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Abstract

To increase the benefit of wind energy, the next generation wind turbines are becoming larger
and are moving into deeper waters. This significantly increases the size and weight of the
corresponding monopile support structures. In current practice, the majority of monopiles are
installed using jack-ups or floating vessels using so-called monopile gripper frames. Both
vessels have their advantages and disadvantages. Jack-ups are limited by weather conditions
and lifting capacity depending on the jack-up legs. For floating vessels, it is difficult to achieve
stability and verticality of the monopile during installation, because the gripper frame moves
with the vessel. This reduces the operating weather condition for installation of monopiles
using a floating vessel.

To operate in larger weather windows and to be able to lift larger loads, Van Oord is in-
vestigating the use of a monopile gripper on the seabed, so that the gripper frame is no longer
subject to the motions of the vessel. To install a monopile support structure using a seabed
gripper, the monopile gripper frame is installed first. The monopile is then slewed into the
gripper frame, which is able to hold the monopile in position and vertical while hammering it.
After the installation of the monopile, the seabed gripper structure is removed and transported
to the location where the next monopile is to be installed. This thesis covers the optimized
design of such a re-usable seabed monopile gripper. First, the different options for the grip-
per structure and its foundation currently available in practice are identified from a literature
study. Suitable concepts for the gripper structure are generated based on the requirements,
of which the two optimal concepts are selected based on a Multi Criteria Analysis (MCA). A
four-legged Jacket and a Tripod are chosen as the best concepts for the gripper structure using
either Helical piles or Suction buckets for its foundation.

A preliminary design of both the gripper structure and the foundation is done to identify
the initial member sizing and reactions of the piles at the seabed. A FEM model of the gripper
structure including a soil model is created in ANSYS and analysed for both members and
joints in ULS conditions. Due to the required opening on one side of the gripper structure (to
slew in the monopile), the stresses at the joints of the gripper frame are higher than anticipated
and strengthened accordingly. Based on the soil-structure interaction, the four-legged jacket
structure is selected as the best concept, because its piles are further apart than for the tripod
structure, thereby leading to minimal interaction between the piles of the gripper structure and
the installed monopile. Still, both helical piles or suction bucket can be used as the foundation
for jacket. A fatigue analysis shows that the gripper frame is subjected to cyclic loads that
lead to high bending stresses at the joints leading to possible failure. Based on this, certain
modifications have been made to the gripper structure to properly distribute the stresses.

A case study has been performed comparing the monopile installation by a floating vessel
with and without seabed gripper. This case study shows that the time taken and cost asso-
ciated with monopile installation using the jacket gripper structure is most economical using
suction buckets. However, modification of the installation using helical piles may lead to time-
and cost-reduction compared to using suction buckets. However, installation without using a
seabed gripper is more economical compared to with using a seabed gripper.

From this thesis, it is thus concluded that a four-legged jacket structure with either helical
piles or suction buckets is an optimal seabed gripper structure. However, it is not an economical
solution to use seabed gripper for monopile installation for Van Oord.
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1
Introduction of the thesis

1.1. Van Oord
Van Oord is a leading international contractor specialising in dredging, marine engineering
and offshore projects (oil, gas and wind). In 2007, Van Oord Offshore Wind bv (VOOW)
was established as a separate business unit for Offshore Wind (OW) to perform all the activ-
ities related to offshore wind farm construction. VOOW are responsible for the Engineering,
Procurement, Construction and Installation (EPCI) of many offshore wind farms in Europe.
They are adapting the latest technology and operates the world’s most advanced fleet, which
constitute of specialised vessels and dedicated equipment and tools[1]. Van Oord also focuses
on the environmental impacts during projects and innovates new technologies to reduce those
impacts.

Engineering, procurement and construction (EPCI) of the entire offshore wind farm in-
cludes the design and installation of foundations, scour protection, infield cables, offshore high
voltage substations, export cables, dredging/back-filling works, WTG installation and onshore
works.

This thesis focuses on the foundation part of the EPCI process, where it deals with the
installation of the monopile foundation using a seabed gripper.

1.2. Offshore wind turbines
Sustainability is a key factor in most of the government’s energy policies. Wind energy is one
of the major components towards clean green energy. Onshore wind farms are not appreciated
due to site availability and public acceptance. Offshore conditions are favourable for wind
farms as they have better wind characteristics and have more space. In countries like the
Netherlands, Denmark, Germany, France, UK, etc. there are many offshore wind farms that
are being built in the seas like North Sea, Baltic Sea, etc.

Themonopile structure is by far themost common foundation concept for the offshore wind
turbines, owing to the simple yet robust design by comparison with other foundation concepts;
it is well suited to mass-fabrication and the installation method, based on conventional impact
driving, is robust in most soil conditions [9]. Monopile diameter’s of up to 10 m are claimed
to be feasible in water depths up to 60 m [9]. However, larger turbines and deeper water will
challenge the technical feasibility of themonopile, particularly as wave action will increasingly
interfere with the dynamics of the turbine structure [9]. In this thesis, the monopile is taken

1



2 1. Introduction of the thesis

as the foundation for offshore wind turbines and focuses on stabilizing the MP during the
installation into the seabed.

1.3. Traditional Installation of a monopile using a gripper frame
In current practice, monopiles are usually installed using a jack-up vessels or floating vessels.

Jack-up vessels have legs, which are lowered to the seabed when at the construction loca-
tion. These legs have spud cans at their bottom, which penetrates into the soil. These pene-
trations are based on the soil properties and the spud can designs. The penetration of the spud
cans must provide sufficient capacity for the vessel, so that the hull can be lifted above water
and can do the operation with negligible disturbances. However, the waves hitting the legs can
still limit the installation process. Preloading is then done to ensure the proper transfer of loads
from the legs to the soil. After the monopile has been installed, the vessel is jacked-down and
moved to the next location for another monopile installation.

Offshore wind industry tends to prefer jack-up vessels in higher sea states compared to
floating vessel, as they provide stability and are easier to obtain verticality of the monopile
due to the relatively negligible disturbances from the waves.

An example of the operation of the jack-up vessel is shown below and its schematic repre-
sentation is shown in Figure 1.1 [1].

Figure 1.1: An example of the operation of a jack-up vessel[1]

The steps involved in the installation of a monopile using a jack-up vessel are[1]:

1. Jacking-up the vessel and installing the gripper frame.

• First, the legs are lowered and preloaded.
• While preloading, the legs penetrates the soil to certain depth until it provides suf-
ficient capacity.

• Meanwhile the gripper frame is slid to the side of the vessel and positioned.
• After that, a Noise Mitigation System (NMS) (i.e. bubble curtains) is placed around
the vessel.

2. Hook the monopile onto the lifting gear.
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3. Up-end the monopile.

4. Monopile up-ended.

5. Slew monopile into position over gripper.

6. Lower the monopile into the gripper.

• Initially, the gripper frame is fully opened to have an easier lowering of themonopile.
• After lowering, the gripper frame is closed.
• The arms in the gripper frame make the monopile vertical.

