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Synopsis:

The suction caisson anchor bearing capacity in
undrained clay is analysed in this thesis. The
analytical and numerical approaches are used for
finding the ultimate bearing capacities of suction
caisson anchor. Present analytical theories and
failure mechanism are applicable for length (L)
to diameter (D) ratio, also known as aspect ratio
(L/D) from 2 to 6. Three aspect ratios- 2,4,6
are considered in this study. Same assumptions
and conditions are applied for both analytical and
numerical approach. The numerical geotechnical
software PLAXIS 3D is used for modelling and
analysing the suction caisson capacity. The
normally consolidated undrained uniform clay soil
is considered in this thesis. The soft, medium
and stiff soil conditions represented by undrained
shear strength-20, 50 and 100 kPa. To analyse
the effect of different parameters on the suction
caisson capacity total 11 different combinations
are considered. For each combination analytical
and numerical failure envelopes are drawn on H-V
plane, in almost all the combinations the numerical
failure envelope is higher than analytical failure
envelope. The tension load is applied with the
angles 20�, 30� and 40� for each combinations.
The angular load exceeds the failure envelope on
the normalized H-V plane. The normalization is
done with the calibrated horizontal capacity and
analysed vertical capacity for each combinations.
The analytical failure envelope is calibrated by
PLAXIS results and capacity reduction factor is
proposed for PLAXIS capacities.



Preface

The following thesis is written by student in his 3rd and 4th-semesters in the Master’s
program in Structural and Civil Engineering at Aalborg University (AAU). The duration
span starts at September 2023 to early September 2024. The following master thesis is
conducted for 45 ECTS and will focus on the suction caisson anchor of a floating offshore
wind turbine.

A special thanks to assiatant professor, Aleksandra Katarzyna Koteras from Aalborg
University and senior-specialist, Søren Dam Nielsen from COWI for their guidance,
expertise and feedback.

Report setup

This thesis will consist of a brief introduction on the suction caisson anchor and proceed
to two articles: Article I will cover the ’State of the art of bearing capacity for suction
anchors in undrained clay’. Article II will cover the ’Numerical analysis of suction caisson
anchor in undrained clay’. A final chapter will expand on article II, with more personal
observations and results.

Reading guide

This thesis is written for readers with prior knowledge in the fundamentals in geotechnical
engineering. The theis will use the Harvard referencing method, used for citations. Sources
are referenced in the text as [author’s last name, year of publication]. If the year of
publication is not available it is given as "n.d.". Figures, tables and equations will reference
the chapter, with the first number referencing the specific chapter.

If a citation is placed before a full stop it refers to the sentence in which it is placed. All
sources are compiled in an alphabetically arranged bibliography at the end of the report.
All Appendix will be referred to with capital letters after the bibliography.
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Notation

V Vertical capacity
H Horizontal capacity
Vult Vertical ultimate capacity
Hult Horizontal ultimate capacity
FP Failure envelope limit
Ase External shaft surface area
Ac External cross-sectional area
�e Coefficient of external shaft friction
�i Coefficient of internal shaft friction
Nc Reverse end bearing factor
Su Undrained soil shear strength
W 0 Submerged caisson weight
W 0plug Effective weight of the soil plug
a, b Coefficient factor
L Penetration depth of the suction caisson anchor
De External suction caisson anchor diameter
Np Lateral bearing capacity factor
ŝu Average undrained shear strength
su Undrained shear strength
cu Cohesion of the soil
� Friction coefficient between the chain and soil
E Modulus of elasticity
� Poisson’s ratio (

sat Saturated soil unit weight

unsat Unsaturated soil unit weight
Qav Average soil resistance between mudline and padeye
Rd(zp) Design value of the anchor resistance
Td(zp) Design value of line tension
zp padeye depth
Td(zD) Design value of line tension at sea bed level
(�Rline)d The loss in design line tension
Np Lateral bearing capacity factor
W 0 Suction anchor effective weight
K0 Lateral earth pressure coefficient
�c Effective friction angle
Pa Atmospheric pressure

0 Effective unit weight of sand
� Soil stress level factor
t Thickness of suction anchor
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Introduction 1
Renewable electricity capacity additions reached an estimated 507 GW in 2023, almost
50% higher than in 2022, with continuous policy support in more than 130 countries
spurring a signi�cant change in the global growth trend,IEA [2023]. The most important
question needs to be answered-why renewable energy? To answer this question several
factors need to be considered. First of all the raw materials for non-renewable power
plants are dependent on fossil fuels i.e oil and gas. Almost all the sources of oil and gas
belong to few nations and they are depleting rapidly. Due to the war in various part of
the world and various geopolitical issues the price of the fossils fuel is very volatile. Hence,
the green house gases (GHS) is primarily produced by burning these fossil fuels which are
reasons behind temperature rise globally. According to OPEC [2024] use of petroleum oil
all around the world increased than previous years due to increase of world population
and requirement of energy for heat and other commercial purposes. As the use of the
fossil fuel increasing each and every year illustrated in �gure 1.1 except covid-19 time in
between 2019 and 2021 the GHG emissions also increasing proportionally. Resulting the
temperature rise globally rapidly.

Figure 1.1. World oil demand by region.OPEC [2024]

According to Paris climate conference of the parties (COP21) by United Nations framework
convention on climate change (UNFCCC), the net zero emissions (NZE) needs to be
achieved by 2050 to limit the temperature rise 1.5°C, IEA [2024]. The NZE refers to
phenomenon when the amount of GHG produced is balanced with the amount removed or
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o�set from the environment. In order to achieve this climate change goal the renewable
energy sectors play an signi�cant role to reduce GHG emission. The renewable energy
sector doesn't depend on any nation or region which stabilize the energy prices and
governments around the world don't have to subsidise the energy sector. On contrary
this renewable energy sector opens door to new job opportunities and involves multiple
supply chains from production of units to maintenance and dismantling when service life
ends.

In COP28 by UNFCCC in Dubai November, 2023 all the participating countries
unanimously agreed to accelerate e�orts tripling the global renewable energy capacity
to achieve NZE by 2050,EU [2023].

Figure 1.2. Trajectory to achieve NZE.bp [2024]

From this �gure1.2 the projection is drawn to achieve NZE by 2050. The solar and wind
energy devices should be installed at accelerated rate to reduce GHG. The average annual
build should also be doubled by EU,US to achieve the goal. Even though China has higher
capacity than all other countries they also has to increase their pace of installation two
folds to achieve their target for the year 2035.bp [2024]. The challenge for the world is
now to reduce use of fossils fuels to produce energy due to emission of GHG and at the
same time increase renewable energy sources to meet the increasing demand of electricity
in transportation and industrial sector.

