures

The de nition of the structures in the model depends on which kind of analysis is performed. The
general idea behind de ning structures in Plaxis 3D is described in this section. However, in the
following chapters where models for the three speci c analyses are performed, the set up of the
desired model is elaborated.

When the size of the soil domain and the soil strati cation are de ned, the next step is to de ne
the desired structure. In the case of this thesis, the desired structure is a monopile and possible the
OWT tower. These structures are modelled as plates which are composed of 6-noded triangular
plate elements with six degrees of freedom per node, i.e. three translation degrees of freedom and
three rotational degrees of freedom.

In order to model the soil-structure interaction between the submerged part of the monopile and the
surrounding soil, interfaces are applied to the monopile. These interfaces are modelled as 12-noded
interface elements, and are compatible with the 6-noded triangular side of either a soil element or
plate element.

Finally, a plate is installed on the top of the desired structure. This plate is turned into a rigid-body
where the external loads are applied. This is done to ensure that the external loads are applied
evenly to the cross section of the monopile and that the application of the loads does not cause any
numerical errors.

3. De ne Meshes

Following the set up of the structures considered, the mesh of the model is de ned and generated.
Two different mesh sizes are applied in the 3D model i.e. the global mesh, which de nes the
mesh size far away from the monopile, and the local mesh, which de nes the mesh size in the
dark-brown areaillustrated in Figure 9.5. The division of the soil domain in a global and local mesh
is performed to reduce the computational time of the model, and because more critical changes are
expected to occur closer to the monopile compared to far away. The sizes of the global- and local
mesh are determined through a convergence analysis, see Chapter 10.
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4. De ne Calculation Phases

When the mesh has been generated, the con gurations for the calculation of the numerical model are
de ned. Plaxis 3D divides a calculation into phases where each phase represent either a generation
of the initial stress-state, an installation of a new structure or any kind of loading or unloading
procedure.

The investigations performed with the numerical 3D model consists of a combination of the four
phases presented in Table 9.7.

Table 9.7: Description of the phases used to perform calculations in Plaxis 3D.

Name Description

Initial phase The initial stress-state is generated

Installation phase The monopile is added to the soil domain and the stress-state after the
appearance of the monopile is generated

Loading phase The external load is applied to the structure in steps

Dynamic phase A free vibration analysis of the structures is performed

The investigations performed in following chapters can be divided into two model categories: static
models and dynamic models. For the static models, the three rst phases presented in Table 9.7 are
considered, whereas for the dynamic models, all of the four presented phases are considered.

Another difference between the static- and the dynamic models is the boundary conditions. The
static boundary conditions for the soil domain are normally considered xed which means the
nodes are xed against motion in the direction normal to the boundary plane. This behaviour is
implemented to retain the same size of the soil domain during the analysis.

The dynamic boundary conditions for the boundaries of the soil domain are, contrary to the static
boundary conditions, viscous. Viscous boundaries absorb the outgoing wave energy produced by a
structure inside the soil volume, and the energy is thereby not re ected back towards the structure
as a result of the boundaries. This means that viscous boundaries induce the possibility to be able
to model the far- eld behaviour of the soil domain, and thereby make conditions which simulate an

in nite soil domain despite the domain is nite. [Plaxis, 2017b]

5. View and Export Results from Calculations

When the phases of the calculation are de ned and the calculation is executed, the results can be
displayed or exported into a data le, if requested. A visual investigation of the calculations can
be performed in Plaxis Output, which includes several opportunities for the presentation of the
results. However, the results can also be exported to a text- le and processed using another software
afterwards.

The execution of the numerical models in the following analyses and investigations are performed
using the Python wrapper for Plaxis, because this software provides a convenient way to automate
the process of assembling the models, performing the calculations and then exporting the desired
results afterwards.
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10. CONVERGENCEANALYSIS

In this chapter the convergence analysis of the model developed in Plaxis 3D is presented. The
convergence analysis is used to estimate the size of the soil domain and the mesh of the model, and
is based on a consideration of a compromise between the computational time and the accuracy of
the results obtained from the Plaxis 3D model. In this way, it is ensured that the model supplies
results with a suf cient accuracy, while the computational time is within a reasonable time frame.

The following sections consider the procedure of performing the convergence analysis, starting
with a brief introduction to the used material model and the considerations behind the execution of
the convergence analysis. Following this introduction, the procedure of performing the convergence
analysis and the results obtained from it, are explained.

Set up of Model

In order to obtain reliable results with the four chosen material models, which were introduced in
Section 9.3, a convergence analysis should be performed for all of these material models. However,
since the procedure of performing these convergence analyses is the same and the computation
of these analyses are very time-consuming, only one material model will be considered initially.
The Mohr-Coulomb material model has been chosen as the representative material model of the
convergence analysis, because this material model provides a good rst approximation and supplies
a relatively fast computational time compared to the more complex material models. Finally, the
convergence analysis will be performed on a soil pro le consisting of a single layer of medium
dense sand. The input parameters for this medium dense sand, when using the Mohr-Coulomb
material model, were presented in Table 9.3 page 116.

The convergence analysis of the model in Plaxis 3D is divided into three main parts. In this section,
each of the three parts are brie y introduced. Each part will be elaborated in their respective section.
In the rst part of the convergence analysis, the range of the applied horizontal load is estimated.
This is done to ensure that the convergence analysis is valid for a large span of loads. When a
representative load level has been established, the convergence analysis of the soil domain and the
mesh size are performed. The convergence analysis of the size of the soil domain is performed
by varying the dimensions of the soil domain, e.i. the lengththe width,ly, and the height,

I, whereas the convergence analysis of the mesh is performed by varying the mesh size. The
convergence analysis is performed on a monopile with a diantetef,8 m and an embedded
length,hpie, of 30 m. The symbols and references used for the dimensions of the numerical model
are illustrated in Figure 10.1.
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Figure 10.1: lllustration of dimensions and symbols used in the convergence analysis of the soil domain.

In order to obtain comparable results from the convergence analysis of the soil domain, a xed
mesh size is used in all of the analyses. In the convergence analysis, the mesh is de ned by two
parameters, the size of the global mesh and the coarseness factor. The size of the global mesh is
the size of the mesh far away from the monopile, e.i. at the boundaries of the model and towards
the monopile. This mesh is applied in the areas of the soil domain where changes in the soil are
expected to happen at a slower rate, and it would therefore be advantageous to apply this mesh with
a relatively large element size in order to reduce the total number of elements in the model, and
thereby reduce the computational time.

Closer to the location of the monopile where changes in the soil domain are expected to be more
critical, a re nement of the global mesh size is necessary. This re nement is performed by adjusting
the coarseness factor of the soil domain and surfaces in this area. The coarseness factor is expressed
in terms of the ratio of the element size in the re ned area to the global element size. In this
convergence analysis, the mesh is re ned by the coarseness factor in the area of the model, which
is illustrated in Figure 10.1 by a darker brown colour. Initially, the global mesh size is xed with an
element size of 0.d, where the coarseness factor is set to 0.3. However, the size of the mesh is not

of particular interest at this point, because a convergence analysis for the mesh size is performed
later.

10.2 Estimation of the Applied Horizontal Load

The rst analysis performed prior to the convergence analysis is an estimation of the range for the
applied horizontal load. The range of this load is estimated with a wide variability from 1 N to the
load provoking a displacement of 10 % of the pile diameter at mudline, because this displacement
corresponds to failure of the soil surrounding the pile according to DNV GL group, 2017. At

a later stage, a comparison of the ARl curves and the correspondimgy curves extracted

from the numerical model in Plaxis 3D is performed. The aim is to perform this comparison for
displacements varying from very small displacements to displacements close to the failure criteria.
The convergence analysis is therefor performed with a load provoking failure, to ensure that the
size of the domain and mesh are converged for this load. Figure 10.2 shows an analysis of the load
level provoking the aforementioned displacement, where the load-displacement curve of three of
the investigated soil domain sizes are illustrated.
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Figure 10.2: Load-displacement curve obtained from the convergence analysis.

From Figure 10.2 it is observed that a horizontal load of 33 MN corresponds to a displacement of at
least 0.8 m for all of the presented soil domain sizes, and this load level is therefore used in future
convergence analyses. From this it is observed that when the size of the domain is increased, the
displacement is also increased. This tendency is as expected, because an increased domain size
means that the in nity stiff domain boundaries are moved further away from the monopile, and
thereby is affecting it less. The purpose of the convergence analysis of the domain size is mainly to
estimate an adequately size of the domain, in order to avoid these effects.

10.3 Convergence Analysis of the Size of the Soil Domain

In order to determine the necessary size of the soil domain, a convergence analysis with different
domain sizes is performed. This convergence analysis should be performed iterative for the three
dimensions of the soil domain individually, i.g, |, andl;, see Figure 10.1. However, as this
procedure would be very time consuming, the convergence analysis of the soil domain is instead
performed in two parts. Firstly, a convergence analysis is performed where the length and width of
the soil domain are estimated. In this analysis, the height of the soil domain is constant and the
length and width are varied equally in order to reduce the number of analyses performed. Finally a
convergence analysis of the height of the soil domain is performed. In this analysis the result from
the previous analysis is used as the length and width of the soil domain. The analysis and the varied
ranges are summarised in Table 10.1.
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Table 10.1: Description of the ranges used in the two convergence analyses for the size of the soil domain.
* The length and width of the soil domain are estimated during the rst convergence analysis.

Analysis Varied parameter(s) Range Constant parameter(s) Value
. 2d | 14d
Helght IZ 1.2 hp||e IZ 3 hp||e Ix, Iy =¥

The ranges of the two convergence analyses presented in Table 10.1 are both established with a
great variability. This is done in order to see the in uence of the location of the domain boundaries
according to the location of the monopile.

Convergence Analysis of Length and Width of the Soil Domain

In this section the convergence analysis of the lengtland the width of the soil domaity, is
performed. This part of the convergence analysis should be performed by varying the width and the
length of the soil domain individually. As mentioned earlier, this would be a very time consuming
procedure and instead the analysis is performed by varying both the length and width at the same
time, to reduce the number of analyses and thereby the computational time. The length and width
of the soil domain are varied according to the ranges presented in Table 10.1.

The convergence of the size of the soil domain is evaluated based on a consideration of the difference
between the effective stress-state in the initial phase, before the monopile is installed, and after the
load has been applied. This stress difference is then evaluated in points near the vertical domain
boundary in the direction of the applied load, i.e. the right-hand vertical domain boundary illustrated
in Figure 10.3. If the stress difference approaches zero in these points, it means that the stress state
near the boundary is identical to the stress state before the pile was loaded, i.e. that the soil domain
is suf ciently large and the boundaries do not have an in uence on the results. This convergence
analysis is thereby performed by comparing the maximum stress difference between the initial
phase and the loading phase, in every single point close to the right-hand vertical domain boundary,
see Figure 10.3. The convergence analysis for the length and width of the soil domain is illustrated
in Figure 10.4, where the maximum stress difference is normalised against the maximum stress
difference in the selected soil domain size.
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Figure 10.3: lllustration of the area of the domain boundary investigated for the stress difference in the
convergence analysis of the length and width of the soil domain.
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Figure 10.4: Convergence analysis of the length and width of the soil domain. The Idpgémd the width,
ly, are varied equally i.ely = ly. The stress difference is normalised against the maximum
stress difference in the selected soil domain size.

From Figure 10.4 it is observed that the maximum stress difference converges rapidly when
increasing the domain length and width in the start. This effect does however decrease as the
domain size is increasing. It is also observed that the computational time peaks for a domain length
and width around d, whereas the computational time decreases with an increasing domain size
subsequently.

A domain length and width of 1@ are selected because this domain size provides a good
convergence of the maximum stress difference as well as a relatively low computational time.
From the tendency of the maximum stress difference illustrated in Figure 10.4, it is observed that
the stress difference is almost fully converged with this domain size, and only a small improvement
is gained by increasing the domain size further. From the gure it is also observed that the
computational time reaches a local minimum at this domain size. This computational time should
however only be regarded as a tendency because the height of the soil dgnaaid the size of

the meshes are yet to be determined.