7. Placing the hammer on top of the monopile and driving to desired depth.

• For some cases, when the hammer needs to pass the gripper frame, the frame is
opened and the monopile is hammered to desired depth without use of the gripper.
At this point, the monopile has sufficient penetration to stand vertically.

• After hammering, the hammer and the noise mitigation system is removed and the
gripper frame is slid back on-board.

8. Survey and demobilisation.

The operation of the floating vessel is the same as shown in Figure 1.1 except Step 1. In
floating vessels, dynamic positioning system is used to ensure the vessel is in position through-
out the installation of the monopile.

1.4. Monopile gripper frame
A traditional monopile gripper frame is a support structure on board the vessel which holds the
monopile in position during installation. The monopile is held in place by the gripper frame
using hydraulic gripper arms. Based on the design of the gripper frame, the hydraulic arms are
placed at various locations, such that the force given by the arms makes the monopile vertical.
An example of the location of the gripper frame and the installed gripper frame in Aeolus is
shown in Figure 1.2 and 1.3 respectively.

Figure 1.2: Location of the monopile gripper on the vessel Aeolus [1].

When the monopile is subject to environmental loading during installation, the monopile
tends to incline. The initial inclination of the monopile while slewing into the gripper frame is
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Figure 1.3: Gripper frame installed in the vessel Aeolus [1].

made vertical by an opposing force given by the gripper arm. After the monopile is vertical,
the gripper arms simply hold the monopile in position, and the later environmental loading is
transferred as a force applied to the gripper arm. This way the monopile stays in its vertical
position, within the allowable tolerances, throughout the installation process.

The monopile is only restricted in its horizontal motion, not in its vertical motion. For this
reason, rollers are attached at the point of contact between the gripper arm and the monopile.
This allows rotations (with respect to vertical axis) and vertical translations yet restrict horizon-
tal translations. If the gripper restricts vertical motion, it hinders the driving of the monopile.

The verticality is important for the installation of thewind turbine on top of themonopile.There
is a certain tolerance in the inclination of themonopile based on the turbinemanufacturer which
should be complied during the monopile installation.

1.5. Future developments and challenges for future monopile installation
The future wind turbines are becoming larger and larger in terms of diameter and subsequently
increasing the weight of the monopile. As mentioned in Section 1.2, larger turbines and deeper
waters will have a significant effect on the size of the future monopiles.

Currently, jack-up vessels are used widely as they are not significantly affected by waves
and have a smooth installation without any motion in the gripper frame. However, jack-up
vessels have certain limitations in their operation for future turbines. The depth at which the
vessel can be used to install (depends on the length of the jack-up legs) and the weight it can
lift (depends on the load carrying capacity of legs and crane) is limited based on the size of
the jack-up vessel. Bigger jack-up vessel is needed for the future monopiles, which is more
expensive than the smaller jack-up vessels. They are also prone to earthquake loads.
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Van Oord decided to look into the possibility of using a floating vessel. Floating vessels
can operate at deeper waters as they are uncoupled with the seabed and also less vulnerable to
earthquake loading. Floating vessels can lift higher loads by ballasting the hull of the vessel,
if the crane capacity allows to lift such weight. The limitation of a floating vessel is that the
gripper is located on the vessel. The gripper moves with the vessel which does not provide
the necessary stability to the gripper frame and affects the verticality of the monopile. This
makes the weather window of the floating vessels much smaller than that of jack-up vessels
with regards to wind turbine installation.

To overcome the two criteria of operating in larger weather windows (due to increased
operability) and to lift larger loads, Van Oord has two solutions. They are:

• To use a floating vessel with a motion compensated gripper on the vessel

• To have a gripper on the seabed in which the gripper and vessel motions are uncoupled.

In this thesis, an optimized design for a gripper on the seabed is investigated.

1.6. Objective of the thesis
Themain goal of this thesis is an optimal design of a seabed gripper structure for the installation
of a monopile foundation, to ensure the verticality of the monopile during installation and in
addition is easy to install, remove and reuse.

The focus of the research is the structure/frame of the seabed monopile gripper and its
interaction with the soil, such that it can easily be installed, removed and reused. But, the
design of the hydraulic arms and the rollers present in the gripper frame are not included in
this research; optimising the geometry and structural integrity of the gripper frame is included
in this research. The working principal of the hydraulic system with the rollers is adopted from
the previous projects within Van Oord.

1.7. Methodology and Outline of the thesis
This section describes the steps that are involved in this thesis. The steps and the methodology
involved is shown below and referenced to the corresponding chapters.

First, a literature study is done to identify the different concepts that are currently in prac-
tice, with regards to substructures and foundations. Based on findings from the literature
(Chapter-2) and adapting to the requirements from Van Oord (Chapter-3), the feasible con-
cepts are proposed (Chapter-4). Conceptual designs for these proposed concepts are made and
their advantages and disadvantages are identified. A Multi Criteria Analysis (MCA) is con-
ducted to distinguish the most optimal concept and to select the most promising one, which is
explained in detail in Chapter-4.

Secondly, the preliminary design of each concept is laid out in Chapter-5. The loads acting
on the monopile is found first to identify the magnitude of load that is transferred from the
monopile to the seabed gripper. Next, the gripper frame is designed. In this thesis, only the
position and the placement of the gripper arms and rollers are designed, not the complete
design of the hydraulics and rollers involved in the gripper arms. An optimal arrangement is
done such that the monopile wall does not deform from the force given from the rollers. The
preliminary design of the selected concepts consists of member sizing and arrangement and
calculations for the expected environmental loads acting on the seabed gripper concepts. The
environmental loads acting on the monopile and the seabed gripper are calculated using the
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equivalent stick model approach. Then, their respective foundation reactions are found based
on these loads. These reactions are used to design the foundation of each respective concepts.

Afterwards, a Finite Element Method analysis is carried out in ANSYS, a numerical soft-
ware package, to find out the response of the structure to these loads. This is shown in Chapter-
6. The seabed gripper structure is optimized based on the stresses induced due to the loads
acting on it and its response. Once the seabed gripper structure is designed, the next step is
to look at how each of the optimal designs are interacting with the soil. This can be found in
Chapter-7. The seabed gripper foundation which has the least interaction with the monopile
and vice versa is selected.

Next, fatigue analysis is done to identify the number of installations and removals the
seabed gripper can be used for and optimise it based on the required number of cycles. The de-
sign of the seabed gripper is optimised based on the response from the fatigue loads as shown
in Chapter-8. A case study of the entire operation (i.e: time and cost involved) involved in the
installation, removal and reuse is done for the final design of the seabed gripper. The best de-
sign is related back to the MCA with the main considerations being economic and time value.
Thereby, outlining the final design which is presented in Chapter-9.

Finally, this thesis is concluded by summarising the final design of the seabed gripper, the
important points from each chapter and the necessary recommendations for future research as
discussed in Chapter-10.