The onshore wind turbines and solar panel needs huge land area to install and operate
for the production of substantial amount of electricity which most of the inhabitants are
not willing to provide. The visual obstruction is also considered for the bottom �xed
o�shore wind turbines. In that case, the �oating o�shore wind turbine is the solution to
mitigate the obstructions and provide energy consistently because the wind at the deep
sea is less turbulent than land area. There is also no damage to marine life, even the
o�shore wind farm could be the habitats for the �sh and other sea creatures because
�shing is prohibited in those farm area. The potential for the o�shore wind turbine is near
in�nity. Moreover, the o�shore wind farm could produce more electricity by increased size
of wind turbines with longer wing spans. The countries which have almost no natural
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resources like Denmark, Norway or Sweden the o�shore wind turbine brings the solution
to energy resource problem,Vestergaard et al. [2004]. The Denmark is leading the way in
Europe to o�shore and onshore wind turbine. In �gure1.3 the largest energy share 56%
produced from wind is in Denmark. Even it is also leading the o�shore wind production
in Europe.O'Sullivan [2023]

Figure 1.3. Percentage of energy demand covered by wind turbine.O'Sullivan [2023]

The wind and solar energy outrun the nuclear energy in 2021 and produced 10.2% of
power globally, bp Statistical Review of World Energy [2022]. Denmark has achieved 56%
of energy production from wind turbines in 2023 and the goal for 2050 is to free from use
of fossil fuel completely, Energistyrelsen [2023].

1.1 Floating o�shore wind turbine (FOWT)

All around the world wind resource is found in deep water including the signi�cant portions
found in coasts of US, Japan, Norway and Mediterranean sea,Arany and Bhattacharya
[2018]. The bottom �xed wind turbines have depth limitation upto 50 m where as �oating
wind turbine is suitable for upto 1000 m considering area of 200 km2 from the coast
line,WB [2019]. The FOWT is connected to the sea bed by mooring lines which illustrated
in �gure1.4. In this �gure di�erent stabilization system is seen for FOWT.
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1.2. Mooring systems Aalborg University

Figure 1.4. The di�erent types of �oating platforms for wind turbines.Zohu et al. [2023]

The �oating o�shore wind turbines are connected to either a gravity-base foundation or
the embedded foundation such as the suction caisson anchor, using a mooring system
Anchoring-systems [2023]. The FOWT platform resists the over turning moment and
balance the buoyancy force by it self. In an o�shore mooring system, the primary function
of an anchor is to hold the lower end of the mooring line in place, during all environmental
conditions are expected to withstand both horizontal and vertical forces.[DNV-RP-E303,
2005]. The platform could be spar, semi-submersible, barge and tension leg platform.
Therefore, di�erent platforms are available to meet the site speci�c requirements. The
�oating platform is connected to anchor system by mooring line or chain.

1.2 Mooring systems

The purpose of the mooring system is to provide connection to the seabed that keeps the
�oating wind turbine in place for all the environmental conditions. The station-keeping
system of a �oating o�shore wind turbine (FOWT) includes the mooring lines or tendons,
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as applicable, as well as the anchor foundations that transfer forces from the system to the
seabed,Wind [2023].

Mooring systems are chosen based on their site condition quali�cations. This includes their
design of the �oater and the power cable dynamic con�guration, which can be described
as either 'compliant' which allow controlled movement to reduce load on the structure or
'restrained' which rigidity is �xed. The Another necessary fact to take into consideration
when choosing a mooring system is the cost requirements and local logistic capacity to
invest in the optimal economical system, Anchoring-systems [2023].

Figure 1.5. The di�erent types of mooring systems for wind turbines.Randolph and Gourvenec
[2011]

In this �gure1.5 three types of mooring line can be seen catenary, taut and vertical. The
catenary line is historically has been used to secure the �oating structures. A catenary is a
mathematical de�nition of the curve assumed by a perfectly �exible uniform inextensible
string when suspended from its ends. A catenary mooring is, therefore, one that takes up
a catenary curve between the �oating facility and the seabed. A catenary mooring touches
down on the seabed in advance of the anchor, such that the angle of the anchor chain at
the mudline is close to zero and the anchor is only subjected to horizontal forces. In a
catenary mooring, most of the restoring forces are generated by the weight of the mooring
line. Randolph and Gourvenec [2011]

The taut or semi taut mooring system is used for deep or ultra deep water where weight
of mooring line for caternary system become a design limitation. The di�erence between
a catenary mooring and taut mooring is the angle of the mooring line when touching the
sea bed. In catenary mooring line when it arrives the sea bed creating an angle close
to 0°or horizontally but in taut mooring line it creates angle upto 45°with the horizontal
axis. That means in taut or semi taut mooring line there is vertical and horizontal load
components. Randolph and Gourvenec [2011]

The vertical mooring line is used for the tension leg platforms. The load transferred to the
sea bed by the vertical tension resisted by the anchor. When there is the space constraints
at the sea bed the vertical mooring line is used as it has the less sea bed footprint in
comparison with other two categories. The disadvantage of using vertical mooring is due
to the structures high sti�ness, it will be susceptible to high-frequency dynamic loads
which can lead to fatigue damage to the tendons. The mooring lines are connected to the
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sea bed by anchors to stabilize the �oating units.

Embedded mooring lines

The catenary and taut mooring system for suction caisson anchor has embedded mooring
lines because optimal padeye position for these anchors situated below the mudline. It
forms a inverse catenary shape from the mudline to the padeye. Therefore it is important
to study the anchor chain interaction with the soil as this determines the load angle at the
padeye position.

Figure 1.6. Con�guration of loads acting on the suction anchor line.S.R.Neubecker and
M.F.Randolph [1995]

F Local soil friction (per unit length)
w Self weight of the anchor line
� Orientation of anchor line element to the horizontal
Q Local normal force (per unit length)
Ta Chain tension at the padeye
Tm Chain tension at the mudline
� a Horizontal tension angle at padeye
� m Horizontal tension angle at mudline
Za Padeye depth below mudline
� Friction coe�cient between the chain and soil

In Figure1.6 the details of loading and direction for inverse catenary shape is illustrated.
The load which applied at the mudline of chain is reduced due to friction of soil and chain
but the load angle applied at the mudline increases at the padeye. Resulting the higher
uplift force. So, study of embedded chain con�guration during design of suction caisson is
signi�cant. Due to this con�guration the uplift loading capacity will be varied.

1.3 Anchors

Anchor is the structure which is used to stabilize the �oating wind turbine from wind,
wave and current load. The anchor is also part of mooring system. The �oating unit is
connected by mooring line to anchor. There are various kinds of anchor to secure mooring
line but in general divided into two types 'gravity' anchor and 'embedded' anchor.
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1.3.1 Gravity anchor

The surface or gravity anchor provide bearing capacity by the self weight and friction
resistance between bottom of anchor with the sea bed. The gravity anchors are two types-
'box anchor' and 'grillage or berm anchor'. The box anchor could be conventional concrete
block or an empty box �lled with rock or heavier metal to avoid the use of heavy crane. The
grillage anchor is relatively new anchorage system which have a buried grillage beneath a
rock �ll or iron berm. This kind of anchor design is a complex work as the failure modes
could be sliding, structural failure, pulling out of grillage or combination of all.