Convergence Analysis of the Height of the Soil Domain

In this section the convergence analysis of the height of the soil dolamperformed. This is

done by varying the height according to the range presented in Table 10.1. Equally to the analysis
performed for the length and width of the soil domain, the convergence analysis of the height of
the soil domain is evaluated based on the maximum stress difference between the initial phase
and the loading phase. However, in this analysis the stress difference is evaluated close to the
domain boundary at the bottom, see Figure 10.6. The convergence analysis of the height of the soil
domain is illustrated in Figure 10.6, where the maximum stress difference is normalised against the
maximum stress difference in the selected soil domain boundary.
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Figure 10.5: lllustration of the area of the domain boundary investigated for stress difference in the
convergence analysis of the height of the soil domain.
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Figure 10.6: Convergence analysis of the height of the soil domain. The stress difference is normalised
against the maximum stress difference in the selected soil domain boundary.

From Figure 10.6 it is observed, equally to the convergence analysis of the length and width, that
the maximum stress difference converges rapidly with the smaller domain sizes, until a domain size
of 2.6 hyje is reached. From here the convergence rate decreases and the stress difference stabilise.
From the gure itis also observed that the computational time increases until a domain height of
1.8 hpile after which the computational time actually decreases.

The tendency of the maximum stress difference is as expected because a bigger domain yields a
smaller maximum stress difference. However, the tendency of the computational time is not quite

as expected because the computational time decreases as the domain size is increased and thereby
the number of elements are increased as well.
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A domain height of 2.6y is selected because this domain height provides a good convergence of
the maximum stress difference, while limiting the number of elements in the model. By increasing
the domain height, only a small improvement is gained, as illustrated in Figure 10.6. According to
the gure, the computational time could be reduced by increasing the size of the domain height.
However, the computational time illustrated in Figure 10.6 is only a tendency and the convergence
analysis of the meshes could potentially have a big in uence on this computational time. It is
therefor assessed more advantageous to select the lowest converged domain size.

Convergence Analysis of Mesh Size

In this section the convergence analysis of the mesh is presented. When using Plaxis 3D, the
user has the opportunity of generating a mesh according to a certain element size, or according to
some relative mesh quality parameters suggested by Plaxis 3D. In this analysis, the opportunity of
generating the mesh based on the element size is exploited to generate the global mesh, i.e. the mesh
far away from the monopile, since this option yields better mesh control. Additionally to the global
mesh, Plaxis 3D provides the opportunity to either coarsen or re ne the mesh around the considered
structure. This coarseness factor is applied to the surfaces of the monopile below mudline, and the
soil surrounding the monopile within a distance of one diameter of the monopile. This soil was
illustrated in Figure 10.1 page 124 as the dark soil near the monopile. The convergence analysis of
the mesh is thereby dependent on the following two parameters:

* The global element size, which is the size of the elements far away from the structure
» The coarseness factor which is the ratio of the global element size to the re ned element size

Ideally, the convergence analysis of the mesh should be performed as an iterative process between
the analysis of the global element size and the coarseness factor. However, since this would be
a very time-consuming process, an analysis for each of the above mentioned parameters is only
performed once, assuming that this yields a suf cient impression of the effects from the global
element size and the coarseness factor. The ranges used in the convergence analysis of the mesh are
presented in Table 10.2.

Table 10.2: Description of the ranges used in the convergence analysis for the laeghnai Size of global
elementCg: Coarseness factor. * The global element size is estimated during the convergence

analysis.
Analysis Varied parameter Range Constant parameter Value
Coarseness factor Cr 02 C 1 lele,global -*

Convergence Analysis of the Global Mesh Size

The convergence analysis of the size of the global mesh is performed by varying the global mesh
according to the range presented in Table 10.2, where the coarseness factor remains constant. The
estimation of the size of the global mesh is performed based on the displacement at mudline in
the direction of the applied load. The convergence analysis is illustrated in Figure 10.7 where
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the displacement at mudline is normalised against the displacement at mudline obtained with the
selected global mesh size.
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Figure 10.7: Convergence analysis of the size of the global mesh.

From Figure 10.7 a positive correlation between the computational time and the number of elements

is observed. This tendency is as expected, because an increase of the number of element yields
an increased number of calculations for each step in the model. This does however mean that the
convergence analysis should be assessed by considering a compromise between the convergence
of the displacement at mudline and the computational time, in order to avoid an unnecessary high
computational time.

A global mesh size of 0.d is selected, which is identical to the mesh size used initially in the
convergence analysis of the domain size. This mesh size is selected because this mesh size provides
an acceptable compromise between the computational time and the convergence of the displacement
at mudline. From the gure it can be seen that by decreasing the size of the global mesh, an increase
in the displacement at mudline is obtained. However, this would also yield a threefold of the
computational time, or even more. Therefore it is assessed to be more advantageous to retain
a coarser global mesh, and then lower the coarseness factor applied to the soil surrounding the
monopile. This assessment is based on the expectation that a re nement of the soil surrounding the
monopile will have a greater effect on the convergence of the displacement, while the total number
of elements are remained low due to the size of the global mesh.

Convergence Analysis of the Re ned Mesh Size

The convergence analysis of the size of the re ned mesh surrounding the monopile is performed
by varying the coarseness factor according to the range presented in Table 10.2, while the global
mesh size remains at a value of @.7The convergence analysis is illustrated in Figure 10.8, where
the displacement at mudline is normalised against the displacement at mudline obtained with the
selected coarseness factor.
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Figure 10.8: Convergence analysis of the re ned mesh.

From Figure 10.8 a positive correlation between the computation time and the number of elements
can be seen. Equally to the convergence analysis of the global mesh size, it is observed that when
the number of elements is increased, the computational time is increased as well. This means that
the convergence analysis of the re ned mesh size should be based on both the convergence of the
displacement at mudline as well as the computational time. However, since this re ned mesh is
expected to have a great in uence on the displacement of the monopile, the convergence of the
displacement should be considered with great importance.

A coarseness factor of 0.25 is selected because this coarseness factor provides a good correlation
between the essential convergence of the displacement and the computational time. A minor increase
in the displacement is gained if the coarseness factor is decreased to 0.2. This would however
double the computational time and is therefore assessed not to be essential. From Figure 10.8 it is
observed that the displacement does converge, and a re nement of the global mesh size is therefore
not necessary even though the displacement did not convergence fully in the convergence analysis
of the global mesh, see Figure 10.7.

10.5 Conclusion on the Convergence Analysis

This concludes the convergence analysis of the numerical model performed in Plaxis 3D. The
convergence analysis was performed to estimate the dimensions of the soil domain and the mesh
size in order to ensure that the numerical model supplies results with a suf cient accuracy, while
the computational time is within a reasonable time frame. The dimensions determined through the
convergence analysis are presented in Figure 10.9.
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Figure 10.9: lllustration of dimensions obtained through the convergence analysis of the soil domain.

The convergence analysis was performed with the Mohr-Coulomb material model, but the results
are assumed to be applicable for other material models as well. To be sure about this assumption, a
convergence analysis for each of the other material models should also be performed. As mentioned
earlier, this procedure would be very time consuming and will therefore not be performed.

However, during the implementation of the dynamic models in Plaxis 3D, which is presented

in Chapter 11, the extend of a dynamic model computational-wise is discovered. The external
load applied in the dynamic models is very small compared to the load applied during the above-
described convergence analysis. An additional convergence analysis is therefore performed because
this reduced load-level could be a source of decreasing the domain size and thereby also reduce the
computational time of the models. This convergence analysis was performed using the Hardening
Soil Small-strain material model, because this material model is expected to yield the most realistic
response of the OWT. This analysis is performed by following the same procedure as the above-
described convergence analysis and will not be described here, but is presented in Appendix K.

The convergence analysis is performed based on the dimensions of the monopile in consideration,
e.i. the diameterd, and the embedded pile lengti,e. This is done in order to use the determined
dimensions of the soil volume and the mesh for other diameters of the monopile and embedded
pile lengths. In order to verify that these dimensions of domain and mesh are applicable for other
combinations of diameter and embedded pile length, multiple test should be performed. The
procedure for these tests would be similar to the convergence analysis presented in this chapter but
would however be a very time consuming procedure. Therefore it is assumed that the dimensions
of the soil domain and mesh obtained through the convergence analysis are applicable for other
combinations of diameter and embedded pile length.




111

133

11. FREEVIBRATIONANALYSIS

The purpose of the free vibration analysis is to determine the rst eigenfrequency of an OWT
supported by a monopile. In order to determine eigenfrequencies in Plaxis 3D, a free vibration is
provoked. The free vibration is caused by a horizontal point load, that is located at the top plate of
the model. The load is applied in steps, and when a desired value is reached, the load is removed
and the tower is allowed to oscillate freely. These oscillations are then used to estimate the rst
eigenfrequency of the system, by using a Fast Fourier Transformation (FFT). How this analysis is
exactly performed is explained thoroughly in the following sections.

For the free vibration analysis the four material models introduced in Section 9.3 are employed in
order to estimate their applicability in this speci ¢ problem. All four material models are employed
in the free vibration problem using two different magnitudes of the point load, 2 MN and 3 MN
respectively.

Set up of Model

The general composition of the model used in this analysis is similar to the model described in
Section 9.4. The geometry of the model is presented in Table 11.1.

Table 11.1: Geometric input for the Plaxis 3D model. The mean water level is measured positive upwards
from the mudline.

Height Diameter Wallthickness Pile length Mean water level
[m] [m] [cm] [m] [m]

161 8 10 30 15

In the free vibration analysis the displacement of the structure is caused by a horizontal point load,
P, and the weight of the nacelle, hub and blades is mimicked by adjusting the density of the top
of the cylinder, so that is is equal to the mass of the nacelle, hub and blades, see Figure 11.1. For
the rst free vibration analyses performed, the mass from the nacelle, the hub and the blades was
modelled differently. Initially this mass was modelled as a vertical point [Ba@pplied on the

rigid plate on the top of the structure, see Figure 11.2. However, the eigenfrequencies obtained
from these analyses turned out to be higher than expected, and the modelling of point loads in
Plaxis 3D was therefore further investigated. From this point, the mass was modelled as illustrated
in Figure 11.1, where the mass is introduced by adjusting the density of the top of the structure.
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Figure 11.1: lllustration of the location of the horizontal load and the extra mass in the 3D model. The
location of the increased density is the highlighted blue top part of the tower, which is centred
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Figure 11.2: lllustration of the locations of the horizontal- and vertical load in the 3D model.
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This change of procedure happened relatively late in this thesis, and the majority of the results
obtained from the free vibration analysis are therefore obtained from the from the model
con guration illustrated in Figure 11.2. As dynamic calculations are very time consuming, only
two free vibration analyses were performed with the new updated con guration of the model, see
Figure 11.1. These two analyses were performed using the Mohr-Coulomb and the Hardening Saoill
Small-strain material models, both subjected to a horizontal point load of 3 MN.

The results obtained from the model con guration presented in Figure 11.2 are however used to
investigate the affects of the different material models, because these results are obtained from
similar model con gurations and are thereby comparable. The results obtained from the new and
updated model con guration presented in Figure 11.1 are presented in the end of the chapter where
they are compared to the rest of the results obtained. From this comparison the effects of adding the
mass at the top of the structure can be evaluated in regards to the rst eigenfrequency of the system.

Common to all of the calculation performed in the free vibration analysis is that the response of the
structure is logged in 6 pre-selected nodes of the tower wall. The output from Plaxis 3D will be
from the nodes located the closest to the locations illustrated in Figure 11.3. The scatter of these
points are selected in order to observe the response in different points along the OWT tower. The
output from Plaxis 3D is logged with a frequency of 250 Hz.

h
0:8h
0:6h

0:4h

0:2h

Figure 11.3: lllustration of the extraction points for curve results.

The phases used in Plaxis 3D for the free vibration analysis are described in the following owchart.
The nal stage is a dynamic analysis performed using time integration during the vibration period,
the time integration used in Plaxis 3D is introduced in Appendix J.3.
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[ 1. Initial phase ] Generation of the initial stress-state.

] Installation of the monopile into the soil and the new

[ 2. Installation stress state is generated.

! Application of the horizontal load, in an elastoplastic

3. Applying horizontal analysis. This is done in order to cause a displacement
load to displace structure of the OWT structure, so that there is a potential for
performing a free vibration of the OWT tower.

The horizontal point load is removed and the structure

4. Removing horizontal is now allowed to vibrate freely. This nal phase is
load to cause a free a dynamic analysis, where the displacements in the
vibration of the structure selected nodes are logged for further analysis of the

eigenfrequency during the vibration period.

Analysis of Calculation Results

The results from the Plaxis 3D models are extracted in the form of multiple time series where the
displacements of the selected points at the cylinder structure are considered. By the use of a FFT,
the obtained results are transferred from the time domain to the frequency domain, in order to
estimate the rst eigenfrequency of the structure. The application of the FFT will not be covered in
this chapter, but is further commented on in Appendix L.1.

