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Abstract
This thesis presents an optimization of the installation sequence of the Offshore Wind Farm Monopile
Installation Template for the He Dreiht Wind Farm project.

Heerema Marine Contractors is assigned to execute the installation of 64 monopiles for the He Dreiht
Offshore Wind Farm project provided by Energie Baden-Württemberg (EnBW). This windfarm is lo-
cated approximately 90 kilometers of the German North Sea coastline and will have a grid capacity of
900 MW. The installation of the monopiles is done by means of a template structure. This template
is specifically designed for this project and is installed on the seabed temporarily. The initial design
of the template contains a mudmat foundation to ensure the required stability during the full monopile
installation sequence. In order to provide the required stability, the initial designed mudmat founda-
tion concept holds a horizontal surface area of 1210 m2. Analysis showed that this designed template
obtained a low performance considering the template installation sequence. When lifting the template
through the wave zone, the template obtained significant hydrodynamic forces acting on the template
in vertical direction due to the large horizontal surface area.

Therefore, the main objective of this thesis is to generate and develop alternative foundation concepts
to optimize the template installation sequence. This research considers the design of a mudmat, suc-
tion bucket, push-in pile and helical pile foundation concept. A homogeneous sand seabed and clay
seabed are considered as soil conditions. The design of the foundation concepts is based on the envi-
ronmental loads acting on the template during three critical load cases. For the design, the supporting
frame and noise mitigation system are assumed to be fixed. The usage of a noise mitigation system
is prescribed by the client. The design of the mudmat showed to have a foundation area of 924 m2 in
order to ensure stability on the seabed, independent of the soil type. The suction bucket foundation
concept resulted in a horizontal foundation area of 390 m2 for sand, or 117 m2 for a clay seabed. The
push-in pile and helical pile foundation concepts developed for a sand seabed resulted in an area of
306 m2 and 319 m2. For a clay seabed this resulted in an area of 75 m2 and 88 m2.

After the design of the four foundation concepts the operability of each concept is determined by means
of a hydrodynamic analysis. The operability states the amount of time the template can be lifted through
the wave zone expressed in percentage, based on 24 hours. A simplified method stated by DNV is
used to determine the hydrodynamic loads acting on the foundation in heave direction, when lifting
the template through the wave zone. The mudmat foundation concept showed an operability of 23%,
independent of the considered soil type. For the suction bucket concepts developed for a sand seabed,
the operability resulted in 67%. For a clay seabed this resulted in 94%. Considering the push-in pile
and helical pile foundations the operability resulted in 78% for the sand developed concepts. The
foundations designed for a clay seabed resulted in an operability of 95%. To evaluate which concept has
the best performance considering the template installation sequence, a multi-criteria analysis (MCA) is
performed. This MCA also takes the installation time, construction costs and the risk of damage into
account as criteria. Taking all these criteria into account, it is stated that the mudmat foundation concept
provides the best performance when considering the template installation sequence, based on the
assumptions stated throughout this thesis. The mudmat foundation concept shows a low performance
when lifting the template through the wave zone, however this is compensated by a short installation
time on the seabed, low construction costs and low damage risks. The suction bucket foundation
concept shows an average score on all criteria. This resulted in the second preferred option. The push-
in pile and helical pile foundation concepts show a good operability, however, these concepts score low
on the construction costs, installation time and damage sensitivity. As a result, these concepts show
the lowest performance considering the template installation sequence.
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1
Introduction to an Offshore Wind Farm

Installation Template

1.1. The need for innovation of monopile installation techniques
Since the past few decades the sources of energy supply throughout the world has been changing
rapidly. Large interest is directed towards offshore renewable energy sources, resulting in a signifi-
cant increase for offshore wind farms. With a better understanding on climate change and its effect on
human kind, the developments and innovation on offshore wind turbines is growing extensively. This
results in governments and energy suppliers shifting their focus from the offshore oil and gas industry
to offshore renewables, forcing contractors to comply with these demands. As for the European Union,
the ambition is to increase the installed wind energy capacity up to 60 GW by 2030 and up to 450 GW
by 2050 [2].

An offshore wind turbine is constructed of multiple components as shown in figure 1.1, and can gener-
ally be divided in three components. These are the rotor-nacelle assembly (RNA), the tower and the
sub-structure. Three types of foundations related to each sub-structure are displayed. The foundation
depicted on the left is a monopile foundation, the middle presents a jacket sub-structure with a pile
foundation, and on the right a gravity based foundation is shown. This research considers the installa-
tion of a monopile foundation sub-structure. With 80.5%, the monopile foundation are the most used
sub-structure for an offshore wind turbine to date [36]. As larger turbines are being developed, the size
of monopile foundations are increasing gradually and has doubled within the past decade [13]. Tradi-
tional technologies for monopile installation are not always applicable anymore and current installation
vessels do not have the required technology to install such large monopiles at all times. One of the
main solutions to cope with the increase in larger turbines are new installation and foundation technolo-
gies, as this contributes significantly to the total cost-structure of an offshore wind farm [9]. Therefore
innovation on current and research for new monopile installation methods is required in order to comply
with the increase in size and numbers of monopiles and to propose cost-effective solutions.
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1.2. Heerema Marine Contractors 2

Figure 1.1: Components of an offshore wind turbine with a monopile foundation [5]

This report focuses on the installation of a monopile foundation by means of a template structure. A tem-
plate structure is placed on the seabed prior to monopile installation, to ensure stability during monopile
installation and the monopile to be installed on the required position. After monopile installation, the
template is retrieved from the seabed and is used for the installation of the next monopile. Figure 1.3
shows a template structure used for monopile installation.

1.2. Heerema Marine Contractors
This research thesis is done in collaboration with HeeremaMarine Contractors (HMC). HMC is a market
leader in the offshore industry regarding the installation and decommissioning of oil and gas platforms
and is currently shifting their focus to the offshore wind industry. Recently, the usage of HMC vessels
have become cost-effective due to the increase in size of monopile foundations for offshore wind farms.
This results in innovative projects within the HMC company to comply with the demands for the instal-
lation of offshore wind farms. The past few years Heerema has won tenders for the installation of the
foundation of multiple wind farms. An overview of the fleet of Heerema can be found in appendix A.
This research considers the usage of the Thialf.

1.3. He Dreiht Offshore Wind Farm Installation Template
HMC is assigned to execute the installation of 64 monopile foundations for the He Dreiht Offshore Wind
Farm Project provided by Energie Baden-Wurttemberg (EnBW), a German company for energy supply.
The location of this project is around 90 kilometers of the German North Sea coastline and will have a
grid capacity of 900 MW. An overview of the location can be found in figure 1.2 below. The project is
planned to be executed in the first quarter of 2024. The installation of the monopile foundations is exe-
cuted using the Semi-Submersible Crane Vessel (SSCV) Thialf in combination with an Offshore Wind
Farm Monopile Installation Template. During offshore operations it is obligated to be in compliance
with the German governmental regulations for noise production. Therefore the the monopile installa-
tion template includes the usage of a Noise Mitigation System (NMS) prescribed by EnBW.

The template construction will be temporarily installed on the seabed and is specifically designed as
a tool for the installation of the monopiles required for the He Dreiht Wind Farm Project. After the
monopile is installed in the seabed the template will be retracted from the seabed and is used at the
next location. In general, the main objective of the template is to support the monopile during installa-
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tion and to ensure an accurate position of the monopile foundation.

Figure 1.2: Location of the He Dreiht Wind Farm

1.3.1. Template design
The template for the EnBWHe Dreiht Wind Farm Project is designed to install the monopile foundations
of the 64 offshore wind turbines. This template is designed to install a monopile foundation with a
bottom diameter of 9.5 meter. As mentioned in previously, the tender stated by EnBW prescribed the
usage of the Noise Mitigation System (NMS) 10000 Pile Guided provided by IQIP IHC in order to be in
compliance with the German governmental regulations for noise production during offshore operations.
For the installation of the monopiles a template construction is designed with the NMS incorporated
in the frame. The initial concept design of the monopile installation template is depicted in figure 1.3
below. In the figure, it can be obtained that the NMS is incorporated in the design and is attached to
the foundation via a six legged steel supporting frame. The template design shown in figure 1.3 is the
initial template design for the installation of the monopiles for the He Dreiht Wind Farm and is taken as
a base case throughout this research. This means that the template design in figure 1.3 is referred to,
when the initial template design in mentioned.

Figure 1.3: Initial template concept design

The template frame can be divided into three segments, being the Noise Mitigation System (NMS)
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provided by IHC, secondly a supporting frame that connects the NMS to the foundation and thirdly
the foundation that ensures stability on the seabed. The template construction is able to guide and
support themonopile during installation, and in combination with the NMS, to reduce the noise produced
during installation. The temporary installation of the template on the seabed is done by a single crane
lift, resulting in the template being lowered vertically through the wave zone. An overview of the full
installation sequence of a monopile foundation by means of the initial designed template can be found
in appendix C. The sections below elaborate each of the three segments of the template construction.

Noise Mitigation System 10000 Pile guided
The NMS that is incorporated within the frame is provided by the subcontractor IHC and is referred to as
the NMS-10000 Pile guided, meaning that it reduces the noise produced during monopile installation
and is able to guide the monopile during pile driving. The NMS is a double-walled noise mitigation sys-
tem that reduces the noise produced during installation to below 160 dB [26], which is enough to be in
compliance with the German governmental noise production regulations during offshore operations[45].
The system has a flexible connection between the inner and outer wall in which an air gap exists that
is kept stable by means of overpressure. Centralizers are located inside the NMS at the bottom and
the top sections of the NMS in order to guide and centre the monopile during installation to obtain the
correct position of the monopile. The centralizers are also used during retraction of the template after
monopile installation. These are used in order to prevent the NMS from damaging the monopile due to
the hydrodynamic motions induced by wave loading.

Supporting frame
For the initial template design shown in figure 1.3, the NMS is connected to the foundation by means
of a six legged jacket supporting frame. This supporting frame is made of steel tubular members with
diameters that are small compared to the diameter of the NMS. A top view of the six legged supporting
frame can be found in figure 3.2. During the complete installation process of themonopile the supporting
frame will be flooded with water when submerged, in order to reduce the buoyancy force acting on the
structure.

Foundation
For the base case design, the six legged steel supporting frame is connected to a mudmat foundation
that is designed to ensure the required stability, meaning it can take on the horizontal and vertical loads
acting on the structure. The foundation of the initial design has a horizontal surface area of 1210 m2.
Although the template design ensures the required stability when installed on the seabed, large hydro-
dynamic motions occurred during the analysis when lowering the template through the wave zone. The
foundation of the template is designed to ensure the required on-bottom stability of the structure. The
failure criteria that are considered for stability are bearing failure, sliding failure and overturning failure.

This report focuses on the design of alternative foundation concepts for a monopile installation template.
In order to design alternative foundation concepts for the He Dreiht template, the drivers for the design
of the initial designed template should be known. The sections below describe the installation sequence
in order to determine the governing phases in terms of environmental loading.
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1.3.2. Template installation sequence
The template installation sequence is a section of the full monopile installation sequence. The instal-
lation sequence of the monopile can be divided in four main phases that each consists of multiple
steps, plus a contingency procedure being the fifth phase. During the contingency case the template
is located on the seabed. Installation of a monopile cannot be executed safely due to extreme en-
vironmental conditions. The template is to be left alone until the environmental conditions are such
that monopile installation can be executed safely. However, during the contingency case the template
should ensure stability on the seabed. The installation sequence of the template starts at lifting the
template from the deck of the Thialf to above the wave zone, and ends when the template is installed
on the seabed. However, the template should ensure stability throughout the full monopile installation
sequence. Therefore each phase described below is taken into account for the environmental loads
that act on the template. The five main phases are stated below (including the contingency procedure).
In appendix C each step of the full monopile installation sequence is stated.

1. Template installation
2. Monopile lowering
3. Monopile driving
4. Template recovery
5. Contingency procedure

Figure 1.4 below shows a monopile installation by means of a template construction. On the left the
template construction is being lowered through the wave zone by the Thialf (Phase 1. Template in-
stallation) and on the right a monopile foundation is lowered in the template for monopile installation
(Phase 2. Monopile installation).

Figure 1.4: Monopile installation by means of a template construction

In general, a mudmat foundation is used for temporary support structures. It obtains its stability due
to its large surface area resting on the seabed that distributes the load to the soil. For the design of
the mudmat foundation, three cases are considered to be critical in terms of the environmental loading
acting on the template. The first case is the template set down on the seabed, the second case is the
contingency case. The third case is when lifting the template through the wave zone. Each case is
described below.

Template set down on the seabed
This case considers the point in time where the template touches the seabed and initial stability is
required in order to avoid instability due to the environmental loads acting on the template. The initial
stability is the stability that is to be obtained right after set down of the template, and installation of
the template is not yet completed. Initial stability will be discussed in more detail in chapter 4. The
environmental conditions during this case are such that after stability is reached, monopile installation
can safely be executed. More detail on the environmental conditions that are present during this step
is provided in section 3.2.1. This case is referred to as the ’Template set down’.
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Contingency procedure - Template left alone
For the contingency case the environmental conditions are above the stated limit for which monopile
installation can be executed safely. However, a stable position of the template is to be ensured. This
is determined for a maximum significant wave height of 3.0 m. The template will be left alone on the
seabed until the environmental conditions have reduced to conditions for which monopile installation
can be executed safely. This step is stated to be governing in terms of environmental loads acting
on the structure, since the template should provide the required stability. Further detail on the envi-
ronmental conditions is elaborated later in section 3.2.1. This case is referred to as the ’Contingency
procedure’.

As mentioned previously, the initial template design resulted in an outer diameter of 45 meter with
a corresponding horizontal surface area of approximately 1210 m2, see appendix B. It is observed
that this results in large hydrodynamic loads when lifting the template through the wave zone, and
therefore having a low operability. The definition of operability throughout this research is stated to be
the expected amount of time the template can be installed per day, based on the metocean data at the
current site. This value is expressed in percentage. The operation of lifting the template through the
wave zone resulted to be critical due to the large foundation area. This is described below.

Lifting the template through the wave zone
After the initial design of the mudmat foundation, a hydrodynamic analysis is performed for lifting the
template through the wave zone. This analysis showed large dynamic motions of the template in heave
direction, due to the horizontal surface area of the mudmat foundation. Obtaining large motions when
lifting through the wave zone is undesirable since this affects the operbility of the template. Therefore
this installation step is considered to be critical in terms of the hydrodynamic forces acting on the foun-
dation in vertical direction. A dynamic amplification factor (DAF) limit on the crane hoist wire is used to
state the maximum allowable hydrodynamic load acting on the template.

Figure 1.5 below shows the template during each critical case as mentioned above.

Figure 1.5: Critical cases during template installation in terms of environmental loads
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1.4. Problem Definition
Interest has grown in an alternative foundation concept for the monopile installation template, due to
the unfavourable performance of the initial design. The objective of an alternative foundation concept
is to optimize the template installation sequence. The initial designed template for the installation of the
monopiles of the He Dreiht wind farm is supported by means of a mudmat foundation. In order to obtain
the required on-bottom stability the design resulted in a large foundation area. The on-bottom stabil-
ity is determined for the failure criteria considering bearing failure, sliding failure and overturning failure.

As a result of this large foundation area the template construction proved to obtain large heave motions
during the hydrodynamic analysis when being lowered through the wave zone. This is caused by the
vertical wave forces that act on the horizontal foundation surface area, resulting in large dynamic mo-
tions in the slings and crane. An alternative foundation concept should be designed that contains the
required on-bottom stability and optimizes the template installation sequence.

1.4.1. Design statement
The overarching design statement of this thesis is as follows:

”Optimization of the installation sequence of the He Dreiht Monopile Installation Template by im-
proving the template foundation design.”

The design statement is supported by the following research questions:

• Research question 1: What is the effect of the critical cases obtained during the template instal-
lation sequence in terms of environmental loading?

• Research question 2: What are the effects of the considered seabed characteristics on the
design of the template?

• Research question 3: What are the advantages and disadvantages of the considered method
used for the hydrodynamic analysis?

• Research question 4: What are the advantages and disadvantages of the alternative foundation
concepts compared to the considered conventional foundation concepts?

• Research question 5: Which foundation concept is preferred for optimization of the monopile
template installation sequence, based on the assumptions and limitations stated throughout this
thesis?

1.5. Outline of the report
Chapter 2 will describe state-of-the-art foundation techniques that are used within the offshore industry.
Besides the traditional techniques there are also new concepts under development within Heerema
that will be taken into account. This chapter will explain various foundation techniques that can be
considered for the design of the template. State-of-the-art foundations that are considered are for in-
stance Gravity Based Structures (GBS), suction buckets and mudmat foundations. This chapter also
describes the theory that is to be used for the design of shallow and deep foundations under vertical and
lateral loading. The considered theory is stated by API standards and is generally used in a preliminary
design phase [20]. Chapter 2 also describes literature on soil conditions and soil characteristics that are
of importance for this research. Thereafter the theory used to calculate the environmental loads acting
on the structure due to current and wave forces is stated. This is done by simplifying the template to a
slender cylinder and to apply Morison’s equation. Lastly, the theory considered for calculating the total
characteristic forces acting on the foundation when lifting the template through the wave zone is stated.
This theory is then used in Chapter 5 for the hydrodynamic analysis.

In chapter 3 the boundary conditions, limitations and assumptions that are made for this research
are considered. This will include any limitations on the design of the template provided by Heerema,
the environmental conditions and soil conditions at the considered location. In this chapter a selection
is made of the foundation techniques that will be developed throughout this research. The selection
of the chosen concepts are based on boundary conditions, assumptions made and limitations that are
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applicable for the design of the template. This chapter also states the results of the environmental loads
acting on the template during the set down case and contingency case, based on Morison equation.

The theory stated in chapter 2 is used for the calculation model developed in chapter 4. The envi-
ronmental loads determined in chapter 3 are used as input in the calculation model, as well as the soil
conditions considered throughout this thesis. The model calculates the minimum required dimensions
in terms of diameter, pile length and wall thickness to ensure stability on the seabed for each of the
considered foundation technique.

Chapter 5 states the limitations and assumptions that are considered during the hydrodynamic analy-
sis. The hydrodynamic analysis determines the operability of each developed foundation concept. This
is obtained by calculating the total hydrodynamic force acting on the structure during the wave zone
transition. This is done by the theory stated in chapter 2 that considers the simplified method stated
by DNV [18]. By means of this method the mass force, buoyancy force, slamming impact force and
drag force are determined at two stages. A stage when the foundation concept is partly submerged
and a stage when fully submerged. The theory stated in chapter 2 is used in a model in chapter 5 to
perform a hydrodynamic analysis of each considered foundation concept. Based on a stated dynamic
amplification factor limit, the operability of each foundation concept is determined. A short discussion
is written on the applied DNV method for the hydrodynamic anlaysis.

This leads to chapter 6 where the concepts are compared in a multi-criteria analysis (MCA) by
means of the Weighted Product Method (WPM). This MCA considers the results of previous chapters
and includes a first estimate on the installation time, structural costs and damage sensitivity of each
considered foundation concept. This results in the selection of the most preferable foundation concept
based on the assumptions stated throughout this thesis.

Chapter 7 presents a conclusion of the results obtained throughout this thesis. Answers on the
research questions stated in section 1.4.1 will be provided in the discussion. Also the recommendations
for this thesis will be stated.



2
Foundation concepts within the offshore

industry
This chapter describes foundation techniques that can considerably be used as an alternative founda-
tion technique for the template. Foundation techniques that are state-of-the-art and techniques that
are under development within Heerema are considered. Then the relevant theory on soil conditions
is stated that is to be used for the design of the foundation concepts. The design of the foundation
concepts is done by means of the theory stated by the API standards, and is elaborated in section 2.3.
Thereafter the approach for the calculation of the environmental loads acting on the template for the
set down case and contingency case is mentioned. Lastly, this chapter describes the theory stated
by DNV [18] that is used in order to determine the hydrodynamic forces acting on the structure when
lowering through the wave zone.

2.1. Offshore foundation techniques
The type of foundation techniques that are considered can be divided in shallow and deep foundation
techniques. Deep foundations are considered to be pile foundations. Shallow foundations are usually
a flat plate with a large area resting on the seabed, or when skirts are added that penetrate into the
seabed to a limited depth. A shallow foundation is defined as having an embedment depth to foundation
diameter ratio being less than one [10]. This section describes state-of-the-art foundation concepts that
are currently used in the offshore industry, or are currently under investigation at HMC. In this research,
the following shallow and deep foundation techniques are discussed in order to determine which foun-
dation concepts will be considered for further development.

• Shallow foundations
Gravity Based Structures
Suction bucket

• Deep foundations
Pile foundations

9



2.1. Offshore foundation techniques 10

Figure 2.1: Left: Gravity Based; Middle: Monopile foundation; Right: Suction bucket [29]

2.1.1. Shallow foundation techniques
Gravity Based Structures
Gravity Based Structures (GBS) are foundation structures for which stability is reached due to the hor-
izontal surface area and its self-weight. This often result in structures with a large footprint size on the
seabed and are generally used for the support of large fixed sub-structures [37]. When softer soils
are present the foundation can be provided with skirts in order to gain more transient sliding capacity
against environmental loads. Gravity based structures are generally made of large concrete structures
in order to obtain the required weight and stability.

Figure 2.2: Concrete Gravity Based Structure (Troll A platform) [17]
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Mudmat
A mudmat can also be considered as a gravity based structure. This foundation technique is a steel
frame and is generally used as a temporary support for pile jacket structures prior to the installation
of the piles [37]. This technique consists of a large horizontal surface area in order to provide enough
on-bottom stability due to load distribution to the soil and its self weight. As a result, mudmats can be-
come relatively large in foundation area to provide enough resistance against sliding and overturning.
This can be improved by the addition of skirts that penetrate into the soil.

Figure 2.3: Mudmat foundation [1]

Suction bucket
A suction bucket consists of a thin steel cylinder (skirt), which is closed at the top side of the cylinder
by a steel plate, a so-called lid. A suction bucket obtains its capacity from the soil due to penetration
of the skirts (see figure 2.4). When adding skirts to a mudmat foundation, the geometry will become
like a suction bucket. However, the main difference between the two lies in the method of installation.
The installation method of a suction bucket consists of two parts and emphasizes the difference be-
tween a suction bucket and a mudmat with skirts. The first part is penetration into the seabed due
to the effective self-weight of the suction bucket and the soil resistance. Secondly, further penetra-
tion can be reached due to suction which is done by creating a differential pressure on the bucket by
pumping water out of the bucket. Due to this differential pressure, the bucket pulls itself into the seabed.