Figure 1.7. Grillage anchor.Randolph and Gourvenec [2011]

1.3.2 Embedded anchor

The embedded anchor are type of anchor which inserts into the sea bed to achieve higher
bearing capacity. Traditionally three types of anchors are widely used- anchor pile, suction
caisson anchor and drag anchor. The suction embedded plate anchors (SEPLA) are
combination of suction caisson and plate anchor. It has bene�t of accuracy like suction
anchor and extended bearing capacity with the plate anchor. After installation suction
anchor is removed by reverse pumping leaving the plate anchor to be connected to the
mooring line later on. Before connecting to mooring line a preloading is applied to rotate
the plate normal to anchor line. Mostly they are used for short term facilities. another type
of anchor is considered for the o�shore wind turbine is dynamically penetrating anchor. It
is inserted inside the sea bed by it's self wight as has a shape like rocket and released from
20-50 meter of height. The purpose of this anchor is to reduce the installation cost.
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1.4. Suction caisson anchor Aalborg University

Figure 1.8. Embedded anchors.Randolph and Gourvenec [2011]

After considering all the anchor types the suction caisson anchor is a popular solution for
the �oating o�shore wind turbines across the world due to less use of material and ease of
installation.

1.4 Suction caisson anchor

Figure 1.9. Suction caisson anchor with �oating wind turbine.Zohu et al. [2023]

From the above �gure1.9(a) the shape of a suction caisson anchor is illustrated. It has
a shape of a tube bottom end open and top end has a cap. On the cap there is a valve
which is used to apply suction while installation. The valve also sealed when the suction
caisson installed accurately in the desired depth at sea bed. The installation process of
suction anchor is feasible and less time consuming in consideration with with bottom �xed
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foundation, wind accelerator [2019] . There is a load attachment point at the side of
a suction caisson which is known as padeye. The load is transferred from the �oating
wind turbine to the suction caisson through a mooring chain at the padeye. So, it is an
important point which will be chosen carefully by considering the loading and translation
condition. In �gure1.9(b) the suction caisson is suitable for clay, sand or silty soil. The
soil could be either each of these types or mix layers of these types but not rocky or hard
crust shell.

Figure 1.10. Phases of a suction caisson anchor installation,Randolph and Gourvenec [2011]

The installation of suction caisson anchor has four step. First it has to transport at the
desired place by barge and lowered by a crane. In the 2nd phase it will be penetrated
by it's self weight to con�rm sealed condition all around the caisson so that the suction
force can be applied. In 3rd phase the di�erential pressure is applied through a valve on
the top of the caisson. This pressure helps the suction caisson to penetrate upto desired
level. At the �nal stage the valve is sealed and mooring chain is connected to the �oating
wind turbine. In the �gure1.10Randolph and Gourvenec [2011] the installation process
schematic diagram is illustrated. If the soil has higher resistance the suction caisson
anchor could have provision with a nozzle system at the tip of the bucket to inject water
during installation process. This injection of water is helpful to reduce soil resistance by
expansion of soil resulting desired penetration level,Koteras [2019]. The cyclic penetration
is another way to reduce the soil resistance by remoulding for overconsolidated clay as it
will reduce the skin friction. For sand the soil will dilate during cyclic penetration and
resistance will be reduced by remoulding,Sturm [2017].

Unlike the bottom �xed foundation for FOWT the suction caisson has no overturning
moment to be carried because the �oating unit balance the overturning moment itself by
utilising buoyancy force. The tension force which transfer to the padeye of suction caisson
anchor has both horizontal and vertical components. Therefore, the suction caisson anchor
should be designed to withstand both horizontal and vertical load components,Arany and
Bhattacharya [2018].
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Thesis outline 2
2.1 Objective

According to NREL [2023] the LCOE for the �oating wind turbine is approximately
four times higher than onshore wind turbines. Typically, o�shore wind turbines are 20%
more expensive, and towers and foundations are 350% more costly than similar onshore
counterparts,Wu et al. [2019]. Therefore, lots of e�orts are needed to reduce the cost of
FOWT to make it feasible than other source of energy.

The compatibility of the current design code and e�ectiveness of numerical analysis is
signi�cant in the �eld of o�shore engineering. As the cost for �oating wind turbine
is mostly dependent on foundation and balance system the research and analysis are
needed to optimize the foundation and mooring system. The bearing capacity of the
foundation comes from the soil structure interaction as a result the evaluation of the
e�ects of interactions are important.

The objective of the thesis is to compare analytical and numerical approach on the same
basis for various suction caisson anchor in uniform clay. The study considers various soil
parameters to �nd their e�ects on bearing capacity of suction caisson anchor. The thesis
also concerns the geometrical aspects of suction caisson to investigate the e�ect on holding
capacity in undrained soil under monotonic loading. The failure envelope is based on pure
vertical and pure horizontal capacity whereas in real life the anchors are subjected to an
angular load and the analytical solution is very simpli�ed and not much covered in the
research. The numerical approach is used for �nding angular capacities of suction caisson
anchor in this study.

The thesis aim to answer the following questions regarding the design and optimization of
suction caisson anchor.

1. Which soil parameters have signi�cant e�ect on the failure mechanism for ultimate
loading?

2. What is the compatibility of analytical and numerical failure envelope in comparison
with angular loading in normalized H-V plane?

2.2 Scope of the thesis

The o�shore wind turbine is encountered by the cyclic wind, wave and current loads
throughout it's life time. Due to this endless cyclic loading the fatigue damage occurs
to mooring chain and suction caisson anchor which is outside the scope of this study.
According to Randolph and Gourvenec [2011] if the cyclic loading is 75-80% of it's
monotonic loading capacity then the foundation will be sustained throughout the lifetime.
Hence, only monotonic load is applied and static ultimate capacity is found by analytical
and numerical analysis. The angular loading capacities will be found by numerical tools,
PLAXIS 3D. The horizontal and vertical ultimate capacities are calibrated which is used
to draw normalized failure envelope in normalized H-V plane. The angular load capacities
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also normalized with the calibrated loads. Then the failure envelope is calibrated with the
numerical angular capacities.

2.3 Combinations for analysis

The soil is considered uniform clay in undrained condition. The Mohr-coulomb failure
criteria used to de�ne failure in numerical program. Analytical and Plaxis3D used for the
capacity analysis of all the combinations mentioned in the Table2.1.