2
State-of-the-Art of different concepts

For the initial phase of the thesis, the first step is to come up with some concepts to hold the
gripper frame in position underwater which is also easy to install, remove and reuse. The
concepts include both the support structure and the foundations. To understand the different
support structures and foundations, a literature study has been done for different concepts that
are currently in practice in the offshore industry both in oil & gas and wind. First, the different
support structures is discussed in section 2.1 followed by different foundations in section 2.2.
In these two sections, the different support structures and foundations are discussed in general
along with the changes that can be adopted to design a seabed gripper.

2.1. Support structures in offshore industry
Offshore structures are either permanent or temporary depending on the purpose they serve[33].
Permanent structures are intended to stay on a location for many years. For example, in the oil
and gas industry, an offshore structure typically designed for around 40 years to ensure maxi-
mum extraction of the fossil fuels beneath the seabed. On the other hand, temporary structures
are intended to perform a specific task during a limited period of time. These structures are
moved from one location to next and perform similar activity at each location[33]. A tradi-
tional and typical example of this is the offshore drilling jack up rig. However, more recently
the offshore wind sector have required a wide array of temporary structures due to the repeti-
tive nature of installing many wind turbines in close vicinity at a wind-farm. In this thesis, the
seabed gripper template falls under this temporary structures category.

The offshore support structures are classified into two categories, namely,BottomFounded
Structures (BFS), Floating Structures (FS) and Hybrid Structures (HS). Bottom founded
structures are fixed on the seabed, while the floating structures are connected to the seabed
through mooring lines and the hybrid structures are a combination of both the bottom founded
and floating structures. The main purpose of this thesis is to have a gripper on the seabed,
which means a bottom founded structure.

Bottom founded structures can be categorized into five basic types based on their structural
configuration:

• Monopile structure

• Tripod structure

• Jacket structure

7



8 2. State-of-the-Art of different concepts

• Gravity based structure

• Tripile structure

Figure 2.1: Example of bottom founded structures. From left to right: Monopile, Tripile, Tripod,
Jacket and Gravity base [57]

In the following subsections, the various substructures both modern and traditional choices
are outlined. As the thesis is about installing a monopile using a seabed gripper structure, a
general overview of the monopile is given. This is to understand the different components
involved in the monopile structure, that need to be consider while designing the seabed gripper
structure.

2.1.1. Monopile
A monopile is a large tubular structure consisting of numerous circular shells (cans) that are
welded together. A monopile is mostly used as a foundation for wind turbines. Typically, a
monopile extends from the base of the wind turbine tower, underneath the water and then deep
into the seabed [60]. It is considered as both the sub-structure and the foundation. To connect
the wind turbine tower to the monopile, a transition piece is used in between them. Transition
piece is used to connect monopile with tower and serves as an access for maintenance, for cable
connection, corrosion protection, etc. An illustration of a monopile with a transition piece and
scour protection is shown in figure2.2

The tower and the transition piece are typically connected by bolts and the transition piece
is connected to the monopile by grouting the void space between the shells or by using bolted
connection[42]. However, there is a new connection called slip joint which was successfully
installed by Van Oord in April 2020 [1]. Slip joint connection is done by sliding the transition
piece over the monopile as shown in figure 2.3, like sliding one coffee cup over the other.
The capacity of the connection is achieved by clamping and friction between the transition
piece and the monopile, without the need of grout connection. The same can also be done for
tower over the transition piece. Originally, the main idea behind the slip joint is to neglect the
transition piece and directly connect the monopile with the tower. Now, it is used to split the
heavy weight of the MP. This new connection will lead a way to easy and cheaper installation
of the tower over the monopile. The other advantage of the slip joint is that the strength of
the connection increases over time. During operation, the tower and transition piece will settle
more over the monopile due to its self weight [1].

In the future, there is a high chance of slip joint being used in the majority of the wind
farms. When using slip joint connection, the length of the monopile is reduced which is one of
the advantages of using slip joint to reduce material and fabrication cost [1]. This is because



2.1. Support structures in offshore industry 9

Figure 2.2: Monopile with transition piece and scour protection [61]

Figure 2.3: Illustration of slip joint connection [59]

the slip joint can be used underwater and will lead to an optimized design of the monopile
and transition piece or monopile and tower in terms of length and weight. This may lead to
difficulty in the installation of the monopile using a gripper on the vessel. When the hammer
needs to pass the gripper frame, the frame is opened and the monopile is hammered to desired
depth without the use of the gripper. At this point of opening, due to reduced length of the
monopile, the capacity of the monopile to stand by itself may not be achieved. In this case, the
use of seabed gripper structure will be more beneficial and accurate.

The vertical loads are transferred to the soil through wall or skin friction and tip resistance.
The overturning moment of the monopile is resisted by the horizontal resistance from the soil
[60]. The diameter and thickness of the monopile depend on the water depth, lateral loads and
seabed conditions to provide enough stiffness. The monopiles are generally installed in the soil
by hammering at the top of the monopile. In some cases, vibratory hammers are used instead
since the noise emissions are lower. For rocky soil, drilling is needed to penetrate the monopile
in the soil before hammering. There may be plugging of piles based on the soil condition the
monopile is installed in. During penetration of the monopile, plugging happens when the inner
friction of the monopile is large enough to prevent further soil intrusion. If plugging happens
only the outside wall friction is taken to contribute to resisting the vertical loads.
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Scour protection

Due to the currents acting on the monopile, the soil on the seabed gets eroded. The erosion
makes a big hole around the wall of the monopile over time. Erosion is reduced by placing
scour layer around the monopile. Scour layers consist of stones and rocks laid around the
monopile. There are typically two layers of scour protection around the monopile. The first
layer is called the filter layer which consists of small stones and the second layer is the armour
layer with large stones or rocks [1]. The diameter of the surface area of the laid filter and
armour layers are generally around 3 and 5 times the diameter of the monopile respectively
[1].

Normally the scour protection is installed first and the monopile is installed afterwards [1].
This is to install the scour layer easily without the interference of the monopile and also to
save time while the monopile is fabricated. However, the installation of the monopile depends
on the size of the stones used in the armour layer of the scour protection. If the design of the
scour protection tends to have big rocks as its armour layer, the monopile can get damaged
in the installation procedure. This is because, while hammering the monopile, the wall of the
monopile may deform when hitting the rocks of the armour layer. Depending on the armour
rock size, the armour layer may be installed after the installation of the monopile.

The scour protection will play a role in the design of the seabed gripper, as the foundation
of the seabed gripper maybe difficult to install in the armour layer. It will be better to have
the foot print of the seabed gripper to be within the filter and armour layer area. Apart from
the gravity base foundation, which will be placed on the armour layer, other foundations will
be difficult to install. As the foundations need to pass through the armour layer which maybe
hard and also damage the walls of the foundation because of the big rocks in the armour layer.

Table 2.1: Monopile - Advantages and Disadvantages [43]

2.1.2. Jacket structure

Jacket structures were among the first to be implemented in the oil and gas industry and are
still widely used to this day. By definition,

”Jacket type substructure is a substructure, made of a tubular space frame, providing sup-
port for a superstructure with all or some of the foundation-piles inserted through the legs and
connected to the legs at the top of the structure”[33][34].