As mentioned earlier, the free vibration analysis is very time consuming, where the majority of
the calculation time is due to the tower is allowed to vibrate freely, while logging displacements
and time. When the structure is allowed to vibrate longer, the obtained results off the FFT will
become more precise. However, an increase of the signal length also increases the computational
time of the model. To nd an acceptable signal length, an convergence analysis is performed using
a Mohr-Coulomb material model and a free vibration time of 60 seconds. The results from this
analysis are presented in the following section.

Convergence Analysis on the Signal Length

Figure 11.4 illustrates the change of the rst eigenfrequency according to the signal length of
the time-displacement series. The eigenfrequency in the gure is normalised according to the
eigenfrequency found using a 40 seconds signal, as this signal length is considered as acceptable
from the gure. In the ideal world it would be preferred to have a longer signal length, but as the
dynamic calculations are very time consuming, it is chosen to continue using signals with the length
of 40 seconds through the rest of this chapter.
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Figure 11.4: Convergence analysis investigating the necessary signal length for the FFT. The displacement
signal is obtained using a Mohr-Coulomb material model and a horizontal pointRgadd,
3 MN.

The convergence analysis indicates that the rst eigenfrequency converges as the length of the
signal is increased, but periodic changes with decreasing amplitudes are observed. The number of
sudden changes in the convergence analysis corresponds with the number of periods, for which
the cylinder oscillate. The change could be an affect by the signal cut, where a new period of the
oscillation is entered. This explains the decreasing amplitude of the change, as one new entered
period will correspond to a smaller part of the total signal, and thereby has a smaller in uence at
the obtained eigenfrequency.

The effects of using a longer signal and how the rst eigenfrequency is becoming more well de ned
as the signal length is increased, are illustrated in Figure 11.5. Here the difference of using 10, 20,
30 and 40 seconds of data is illustrated in the frequency domain. In the gure, the magnitude of the
signal is normalized for an easier comparison, as the signal magnitude is not of particular interest
in the estimation of the rst eigenfrequency, but the location of the rst eigenfrequency is.

Figure 11.5: Results from observing the difference in the frequency domain, as the signal length is varied.
This analysed signal is obtained using a Hardening Soil Small-strain material model and a
horizontal point loadR,, of 3 MN.
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Data Extracted from Model

An example of the time-displacement curves extracted from Plaxis 3D in the pre-selected output
nodes is presented in Figure 11.6. This gure illustrates how the structure is oscillating from side
to side, as the horizontal point load is removed in the nal phase of the Plaxis 3D analysis.

Figure 11.6: Changing displacement over time obtained by using the Hardening Soil Small-strain material
model and a horizontal point loaB, of 3 MN.

These time-displacement signals are extracted for all presented material models i.e. Linear-Elastic,
Mohr-Coulomb, Hardening Soil and Hardening Soil Small-strain. The time-displacement signals of
these can be found in Appendix L.2. In this appendix load-displacement curves are found for free
vibrations caused by a point load of 2 MN and 3 MN. The different loads are applied to observe if
there is any signi cant change in the eigenfrequency, when increasing the horizontal load of 2 MN
by 50 % to 3 MN. This is mainly to observe the behaviour of the Hardening Soil material models,
as these models introduce the shear degradation behaviour of soil.

The time-displacement response at the top of the model for each material model are illustrated
in Figure 11.7. Here it is observed that even though the same reference soil pro le is used for
all material models, the number of input parameters that goes into the different models affect the
response signi cantly. Using the Linear-Elastic material model in this case causes the smallest
displacement of the tower. This is due to the fact that the material will not yield at any point. The
Mohr-Coulomb material model has the highest displacement as the material will yield at a certain
stress causing larger deformations than the Hardening Soil material models, where the strain-stress
path is stress dependent. The Hardening Soil Small-strain material model has a smaller deformation
than the Hardening Soil material model, as the model includes small-strain stiffness as mentioned
earlier.

From the time-displacement signals in Figure 11.7, it is also observed that the Linear-Elastic
material model oscillated around zero. This behaviour is as expected when the model behaves
linearly elastic. The results obtained by using the Mohr-Coulomb material model show that plastic
strains occur when the pile is horizontally loaded, and the displacement signal obtained from this
model is therefore offset in the direction of the horizontal point load. The time-displacement signals
from the Hardening Soil material models have an even larger offset according to the zero line,




11.2.3

11.2 Analysis of Calculation Results 139

Figure 11.7: Comparison of the displacements over time in the height of the horizontalRpathe location
of P, was seen in Figure 11.2.

compared to the Mohr-Coulomb material model. This is due to the fact that these models beyond
plasticity includes a stress dependent stiffness, meaning that the shear modulus will degrade more
where it has been exposed to a larger shear force.

Eigenfrequency Analysis

The eigenfrequency is estimated by transferring the time-displacement signals, extracted from the
Plaxis 3D models, into the frequency domain using a FFT in MATLAB. The theory behind the FFT
is elaborated in Appendix L.1.

FFTs have been performed on all of the extracted time-displacement signals presented above.
An example of a time-displacement signal transformed to the frequency domain is presented in
Figure 11.8. The rest of the FFTs can be found in Appendix L.3.

Figure 11.8 has a decent peak that illustrates the location of the rst eigenfrequency for the model,
using the Hardening Soil Small-strain material model. The eigenfrequency is taken as the peak of
the spectrum in the frequency domain and has the value of 0.275 Hz which is also illustrated in
the gure. Using the Extended Model developed in Stage 3 Chapter 6, to solve the eigenfrequency
for the same system, the rst eigenfrequency is estimated to 0.189 Hz, which is signi cantly
lower than the eigenfrequency extracted from the Plaxis 3D model. The difference between these
results is elaborated in Section 11.3. The eigenfrequencies obtained by using the four different
material models, and the two different load-levels of 2 MN and 3 MN respectively are presented in
Table 11.2. Here it is seen that varying the load from 2-3 MN does not affect the rst eigenfrequency
of the system. There is a small change in the eigenfrequency when observing the results from the
Mohr-Coulomb material model. However this difference seems to have occurred because of a lack
of data, as the Mohr-Coulomb spectrum illustrated in Appendix L.3 does not have a signi cant
peak, and this peak could have been more signi cant if a longer time series had been generated.
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Figure 11.8: Results of the FFT performed on the displacement signal obtained by using the Hardening Soll
Small-strain material model and a horizontal point lddg of 3 MN.

Table 11.2: Results of the different free vibration analysis in form of the rst eigenfrequency.

Linear-Elastic Mohr-Coulomb Hardening Soil HS Small-strain

Load, P [MN] 2 3 2 3 2 3 2 3
First eigenfrequencyf; [Hz] 0.225 0.225 0.225 0.2125 0.275 0.275 0.275 0.275

If the small divergence in the Mohr-Coulomb results is disregarded, it is observed that the Linear-
Elastic material model and the Mohr-Coulomb material model provide the same eigenfrequency
when performing a free vibration analysis. This is due to the fact that both models use the same input
parameters to describe the stiffness of soil. The same goes for the Hardening Soil and Hardening
Soil Small-strain material model. These models use the same stiffness parameters for loading
and unloading/reloading. The only difference in the stiffness of the Hardening Soil Small-strain
material model is, that the model includes the small strain stiffness, which does not seem to affect
the results signi cantly when the eigenfrequency is found by a free vibration analysis.

Closure of the Free Vibration Analysis

When performing a free vibration analysis to obtain the rst eigenfrequency of an OWT in Plaxis 3D,

it is important to apply a material model that provides a suf cient level of functionality. From the
analyses performed in this chapter, it is observed that the results obtained from both the Linear-
Elastic and the Mohr-Coulomb material models with their relative simple input parameters do
not converge with the results from the more advanced Hardening Soil material models. In this
case the Hardening Soil material model is just as suf cient as the Hardening Soil Small-strain
material model with respect to the estimation of the rst eigenfrequency. During the analyses it was
observed that the Hardening Soil Small-strain material model is more time consuming compared to
the Hardening Soil material model, and the latter it thereby a better choice for the estimation of the
rst eigenfrequency. In Figure 11.9 time-displacement signals for Hardening Soil and Hardening
Soil Small-strain material models under identical circumstances are presented. Here it is observed
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that there is a tiny change in the length of the periods in the signal, as the Hardening Soil material
model results in larger periods. This change is though not something which is visible in the results
obtained from the FFT in MATLAB when using 250 Hz signals.

Figure 11.9: Comparison of the displacement over time signals for Hardening Soil and Hardening Soil
Small-strain material models.

From the analysis of the rst eigenfrequency, see Table 11.2, it was observed that the rst
eigenfrequency obtained by using the Hardening Soil and Hardening Soil Small-strain material
models are identical. This means that when only an analysis of the rst eigenfrequency is considered,
the Hardening Soil material model yields the same level of accuracy as the Hardening Soil Small-
strain material model, and that the advantage of the shorter computation time for the Hardening Soll
material model can be exploited. However, when considering the response of the system in regards
to the displacement signal, see Figure 11.9, it is observed that the Hardening Soil Small-strain
material model is superior to the Hardening soil material model for fatigue calculations, as the
hysteretic damping in the soil is included in the material model. In the gure, this behaviour is
illustrated from the difference between the response obtained using the two material models, where
it can be seen that the response obtained from the Hardening Soil Small-strain material model
dampens earlier than the Hardening Soil material model, where only structural damping is present.

As mentioned there is a quite large divergence in the results obtained by the Plaxis 3D model
and the Extended Model which is using the/ curves provided by API, when using the same
reference soil pro le. This supports the subjects discussed in Stage 3 about the lack of input
parameters in the AR)-y curves. When using the ARty curves, the soil-structure stiffness is only
described by the effective angle of internal frictipr?, where the more advanced material models

in Plaxis 3D include different stiffness parameters in situations where the soil is being etc. loaded
or unloaded/reloaded. The results of using phecurves with the same reference soil pro le, the
same horizontal load and the same dimensions of the structure as used here in Stage 4, can be seen
in Appendix L.4. The Extended Model estimates the rst eigenfrequency to become 0.189 Hz. As
mentioned, this is a quite large underestimation compared to the eigenfrequencies calculated using
Plaxis 3D, which are listed in Table 11.2. Modelling the mass using the up-scaled density instead
of the point-load on a vertical plate on top of the pile, results in a decreased eigenfrequency. Only
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two calculations with the more correct approach of modelling the mass are available and these are
seenin Figure 11.10 and 11.11.

Figure 11.10: Results of the FFT performed on the displacement signal obtained by using the Mohr-Coulomb
material model and a horizontal point lod,of 3 MN, including the extra mass at top of the
modelled OWT.

Figure 11.11: Results of the FFT performed on the displacement signal obtained by using the Hardening
Soil material model and a horizontal point lo&{, of 3 MN, including the extra mass at top
of the modelled OWT.

From Figure 11.10 and 11.11 it is observed that the eigenfrequency is decreased by 0.025 Hz for
both models, when compared to the results listed in Table 11.2. Even with the improved approach of
modelling the mass on top of the OWT, there is still a large divergence between the eigenfrequency
obtained using the Extended Model from Stage 3 and the free vibration analysis using the Hardening
Soil material model in Stage 4. This supports the conclusion optheurves in Stage 3, that

the input parameters for the ARty curves are not suf cient to replicate the behaviour of a more
detailed material model, such as the Hardening Soil material model, when designing large diameter
monopiles.
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12. EXTRACTION OFp-y CURVES

In this chapter, a comparison of the Aply curves and the corresponding curves extracted from
Plaxis 3D is performed. In Stage 3, the application of g curves was investigated. This
investigation indicated that the current formulation of flg curves might be unsuited for the
design of large diameter monopiles. In the discussion of thepAyturves presented in Section 6.6,

it was concluded that the AR}y curves are underestimating the initial soil-structure stiffness
and overestimates the soil-structure stiffness for extreme loads, when employed for large diameter
monopiles. The purpose of the comparison performed in this chapter is therefore to illustrate the
difference between the AR}y curves and the correspondipey curves extracted from Plaxis 3D
when analysing a large diameter monopile. The analysis in the following sections will be based on
a monopile with a diameter of 8 m, which is the diameter of the monopile analysed in Stage 3 and
4 in this thesis.