Table 2.1. Dimensions of the suction anchor caisson and Soil properties

Combinations Diameter (D)
[m]

Length
(L) [m]

Aspect Ratio
(L/D)

Su [kpa] Frict-ional
coe�cient
(� )/ R inter

K 0

C1 6.35 12.7 2 20 1 1
C2 4.5 18 4 20 1 1
C3 3.7 22.2 6 20 1 1
C4 6.35 12.7 2 50 1 1
C5 6.35 12.7 2 50 0.7 1
C6 3.7 22.2 6 100 1 0.5
C7 3.7 22.2 6 100 0.7 1
C8 4.5 18 4 100 1 0.5
C9 4.5 18 4 100 1 1
C10 6.35 12.7 2 50 0.5 1
C11 3.7 22.2 6 50 0.5 1

The length to diameter ratio which is known as aspect ratio (AR) also varies along with
the soil parameters to �nd dimensional e�ects on the bearing capacity of suction caisson
anchor.

2.4 Overview of the articles

The aim of the thesis is to answer the queries arise in the objective. With a view to,
investigate the analytical and numerical solutions for a suction caisson anchor in uniform
undrained clay the study of the available solutions are signi�cant to make an understanding
the process and progress made. In the �rst article the state of the art of the suction caisson
anchor is discussed with the application and implications of the methodologies. The 2nd
article is primarily based on the numerical analysis of a suction caisson anchor in uniform
undrained clay. The following module discuss the overview for the general understanding
for the reader regarding the two articles produced for the thesis.

Article-1: State of the art of bearing capacity of suction anchors

The FOWT has gained the industrialization phase throughout the last few decades as it is
feasible for deeper water condition where bottom �xed structures failed to be structurally
and economically compatible in deep water. The suction caisson anchor is a popular
solution for the mooring system needed to station keeping the �oating unit. Some
guidelines for the suction anchor are available in clay condition but they are not optimized
to reduce the cost. Even the o�shore wind industry is relatively young technology than
onshore wind. In this article the available analytical solutions for ultimate capacity has
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been explained and failure mechanism has been discussed. The optimal padeye position
also explained when the pure horizontal load is applied and generalize the solution in clay
condition. In the analytical approach only the ultimate capacity could be found considering
separately the horizontal and vertical translation. On the contrary, the ultimate capacity
of the suction caisson for loading at an angle could be found e�ortlessly after proper
modelling in numerical tools. The numerical analysis has also been done with the use of
various software which also attempted to understand the behaviour of the suction caisson
under monotonic loading in various soil condition. The advantage of numerical tools over
analytical solution is the �exibility of load application which can cause both rotation and
translation. The article seeks all the available analytical and numerical solutions for the
suction caisson anchor in undrained clay for o�shore wind turbine.

Article-2: Numerical analysis of suction caisson anchor in uniform clay

This article investigates the ultimate capacity of suction caisson anchor by geotechnical
numerical analyzing tools Plaxis 3D and compared with the simpli�ed analytical solution.
The optimization of suction caisson anchor could be made by using Plaxis 3D as it
encapsulates the failure mechanism in a three dimensional space resulting higher capacity
than analytical approach. All the above mentioned combinations in table 2.1 are modelled
in plaxis 3D and analysed the results to �nd the e�ects of varying soil parameters on bearing
capacity of suction caisson anchor. The acquired results then calibrated by comparing
with the analytical solutions with a view to normalize the horizontal and vertical ultimate
capacity. From this calibration process lateral bearing capacity factor,Np is found for
Plaxis 3D and then horizontal ultimate capacity is found for calibration. The analysed
vertical ultimate capacity is chosen the lowest one among the three analytical solutions
which is based on di�erent failure mechanism. The failure envelope is drawn for both
analytical and numerical approach by using Randolph and Gourvenec [2011]. The ultimate
capacities at angles 20°, 30°and 40°loading are obtained from Plaxis 3D and plotted on the
failure envelope graph to demonstrate the e�cacy of normalized failure envelope.

12



Analytical Approach 3
The ultimate analytical horizontal and vertical capacities for all the combinations in table
2.1 are found according to Randolph and Gourvenec [2011]. The principles and related
equations are described in subsequent sections.

3.0.1 Horizontal ultimate capacity

The assumption to �nd the ultimate horizontal capacity in analytical approach is that
the suction anchor only displaced horizontally and no rotation takes place. The load
attachment point in this regard at some depth from the top of the caisson. The load
attachment point at which only horizontal translation occurred without any rotation is
called optimal padeye position. In �gure3.1 the di�erence between rigid body rotation and
horizontal translation is illustrated. If the load is applied at optimal padeye position then
following equation 3.1 provides the ultimate horizontal capacity.

Figure 3.1. Horizontal deformation caused by padeye location, Arany and Bhattacharya [2018]

Hult = LD eNpŝu (3.1)

L Penetration depth of the suction caisson anchor
De External suction caisson anchor diameter
Np Lateral bearing capacity factor
ŝu average undrained shear strength.

In equation 3.1 there is a factor which is known as lateral bearing capacity factor,Np

which has di�erent value based of the conditions shown in �gure3.2. In this thesis the soil
has uniform bearing capacity,su and pure horizontal translation are considered for suction
caisson anchor. Therefore, theNp value used for horizontal ultimate capacity is 10.
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Figure 3.2. Lateral bearing capacity factor, Np Randolph and Gourvenec [2011]

Table 3.1. Lateral bearing capacity approximationArany and Bhattacharya [2018]

Np Linear increase Su /Depth Uniform Su /Depth
appx. 10.5 appx. 10

3.0.2 Vertical ultimate capacity

According to Randolph and Gourvenec [2011] the suction caisson anchor has three failure
modes under vertical tension load. Which failure mode is activated under vertical pull
is very di�cult to predict. However, the lowest value among the three conditions may
provide safe ultimate capacity to withhold the FOWT.

Figure 3.3. Failure modes for vertical pull out resistance, Randolph and Gourvenec [2011]

From the equation 3.2,3.3 and 3.4 the three solutions are provided corresponding three
failure modes in �gure3.3. In all the equations the weight of the suction caisson is
considered but in this study weight of the suction caisson discarded for analytical solutions
as well as in numerical analysis. In the �gure3.3 (a) the reverse end bearing and the external
skin friction is considered which provide the bearing capacity of suction caisson anchor.
Figure 3.3 (b) consists of external and internal friction capacity and in 3.3 (c) the soil is
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plugged in and external friction force is activated. In equations 3.2,3.3 and 3.4 the �rst
two terms are same for all the three conditions but the last term varies based on the failure
modes.Randolph and Gourvenec [2011]

Vult = W 0+ Ase� eŝu(t ) + NcsuAc (3.2)

Vult = W 0+ Ase� eŝu(t ) + Asi � i ŝu(t ) (3.3)

Vult = W 0+ Ase� eŝu(t ) + W 0
plug (3.4)

Ase External shaft surface area,De� � L
Asi Internal shaft surface area,D i � � L
Ae External cross-sectional area,D 2

e� � L
� e Coe�cient of external shaft friction
� i Coe�cient of Internal shaft friction

ŝu(t ) Average undrained soil shear strength over depth after installation
Nc Reverse end bearing coe�cient of the internal shaft friction, set to approx. 9
su Undrained soil shear strength
W 0 Submerged caisson weight

W 0
plug E�ective weight of the soil plug

3.0.3 Failure envelope

Failure envelope provides the prediction of ultimate capacity when applied load is at an
angle with the horizontal axis. The applied load at an angle has two components horizontal
and vertical. When the applied load is pure horizontal the vertical component become 0
and when pure vertical load is applied the horizontal component is 0. The failure envelope
drawn based on this phenomenon. The intermediate loading points has both horizontal
and vertical components which are calculated using the equation3.5.