For the design of suction buckets, the foundation embedment ratio λ should be taken into account
and is dependent on the type of soil. The foundation embedment ratio is the ratio between the skirt
penetration depth and the bucket diameter as follows [11]:

λ =
Ldepth

Dbucket
(2.1)

0.5 ≤ λsand ≤ 1;Dbucket,max = 15m

1 ≤ λclay ≤ 3;Dbucket,max = 5m
(2.2)

The embedment ratio is required in order to avoid fluidization of the soil during installation. If fluidiza-
tion occurs the suction bucket is not able to penetrate to the required depth. This is due to loss of
pressure inside the bucket. Houlsby and Byrne (2005) determined a method to calculate the maximum
installation depth for a clay seabed. This resulted in a maximum installation depth varying from 3D
for stiff clays and 1D for stiff sand. The wall thickness is typically in a range between D/75 and D/200
[22]. Over the past few years suction buckets have been used as a foundation of jacket structures for
windfarm applications. A great advantage of suction buckets as a foundation technique are the low en-
vironmental issues regarding the disturbance of marine life. On top of that, suction buckets can easily
be removed by pumping water inside the bucket. This results in an overpressure inside the bucket that
extracts the bucket from the soil.
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Figure 2.4: Jacket structure with a suction bucket foundation [42]

2.1.2. Deep foundation techniques
Pile foundations
In contrast to shallow foundations, deep pile foundations are favoured when a soft soil is present at the
surface and high horizontal loads act on the structure. This could cause the surface foundation to slide.
The dimensions of the pile foundations are constructed depending on the geotechnical conditions at
the site. Offshore pile foundations can have a diameter ranging from 0.76 m for wellhead conductors
to a diameter of 11 meter for large monopile foundations [43]. These piles generally have a diameter to
wall thickness ratio of 25-100 [37]. There are in general two types of pile foundations that can be distin-
guished, namely grouted piles and driven piles. Grouted piles are usually a steel tubular pile inserted
into an oversize drilled hole which is filled with grout. These piles are costly to install and are often
used as an alternative to driven piles in rock where driving is not possible. Driven steel piles are most
commonly used as a foundation technique for an offshore platform [37]. Driven piles are installed by
using a hydraulic hammer to drive the pile into the soil. At Heerema, research is done on various types
of installation techniques of driven steel piles, such as push-in piles and helical piles. Determining the
capacity of these piles is based on the same theory used for conventional piles, being the skin friction
and bearing capacity of the pile. Both techniques are described in the sections below.

It should be noted that the installation of the pile foundations can only be performed after the template is
set down on the seabed. However, stability should also be ensured during the template set down case.
The stability during the set down case is referred to as initial stability. Hence, an additional foundation
concept is required for the pile foundation concepts to ensure the required initial stability.

Push-in pile
Push-in pile foundations are considered as silent foundation techniques, since no hammering is re-
quired during installation which results in no underwater noise production. Push-in pile foundation is a
relatively new foundation method which is still under development, mainly concerning the installation
method of these piles. Push-in pile foundations consist of four piles at each leg. The installation of
these piles is done by means of a hydraulic lifting tool and using the weight of the piles to push them
self into the seabed, see figure 2.5. By alternating this between the piles, the piles can use each other
to penetrate into the soil. When focusing on the installation method it is required to consider four piles
at each leg. For a conservative first estimation on the dimensions, the push-in pile concept is simplified
to one overarching pile that represents the four piles at each leg.
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Figure 2.5: Push-in pile foundation including hydraulic installation tool

Helical pile
Helical pile foundations are considered as silent pile foundations, since no hammer is required for
installation. The piles can be screwed into the soil for which no underwater noise is produced. Helical
pile foundations are characterized by a high bearing and uplift capacity, resulting in a relatively shallow
penetration depth to obtain the required stability. The current design consists of a dual diameter tubular
pile with a double helix. The lower pile section has a smaller diameter with a single helix near the pile
tip. The upper section has a diameter twice the diameter of the lower shaft and a second helix. Both
helices have the same pitch and diameter. The upper section consists of a larger diameter in order to
cope with the large bending moments at the upper part of the pile. The lower part of the pile consists
of a smaller diameter, since the bending moments at the bottom of the pile will be significantly reduced.
This smaller diameter will reduce friction during installation and also result in a lower pile weight and
material costs [23]. The installation is done by means of a torque tool connected to the vessel to provide
the required torque. The Dynamic Position (DP) station keeping system should be assessed on the
ability to keep the vessel in place as well as generating sufficient thrust to work against the reaction
force in the connecting tool.

Figure 2.6: Artist impression of the helical pile (left) and torque tool (right)
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2.2. Soil behavior of sand and clay soils
General soil behaviour
In the North Sea the seabed predominantly consists of sand and clay seabeds [6]. This research will
consider a homogeneous sand and clay seabed. Since all considered soils in this research thesis are
below sea level, the soils are assumed to be saturated. Saturated soil means that the pores and voids
are filled with a fluid, in this case sea water. Its degree of saturation S is estimated as follows:

S =
Vw

Vp
(2.3)

Where Vw is the volume of water, and Vp is the volume of pore space. When the soils are completely
saturated, S = 1, and when the soil is completely dry, S = 0. From an engineering point of view,
important characteristics of the soil are its strength, compressibility, permeability and volume change
[41]. These characteristics are different for each type of soil and are dependent on its environment and
time. On top of that, the depth of a soil, grain-size distribution, drainage and water holding capacity are
also important parameters that could affect the behaviour of a soil [44].

An important property of a soil is its non-linear elastic behaviour when linearly increasing the pressure
on a soil, shown in figure 2.7. This leads to a non-linear increase in soil strength, due to a decrease in
pore size between the particles.

Figure 2.7: Non-linear elastic stress-strain relation under linear increased loading

Classification
Soils can be classified in various types based on its mechanical properties. A classification that is often
made is based on the grain size that constitutes the soil. Coarse granular material, referred to as gravel,
have a grain diameter of than 2 mm, whereas fine granular material is denoted as sand and have grain
sizes that are between 0.063 mm and 2 mm. Grain sizes smaller than 0.002 are referred to as clay
particles [41].

Cohesive and non-cohesive soils
A different classification in soils can be made between the cohesion of soil particles, which is formed by
bonding forces. These bonding forces keep the soil particles together and cause friction between them
when the soil is deformed. Sand is a non-cohesive soil, since there is no intergranular bonding. It will
therefore fall apart when there is no external supporting force to keep the grains together [41]. For non-
cohesive soils, the angle of internal friction (ϕ) describes the mechanical behaviour of non-cohesive
soils. This angle will increase when the grains are more angular and decrease when the grains are
more round. Non-cohesive soils are well permeable and quite stiff when pre-loaded by compression.
Clay does contain intergranular bondings. Therefore it acts as a cohesive soil and is less permeable.
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Figure 2.8: Example of a non-cohesive soil structure (left) and a cohesive soil structure (right)

Drained and undrained condition
The pore water inside a soil can flow away under the pressure gradient due to an imposed load, meaning
there is a transfer from the pore water to the grains of the soil. The rate of this load transfer is dependent
on the permeability coefficient k. The permeability coefficient is the drainage condition of the soil and
the rate at which the load is applied. A drained condition is defined as when the pore water is free to
flow away. An undrained condition is reached when the water is stays inside the pores.

Sand characteristics
Fine granular soils, such as sand, can not transfer tensile stresses and therefore show a non-cohesive
behavior. This results in only compression forces that can be transferred throughout the soil. An ex-
ception can be made when the particles are very small and saturated with water. Tensile stresses can
then be transmitted via the capillary forces within the contact points [41]. Friction stresses between
the granular particles and the fluid can occur, due to the fact that the fluid can flow with respect to the
granular material. When loading is applied on the soil, the fluid inside the pores can flow out of the
granular material and settlement will occur. This leads to an increase in stiffness. When loading is ap-
plied on a sandy type of soil, the soil will deform immediately and will remain at rest if the load remains
constant. The behaviour of sand can therefore be classified as drained or undrained, depending on
the loading period on the soil layer. Sand will behave as a drained soil after a relatively short loading
period. Therefore the sand seabed is only considered as a drained material. The shape of sand par-
ticles affects the mechanical properties, even when having the same grain size. Round shaped sand
particles can have a much smaller strength then sharp pointed particles. This is due to a difference in
the packing of grains, which affects the friction and strength of the granular material.

From literature it can be assumed that an increase in friction angle ϕ will result in an increase in bearing
capacity of the sand layer [3]. The friction angle generally varies between ϕ = 30° for a soft layer, and
up to ϕ = 42° for a dense sand layer. When considering sand seabeds that are present in the North
Sea, the common types of sand seabeds consist of a top layer of silty fine sand with an angle of internal
friction of 40° [30]. Therefore a sand seabed with an internal friction angle of ϕ = 40° is considered
in this research. This sand layer has a dry unit weight of soil of γsand = 17.60 kN/m3 with a shear
strength that linearly increases over depth.

Clay characteristics
Clay is stated to be a fine grained cohesive material and have particle sizes with a maximum of 0.002
mm [41]. Due to this cohesion between particles a clay soil can take on shear and tensile strengths.
This is expressed as the undrained shear strength. Clay is a less permeable soil for water than sand
due to the small size of the grains. It will therefore act as an undrained soil under a much longer pe-
riod of loading time [41]. The cause of the long consolidation time for clay is due to the geometry of
the structure, which is formed of thin plates stacked upon each other. The geometry causes clay to
be an anisotropic material, meaning to have different characteristics in the vertical and horizontal plane.

As mentioned previously it is stated that clay layers are common in the North Sea. This research
considers an uniform clay seabed. The outliers for the undrained shear strength of clay soils lie between
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su = 50kPa for soft clay and a shear strength of su = 200kPa for hard clay. The common seabeds in
the North Sea consist mainly of hard silty clay as a top layer, when considering clay seabeds [6]. This
clay has an undrained shear strength often between 100 and 200 kN/m2. In this research thesis an
average undrained shear strength of 150 kN/m2 for the clay seabed is considered and is assumed to
be constant over depth. This clay seabed corresponds with a saturated soil unit weight of 20 kN/m3

[30].

Failure criteria
The foundation shall be designed such that the template remains in a stable position on the seabed dur-
ing the full monopile installation sequence. This sequence includes installing the template construction
onto the seabed until retracting the template from the seabed. The failure criteria for which the template
is designed on considers bearing failure, sliding failure and failure due to overturning. These criteria
are caused due to the vertical load and horizontal load that result in a base shear and an overturning
moment on the template. The construction has lost its stability if it displaces in any x,y,z-direction. Each
failure criteria is shown in figure 2.9 below.

Figure 2.9: Left: bearing failure; middle: sliding failure; right: overturning failure [42]

Effective Stress
Since only saturated soils are considered here, which means that the pores are filled with sea water, the
principle of effective stress plays a role. The effective stress is a principle introduced by Karl Terzaghi,
which is often quoted as the ”total stress equals effective stress plus pore pressure” [41]. This means
that the stresses that are present in the particles are partly generated by the pressure in the water that
is present inside the pores, and partly by the contact forces in the particles. This shows that a part of
the stress in a saturated soil is transferred by water. The effective stress is calculated by means of the
total stress σ acting on the soil and the pore pressure p inside a void filled with water, resulting in [41]:

σ′ = σ − p (2.4)

It is important to note that the principle of effective stress is only relevant for normal stresses. Shear
stresses can be transferred via the grain skeleton only [41]. The principle of effective stress by Terzhagi
is in full agreement with the Archimedes principle considering the upward force on a submerged body.
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2.3. Soil structure interaction due to loading
As mentioned in section 2.1, foundation techniques can generally be divided into two types of founda-
tions, being deep and shallow foundations. A shallow foundation is considered as having an embed-
ment depth to foundation diameter ratio less than one. Considering a deep foundation, this ratio is
equal or larger than one. Examples of shallow foundations are for instance gravity based structures
(GBS). Deep foundations are for instance driven or drilled piles, suction piles and caissons. The fol-
lowing sections elaborates on the theory for the design of a shallow and a deep foundation, stated by
API-RP-2GEO (2011) standards [4]. This theory assumes the environmental loads to be quasi-static,
hence assuming that the influence of inertia and time in negligible.

2.3.1. Shallow foundation theory
The standards stated in API determine the ultimate vertical and horizontal foundation capacities when
designing for the Ultimate Limit State (ULS). Designing for the ULS represent the failure of the struc-
ture when subjected to extreme values of actions [35]. The ULS is of importance when considering
the preliminary design of the template. Below, the theory for determining the vertical, horizontal and
overturning resistance will be discussed. The shallow foundations are considered to be on a horizon-
tal seabed, with an axis system taken parallel to the global axis system. The x and y axis are in the
horizontal plane and the z axis pointing downward in vertical direction [42].

Vertical resistance
The vertical resistance of a shallow foundation can be reached due to a symmetrical vertical load, or
via an overturning action on the shallow foundation. For a foundation base with width B, a soil wedge
I (a-b-c) is pushed into the soil resulting in a failure (figure 2.10. The angle φ between the base of the
foundation and the flanks of the wedge is dependent on the roughness of the contact plane between
the foundation and the soil. This can vary between a perfectly rough soil (45◦ + φ/2) and a perfectly
smooth soil (45◦ - φ/2), where φ is the angle of internal friction of the soil. In Figure 2.10 below the
shear failure of a shallow foundation under symmetrical vertical loading is stated [42].

Figure 2.10: Bearing failure of a shallow foundation under symmetrical vertical loading [42]

The effect of an overturning vertical load result in a smaller width of the foundation base. One side
obtains uplift and the other side obtains compression. It is assumed that no tension forces result at the
interface between the foundation base and the soil. The width of the foundation base therefore reduces
from B to B′. This results in a change of the failure curves, which is shown in Figure 2.11 below. As a
result of this overturning load, the ultimate vertical capacity is reduced.
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Figure 2.11: Shear failure of a shallow foundation due to overturning loading

A general equation is developed for the vertical soil resistance by Brinch Hansen combining multiple
effects of vertical loads acting on a soil [19]. This general equation for the ultimate vertical soil resistance
is referred by API [4] and ISO [27], and is stated as follows:

qv = c ∗Nc ∗ sc ∗ dc ∗ ic ∗ gc ∗ bc + q ∗Nq ∗ sq ∗ dq ∗ iq ∗ gq ∗ bq +
1

2
γ′
s ∗B ∗Nγ ∗ sγ ∗ dγ ∗ iγ ∗ gγ ∗ bγ (2.5)

When considering undrained conditions the internal friction angle reduces to φ = 0. Then the equation
reduces to:

qv = 5.14 ∗ cu ∗ (1 + s′c + d′c − i′c − b′c − g′c) + q (2.6)

The vertical foundation resistance Qv can then be calculated by multiplying the ultimate vertical soil
resistance by the effective area, resulting in:

Qv = qv ∗A′ (2.7)

The parameters of the Equations 2.5 to 2.7 are listed in the table below:

Qv is the vertical foundation resistance [kN]
qv is the ultimate unit vertical soil resistance[kPa]
c is the average cohesive shear strength over depth B below the foundation [kPa]
cu is the average undrained cohesive shear strength over depth B below the foundation [kPa]
q is the overburden pressure q = γ′

s ∗D [kPa]
γ′
s is the soil submerged unit weight [kN/m3]

D is the depth of the foundation base [m]
B is the width of the foundation base [m]
A is the area of the foundation base [m2]
Nc, Nq, Nγ are the bearing resistance factors [-]
sc, sq, sγ , s′c are the shape factors [-]
dc, dq, dγ , d′c are the depth factors [-]
ic, iq, iγ , i′c are the inclination factors [-]
gc, gq, gγ , g′c are the ground factors [-]
bc, bq, bγ , b′c are the base factors [-]

The shape, depth and inclination factors that are stated in equations 2.5 to 2.7 are determined via the
equations given in Table 2.1 below.
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Shape factors Depth factors Inclination factors
sc = 1 +

Nq∗B
Nc∗L dc = 1 + 0.4 ∗ tan−1(DB ) for D > B ic = iq − 1−iq

Nq−1

sq = 1 + B
L ∗ tanφ dq = 1 + 2 ∗ tanφ(1− sinφ)2 ∗ D

B for D < B iq = (1− 0.5∗H
V+A′∗c∗cotφ )

5

dq = 1 + 2 ∗ tanφ(1− sinφ)2 ∗ tan−1(DB ) for D > B

sγ = 1− 0.4 ∗ B
L dγ = 1.0 for all φ iγ = (1− 0.5∗H

V+A′∗c∗cotφ )
5

s′c = 0.2 ∗ B
L d′c = 0.4 ∗ D

B for D ≤ B i′c = 0.5− 0.5
√
1− H

A′ ∗ c
d′c = 0.4 ∗ tan−1(DB ) for D ≤ B

Table 2.1: Shape, depth and inclination factors [42]

For this research a horizontal foundation base and seabed is assumed, resulting in the parameters gc,
gq, gγ and bc, bq, bγ are reduced to 1, and g′c = b′c = 0. The bearing resistance factors are calculated
as follows [42]:

Nq = tan2(45 +
φ

2
) ∗ eπ∗tanφ (2.8)

Nc = (Nq − 1) ∗ cotφ (2.9)

Nγ = 1.5 ∗ (Nq − 1) ∗ tanφ (2.10)

Horizontal resistance
In order to calculate the horizontal foundation resistance Qh, the following general equation can be
assumed:

Qh = V ∗ tanδ + c ∗A′ (2.11)

where

Qh is the horizontal foundation resistance [kN]
V is the vertical action on the foundation [kN]
δ is the friction angle between soil and foundation base [deg]
c is the cohesive shear strength at the level of a shear plane [kPa]

A′ is the effective foundation area [m2]

For a shallow foundation on the seabed under predominant horizontal loading, a shear plane is formed
between a-b (figure 2.12, left side) and shear resistance is generated by the friction between the foun-
dation base and the soil. The horizontal resistance of the foundation can be improved by the addition
of skirts onto the shallow foundation. Considering the failure criteria of sliding, the skirts will move the
failure plane to a deeper location into the soil, at the tip of the skirts. This results in soil-to-soil friction
for sliding to occur. If the shear strength strength of a soil increases with depth, the addition of vertical
skirts result in an increased horizontal resistance. Figure 2.12 below shows a shallow foundation with-
out skirts (left) and with the addition of skirts (right). The points a-d-e represent the active soil wedge.
Points b-c-f represent the passive soil wedge for the foundation with skirts [42].

Figure 2.12: Failure modes due to sliding

It has to be noted that due to the addition of skirts on shallow foundations the horizontal resistance can
be increased. This results in the following advantages of skirts [42]:
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• the soil-to-soil friction is mobilized because the failure plane runs through the soil, instead of
through the interface of the soil-to-structure; therefore this friction is often higher;

• when considering sand, the soil strength increases with depth; therefore it can be assumed that
at the depth of the skirt tips the soil strength for horizontal resistance to the foundation will be
better.

• due to the difference in the active and the passive soil wedge, extra horizontal resistance can be
achieved;

• when a surcharge is available in a sand soil, the horizontal resistance will increase substantially.
This overburden pressure is equal to q = γ′ ∗D, where γ′ is the submerged weight of the soil and
D the depth of the skirt.

Undrained bearing capacity - constant shear strength with depth
A constant shear strength with depth can be considered when the strength is constant to a depth equal
to two-third of the foundation width [4]. Since this research thesis only considers an uniform clay seabed,
the shear strength is assumed to be constant over depth. For this case a simplification of constant soil
strength can be used. If the seabed consists of multiple soil layers, the impact of lower soil strength
below this depth on foundation capacity should also be considered. The maximum total vertical load
capacity can be determined as:

Qc = (suNcKc) ∗A′ (2.12)

where su is the undrained shear strength, Nc is a dimensionless constant equal to 5.14. Kc is the cor-
rection factor accounting for inclination and footing shape and A′ is the effective area of the foundation.
The determination of the correction factor Kc is stated as a standard by API [4]. However, since a
horizontal seabed and foundation base is assumed the correction factor Kc can be assumed to be 1.

When considering a circular or square footing, a simplification can be made for the correction factor
and the effective area. This is stated in equation 2.13 below.
For a circular or square footing:

Qc = 6.05suA (2.13)

where Qc is the vertical load capacity and A is the actual foundation area.
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Ultimate capacity envelope
An envelope can be derived that captures the ultimate capacity of the foundation under certain loading
conditions. Safety factors should be applied to these envelopes to obtain the envelopes of the allowable
loads for undrained conditions. This envelope demonstrates the ultimate capacity for the vertical load
Qd and the horizontal load Hd, considering a safety factor of 1.5. This results in a large decrease of
the allowable load envelope for vertical and horizontal loads. The ultimate capacity envelope stated by
API [4] is shown in Figure 2.13 below.

Figure 2.13: Envelope of the ultimate capacity under undrained conditions [4]

Qc andHc are the vertical and horizontal load capacities determined based on the foundation geometry.
Safety factors are required to determine the foundation design capacities, denoted asQd andHd, being
the ultimate vertical load capacity and ultimate horizontal load capacity. These are determined as
follows:

Qd =
Qc

1.5
;Hd =

Hc

1.5
(2.14)

Drained bearing capacity
This method can be used when considering surface foundations on a sand seabed. This method also
holds when skirted foundations are considered, for which the weight of the soil plug is balanced by the
weight of the soil overburden outside of the skirts. Under drained conditions, the maximum total vertical
load, Q′

c, can be calculated as follows [4]:

Q′
c = (p′o(Nq − 1)Kq + 0.5γ′B′NγKγ)A

′ (2.15)
where

Q′
c is the maximum total vertical load applied to the base of the footing at failure

(excluding weight of soil plug inside skirts) under drained conditions [kN]
Nq is exp[π tan ϕ’](tan2(45◦ + ϕ’ / 2)), a dimensionless function of ϕ′ [deg]
Nγ is an empirical dimensionless function of ϕ′ that can be approximated by 1.5(Nq − 1)tanϕ′;
ϕ′ is the effective friction angle of Mohr envelope [deg]
γ′ is the effective unit weight of soil [kN/m3]
p′o is the vertical effective stress at base level (skirt tip level when skirts are used) [kPa]
B′ is the minimum effective lateral foundation dimension [m]
A′ is the effective area of the foundation depending on the load eccentricity [m]
Kq,Kγ is the correction factors which account for load inclination, footing shape, depth of embedment,

inclination of base, and inclination of seafloor. The subscripts q and γ refer to the particular
term in the equation.
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However, equation 4.6 can be reduced by the assumption of a horizontal foundation base and a hori-
zontal seafloor. This results in the following equation for a circular of square footing:

Circular or square footing:
Qc = 0.3γ′BNγA (2.16)

where

B is the minimum lateral foundation dimension.

