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Preface

This thesis report reflects the effort directed towards the completion of final project within the
master’s programme titled M.Sc. in Structural and Civil Engineering at Aalborg University,
Aalborg, Denmark. It is comprised of the main report and appendices. and provides a record of
the research results.

It has been a quiet and humbling experience, with moments of wonder as I discovered new ideas
and ways of solving problems. There were moments I was not certain of what I was suppose to
do and lost focus, but I have come to appreciate the AAU approach to learning and would like to
take the opportunity to thank all my professions who did a great job impacting knowledge. And
it is my hope that the reader finds the information contained in this report to be useful and adds
to the body of knowledge on the subject.

I would like to express my gratitude to my supervisors, Prof. Lars Bo Ibsen and Aleksandra
Katarzyna Koteras, who made available all the resources need for the task. And especially to
Lars Bo, for his understanding and patience with me, and to Tomas Sabaliauskas, for the time
spent helping to perform the experiments and deliberating ideas. I want to mention the support
from my family and their words of encouragement. And to those many individuals who at various
stages of my education, advised me to not opt for the easy option but challenge myself to do
something different. Their words have been reason enough for me to take responsibilities I initially
considered avoiding.

Eric Geraldo De-Lima
15th October, 2021.

For the reader

Sources and external references mentioned are listed according to the Harvard method [Author,
Year] and may be found under the section "Biblography". For undated internet sources, a date is
stated for the time of the last visit.

Figure and table numbering follows the current chapter number in order. Mathematical equations
and expressions may be numbered, and these are referenced in the format: "...Eq.(1.1)", where
the parentheses refer to the equation in (chapter, equation number). In general, calculation and
example expressions are not assigned an equation number unless special reference is deemed
necessary. Table columns will, when necessary, contain the unit(s) of the below indexes in a
square bracket [kg]. For appendices, the above are assigned letters instead of chapter numbers,
e.g. ’Figure A.1’, ’Table C.1’ and Eq.’(E.1)’.
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Abstract

Offshore wind turbine (OWT) development continuous faces new challenges, with planned future
developments aiming for larger turbines with greater energy output located in more hostile
environments. Such a trend presents new challenges for existing foundation solutions for the
offshore wind turbine, and gives rise to the possibility of deviations for commonly used designs
and/or entirely new concepts such as floating OWT platfroms.

An optimized foundation design for the OWT is thus crucial to meet the technical challenges
such ventures present, while remaining competitive by providing potential cost savings. The
suction bucket foundation offers such a solution and this paper presents an investigation into the
soil-structure interaction during suction installation of bucket foundation in dense cohesionless
soil, where the technology shows great potential for implementation in OWT foundation.

This study is concerned with the installation of a suction bucket (monobucket) with thickened
skirt tips installed in dense cohesionless soil. The mentioned subject is studied to examine how
well proposed existing suction installation prediction methods cater for deviations in standard
suction bucket design, and identify area of optimization for design parameters.

Data for analysis of the suction installation process is obtained from experimental CPT and
monobucket installation in the geotechnical lab of AAU. Also, a numerical model is employed to
analyze seepage flow during suction installation. Experimental results are compared to previous
test results which employed skirts with uniform thickness, and it is shown that no greater
requirement for suction is required for installing buckets with thickened tip. Also, a significant
reduction (91.3%) in maximum force required for reaching target depth was achieved for suction
installation.

Comparison of results is made with results obtained from prior studies, in order to show how well
existing design prediction methods are suited for the case of the suction bucket presented in this
report.
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Introduction 1
1.1 Background

Increasing demand for energy, and a common goal to reduce dependence on fossil fuels has driven
the development of alternative energy sources. Among such alternatives is the o�shore wind
turbine (OWT). In recent years, plans for new OWT farm development tend towards developing
farms with larger turbines in deeper waters located farther away from shore (Figure 1.1)with
the aim of achieving higher energy production capacity [WindEurope, 2020]. Such advancement
presents many technical challenges, and providing functional and robust foundations to support
these massive structures over a design life of25 yearsin the harsh o�shore environment is an
issue requiring further research.

(a) Increasing o�shore wind turbine size.[Ørsted,
2019]

(b) Water depth vs o�shore distance for farms under
construction in 2019. Bubble size indicates
capacity of farm [WindEurope, 2020]

Figure 1.1: Trends in o�shore wind turbine installations

So far, the monopile has been the OWT foundation of choice, supporting over80 %, of all installed
foundations, [Ørsted, 2019], see Figure 1.2a. However, the monoplie's economic and environmental
feasibility is a concern given the current trend of OWT farm development. Approximately25 % -
34 %of project costs is attributed to the foundation [EWEA, 2009], with Blanco [2009] noting that
the average cost of foundations for the Horns Rev and Nysted projects, founded on monopiles and
gravity-based foundations respectively accounted for21 % of project cost. This can be expected
to increase as OWT farm development goes further o�shore. As such, alternative solutions that
best suit the growing trend for increasing turbine capacity with a potential for reduced Levelized
Cost of Electricity (LCOE) is crucial for future advancement and widespread adoption of the
OWT as a major renewable energy source of the future.

An adopted solution from Oil and Gas industry is the suction bucket (also referred to as suction
anchor, suction cassion). When feasible, this o�ers the advantage of quick installation time with
minimal environmental impact compared to the monopile, complete retrieval of foundation at the
end of design life of the OWT and an often reduced LCoE.
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1. Introduction

The engineering design of the suction bucket for the OWT is a complex process. The foundation
needs to be designed carefully to avoid structural and/or geotechnical failure of the foundation
during the suction installation process and operation of the OWT. The geotechnical design aspect
of the suction installation is generally understood, however, there are still aspects of the design
that will bene�t from a better understand of the factors a�ecting the mechanisms taking place and
its incorporation in design [Koteras, 2019b]. Successful installation of suction bucket prototypes
for OWT have already been carried out in Frederikshavn, Denmark [Ibsen, 2008]. However,
the �rst commercial demonstration prototype installation carried out as part of the Deutsche
Bucht 252 MW Project, located 95 km o�shore, could not be completed as scheduled due to some
technical issues [Northland Power Inc., 2020]. This emphasizes that unique challenges face the
development of foundation solutions for OWT. Conditions di�er from those in the Oil and Gas
industry, and any design optimization can have signi�cant impact on cost as OWT farms can have
more than 100 OWT units. As such, methods adopted from other industries, though feasible for
OWT application, need further optimization in order to be better suited as competitive solutions
in the OWT industry.

A lot of research into suction bucket installation has already been undertaken, but further research
is still required to better understand and possibly optimize suction bucket foundations as an OWT
foundation solution. It is from this background that the problem of this thesis is approached and
it is hoped that results obtained may provide insight into the implementation of suction buckets
as foundations for OWT. Current implementation of suction buckets for OWT are executed as
either a monobucket (also, monopod) with a single suction bucket connected to a pile-like shaft
or a tripod/tetrapod with three/four suction buckets attached to the base of a jacket structure as
shown in Figure 1.2b.

(a) Number of installed foundations, by type, up to
2019.[WindEurope, 2020]

(b) Implementation of suction bucket for OWT.
[Houlsby et al., 2005]

Figure 1.2: (a) Share of installed foundations by type and (b) Implementation of suction bucket,
monobucket(left) and tripod/tetrapod (right)
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