FP = (
H

Hult
)a + (

V
Vult

)b = 1 (3.5)

Where

a,b Exponent dependent on aspect ratio [-]
Hult Ultimate horizontal capacity[kN]
Vult Ultimate vertical capacity[kN]
H Horizontal load [kN]
V Vertical load[kN]

a =
L
D

+ 0 :5 (3.6)

b =
L

3D
+ 4 :5 (3.7)

The ultimate vertical and horizontal capacities are found from previous sections. For the
intermediate loading points the horizontal loads are divided in equal range from zero to
ultimate capacity and corresponding vertical capacities are found from equation 3.8.
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V =
�

1 �
�

H
Hult

� a� 1=b

� Vult (3.8)

After isolating vertical load capacity for intermediate horizontal loading the failure envelope
could be drawn in H-V plane. The co-e�cient a and b is dependent on the dimensional
parameter of suction caisson anchor.
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Numerical Approach 4
The �nite element analysis for this thesis is done by using numerical geotechincal 3D
software Plaxis. Plaxis is a �nite element package intended for the two-dimensional or
three-dimensional analysis of deformation, stability, dynamics and groundwater �ow in
geotechnical engineering. Geotechnical applications require advanced constitutive models
for the simulation of the non-linear, time-dependent and anisotropic behaviour of soils
and/or rock. In addition, since soil is a multi-phase material, special procedures are
required to deal with pore pressures and (partial) saturation in the soil. Although the
modelling of the soil itself is an important issue, many geotechnical projects involve
the modelling of structures and the interaction between the structures and the soil.
Plaxis is equipped with features to deal with various aspects of complex geotechnical
structures.Plaxis [2024]

In this thesis the soil is assumed isotropic and failure criteria is Mohr-coulumb in
combination with tension cut-o�. The Mohr-Coulomb is the elastic perfectly plastic failure
criteria in this regard. The Mohr-Coulomb is a widely accepted failure model for soil from
which geotechnical engineer's can directly predict the failure load. The stress state shown
in �gure4.1(a) and (b), normal stresses are plotted in horizontal axis and shear stresses
are plotted in vertical axis.The failure line is drawn based on cohesion of soil,cu and
friction angle, � which can easily found from laboratory tests. When the cohesion of
the soil, cu = su with the friction angle, � =0 then the Mohr-coulomb failure criteria
resembles Tresca failure criteria for undrained soil. Even though the Mohr-Coulomb is a
simpler model yet it can predict the failure correctly for most of the geotechnical design.
The foundations, retaining wall and slope stability etc. geotechnical design problems are
solved based on Mohr-Coulomb failure criterion. The assumption of this model is when
the shear stress on a plain reaches to a critical value which is a function of normal stress
is de�ned failure. In practical, the soil also fails for shear stresses not for normal stresses.
There are some limitations of this model such as the soil behaves non linearly under very
high or low normal stresses and that case Mohr-Coulomb over predicts or under predicts
the capacity. It also neglect the strain and rate e�ect. The soil is assumed uniform in
this model but in reality the soil is not uniform in all dimensions. For this study soil is
considered uniform and homogeneous. The loading is either horizontal, vertical or tension
pull for this analysis. Therefore, Mohr-Coulomb failure criteria is su�cient to predict the
failure load in this research.

Figure 4.1. Stress circle with a) Mohr-Coulomb b) Tresca failure criteria .Plaxis [2024]
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The following parameters are used for plaxis model where Poisson's ratio,� varies with
the soil strength. In table2.1 three values of undrained shear strength,su is used 20, 50
and 100 kPa with three Poisson's ratio in same order 0.40, 0.35, 0.30,Budhu [2011]. The
unit weight and modulus of elasticity is constant for all the calculations. These values also
obtained from Budhu [2011] for undrained clay soil.

Table 4.1. Soil parameter used in Plaxis

Symbol Description Value Unit
E Modulus of elasticity 5000 [ kN=m 2 ]
� Poisson's ratio 0.4, 0.35, 0.3 [-]

 sat Saturated soil unit weight 21 [ kN=m 3 ]

 unsat Unsaturated soil unit weight 16 [ kN=m 3 ]
� The friction angle 0 [ � ]

4.1 Plaxis model

The combinations mentioned in the Table 2.1 are modelled in plaxis separately not only for
varying parameters and dimensions but also for loading conditions. If the plaxis model is
initiated for horizontal load the name of the �le is D � 6:35; L � 12:7; AR � 02; HL; C � 01and
if it is for vertical load then the �le name changed to D � 6:35; L � 12:7; AR � 02; V L; C � 01.
For the angular loading it named with the angle at which the load is applied i.e
D � 6:35; L � 12:7; AR � 02; CL; C � 01 � 20deg. Here 'D' is the diameter, 'L' is the
length, 'AR' means aspect ratio, 'HL' is only horizontally loaded, 'VL' means vertically
loaded and 'CL' means combined loading where horizontal and vertical components are
present due to angle of load and '20 � deg' means loading at 20� angle. In Figure4.2 the
example of title for a PLAXIS 3d model is shown.
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Figure 4.2. Plaxis model identi�cation

Figure 4.3. Soil domain area de�ning
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By default PLAXIS 3d use 10 nodded elements and defaults units are kept for this thesis.
The soil domain boundary chosen based on the convergence analysis mentioned in appendix
B. From the Figure4.3 the soil domain found in X-axis from -30m to 30m and in Y-axis
from 0m to 30m. The Z-axis value 0 at top and -30 at bottom shown in Figure4.4.