The extraction ofp-y curves from Plaxis 3D is however not straightforward. As mentioned in the
convergence analysis of the domain- and mesh size, see Chapter 10, the mesh of a Plaxis 3D model
is governed by the global mesh size, i.e. the mesh size far away from the analysed structure, and the
coarseness factor, which de nes the re nement of the mesh close to the analysed structure. This
means that the mesh generation is rather random, and that the locations of nodes and Gauss-points
are likewise. This makes the extraction of g curves from the Plaxis 3D model complicated,

and a few additional steps and calculations are therefore necessary.

In the following sections the procedure of extractjmyg curves from Plaxis 3D is explained, starting

with a brief introduction to the composition of the model, and differences compared to the previous
Plaxis 3D models. Following this introduction, the principles of extractingpyecurves from

Plaxis 3D are explained. Finally, they curves extracted from Plaxis 3D using the Mohr-Coulomb

and Hardening Soil Small-strain material models presented in Section 9.3 are compared to the API
p-y curves. The Mohr Coulomb material model is selected because this material model is expected
to behave most like the AR}y curves whereas the Hardening Soil Small-strain material model is
selected because it is the most advanced material model employed in this thesis. The remaining
two material models introduced in Section 9.3 will not be employed in this chapter.

Set up of Model

The general composition of the models used to extracptheurves form Plaxis is similar to the

model presented in the convergence analysis, see Section 10.1. However, in order to increase the
quality of the extractegb-y curves from the Plaxis 3D model, an additional measure is employed in
these analyses. This extra measure is an additional re nement of the mesh close to the location
of the pile which is applied in order to increase the quality and quantity of the stress components
extracted to set up thp-y curves. The additional re nement of the mesh around the pile is
implemented through a division of the monopile into sectitgsyion With a height of 1 m, see

Figure 12.1. By doing this, Plaxis 3D is forced to generate the mesh according to each pile section,
and some of the randomness of the generated mesh is therefore avoided. However, the principle
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behind the improvement illustrated in Figure 12.1 has to be validated before it can be applied. This

veri cation is performed in Appendix M.1.
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Figure 12.1: lllustration of the model used to extract they curves from Plaxis 3D.

Similarly to the convergence analysis and the free vibration analysis presented previously in Stage 4,
the properties of symmetry for the monopile is exploited in this analysis. This means that only half
of the monopile is modelled in Plaxis 3D. From the results obtained from this model, the results on
the other half of the monopile can thereby be obtained.

In this chapter, the-y curves are extracted for a pile with the same cross section as used in the free
vibration analysis, see Chapter 11. The pile- and domain dimensions applied in this analysis are
repeated in Table 12.1.

Table 12.1: Dimensions of the model considered in the extraction oftyecurves.

Diameter Length above Length below Wall thickness Mean water level
mudline,d [m] mudline [m]  hpje [M] t [cm] MWL [m]
8 15 30 10 15

In the model used to extract they curves, the loading phase is divided into several phases where
each phase only represent a small step of the total loading. This is done in order to be able to extract
the soil resistancey, after every single loading phase, and thereby recreatp-theurve from the

Plaxis 3D model. This setup of the loading phases is different to the setup used in the free vibration
analysis, and to the displacement analysis presented in Chapter 13.

Principle of Extraction of the p-y Curves

The p-y curves, which were introduced in Chapter 5, represent the relationship between the soill
resistancep, and the lateral displacement, The lateral displacement of the monopile in a certain
depth is relatively easy to extract from a Plaxis 3D model. It is however more complicated to extract
the soil resistance. The soil resistance is a measure of the resistance the soil produces on the pile.
The theory described in this section is based on Fan and Long, 2005.
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When using Plaxis 3D, the soil resistance can be extracted from two different procedures i.e. from
the stresses appearing in the soil close to the monopile, or from the stresses in the interface between
the monopile and the surrounding soil. When exploring the option of extractingyt@irves from

the interface between the monopile and the surrounding soil, the area of each element has to be
taken into account in order to distribute the stress in a point across this area. This area is possible to
extract from the model, but would however be a very time consuming procedure. This option is
thereby neglected in this thesis.

Instead of extracting stresses from the interface, stresses are extracted from the soil surrounding
the monopile. Because Plaxis 3D only supplies stress-states in Gauss-points, it is not possible to
extract stress-states exactly next to the pile, when this procedure is employed. Instead, stresses
are extracted from the Gauss-points located within a certain distance of the modggil&he

principle of dividing the monopile into sections, where each section representsyogrve, and

the principle of including the stress-states in the Gauss-points located within a certain distance from
the monopile, are illustrated in Figure 12.2(a) and 12.2(b) respectively.

Jadd

hsection X

(a) lllustration of a part of the monopile, where (b) lllustration of a cross section of the monopile
the section referred to dBeciionis the section and the surrounding Gauss-points.
considered, when establishing tphe curves.

Figure 12.2: lllustration of the principle of dividing the monopile into sections, where each section represents
ap-y curve. The black points are included in the analysis, whereas the grey points are neglected.
The full cross section for the monopile is illustrated for a better visualisation of the problem.

The number of Gauss-points, and thereby the number of stress-states considered in the extraction
of the p-y curves from Plaxis 3D, are highly dependent on the distance to the circle surrounding the
considered pointgl,q¢ An analysis of the size of this distance should be performed, in order to be
certain about the accuracy of the extracpeglcurves. Such an analysis is however not performed,

due to limited time available. Instead, this distance is xe®26 m, which yields an average

of 80 Gauss-points are available per section of the modelled half cross section of the monopile,
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yielding a total of 160 Gauss-points per unit length for the full monopile sections. This number of
Gauss-points included per section of the monopile is similar to the number of points included per
unit length in a similar study performed by Wolf et al., 2013, and is thereby deemed acceptable.

The soil resistance for a laterally loaded pile can be calculated directly by integrating the stresses
surrounding the monopile. In order to do so, rstly the soil resistance in each single Gauss-point is
calculated. This is done by calculating teomponent of the stresses in each Gauss-point, which
can be represented by a traction vectgr,The traction vector is expressed by equatibd.1)and

the effective cartesian stresses considered are illustrated in Figure 12.3. The expression for the
traction vectory, is derived in Appendix M.2. [Fan and Long, 2005]

Te= Sy Mot Sy My + Sy Nyz (12.1)
M= COSTy = Hfﬂ _ (12.2) s?,
+ z 0
X3 " Yg 0 Sk
= cosgy = G2 12.3 x 7
My = COSty = §—— (12.3) 'y <0
X3t Yg S0 xz
vz S 0 S)?x
nxz = CO$X = 0 (124) s 0 S)(/)X Xy
yy
Se Swy Sy | Effective cartesian stresses
Ny Nxys Nxz | Components of unit normal along
thex-, y- andz-axis Figure 12.3: Illustration of the effec-
Xg: Vg x- andy-coordinates of the Gauss-point tive cartesian stresses.

The component of unit normal along the@xis is zero, because a horizontal plane is considered.
When the traction vector has been established for each of the Gauss-points, the next step is to
integrate these traction vectors along the circumference of the monopile. This is done by dividing the
cross section of the monopile into a number of sectors, see Figure 12.4. Each sector is represented
by a number of Gauss-points and their corresponding traction vectors. Within each sector, the
resulting traction vector is computed as the average traction vector. By utilising the average traction
vector for each of the sectors, the consideration of the area of each element is avoided, and the
procedure is thereby simpli ed signi cantly.

Figure 12.4: lllustration of the division of the cross section of the monopile into sectors. Only half of the
monopile cross sections are illustrated because this is the part modelled in Plaxis 3D.
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To ensure the quality of the extractpéy curves is suf cient, an analysis of the number of sectors
should be performed. This analysis will however not be performed. The cross section of the
monopile is divided into 16 sectors, meaning that half of the monopile cross section consists of
eight sectors, see Figure 12.4. This number of sectors is equal to the number of sectors applied in a
similar analysis performed by Wolf et al., 2013 and is thereby deemed acceptable.

Following the estimation of the average traction vector for each of the sectors illustrated in
Figure 12.4, the soil resistance for the considered depth can be established. This is done by
integrating the average traction vector for each of the secIpgssior, along the circumference

of the monopile. However, since each of the sectors are represented by the same arc length,
see Figure 12.4, the estimation of the soil resistance at a certain depth can be simpli ed into
equation (12.5).

n
p= 4 (Txsector) 2dp (12.5)
i=1
When the soil resistance has been calculatedpiheurves can be established by relating these
soil reactions to the corresponding displacements of the pile. In the following segtigrtsirves
obtained from Plaxis 3D using different material models are compared {@-yteurves suggested
by API.

The procedure described above is regarding the extraction gFytmurves from the Gauss-points

in the soil surrounding the monopile. As already mentioned, an alternative approach would be to
extract the stresses from the interface between the monopile and the soil. It is expected to obtain
slightly lower stresses from the procedure described above when comparing to the stresses in the
interface, because when the stresses are extracted from the soil surrounding the monopile, the forces
are distributed to a larger area then when the stresses are extracted from the interface.

Comparison of p-y Curves

Using the procedure described in the previous sectionptiieeurves can be extracted from
Plaxis 3D. As mentioned earlier, they curves are extracted from a Plaxis 3D model based on the
Mohr-Coulomb material model and a model based on the Hardening Soil Small-strain material
model. Each of the models will be subjected to a lateral load varying from zero to the load provoking
a displacement of 10 % of the diameter at the mudline. The results obtained from these models are
presented in to following sections.

The Mohr-Coulomb Material Model

The Mohr-Coulomb material model has been chosen for the extraction gFytmurves from

Plaxis 3D, because the input parameters for this material model are similar to the input parameters
for the API p-y curves. The Mohr-Coulomb material model does however consider the stiffness
parameter Young's modulus, which is not considered by the g\?curves. Nonetheless, the
Mohr-Coulomb material model is a very simple representation of the soil behaviour, similarly to
the behaviour described by the APly curves. The comparison of the ABly curves and the
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p-y curves extracted from the Plaxis 3D model based on the Mohr-Coulomb material model is
illustrated in Figure 12.5.
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Figure 12.5: Comparison of APIp-y curves and extractepty curves from Plaxis 3D using the Mohr-
Coulomb material model in different depttzs,Solid line: p-y curve extracted from Plaxis 3D.
Dashed line: APp-y curve. The displacements illustrated are absolute values.

From the comparison of they curves for different depths in Figure 12.5, it is observed that the
API p-y curves diverge from the-y curves obtained from Plaxis 3D. This divergence is however
expected and is consistent with the tendencies uncovered in Stage 3 and multiple studies performed
by e.g. Kallehave, Thilsted, and Liingaard, 2012 and Kirsch, Richter, and Coronel, 2014.

When inspecting the left-hand side of Figure 12.5, i.e. the initial stiffness gf-theurves, it is
observed that the-y curves extracted from Plaxis 3D yield a higher initial stiffness compared to
the API p-y curves. This tendency is as expected, and is also consistent with the ndings presented
by Kallehave, Thilsted, and Liingaard, 2012. A close-up of the initial stiffness of the comparison
presented in Figure 12.5 is illustrated in Figure 12.6.

From the close-up of the initial stiffness of tipey curves illustrated in Figure 12.6, it is observed

that the initial slope of the APp-y curves increases with an increasing depth. This is due to the
linear increase of the initial modulus of subgrade reaction, as explained in Chapter 5. This tendency
is however not present in they curves extracted from Plaxis 3D where the initial-slopes are
more identical to each other. This indicates that the assumption of a linear increase of the initial
modulus of subgrade reaction is inaccurate, which also is consistent with the ndings presented by
Kallehave, Thilsted, and Liingaard, 2012. In the closeup it is also observed the that behaviour of
the extracted curves is a bit messy, this could be due to a too rough mesh to capture the behaviour
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Figure 12.6: Close-up of the initial stiffness of the comparisorpey curves and extractgaty curves. Solid
line: p-y curve extracted from Plaxis 3D. Dashed line: A®Y curve. The displacements
illustrated are absolute values.

at small displacements. The load displacements curves of these exfpactenves can be found
in Appendix M.3.

If the right-hand side of Figure 12.5 is inspected, it is observed thgi-theurves extracted from

Plaxis 3D yield higher soil resistances and thereby a higher soil-structure stiffness compared to
the API p-y curves. The right-hand side of Figure 12.5 is where the displacement are increasing
and approaching the assumed failure displacement of 10 % of the pile diameter at mudline. This
tendency is however not as expected because the broad consensus abouttyecARkes and

their estimation of the soil-structure stiffness is that they underestimate the soil-structure stiffness
for small loads whereas they overestimate the soil-structure stiffness for extreme loads [Achmus,
Thieken, and Lemke, 2014]. Nonetheless, the fact that thepAPturves according to Figure 12.5

also underestimates the soil-structure stiffness for larger loads and larger displacements indicates
that the APIp-y curves are unreliable for monopiles with large diameters.