”Tower type substructure is a substructure, made of a tubular space frame, providing sup-
port for a superstructure with all or a number of the foundation piles inserted through and
connected to sleeves around the legs at the base of the structure”[33][34].
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The schematic representation of both jacket type and tower type substructure are shown in
figure 2.4. In practice, both the jacket type and tower type are usually called as Jacket structure.
Normally, the structure has three or four legs, however, they can have more depending on the
design. The legs are connected by tubular braces to have a proper load transfer which makes
the structure stiffer. All the members of the structure are tubular and they are welded together.
Sometimes these tubular members are connected via plates at the joints to reduce peak stresses
and hence, the lifespan of the structure in terms of fatigue failure. The fabrication of a jacket
structure is complex and consumesmore time as there are large number of connections between
all of the tubular members.

Figure 2.4: Schematic representation of a jacket type (left) and tower type (right)
substructure[34]

The bracing connecting the main legs have different configurations based on the needs of
the design. The typical configurations that are used in practice are shown in figure 2.5.

Figure 2.5: Different types of bracing. From left to right: Diagonal bracing, K bracing, X bracing
[43]

Depending on the function of the jacket structure, each leg is either loaded in tension or
compression. Usually piles are used as the foundation for the jacket structure which transfers
the loading to the seabed. Nowadays, suction buckets and also other techniques are used as
foundations for a jacket structure.
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There are two methods of jacket pile installation, post piling and pre-piling. Post-piling
method is the traditional way used in the oil and gas industry. For jacket type substructure,
the structure is placed on the seabed and the pile is inserted inside the jacket’s main legs and
is hammered. The connection between the leg and the pile is done by concrete grouting and
welding the top of the pile and jacket leg with the help of shim plates [34]. As the top of the
jacket structure is above water it will be easy to weld between the pile and the jacket leg. For
tower type substructure as seen from figure 2.4, the jacket legs are attached to pile sleeve at
the bottom. The piles are inserted into the pile sleeve and hammered. The pile sleeve with the
pile is grouted to ensure proper load transfer from the jacket to the pile and to the soil.

For pre-piling method, the piles are installed first with the help of piling template. The
jacket structure is then placed over the installed piles on the seabed. This method can only
be adopted to tower type structure. The piles must be vertical to allow the jacket to be in-
stalled after the piles. The jacket leg with the pile sleeve and the pile is connected by grouted
connection.

Pre-piling method is widely used in the offshore wind industry. This is due to the number
of repeated installations of the wind turbines. It is economical to install the piles by first using
smaller vessels and the jacket structure is then installed using a bigger vessel at a later stage.

In this thesis, the gripper support structure should be easy to remove and reuse. As a result,
it will not be feasible to use grouted connection between the jacket legs and the pile, as they
need some time to set to have full loading capacity. Also the connection needs to be removed
after the support structure served its purpose. Therefore, a new type of connection is needed
which is easy to install and remove providing full loading capacity.

Typically, the legs of jacket structure are connected by bracing in all the sides. It will be
difficult to remove the jacket structure after the installation of the monopile as all the sides
are closed. To remove the jacket structure, it should be lifted above the monopile, which is
difficult to lift and may damage the wall of the monopile. For this purpose, one side of the
jacket structure can be left open to have easy installation and removal. This will be a new type
of jacket structure, as there is no jacket structure which has been designed for one side open.
This will be a challenge in the designing phase of the jacket structure.

Table 2.2: Jacket structure - Advantages and Disadvantages [43]
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2.1.3. Tripod structure
Offshore tripods are structures with three legs made of shell structures as shown in figure
2.6. The thickness of the legs is small compared to the diameter of the leg, relative to other
offshore structures. The three legs are connected to a main tubular member at the center. There
are fewer members in the tripod structure than that of a typical jacket structure. However, the
tripod typically have much larger member diameters. Like the jacket structure, the force acting
on the tripod, load each leg in either tension or compression. The foundation of the tripod use
piles, suction buckets or other forms of foundations (later discussed) which are effective in
transferring the axial loads to the seabed. The legs are well spread out, which increases the
moment carrying capacity of the structure [24].

As mentioned for jacket structure, one side of the tripod structure can be left open for easy
installation and removal of the tripod structure.

Figure 2.6: Tripod substructure to support offshore wind turbine

Table 2.3: Tripod structure - Advantages and Disadvantages [43]

2.1.4. Gravity based structure
Gravity based structure (GBS) stabilize the substructure by providing a huge self-weight at
the base of the substructure (whether a tripod, jacket or monopile). An example of a gravity
based structure is shown in figure 2.4 [63]. This solution is most suitable for shallow water
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depths. The foundation is usually prepared onshore and a remade of reinforced concrete, steel
or composite material. The sea bed requires preparation before the GBS can be sunk. The
GBS is sunk by ballasting foundation with water, sand or gravel. Perhaps the main advantage
of a GBS is the material and construction costs are generally low. Since this thesis focuses
on a temporary works solution for supporting a monopile while it is driven, it is important to
note the installation time. A GBS is installed on the seabed relatively quickly compared to
other concepts, however, it is quite dependant on the sea condition. Rough conditions cause
instabilities and therefore there is usually a small weather window for installing gravity based
structure.

Table 2.4: Gravity based structure - Troll A platform [63]

Gravity based structure work to balance the overturning moment through their enormous
self-weight where the load is transferred through the foundation’s base line. The dead load
must be large enough to prevent uplifting, sliding and tilting. This means that the soil at the
site is of key consideration. For a generalised temporary works solution, this foundation may
have too many limitations attached to it, however, it certainly has some attractive benefits too,
as seen in table 2.5. However, as the scour layer will be placed already, the GBS can be placed
over it. This will increase the bearing capacity of the soil, so that the GBS can be installed.

Table 2.5: Gravity based foundation - Advantages and Disadvantages [43]
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2.1.5. Tripile
A tripile is a new structure that has been interpreted from the monopile concept. A tripile has
three individual piles installed which are connected together using a transition piece with three
inserts. A tripile structure is used as a sub structure for wind turbines yet is often considered
as both the substructure and the foundation (much like a monopile). The length of the three
individual piles is changed according to the site conditions. This makes this solution applicable
to overcome different water depths and uneven seabed profiles[43]. The installation of the
transition piece requires a high degree of accuracy to fit inside the pile [43]. Sometimes a
piling template is adopted to increase the accuracy of installation. The figure 2.7 shows the
complex transition piece that will be inserted into the three piles. The connection between the
transition piece and legs is done by grouting.

As mentioned for jacket structure, one side of the tripile structure can be left open for easy
installation and removal of the tripile structure.