An envelope can be derived that captures the ultimate capacity of the foundation under certain loading
conditions. Safety factors should be applied to these envelopes to obtain the envelopes of the allowable
loads for drained conditions. This envelope demonstrates the ultimate capacity for the vertical load Q
and the horizontal loadH. The envelope of the sliding capacity under drained conditions shows a linear
increase under increasing vertical and horizontal loads. This is due to an increase in shear friction on
the seabed with an increase in vertical loading.

Figure 2.14: Envelope of the ultimate capacity under drained conditions [4]

Qc and Hc are the vertical and horizontal load capacities determined based on the foundation geom-
etry. Safety factors are required to determine the foundation design capacities, denoted as Qd and
Hd. These are the ultimate vertical load capacity and ultimate horizontal load capacity, determined as
follows:

Qd =
Qc

2.0
;Hd =

Hc

1.5
(2.17)

Since a homogeneous seabed is considered throughout this research, the theory for the calculation of
the bearing capacity for undrained and drained conditions stated above can be used. This theory does
not hold when considering layered seabeds [4].

Sliding stability
Shallow foundations should be assessed on instability due to sliding. The maximum horizontal load
has to be limited to the lateral capacity determined for sliding in its extreme condition. This means only
a horizontal load acts on the foundation. This can be determined for drained and undrained soils as
follows:
Undrained case:

Hc = αsuoA (2.18)
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Drained case:
H ′

c = Qtan(ϕ′) (2.19)

where:

Hc is the maximum total horizontal load applied to the base of the foundation at failure under
undrained conditions [kN]

α is the soil adhesion coefficient [-]
suo is the shear strength at base level [kPa]
Hc′ is the maximum total horizontal load applied to the base of the foundation at failure under

drained conditions [kN]
Q is the actual vertical load acting during the relevant loading condition, also including

the self weight of the structure [kN]

Equations 2.18 and 4.7 assume that full soil resistance occurs due to complete interaction between the
interface of the foundation and the soil [4].
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2.3.2. Deep foundation theory
This section describes the theory used to determine the capacity of deep foundations, stated by API
standards [4]. Pile foundations are usually considered as deep foundations. The capacity is determined
by two components, namely the axial and lateral capacity. The axial capacity is determined by the skin
friction along the pile shaft and the end bearing capacity at the tip of the pile. The lateral capacity
consists of the strength of the pile and the interaction between the lateral soil resistance induced due
to displacements in lateral direction. Pile foundations are often steel cylinders that can have an open
ending or a closed-ending section.

Axial resistance
A deep foundation pile can take on loads in compression and tension in the axial direction. The resis-
tance can be calculated for both open-ended and closed-ended pile foundations. This is determined by
the sum of the outside skin friction, the end bearing capacity on the pile tip, and the total internal skin
friction or end bearing capacity of the plug, whichever is less [4]. The components of the axial capacity
resistance in compression and tension is shown in figure 2.15 below.

Figure 2.15: Resistance components of axial capacity in compression (left) and tension (right) [4]

The ultimate pile capacity under axial compression consists of the summation of the outside shaft
resistance and the end bearing capacity, as follows:

Qc = Qf,c +Qp = f(z)As + qAp (2.20)

where

Qf,c is the skin friction capacity in compression, in force units [kN]
Qp is the end bearing capacity, in force units [kN]
f(z) is the unit skin friction, in stress units [kPa]
As is the side surface area of the pile [m2]
q is the unit end bearing at the pile tip or plug, in stress units [kPa]
Ap is the gross end area of the pile [m2]
z is the depth below the original seafloor [m]
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The ultimate pile capacity under axial tension Qt is less than or equal to Qf,c but shall not exceed the
total skin friction capacity in compression. When determining the tension capacity of the pile, also the
weight of the pile shall be taken into account. This also includes the weight of the plug if relevant. The
tension capacity is generally determined by the outside skin friction of the pile. The weight of the pile
should also be taken into account.

Qt = Qf,c + Fpile = f(z)As +Mpileg (2.21)

where Mpile is the mass of the pile.

Corresponding to the figure 2.15 above, the determination of the outside and inside skin friction is
determined with the equations shown below.

Outside skin friction (compression): Qfo,c = πDo ∗
∫ L

0
fo,c(z)dz (2.22)

Outside skin friction (tension): Qfo,t = πDo ∗
∫ L

0
fo,t(z)dz (2.23)

Inside skin friction: Qfi = πDi ∗
∫ L

0
fi(z)dz (2.24)

End bearing resistance on tubular (open ended): Qpt = qpt ∗ π(D2
o −D2

i ) (2.25)
End bearing resistance on soil plug: Qpp = qpp ∗ πD2

i (2.26)

with the following parameters:

Do is the outside diameter [m]
Di is the inside diameter [m]
L is the pile penetration into the seabed [m]
z is the depth in [m]
Qfo,c is the outside skin friction in compression [kN]
Qfo,t is the outside skin friction in tension [kN]
Qfi is the inside skin friction [kN]
Qpt is the end bearing capacity on tubular [kN]
Qpp is the end bearing capacity on soil plug [kN]
fo,c(z) is the outside unit skin friction in compression as function of depth z [kPa]
fo,t(z) is the outside unit skin friction in tension as function of depth z [kPa]
fi(z) is the inside unit skin friction as function of depth z [kPa]
qpt is the unit end bearing resistance on tubular [kPa]
qpp is the unit end bearing resistance on soil plug [kPa]

Plugged and unplugged
If piles are considered to show plugged behavior, the bearing capacity is assumed to act over the entire
cross-section of the pile. For unplugged piles the bearing capacity is only obtained by the pile tip. The
inside skin friction contributes to the total skin friction of the pile. For conservative reasons, the pile is
considered to be plugged or unplugged based on which behavior shows the most conservative capacity.
Experience within Heerema showed that pile foundations generally show unplugged behavior.
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Skin friction resistance
The determination of the skin friction resistance is dependent on the type of soil, for which a distinction
can be made between cohesive (clay) and non-cohesive (sand) soils. The equations stated below are
used to determine the skin friction resistance. These are used in the API [4], DNV [40] and ISO [27]
standards.

Skin friction in cohesive soils
f(z) = α ∗ cu(z) (2.27)

where:

f(z) is the unit skin friction at depth z [kPa]
cu(z) is the undrained shear strength at depth z [kPa]
α is the adhesion factor [-]

The adhesion factor is specific for each type of clay, and is recommended by API, DNV and ISO to
calculate as follows:

α = 0.5Ψ−0.5; Ψ ≤ 1.0 (2.28)

α = 0.5Ψ−0.25; Ψ > 1.0;α ≤ 1.0 (2.29)

where:

Ψ is the consolidation factor, where Ψ = cu(z)
σ′
v(z)

[-]
σ′
v(z) is the effective vertical stress, where σ′

v(z) = γ′
s ∗ z [kPa]

γ′
s is the soil submerged weight [kN/m3]

z is the depth below the seabed in [m]

In cohesive soils the unit skin friction is stated to be the same for the inside and outside of the pile, both
in compression and in tension [4].

Skin friction in non-cohesive soils
When considering the skin friction in non-cohesive soils, the API, DNV and ISO standards determine
the skin friction resistance with the following equation below.

f(z) = β ∗ p
′

0(z) ≤ flim (2.30)

where:

f(z) is the unit skin friction at depth z [kPa]
β is the dimensionless skin friction factor, for sands [-]
p′0(z) is the effective vertical stress at depth z [kPa]

Since a dense sand seabed is considered, the dimensionless skin friction factor is set at β = 0.46 [4].

End bearing resistance
When the limit of the end bearing capacity is exceeded, a failure mechanism occurs. This is represented
by an axisymmetric failure body where the failure planes follow a logarithmic spiral, shown in figure
2.16 below. The area underneath the pile tip is pushed downwards when the pile tip fails, resulting in
a rotation of the soil volume area II (see figure 2.16) to make room for the pile. As well as for the skin
friction, a distinction can be made between cohesive and non-cohesive soils. For cohesive soils the
failure plane has the shape of a circle. The curve does not reach the soil surface for deep foundation
piles, but are assumed to extend above the pile tip to the point where they reach the outer wall of the
pile. For non-cohesive soils the failure plane takes on the shape of a logarithmic spiral. This is shown
in figure 2.16 below.
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Figure 2.16: Failure shapes of deep foundation under vertical action for non-cohesive (left) and cohesive soils (right) [42]

The end bearing capacity in cohesive soils uses the equation stated in the API, DNV and ISO standards
[42], which is defined as:

qp = 9cu(L) (2.31)
where qP is the unit end bearing resistance in kPa and cu(L) represents the undrained shear strength
at penetration L in kPa. It has to be noted that equation 2.31 can only be used when considering a
homogeneous seabed, or when the pile tip has penetrated to a minimum distance of 2 to 3 times the
diameter into a clay layer and is at least 3 diameters above the bottom of the clay layer. Modifications
to the equation have to be made when this these boundaries are not met [4].

For determining the unit end bearing capacity in non-cohesive soils, in stress units, the following equa-
tion stated from the API, DNV and ISO standards has to be used:

q = Nqp
′
o,tip ≤ qlim (2.32)

p′o,tip is the effective vertical stress at the pile tip and Nq is the dimensionless bearing capacity factor.
qlim is the limit unit end bearing resistance taken in kPa, depending on the type of sand. It has to be
noted that equation 2.32 can only be used when considering a homogeneous seabed, or when the pile
tip has penetrated to a minimum distance of 2 to 3 times the diameter into a clay layer and is at least
3 diameters above the bottom of the clay layer. Modifications to the equation have to be made when
this these boundaries are not met.

Lateral capacity for sand
Considering a sand layered seabed, the ultimate lateral bearing capacity varies throughout the depth
of the soil. Therefore, two equations are provided. The integral over the depth should be taken in
order to obtain the lateral capacity at the required depth. Equation 2.33 is to be used at shallow depths
and equation 2.34 is to be used at deep depths. It should be noted that at a given depth the smallest
calculated value of pu should be taken as ultimate lateral bearing capacity.

Hus =

∫ L

0

(C1z + C2D)γ′zdz (2.33)

Hud =

∫ L

0

C3Dγ′zdz (2.34)

where:

C1 =
(tanβ)2tanα

tan(β − ϕ′)
+K0 ∗

[
tanϕ′ ∗ sinβ

cosα ∗ tan(β − ϕ′)
+ tanβ ∗ (tanϕ′ ∗ sinβ − tanα)

]
C2 =

tanβ

tan(β − ϕ′)
−Ka

C3 = Ka ∗ [(tanβ8)− 1] +K0 ∗ tanϕ′ ∗ (tanβ)4

α =
ϕ′

2
;β = 45 +

ϕ′

2

(2.35)
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where:

pu is the ultimate resistance, (s = shallow; d = deep) [kN/m2]
γ′ is the submerged soil unit weight [kN/m3]
z is the depth below the original seafloor [m]
ϕ′ is the angle of internal friction of sand [-]
D is the pile outside diameter [m]
C1, C2, C3 are the coefficients determined as follows as function of ϕ′ [-]
K0 = 0.4

Ka = 1−sinϕ′

1+sinϕ′

The value of the coefficients C1, C2, C3 as a function of the internal friction angle ϕ′ can be obtained
from figure 2.17 below.

Figure 2.17: Coefficients C1, C2 and C3 as a function of the internal friction ϕ′ [4]
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Lateral capacity for clay
When determining the ultimate lateral capacity puD in force per unit length, there is a difference between
static lateral loads and cyclic lateral loads. Considering static lateral loads the capacity is found to be
between 8suD and 12suD. There is an exception for shallow depths where failure can occur in a
different mode due to a low overburden stress [4]. Considering cyclic loads a lower limit and an upper
limit is stated that is determined by the following equations. The integral over the depth should be taken
in order to obtain the lateral capacity at the required depth.:
Lower limit:

Hu,lower =

∫ L

0

3suD + γ′zD + Jsuzdz (2.36)

Upper limit:

Hu,upper =

∫ L

0

9suDdz; z ≥ zR (2.37)

where:

pu is the ultimate resistance, units of pressure [kPa]
su is the undrained shear strength of the soil at the point in question, in stress units [kPa]
D is the pile outside diameter [m]
γ′ isthe submerged soil unit weight [kN/m3]
J is the dimensionless empirical constant with values ranging from 0.25 to 0.5 [-]
z is the depth below the original seafloor [m]
zR is the depth below soil surface to bottom of reduced resistance zone [m]

However, when constant strength with depth can be assumed, the following equation can be used to
calculate zR:

zR =
6D

γ′D
su

+ J
(2.38)

Working Stress Design Method
Based on the theory stated in section 2.3 the maximum bearing (Qc) and lateral (Hc) capacity can
be determined. API standards stated that safety factors are required to apply when determining the
ultimate bearing and lateral design capacity. These safety factors are stated in figures 2.13 and 2.14
and convert the capacity values to a design capacity value, based on theWorking Stress Design (WSD)
method. Calculating the ultimate bearing (Qd) and lateral (Hd) design capacity is done by applying a
safety factor to the maximum bearing (Qc) and lateral (Hc) capacity. Considering lateral capacity the
safety factor for undrained conditions is 1.5 and 2.0 for drained conditions. For the design bearing
capacity the safety factor is 2.0 for both undrained and drained conditions.

Lateral capacity Bearing capacity
Drained conditions 2 2
Undrained conditions 1.5 2

Table 2.2: Considered safety factors based on the WSD method [4]

Cyclic axial behavior of piles
Cyclic loads can significantly reduce the axial capacity of the foundation pile permanently or periodically.
Such loads can be induced due to environmental conditions such as storm waves and earthquakes.
This can have counteractive effects on the static axial capacity of a foundation pile. Repetitive loads
can result in a temporary or permanent decrease in resistance and/or an accumulation of deformation.
A distinction is made between rapidly applied loads and slowly applied loads. Rapidly applied loads
cause an increase in resistance and/or stiffness of the pile, where very slowly applied loads cause a
decrease in resistance and/or stiffness of the pile [4]. The resulting effect of cyclic loads is a function of
the combined effects of the magnitude, rates of change of applied loads, cycles, structural characteris-
tics of the pile and the type of soil. Therefore, modelling of cyclic effects is rather done implicitly than
explicitly [4]. Experience has proven that determining the pile penetration based on static capacity by
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means of static design loads in combination with working stress design (WSD), safety factors account
in part for the cyclic effects [12]. Therefore the WSD method will be considered for determining the
required foundation capacity. However, cyclic are not widely discussed since the template is installed
on the seabed temporarily (in the order of days). On top of that the template is assumed to be installed
only during operational months, ranging from March until October. Therefore cyclic loads due to envi-
ronmental conditions such as storm waves will be limited compared to permanent structures, that are
subjected to the environmental conditions during winter months. However, since the template is to be
installed and retrieved at least 64 times (for each monopile installation), this process also induces a
certain cyclic behavior on the foundation. This effect of cyclic behavior is not considered within the
scope of this research, but should be taken into account in a more detailed design phase.
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2.4. Environmental wave loading
This section describes the theory used to determine the hydrodynamic loads that act on the structure.
The first part describe approach for the hydrodynamic loads in horizontal direction. This is relevant
to determine the load during the set down case and contingency case. The second part, determines
the hydrodynamic loads in vertical direction. This is relevant for the dynamic motion of the structure
when lifting the template through the wave zone. A full section (section 2.5) is dedicated to describe
the approach of the loads in vertical direction that is used throughout this research.

Hydrodynamic loads
When the template is set down on the seabed, the hydrodynamic loads acting on the template are
estimated by Morison’s equation. Morison’s equation describes the resultant force acting on a structure
by the superposition of the linear inertia force and the quadratic drag force [28]. Morison’s approach
assumes a slender fixed structure on the seabed that extends through the free surface, present in an
oscillatory flow. A cylinder can be considered as slender when the cylinder diameter compared to the
wave length is 5D ≤ λ. This assumption ignores the effect of the presence of the structure on the
waves [39]. Morison’s equation is stated by the following formula [14]:

F (t) = Finertia(t) + Fdrag(t)

F (t) = ρ(1 + CA)
π

4
D2v̇(t) +

1

2
ρCDDv(t)|v|(t)

(2.39)

where:

F (t) is the total force on the object [kN]
D is the diameter of the cylinder [m]
v(t) is the flow velocity [m/s]
v̇(t) is the flow acceleration, as a time derivative of the flow velocity [m/s2]
CA is the added mass coefficient [-]
CD is the drag coefficient [-]

The first segment of the two terms represents the inertia force and is induced by the water particle
acceleration. The non-dimensional added mass coefficient CA accounts for the inertia that is added
to the system. This is caused by the displaced volume due to an accelerating (or decelerating) body
that moves through the fluid. The second segment represents the drag force induced by the water
particle velocity. The non-dimensional drag coefficient CD accounts for the drag an object experiences
when flowing through a fluid. For large-diameter structures, the application of Morison result in an
overestimation of the hydrodynamic loads and can therefore be considered as conservative. The effect
of the structure on the incoming wave field is called diffraction, and reduces the magnitude of the inertia
force.

Load calculation
This section describes the loads acting on the template when the template is installed on the seabed.
The template will be designed on loads induced by the environmental conditions, such as the hydrody-
namic load distribution (qhydrodynamic) and the wind load distribution (qwind). The hydrodynamic load
distribution consists of a current load distribution (qcurrent) and a wave load distribution (qwave). The
environmental loads act horizontally on the template and result by the integration of the distributed load
over the depth. The self-weight of the template results in a vertical static load (FTP ). Figure 2.18 below
shows an overview of the environmental load distributions acting on the template.
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Figure 2.18: Environmental load distribution acting on the template

The on-bottom stability of the template is designed on bearing failure, sliding failure and instability due
to overturning as shown in figure 2.9. The minimum required dimensions of each foundation concept
to ensure stability are determined. This is done by means of the API theory stated in section 2.3 and
the environmental loads acting on the template determined by Morison.

2.5. Lifting through the wave zone
A hydrodynamic analysis is performed for the initial designed template, to determine the behavior when
lifting through the wave zone. This analysis showed large motions in heave direction due to the hydro-
dynamic forces in vertical direction. The Dynamic Amplification Factor of the system is believed to
play a governing role for the performance of the initial designed template when lifting through the wave
zone.

Dynamic Amplification Factor
TheDynamic Amplification Factor (DAF) is defined as the ratio of the amplitude of the dynamic response
to the static response [7]. The DAF limit is used to determine the maximum allowable dynamic loading
on the structure during the lowering sequence. The DAF is calculated as follows:

DAF =
|Fdyn(t)|

Mg
(2.40)

Fdyn(t) = Mg + Fhydrodynamic,vertical(t)

Since the structure undergoes significant hydrodynamic loading when lifting through the wave zone, the
slings obtain alternating tension and loosening. By the application of a DAF limit in the lifting system,
a limit for the hydrodynamic loading is stated to avoid failure. The total force acting on the structure is
determined by the simplified method stated by the DNVGL-RP-N103 [18]. This method is used since
it provides conservative estimates of the static and hydrodynamic forces acting in vertical direction on
the object. In order to estimate the forces acting on the structure, the motion response of the structure
excited to a known wave spectrum should be determined first.
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2.5.1. Motion response of the structure
In order to determine the behavior of a floating structure, the energy distribution of a known incoming
wave spectrum is considered. The behavior of the structure is determined by its frequency charac-
teristics. These frequency characteristics, the so-called Response Amplitude Operator (RAO), can
be determined via model experiments or computations. Motions of the incoming wave spectrum are
considered to be in the frequency domain [28]. In figure 2.19 an overview of this principle is shown.
The sections below elaborate on the wave spectrum and the approach to determine the RAO of the
structure.

Figure 2.19: Relation between motions and waves [28]

Wave spectrum
When considering a wave spectrum there are different types of spectra that have been developed to de-
scribe the energy density spectrum of an irregular sea state. The twomost frequently applied spectra for
wind developed seas are the Pierson-Moskovitz (PM) and JONSWAP spectra [18]. The PM-spectrum
is used for fully developed seastates, whereas the JONSWAP spectrum is used for seastates that in-
clude a fetch limit. Therefore this seastate never reaches a fully developed seastate due to non-linear
wave-wave interactions [18]. The JONSWAP spectrum shows a good representation of North Sea
wave conditions. Therefore this research considers a JONSWAP spectrum seastate to determine the
response spectrum of the vessel.

The Pierson-Moskovitz (PM) spectrum SPM (ω) is stated as follows:

SPM (ω) =
5

16
∗H2

Sω
4
p ∗ ω−5exp

(
−5

4

(
ω

ωp

)−4
)

(2.41)

where ωp = 2π
TP

is the angular spectral peak frequency.

The JONSWAP spectrum Sj(ω) is a modification of the PM-spectrum for a developing sea state in a
fetch limited situation:

Sj(ω) = AγSPM (ω)γ
exp

(
−0.5

(
ω−ωp
σωp

)2
)

(2.42)

where:

SPM (ω) is the Pierson-Moskovitz spectrum
γ is the non-dimensional peak shape parameter, stated at 3.3 for a

JONSWAP spectrum
σ is the spectral width parameter

σ = 0.07 for ω ≤ ωp

σ = 0.09 for ω > ωp

Aγ is a normalizing factor as 1 - 0.287 ln(γ)

The figure below shows the difference between a PM and a JONSWAP energy density spectrum based
on a significant wave height Hs = 1m and a corresponding peak period of Tp = 6s.
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Figure 2.20: JONSWAP and Pierson-Moskovitz wave spectrum

Wave particle motion
The wave particle motions are of importance due to the hydrodynamic forces that act on the structure.
These are a function of the wave particle amplitude, velocity and acceleration. In order to determine
the wave particle velocity and acceleration the theory of deep water waves can be used, which is
determined as follows [21]:

zw = ζae
kzcos(ωt− kx)

żw = vw = ζae
kzωsin(ωt− kx)

z̈ = aw = −ζae
kzω2cos(ωt− kx)

(2.43)

where

ζa is the characteristic wave amplitude [m]
k is the wave number [-]
z is the relative distance from the CoG of the characteristic wave particle to the still water level [m]

Assuming that the lifting operation takes less than 30 minutes, the characteristic wave amplitude can
be taken as:

ζa = 0.9 ∗Hs (2.44)

However, for lifting operations that exceed the 30 minutes limit, the significant wave height Hs should
be multiplied with a factor of 1.1 [18].