From the free vibration analysis in Chapter 11 it was observed, that the model of the OWT in
Plaxis 3D based on the Mohr-Coulomb material model overestimates the rst eigenfrequency, when
comparing to the rst eigenfrequency obtained from the homemade 1D FE model presented in
Chapter 6. This overestimation can be explained by the considerations presented above regarding
the general overestimation of the soil-structure stiffness when consideripgytbarves extracted

from the Mohr-Coulomb material model compared to the ABicurves.
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The Hardening Soil Small-Strain Material Model

The Hardening Soil Small-strain material model has been chosen for the extractiorpef theves

from Plaxis 3D, because it is the most advanced material model considered in this thesis, and
because it requires several input parameters which thepARIurves do not consider. The aim

of this comparison is thereby to investigate if the Hardening Soil Small-strain material model
provides a better correlation with the Aply curves or if it diverges even more than the Mohr-
Coulomb material model. The comparison of the APy curves and thg-y curves extracted from

the Plaxis 3D model, based on the Hardening Soil Small-strain material model, is illustrated in
Figure 12.7.
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Figure 12.7: Comparison of APp-y curves and extractgaty curves from Plaxis 3D using the Hardening
Soil Small-strain material model in different deptkisSolid line: p-y curve extracted from
Plaxis 3D. Dashed line: AR3-y curve. The displacements illustrated are absolute values.

From the comparison of the-y curves for different depths in Figure 12.7 it is observed that the
API p-y curves diverges from thp-y curves extracted from Plaxis 3D.

In order to compare the initial stiffness of the ARy curves and the-y curves extracted from
the Hardening Soil Small-strain material model, a close-up of the initial part of Figure 12.7 is
illustrated in Figure 12.8.

When observing the comparison of the initial stiffness in Figure 12.8, it is observed that the

y curves extracted from Plaxis 3D yield a higher initial stiffness than the AfPturves. This
tendency is as expected and similar to the tendency observed in the previous section. As for the
p-y curves extracted using the Mohr-Coulomb material model the abnormalities could be caused by
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Figure 12.8: Close-up of the initial stiffness of the comparisorpey curves and extractgaty curves. Solid
line: p-y curve extracted from Plaxis 3D. Dashed line: A®Y curve. The displacements
illustrated are absolute values.

a too rough mesh to describe the behaviour at small displacements. The load displacements curves
of these extracteg@-y curves can be found in Appendix M.3.

If the right-hand side in Figure 12.7 is inspected, it is observed that-theurves extracted from

the Hardening Soil Small-strain material model overestimates the soil-structure stiffness for the
majority of thep-y curves. This tendency is similar to the one observed foptlgeurves extracted

from the Mohr-Coulomb material model.

The rst eigenfrequency of the OWT estimated in the free vibration analysis in Chapter 11, are, as
already mentioned, higher compared to the rst eigenfrequency estimated from the homemade 1D
FE model in Chapter 6. This overestimation of the rst eigenfrequency can also in the case of the
Hardening Soil Small-strain material model be explained by the fact, tha-yhaurves extracted

from Plaxis 3D yield a higher soil-structure stiffness compared to thepAPturves.

Finally, from Figure 12.7 it is also observed that the Plaxis 3D model based on the Hardening Soil
Small-strain material model predicts a lowl response, compared to the Plaxis 3D model based

on the Mohr-Coulomb material model. This tendency is as expected, because the Hardening Soil
Small-strain material model provides a higher stiffness at smaller displacements compared to the
Mohr-Coulomb material model. The Mohr-Coulomb material model has a constant stiffness until
yielding is reached.




12.4

152 Chapter 12. Extraction of p-y Curves

Closure of the Analysis of p-y Curves

This concludes the comparison of the A2 curves and thg-y curves extracted from a Plaxis 3D
model based on the Mohr-Coulomb material model and the Hardening Soil Small-strain material
model. The main conclusions drawn through the comparison will be repeated and elaborated in this
section.

For both of the comparisons performed in the previous sections, a signi cant divergence between the
API p-y curves and the correspondipey curves extracted from the Mohr-Coulomb model and the
Hardening Soil Small-strain model is observed. From the comparison of the-4Rurves and the
Mohr-Coulombp-y curves, see Figure 12.5, it is observed that the Mohr-Coulpiplourves has a
similar shape to the ARp-y curves, especially at shallower depths. This similarity is however not
observed in the comparison of the ARl curves and the Hardening Soil Small-strahy curves.

The comparisons presented in the previous sections both revealed that theyARIrves
underestimate the initial soil-structure stiffness of sand. This observation is consistent with studies
performed by both Kallehave, Thilsted, and Liingaard, 2012 and Kirsch, Richter, and Coronel, 2014.
Prior to the comparison, it was expected that the pflcurves underestimate the soil-structure
stiffness for small loads and small displacements whereas it overestimates the soil-structure stiffness
for larger loads and displacements. This expectation is however not seen in the comparisons, which
revealed that the APp-y curves underestimate the soil-structure stiffness in most cases for this
speci ¢ combination of soil parameters and pile dimensions.

One of the assumptions behind the ARy curves is, that the initial modulus of subgrade reaction

is increasing linearly with the depth. The accuracy of this assumption is already addressed earlier
in Stage 3 and is supported by multiple studies including Kallehave, Thilsted, and Liingaard,
2012. From the close-up of the two comparisons of phecurves, see Figure 12.6 and 12.8
respectively, this linear increase of initial stiffness is however not observed. This could indicate
that the assumption of a linear increase of the initial modulus of subgrade is inaccurate.

Finally, through the free vibration analysis in Chapter 11 it was uncovered, that the rst
eigenfrequency of the OWT, obtained from the Plaxis 3D model using both the Mohr-Coulomb and
the Hardening Soil Small-strain material models, is higher compared to the rst eigenfrequency
obtained from the homemade FE model using the p®lcurves. The difference in the rst
eigenfrequency can also be illustrated from the comparison optheurves, where the soil-
structure stiffness of thp-y curves extracted from Plaxis 3D using the two material models, are
higher in almost all cases for this speci c combination of soil parameters and pile dimensions.

These observations point towards that the AR curves are unsuited for the design of large
diameter monopiles, and the need for a new updated design method is present. However, to be able
to conclude this with certainty, more comparisons and analyses should be performed. One crucial
limitation of the APIp-y curves is that they fail to include shear stresses acting in the longitude axis

of the monopile. The importance of these shear stresses is examined in the upcoming chapter.
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13. DISPLACEMENT FIELD

In this chapter an analysis of the displacement field for two different pile diameters is performed.
The purpose of this analysis is to compare the displacement field for a small slender pile and a pile
with a larger diameter, and thereby investigate the problematics of applying theories developed on
slender pile in the design of large diameter monopiles.

The comparison of the API p-y curves and the corresponding p-y curves extracted from Plaxis 3D
models indicated a significant divergence. This divergence is as expected because the API p-y
curves were developed based on tests performed on a pile with a diameter of 0.6 m, whereas the
monopile considered in Stage 3 and 4 has a diameter of 8.0 m. Previously studies presented in e.g.
Kallehave, Thilsted, and Liingaard, 2012 and Kirsch, Richter, and Coronel, 2014 have shown that
the applicability of the API p-y curves decreases as the diameter of the monopile increases. The
effect induced by the increased diameter is often referred to as the diameter effect. The analysis of
the displacement field is thereby performed in order to observe the changes in the surrounding soil
when the diameter of the monopile is increased from 0.6 m, corresponding to the pile diameter for
which the API p-y curves are developed, to 8.0 m, corresponding to the monopile considered in
Stage 3 and 4.

In the following sections the analysis of the displacement field is elaborated starting with a brief
introduction to the composition of the models employed during the analysis of the displacement
field. Following this introduction, the analysis of the diameter effect is presented where the variation
in the soil surrounding the monopile is observed as the diameter of the monopile is increased from
0.6 mto 8.0 m.

Set up of Model

The procedure of setting up the models is identical to the one described in the convergence
analysis, see Section[9.4} This means that the size of the domain and meshes obtained through the
convergence analysis are employed in the analysis of the displacement field as well. The general
dimensions of the models employed in this analysis are illustrated in Figure[13.1]

10d 10d

Figure 13.1: lllustration of the model dimensions used to analyse the displacement fields.
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As already introduced, the analysis will be based on a comparison of the variation in the soil
surrounding two monopiles with different diameters. The specific dimensions for the two models
composed in this chapter are presented in Table [13.1]

Table 13.1: Dimensions of the models considered in the analysis of the displacement field.

Diameter Length above Length below Wall thickness Mean water level
mudline, d [m] mudline [m]  hpjle [M] t [cm] MWL [m]
0.6 15 30 10 15
8.0 15 30 10 15

The calculations of the models employed in this analysis are divided intro three phases, the initial-,
installation- and loading phase. These phases are considered because this analysis is a static analysis
and thereby not time depending. The soil is modelled using the Hardening Soil Small-strain material
model. This material model is selected because it is the most advanced material model considered
in this thesis, and it is the material model which is expected to imitate the reality best.

The models composed for the comparison between the displacement fields are both subjected to a
lateral load. This lateral load is estimated as the load is corresponding to a displacement at mudline
of 10 % of the pile diameter, which is corresponding to the failure criterion. The results of the
obtained loads needed to provoke a displacement corresponding to 10 % of the pile diameters are
presented in Table[13.2]

Table 13.2: Loads used to provoke a displacement corresponding to 10 % of the pile diameter.

Pile diameter [m] Displacement [m] Load [kN]

0.6 0.06 172
8.0 0.80 55850

The displacements provokes by the piles in the two models, when the load from Table [13.2]is
applied, are illustrated in Figure[13.2]

When observing the deformed structure for the pile with the small diameter, see Figure [I3.2(a)] the
pile seems to be fixed in the soil, and the displacements happen mostly above mudline alone. The
deformed structure for the monopile with the large diameter, see Figure[I3.2(b)} is very different
to the deformed structure of the pile with the small diameter. From the figure of the deformed
monopile with the large diameter, a rigid-body-like deformation is observed. These different
patterns of deformations are as expected and consistence with studies performed by e.g. Kallehave,
Thilsted, and Liingaard,[2012]

Analysis of the Diameter Effect

The results presented in this section are obtained from a 3D model, but presented in 2D plane
illustrations in order to simplify the visualisation of the results. Firstly, the displacement fields of
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(a) Diameter of 0.6 m. (b) Diameter of 8.0 m.

Figure 13.2: Displacements of the loaded structures for different diameters in the x-z plane in Plaxis 3D.
The displacements are scaled with a factor of 5.0 for being able to see the deformation form
more easily.

the two monopiles are compared. In this analysis, the monopiles are subjected to the load presented
in Table[I3.2] which provokes a horizontal displacement corresponding to 10 % of the pile diameter.
Figure [I3.3]shows the displacement fields for the two piles in the x-z plane, where the same length
of the piles are used.

From Figure[I3.3]is observed that the displacement fields for the two piles are very different from
each other. It is observed that the displacement of the small diameter pile, see Figure[I3.3(a)} only
activates the soil located at the very top of the soil domain. Conversely, for the large diameter
monopile, see Figure[I3.3(b), it is observed that the displacement activates soil almost along the
full length of the pile, but especially the soil close to the top and bottom of the pile.

The original API p-y curves are, as already mentioned, developed for slender piles with small
diameters, which is represented by the small diameter pile. For small and slender piles, the lateral
load is dominating and the behaviour of the pile can be estimated based on this lateral load alone.
However, when the diameter of the monopile increases, other effects must be taken into account.
In the previous chapter, where the APl p-y curves are compared to p-y curves extracted from a
Plaxis 3D model, it was observed that the APl p-y curves deviates significantly from the extracted
p-y curves. One of the reasons for these deviations can be explained by the fact, that when the
diameter of the monopile increases, the monopile starts to deform more like a rigid-body. The
rotation induced by this approximated rigid-body-motion introduces shear stresses along the pile
surface. These shear stresses are not considered by the API p-y curves, as already mentioned,
and the API p-y curves can thereby be considered as unsuited for the design of large diameter
monopiles.
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(a) Diameter of 0.6 m. (b) Diameter of 8.0 m.

Figure 13.3: Displacement field from Plaxis 3D for different diameters in the x-z plane. The black lines
defines the piles and the scales goes from blue, which represent no displacement, to red, which
represent the largest displacement. It should be kept in mind both piles are 30 m long below
mudline. The blue lines define the edges of the soil volume.