Figure 2.7: Transition piece of the tripile substructure[58]

Table 2.6: Tripile structure - Advantages and Disadvantages [43]
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2.2. Foundations in offshore industry
The offshore structures can be described based on the type of foundations used in the construc-
tion. These foundations consist of:

• Pile foundation

• Gravity base foundation

• Suction bucket foundation

The soil conditions found in offshore sites have a wide range of soil particles from clay to
boulders. The choice of foundations depends on the soil conditions and therefore a good site
investigation is required. The investigations are mainly based on cone penetration test (CPT),
soundings and drilling to collect samples and laboratory sample testing. The North Sea seabed
consists of mainly of highly over consolidated soils combined with some sand deposits in the
top layers. [41]. Over consolidated soils refer to a soil that has experienced large stress than
the current stress.

The choice of foundation is related to the magnitude of overturning moment with respect
to the seabed, which is directly proportional to the water depth.

There is a variety of foundation concepts that are available for offshore structures. The
selection of the most suitable foundation concept is dependent on the function of the substruc-
ture. In the case of a monopile structure, the monopile must resist an overturning moment [42]
from the lateral capacity of the soil. Whereas, for a jacket substructure, an overturning moment
is predominantly resisted axially by the soil. Koteras (2019), discusses the main differences
between the foundation choices for a monopile. However, in this thesis, the foundation to
be supported by the gripper frame is predefined as a driven monopile. A brief outline of the
three foundations mentioned above will be discussed below, with respect to the seabed gripper
support structure which will support the monopile while it is driven.

2.2.1. Suction bucket foundation
A suction bucket foundation (or suction caisson foundation) consists of a thin steel cylinder
with an open bottom and a sealed top (figure 2.8) [42] [46]. The cylinder, which penetrates the
soil, is called the skirt and the top is the lid. The installation of a suction bucket is accomplished
in three steps: lowering, self-weight penetration and suction penetration. Initially, the bucket
is lowered in the water until it touches the seabed (touchdown). This operation should be
done in a very controlled manner so that the bucket lands vertically on the seabed. Penetration
initiates due to the weight of the bucket. Afterwards, the suction penetration starts, which
involves the pumping of the water trapped in the bucket. In this way, the under pressure in the
bucket is enabled, resulting in the development of an earthward force pushing the caisson into
the soil. Once the final penetration depth is reached, the pump is closed by a valve, sealing the
foundation with the soil [42].

As water is pumped from the caisson, a flow is induced around the skirt (Figure 2.9). This
flow is related to the development of pore pressure around the foundation, resulting in the
drained soil response [42]. Water flows in the soil towards the inside of the bucket. The
upward flow inside the bucket creates a hydraulic gradient that reduces the vertical effective
stress leading to the reduction in friction. Evidently, it concluded that the successful installation
of the suction buckets occurs in soils with high permeability.
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Figure 2.8: Foundation bucket concept [42].

Figure 2.9: Schematic representation of the suction bucket penetration. Seepage around the
skirt [42].

In this thesis, as the main goal is to have less total time for the intallation, removal and
reuse of the structure, suction bucket has an advantage over the pile foundation. The suction
pressure will be applied simultaneously to all the buckets present in the structure. This will
have less installation time unlike pile foundation, where each pile will be installed one by one
based on the number of legs present in the seabed gripper structure. However, there are some
limitations while installing a suction bucket which is discussed below. The advantages and
the limitations need to be fully analysed and considered for the next upcoming phase of the
project.

Several limitations in the installation of the suction buckets have been identified [42]. First
of all, a limiting factor is the cavitation pressure. The cavitation pressure increases with water
depth. ”The allowable pressure before the cavitation limit is reduced due to the pump capacity”
[42]. Secondly, the induced high load difference between the inside and outside of the skirt
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during suction, may lead to buckling failure. Buckling has a detrimental impact on both the
installation and operation of the foundation. Other limitations are the piping failure and the
seabed topography. If a critical suction is exceeded then piping channels are created at the
circumference of the skirt, which breaks the sealed connection between the foundation and
the soil. As a result, the pressure between the inside and outside of the bucket is identical,
causing the penetration to stop. Regarding the seabed topography, if the soil consists of layers
(especially clay below sand) then there is the risk of soil plug. This stops the installation before
the required penetration depth is reached.

Various methods exist to properly install the suction bucket in difficult soil conditions.
For soil where the penetration resistance is higher, nozzles can be used to jet water alongside
the skirt tip. The water from the nozzle, causes liquefaction for sand or remolding of clay,
reducing the tip resistance [42]. Cotter (2010)[53] studied the water injection at the skirt tip
of the suction bucket. The water injection reduces the suction needed and the reduction is
proportional to the pressure of the water jet. The injection of water did not cause any piping
failure even for high injection pressure.

Another method is a repeated process of applying pressure and stopping. This is called
cyclic penetration. Over-consolidated clay becomes remolded due to this process, which also
reduces the friction on the skirt [42]. In sand, the soil dilates at the skirt tip due to unloading.

Another method is to add weight (i.e. sand bags) to the structure which ensures the suffi-
cient self-weight penetration in very stiff clays. For sands, very high suction pressure can be
avoided which may result in piping failure.

However, there are many hazards and mitigation measures, which are discussed in detail
in ”Suction Installed Caisson - Foundation for Offshore Wind: Design Guidelines”[26]. The
table 2.7 shows the several hazards (mode of failure) and the suggested mitigation methods.

Table 2.7: Installation hazards and suggested mitigation methods [26]
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Although, there are many criteria to account for to design a suction bucket, they have many
advantageous characteristics. The main ones are low cost, less installation time and that they
are reusable. Shchucheng Jin (2014) [19] investigated the group effect of the multi-bucket
foundation, which proves that the ultimate bearing capacity of a four bucket foundation is
nearly 2.4 times than the single bucket foundation [19]. However, the vertical bearing capacity
is not equal to the sum of the single bucket’s bearing capacity [19].

For a tripod bucket foundation in clay soil, the bearing capacity is influenced by the pene-
tration depth of the bucket and the bucket spacing [24]. The length-diameter ratio of the bucket
influences the group effect of the tripod bucket foundation. The vertical bearing capacity due
to the group effect is negligible[24]. With an increase in spacing between the buckets, the
horizontal bearing capacity increased significantly and converged at a constant value, whereas
the moment bearing capacity increased continuously [24].

Koohyar Faizi (2019)[25], investigated the behaviour of a model hybrid tripod suction
bucket as shown in figure 2.10. The hybrid tripod suction bucket provides around a 25% -
100% increase in the overturning moment capacity depending on the diameter of the mats and
the spacing between the buckets [25].

Figure 2.10: Hybrid three suction bucket with mat foundation[25].

2.2.2. Pile foundation
Piling is a type of deep foundation which is simply a slender column inserted into the soil. For
offshore purposes, piles are mostly made up of steel, however, sometimes composite materials
are also used. Pile foundations are used when the top layers of the soil can not provide enough
bearing capacity (for example, in suction bucket). The piles can be penetrated to a certain
depth where the bearing capacity is high. The loads are transferred from the pile to the soil
through end bearing and skin friction. Since the diameter of the pile is less compared to suction
bucket or monopile, it is not so good with resisting horizontal forces. Piles are good in taking
both tension and compression force.