The wave number k is determined as follows:

k =
ω2

g ∗ tanh(kd)
(2.45)

this can be simplified for deep water as follows:

k =
ω2

g
(2.46)
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Response Amplitude Operator
The Response Amplitude Operator (RAO) is used to describe the motion of the vessel due to an in-
coming wave spectrum. The wave energy excited on the vessel due to the incoming JONSWAP wave
spectrum is transferred to vessel motions by means of the RAO’s. The RAO is therefore a transfer
function that describes the motion for all 6 degrees of freedom (DoF) as a result of an incoming wave
amplitude and frequency. The RAO of the crane tip at a certain wave frequency is obtained by means
of the crane tip elevation and wave amplitude at that particular frequency in [m/m], as follows:

RAO(ω) =
zct
ζa

(ω) (2.47)

The response spectrum of the crane tip Sct can be determined by means of the RAO transfer function
at the crane tip and the considered JONSWAP spectrum, stated as follows:

Sct(ω) =

∣∣∣∣zctζa (ω)

∣∣∣∣2 SJSWP (ω) (2.48)

The assumption is made that the vertical motion of the lifted object follows the vertical motion of the
crane tip. Therefore the most probable largest vertical single amplitude crane tip motion can be deter-
mined from the response spectrum:

ηa =

{
3.6ση for lifting operations ≤ 30 minutes
4.4ση for lifting operations > 30 minutes

(2.49)

where the standard deviation ση is defined as:

ση =

√∫ ∞

0

Sct(ω)dω (2.50)

From the most probable largest vertical single amplitude crane tip motion ηa the vertical motion, velocity
and acceleration of the lifted object can be computed by:

η = ηasin(ωηt+ ϵ)

η̇ = ηaωηcos(ωηt+ ϵ)

η̈ = −ηaω
2
ηsin(ωηt+ ϵ)

(2.51)

where:

η is the vertical motion of the lifted object [m]
η̇ is the vertical velocity of the lifted object [m/s]
η̈ is the vertical acceleration of the lifted object [m/s2]
ηa is the vertical single amplitude motion of the lifted object [m]
ωη is the circular frequency of the vertical motion of the lifted object [rad/s]
ϵ is the phase angle between the wave and crane tip motion [rad]

2.5.2. Characteristic total force when lifting through the wave zone
For the characteristic total force acting on the template when lifting through the wave zone, the largest
force of the following should be taken:

Ftotal = max

{
Fstatic + Fhydrodynamic

Fstatic + Fsnap

(2.52)

The forces that act on the structure during lifting through the wave zone consist of a static force and
a characteristic hydrodynamic force. The static force is induced by the weight of the object. A charac-
teristic hydrodynamic force is induced by the impact of the wave zone on the structure. This results in
a characteristic hydrodynamic force on the template or a characteristic snap force in the hoisting line.
The largest value of both loads yields the characteristic total force on an object when lifted through the
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wave zone at a certain point. However, due to the weight of the template and the stiffness of the crane
hoist, it can be considered that the characteristic snap force will not be governing. The snap force will
therefore not be considered. The characteristic total force should be determined at several stages of
the lifting procedure to determine the governing load acting on the object when lowered through the
wave zone.

The static force is dependent on the volume of displaced water due to the structure, and is determined
as follows:

Fstatic = Mg − ρV (z)g (2.53)

where:

M is the mass of the object in air [kg]
V is the displaced water volume during each stage when passing through the water surface [m3]

Hydrodynamic forces
The total characteristic hydrodynamic force on an object is a time dependent function of the slamming
impact force, varying buoyancy force, hydrodynamic mass force and drag force. The equation used to
determine the total hydrodynamic force is shown below. Each individual force is described in the next
sections.

Fhyd =
√
(FD + Fslam)2 + (FM − Fρ)2 (2.54)

where:

FD is the characteristic hydrodynamic drag force
Fslam is the characteristic slamming impact force
FM is the characteristic hydrodynamic mass force
Fρ is the characteristic varying buoyancy force

Slamming impact force
The slamming impact force on the foundation can be determined by the following formula:

Fslam = 0.5ρCsAsv
2
s (2.55)

where:

Cs is the slamming coefficient taken as 2π [46]
As is the slamming area; part of structure subjected on a horizontal plane that will be

subjected to slamming loads [m2]
vs is the slamming impact velocity [m/s]

The slamming impact velocity is calculated as:

vs = vc +
√
v2ct + v2w ∗ κ2 (2.56)

where:

vc is the hook lowering velocity, stated at 0.1 m/s
vct is the characteristic single amplitude vertical velocity of the crane tip [m/s]
vw is the characteristic vertical water particle velocity [m/s]
κ is the amplification factor, typically 1.0 ≤κ ≤ 2.0[−]

The amplification factor κ is only of interest when bucket foundations are considered. The water that is
entrapped in the bucket results in an increased slamming impact velocity due to the excitation of water
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inside the buckets [18].

The characteristic vertical water particle velocity and acceleration can analytically be determined as
follows:

vw = ζa(
2π

Tz
) ∗ e−

4π2d
T2
z g

aw = ζa(
2π

Tz
)2 ∗ e−

4π2d
T2
z g

ζa = 0.9 ∗Hs

(2.57)

where:

ζa is the characteristic wave amplitude [m]
d is the distance from water plane to centre of gravity of submerged part of the object [m]
Hs is the significant wave height of the design state [m]
Tz is the zero-up-crossing wave periods [s]

Varying buoyancy force
The change in buoyancy when the foundation is lowered through the wave zone is determined as:

Fρ = ρ ∗ δV ∗ g

δV = Ãw

√
ζ2a + η2ct

(2.58)

where:

δV is the change in volume of displaced water from MSL to wave crest or trough [m3]
Ãw is the mean water line area in the wave surface zone [m2]
ηct is the characteristic single amplitude in vertical motion [m]

Mass force
The characteristic mass force acting on a structure is a combination of the kinetic mass force and the
inertia force that is added to the system. The total mass force is dependent on the crane tip acceleration
and the acceleration of the wave particles. This is calculated as:

FM =
√
[(M +A33i) ∗ act]2 + [(ρVi +A33i) ∗ aw]2 (2.59)

where:

M is the mass of the template [kg]
A33i is the heave added mass of the considered foundation [kg]
act is the characteristic single amplitude vertical acceleration of crane tip [m/s2]
Vi is the volume of displaced water of the foundation relative to the MSL [m3]
aw is the characteristic vertical water particle acceleration from Equation 2.57 [m/s2]

Drag force
The characteristic drag force on the foundation can be calculated as:

FD = 0.5ρCDApv
2
r

vr = vc +
√
v2ct + v2w ∗ κ2

(2.60)

where:

CD is the drag coefficient, taken as 2.5 [-]
Ap is the area of the submerged part of the foundation projected on a horizontal plane [m2]
vr is the characteristic vertical relative velocity between the foundation and water particles [m/s]

and is equal to the slamming impact velocity stated in Equation 2.56
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Stiffness of hoisting system
The stiffness K of the hoisting system is calculated by the sum of the stiffness of each individual seg-
ment, stated as follows:

1

K
=

1

krigging
+

1

kline
+

1

kblock
+

1

kboom
+

1

kother
(2.61)

The line stiffness is calculated by:
kline =

EA

L
(2.62)

where:

E is the modulus of rope elasticity [N/m2]
A is the effective cross section area of the lines [m2]
L length of the lines [m]

Hydrodynamic parameters
Drag coefficient
In general the drag coefficient depends on the oscillation amplitude induced by the oscillating flow
the object is in. This oscillation amplitude is stated by means of the Keulegan-Carpenter (KC) number,
which is a relation of the oscillation amplitude to the dimension of the object. This describes the relative
importance of the drag forces over the inertia forces. The simplified method determines a conservative
approach for determining the hydrodynamic loads on an object. Therefore the drag coefficient CD

considered for the foundation concepts in this thesis follows the guideline for drag coefficients on typical
subsea structures in an oscillatory flow stated by DNV [18], resulting in:

CD ≥ 2.5 (2.63)

However, in a more detailed design stage more detail should be given to the drag coefficient in order
to determine the correct behavior of the object in an oscillatory flow due to the drag force. This can be
obtained by the performance of CFD analysis or by means of model scaled tests.

Added mass coefficient
The added mass of an object is the mass that is added to the system due to the volume that the body
displaces when it accelerates or decelerates through a medium. The added mass is dependent on the
geometry of the structure. It can be reduced by adding perforations on the horizontal projected surface
area. Since the foundation concepts all have a circular geometry in the horizontal plane, the heave
added mass of a three dimensional circular disc can be calculated as follows [18]:

A33o = ρCAVR (2.64)

where:

CA = 2
π

VR = 4
3πa

3

Figure 2.21: Added mass of a three-dimensional circular disc

The added mass is approximated based on the high frequency limit and is taken as frequency indepen-
dent. It assumes that the radiated surface waves due to the presence of the structure are negligible
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[18]. For the foundation concepts that consider the application of skirts the following approximation of
the added mass in heave direction can be applied, stated by DNV:

A33 =

[
1 +

√
1− λ2

2(1 + λ2

]
∗A33o

λ =

√
Ap

h+
√
Ap

(2.65)

where:

h is the height of the skirt [m]
Ap is the area of the submerged part of the foundation projected on a horizontal plane [m2]
A33o is the added mass for a flat plate with a shape equal to the horizontal projected area of the object [kg]

It should be noted that the water volume entrapped inside the water bucket should be taken into account
when determining the added mass of the suction bucket.

Slamming coefficient
The slamming coefficient used in this thesis is stated by the DNV [14] and is dependent on the geometry
of the object. The slamming coefficient is determined based on the horizontal projected area of the
object and the rate of change of added mass with the submergence relative to the surface elevation.
DNV stated that the slamming coefficient for smooth circular cylinders Cs ≥ 3.0 and for non-circular
shapes the slamming coefficient Cs ≥ 5.0.



3
Generation of foundation concepts

A generation of the foundation concepts is required in order to determine which concepts are interesting
to develop further throughout this research. In order to do so the limitations of the template design that
are considered throughout this thesis are stated. To determine the environmental loads that act on the
template, the environmental conditions based on metocean data of the location of the He Dreiht Wind
Farm are considered. After stating the limitations and the environmental conditions, the foundation
concepts that will be developed further throughout this research are discussed.

3.1. Boundary conditions and assumptions for the He Dreiht tem-
plate design

Figure 3.1 stated below shows a figure of the initial template design and the corresponding properties.
It shows the crucial dimensions of the template. Additionally the weight of the template when being in
air, during operation and during the survival case are stated. Note that when referred to template in
figure 3.1, the template excluding the NMS is meant. The weight of the NMS is stated separately.

Figure 3.1: Template construction and properties

Noise Mitigation System
The NMS that is incorporated in the template will be the same as was prescribed for the base case
template design, being the Noise Mitigation System 10000 Pile Guided. Figure 3.1 above presents
the information on dimensions and weight of the NMS. More information on the NMS can be found in
section 1.3.1.

Supporting frame
As stated in section 1.3.1 the design of the template foundation considers a foundation with six legs.
The wave load direction acting on the template are stated in figure 3.4. This figure represents the loads
acting on the horizontal and diagonal of the template, considering a top view. For both situations it is
assumed that all wave and current loads come from the same direction. The largest member of the
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supporting frame in terms of diameter is 0.90 m.

Foundation
Each foundation concept of the template consists of six identical individual foundations, where each
individual foundation is connected to a leg of the supporting frame. In this research each type of
foundation will be designed to have a circular top-view geometry. Figure 3.2 below shows a drawing
of the top and side view of the template. The maximum distance between the two outer points of the
template construction is limited at 45 meter. This is due to the available deck space on the Thialf and
other equipment that is required to be present during installation.

Figure 3.2: Template configuration case study showing top view (left) and side view (right)

Weight of the template
The total weight of the template varies throughout the installation process due to the present buoyancy
force. The template in air weight is designed to have a maximum of 2400 mT. Since the assumption
is made that the supporting frame is fixed, this weight cannot be exceeded due to various reasons.
The supporting frame is designed on a template weight of 2400 mT considering the strength of the
fastening between the tubular members of the supporting frame and the attachment of the supporting
frame to the foundation. Due to the buoyancy, the total weight of the template when submerged and
lowered to the seabed is 2090 mT. The same weight is considered for the survival case of the template.
During operation the template is filled with air, resulting in a total weight of 1530 mT. The weight and
dimensions of the template when being in air, submerged and during operation are stated in the table
shown in figure 3.1.

The weight of each template segment is stated in table 3.1 below, resulting in a maximum in air weight
of 800 mT for each foundation concept.

Item Weight [mT]
Noise Mitigation System 1100
Supporting frame 500
Foundation 800
Total 2400

Table 3.1: Weight of each template segment

Monopile main properties
The monopile that is installed by means of the He Dreiht template has the following specifications as
stated in table 3.2. The weight of the monopile is carried by the seabed, however the monopile can
have a maximum inclination of 0.5°. This would result in an additional load on the template.
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Item Value Unity
Height 75 m
Diameter (top) 7 m
Diameter (bottom) 9.5 m
Wall thickness 75 mm
Weight 1600 mT

Table 3.2: Monopile main properties

3.2. Environmental conditions at the He Dreiht Wind Farm location
In order to determine the governing environmental loads that act on the template a significant wave
height (Hs) and peak period (Tp) should be stated. In order to do this accurately, the metocean data
of the He Dreiht Wind Farm is obtained and is converted to a wave scatter diagram as stated in figure
3.3. Afterwards, a significant wave height and peak period is stated in order to determine the governing
environmental loads acting on the template during the template set down and contingency case.

Wave scatter diagram
Metocean data is used to create a wave scatter diagram of the He Dreiht Wind Farm. This data covers
the wave conditions ranging from 1979 to 2020, and considers only the operational months (March until
October). The value stated in a cell represents the occurrence in percentage of those conditions based
on the Metocean data. As an example, from the determined wave scatter diagram stated in figure 3.3
it can be observed that a peak period of 4 - 8 seconds with a significant wave height between 0.5 - 2.5
meter occurs approximately 60% of the time.

The operability of each developed foundation concept can be determined by combining the operability
curve obtained from the hydrodynamic analysis and the corresponding wave scatter diagram from figure
3.3.

Figure 3.3: Wave scatter diagram of the He Dreiht Wind Farm location (based on operational months of 1979-2020)

3.2.1. Weather restricted conditions
The execution of each critical phase is considered as a weather restricted operation. Weather restricted
operations are defined by DNV as marine operations with a reference period (TR) less than 96 hours
and a planned operation period (TPOP ) less than 72 hours. This shall therefore only be planned to be
executed within a reliable weather window [15].

Set down case
The following environmental conditions are stated to determine the environmental loads during the
weather restricted conditions of the template set down case:
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• Maximum significant wave height of Hs = 2.5 m, limited by;
- Wave breaking limit
- Hmax = 2 ∗Hs

• Peak period of Tp = 4 seconds
• Surface current velocity of vcurrent = 0.70 m/s based on a 1-year return period
• Maximum wind velocity of vwind = 25 m/s

Contingency case
For the weather restricted conditions during the contingency case, the template configuration should
be able to withstand the following environmental conditions:

• Maximum significant wave height of Hs = 3.0 m, limited by:
- Wave breaking limit
- Hmax = 2 ∗Hs

• Peak period of Tp = 4 seconds
• Surface current velocity of vcurrent = 0.90 m/s, based on a 50 year return period
• Maximum wind velocity of vwind = 30 m/s, based on a 10 year return period

For the calculation of the environmental loads the following shall be taken into account:

• Waves, current and wind shall be taken from the same direction;
• Waves, current and wind shall be unidirectional (no wave spreading);
• Current profile is constant over depth
• Water depth of 45 meter

The environmental conditions stated above are summarized in Table 3.3 below.

Parameter Value
Tp 4 s
Hs 2.5 - 3.0 m (depending on the load case)
Hmax 2.0 * Hs (in meter)
Directions 0°- 360°(with increments of 15 degrees)
Current velocity vc 0.7 or 0.9 m/s (depending on the load case)
Direction Colinear with waves
Method Constant with water depth
Wind velocity vw 25 or 30 m/s
Water depth d 45 m

Table 3.3: Considered environmental conditions during the critical cases

3.2.2. Soil conditions
The soil conditions that are considered in this thesis are soils that generally occur in the North Sea
and that are suitable for monopile installation. For this research thesis an uniform clay seabed and
an uniform sand seabed are chosen for the design of the template foundation. For clay a relatively
hard seabed is considered, having an undrained shear strength of su = 150 kPa, which corresponds
with a saturated soil unit weight of γclay = 20 kN/m3. For sand, an uniform seabed with an internal
friction angle of ϕ = 40° is chosen, corresponding with a dry soil unit weight of γsand = 17.60 kN/m3.
An undrained behavior is considered for clay and a drained behavior for sand. Table 3.4 below shows
an overview of the soil properties that are considered during this thesis.

Clay layer Properties Behavior
Shear strength su [kPa] 150 Undrained

γclay [kN/m3] 20
Sand layer Properties Behavior

Friction angle ϕ [°] 40 Drained
γsand [kN/m3] 17.60

Table 3.4: Soil properties considered during this thesis
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3.3. Modelling the environmental loads acting on the template
This section discusses the simplification made to the template construction to determine the environ-
mental loads acting on it. It will be investigated if a simplification of the template can be made that
considers only the NMS as a cylindrical structure. That would imply that the supporting frame and
foundation can be neglected. This is only possible if the environmental loads acting on the supporting
frame can be considered small compared to the loads acting on the NMS.

Figure 3.4: Wave load directions, horizontal (left) and diagonal (right)

Template simplification
A simplification of the template construction is made for the calculation of the horizontal environmental
loads acting on the template during the set down and contingency case. The water depth is estimated
as an intermediate water depth in order to determine the wave particle motion. Since the magnitude
of the hydrodynamic loads decrease over depth, the largest loads are obtained at the upper part of the
template. The wave loading decreases quadratic-ally, with approximately 2% of the load at sea level
is obtained near the seabed. This is based on wave theory considering an intermediate water depth.
As stated in section 1.3.1, the construction can be divided in three segments, namely the NMS, the
supporting frame and the foundation. The NMS is a vertical cylinder with a diameter of 13.6 meter and
extends over the full water depth. The supporting frame has a relatively small area, with a member
diameter ranging from 0.5 - 0.9 meter, and reaches up to a height of 32 meter from the seabed. The
foundation is close to the seabed, or penetrated into the seabed. Therefore it is assumed that the foun-
dation will encounter a negligible amount of wave forces. Since the supporting frame does not extend
over the full water depth and is relatively small compared to the width of the NMS, the supporting frame
is neglected when determining the loads. It is determined that the environmental loads acting on the
supporting frame and foundation footing are approximately 10% of the loads acting on the NMS. Based
on the statements above, the template is simplified to only the NMS modelled as a vertical cylinder with
a diameter of 13.6 meter. This simplification is shown in figure 3.5. The environmental loads acting on
the template are calculated by means of Morison’s equation as stated in section 2.4.
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Figure 3.5: Template simplification

Section 2.4 states the theory of Morison’s equation that is used to calculate the environmental loads act-
ing on the simplified template, which assumes that the NMS can be considered as a slender structure.
The NMS can only be considered as a slender structure for wavelengths λ ≥ 5 ∗D, which corresponds
to a wave period of T ≥ 6.6 s. For wave periods T ≤ 6.6 s, diffraction and radiation will occur. The ap-
plication of Morison’s equation will then result in an overestimation of the loads acting on the structure.
However, the loads determined by Morison’s equation are in the right order of magnitude. Therefore
Morison’s equation will be used since this thesis covers a preliminary design stage of the template. In
a more detailed design stage also the influence of the loads acting on the supporting frame and the
foundation should be taken into account.

Results of environmental loads
By means of the Morison equation and the environmental conditions stated above, the results of the
hydrodynamic loads acting on the structure are stated in table 3.5 below. These are the unfactored
loads that act on the template during the set down case and contingency case considered in section
3.2.1. This table provides an overview of the loads for the set down and contingency case.

Set down case Contingency case
Hs 2.5 m Hs 3.0 m
Hmax 5 m Hmax 6 m
Tp 4 sec Tp 4 sec
vcurrent 0.7 m/s vcurrent 0.9 m/s
Horizontal load 8.8 MN Horizontal load 11.7 MN
Vertical static load 24.5 MN Vertical static load 20.9 MN
Total overturning moment 335.1 MNm Total overturning moment 483.2 MNm

Table 3.5: Environmental conditions and corresponding loads during set down and contingency case

The vertical load during each case is related to the corresponding weight of the template for that case.
The governing vertical static load during the set down case consists of the submerged weight of the
template plus the weight of the pile and hammer on the template, at a maximum inclination angle of
0.5°. See figure 3.1. If the pile and hammer would have no inclination angle, the weight would be
carried by the seabed. Therefore at an inclination angle of 0.5°, the weight carried by the template is
considerably small. The vertical static load during the contingency case is the weight of the template
during the survival conditions, stated in table 3.1.
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Considering the contribution of wind loads during monopile installation a concise estimation is made.
In order to do so, the overturning moment due to the wind load is compared to the overturning moment
due to wave and current loads. With the considered maximum wind velocity of vw = 30m/s, this is
estimated to have a contribution of less than 2% and can therefore be neglected. This simplifies the
environmental loads to wave and current loads only. The wind loads are calculated as follows:

Fwind = A ∗ 0.613v2wind ∗ Cd (3.1)

where:

A is the vertical surface area subjected to wind loading [m2]
vwind is the wind velocity [m/s]
Cd is the drag coefficient, stated as 1.2 for cylinders [-]

3.4. Choosing which foundation concepts to consider
The foundation techniques described in section 2.1 are a concrete GBS, a mudmat foundation and a
suction bucket foundation technique. For deep pile foundations a conventional driven pile, a push-in
pile and a helical pile foundation are discussed. The choice of the foundation techniques that will be
developed further throughout this research are based on the limitations, assumptions and boundary
conditions stated above and on basic calculations.