Contrary to the API p-y curves, the shear stresses are considered by the PISA approach which was
introduced in Section[7.2] The PISA project recognised the importance of including the effect of
the shear stresses along the longitude-axis of the monopile for large diameter monopiles. The shear
stresses along the longitude-axis of the monopile are induced by the increasing eccentricity of the
shear force according to the centre of the pile, which also increases the moment around the centre
of the pile. The effect of the shear stresses along the longitude-axis of the pile can be investigated,
by comparing the shear stresses occurring around the small diameter pile to the shear stresses
occurring around the large diameter monopile. This comparison is illustrated in Figure[13.4]

400 1100
350 I 900
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- 0
100 —
50 ' : -300
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-50 -700
(a) Diameter of 0.6 m. (b) Diameter of 8.0 m.

Figure 13.4: Shear stresses from Plaxis 3D for different diameters in the x-z plane. Values in kN/m?.
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From Figur¢ 134 itis observed that the shear stresses are much more apparent for the large diameter
monopile in Figure 13.4(b). When considering the shear stresses along the small diameter pile, see

Figure 13.4(a), it is observed that the shear stresses are small and mostly concentrated around the
top of the pile. Contrary, when considering the shear stresses along the large diameter monopile,

it is observed that the shear stresses are apparent along the full length of the monopile and that

the variation in the shear stresses are larger compared to the small diameter pile. This means that
the effect of including the shear stresses in a design method increases, when the diameter of the
monopile increases.

From this it can be concluded that the accuracy of original pdylcurves decreases as the diameter

of a monopile increases. This can be explained by the fact that th@ARLUrves do not consider

shear stresses which occurs from the rigid-body rotation of the monopile. These shear stresses have
been proven to be crucial in the determination of the response of a large diameter monopile. These
conclusions are identical to the ones drawn by the PISA project. [Byrne et al., 2015]
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14. DISCUSSION

In this chapter the nal discussion of the thesis is presented. Throughout the thesis, the estimation
of the rst eigenfrequency has been investigated, where the dynamic properties of an OWT and the
estimation of the soil-structure interaction have been brought into focus. The important conclusions
drawn through the thesis will be repeated and discussed in this chapter.

During Stage 2, a simple 1D FE model was developed. This Simple Model was developed
to represent an OWT, which is simpli ed into a stick with a point mass attached at the top,
corresponding to the combined mass of the hub, nacelle and blades. In this model, the contributions
from soil are neglected and the stick is thereby assumed to be xed at the mudline. The stick is
additionally simpli ed into having the same diameter and wall thickness in the full length.

The purpose of the development of this simpli ed model was to analyse the in uence of the different
input parameters on the rst eigenfrequency of the system. The analysis concluded that the diameter
and the height, i.e. the slenderness ratio, of the model as well as the point mass, have the largest
in uence on the rst eigenfrequency. Here the height of the structure and the rst eigenfrequency
are negative correlated, contrary to the diameter and the rst eigenfrequency which are positive
correlated.

In Stage 3, the Simple Model from Stage 2 was extended to include the effects from the soil, and
thereby considers the soil-structure interaction. In this stage, the soil-structure interaction was
considered via the-y curves. In the literature study performed in Stage 1, the design methods
currently suggested in the design guidelines were examined, and already here it was recognised
that the currently suggested APy curves might be unsuited for the design of large diameter
monopiles. However, because the ARy curves are recommended in the current design guidelines,
these curves were implemented in the Extended Model.

The input parameters for the AR}y curves consist primarily of the strength parameters, the
effective angle of internal friction or the undrained shear strength, as well as the geometric input
parameters such as the depth and the diameter of the pile. The strength parameters used as input for
the API p-y curves, in order to describe soil-structure stiffness, are considered as state parameters,
which means that they are unsuited to describe the general behaviour of soil. This is due to the fact
that they fail to include the stress dependent stiffness of soil. Additionally, the formulation of the
API p-y curves for sand fails to consider the diameter effect.

The considerations presented above about ghecurves have caused multiple studies of
improvements of the APp-y curves. In this thesis, the improvements proposed by Kallehave,
Thilsted, and Liingaard, 2012 and Kirsch, Richter, and Coronel, 2014 for sand and clay respectively
are considered. Both of these improvements provide modi cations to the estimation of the initial
soil-structure stiffness. Comparative studies of the pRlcurves and the improvements proposed

by Kallehave, Thilsted, and Liingaard, 2012 and Kirsch, Richter, and Coronel, 2014 reveal that the
improvements yield a better estimation of the initial soil-structure stiffness. However, because the
improvements still are based on the formulation of the ARlIcurves, and thereby based on the
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aforementioned state parameters, the improvements are still unsuited for the general design of an
OWT. [Achmus, Thieken, and Lemke, 2014; Achmus, Terceros, and Thieken, 2016]

In the last stage of this thesis, Stage 4, a comparison of the Extended Model from Stage 3 and
results obtained from the commercial software Plaxis 3D was performed. During Stage 4, three
different analyses were performed using Plaxis 3D:

« A free vibration analysis, where the rst eigenfrequency is estimated in Plaxis 3D and
compared to the rst eigenfrequency obtained from the Extended Model.

« An extraction of thep-y curves from Plaxis 3D, where the extracted curves are compared
to the APIp-y curves.

» A comparison of the displacement eld for a slender pile and and the reference pile used in
Stage 3 and 4 in Plaxis 3D.

For the analyses presented above, a reference soil pro le consisting of a single layer of sand was
employed. This reference soil pro le is derived by the authors of this thesis, during an earlier
semester project. The sand layer is selected, because it provides the stiffness and strength parameters
necessary for the Hardening Soil material model. The parameters of this reference sand layer are
composed of CPTSs, triaxial tests and oedometer tests from different locations and the sincerity of
the sand is thereby questionable. However, the main focus of this Master Thesis is not to derive and
justify the input parameters, and the composition of this sand was therefor chosen as the reference
soil layer for Stage 4.

The dynamic 3D models calculated for the free vibration analysis are very time consuming and
close to the end of the project period, it was discovered that the mass on top of the OWT was
modelled incorrectly, as it did not provide eigenfrequencies in the expected range when comparing
to Dstergaard et al., 2019. To correct this, the mass was changed from being a point load located
on arigid plate, to an adjustment of the density of the top part of the OWT tower modelled in
Plaxis 3D. This resulted in a reduction of the eigenfrequency of 0.025 Hz after the mass was added.
The eigenfrequencies calculated during this thesis, based on the reference soil pro le presented in
Stage 4, are listed in Table 14.1.

Table 14.1: The rst eigenfrequency according to different estimation methods. The deviation is according
to the eigenfrequency calculated using the ARl curves in the Extended Model.

APl Kallehave Mohr-Coulomb Hardening Soil

First eigenfrequencyf; [Hz] 0.189 0.196 0.200 0.250
Deviation [%0] - 3.7 5.8 32.3

From Table 14.1 it is observed, that the rst eigenfrequency using the Hardening Soil material
model in Plaxis 3D is 32.5 % larger, compared to the rst eigenfrequency obtained from the
Extended Model. This deviation is quite signi cant and higher than expected.

If more time was available for this thesis, modelling of the mass on top of the OWT representing
the hub, nacelle and blades should be looked further into. This should be done in order to verify
if the mass is modelled correctly and brings the correct effects of decreasing the eigenfrequency
in the free vibration analysis. Additionally, a further investigation of the deviation between the
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rst eigenfrequency obtained when using the Hardening Soil Small-strain material model and the
Extended Model could be performed.

The second analysis of Stage 4 considers a comparison of thp-Blirves and the corresponding

p-y curves extracted from the Mohr-Coulomb and Hardening Soil material models in Plaxis 3D.
This comparison was performed on a monopile with a diameter of 8 m, which is more than ten
times the diameter for which the AP}y curves were developed, and thereby regarded as a large
diameter monopile. This comparison revealed a signi cant deviation and emphasises thereby the
need for a new method for the design of large diameter monopiles.

The comparison of the APp-y curves and the-y curves extracted from the Mohr-Coulomb
material model, see Figure 12.5 page 148, reveals a signi cant difference between the two

y curves. It was observed that tipey curves extracted from Plaxis 3D yielded a higher soil
resistance and thereby a higher soil-structure stiffness. Howeveg;\tloeirves extracted from

Plaxis 3D did indicate a degradation of stiffness as the displacement is increased, like observed by
the API p-y curves.

The comparison of the APp-y curves and the-y curves extracted from the Hardening Soil
Small-strain material model, see Figure 12.7 page 150, revealed a more signi cant difference than
the Mohr-Coulomb material model. It was observed that the tendency gfytmirves extracted

from the Hardening Soil Small-strain material model is not as expected, which may be caused by
the composition of the reference soil pro le, as it was composed of parameters from different test
locations. Due to the time limitation of the thesis, this behaviour will however not be investigated
further.

One of the assumptions of the Aply curves is a linear increase of the initial modulus of subgrade
reaction with the depth. From the two comparisons presented above it is observed that none of
these analyses indicates this relation.

The deviations of the rst eigenfrequency of the OWT presented in Table 14.1 are consistent with
the p-y curves extracted from Plaxis 3D. From the table it is observed that the Mohr-Coulomb
material model yields a rst eigenfrequency, which is slightly higher than the one obtained from
the API and Kallehave formulations of they curves. This can be explained by the fact, that
the p-y curves extracted from the Mohr-Coulomb material model yield a higher soil-structure
stiffness compared to the ARLy curves. The same explanation is applicable for the deviation of
the Hardening Soil Small-strain material model, where the soil-structure stiffness is overestimated
signi cantly in the extracted-y curves.

Finally, one of the crucial assumptions of the ARy curves is that the response of the pile is
governed by the lateral load. However, when the diameter of the monopile is increased, other
effects must be taken into account as well. These effects are investigated in the nal analysis where
the displacement eld for a monopile with a diameter of 0.6 m is compared to the displacement
eld for a monopile with a diameter of 8 m. This comparison revealed that as the diameter of the
monopile increases, the monopile starts to behave more like a rigid-body. The rotation induced by
this approximated rigid-body-motion introduces shear stresses along the pile surface, and according
to the analysis of the displacement eld, the importance of these shear stresses increases as the
diameter of the monopile increases.
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This concludes that the accuracy of the original AR} curves decreases, as the diameter of a
monopile increases. The need for a new and well suited design method for the estimation of the soil-
structure interaction is therefore present. The PISA approach is one of the new and acknowledged
design methods, which considers the aws of the AR} curves. This PISA approach was brie y
described in this thesis, but not included in the model because the-4Burves are the design
method suggested in the current design guidelines. However, a method like the PISA approach
is expected to be the recommended design method in the future, as this is able to describe the
behaviour of large diameter monopiles better.
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15. CONCLUSION

In this thesis, the problematics of estimating the rst eigenfrequency of OWTs have been considered.
The majority of the thesis focuses on methods for modelling the soil-structure interaction between
a monopile and the soil it is embedded in. A relative simple 1D FE model, which is capable of
estimating the rst eigenfrequency of OWTSs, has been programmed in MATLAB based on the
guidelines for OWT foundations and the validity of these methods are investigated and discussed.

The API p-y curves, for estimating the soil-structure interaction provided by the current design
guidelines, was found not to be applicable when the diameter of monopiles is increased to a level
beyond the diameters it was originally developed for. This is due to the fact that the-ABUIrves

were developed on rather slender piles and thereby not considering the rigid-body behaviour of
modern, large diameter monopiles.

As the APIp-y curves are not considering the effects of increasing the diameter of the monopiles,
suggestions of modi cations of the original ARty curves are investigated in this thesis as well.
These modi cations are provided by Kallehave for sands and Kirsch for clay, and considers the
up-scaling of the diameter. Both modi cations are based on optimising the initial soil-structure
stiffness of piles.

The API p-y curves are compared {®By curves extracted from a 3D FE model. Here it is observed
that the soil-structure stiffness obtained by using the pdylcurves differs from the soil-structure
stiffness obtained by using a more advanced soil model, such as the Hardening Soil material model
in Plaxis 3D.

By using a 3D FE model for a slender pile, corresponding to the piles for which th@ARLurves

are developed, it has been shown that the effects of the shear stresses generated along the pile is at
a minimum. However, the effects of the shear stresses generated along a large diameter pile are of a
certain magnitude, which in uences the soil-structure stiffness. By this it can be concluded, that
the API p-y curves are not set up to include the shear stresses of modern large diameter monopiles.