There are different types of installing a pile offshore and are listed below.

1. Driven piling

2. Screw piling
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2.2.2.1 Driven piling
The most commonly used techniques to drive piles are impact driving and vibratory driving.
There are a few new techniques that are in their developing stage such as Blue piling (impact
driving) and Gentle driving of piles (vibratory driving).

Impact driving
To date, most of the offshore piles are driven by impact. Hydraulic hammers are used to deliver
a series of blows to the top of the pile making the pile gradually penetrate into the soil. The
installation time taken for the pile depends on the pile dimensions, soil conditions and the input
energy of the hydraulic hammer. For a monopile, usually it takes hundreds or even thousands
of hammer blows to install the pile properly [44]. Some of the advantages of impact driving are
it is a very reliable method which has been used for many years in the offshore industry. The
desired depth can be reached with impact driving except in few cases where there is boulder
or very high resistance from the soil.

However, the use of impact hammers is not good for the environment, as the sound waves
generated during impacting will transmit through the soil and water and disturbs marine life.
To reduce this, noise mitigation techniques are used to reduce the intensity of sound waves.
The different types of noise mitigation techniques are:

• Bubble curtains (Single or double)

• Hydro sound Damper

• Noise mitigation screen

• Cofferdam

The impact force induces high stresses within the pile which causes more fatigue damage
and leads to expensive foundation piles.

On the contrary, the new impact driving BLUE piling technology offers a low-noise pile
driving solution. The principle of BLUE piling is that,” a column of water is pushed up by
the combustion of gas mix, which then falls back down by force of gravity and strikes the
monopile”[62]. The fatigue damage of the pile is also reduced because the impact time is long
and spread out, causing the reduction of peak stresses during hammering. However, BLUE
piling technology is in its developing stage, which may be seen in the future installation.

Vibratory driving
The vibratory driving is implemented by the use of vibratory hammer. The working principles
of vibratory driving is to impart longitudinal vibratory motions on the pile to reduce the soil
resistance to penetration [47]. Based on the broad experience from the past, vibratory driving
offers outstanding options to install driven piles (particularly into wet granular soils) [35]. In
the correct soil conditions, vibratory driving has various advantages over impact hammers, as
mentioned by Saleem (2011)[48]:

• Three to four times faster installation than the impact hammering

• The vibratory hammers needs less energy and time to install the piles which directly leads
to lower costs.

• The vibratory process can be adopted for installation, removal and reinstall piles.
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• Low noise emission. The noise created during the installation is less compared to the
impact hammering. Approximately 15 - 20 dB of noise level is reduced when using a
vibratory hammer and can be higher based on pile and soil condition.

On the contrary, vibratory driving have few disadvantages. The most importantly, the re-
liability of the bearing capacity obtained from vibrodriven piles.

A comparative study between the impact driving and vibratory driving has been done by
Deep Foundation Institute (DFI) and the summary is listed below [35].

• From a number of studies, on an average the vibrated piles has 80% of the axial capacity
compared to the impact driven piles. Some tests show results as low as 50% of the
capacity of impact driven piles.

• The reduction in capacity is a combination of both shaft and tip resistance.

• The axial resistance of the vibrated pile depends on the properties of the hammer used.
Low frequency with low penetration piles seem to have higher axial capacity. However,
to avoid refusal of pile, high frequency with high penetration is beneficial.

• Not many studies have been done to understand the lateral capacity of the vibrated piles.
Data from two studies show that there is no influence on the lateral capacity of the piles.
However, the results need to be applied with caution.

The new technique of Gentle driving of piles (GDP) is in the research stage and has been
tested offshore for small diameter piles. The principle behind the GDP, is to simultaneously
apply low-frequency and high-frequency vibrations which exerts two different modes of mo-
tion on the pile. The main aim of the research is to develop this new method for monopiles,
but this can also be used for small diameter piles like jacket pile foundation.

Both the driven piles and screw piles have both advantages and disadvantages. For impact
driven, it is not environmental friendly, but is used in most of the pile foundation. Vibratory
pile and screw pile are silent when compared to the impact driven pile. But the installation of
piles using vibration will reduce the strength of the soil around the pile.

The type of piling can be adopted based on the soil condition of the project site. For ex-
ample, for very hard soil impact driving can be adopted, as the vibratory and screw piles are
difficult to install in hard soils. For soils less than hard soils, helical piles can be adopted as
they are easy to install in these type soil.

2.2.2.2 Screw piling
Screw or helical piles are piles with one or more helix shaped bearing plates welded to the
central shaft as shown in figure 2.11. The diameter of the shaft is small compared to the
diameter of helix.

Helical piles are one of the oldest foundations used in the offshore environment. The first
recorded use of helical piles dates back to 1836 by Alexander Mitchell. He used the helical
pile for moorings and later applied it to Maplin Sands lighthouse in England in 1838 [49]. The
lighthouse operated for more than 90 years until it collapsed in 1931. The foundation was
undermined due to scour leading to failure. After the pioneering work from Mitchell, helical
piles were used for a large varieties of offshore and onshore structures. The use of offshore
helical piles is not widely used nowadays. However, the characteristics of the helical piles
tend to be suitable for the multi-legged offshore wind turbine application [12]. For the multi-
legged structure, the load carrying capacity is mainly through tension and compression, where
the helical piles are better at carrying these loads compared to normal piles.
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Figure 2.11: Geometrical parameter of a helical pile[12].

Helical piles are effective at transferring axial loads from the structure to the soil. The
load carrying capacity is determined by the bearing capacity of the plates and the shaft skin
friction. For the loading condition of offshore wind turbines, both the helix diameter and its
overall length are substantially larger compared to those used onshore [12]. For lateral capacity,
the diameter of the main shaft near the soil surface is increased by using a winged sleeve or a
skirted collar, where the vertical plates provide additional lateral resistance [12].

For onshore applications, modular type helical piles are used, where an extra shaft is at-
tached to the main shaft with or without a helix based on the load carrying capacity needed
[14]. Modular foundation systems are also being developed for the offshore application of
helical piles [12].

Helical piles are installed by screwing, rotating or torquing into the soil while applying
little vertical force at the top of the pile. The helical pile is easily removed by unscrewing.
The torque motor used to screw the pile is relatively quiet compared to the impact piling. The
measurement of the torque during installation is used to find the pile capacity from the relation
given by Hoyt and Clemence (1989) [50].

Existing industrial guidelines for the installation of screw piles show that the piles should
be installed in a pitch-matchedmanner to avoid disturbance in the soil to increase the in-service
performance of the helical pile [14]. Pitch-matched manner refers to the rate of vertical ad-
vancement of the pile per rotation, that depends on the distance between the helix leading edge
and end of the helix [52]. Pitch-matched installation results in an advancement ratio (AR) of
1, given as the ratio of vertical displacement per rotation by the geometric pitch of the plate
[52].

In a recent study, October 2020, the in-service performance of a single screw pile has been
investigated using Discrete Element Method in sand of different relative densities [51]. The
study compares the pitch-matched (AR=1) and over-flighting (AR<1), to assess the in-service
capacities both in tension and compression. Some of the key factors from the study are shown
below, which are useful for the design and installation of the screw piles.