The concrete GBS foundation technique will not be considered further throughout this research. This
is based on its material strength and a first estimation of the dimensions of a concrete GBS compared
to a steel mudmat. The concrete used for Gravity Based Structures is assumed to have a unit weight
of 2400 kg/m3 [32]. For steel a unit weight of 8000 kg/m3 is considered [32]. A large weight of the tem-
plate is preferred since this in favor for the stability of the template on the seabed. In order to obtain the
same template weight without adding any extra ballast, the required volume will therefore be approxi-
mately three time as large. A larger foundation volume results in a larger buoyancy of the foundation,
which is undesirable when lifting the template through the wave zone. On top of that, a steel mudmat
would have a much larger strength than a concrete GBS foundation due to its material characteristics.
Therefore, it can be stated that a GBS is less desirable compared to a mudmat foundation. For that
reason a concrete GBS will not be developed further throughout this research.

The mentioned drilled and grouted pile foundations will not be developed throughout this research. The
installation of this foundation technique is stated to be costly and is preferable for rock soils [37]. Since
only sand and clay soils are considered, only the push-in pile and helical pile foundation concepts will
be investigated.

Conventional pile foundations will not be considered since this would imply the usage of a driving or
drilling system, which produces noise emissions. Since the NMS incorporated within the template to
comply with the German governmental regulations, it would not be in line with the sustainable ambitions
to reduce the noise production as much as possible.

The push-in pile and helical pile foundations can only be installed separately after the template is set
down on the seabed. For these concepts the initial stability is not obtained by the pile foundations.
Therefore an additional foundation technique is required to ensure the initial stability during the set
down case. The additional foundation technique that will be considered for the push-in pile and helical
pile foundation concepts is a suction bucket.



4
Development of the foundation concepts
This chapter states the development of the foundation concepts considered throughout this thesis. First
the maximum compression (Fcompression,max) and tension force (Ftension,max) acting on the template
are determined. This is based on the environmental loads determined in section 3.3. The template
should be designed to resist these loads in order to ensure stability. The design considers the dimen-
sions in terms of diameter, length of the skirt/pile if required and the wall thickness of the suction bucket
or pile. The dimensions are calculated based on the API theory stated in section 2.3. At the end of
this chapter the results of the dimensions are stated for each foundation concept. The results also
consider the design of the foundation concepts that are required for the pile foundation techniques to
ensure initial stability during the set down case. This is required since the pile foundations can only be
installed after the template is set down on the seabed. A suction bucket concept is chosen to ensure
this initial stability.

4.1. Calculating required dimensions of the foundation concepts
This section provides the design of the foundation concepts that are considered throughout this thesis,
based on the API foundation theory stated in section 2.3. The equations are computed in a matlab cal-
culation model to determine the required dimensions of each foundation technique. This model iterates
over the diameter and skirt or pile length of a foundation concept, based the capacity that is required
to ensure stability. Figure 4.1 below shows an indication of the design of each considered foundation
concept. The foundation concepts stated in the figure are not to scale, but do give a proper indication
of the concept.

• Mudmat
• Suction bucket
• Push-in pile
• Helical pile

Figure 4.1: Artist impression on the foundation concepts; from left to right: Mudmat; Suction bucket; Push-in pile; Helical pile
(foundation concepts are not to scale)

As stated in chapter 3 a fixed supporting frame is assumed throughout this research. The supporting
frame consists of six legs connected to six identical foundations. The template configuration is depicted

47
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in Figure 3.2 and each segment is mentioned.

The dimensions of the foundation concepts are determined based on the environmental loads stated
in Table 3.5. From this the governing loads acting on a foundation leg is determined due to the environ-
mental loads acting in horizontal direction, and the selfweight of the template acting in vertical direction.
The environmental loads result in an overturning moment acting on the template and can cause sliding.
Figure 4.2 below shows on the left the lateral reaction forces to the loads acting on the template. On
the right the vertical reaction forces to the loads acting on the template are shown.

Figure 4.2: Lateral (left) and axial (right) foundation reactions due to the loads acting on the template

Moment equilibrium
The overturning moment is calculated around point A, as stated in figure 4.2. This results in tension
and compression reaction forces obtained from the interaction between the template and the seabed.
The equilibrium of forces due to the loads acting on the template is stated in the equations below.

Overturning moment around point A:

OTM = Fc1,M ∗ (1
2
Dtemplate −

1

2
Dfoundation) + 2Fc2,M ∗ (1

4
Dtemplate −

1

2
Dfoundation)

− Ft1,M ∗ (1
2
Dtemplate −

1

2
Dfoundation)− 2Ft2,M ∗ (1

4
Dtemplate −

1

2
Dfoundation)

(4.1)

This results in the following equations to determine the maximum loads in compression and tension:

Ftension = max((Ft1,M − Fres,G), (Ft2,M − Fres,G)) (4.2)

Fcompression = max((Fc1,M + Fres,G), (Fc2,M + Fres,G)) (4.3)

Where Fres,G is the weight of the template that is carried by one foundation leg. This is considered
to be 1

6 th of the template self weight. Taking the loads stated in table 3.5 into account, the maximum
compression and tension force resulted in Fcompression = 15334 kN and Ftension = 4595 kN .

Mudmat
The mudmat foundation concept obtains its stability from distributing the load over the horizontal sur-
face area to the seabed. Since a mudmat foundation does not penetrate into the soil, the foundation
capacity is only dependent on the diameter of the mudmat. On top of that, tension forces cannot oc-
cur. It is therefore assumed that the overturning moment on a mudmat foundation will only result in a
compression force.
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Figure 4.3: Mudmat foundation schematic drawing; side view (left) and top view (right)

Based on the loads acting on the structure the required diameter is determined for each type of seabed
by means of the following equations:

Sand seabed
Vertical capacity:

Q′
d,sand = (p′o(Nq − 1)Kq + 0.5γ′B′NγKγ) ∗

1

4
πD2

mudmat (4.4)

where B′ is the effective width of the foundation which is considered to be the diameter of the mudmat,
thus equal to Dmudmat.

Lateral capacity:

H ′
d,sand = FG,TP tan(ϕ

′) (4.5)

Clay seabed
Vertical capacity:

Q′
d,clay = 6.05suA (4.6)

Lateral capacity:

H ′
d,clay = suoA (4.7)
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Suction bucket

Figure 4.4: Suction bucket schematic drawing; side view (left), bottom view (right)

This section states the calculation of the minimum required diameter and skirt length of the suction
bucket to ensure stability on the seabed. This is based on the maximum compression and tension
forces stated previously. The diameter is iterated from 1 - 10 m and the skirt length is iterated over a
length of 1 - 6 m in the calculation model. The embedment ratio limit stated in section 2.1.1 should also
be taken into account. Calculation of the dimensions of the suction bucket are based on the shallow
and deep foundation theory stated by API standards. This is obtained from the theory stated in section
2.3. The governing dimensions to ensure stability were obtained when considering the deep foundation
theory. Therefore the dimensions of the bucket are determined based on the axial and lateral capacity
due to tension and compression loads.

The equations stated above are solved in a matlab model to calculate the minimum required diame-
terD to ensure stability, iterating over an increasing skirt length L. The results are shown in section 4.2.

Sand seabed
Vertical capacity
The required diameter to withstand the vertical load can be determined by means of the tension and
compression capacity of the suction buckets. This is determined by the skin friction and tip resistance
of the bucket as follows:

Qt = Qf,t = f(z)As

Qt =

∫ L

0

πDzfoutside,sand(z)dz +

∫ L

0

π(D − 2t)zfinside,sand(z)dz (4.8)

Qc = Qf,c +Qp = f(z)As + qAp

Qc =

∫ L

0

πDzfoutside,sand(z)dz +

∫ L

0

π(D − 2t)zfinside,sand(z)dz +
1

4
π(D2 − (D − 2t)2)Nqσv (4.9)

Where L is the skirt length of the suction bucket, As is the vertical side surface of the skirt, t is the
thickness of the skirt and σv is the effective unit weight at the depth of the skirt tip. It is assumed that
the outside skin friction is equal to the inside skin friction [4].

Lateral capacity
The lateral capacity based on the deep foundation theory stated in equations 2.33 and 2.34 by API for a
sand seabed is dependent on the skirt length, diameter and the angle of internal friction. It is calculated
as follows:
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H ′
d,s =

∫ L

0

((C1z + C2D)γ′z)dz

H ′
d,d =

∫ L

0

(C3Dγ′z)dz

H ′
d = min(H ′

d,s,H
′
d,d)

(4.10)

The index d, s and d, d stand for the design value when shallow foundation has to be considered and
for the design value when deep foundation has to be considered. The coefficients C1, C2 and C3 are
dependent on the angle of internal friction, and can be determined as follows:

C1 = (tanβ)2tanα
tan(β−ϕ′) +Ko ∗ [ tanϕ′ sin β

cosαtan(β−ϕ′) + tanβ ∗ (tanϕ′sinβ − tanα)]

C2 = tanβ
tan(β−ϕ′) −Ka

C3 = Ka[(tanβ)
8 − 1] +K0tanϕ

′ ∗ (tanβ)4

α = ϕ′

2 ;
β = 45 + ϕ′

2 ;
Ko = 0.4; Ka = 1−sinϕ′

1+sinϕ′

Clay seabed
Vertical capacity
The determination of the vertical capacity in a clay layer is very similar to the theory when considering a
sand layer. The tension capacity (Qt) consists of the outside and inside skin friction. The compression
capacity (Qc) is the sum of the skin friction and the pile tip resistance. However, the pile tip resistance in
a clay layer is determined by the undrained shear strength which is assumed constant along the depth.
Therefore, increasing the skirt length will not result in an increase in skirt tip resistance. The following
formula are considered:

Qt = Qf,t = f(z)As

Qt = Ftension =

∫ L

0

πDzfoutside,sanddz +

∫ L

0

π(D − 2t)zfinside,sanddz (4.11)

Qc = Qf,c +Qp = f(z)As + qAp

Qc = Fcompression =

∫ L

0

πDzfoutside,sanddz +

∫ L

0

π(D− 2t)zfinside,sanddz +
1

4
π(D2 − (D− 2t)2) ∗ 9cu

(4.12)
Lateral capacity
For calculating the lateral capacity for deep foundations in an undrained situation, the following equa-
tions stated by the API are used:

H ′
d =

∫ L

0

(3suD + γ′zD + Jsuz)dz (4.13)

but is limited by:

H ′
d =

∫ L

0

(9suD)dz (4.14)

where:

su is the ultimate resistance, units of pressure
D is the pile outside diameter
γ′ is the submerged soil unit weight
J is the dimensionless empirical constant, taken here as 0.25
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Push-in pile
For calculating the dimensions of a deep foundation pile the axial pile capacity should be considered.
The axial capacity of the pile at compression loads is determined by the sum of the inner and outer
shaft resistance plus the bearing capacity at the pile tip. The axial capacity of the pile at tension loads
is determined by the sum of the inner and outer shaft resistance, based on API standards [4]. A
schematic overview of the pile is shown in figure 4.5 below.

Figure 4.5: Push-in pile schematic drawing; Side view (left) and top view (right)

In order to avoid local buckling at stresses up to the yield strength of the pile material, the D/t ratio of
the length of the pile should be small. The minimum wall thickness tmin to avoid local buckling should
not be less than the values calculated by the following equation [24]:

tmin = 6.35 +
D

100
(4.15)

It should be noted that this would be a conservative approach since this limitation is stated for piles that
are to be installed by driving with sustained hard driving (820 blows/m with the largest size hammer to
be used) [24]. Push-in piles will be pushed into the soil due to the weight of the opponent piles which
would result in lower stresses in the pile. Therefore local buckling is less likely to occur.

The theory considered for determining the capacity and the required diameter of the push-in pile is the
same as the deep foundation theory used for calculating the suction bucket dimensions. Both concepts
are a steel cylinder with a certain pile length. The equations stated below are solved in a matlab model
to determine the minimum required diameter D to ensure stability, when iterating over an increasing
pile length. The results are shown in section 4.2.

Sand seabed

Vertical capacity
The ultimate compression capacity of a pile foundation can be determined by the skin friction of the pile
and the end bearing capacity. The ultimate tension capacity of a pile foundation is determined by only
the skin friction of the pile. It is known from practice that open-ended foundation piles show unplugged
behavior during installation. The total skin friction is calculated by the summation of the internal and
external skin friction, plus the end bearing capacity of the pile tip. This results in the following equations
for calculating the capacity in compression and tension:

Qt = Qf,t = f(z)As
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Qt =

∫ L

0

πDzfoutside,sand(z)dz +

∫ L

0

π(D − 2t)zfinside,sand(z)dz (4.16)

Qc = Qf,c +Qp = f(z)As + qAp

Qc =

∫ L

0

πDzfoutside,sand(z)dz +

∫ L

0

πDzfinside,sand(z)dz +
1

4
π(D2 − (D − 2t)2)Nqσv (4.17)

Inserting equations 4.16 and 4.17 in the matlab calculation model yields the minimum required diame-
ter and pile length to ensure stability.

Lateral capacity
The lateral capacity is to be determined for shallow and deeper depths which is stated below by H ′

d,s

for shallow and H ′
d,d for deep depths. Both equations have to be considered for which the smallest

value should be used as the governing lateral capacity. The calculations of the coefficients C1, C2 and
C3 are elaborated in section 2.3.2.

H ′
d,s =

∫ L

0

((C1z + C2D)γ′z)dz

H ′
d,d =

∫ L

0

(C3Dγ′z)dz

H ′
d = min(H ′

d,s,H
′
d,d)

(4.18)

Clay seabed

Vertical capacity
The ultimate axial capacity of a pile foundation under vertical loading can be determined by the skin
friction of the pile and the end bearing capacity. It is known from practice that open-ended foundation
piles show unplugged behavior during installation. Therefore the total skin friction is calculated by
the summation of the internal and external skin friction. The end bearing capacity acts on the pile tip
annulus only. This results in the following equation:

Qt = Qf,t = f(z)As

Qt = Ftension =

∫ L

0

πDzfoutside,sanddz +

∫ L

0

π(D − 2t)zfinside,sanddz (4.19)

Qc = Qf,c +Qp = f(z)As + qAp

Qc = Fcompression =

∫ L

0

πDzfoutside,sanddz+

∫ L

0

πDzfinside,sanddz+
1

4
π(D2− (D−2t)2)∗9cu (4.20)

The calculation for the axial capacity for cohesive soils, such as stiff clay, is elaborated in section 2.3.2.
It should be noted that the shaft friction resistance and end bearing capacity computed by the formulas
above represent long-term capacities [4]. The axial capacity immediately after installation is usually
lower, which should be taken into account for a template construction which is placed on the seabed
for a relatively short period of time.

Lateral capacity
For lateral action on the pile in an undrained situation the standards stated by the API are used, since
it considers the calculation of the lateral capacity for deep pile foundations. The same formula can be
used for calculating the lateral capacity for stiff clay as for soft clay. The formula used is as follows [4]:

H ′
d =

∫ L

0

(3suD + γ′LD + Jsuz)dz (4.21)

but is limited by:

H ′
d =

∫ L

0

(9suD)dz (4.22)
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where:

su is the ultimate resistance, units of pressure
D is the pile outside diameter
γ′ is the submerged soil unit weight
J is the dimensionless empirical constant, taken here as 0.25

Helical pile
The helical pile consists of an upper and a lower shaft, where it is assumed that the upper shaft is
two times the diameter of the lower shaft. The wall thickness is dependent on the pile diameter by
the following relation t = 6.35 + D

100 , in order to prevent buckling. There will be one helix present at
the bottom of the bottom shaft and one at the bottom of the upper shaft. Figure 4.6 below shows a
schematic overview of a helical pile.

Figure 4.6: Helical pile schematic overview; side view (left), top view (right)

Calculation of the required diameter is done by means of the cylindrical shear method, stated by Moha-
jerani et al. (2016) [34]. For compression, the cylindrical shear method determines the axial capacity
by the sum of the end bearing resistance below the bottom helix plus the skin friction of the upper shaft
and the bottom shaft. For tension the top helix accounts for bearing resistance plus the sum of the skin
friction of the upper shaft and the bottom shaft. It is therefore assumed that soil is entrapped in the
upper shaft. The helix at the bottom shaft has the same properties as the helix at the top shaft. Figure
4.7 shows the shaft friction and bearing capacity for a compression and tension load.

The methods to determine the capacity of a helix foundation are stated by Mitsch and Clemence et al.
(1985) [33] for helicals in cohesionless soils and by Mooney and Narasimha et al. (1991) [38] for piles
in cohesive soils. The equations that are used in the matlab model are stated below.
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Figure 4.7: Left: Pile in compression; Right: Pile in tension

Sand seabed

Vertical loading
The equation of the cylindrical shear method to determine the ultimate compression capacity of a helical
pile in a cohesionless soil is proposed by Mitsch and Clemence [33], and can be determined by the
following equations for compression (Qc) and tension (Qt):

Qc = Qhelix +Qbearing +Qshaft

Qc =
1

2
πDaγ

′(H2
b −H2

t )Kstanφ+ γ′HAHNq +
1

2
PSH

2
effγ

′KStanϕ (4.23)

Under tension loading the equation becomes the following:

Qt = Qhelix +Qbearing +Qshaft

Qt =
1

2
πDaγ

′(H2
b −H2

t )Kutanφ+ γ′HAHF ∗
q +

1

2
PsH

2
effγ

′Kutanφ (4.24)

KS = 1−sinϕ
1+sinϕ is the active lateral earth pressure (due to compression), whereas Ku = 1+sinϕ

1−sinϕ is the
passive lateral earth pressure (due to tension).

Lateral capacity
For the lateral capacity the deep foundation theory stated by the API is considered. This theory is equal
to the theory used for suction buckets and push-in pile, but rewritten for the design of the helical pile.
The lateral capacity is to be determined for shallow and deeper depths which is stated below by H ′

d,s

for shallow and H ′
d,d for deep depths. Both equations have to be considered for which the smallest

value should be used as the governing lateral capacity. The calculations of the coefficients C1, C2 and
C3 are elaborated in section 2.3.2.
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H ′
d,s =

∫ 0.7Lpile

0

((C1 ∗ 0.7z + C2Dshaft,up)γ
′ ∗ 0.7z)dz +

∫ Lpile

0.7Lpile

((C1 ∗ 0.3z + C2Dshaft,bot)γ
′ ∗ 0.3z)dz

H ′
d,d =

∫ 0.7Lpile

0

(C3 ∗Dshaft,up ∗ γ′ ∗ 0.7z)dz +
∫ Lpile

0.7Lpile

(C3 ∗Dshaft,bot ∗ γ′ ∗ 0.3z)dz

H ′
d = min(H ′

d,s,H
′
d,d)

(4.25)

Clay seabed

Vertical capacity
The ultimate compressive strength of the pile consists of the sum of the bearing strength at the tip of the
pile, plus the bearing capacity obtained from the helices and the skin friction. The ultimate compression
capacity in a clay seabed can be determined as follows [38]:

Qc = Qhelix +Qbearing +Qshaft (4.26)

Qc = Sf (πDshaft,botLc)cu+AHcuNc+πDshaft,botHeffαcu+πDshaft,upHeffαcu+πDshaft,upHeffαcu
(4.27)

where:

Sf spacing ratio factor
D diameter of the pile helix
Nc compressive bearing capacity factor for cohesive soils
d diameter of the pile shaft
Heff effective length of the pile above the top helix
Lc distance between top and bottom helical plates
AH area of the helix
α adhesion factor

The ultimate tension capacity of a helical pile is derived similarly to the compression capacity. How-
ever, there is a difference since the soil is undisturbed by installation of the pile during compressive
loading. For tension loading the soil properties of the disturbed soil will be used. The bearing capacity
is increased due to the uplift bearing resistance by the top helix. This results in a contribution of the
effective stress γ′ times the depth of the top helix H.

Qt = Qhelix +Qbearing +Qshaft

Qc = Sf (πDshaft,botLc)cu+AH(cuNc+γ′H)+πDshaft,botHeffαcu+πDshaft,upHeffαcu+π(Dshaft,up)Heffαcu
(4.28)

From the difference in the equation for the tensile and compressive capacity, it can be obtained that the
increase in tensile capacity compared to compressive capacity is larger when the length of the shaft
from seabed to top helix is increased.

Lateral capacity
For the lateral capacity the deep foundation theory stated by the API is considered. This theory is equal
to the theory used for suction buckets and push-in pile, but rewritten for the design of the helical pile.

H ′
d =

∫ L

0

(3suDout + γ′zDout + Jsuz)dz (4.29)

but is limited by:

H ′
d =

∫ L

0

(9suDout)dz (4.30)

where:
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su is the ultimate resistance, units of pressure
D is the pile outside diameter
γ′ is the submerged soil unit weight
J is the dimensionless empirical constant, taken here as 0.25

The calculations of the coefficients C1, C2 and C3 are elaborated in section 2.3.2. The index d, s and
d, d stand for the design value when shallow foundation has to be considered and for the design value
when deep foundation has to be considered.

4.2. Results of the calculation model
This section shows the results of the models used to calculate the minimum required diameter and
skirt or pile length, if applicable. These dimensions are based on the governing total loads acting on
the structure throughout the critical load cases, considering the homogeneous sand and clay seabed.
The loads are calculated in section 3.3. In the model, the calculated compression, tension and lateral
loads are kept constant. Meaning, each point on the ’Tension capacity’-line shown in the graphs below
represent the same required tension capacity based on the tension load acting on the foundation. First
it is determined which load shows to be governing in terms of dimensions. Then, taking the weight of
each concept into account, the dimensions for each concept are determined. For the suction bucket,
push-in pile and helical pile foundations each graph shows the diameter against the corresponding skirt
or pile length. Within the model also the wall thickness is incorporated. For the suction bucket, the wall
thickness is dependent on the diameter via the relation t = D

100 . For the helical pile and push-in pile,
the wall thickness is considered as: t = 6.35 + D

100 in millimeter [24]. The compression and tension
capacity showed to be the governing criteria for the dimensions of the suction bucket, push-in pile and
helical pile foundation concepts. Therefore the results considering the sliding capacity are not shown
in order to keep a clear overview of the graphs.

Mudmat
The minimum required diameter considering a mudmat foundation on a sand or clay seabed resulted
to be 14 m at each foundation leg. Since there is no penetration of a mudmat into the soil it is obtained
that the governing diameter is due to instability caused by sliding.