This concludes that thp-y curves are outdated when it comes to the design of large diameter
monopiles. As 1D models have a very low computational time, compared to 3D FE models, it is
suggested to look further into studies like the PISA project, in order to be able to take the shear
effects into account. In this way, a model with a low computational time can be used to obtain a
more reliable result, when designing the foundation of an OWT in the early stages of a project.
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A. EOM SDOF OWT MODEL

The governing dynamic equation of motion (EOM) of a SDOF system is given by equation (A.1).

mi+ cu+ ku= F(t) (A.1)
m Mass
c Damping
k Stiffness
F(t) | Time dependent load
u Displacement
u Velocity
u Acceleration

Considering an OWT represented by a SDOF system with a harmonic varying load, the system
can be represented by the mass on a stick seen in Figure A.1nHgtbe massyl is the degree

of freedom for the SDOF system, the stiffneksjs representing the bending stiffness of the
tower/stick itself, and the damping, is structural damping from the system. The log), is

de ned as a harmonic load cogw, t), wherew, is the cyclic load frequency arfelde nes the
magnitude of the harmonic load.

Figure A.1: SDOF system for an OWT with a harmonic varying load.

The EOM for the system shown in Figure A.1 is given in equation (A.2).
mi+ cu+ ku= P cogqwt) (A.2)

Solving the EOM de ned in equatiofA.2) leads to the solution of the system provided in
equation(A.3). For further elaboration on the solution and the rest of the appendix, see Damkilde,
2017.

U= | fampCOSWE ] ) (A3)
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Phase shifti.e. the delay between the loading and the displacement response
Dynamic ampli cation factor

j
fam p

The phase shift is given by equation (A.4).

0 1
22%
j =tan 1%‘“2; (A.4)
WL
1 -
W1

The dynamic ampli cation factor is given by equation (A.5).

t I
famp= U 2! > 5 (A.5)
P WL WL
1 — + 22—
W1 W1
Z | The damping ratio
w; | The rst cyclic eigenfrequency of the system (only one for SDOF systems)
The rst cyclic eigenfrequency is given by equation (A.6).
i
W]_ = a (A6)
The damping ratio is given by equation (A.7).
7= po_ (A7)

2 km

It is seen from equatio(A.3) and(A.5) that if the damping is neglected i.e. = 0, and if the
cyclic load frequency and the cyclic eigenfrequency of the system are the same, then a singularity
will appear and the response will in theory go to in nity.
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B. FEM - SAGE?2

This appendix is not a cook book explaining how to program models exactly equal to the ones used
in this thesis. Instead, it is highlighting some of the theory that is not covered in the main report.
The appendix is based on R. D. Cook et al., 2002. In Stage 2, two different models are used, the

models are illustrated in Figure B.1. The blue ball on top of the beam is illustrating a lumped mass
that covers the weight of the nacelle, blades and rotor for the OWT.

(a) Simple model. (b) Modi ed model.

Figure B.1: lllustration of the two models of a stick with a mass at the top.

The difference between the simple and the modi ed model is explained in the main report.

B.1 Model Description

The model is a simple 1D FE model that is modelled with Bernoulli-Euler beam elements as seen
in Figure B.2.

Figure B.2: lllustration of beam element with two degrees of freedom per node.

The Bernoulli-Euler beam element has the shape functions illustrated in Figure B.3.
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(a) Np: First DOF. (b) N2: Second DOF.

(c) Ng: Third DOF. (d) N4: Fourth DOF.

Figure B.3: The different shape functions for the DOFs.

The shape functions are third order polynomials given in Table B.1, together with the boundary
conditions for each shape function.

Table B.1: Shape functions and boundary conditions.

Atx=0 Atx=1L
Ni Ni;x Ni Ni;x

Shape function

Ni(x) = 1 3TX§+2§X§’ 1 0 0 0
No()=x 264X 0 1 0 0
Na(x) = 3 2¢ 0 0 1 0
Na(x)= £+ % O 0 0 1

The shape functions are combined into the displacement interpolation matrix given by
equation (B.1).
h [
[INJ= Ni N2 N3 Ng (B.1)

B.2 Model Purpose

The purpose of the simple 1D FE model is to determine the eigenfrequencies of the system. To
determine the eigenfrequencies an eigenvalue problem has to be solved. The eigenvalue problem
can be seen in equations (B.2).

det [K] w?[M] =0 (B.2)
[K] | Global stiffness matrix

[M] | Global mass matrix
w | Cyclic eigenfrequencies




B.3 Setting up Stiffness Matrix 177

B.3 Setting up Stiffness Matrix

The global stiffness matrifK], is a matrix combining the stiffness matrices from all beam elements
into one full stiffness matrix. The local stiffness matrices for beam elements are calculated by
equation (B.3).
z
(1= [BI'[DIB]dv (B.3)

[B] | Strain interpolation matrix
[D] | Constitutive matrix
V | Volume

The constitutive matrix in this case is the bending stiffness given by equation (B.4).

[D]= EI (B.4)

E | Young's modulus
| | Area moment of inertia

The strain interpolation matrix is found by differentiating the displacement interpolation matrix. A
displacement interpolation matrix related to bending needs to be differentiated twice, which gives
the strain interpolation matrix given in equation (B.5).

d2 h |
Bl= joINI= &Nt oNe SN ol (B.5)

2 AT dR

B.4 Setting up Mass Matrix

The global mass matrixM], is like the global stiffness matrix a combination of local matrices.
The local mass matrix used is the continuous mass matrix given by equation (B.6).
z
[ml=  r[N]T[N]dV (B.6)
\%

[N] | Displacement interpolation matrix
r Density







179

C. ELASTICITY

To be able to watch the in uence of different input parameters, the elasticity between the input and

output is calculated. The elasticity is de ned as the ratio between the percentage change in the
input and output, see equation (C.1).

Relative change in output (C.1)
Relative change in input '

Ea B=

HereEa g de nes the elasticity in the range from A to B, which is illustrated in Figure C.1.

Figure C.1: Principle graph to illustrate the elasticity between input and output.

| is the input parameter ar@dis the output parameter. In this report the rst eigenfrequency could

be the output and the input could be the height of the turbine tower. The elasticityAfrois
then calculated as:

DOA & 149
OnvG, &

Ea B= (C.2)
Dla 100

lavGs &

DOaA 8 | The change in the output parameter in the range A-B
Oava, 5 | Mean value of the output parameter in the range A-B
Dia B The change in the input parameter in the range A-B
lave, 5 | Mean value of the input parameter in the range A-B
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D. SDOF CANTILEVERBEAM

Eigenfrequency of Cantilever Beam

In this section an approximation for the rst eigenfrequency of a cantilever beam is derived. The
cantilever beam has a distributed load from the self weight of the beaamd a masan, at the
end. The cantilever beam is illustrated in Figure D.1.

Figure D.1: Cantilever beam with a point mass at the end.

E | Young's modulus

| | Area moment of inertia
m | Point mass

g | Gravity

L

Length of the cantilever beam

In order to obtain a solution for the cantilever beam where both the mass of the beam and the point
mass are considered, each case is considered separately and superposition is then used to obtain the
solution for the full system.

Weightless Cantilever Beam with End Mass

The solution for a cantilever beam with end mass is based in Irvine, 2010. Figure D.2 illustrates a
free body diagram of the cantilever beam presented in Figure D.1.

Figure D.2: Free body diagram of cantilever beam.

Mgr | Moment reaction from the support
R | Vertical reaction from the support

Newton's second law for static equilibrium is applied.
aR""=0=R mg ) R= mg (D.1)

[o] X +
a Mest= 0= Mg mglL ) Mr= mgL (D.2)
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A beam segment as illustrated in Figure D.3 is considered.

Figure D.3: Cut at coordinate.

u | Displacement at coordinake
M | Bending moment
V | Shear force

Moment equilibrium around the right end of the beam segment.

+
& Mign = 0= M, Rx M ) M=M RXx (D.3)

Bernoulli-Euler's beam theory yields a relation between the bending monvn&nd the
displacement,.

d?u d?u
+
d’u _ _ d’u _ mg
EIW_ mgL mgx= mgL X ) 2. El (L X (D.5)

This is integrated twice to obtain an expression for the displaceuofgnt

dum X

el T +a (D.6)
wo="9 L ¥ X b (D.7)
"~ El 2 6 '

The integration constangsandb are solved from the boundary conditions of the cantilever beam,
where it is know that at = 0 there is no rotation or displacement i.e.:

u(0)= 0 ) b=0 (D.8)
uY0)= 0 ) a=0 (D.9)

This leads to the following expression for the displacemert and as the displacement only is
desired at the full length,, the expression becomes:

2 3
- Mg X X
u(x) = £ L > 5 (D.10)
+
2 3 3
wp="9 £ L _mgl (D.11)

El 2 6 3El
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Hooke's law is used to relate force, stiffness and displacement of the SDOF cantilever system. It is
also known the forcef, is equal to the mass;), times gravityg.

F=ku ) k:% (D.12)
+
___mg _GEl
mglS T (D.13)
3E|

The eigenfrequency of a SDOF system with a weightless cantilever beam and a point mass is
thereby given by:

r r—
1 Kk 1 3EI

f

Cantilever Beam with Beam Mass

A cantilever beam with a mass per lengthy,is considered, where the cross section is uniform. In
order to use the principle of superposition of the two systems, the distributed mass per length has
to be related to a point mass at the end of the beam. This points mass is called the effective mass,
and is a percentage of the total distributed mass along the beam. The effective mass is calculated
such that the response of a cantilever beam with distributed mass is identical to the response of a
cantilever beam without distributed mass but with the effective mass applied as a point mass at the
end of the beam. The solution for this case is based on Irvine, 2010.

In general the approach for determining the effective mass is to set up an expression for the total
potential energy and the total kinetic energy in the beam. These expressions for the different
energies are set equal to each other and the cyclic eigenfrequerisysolated. The expression for
w is then transformed to the eigenfrequenigy,and reduced. The expression for the eigenfrequency
can be seen in equation (D.15). For further derivation of this expression, see Irvine, 2010.

s
1 3.:664 El

f1 —

2 2 = (D.15)

The terms in equatio(D.16), (D.17)and(D.18)is known, and from these, equati¢d.19) can be
set up for the effective mass.

W
fi= — D.16
o (D.16)
w = k (D.17)
= - .
3EI
k:F (D.18)
k 3EI
Meff (D.19)

T (2pf)2 L3(2p fp)2
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Equation(D.15)is substituted into equatigiD.19) and reduced, which results in equati@20)
for the effective mass.

Mers = 0:2235mL (D.20)

Cantilever Beam with Beam- and Point Mass

The total mass at the end of the beam is obtained from the sum of the point load and the effective
mass obtained from Appendix D.1.2. [Irvine, 2010]

m = 0:22357L+ m (D.21)

The total mass is substituted into the solution for the cantilever beam with an end mass, which was
obtained from equatio(D.14)in Appendix D.1.1, where the mass used was the effective mass.
This gives equation (D.22) for the rst eigenfrequency of the SDOF system. [Irvine, 2010]

S
1 3EI

2p  (0:2235mL+ m)L3

f1 (D.22)

The parameter for the mass per unit length of the tomecan be determined from the density,
and the cross-section area for the towersee equation (D.23).

m= Ar (D.23)
The cross-section area can be determined from the area of a circle with the inner diameter subtracted

from the area determined from the outer diameter. This can be seen from the following derivation,
where the expression is reduced.

d d d d
A= > p > t p = > > t p (D.24)
+
_d? a2 , _dt : 5
= 5 gt 2 = t?+dt p (D.25)
This results in the mass per unit length,is given as.
m=rp dt t? (D.26)

The nal equation for the rst eigenfrequency can then be derived as seen in equation (D.27).

S
1 3EI

2p  (0:2235Lrp (dt t2)+ m)L3

fy (D.27)
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D.2 Area Moment of Inertia

The derivation of the expression for the area moment of indrtizsed in the report can be seen
below.

The rst expression can be seen in equat{br28), where the different radii used can be seen in
Figure D.4.

| = % ry 1 (D.28)

Figure D.4: Cross section of a tube, with inner and outer radius respectiyelpdr,.

The equation is rewritten for only depending on the parameters used in the report.

4 4

_P 4 4 - p d d

| = 22 1 i 2 > t (D.29)
+

_p d* (d 2p)* _ P4 4

| = 4 16 16 = 64 d* (d 2) (D.30)
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E. SOIL REACTION CURVES

E.1 Lateral Resistance - Stiff Clay

The determination of thA-factor can be made from Figure E.1.