• With over-flighting, the installation force required is reduced up to 96%, which makes it
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possible to install the helical pile under its self-weight.

• The installation torque is less affected by AR. However, by over-flighting, it is possible
to reduce the installation torque up to 35%.

• Over-flighting reduces the compression capacity of the helical pile upto 39%.

• Over-flighting increases the tensile capacity and stiffness of the helical pile upto 120%
in loose soil and 60% in other densities

• The verification of the capacity of a single helix pile with relation to installation torque
maybe unsafe for large pile geometries
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Design requirements for the seabed gripper

The main requirement is to have a gripper template on the seabed, to support the installation of
the monopile at the maximum installation weather condition of the vessel. As seen in section
1.1.1, the rapid growth in the offshorewind industry influences the design of the future projects.
When the wind turbine size increases, the self weight and the load acting on the turbine will
increase, which subsequently influences the design of the monopile. So, Van Oord provided
certain boundary conditions and parameters, for which the seabed gripper needs to be designed.
The conditions are shown in Table 3.1

Description Values Unit
Diameter of monopile at mud line 7 - 11 m

Length of monopile max 110 m
Weight of monopile max 3000 tonnes

Water depth 55 m
𝐻፬ 2.5 m
T 5.6 - 7.2 sec

𝑉፰።፧፝ 20 m/s
Inclination of monopile 1 deg

Table 3.1: Initial parameters and conditions

For the above mentioned diameter of the monopile, hammers are being developed by the
suppliers like Menck and IHC [1]. Hence, some reasonable assumptions have been made for
the properties of the hammer. The assumptions are listed in table 3.2.

Assumptions Values Unit
Diameter of hammer 8.5 m
Length of hammer 25 m
Weight of hammer max 1000 tonnes

Table 3.2: Assumed hammer properties

The starting points that are considered are listed below:
• The seabed gripper template should be easy to install, removed and reused.
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• It should be suitable for most types of soil conditions.

• The planning of the transport and installation of the seabed gripper needs to be done and
compared with the conventional method that is in practice, to have an overview of the
total transport time and cost associated.

• Themost optimal solution is to have a concept with lowest cost over its complete lifetime.

• An impact load between the monopile and the gripper frame is considered. This happens
when the monopile is slewed and lowered into the gripper frame.

• Fatigue analysis needs to be done to assess the lifetime of the structure, as the structure
should be durable for multiple wind farms.

During hammering of the monopile, the hammering load and vibration from the monopile
to the gripper structure is ignored in this thesis. This is because the monopile is only 1 degree
inclined, so most of these loads will be directly transferred to the soil.

For the design of the foundation of the seabed gripper, sand layer with an angle of internal
friction of 25 deg is taken as the base condition. It is also assumed that there is only one type
of soil for the entire depth of the foundation which is sand.
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Concept Generation and Selection

Note: As this chapter deals only with the conceptual design, the figures and their dimensions
shown here is not final, they are just an illustration of how the considered concepts looks like.
After selecting the concepts in this chapter, their detailed designing and final configurations
will be discussed in the further chapters.

From the literature review, different concepts have been studied and understood. With these
information and considering the scope of this thesis and requirements from Van Oord, several
concepts have been generated. These concepts are modified from the concepts discussed in
the literature based on the purpose of the structure. The generated concepts are listed below
and explained.

1. Tripod structure with suction bucket

2. Jacket structure with helical piles

3. Steel structure with mudmats

4. Jacket pile template with vibratory driven piles

4.1. Tripod structure with suction bucket
The First concept considered is a tripod structure as a superstructure, with suction buckets as
the foundation. The figure 4.1 shows the configuration of this concept. Each main leg connects
the gripper frame to the suction bucket which acts as a main member to transfer load from the
gripper to the foundation. The gripper frame has an open side to have easy installation of the
monopile and to remove the template after installation of the monopile. An additional frame
(stiffener frame) is provided to increase the stiffness of the whole structure.

This template can be installed by lifting from the vessel and placing it on the seabed. The
suction buckets are connected to pumps on-board the vessel and will be operated from the
vessel. After the installation of the suction bucket, the monopile will be slewed inside the
gripper frame. The gripper frame will provide sufficient force needed to make the monopile
vertical within its tolerance till the end of the installation. Then the monopile is hammered and
after the installation, the template is removed. The template can be easily removed by lifting it
sideways and up. Some of the advantages and disadvantages of this structure are listed below.

26
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Figure 4.1: Tripod structure with suction bucket

Advantages:

• Stiff structure;

• No seabed preparation;

• Suction bucket are easy to install and remove;

• Provides more lateral loading capacity;

• If the whole structure can be floated, there is no space needed on deck to store and trans-
port the structure;

• Horizontal level of the whole structure can be adjusted by adjusting the penetration depth
of the suction bucket.

Disadvantages:

• Not suitable for hard soils, clay and armour layer of scour protection;

• If there aremixed soil layers of sand and clay, then the installationwill be challenging[26].

4.2. Jacket structure with helical piles
The second concept considered is a 4 legged Jacket structure as superstructure with helical piles
as the foundation. The helical piles can be easily switched between normal hammered piles or
vibratory driven piles based on the need. The figure 4.2 shows the schematic representation
of the concept. The jacket structure has two bays. The top bay has a K bracing to connect
the gripper frame to the main legs of the jacket. The bottom frame has a X bracing to provide
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stiffness and have proper load transfer. Mudmats are attached to each legs at the bottom, so
that the structure does not settle inside the top weak soil layer due to its own weight.

Figure 4.2: Jacket structure with helical piles

Usually a normal jacket structure has bracing connected between their main legs. This
structure has only three sides with bracing and an opening on one side for easy installation
and removal. The jacket structure is placed on the seabed and the helical piles are lifted and
lowered inside the pile sleeve and screwed to desired depth. The piles can be removed by
screwing in the opposite direction(i.e: unscrewing) and the structure can be removed by lifting
sideways and up. Some of the advantages and disadvantages of this structure are listed below.

Advantages:

• Light weight and stiff structure;

• The spacing of the legs are designed so that, they are away from the armour layer;

• Helical piles canwithstandmore tension and compression force than a normal pile, which
is the governing force acting due to moment (push-pull loading);

• Easy to install by applying small vertical force or self-weight and screwing the piles;

• Modular type of helical piles can be used based on site specific condition.(i.e: if more
load carrying capacity is needed, extension pile, with or without helices can be attached
to the top of the pre-existing helical pile);

• Provides immediate load carrying capacity, which is vital in our case;

• Suitable for very soft to very stiff clay and from loose to very dense sand [14];

• Very less soil disturbance.
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Disadvantages:

• Not good with gravels or cobble deposits (i.e.: It can be used up to a maximum soil grain
size of 60% of the helical pitch [14];

– This can affect our installation, if the filter layer has a bigger grain size based on its
design;

– This can lead to installing the scour layer after the installation of the monopile or
reducing the grain size of the filter layer;

• There should be a minimum weight of the equipment. ½ tonnes per 1356 N-m torque
needed for the installation [14].