Suction Bucket
The results for the suction bucket concept when iterating over the diameter and skirt length are shown
in figure 4.8 below. On the x-axis the skirt length is ranging from 1 - 12 m and the y-axis considers the
suction bucket diameter. As mentioned in section 2.1.1, the dimensions of the suction bucket should
also take the embedment ratio into account in order to avoid fluidization. Therefore the upper and lower
limit of the foundation embedment ratio are also included in the graphs below.

Figure 4.8: Suction bucket dimensions for sand (left) and clay (right)

For both type of seabeds the required capacity in compression is governing for the dimensions. When
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taking the embedment ratio limit into account the diameter of the suction bucket foundations lie within
the range stated in the table below.

D1 [m] D2 [m] L1 [m] L2 [m]
Sand seabed 9.1 6.3 4.5 6.3
Clay seabed 5.8 3.1 5.8 9.5

Table 4.1: Outer limits of the suction bucket dimensions considering the foundation embedment ratio

where:

D is the diameter of the suction bucket [m]
L is the skirt length [m]

Besides the embedment ratio limit also the maximum allowable foundation weight of 800 mT should
be taken into account. Figure 4.9 below shows the diameter of the suction bucket as a function of the
weight, shown for the governing compression capacity for a sand and clay seabed.

Figure 4.9: Weight of the suction bucket foundation [mT]

It can be obtained from the figure that the weight increases with a decreasing diameter. The weight
limit of 800 mT is reached for a diameter of Dsand = 11.7m and Dclay = 8.5m. However, since the
embedment ratio limit stated in section 2.1.1 should be taken into account, the results of the dimensions
of the suction bucket are as follows:

D [m] Lskirt [m]
Sand seabed 9.1 4.5
Clay seabed 5.0 6.4

Table 4.2: Determined dimensions of the suction bucket

These results take the embedment ratio limit into account, however the maximum weight of 800 mT
is exceeded. This would result in adjustments to be made to the supporting frame in a more detailed
design stage.

4.2.1. Initial stability of the pile foundation concepts
The piles of the concepts can only be installed after the template is set down on the seabed. Without
these piles there is only little stability reached and failure will occur. Therefore, additional foundation
concepts are required that ensure stability during the template set down phase until the piles are fully
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installed. For the design of the additional foundation a suction bucket is considered. It is assumed that
the environmental loads during set down and complete installation of the foundation piles is constant.
This foundation should be able to ensure the overturning moment and vertical loading during the set
down case, which is stated in table 3.5. This resulted in the following dimensions:

Item Sand Clay
Diameter [m] 8.6 5
Skirt length [m] 4.3 5.5
Weight [mT] 770 890
Wall thickness [m] 0.086 0.05

Table 4.3: Dimensions for initial stability

The dimensions are checked whether the required penetration depth due to self weight penetration is
reached, due to the soil resistance and the weight of the template, excluding the pile foundations. The
penetration depth is calculated as follows:

Wtemplate > 6 ∗Qc (4.31)

where:

Qc is the soil resistance of one leg, calculated as the sum of skin friction and pile tip resistance [kN]
Wtemplate is the weight of the template [kN]

This results in the following graph that shows the soil resistance as a function of the penetration depth,
for the considered clay and sand seabed.

Figure 4.10: Soil resistance as a function of the penetration depth

The self weight of the template is based on the weight of the NMS, the supporting frame and the weight
of the initial foundation in clay added to the concept, since this weight is governing. It can be obtained
from the figure that the required penetration depth is not reached due to the self weight in a clay and
sand seabed. Therefore additional suction pressure is needed to reach the required penetration depth.
This leads to the additional foundation concept to be a suction bucket. The weight of the suction bucket
should be taken into account when determining the weight of the pile foundations. The pile foundations
need to ensure stability based on the difference in loading between the set down case and contingency
case, stated in table 3.5.
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Push-in Pile
The total length of the pile foundation is the sum of the skirt length of the suction bucket that is requird
for initial stability, plus the required pile length to ensure stability during the contingency case. This
is reasonable for a clay seabed, however, for the sand seabed this results in an overestimation. As
stated in section 2.2, the strength of sand increases linearly with depth. The dimensions for the pile
foundations are calculated considering the piles at seabed level. Therefore, the total capacity at depth
Lskirt + Lpile is larger than at Lpile.

The graphs below show the dimensions of the push-in pile foundation with the pile length on the x-
axis and the corresponding diameter on the y-axis. As mentioned in section 2.1.2 the diameter that is
calculated is the overarching diameter of the four smaller pile foundations. It is shown in the figures
that the compression capacity and tension capacity are both governing, depending on the chosen
dimensions of the pile.

Figure 4.11: Diameter and pile length dimensions for a sand (left figure) and clay (right figure) seabed

The dimensions of the push-in pile for a sand and clay seabed are determined to be the following:

D [m] Lpile [m]
Sand seabed 3.0 7.2
Clay seabed 3.0 6.1

Table 4.4: Determined dimensions of the push-in pile

Additionally, the corresponding weight to these dimensions are calculated. This results in the following:
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Figure 4.12: Weight of the push-in pile foundations [mT]

This results in a corresponding weight of 270 mT for the sand concept and 130 mT for the clay concept.
As mentioned previously, the total length of the pile foundation is the skirt length of the suction bucket
plus the length of the pile stated in table 4.4. The results for the push-in pile foundation including the
suction buckets to ensure initial stability are summarized in table 4.5 below.

Diameter [m] Length [m] Weight [mT]
Sand seabed
Suction bucket 8.6 4.3 770
Push-in pile 3 11.5 550

Clay seabed
Suction bucket 5 5.5 890
Push-in pile 3 11.6 555

Table 4.5: Dimensions of the push-in pile concepts

Helical Pile
Consequently for the helical pile foundation, the total length of the pile is the sum of the skirt length of
the suction bucket plus the required pile length to ensure stability during the contingency case. The
graphs below show the dimensions of the helical pile foundation with the pile length on the x-axis and
the corresponding diameter on the y-axis. The diameter that is stated in the graphs below is the outer
diameter of the top section of the pile. It is shown in the figures that for the sand seabed the compression
capacity or tension capacity is governing, depending on the chosen dimensions of the pile.
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Figure 4.13: Diameter and pile length dimensions for a sand (left) and clay (right) seabed

The dimensions of the helical pile for a sand and clay seabed are determined to be the following:

D [m] Lpile [m]
Sand seabed 2.5 5.6
Clay seabed 2.5 5.2

Table 4.6: Determined dimensions of the helical pile

Additionally, the corresponding weight to these dimensions are calculated. This results in the following:

Figure 4.14: Weight of the helical pile foundations [mT]

This results in a corresponding weight of 275 mT for the sand concept and 240 mT for the clay concept.
As mentioned previously, the total length of the pile foundation is the skirt length of the suction bucket
plus the length of the pile stated in table 4.6. The results for the helical pile foundation including the
suction buckets to ensure initial stability are summarized in table 4.5 below.
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Diameter [m] Length [m] Weight [mT]
Sand seabed
Suction bucket 8.6 4.3 770
Helical pile 2.5 9.9 485

Clay seabed
Suction bucket 5 5.5 890
Helical pile 2.5 10.7 525

Table 4.7: Dimensions of the helical pile concepts

4.2.2. Discussion
The calculated dimensions of the foundation concepts stated above is based on the environmental
loads shown in table 3.5. This considers the environmental loads acting on the template during the set
down case and the contingency case. The pile foundations can only be installed when the template
is set down on the seabed. Hence, an additional foundation technique is required in order to ensure
stability during the set down case. The results of each foundation concept is stated in table 5.3 and 5.4
below.

Foundation technique Diameter [m] Skirt length [m] Wall thickness [m] Foundation weight [mT]
Mudmat 14 - - 800
Suction bucket 9.1 4.5 0.091 1050
Push-in pile 3 11.5 0.094 550

Suction bucket 8.6 4.3 0.086 770
Helical pile 2.5 9.9 0.086 485

Suction bucket 8.6 4.3 0.086 770

Table 4.8: Foundation dimensions of each concept for a sand seabed

Foundation technique Diameter [m] Skirt length [m] Wall thickness [m] Foundation weight [mT]
Mudmat 14 - - 800
Suction bucket 5 6.4 0.05 1380
Push-in pile 3 11.6 0.094 555

Suction bucket 5 5.5 0.05 890
Helical pile 2.5 10.7 0.086 525

Suction bucket 5 5.5 0.05 890

Table 4.9: Foundation dimensions of each concept for a clay seabed

It should be noted that most foundation techniques exceed the weight limit of 800 mT. The influence
of this increase in weight has to be determined in a more detailed design stage. This could have an
effect on the design of the supporting frame, but also on the crane behavior when lifting the template
through the wave zone. It should be checked whether the crane capacity is still sufficient to lift the
template. Also, an increase in weight influences the dynamic behavior of the ship when lifting the
template through the wave zone. Therefore the corresponding resonance period when the template
is lifted by the crane should be determined for each foundation concept. Additionally, the influence
of the installation method on the soil capacity is not considered here. The installation method should
consider the effect of buckling of the foundation technique. This could become an important aspect
when investigating the installation method of the concepts, considering the fact that 64 monopiles have
to be installed by means of this template. Also the effect of adjacent pile foundations can result in an
increase or decrease of the soil capacity. The reaction of the soil to the installation method and the
effect of adjacent piles can be determined empirically by means of model scale tests, or theoretically
by means of [31].



5
Lifting the template through the wave

zone
For the installation of the template construction, the lifting operation through the wave zone until landing
on the seabed is an important procedure. During this operation the template and crane hoist obtain large
hydrodynamic forces. The behaviour of the template during this operation can significantly influence
the performance of the full template installation sequence. This operation can generally be divided in
three main phases:

• Lifting through the wave zone
• Submerged lowering operations
• Landing on seabed and retrieval

This chapter investigates the phase where each foundation concept is lifted through the wave zone. It
elaborates on the hydrodynamic theory given in section 2.5 and states the boundary conditions and
limitations that are considered for the hydrodynamic analysis. This theory considers the DNV simplified
method and is applied to the foundation concepts developed in chapter 4. The DNV simplified method
provides conservative estimates of the loads acting in vertical direction on the template during this
lifting phase, due to the assumptions that are considered throughout this method [18]. These are the
following:

• The horizontal extent of the lifted object is relatively small compared to the wave length.
• The vertical motion of the object follows the crane tip motion.
• The load case is dominated by the vertical relative motion between object and water - other modes
of motions can be disregarded.

Section 5.7 states a discussion on what is taken into account by the assumptions made in this method
and discusses aspects that are not considered. In order to determine the hydrodynamic loads acting
on the template the crane-tip motions and the hydrodynamic forces are determined. First, a wave
database is generated and used as an input from which the wave energy spectrum and crane tip mo-
tions can be determined. This is followed by the calculation of the hydrodynamic forces acting on the
structure when lifting through the wave zone. These will be calculated for two load cases, one where
the template is in air and second where the template is submerged. Based on the Dynamic Amplifica-
tion Factor (DAF) limit the maximum allowable significant wave height (Hs) can be determined, which
yields the operability. The operability shows the maximum allowable Hs for each corresponding peak
period (Tp). In combination with the determined wave scatter diagram at the He Dreiht Wind Farm
location, stated in figure 3.3, the operability of each developed concept based on the DAF-limit can be
determined. The operability is the amount of time, expressed in percentage (%), for which the template
can be lowered through the wave zone within the DAF-limit. Exceeding this DAF-limit can result in
failure of the lifting operation. When using the DNV simplified method, only the DAF-limit is considered.
Therefore only the motion in heave direction is of interest. In the last section of this chapter the applied
method will be discussed.

64
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5.1. Consideration and assumptions
5.1.1. Lifting operation
The installation of the template for the He Dreiht Wind Farm project is executed by the SSCV Thialf.
Therefore this vessel is considered for the hydrodynamic analysis during this thesis. The lifting opera-
tion is done by a single crane. It is assumed that the motion of the vessel is not affected by the lifting
operation of the template [18]. This assumption can be made since the weight of the template is less
than 1-2% of the displacement of the crane vessel. On top of that it is determined that the weight of
the template hanging in the crane has little influence on the center of gravity of the Thialf. As a conse-
quence, the template will have little influence on the behavior of the vessel. In addition it is assumed
that the connection between the the crane tip and the template is a rigid connection. Hence, the mo-
tion of the template is equal to the crane tip motion. Argumentation on the validity of this assumption
is stated in the discussion of this chapter, in section 5.7

Based on the hydrodynamic analysis of the initial design, it is stated that the vertical forces acting on
the template are dominant when considering the operability. Based on this, only the forces in vertical
direction are considered and the influence of horizontal forces are neglected. Therefore the simplified
method stated by DNV [18] can be used.

5.1.2. Crane position
During the lifting operation the Thialf will be in Dynamic Positioning (DP) mode, in order to stay in the
required position in terms of wave shielding. Generic specifications of the Thialf are stated in appendix
A. Appendix G states an overview of the positions of interest with respect to the global origin. During
the lifting operation, the position of the crane is considered to be at 135° from starboard side and has a
constant crane lowering velocity of 0.1 m/s during the full lowering sequence. The crane position with
respect to starboard (SB) and portside (PS) is shown in figure 5.1 below.

Figure 5.1: Crane position of portside (PS) crane

The position of the crane tip and the center of gravity (CoG) of the Thialf with respect to the global origin
is as follows:
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x y z
Thialf CoG 72.530 0.000 -4.440
Crane tip main block -28.188 12.425 118.480

Table 5.1: Position of Thialf CoG and crane tip w.r.t. global origin

5.1.3. Template position
During the lifting operation the template is hanging in the crane that is positioned as stated in table 5.1.
The length of the crane hoisting system between the crane tip and the connection point of the template
is approximately 48 m. The position of the CoG of the template with respect to the global origin is stated
in table 5.2. This is shown in more detail in appendix G. Since the template is symmetric, the x and y
position of the CoG of the template is equal to the position of the crane tip main block.

x y z
Template CoG -28.188 12.425 6.100

Table 5.2: Template CoG position w.r.t. global origin

5.1.4. Shielded and undisturbed waves
The waves are considered at an incoming wave direction of 135°. Due to the Dynamic Positioning (DP)
system present at the Thialf the position relative to the incoming waves can be be kept approximately
constant. The Thialf can adjust its position if incoming waves are changing direction. Considering the
crane tip position at an angle of 135°, the template will be partly shielded by the vessel with incoming
waves at 135°. As a consequence, the height of the incoming waves will decrease when encountering
the template, since the vessel absorbs energy from the incoming wave spectrum. Figure 5.2 below
shows the significant wave height of an incoming unit wave of 1 meter when being undisturbed and
when being shielded at 135°. Therefore this position is most preferable in terms of hydrodynamic
loading on the template.

Figure 5.2: Significant wave height for an undisturbed and shielded incoming unit wave of Hs = 1m, with an incoming angle of
135°

It can be obtained from the figure that the energy of the incoming wave is absorbed by the Thialf for
low wave periods, up to around 12 seconds. The motion of the vessel is not much affected by the
incoming wave spectrum. However, at larger wave periods ranging from 12 to around 21 seconds, the
wave height is increased by the presence of the Thialf. This effect is caused by radiation. The incoming
waves induce a motion of the vessel, resulting in radiated waves that lead to an input of energy to the
wave spectrum. For larger peak periods (Tp > 21s), the motion of the vessel results in energy absorp-
tion of the waves yielding a lower significant wave height at the template. However, only peak periods
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ranging between 2 - 12 seconds are considered for the hydrodynamic analysis since these occur most
frequently at the location of the He Dreiht Wind Farm.

5.2. Template model
The foundation of the template for each concept is simplified in order to determine the hydrodynamic
forces acting on the structure. The horizontal surface area of the six legs is modelled as one large
circular disc, containing skirts if applicable. Figure 5.3 below shows an overview of the template for the
mudmat foundation concept, obtained from Liftdyn.

Figure 5.3: Overview of the mudmat foundation concept model during lifting

From the figure it can be observed how the mudmat foundation is modelled. For each considered
concept the area of the horizontal disc is equal to the foundation area determined in chapter 4. However,
when considering the foundations that include skirts, simplifying the model to one large circular disc will
result in a lower force contribution then the six circular discs separately. This is since the circumference
of one disc with a certain surface area is smaller than the total circumference of six smaller discs equal
to this surface area. Therefore, in reality the slamming forces would have a larger contribution to the
total hydrodynamic forces acting on the foundation. This is due to the influence of the skirts, resulting
in an increase in slamming velocity inside the bucket.

5.3. Hydrodynamic forces acting on the template
As stated in section 2.5, the hydrodynamic forces that are considered by the DNV are the mass force,
buoyancy force, drag force and slamming impact force. Figure 5.4 below shows an overview of the
forces acting on the template foundation for both considered load cases described in the next section.
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Figure 5.4: Hydrodynamic forces in vertical direction acting on the template, for both considered load cases

Load cases
In order to determine the governing hydrodynamic forces that act on the structure when lifting through
the wave zone, the template is considered at two stages. To determine the hydrodynamic forces in
vertical direction, the forces acting on the supporting frame and NMS are not taken into account. This
is done since the horizontal surface area of the supporting frame and NMS are considerably small
compared to the horizontal surface area of the foundation. Hence, the vertical loading acting on the
supporting frame and NMS is negligible. The first load case considers the foundation to be in air. The
second load case considers the foundation to be submerged. These stages are shown in figures 5.5
and 5.6. By calculating the hydrodynamic forces at these two stages during lowering, the operability
curve of both load cases is determined. Based on this the governing operability curve is computed.
The sections below state the load cases that are considered with their corresponding submergence
level to the mean sea level.

The vertical position of the governing horizontal surface area of each foundation concept is chosen as
reference point. This area has the largest contribution to the horizontal water plane surface area. On
top of that, this surface area is different for each foundation concept and will therefore be of influence
in terms of operability when lowering the foundation of the template through the wave zone.

Load case 1: +1 m
During the first load case the horizontal surface area of the foundation concept is in air and is located 1
meter above the waterline with respect to the circular disc. At this stage the slamming force that act on
the surface area is present and has a large contribution to the hydrodynamic forces on the structure. For
the mudmat foundation, the added mass, drag and buoyancy forces are considered to be zero since the
structure is hanging completely in air since no skirts are present. For the bucket foundation concepts
the structure is partly submerged. However the mass, drag and buoyancy forces are assumed to be
negligible since the horizontal projected area of the skirt tips is small.
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Figure 5.5: Load case 1: +1 m below waterline

Load case 2: -1 m
For the second load case the foundation concept is assumed to be fully submerged and is located
1 meter below the waterline with respect to the circular disc area. At this stage the slamming loads
acting on the circular disc area are reduced to zero since the foundation concept is fully submerged.
However, the added mass, drag and buoyancy force are now present and describe the hydrodynamic
forces acting on the foundation.

Figure 5.6: Load case 1: -1 m below waterline

5.4. Limitations and criteria
Converted dynamic amplification factor limit
The dynamic amplification factor is the ratio of the maximum amplitude of the dynamic load divided
by the maximum amplitude of the static weight, stated in equation 5.1 below. It is therefore a ratio to
define the dynamic effect due to sudden loading on the structure. A limit is set to the DAF in order to
avoid failure of the crane, or to be conservative and to ensure a safe lifting operation. Since the static
forces are constant during the lifting operation, the DAF limit limits the maximum allowable dynamic
loading acting on the template. The dynamic forces considers only the hydrodynamic forces acting on
the template in vertical direction.

DAF =
|Fdyn(t)|

Mg
= 1.3 (5.1)

Fdyn(t) = Mg + Fhydrodynamic,vertical(t)

As mentioned in section 2.5, the DAF is converted to forces, resulting in a ratio of forces. The limit for
which the operability in heave motion will be designed on is DAF = 1.3 and is stated by Heerema [8].
Based on the DAF limit and the calculated hydrodynamic forces acting on the structure the maximum
allowable significant wave height Hs can be determined.

Crane capacity
The minimum required radius of the crane is determined at 44 meter with respect to the center of the
crane. This radius is calculated with a minimum required clearance of 5 meter between the outer point
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of the template and the outer point of the Thialf, stated by Heerema. This value corresponds to the
x-position of the crane tip stated in table 5.1. It is assumed that the crane capacity corresponding to a
radius of 44 meter is approximately 6700 mT.

Resonance of the hoisting system
Since the assumption is made that the template follows the crane tip motion, the connection between
the template and the crane tip is assumed to be rigid. For this case, only the resonance period of the
Thialf is of interest and the resonance period of the hoisting system can be neglected. However, in
reality the crane connection is not a rigid connection. Therefore, the resonance period of the hoisting
system is of interest and should be considered. In order to determine whether resonance of the hoisting
system occurs the resonance period of the hoisting system should be determined. Resonance may be
present if the crane tip oscillation period or wave period is close to the determined resonance period
T0 of the hoisting system [18]. This resonance period is determined as follows:

T0 = 2π

√
M +A33 + θ ∗mL

K
(5.2)

where

m is the mass of hoisting line per unit length [kg/m]
L is the length of the hoisting line [m]
M is the mass of the template in air [kg]
A33 is the heave added mass of the template [kg]
K is the stiffness of the hoisting system [N/m]
θ the adjustment factor taking the effect of mass of hoisting line and possible soft springs

into account

The calculation of the stiffness of the hoisting system K is stated in section 2.5. The adjustment factor
θ is considered zero, since the soft system is located just above the lifted object [18]. Since the mass of
each developed concept is different, the resonance period of each alternative will vary. The resonance
period is not taken into account by the DNV simplified method, but its effect on the operability will be
discussed in section 5.7.

5.5. Software applied
The software program Liftdyn is used in order to determine the Response Amplitude Operator (RAO)
of the crane tip motions of the Thialf. As mentioned in section 2.5, the RAO is a characteristic that
describes the behavior of a ship under defined circumstances for each ship motion. Within Liftdyn the
stiffness of the crane boom is taken into account, and determines the equations of motion of the CoG
of all bodies in the model. The RAO’s of the crane tip can be determined from the incoming wave
spectrum. Liftdyn is an in-house developed computer code to model and solve general linear hydrody-
namic problems in the frequency domain. From Liftdyn the obtained RAO’s can be post-processed to
a motion, velocity or acceleration RAO at any point relative to another point. By means of the RAO’s
the crane tip motions relative to the wave elevation of a known seastate can be determined. By means
of Liftdyn the RAO’s of the crane tip are determined, and afterwards post-processed in matlab.