Figure 4.4. Water level and soil domain depth input in plaxis

According to PLAXIS manual the submerged condition is ensured by selecting the water
head 1m, even for deep water condition this water head is su�cient. The soil domain
depth will be 30m in negative Z direction. The failure criteria is chosen Mohr-Columb
which is elasto plastic failure mode. The soil is undrained B because according to Gouw
[2024] the undrained A overpredicts the soil strength with the e�ective stress analysis. In
manual, Plaxis [2024] the undrained A gives a prediction of pore pressure and analysis
followed by a consolidation analysis. Thesu is consequence of analysis and updates in
each stage rather than an input. This model must be checked with knownsu to achieve
correct results. Undrained B uses the e�ective stress analysis with the prediction of excess
pore water pressure. The input parametersu remains same in any stage of calculations.
The Undrained C is total stress analysis and isn't recommended for consolidation analysis.
Considering these and following the plaxis manual Undrained B is chosen for this thesis.
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Figure 4.5. Failure criteria with drainage condition

Figure 4.6. Prediction of stress in undrained condition Gouw [2024]

The e�ective Young's modulus, E 0
ref , Poisson's ratio,� and undrained shear strength,su

is the input in mechanical tab. The tension cuto� option deselected for the model as no
tensile strength of the soil in considered.
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Figure 4.7. Soil parameter input in plaxis

The soil class is chosen Fine and standard classi�cation is used shown in �gure4.8. The
most important parameter Rinter which de�nes the strength reduction factor at the soil
and suction caisson interface. TheRinter value resembles the coe�cient of shaft friction,�
used in analytical calculation. For any combination these two values must be the same
to compare the results on the same basis. FinallyK 0 is chosen as manual and varied in
some combinations to understand it's e�ect in ultimate capacity of suction caisson. The
K 0 is the lateral earth pressure coe�cient at rest. If the K 0 value increases the horizontal
e�ective stress in the soil may increase. The equation4.1 de�nes the relation between
horizontal and vertical stress.

� 0
h0 = K 0 � � 0

v0 (4.1)

� 0
v0 = � z � � u (4.2)
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Figure 4.8. Parameters input in plaxis

The next step is to create the suction caisson anchor in the soil domain just created. As,
the suction caisson anchor is a symmetric structure with it's central axis, the half of the
structure is modelled in PLAXIS 3D to reduce the calculation time and resources, yet able
to generate acceptable outcome. The capacity obtained from the PLAXIS is doubled to get
the full capacity of suction anchor. The structure is modelled as rigid body which means
there will be no deformation of the structure under any loading condition because the aim
of this thesis is to �nd geotechnical integrity of suction caisson anchor not the structural
integrity. After creation of suction caisson mesh is created as shown in Figure4.9. The
convergence analysis of mesh is performed and explained in appendix B.
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Figure 4.9. Meshing of the total soil domain including suction caisson

In staged construction three phases are considered. At 'initial phase' only soil domain
is considered. The 'installation phase' includes suction caisson anchor and in 'loading
phase' load or displacement is applied on the suction caisson anchor. This part of the
modelling is done following the same procedure as plaxis manual, Plaxis [2024] for suction
caisson. The interface material chose from the adjacent soil material. The translation and
loading condition for the horizontal, vertical and angular loading are shown in �gure4.10.
The translation condition should choose carefully to ensure rotation can be occurred due
to horizontal and angular loading. If the load is applied at optimal padeye position the
rotation will not happen and this way optimal padeye position is found. For vertical loading
the rotation is refrained as the suction caisson displaced vertically upward direction.
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Figure 4.10. Di�erent loading and translation condition in plaxis (a) horizontal load (b)vertical
displacement (c)load at an angle

After the modelling the three phases are selected to run the program and obtain important
output. In �gure4.11 the total model is shown which is ready for calculation.

Figure 4.11. Final stage of modelling in plaxis

The program is then run until the capacity converges in the analysis process. The output
�le of plaxis 3D shows the deformation, stress and strain in visual demonstration, charts
and graphs form where signi�cant results are obtained for further analysis attached in
appendixA.
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Results 5
In the following chapter, the analytical and numerical results are presented. The failure
envelopes are drawn for all the combinations. The normalized failure envelope also
illustrated on H-V plane.

5.1 Ultimate horizontal capacity

The ultimate horizontal capacities for analytical and numerical approaches are mentioned
in Table 5.1. The calibrated ultimate horizontal capacity also mentioned in this table.
The calibration is done with the lateral bearing capacity factor, Np from numerical
analysis as described in article 2. The calibrated analytical horizontal capacity is used
for normalization.

Table 5.1. Ultimate numerical horizontal capacity[kN] with optimal pad eye position.

Combi-
nations

Optimal load-
ing position
(z� ) [m]

Ratio ( z� )/L Analytical
[kN]

PLAXIS [kN] Calibrated
[kN]

C1 7.62 0.60 16129 19148 18288
C2 10.25 0.57 16200 20164 18368
C3 12.20 0.55 16428 20916 18627
C4 7.62 0.60 40322 45944 45719
C5 7.62 0.60 40322 44540 45719
C6 7.62 0.60 82140 88350 93133
C7 12.30 0.55 82140 88746 93133
C8 10.10 0.56 81000 88926 91841
C9 10.20 0.57 81000 88432 91841
C10 7.74 0.61 40322 42834 45719
C11 12.3 0.55 41070 46308 46567

The optimal padeye position is found by analysing PLAXIS output where only horizontal
translation occurred due to horizontal loading. In the above table the analytical capacities
are the lowest for all the combinations.

5.2 Ultimate vertical capacity

In analytical approach there are three equations to �nd the ultimate vertical capacity.
These equations 3.2,3.3 and 3.4 represents three failure modes. In this thesis the lowest
capacity of each combination is considered for analytical solution.
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Table 5.2. Ultimate vertical capacity [kN]

Combinations Analytical Mode of failure PLAXIS
C1 9317 mode 3 9713
C2 7952 mode 1 7792
C3 7096 mode 1 7264
C4 16918 mode 3 22492
C5 13117 mode 3 18466
C6 28326 mode 3 35004
C7 20585 mode 3 25268
C8 28471 mode 3 36726
C9 28471 mode 3 35426
C10 10582 mode 3 15650
C11 8972 mode 3 10120

From the above Table5.2 it can be seen that the mode 3 provides the lowest capacity in
most of the cases. For combination C2, the PLAXIS capacity is smaller than analytical
capacity, which might be an outlier. But in all other cases the PLAXIS capacity exceeds
the analytical capacity. The lowest analytical capacities are used for the normalization
of the results. According to the Deng and Carter [2002], mode 1 is undrained condition,
mode 2 is drained condition and mode 3 is for partially drained condition. In that study,
the loading rate is controlled which de�ned the drainage condition. On the other hand in
this study the loading rate was same for all the combination and it was not controlled to
simulate the drained, undrained or partially drained conditions. Hence, the lowest capacity
is considered for the normalization procedure. In most of the cases, mode 3 is the most
conservative capacity which depict the partially drained condition. As the soil is clay and
loading rate isn't analysed so this assumed mode of failure where the external skin friction
and plugged in soil provides ultimate capacity. Most interestingly, for combinations C2
and C3 the mode 1 provided the lowest vertical capacity which consists of reverse end
bearing and external frictional resistance.