Figure E.1: Variation of the constantds andA. in regards to the depth-diameter-ratteD [Reese, Cox,
and Koop, 1975].

E.2 Lateral Resistance - Sand

The C-constants used in the estimation of the ultimate lateral soil resistance for sand can be
determined by the following equations:

(tanb)?tana tanf © sinb

= + Ogj .
C.= Tan(b 9 cosa tan(b  F9 tanb tanf “sinb tana (E.1)
tanb
K E.2
2~ fan(b f9 2 (E2)
Cs= Ka (tanb)® 1 + Kgtanf (tanb)? (E.3)
bH(Ieref Ojs the effective angle of internal friction, and the rest of the parameters are determined
elow.
f 0
a= 5 (E.4)
f 0
b = 45+ > (E.5)
Ko= 0:4 (E.6)
1 sinf©

(E.7)

2% T+ sinfo
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The variation of the differert-constants, when changing the effective angle of internal friction
can be seen in Figure E.2.

Figure E.2: Variation of the C-coef cients as a function of the effective angle of internal frictich,

The initial modulus of subgrade reaction can be determined from Figure E.3.

Figure E.3: Variation of the initial modulus of subgrade,as a function of the effective angle of internal
friction, f ©
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F. FEM - SAGE3

This appendix is not a cook book explaining how to program models exactly equal to the ones used
in this thesis. It is instead highlighting some of the theory that is not covered in the main report.
The appendix is based on R. D. Cook et al., 2002. In Stage 3 the model is different from the one
used in Stage 2, as the pile is now submerged into the soil, and the stiffness of the soil is represented
by springs. The model is illustrated in Figure F.1.

Figure F.1: lllustration of the Extended Model.
Model Description

The model illustrated in Figure F.1 is modelled with the same beam elements as used in Stage 2, see
Appendix B. Besides the beam elements, the Stage 3 model is modelled with distributed springs
below mudline, to represent the stiffness from the soil. This is done using the Winkler approach,
which is described in the following section, and the stiffness from each spring comes from the API
p-y curves presented in Chapter 5.

Winkler Beam

A Winkler beam is a beam resting on a in nite number of springs, that only acts in the direction
normal to the beam element. An illustration of a beam element with the |éngdsting on springs
normal to the longitudinal direction of the beam, is illustrated in Figure F.2.

Figure F.2: lllustration of a Winkler beam element.
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As an in nite number of springs is not possible for FE models, a nite number is chosen, i.e. a
spring is attached at every node of a beam element. To calculate the stiffness of each spring the

integral in equation (F.1) is used, to calculate the addition of stiffness to each beam element.
z

Kpyl = LngbeNg dL (F.1)

fNg | Displacement interpolation matrix
b Soil-structure stiffness
L Beam element length

The soil-structure stiffness is the slope of {g curve, which can either be the tangential- or the
secant slope of the curve according to a given displacement.

Numerical use of Winkler

A numerical integration will be performed based on equation (F.1), resulting in equation (F.2).

Nint

[kp] = & fNg'bfNgdL (F.2)
i=1

Figure F.3 illustrates a single beam element, divided into 4 sub elements. Each subelement has
the lengthdL. Dividing a single beam element into 4 subelements results in 4 integration points,
illustrated in Figure F.3, i.ejy = 4.

Figure F.3: lllustration of a single beam element. The white rhombi with the black outline shows the
integration points used for the numerical integration.

Model Purpose
The purpose of the 1D FE model in Stage 3 is to integrate the soil into the model and analyse how

this affects the eigenfrequencies of the system. The eigenvalue is solved exactly as in Stage 2, just
with a different stiffness- and mass matrix.
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F.3 Stiffness Matrix

The global stiffness matrix in Stage 3 is a combination of the Bernoulli-Euler beam stiffness and
the soil stiffness from th@-y curves as stated in equation (F.3).

[KI=[Kg] + [Kpy] (F.3)

[Kg] | Bernoulli-Euler stiffness matrix, given in equation (B.3) page 177
[Kpyl | p-y stiffness matrix, given in equation (F.1)

F4 Mass Matrix

The Stage 3 model differs from the Stage 2 model by taking water and soil into consideration.
This results in the in uence from these have to be added to the global mass matrix. In Stage 2 the
mass matrix was a combination of the lumped mass, representing nacelle, hub and blades and the
mass from the beam elements themselves, where in Stage 3, the soil and water inside the pile has
to be added together with the added mass for the part of the pile that is moving in the water. An
illustration of the added masses can be seen in Figure F.4.

Figure F.4: lllustration of the positions for the different masses that are added to the global mass matrix.

F4.1 Added Mass from Water

The added mass from the water around the pile is corresponding to the inertia added to the system
as a result of an accelerating body is moving the surrounding uid as it moves through it. The
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movement is a result of the body and the uid can not be at the same physical space simultaneously.
The added mass per unit length for a cylinder can be calculated from eq(la#dfpansk Standard,
1983].

Mpgg = I (1+ C3)A (F.4)

Here the added mass coef cief,;, can be found from standard tables to the value 1.0 and the
area of the cross sectiof, is found to bep (d=2)2. The division of the mass into the nodes is then
done with the use of integration.

Extra Mass from Water and Soil Inside Pile

The extra masses that has to be substituted into the global mass matrix are calculated as the
continuous mass matrix used for the beam elements as explained in Appendix B.4. The soil levels
inside the pile are assumed the same as the layers outside the pile.

Soil-Structure Stiffness

As the p-y curves used for determining the soil-structure stiffness are non-linegr;\tstiffness

matrix has to be obtained by a residual calculation. In this case the residual is an expression for
the imbalance between the external and internal loads in the FE calculation. The internal loads are
given by equation (F.5).

fFg = [K]fug (F.5)

The residual then becomes as stated in equation (F.6).

frg=fFeg f Fig (F.6)

K] Global stiffness matrix
fug | Global displacement vector
fFeg | Global external load vector

Residual Algorithm

In this thesis a loaé is attached to the node in the height of the mean water level. This load is
used for determining the tolerance for the residual. The tolerance is set to:

IN

tolerance= max
P 10 6

(F.7)

The residual is calculated using the Newton-Raphson method. The goal is to obtain the correct
deformation vector, according to the external Iifado solve this residual algorithm some input
has to be prede ned. The prede ned input and the algorithm itself can be seen in Algorithm 1.
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Algorithm 1: Solving the residual using Newton-Raphson iteration.
Prede ned input

fFeg External load® at mean water level

fug = f0Og Initial displacement to start the algorithm

[Kg] Bernoulli-Euler stiffness of the pile

fFg= fOg Initial internal load vector

frg= fFeg f Fg Initial residual according to external and internal loads
[Kpyl Initial soil-structure stiffness dtug = f0g

[K]=[Kg] + [Kpyl Initial system stiffness matrix

Solving the residual using Newton-Raphson
while frg > tolerance

Calculation off Dug according to current stiffness and imbalance in internal anfl
external forces
fDug=[K] *frg

Updating the displacement vectiug
fug= fug+ fDug

Updating the soil structure stiffnefis ,y] according to current displacemehtig
using the tangential stiffness from the p-y curves

[Kpyl = [Kpyl (fug)

Update the system stiffnef$s]
[K]=[Kg] + [Kpy]

Update the internal loadsF,g
fFg = [K]fug

Update the residudirg
frg= fFeg f Fig
end







195

G. CONVERGENCE OFEXTENDEDMODEL

In this chapter, all of the convergence analyses are presented. Only the most relevant ones are
presented in the main rapport.

G.1 Sand

(a) First eigenfrequency. (b) Second eigenfrequency.

(c) Third eigenfrequency. (d) Forth eigenfrequency.

Figure G.1: Convergence analysis of the number of elements and integration points below the mudline in
regards to the rst four eigenfrequencies.
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Figure G.2: Convergence analysis above the mudline in sand performed by the Extended Model.
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G.2 Soft Clay

(a) First eigenfrequency. (b) Second eigenfrequency.

(c) Third eigenfrequency. (d) Forth eigenfrequency.

Figure G.3: Convergence analysis of the number of elements and integration points below the mudline in
regards to the rst four eigenfrequencies.
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Figure G.4: Convergence analysis above the mudline in soft clay performed by the Extended Model.
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G.3 Stiff Clay

(a) First eigenfrequency. (b) Second eigenfrequency.

(c) Third eigenfrequency. (d) Forth eigenfrequency.

Figure G.5: Convergence analysis of the number of elements and integration points below the mudline in
regards to the rst four eigenfrequencies.
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Figure G.6: Convergence analysis above the mudline in stiff clay performed by the Extended Model.
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H. MODAL DECOUPLING

The equation of motion for a damped system is given in equation (H.1).

[M]fa(t)g+[CJfu(t)g+[K]fu(t)g= fF(t)g (H.1)
[M] Global mass matrix
[C] Global damping matrix
K] Global stiffness matrix
fF(t)g | Load vector
fug Displacement vector
fug Velocity vector
fig Acceleration vector

To do a modal decoupling of such a system, the global stiffness-, mass- and damping matrix have to
be known. The global stiffness- and mass matrix are used to determine the eigenfrequencies and the
mode shapes of the system. This is done by solving equéii@), which is introduced in Stage

2 on page 30. The cyclic eigenfrequencies and mode shapes are determined using the command
eigsin MATLAB, which return a vector containing all cyclic eigenfrequendiesy and a matrix
containing all mode shapéfs].

[K] w?[M] fDg= foOg (H.2)

w Cyclic eigenfrequency
fDg | Nodal amplitude vector i.e. mode shape vector

Based on the modal expansion theorem, the global system can be decoupled into multiple single
degree of freedom systems [R. D. Cook et al., 2002].

The stiffness, mass and damping for each individual system are calculated as stated in equation
(H.3), (H.4) and(H.5), where the individual values for each eigenfrequency are located in the
diagonal of the matrices.

2rnl
ffg'MIffg=9 .. 8 (H.3)
My
2 3
Ky
£ g"[K]Ff g= 9 £ (H.4)
kn
2 3
C1
ffg'[Clffg=9 .. 5 (H.5)

Ch
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|. p-y CURVEDISTRIBUTION

[.1 APl Examples

Table I.1: Input parameters used to illustrate the applicatiop-gfcurves. *Reference strain level is the
strain occurring at 50 % of the maximum principal stress in an undrained compression laboratory

test.
Parameter Symbol  Unit Sand Softclay Stiff clay
Effective angle of internal friction fO 375 - -
Undrained shear strength Sy kPa - 125 350
Effective unit weight of soil o° kN/m®  19.5 19 20
Reference strain level* &0 - - 0.015 0.008
Empirical constant J - - 0.5 0.25
Diameter of the monopile d m 8 8 8
Length of the monopile below mudlinehpje m 30 30 30

External load applied at MWL P MN 27 5 10
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.1.1 Sand

Figure I.1: lllustration of an example of the application pdy curves for sand. The left hand side gure
illustrates the mudline (dashed black line), the undeformed structure (soild black line) and the
deformed structure (solid blue line).
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[.1.2 Soft Clay

Figure 1.2: lllustration of an example of the application pfy curves for soft clay. The left hand side gure
illustrates the mudline (dashed black line), the undeformed structure (soild black line) and the
deformed structure (solid blue line).
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[.1.3 Stiff Clay

Figure 1.3: lllustration of an example of the application pfy curves for stiff clay. The left hand side gure
illustrates the mudline (dashed black line), the undeformed structure (soild black line) and the
deformed structure (solid blue line).
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Numerical Error - Soft Clay

Figure 1.4 and 1.5 illustrates the numerical error that happens due to the de nition of thp-API
curves for soft clay. This error results in a jump in the eigenfrequency by increasing the load by a
small load step. The error happens due to the linear initial stiffness @Fyhmurves for soft clay.

As seen on the gures, the linear part is much steeper than the rest of the curve. This means that
when a single point of the structure goes from being located on the linear initial part to the curved
part of the APIp-y curve for soft clay, then the soil-structure stiffness is drastically decreased. As
the stiffness is decreased this much, it will cause almost all points of the structure to move from the
initial part to the curved part with less stiffness, which causes the massive drop in eigenfrequency.
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Figure 1.4: p-y curves for soft clay. Loaded in such a manner that all displacements are in the range of the
initial linear part of thep-y curve.
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Figure 1.5: p-y curves for soft clay. Loaded just above the load, that causes the displacement illustrated in
Figure 1.4
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