Post-processing of the crane tip RAO’s is done to calculate the assumed behavior of the crane tip when
being subjected to a certain wave spectrum. Thereafter the hydrodynamic forces based acting on the
template are calculated, based on the theory stated in section 2.5. Each developed concept for a sand
seabed is post-processed to determine the operability, only considering the motions in heave direction.
Table 5.3 below shows the results determined in chapter 4 and the corresponding added mass of each
foundation concept. For the push-in pile and helical pile foundation concepts, only the subitem ’Suction
bucket’ is of relevance for the operability since this is the foundation that is required to provide initial
stability. The reason behind this is that the installation of the push-in pile and helical pile concept is
done in multiple lifts. The first lift considers the template construction including the suction buckets that
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are required to provide initial stability. The piles are separately installed after the template is set down
on the seabed and initial stability is obtained.

Foundation concept Diameter [m] Area [m2] Template weight [mT] Added mass [mT]
Mudmat 14 924 2400 8836
Suction bucket 9.1 390 2650 3344
Push-in pile 3 - 270 -

Suction bucket 8.6 306 2370 2597
Helical pile 2.5 - 240 -

Suction bucket 8.6 319 2370 2678

Table 5.3: Foundation dimensions of each concept for a sand seabed

Foundation concept Diameter [m] Area [m2] Template weight [mT] Added mass [mT]
Mudmat 14 924 2400 8836
Suction bucket 5 117 2980 1029
Push-in pile 3 - 270 -

Suction bucket 5 75 2490 626
Helical pile 2.5 - 240 -

Suction bucket 5 88 2490 722

Table 5.4: Foundation dimensions of each concept for a clay seabed

5.6. Results
Based on the hydrodynamic analysis by means of the DNV simplified method and the Liftdyn model,
the total characteristic hydrodynamic forces acting on each foundation concept is determined. This
section provides the results of the static and hydrodynamic forces acting on the foundation concept for
both considered load cases stated in 5.3. The static forces are constant throughout both load cases.
As mentioned previously an incoming wave direction of 135° is considered. This angle is based on the
reference axis shown in figure 5.1. A peak period range from 2 - 12 seconds is considered, since these
are dominant at the considered He Dreiht Wind Farm location.

Static forces
The static forces of each developed concept should be taken into account when calculating the DAF.
This force is constant over time for both load cases and is equal to the static weight of the template in
air (in kN) that is lifted through the wave zone. Therefore, this excludes the weight of the piles for the
pile foundation concepts. These are installed separately after the template is set down on the seabed.
The static weight of each concept for the considered sand seabed is summarized in table 5.5 below.

Foundation concept Static force [MN] - sand Static force [MN] - clay
Mudmat 23.5 23.5
Suction bucket 26.0 29.2
Push-in pile 23.3 24.4
Helical pile 23.3 24.4

Table 5.5: Static forces of each developed foundation concept

Wave spectrum
First the crane tip motions as a result of the incoming wave spectrum are stated. This is followed by the
relative motion, velocity and acceleration between the crane tip and the wave elevation of the incoming
wave spectrum. These are independent of the type of template concept that is lifted, and follow as a
result of the assumptions made by the DNV simplified method.

Crane tip motions
As a result of the dimensions and weight of the Thialf, the waves corresponding with a low peak period
have only little influence on the elevation of the Thialf, and therefore also on the heave motion of the
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crane tip. However, when considering larger peak periods, the wave elevation of the incoming waves
does result in a heave motion of the crane tip. This can be obtained from figure 5.7 shown below.
The motion of the Thialf is affected by the waves at an increasing peak period, due to an increase in
wave length. However, this effect decreases when considering very large peak periods, in the range of
minutes to hours. Then the motion of the Thialf is not affected by the incoming waves and the heave
motion of the crane tip will also decrease.

Figure 5.7: Heave motion of the crane tip due to the incoming wave
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Relative crane tip motion, velocity and acceleration
Next, the relative motion between the crane tip motion and the wave elevation is determined. This is
done since the assumption is made that the heave motion of the template follows the heave motion of
the crane tip [18]. In order to determine the hydrodynamic forces acting on the template the relative
motion, velocity and acceleration is of interest.

The results shown below are based on a Most Probable Maximum (MPM) of 200 cycles. With a median
peak period of 7 seconds, this corresponds to an incoming wave set during approximately 20 minutes.
This is in the same order of magnitude of the lifting operation, since a duration of less then 30 minutes
considered as stated in section 2.5).

Figure 5.8: Relative heave motion, velocity and acceleration of the crane tip

It can be obtained from the figure that the relative heave acceleration between the crane tip and the
wave elevation decreases with an increasing peak period. Also the acceleration of the crane tip will be
in more correspondence with the wave acceleration since the Thialf will follow the motion of the waves.
This results in a decrease of the relative heave acceleration between the wave elevation and the crane
tip.

Based on the assumption that the heave motion of the template follows the heave motion of the crane
tip, the relative heave motion, velocity and acceleration of the template are equal to what is shown in
figure 5.8.
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Hydrodynamic forces
With respect to the theory stated in section 2.5 and in combination with the results stated above, the
characteristic total hydrodynamic forces are determined for each foundation concept. The total hydro-
dynamic forces are based on the mass force, buoyancy force, drag force and slamming impact force.
The resulting hydrodynamic forces are dependent on the area of each foundation concept and is a
function of the relative heave motion, velocity and acceleration between the template and the water
particles. Below, the resulting total hydrodynamic forces are stated considering both load cases. The
results are used to determine the DAF as stated in equation 5.1.

Load case 1: +1 m
The total hydrodynamic forces are determined for the considered peak periods, ranging from 2 - 12
seconds. In figure 5.10 the resulting hydrodynamic force when the template is above the waterline is
determined for each developed foundation concept. Up to a peak period of approximately 5 seconds,
the suction bucket foundation concept obtains the largest hydrodynamic force. This is mainly since this
concept has the largest mass force, which is dependent on the added mass and the relative heave
acceleration. For peak periods larger than 5 seconds, the mudmat obtains the largest loads. Consider-
ing the push-in pile and helical pile foundation concepts, the suction buckets that are added to provide
initial stability are considered as stated in section 5.5. Since the dimensions are approximately equal
for both concepts, the hydrodynamic forces acting on the template are also approximately equal.

(a) Total hydrodynamic force for concepts developed for sand (load case 1)

(b) Total hydrodynamic force for concepts developed for clay (load case 1)

Figure 5.9: Total hydrodynamic force for each foundation concept for load case 1

Load case 2: -1 m
The second load case considers a draft of 1 meter below water level. During this case there are no
slamming forces present. For each considered concept, the total hydrodynamic force decreases with
an increasing peak period. From the forces acting on the template, the total mass force has the domi-
nant contribution. The decrease in total hydrodynamic force is caused by a decreasing relative heave
acceleration with an increasing peak period. The mudmat concept has the largest foundation area, and
therefore also the largest added mass (see equation 2.64).
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(a) Total hydrodynamic force for concepts developed for sand (load case 2)

(b) Total hydrodynamic force for concepts developed for clay (load case 2)

Figure 5.10: Total hydrodynamic force for each foundation concept for load case 2

Operability
Based on the results of the total hydrodynamic forces and the static forces the DAF can be determined
for each developed concept and for each load case. As mentioned in section 5.4, a DAF limit of 1.3 is
considered. Considering this limit the maximum allowable significant wave height can be determined,
which yields the operability of each foundation concept. The figures stated below show the maximum
allowable significant wave height for each load case for the foundation concepts developed for a sand
seabed.

Figure 5.12: Operability curves based on a DAF limit of 1.3
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The lowest maximum allowable significant wave height is the governing value when considering both
load cases. For the mudmat and suction bucket concept, the load case below the waterline is shown
to be governing. For the helical pile and push-in pile the load case below the waterline is governing for
a peak period up to approximately 8 seconds. For peak periods from 8 up to 12 seconds the load case
above the water line is governing. The maximum allowable significant wave height increases with an in-
creasing peak period. This is caused by a decrease in hydrodynamic forces and a constant static force.

The governing operability curve of each considered foundation concept is shown in figure 5.13 below.
This figure clearly shows that the mudmat foundation obtains the lowest operability when lifting through
the wave zone. Meaning that for the mudmat foundation the period for waiting on weather for which
the operation can be executed will be the longest.

Figure 5.13: Governing operability curve for each foundation concept developed for a sand seabed

The figures stated below show the maximum allowable significant wave height for each load case for
the foundation concepts developed for a clay seabed.

Figure 5.15: Operability curves based on a DAF limit of 1.3

The approach to determine the operability of the foundation concepts developed for a clay seabed are
the same as for the concepts developed for a sand seabed. Since the dimensions of the mudmat foun-
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dation concept are for both seabeds the same, the operability curve also yield the same result. For the
suction bucket foundation concept, push-in pile and helical pile foundation concepts developed for a
clay seabed, the operability of the load case below the waterline proved to be governing.

The results in terms of operability are shown in figure 5.16. The horizontal surface areas of the suction
bucket, push-in pile and helical pile foundation concepts are much smaller. Therefore the operability is
much better when only looking at the vertical forces acting in heave direction. The dimensions of the
mudmat foundation concept for a clay or sand seabed are equal, as stated in section 4.2.2. Therefore
the operability of the mudmat foundation concept is the same for both seabed types.

Figure 5.16: Governing operability curve for each foundation concept developed for a clay seabed

In order to determine the resulting operability of each foundation concept, the operability curves should
be combined with the wave scatter diagram stated in section 3.2. This is stated in appendix F. The
operability of each foundation concept is determined and resulted in the following:

Foundation concept Operability [%] - sand concepts Operability [%] - clay concepts
Mudmat 23.0 23.0
Suction bucket 67.2 94.0
Push-in pile 78.0 94.8
Helical pile 78.0 94.8

Table 5.6: Operability of each developed foundation concept for both type of seabeds

5.7. Discussion
This section discusses the drawbacks of the applied DNV simplified method [18]. In order to do so, the
assumptions that are made will be shortly recalled. These are the following:

• The vertical motion of the object follows the crane tip motion;
• The horizontal extent of the lifted object is relatively small compared to the wave length;
• The load case is dominated by the vertical relative motion between the object and water - other
modes of motions can be disregarded.

The vertical motion of the object follows the crane tip motion
This assumption considers a rigid connection between the crane tip and the template, meaning that
the hoisting system is assumed to be rigid. However, in reality this is not the case. Hence, the motion
of the template will not follow the exact motion of the crane tip. In order to determine if the stated
assumption can be made, a realistic stiffness of the hoisting system is to be considered and should be
compared to a stiff hoisting system. Based on reference material within Heerema, a spring stiffness
of K = 400 ∗ 103kN/m is considered as a realistic value for the hoisting system. The figure below
shows the RAO of the relative distance between the template and the crane tip. The top figure shows
an infinite stiffness (rigid) and the bottom figure presents a hoisting stiffness of 400 ∗ 103kN/m.
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Figure 5.17: RAO of the relative distance between template and crane tip

The RAO of the relative distance between the crane tip and the template is very small for both cases.
From the difference in RAO between the top figure and bottom figure, it can be obtained that the stiff-
ness has little influence on the motion of the template. Therefore, the assumption of a rigid connection
can be made when considering the stiffness of the crane hoist.

However, the influence of resonance of the hoisting system due to the template in the crane is not yet
taken into consideration. By the assumption of a rigid connection, only the resonance period of the
Thialf is taken into account. From figure F.3 stated in Appendix F it can be obtained that the resonance
period of the Thialf is approximately 22 seconds. Wave periods of this range are not considered since
they have a low occurrence frequency. In reality there is also resonance of the hoisting system due to
the template hanging in the crane that should be taken into account. This is determined by equation
5.2. Resonance of the hoisting system will occur for incoming waves with a peak period equal to the
resonance period. Resonance of the structure will result in higher dynamic loading and can eventually
lead to failure. This should be avoided, and therefore the operability will be lower in reality. The effect
of the resonance period on the operability is determined arbitrarily and is shown in figure 5.18 below.
Table 5.7 states the resonance period determined for each foundation concept, determined by equation
5.2. The exact influence of the resonance period on the operability should be determined in a more
detailed design stage.

Mudmat Suction bucket Push-in pile Helical pile
T0 of developed concepts for sand [s] 7.5 5.5 5 5
T0 of developed concepts for clay [s] 7.5 4.5 4 4

Table 5.7: Determined resonance period of each foundation concept
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Figure 5.18: Influence of resonance period on the operability curve (arbitrarily chosen)

The horizontal extent of the lifted object is relatively small compared to the wave length
This assumption states that the vertical force acting on the horizontal surface area is equally distributed
at each point of the foundation, as shown on the left in figure 5.19. In reality this is not the case, since
the horizontal surface area can not be assumed small compared to the wave lengths that correspond
to a peak period up to 12 seconds. This assumption does hold when considering very small wave
lengths up to approximately 2 seconds. Hence, the average of the forces can be considered equal
at each leg. For peak periods ranging between 2 - 12 seconds the vertical force will vary over the
full horizontal extent. For a wave length of 45 meter (equal to the horizontal extend of the template)
as shown on the right in figure 5.19, the template will be excited to an upward vertical force at the
left side of the template. However, there is no force excited at the right side of the template since
this part of the template is not submerged. As a consequence, this will result in a rotation of the tem-
plate. This wave length corresponds to a wave period of 5.4 seconds and is shown in figure 5.19 below.
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Figure 5.19: Vertical forces acting on the template; left: assumption by DNV; right: wave length of 45 m

The assumption of an equally distributed force over the full horizontal extent will result in an overestima-
tion of the vertical hydrodynamic forces. The forces depicted in on the right in figure 5.19 will induce roll
and pitch motions of the template, which is undesirable and can be a limiting criteria when determining
the operability. This effect can be of importance when the horizontal extent of the lifted object is not
relatively small compared to the wave length. The effect of roll and pitch motions are aggravated if this
occurs during the resonance period of the system.

The load case is dominated by the vertical relative motion between the object and water
This assumption neglects the influence of the horizontal forces acting on the template. This is a reason-
able assumption for the mudmat foundation concept, since the vertical surface area is small compared
to the horizontal surface area. However, the behavior of the foundation concepts that include a suction
bucket can significantly be influenced by the horizontal component of the hydrodynamic forces. This
effect on the operability of each concept should be determined in a more detailed design stage.

Influence of soil type
Considering the operability results stated in table 6.2, it can be found that the foundation concepts
developed for a clay seabed have a much better performance compared to the concepts developed
for the sand seabed. The diameter for the clay concepts are much smaller due to the limitation of the
embedment ratio that is incorporated. However, the operability determined here only takes the vertical
forces acting on the horizontal surface area into account. As stated in the section above, the effect of
the horizontal forces acting on the vertical surface area is not considered.

Validity of the results
The DNV simplified method is applied to give conservative estimates of the hydrodynamic forces acting
on a structure when lifting through the wave zone. Taking all comments of the previous sections into
account, the validity of the applied method to this situation can be questioned. Determining the oper-
ability of each foundation concept solely on the hydrodynamic forces acting in vertical direction is too
short-sighted to compare it with reality. The hydrodynamic forces acting in horizontal direction can not
be neglected since it can be assumed to influence the operability too largely. Additionally, the roll and
pitch motions of the template due to the vertical forces are not accounted for. This could also affect
the operability of the template in vertical direction. Nonetheless, the hydrodynamic forces that act on
the template in vertical direction are considerably valid, and are presumably an overestimation of the
vertical forces that will be obtained in reality. This statement is made due to the assumption that the hor-
izontal extent is small compared to the wave length, which assumes that the force is equally distributed
over the horizontal surface area. Therefore, the results are a good approximation when considering
the influence of a reduction of the horizontal surface area on the operability in vertical direction. The
determined operability based on the hydrodynamic forces in vertical direction should be considered as
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a part of the total operability. In order to determine the total operability, a follow up study should be
performed on the influence of the forces in horizontal direction. Combining these two operability curves
will display a better representation of the behavior in reality.

Additionally, neglecting the influence of the resonance of the hoisting system is a questionable as-
sumption, mainly since the resonance period corresponds to a peak period that has a great occurrence
frequency. Effects such as slack-sling will presumably not occur due to the stiffness of the crane hoist
and the weight of the template hanging in the crane.

A phenomena that is possible to occur for the foundation concepts that contain a suction bucket con-
cept, is the forming of air cushions inside the bucket. This effect is formed by limited evacuation of air
through the ventilation hole. The compression and collapse of air cushions when lifting the template
through the wave zone are not considered in this simplified method. It is stated by DNV that this effect
is likely to contribute to a reduction of the slamming force [18]. Not taking this into account is therefore
a more conservative assumption.

Beside the assumptions made when using the DNV simplified method, there are also other aspects
that are not taken into account at this stage. Effects of the hydrodynamic loading on the dynamics of
the template structure itself are currently not considered since this thesis covers a preliminary design
stage. During a more detailed design stage the effects of dynamics of the template structure due
to hydrodynamic loading should be considered. This could have a significant effect on any potential
damages that occur during the lifting operation.



6
Concept selection by means of a

multi-criteria analysis
A multi-criteria analysis is performed to evaluate each developed foundation concept, and to select the
most preferred concept. This is done based on the criteria stated in Table 6.1. A MCA is a frequently
used tool to select or rank multiple alternatives based on a set of criteria [16]. The MCA method that
is used to rank the foundation concepts is the so-called Weighted Product Model (WPM). The WPM
approach is chosen since this method eliminates any units of measure. It consists of the multiplication
of all criteria values to get a score. The higher the score, the better. The WPM can be described in a
formula as follows:

Total score per concept P (Ak) =

m∏
j=1

(aKj)
wj , forK = 1, 2, 3, ...,m (6.1)

where:

j is the index
m is the number of features
aKj is the value of the j-th feature
wj is the weight of the j-th feature

6.1. Criteria for the template installation sequence
Each criterion that is considered for this MCA is ranked relative to each other as shown in table E.1 in
appendix E. The weight factor of each criteria can be assigned based on this ranking. From table 6.1
below it can be obtained that the installation time and the construction costs are the most important
criteria for the MCA at this conceptual level.

Criteria Weight
Lifting operation 1
Installation time 2
Construction costs 2
Damage risk 1

Table 6.1: The considered criteria with their corresponding weight level

Lifting operation
This criterion considers the lifting operation when lifting the template through the wave zone, as deter-
mined in chapter 5. For the score of this criterion, the results of the operability stated in chapter 5 are
used. That is the operability that states the amount of time the template can be lifted through the wave
zone, expressed in percentage based on 24 hours. These results are stated in table 6.2 and are as
follows:

82
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Foundation concept Lifting operation [%] - sand Lifting operation [%] - clay
Mudmat 23.0 23.0
Suction bucket 67.2 94.0
Push-in pile 78.0 94.8
Helical pile 78.0 94.8

Table 6.2: Operability of the lifting operation of each developed foundation concept for a sand and clay seabed

Installation time
For this criterion an estimation is made on the installation time for each of the developed concepts. In
correspondence with installation experts within Heerema, a basis-of-design level template installation
sequence is determined for the foundation concepts developed for a sand seabed. The installation time
is determined based on reference projects within Heerema and on assumptions made by experts when
considering the push-in pile and helical pile foundations. The estimated installation sequence is stated
in appendix D. In order to determine the installation steps and their corresponding time schedule, the
installation process of the initial He Dreiht template is used as a basis and is expanded for each of the
concepts. Table 6.3 below shows the estimated installation time for each of the considered foundation
concepts.

Concept Installation time for sand [hr] Installation time for clay [hr]
Mudmat 3 3
Suction bucket 6 8
Push-in pile 48 49
Helical pile 44 45

Table 6.3: Estimated installation time of each developed foundation concept

In order to be conservative, a 50 percentile (P50) range is taken into account for the estimated installa-
tion time of each template installation sequence. The P50 range takes into account that for half of the
installations, the installation time will be lower than the estimated installation time and for the other half
the installation time exceeds the estimated time schedule. This results in the following graph, where
the error-bars show the P50 range.

Figure 6.1: Estimated installation time based on a P50 range for concepts developed for sand (left) and for clay (right)

Construction costs
For an estimation of the construction costs of each foundation concept, a breakdown is made of the
development process between procurement, engineering and the installation tools that are required.
Since these are the three general aspects that sum up to the total structural costs of a foundation con-
cept, each aspect is elaborated separately.

Considering the level of design of this research, it is estimated that class 5 should be considered stated
by the AACE [25]. This class has as typical end usage a concept screening, which is of relevance
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for this research. The AACE states that an expected accuracy range should be incorporated in a cost
estimation and is dependent on the level of design that is considered. Class 5 considers an expected
accuracy range of -50% in the most ideal situation, and +100% in the least ideal situation.

Procurement
Procurement is based on the amount of steel that is required for each foundation concept. A break-
down of the steel price is made for three aspects. These are the fabrication of the steel plate, welding
of the foundation and the installation of the frame on the barge. The steel prices are dependent on the
difficulty of welding and the amount of welding that is required. For example, a mudmat requires a lot
more welds than a push-in pile, since a push-in pile is just a steel cylinder. These prices are estimated
based on reference prices within Heerema. Hence, they are not the same prices used at Heerema but
are in the same order of magnitude. Based on the determined steel price and the density of steel, this
can be directly related to the weight of each foundation concept to give an estimate of the procurement
costs. The results are stated in table 6.4 below.

Foundation concept Weight [mT] Steel price [EUR/mT] Procurement costs [∗106 EUR]
Concepts developed for a sand seabed

Mudmat 800 7400 5.9
Suction bucket 1050 6700 7.0
Push-in pile 1040 6900 7.2
Helical pile 1010 7100 7.2

Concepts developed for a clay seabed
Mudmat 800 7400 5.9
Suction bucket 1380 6700 9.2
Push-in pile 1020 6900 7.0
Helical pile 1165 7100 8.3

Table 6.4: Estimated procurement costs for the concepts developed for a sand seabed

A more detailed overview of the breakdown of the procurement costs considering the steel price can
be found in appendix E.

Engineering
The engineering costs of each foundation concept is assumed to be a certain percentage of the procure-
ment costs. The amount of percentage is dependent on the type of foundation technique. Since the
mudmat and suction bucket foundation have been widely used in practice, the engineering phase will
take less time compared to the push-in pile and helical pile foundation concepts. The push-in pile and
helical pile foundations have never been used in practice. Therefore there is no field experience avail-
able and a lot more engineering and model testing is required. The assumed percentage to determine
the engineering costs is stated in the table below.