5.3 Ultimate capacity at an angle

When the load is applied with an angle at the padeye the calculation procedure follows the
steps shown from equation5.1 to equation5.4. First a resultant force is applied based on
the ultimate horizontal and vertical capacities. Then from PLAXIS output the

P
M stage

vs total displacement, juj curve is found as shown in appendix A. The
P

M stage converges
around 20% displacement of the diameter. In all the cases the 20% displacement of the
diameter is considered as the failure criteria where the resultant capacity is mobilised. The
horizontal and vertical components of the load capacity are found by multiplying

P
M stage

with the applied horizontal and vertical components. Afterward, with the equation5.4 the
resultant capacity is found for an angle.

Ra =
q

V 2
ult + H 2

ult (5.1)

V� = Ra � sin (� ) �
X

M stage (5.2)

H � = Ra � cos(� ) �
X

M stage (5.3)
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R� =
q

V 2
� + H 2

� (5.4)

Where

Ra Applied resultant force [kN]
Vult Ultimate vertical capacity [kN]
Hult Ultimate horizontal capacity [kN]

� Angle in degree
V� Vertical capacity to a given angle [kN]
H � Horizontal capacity to a given angle [kN]
R� Resultant capacity [kN]

The optimal capacity is found when there is no rotation of suction caisson for angular
loading. The optimal padeye position is found by trial and error method. It is found
that for loading at higher angle the rotation couldn't be completely avoided. In practical
scenario also, the rotation couldn't be completely avoided with the angular loading.

Table 5.3. Angular load capacity with optimal padeye position for 20� loading

Combinations H � [kN] V� [kN] R � [kN] Optimal padeye posi-
tion (z*)[m]

z*/L[-]

C1 18042 6567 19200 6.3 0.50
C2 17666 6430 18800 9.4 0.52
C3 17290 6293 18400 11.5 0.52
C4 42850 15596 45600 6.3 0.50
C5 40595 14775 43200 6.4 0.50
C6 77055 28046 82000 11.5 0.52
C7 67658 24625 72000 11.5 0.52
C8 78934 28730 84000 9.4 0.52
C9 77055 28046 82000 9.4 0.52
C10 34957 12723 37200 6.7 0.53
C11 31950 11629 34000 11.4 0.51

Table 5.4. Angular load capacity with optimal padeye position for 30� loading

Combinations H � [kN] V� [kN] R � [kN] Optimal padeye posi-
tion (z*)[m]

z*/L[-]

C1 15588 9000 18000 5.7 0.45
C2 14203 8200 16400 9.0 0.50
C3 13164 7600 15200 11.4 0.51
C4 37412 21600 43200 5.7 0.45
C5 30761 17760 35520 5.9 0.46
C6 60622 35000 70000 11.0 0.50
C7 48497 28000 56000 11.0 0.50
C8 64086 37000 74000 9.0 0.50
C9 64086 37000 74000 9.0 0.50
C10 21824 12600 25200 5.9 0.46
C11 20785 12000 24000 11.1 0.50
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Table 5.5. Angular load capacity with optimal padeye position for 40� loading

Combinations H � [kN] V� [kN] R � [kN] Optimal padeye posi-
tion (z*)[m]

z*/L[-]

C1 11950 10027 15600 5.1 0.40
C2 10418 8742 13600 8.5 0.47
C3 9193 7713 12000 11.2 0.50
C4 29416 24683 38400 5.1 0.40
C5 21143 17741 27600 5.2 0.41
C6 42898 35996 56000 10.8 0.49
C7 33706 28283 44000 10.8 0.49
C8 47495 39853 62000 8.4 0.47
C9 45963 38567 60000 8.4 0.47
C10 15076 12650 19680 5.2 0.41
C11 15321 12856 20000 10.9 0.49

Tables 5.3, 5.4 and 5.5 summarize all the combinations at 20� , 30� and 40� loading
capacities. From these tables it is seen that the resultant capacity is reducing with the
increment of loading angle. Therefore, from these tables it is concluded that if loading
angle is higher the suction anchor dimensions should be increased to increase it's capacity
because same caisson may be su�cient for 20� loading but may fail for 40� loading. The
optimal padeye position is found to move at upward direction with the increment of loading
angle. For higher aspect ratio with higher loading angle the rotation couldn't be avoided
completely.

5.4 Failure envelope

In this following section, all the failure envelopes with the angular load capacities will
be drawn in H-V plane. All the load capacities horizontal and vertical components are
normalized with the calibrated horizontal capacity and analysed vertical capacity. Then the
normalized failure envelope is drawn according to the equation 3.5. For each combination
the exponent a,b are calculated. The vertical load is isolated by the equation 3.8. When
the load is purely vertical the horizontal component is zero (0) and vice versa. The failure
envelopes varied with the varying aspect ratio (L/D). Therefore, based on three aspect
ratios in this study 2,4,6 three �gures are drawn where normalized ultimate horizontal,
ultimate vertical and angular load capacity at 20� , 30� and 40� are plotted.
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Figure 5.1. Normalized failure envelope with angular load for combination-C1,C4,C5,C10

In the Figure 5.1, the analytical failure envelope is drawn for aspect ratio,L=D = 2
and PLAXIS capacities for the combinations C1,C4,C5 and C10 are plotted on the
normalized H-V plane. For all these combinations the ultimate numerical horizontal,
ultimate numerical vertical and angular load capacities located outside the analytical
failure envelope. The normalized ultimate numerical horizontal capacities exceeded from
7% to 20% and normalized ultimate numerical vertical capacities exceeded from 5% to
47% from analytical capacities. The reason behind the large deviation in ultimate vertical
capacity is due to varying value of Rinter . If the Rinter value decreases the deviation
increases. The angular load capacities also exceeded from 20% to 45% from the normalized
analytical failure envelopes. If the su and loading angle increased the deviation also
increased.
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Figure 5.2. Normalized failure envelope with angular load for combinations-C2,C8,C9

In the Figure 5.2, three combinations- C2,C8 and C9 are considered which aspect ratio,
L=D = 4 . The normalized ultimate numerical horizontal capacities exceeded from 10% to
20% and the ultimate numerical vertical capacities varied between -2% to 28% from the
normalized analytical capacities. In all these combinationsRinter =1. For the combination,
C8 and C9 the only variation is K 0 and it has slight impact on the ultimate capacities
at vertical and angular directions but almost no impact on numerical horizontal ultimate
capacities. In these cases, with the increase of loading angle the deviation of numerical
results increased at highersu .
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Figure 5.3. Normalized failure envelope with angular load for combination-C3,C6,C7,C11

From the above Figure 5.3 the normalized analytical failure envelope and normalized
numerical capacities can be seen for aspect ratio,L=D = 6 . In this case the numerical
horizontal capacities exceeded by 8% to 28% and numerical vertical capacities exceeded by
2% to 23%. The numerical angular load capacities also exceeded from 10% to 43% from
the analytical failure envelope. With the increase of loading angle the deviation between
analytical failure envelope and numerical load capacity points increased.