Foundation concept Percentage [%] Procurement costs [∗106 EUR] Engineering costs [∗106 EUR]
Concepts developed for a sand seabed

Mudmat 5 5.9 0.3
Suction bucket 5 7.0 0.4
Push-in pile 8 7.2 0.6
Helical pile 8 7.2 0.6

Concepts developed for a clay seabed
Mudmat 5 5.9 0.3
Suction bucket 5 9.2 0.5
Push-in pile 8 7.0 0.6
Helical pile 8 8.3 0.7

Table 6.5: Estimated engineering costs
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Tooling
Thirdly, the costs of the tooling that are required for installation of the template are considered. These
costs are determined based on reference projects or by the experience of cost engineering experts.
For the push-in pile and helical pile innovative and costly installation tools are required. For the push-in
pile, a hydraulic tool to push the piles into the seabed is needed, and the helical piles require a tool to
provide the sufficient torque to install the piles into the seabed. A figure of these tools are shown in
figure 2.5 and 2.6. The estimated costs are stated in table 6.6 below.

Foundation concept Tooling costs [∗106 EUR]
Mudmat 3
Suction bucket 4
Push-in pile 11
Helical pile 17

Table 6.6: Estimated tooling costs

The table below lists the total costs including the expected accuracy range that should be taken into
account. Figure 6.2 show the total costs plotted in a graph, including the expected accuracy range
stated by the AACE [25].

Foundation concept Total costs [∗106 EUR] -50% total costs [∗106 EUR] +100% total costs [∗106 EUR]
Concepts developed for a clay seabed

Mudmat 9 4.5 18
Suction bucket 11 5.5 22
Push-in pile 19 9.5 38
Helical pile 25 12.5 50

Concepts developed for a clay seabed
Mudmat 9 4.5 18
Suction bucket 11 5.5 22
Push-in pile 19 9.5 38
Helical pile 25 12.5 50

Figure 6.2: Estimated construction costs for concepts developed for sand (left) and for clay (right) including the expected
accuracy range

Damage risk
The damage risk is also of importance for the evaluation of each foundation concept. If a foundation
concept can easily be damaged, this can have large consequences for the total installation time of the
template. However, the damage risk is hard to determine quantitatively at this level of design. Therefore
a qualitative value will be assigned to each foundation concept. A minus (-) will be given if damages
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are less likely to occur, and a plus (+) will be assigned if damages are prone to occur during installation.
This is afterwards converted to a quantitative value between 0 - 1, where 0 is no risk and a 1 is given
if damages can not be avoided. The results are shown in table 6.7 below.

Foundation concept Damage risk

Mudmat - -
Suction bucket -
Push-in pile ++
Helical pile ++

Table 6.7: Estimated damage risk of each foundation concept

The mudmat and suction bucket foundation concepts are concepts that have gained field experience.
Therefore the weak spots of these concepts are known for which more attention can be given to. For the
mudmat foundation only settlement on the seabed is required. The suction bucket can obtain damages
during penetration, since the soil can always have unexpected characteristics. Considering the push-in
pile and helical pile foundation concepts, no field experience is available since these concepts have
not been put into practice yet. This results in a lot of uncertainties that can occur during installation. On
top of that, complex tools are required for the installation of the piles into the seabed.

6.2. Results
Developed foundation concepts for a sand seabed
Figure 6.5 below show the results of the criteria for each of the considered foundation concept. The
top row state the weight of each considered criteria obtained from table 6.1.

Figure 6.3: Results of the considered criteria

However, each considered criteria has a different unit of measure. In order to be able to compare each
criteria and to evaluate the results by means of the WPM, the units of measure should be eliminated.
This is done by means of normalization on a scale of 0 - 1, where 0 has a negative influence and 1 has
a positive influence. Afterwards the weight of each criteria has to be taken into account to determine
the total score of each foundation concept. The result is stated in figure 6.6 below.

Figure 6.4: Results of the MCA by means of the WPM

Developed foundation concepts for a clay seabed
The foundation concepts developed for a clay seabed have different dimensions compared to the con-
cepts developed for a sand seabed. Different dimensions result in a different weight of each concept,
hence the construction costs are different. On top of that, the estimated installation time of the suction
buckets for clay is different since the length of the skirts are longer for a clay seabed. On top of that,
a difference of soil type will also result in a different installation time of the suction buckets. Below the
results of the MCA applied to the foundation concepts developed for a clay seabed are stated.
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Figure 6.5: Results of the considered criteria for a clay seabed

Figure 6.6: Results of the MCA for a clay seabed by means of the WPM

From the results it can be obtained that the mudmat foundation concept is the most preferred option for
both the sand and clay seabed, based on the considered criteria. It can be obtained that despite its low
operability, the mudmat foundation scores best on the other considered criteria. The helical pile and
push-in pile are the least preferred options. Although the operability is relatively large, these concepts
score low on the other criteria. These concepts are costly and have a high damage risk mainly since
they have not been put into practice yet. Therefore extensive research and engineering is required to
ensure safe and correct installation. Considering the mudmat and suction bucket foundation concepts,
less engineering is required since their weak spots are generally known based on field experience.
The push-in pile and helical pile foundation concepts require a lot of time to install, since the piles can
only be installed separately. Based on the stated criteria it can be concluded that the operability of the
concepts do not play the governing role when determining the most preferred foundation concept for
template installation.

6.3. Discussion
It is important to note that currently only one installation sequence of the template is considered. In
reality, the template has to be installed multiple times and this is not taken into account. Additionally,
the operational costs of the Thialf are not taken into account at this stage. For the overall execution of
a project this could become an important aspect, for which the operability can become a dominant role.
If the operability is low, the period for waiting on weather (WoW) is respectively long. Since multiple
installations need to be executed, a long WoW period can have a large effect on the total duration of
the project which can therefore result in large operational costs.

When considering the full monopile installation sequence, this includes the template installation se-
quence. Therefore an estimation is made on the total duration of the He Dreiht Wind Farm project.
This estimation is made for each of the developed foundation concepts, based on the template instal-
lation time stated in table 6.3. The operability of each concept is taken into account for determining
the waiting on weather period. It is assumed that installation of the monopile to its required penetration
depth takes 4 hours. On top of that the assumption is made that the retrieval time of the template is
equal to the installation time. It is considered that there are no disruptions and that each monopile in-
stallation sequence is equal for each monopile. The operability for lifting the template through the wave
zone is also considered to be equal for the template retrieval. Lastly it is considered that the installa-
tion of the monopile can be performed at any environmental condition, meaning there is no waiting on
weather to be considered. Based on these assumptions, an estimation is made on the duration of the
installation of 64 monopiles that are considered for the He Dreiht Wind Farm project. The results are
stated in table 6.9 below.

The duration of the project for each foundation concept is determined as follows:

Tproject = WoWTP + TTP,installation + TMP,installation +WoWTP + TTP,retrieval (6.2)
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where:
WoWTP = operability[%] ∗ 24[hr] (6.3)

TTP,installation = TTP,retrieval (6.4)

The total estimated duration for the installation of 64 monopiles is shown in table 6.9 and figure 6.7
below. The assumption is made that the installation time of eachmonopile is equal and that the template
installation time is as stated in table 6.3. In figure 6.7 also the 50 percentile range is included.

Foundation concept WoW [hr] Template installation [hr] Project duration [days]
Mudmat 18.5 3 123
Suction bucket 7.9 6 85
Push-in pile 5.3 48 295
Helical pile 5.3 44 274

Table 6.8: Estimated duration of the installation of 64 monopiles for a sand seabed

Foundation concept WoW [hr] Template installation [hr] Project duration [days]
Mudmat 18.5 3 123
Suction bucket 1.5 8 61
Push-in pile 1.3 49 273
Helical pile 1.3 45 275

Table 6.9: Estimated duration of the installation of 64 monopiles for a clay seabed

Figure 6.7: Installation time [days] of 64 monopiles for a sand and clay seabed

This shows that when looking at the total project duration, executing the project with the suction bucket
foundation concept would take the least time. However, this is not accounted for since this research
thesis considers the template installation sequence. Additionally, when considering the total project
duration also additional criteria such as logistics and vessel costs have to be considered. On top of
that, more attention should be paid to the damage sensitivity of the concepts. Additionally a more
detailed estimation of the installation time and its potential risks for downtime should be determined.



7
Conclusion, discussion and

recommendations

7.1. Conclusion
The following design statement was stated for this research thesis:

”Optimization of the installation sequence of the He Dreiht Monopile Installation Template by im-
proving the template foundation design.”

To improve the template foundation design to optimize the installation sequence, a mudmat, a suction
bucket, a push-in pile and a helical pile foundation technique are considered. It is shown that based
on the considered foundation techniques, the mudmat foundation concept is the most optimized con-
cept. This is regardless the considered homogeneous sand seabed or clay seabed. Despite the low
performance of the operability when lifting the template through the wave zone, the performance is com-
pensated by a quick installation time, low construction costs and a relatively low damage sensitivity of
the mudmat foundation technique. Therefore, when considering the criteria stated for the performed
MCA concerning the template installation sequence, this concept shows the best overall performance.

The foundation of the template is designed on three critical cases concerning the environmental loads
acting on the template. The first case is when lifting the template through the wave zone. This case
is considered to determine the hydrodynamic loads acting on the template in vertical direction, and is
used for the hydrodynamic analysis. The second case is the template set down on the seabed. For this
case it is shown that an additional foundation concept is required for the pile foundation techniques, in
order to provide stability during this case. The third is the contingency case. Here the environmental
conditions are extreme and monopile installation can not be executed safely. Therefore the template is
left alone. However, stability on the seabed should be ensured by the template during these extreme
environmental conditions. These two cases are considered for the design of the foundation in order to
ensure stability.

Considering the dimensions of each developed concept, the mudmat foundation concept shows the
largest horizontal surface area. The minimum required area to ensure stability is 924 m2, regardless
the type of soil that is considered. This is caused since there is no penetration into the soil, and the
stability is only obtained from the horizontal surface area. The suction bucket foundation concept re-
sulted in a horizontal surface area of 390 m2 for the concept developed for a sand seabed. For a clay
seabed this resulted in an area of 117 m2. Considering the pile foundations an additional foundation is
required in order to ensure stability during the set down case. This is caused since the piles can only be
installed after the template is set down on the seabed. A suction bucket foundation is chosen to ensure
initial stability during the set down case. This proved to be governing for the horizontal surface area
for both pile foundation concepts. For the push-in pile foundation concept, this resulted in a horizontal
surface area of 306 m2 for the concept developed for a sand seabed, and 75 m2 for a clay seabed.
Considering the helical pile foundation concept, the results are 319 m2 for a sand seabed and 88 m2

for a clay seabed.

The hydrodynamic analysis is performed to determine the operability when lifting the template through
the wave zone. This shows the lowest results for the mudmat foundation concept. Due to its large

89
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horizontal surface area the operability is determined at 23% for both considered soil types. The suction
bucket foundation concept showed to have an operability of 67% for the concept developed for a sand
seabed. For a clay seabed this resulted in an operability of 94%. The push-in pile and helical pile foun-
dation concepts show approximately the same results. These concepts show an operability of 78% for
the concepts developed for a sand seabed, and 95% for the concepts developed for a clay seabed.

The effect of a low performance on operability obtained for the mudmat foundation concept is com-
pensated by a high performance when considering the installation time, construction costs and risk
for damages during the template installation sequence. The push-in pile and helical pile foundation
concepts show a very low performance considering the installation time, construction costs and risk
for damages. During the design of the initial foundation concept the operability was believed to play
a governing role for the performance of the template installation sequence. However, it can be con-
cluded that based on the criteria taken into account in the multi-criteria analysis, the construction costs
and installation time also play a dominant role in the overall performance of the template installation
sequence. The results obtained for each developed concept are summarized in Table 7.1 below.

Figure 7.1: Summary of the results obtained by the multi-criteria analysis
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7.2. Discussion
The discussion considers the research questions stated for this thesis to support the design statement.
These are the following:

Research question 1: What is the effect of the critical cases obtained during the template installation
sequence in terms of environmental loading?

As stated in the conclusions, there are three cases that can be considered critical during the template
installation sequence in terms of environmental loading. The first case is obtained when lifting the tem-
plate through the wave zone. This case is considered for the hydrodynamic analysis and determines
the hydrodynamic loading in vertical direction acting on the foundation. The second case is the template
set down case and the third case is the contingency case. Due to the template set down case, an ad-
ditional foundation concept is required in order to ensure stability for the pile foundation concepts. The
environmental loads acting on the template during the set down and contingency case are considered
to determine the design of the foundation concepts. Therefore, the critical cases, that are inherently to
the environmental conditions that are considered during these cases, can have a large effect on the
design of the template. The environmental loads are based on metocean data of the He Dreiht location
between March and October, from the past 40 years. In terms of environmental loading, the loads
are determined by means of Morison’s equation. This results in an overestimation since radiation and
diffraction is not taken into account. On the other hand a simplification is made, since only the NMS is
considered and the load acting on the supporting frame and foundation are neglected.

Research question 2: What are the effects of the considered seabed characteristics on the design of
the template?

The effects of the seabed characteristics on the design of the foundation concepts are significant. This
is mainly caused by the embedment ratio limit that is to be used for the concepts that contain a suction
bucket foundation. For a sand seabed, the embedment ratio limit states a maximum diameter of 15
m to avoid fluidization. For a clay seabed the diameter is limited to a maximum of 5 m. On top of
that, since the capacity of the suction bucket and pile foundations is mainly obtained by their skin resis-
tance, different soil characteristics result in a different capacity of the foundations. The results are only
determined for a homogeneous seabed layer. In reality, the seabed layers will be non-homogeneous.
This could influence the design of the foundation concepts. Additionally, the embedment ratio limit also
resulted in the fact that each developed foundation concept exceeded the weight limit. This limit is
dependent on the considered type of seabed characteristics. Therefore adjustments to the supporting
frame are required.

Research question 3: What are the advantages and disadvantages of the considered method used
for the hydrodynamic analysis?

The DNV simplified method is used since it was believed that the hydrodynamic forces acting in vertical
direction play the governing role for the operability during the design of the initial foundation concept.
The advantage of this method is that it determines conservative values of the hydrodynamic loading
acting in the vertical direction, when lifting through the wave zone. Therefore, an estimation of the differ-
ence in vertical loading between each foundation concept can be determined relatively quick. However,
the main disadvantage arises when considering the foundation concepts that have a considerably large
vertical surface area with respect to the horizontal surface area. This resulted to be the case for the
suction bucket, push-in pile and helical pile foundation concepts. In that case, the horizontal forces
acting on the foundation can also influence the operability of the foundation concepts. Since the simpli-
fied method used in this thesis only considers the hydrodynamic forces in vertical direction, only a part
of the total operability is determined when lifting the template through the wave zone. On top of that,
the influence of roll and pitch motions on the behavior of the template is not taken into account by the
considered method. Additionally, the applied method calculates the operability results without taking
influence of resonance into account. Since the determined resonance periods are in the same order of
magnitude as the peak periods that occur most frequently, resonance and roll and pitch motions can
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have a significant effect on the operability of the foundation concepts.

Research question 4: What are the advantages and disadvantages of the alternative foundation con-
cepts compared to the considered conventional foundation concepts?

The push-in pile and helical pile foundation concepts are new techniques that are currently under de-
velopment. The conventional techniques are the mudmat and suction bucket foundations. The main
advantage of the alternative foundaiton concepts is the improvement in operability when lifting the tem-
plate through the wave zone, caused by a smaller horizontal surface area. Since most capacity is
obtained by the skin friction of the pile, the diameter can be reduced significantly. However, a large
disadvantage is the installation method of both pile foundation techniques. Installing pile foundations
in the seabed is a time consuming process. Additionally, field experience has proven that the actual
seabed conditions are often different than expected. This results in a lot of uncertainties considering
the installation time. On top of that, the pile foundations can only be installed after the template is set
down on the seabed, resulting in an additional foundation technique that is required to ensure stability
during the set down case.

Research question 5: Which foundation concept is preferred for optimization of the monopile template
installation sequence, based on the assumptions and limitations stated throughout this thesis?

Based on the assumptions and limitations stated throughout this thesis and based on the considered
foundation concepts, the mudmat foundation concept proved to be the preferred concept for optimiza-
tion of the template installation sequence. It can be obtained that the operability does not play the
governing role when looking at the template installation sequence. The low performance of the op-
erability is compensated by a high performance on installation time, construction consts and risk of
damages. However, this is also much dependent on the weight that is assigned to each criteria in the
multi-criteria analysis.
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7.3. Recommendations
For a more detailed design stage, the environmental loads acting on the template during the set down
and contingency case should be determined based on a diffraction analysis. This approach would be
less conservative and therefore a better approximation of the environmental loads for the design of the
foundation concept can be determined. Additionally, the presence of the supporting frame and founda-
tion should be taken into account when determining the loads acting on the template.

Throughout this research, it is considered that the template is installed with a fixed Noise Mitigation
System (NMS). However, it is observed that the presence of the NMS leads to significant environmen-
tal loads during template installation. It would be interesting to perform a feasibility study on installing
the template construction and NMS seperately, and to research how this would effect the design of the
foundation concepts.

The hydrodynamic analysis performed throughout this thesis only considers the hydrodynamic forces
acting on the foundation in vertical direction. Since the suction bucket, push-in pile and helical pile foun-
dation contain a large vertical surface area with respect to the horizontal area, the horizontal forces can
have a significant influence on the operability. Therefore, the influence of the horizontal loading on the
operability when lifting the template through the wave zone should be investigated for each foundation
concept. On top of that, also the influence of the hydrodynamic forces on pitch and roll motions when
lifting the template through the wave zone should be considered. Large pitch and roll motions of the
template and crane hoist can affect the operability of the foundation concepts.

The method used for the hydrodynamic analysis neglects the effect of resonance. However, it is ob-
tained that the resonance period of each foundation concepts is in the same range as the peak periods
that occur most frequently. Therefore, the influence of resonance on the operability of each foundation
technique should be researched. This could have a significant influence on the operability of each
developed foundation concept.

This research is focused on the performance of the template installation sequence. However, this is
only a part of the total project execution. It is also interesting to determine which foundation concept is
preferred when considering the total project duration. In order to do so, an extensive risk assessment
should be performed on the uncertainties considering installation and potential damage risks. Also
aspects considering logistics should be taken into account. This is not considered throughout this re-
search, but should be considered when looking into the total duration of the project execution.

This research considers the design of a structure that is installed on the seabed temporarily. It is
therefore sufficient to use foundation techniques that can be installed and retrieved in a relatively short
period. This is not the case for the push-in pile and helical pile foundation concepts. For permanent
structures, the installation time on the seabed might play a less dominant roll for the overall perfor-
mance of a foundation concept. It is recommended to perform a feasibility study on using the push-in
pile and helical pile foundation concepts as a foundation for permanent structures, to study its potential.

It is interesting to investigate the application of the push-in pile and helical pile foundation concepts for
the execution of projects outside of the operational months. During these months, concepts as a mud-
mat and suction bucket might not be a cost effective solution. Since the performance on operability of
the push-in pile and helical pile foundation techniques are high, these techniques challenge the status
quo when considering the execution of projects outside of the operational months. On top of that, there
is less competitiveness from other companies which could make it a more cost-effective solution.
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B
Initial template design properties

This appendix states the properties of the initial designed template. From this the horizontal surface
area of the initial mudmat foundation is determined.

Figure B.1: Properties of the initial template design
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C
Monopile installation sequence

The table below states the monopile installation sequence of the initial designed template for the He
Dreiht Wind Farm. The first phase states the template installation sequence.

1 Template installation

1.1 Lift the template from deck to above the wave zone

1.2 Lower the template through the wave zone

1.3 Template set down on the seabed

1.4 Level the template

2 Monopile lowering

2.1 Upend the monopile

2.2 Lower the monopile tip to 2 meters below the upper centralizer

2.3 Lower the monopile to self-weight penetration

2.4 Fill the anulus of the NMS with air

3 Monopile driving

3.1 Stab the hammer onto the monopile and correct inclination

3.2 Start the bubble screen inside the NMS

3.3 Drive the monopile to final penetration

3.4 Retrieve hammer

4 Template recovery

4.1 Lift the template 2 meters free from the seabed

4.2 Lift the template until the upper centralizer just below the pile top

4.3 Lift the template above the wave zone

5 Contingency procedure

5.1 Contingency case - Template only

5.2 Contingency case - Template with pile at SWP

Table C.1: Installation sequence of the initial He Dreiht template

105



D
Foundation concept installation

sequence - planning

The following two pages shows a planning of the template installation steps of each foundation concept
developed for a sand seabed. It states each step that is to be performed with a corresponding time
indication. This planning is determined for the level of design that is considered throughout this thesis.
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E
Multi-criteria analysis

The table below shows the weighting matrix of criteria. The weighting of each criterion is determined
based on if there is an influence of criterion Ci on criterion Cj .

Ci ↓ /Cj → Lifting operation Installation time Construction costs Damage risk

Lifting operation 1 0 0 0 1

Installation time 0 1 0 1 2

Construction costs 0 0 1 1 2

Damage risk 0 0 0 1 1

Table E.1: Weighting of each criteria

The table shown below states the estimation of the steel price in order to determine the procurement
costs for each foundation concept. The procurement costs is the total steel price multiplied by the
weight of the foundation concept.

Figure E.1: Estimation of the steel price for each concept
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F
Operability

The figures F.1 and F.2 shown below state the operability curve combined with the wave scatter diagram
of the He Dreiht wind farm location. From this the operability of each foundation concept is determined.

Figure F.1: Operability of the foundation concepts developed for a sand seabed

Figure F.2: Operability of the foundation concepts developed for a clay seabed
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111

Resonance period of the Thialf
This figure shows the amplitude [m/m] of the Thialf in heave direction. It can be obtained that the
resonance period is around 21-22 seconds.

Figure F.3: Resonance period of the Thialf in heave direction



G
Thialf components overview

Figure G.1 shows the Thialf model from Liftdyn. The important components considering the hydro-
dynamic analysis are stated. Additionally the global axis reference system and the Center of Gravity
(CoG) of the Thialf are stated. For the hydrodynamic analysis the crane boom and crane hoisting
system are assumed to be rigid.

Figure G.1: Characteristic components of the Thialf
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