Overall, similar kind of properties can be seen for all the aspect ratios. Most importantly
the normalized analytical horizontal capacity is around 0.88 for all the cases which means
the calibrated horizontal capacity is higher that analytical horizontal capacity for all the
combinations. For the vertical capacity the calibration was not possible as no unique form
of failure couldn't be found thus minimum capacity is considered for normalization. The
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failure envelope diagonally increased with the increment of aspect ratio,L=D .
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Conclusion 6
This thesis has been executed to provide an insight for designing the suction caisson anchor
in uniform clay in order to station keeping �oating wind turbines in deep water condition.
The suction caisson anchor is a popular choice for FOWT as it has higher accuracy during
installation process and no requirement of heavy drilling equipment or large hammer. The
suction caisson has proved it's e�cacy in oil and gas industry for withholding the platform
in rough seas. But in o�shore wind industry it is a relatively young technology which is
used as anchor solution for �oating wind turbines. There are some general guidelines in
DNV for suction caisson anchor but there is no speci�c solution mentioned which can be
followed unanimously to �nd it's capacity step by step. So, available analytical solutions
are studied and compared with the numerical solutions. The analytical solutions are
found only when the load capacity is purely horizontal or purely vertical. On the other
hand, PLAXIS 3D could �nd the solution for purely vertical, horizontal and angular load
capacities. The PLAXIS 3D can also simulate the actual soil condition by inputting their
parameters from site and laboratory testing. The two questions are mentioned earlier to
guide the study of suction caisson anchor in this thesis:

1. Which soil parameters have signi�cant e�ect on the failure mechanism for ultimate
loading?

2. What is the compatibility of analytical and numerical failure envelope in comparison
with angular loading in normalized H-V plane?

The Rinter in PLAXIS or � in analytical solution has potential impact for vertical capacity
where as there is no impact for horizontal capacity in analytical approach and small impact
on numerical approach. Therefore, special care should be taken to choose correctRinter or
� value during design work. The lateral earth pressure coe�cient,K 0 has small impact on
numerical analysis for horizontal and vertical capacities but has no impact for analytical
solution. When all other parameters remain same the horizontal capacity increased a
little with the increment of K 0 but opposite happened for vertical capacity in numerical
approach. The horizontal capacity for both analytical and numerical approach is increased
slightly with the increase of aspect ratio (L/D). But opposite happened for vertical capacity
in both approaches. Therefore, to increase the overall capacity the dimension of the suction
caisson should be increased within limit of aspect ratio (L/D) from 2 to 6. Because the
analysed failure mechanism is applicable with in this limit of AR.

The pad eye position is an important parameter to obtain the optimal capacity for suction
caisson anchor. The optimal padeye position is found in PLAXIS where only horizontal
translation is occurred for purely horizontal loading. The optimal padeye position is
normalized with the length of suction anchor and found within range 0.55-0.61. The
optimal padeye position moved upward direction with the angular loading. For 20� loading
the ratio of optimal padeye position and length of the caisson found within in range 0.50-
0.53. For 30� loading it is found within 0.45-0.51 and for 40� it is found within 0.40 to
0.49. Therefore, if loading angle is changed the optimal padeye position should be changed
accordingly. If the aspect ratio is high and the loading angle is also high the rotational
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movement couldn't be avoided completely. Hence, Special attention should be paid to
select the optimal padeye position with the range of loading angle while designing.

The lateral bearing capacity factor, Np has been calibrated for the ultimate horizontal
capacity found in PLAXIS. The average of calibrated Np is found 11.3 which was 10 in
analytical solution. The reason for this di�erence in analytical and numerical approach
is that in PLAXIS has higher horizontal capacity than analytical approach. In PLAXIS
discretization of the soil domain might have impact on the resulting higher capacity. The
calibrated Np value is used to �nd the calibrated horizontal capacity for each combinations
which is used for normalization of horizontal capacity. Among the three analytical vertical
capacity solution lowest one is selected for conservatism. In most of the combinations the
soil plugged and external wall friction provided the lowest vertical capacity in analytical
approach. In PLAXIS, it was di�cult to choose a failure mechanism after analysing and
observing the output data. It could be multiple failure mechanism worked together to
mobilised the ultimate vertical capacity in PLAXIS. The lowest analytical solution is used
for normalization process.

The angular tension load has two components horizontal and vertical. The horizontal
capacity reduced and vertical capacity increased with the increment of angle of the loading.
But the �nal resultant capacity reduced with the increment of load angle. The percentage
di�erence between the 20� and 30� resultant capacity is average 16% and increased to
average 31% in between 20� and 40� loading. So, the increased loading angle reduced the
resultant capacity of suction caisson anchor.

The analytical expression according to Randolph and Gourvenec [2011] is used to draw
the failure envelopes for analytical solutions. Then the analytical failure envelope was
calibrated with the PLAXIS results. It is found that PLAXIS angular capacities follow the
same shape as analytical failure envelopes but the PLAXIS results exceeded in almost every
instance. So, before using the PLAXIS capacity some capacity reduction factors should
be used. The recommendation from this study is to use, capacity reduction factor=1.2 to
1.3 for pure horizontal or pure vertical loading. For angular load the capacity reduction
factor should be between 1.25 -1.40. Thus the PLAXIS results could be used to design the
suction caisson anchor suitably.

This thesis analysed the suction caisson anchor by keeping in mind that this is a potential
solution for �oating o�shore wind turbines. Therefore, this analysis will provide important
results to the engineers with method to design and optimize the suction caisson anchor for
o�shore wind energy sector.
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Further studies

In this study the uniform undrained shear strength, su is considered for analysis. In future
work the linearly increasingsu with the depth could be analysed in analytical and numerical
approach. The multilayered soil could be analysed in the PLAXIS or other numerical tools
to optimize the suction caisson design. The Mohr-Coulomb failure criteria is used in this
analysis whereas other failure model for soil i.e modi�ed cam-clay model, NGI-ADP could
be used for the analysis of suction caisson anchor. The di�erent failure model has di�erent
soil parameters which could be studied further to optimize the suction caisson design. The
suction caisson in this study is considered weightless both in analytical and numerical
approach for simpli�cation. In future study the weight of the suction caisson could be
considered resulting higher uplift capacity which may optimize the usage of material.

The validity of this study could be ensured by laboratory or �eld testing. The angular load
capacities could be simulate in testing and novel analytical solution for angular load could
be developed after analysing the physics of failure. The calibration of numerical analysis
could also be made from prototype or model test results.
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FEM output A
A.1 Combination,C1

A.1.1 Combination-C1, Horizontal loading
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A.1.2 Combination-C1, Vertical Loading
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