4.3. Steel structure with mudmats
The third concept is a steel structure with mudmats. This is a type of gravity based structure.
The figure 4.3 shows the arrangements of this concept. This concept has 6 steel frames with
mudmats attached to it at the bottom. The six steel frames are only interconnected by means
of the gripper frame and the stiffener frame. The top layer will be weaker and is difficult to
provide enough stability to the structure for the conditions provided in 3.1. So the mudmats are
integrated with the helical (or rammed) pile foundation. For stronger soils, the use of mudmats
will be sufficient, no need of integrating with any other foundation.

Figure 4.3: Steel structure with mudmats

The structure is installed by lifting from the vessel and placing it on the seabed. For weak
soil, the helical piles are screwed in each mudmats, otherwise it is an easy installation. The



30 4. Concept Generation and Selection

monopile can be lowered into the gripper frame and hammered. There are two connection
points in both the gripper and the stiffener frame which comprises of bolted connections. For
the removal of the gripper structure, the connection point should be removed first and then
lifting the structure as two parts.

Advantages:

• Easy to install for hard soil conditions;

• Can be placed over scour layer; if wanted the scour layer can be used to make the seabed
a bit even;

Disadvantages:

• Can’t be used for weak top layer soil;

– The weak layer can be removed and replaced with denser soil;
– Replacing of weak layer will be more expensive depending on the thickness;

• The integrated pile foundation will take more time to install.

4.4. Jacket pile template with vibratory driven piles
The fourth concept is a monopile pile template with vibratory driven piles. The figure 4.4
shows the schematic representation of this concept. The monopile template is a bit of a mod-
ification of jacket pile template. It is a three legged structure with two frames and one side
is open for easy installation and removal of the structure. Each pile sleeves have a pile with
vibratory hammer on top of it. The pile sleeves are closed initially at the bottom so that the
piles inside does not slip through it. Mudmats are attached to the bottom of the pile sleeves to
prevent the settlement of the structure from its self weight.

Figure 4.4: Monopile template with vibratory driven piles

The monopile template along with the three pile arrangements are lifted and placed on the
seabed. The hammers are controlled from the vessel. The bottom of the sleeves are opened
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and the piles are installed by the vibratory hammers. After driving the piles, the monopile
is lowered into the gripper frame and hammered. After the installation of the monopile, the
piles are removed with the help of a jack-up mechanism and vibrating the pile again. Due to
the vibration of the pile, the friction between the soil and the pile reduces. This supports the
lifting by the jack-up mechanism and the bottom of the sleeves are closed. If the design of the
the jack-up mechanism is hard as the pile will be vibrating while lifting, it can be replaced by
lifting by crane.

Advantages:

• Easy to install the piles using vibro-hammer;

• Good for sand type soils.

Disadvantages:

• Not so good with clay.

– It needs high amplitude vibrator;
– Instead hammering is recommended for clay;

• The axial resistance of vibratory pile is less than the hammered pile [35]. (It is around
80% of the capacity of hammered pile)

– To increase the axial resistance, vibratory hammers with low frequency and low
penetration velocity can be used

– Additional penetration needs to be done to make the axial resistance equal to the
hammered pile.

• Lateral capacity seems to be equal but as there is not many data on this, it should be
considered cautiously;

• For the Design, 40% reduction factor from the capacity of hammered pile should be
taken for cohesive and dense sands and for loose sands, lower reduction factor must be
justified[35].

4.5. Multi Criteria Analysis
With the aforementioned concepts that are considered for this thesis, the multi-criteria analysis
method is adopted to select the optimal concepts, to proceed further for design. There are four
major topics that are covered in the multi-criteria analysis and they are described below with
the explanation of why the points are awarded for each criteria for each concepts.

1. Installation & Removal

• This comprises of the time taken and different operations needed to install and re-
move the structure.

• As a whole new structure is being installed to assist the installation of a monopile,
the new structure should be easy to install and remove and the time taken should
be less. This directly represents the time associated and its cost, which is the major
factor at the end of the project. Therefore, it is given 50% of the total weight.

• For concept 1, suction bucket is easy to install by giving suction pressure and remove
by reverse suction. However for the installation, it takes time to install depending
on the type of soil. Therefore, it is given 0.9 out of 1.
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• For concept 2, helical piles are also easy to install and remove by screwing and
unscrewing. However, all the helical piles needs to be lifted and installed separately,
unlike the suction bucket, where all the buckets are installed simultaneously as it is
fixed to the structure. Hence, it is awarded 0.8 out 1.

• For concept 3, mudmats are one of the easy method to install by lifting and placing
on the seabed or scour protection. However, to remove the frame as seen in figure
4.3, screws needs to be removed underwater and the structure becomes two compo-
nents, which will lifted and placed on vessel and bolted again on board the vessel
for next installation. Thus, it is given less point of 0.7 out of 1, only because of
removal.

• For Concept 4, installing the piles are easier by vibration, but for removing my
jack-up system or by crane will take time. So, it is awarded 0.75 out of 1.

2. Types of soil

• This covers the different types of soil condition that the structure can be installed in.
This structure is going to installed for multiple wind farms and different locations.
There will be all kinds of soil that will be present on site. So it must be preferable
to install the structure in mostly all types of soil conditions.

• For concept 1, suction bucket are not suitable for very hard soils and has difficulty
in installing in different layers of soil mainly consisting of clay. Hence it is awarded
0.75 out of 1.

• For concept 2, helical piles are not suitable for very hard and big granular soils.
Therefore, it is awarded 0.8 out of 1.

• For concept 3, mudmats are suitable for all kinds of soil except very weak top layers.
Thus, it is awarded 0.9 out of 1.

• For concept 4, vibratory piles are not suitable for very hard soils and there if diffi-
culty in installing in clay soil. So, it is awarded 0.8 out of 1.

3. Complexity

• This includes the difficulty in operating the structure and its components. The more
complex the structure, the more complexity in fabrication and operation of the struc-
ture. Which therefore, increases the cost.

• For concept 1, applying suction pressure to install the bucket need to be closely
monitored throughout the installation process. It requires more attention for layered
soil consisting of clay layers.

• For concept 2, there are complications in installing in clay soil and needs attention
while installing. Therefore, it is awarded, 0.9 out of 1.

• For concept 3, removing the bolts underwater to split the structure for easy removal
is a complex operation. Thus, it is given 0.6 out of 1.

• For concept 4, the self installing mechanism and removal using the vibratory ham-
mer is difficult to fabricate and operate. Also, removing the piles using jack-up
system while vibrating requires a complex design. So, it is given 0.5 out of 1.

The table-4.1 shows the points given for these four topics, for each concepts and their total.
The concepts with most points will be taken for further design.
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Installation & Removal Types of Soil Complexity Total
Tripod with Suction Bucket 0.9 0.75 0.8 83.5

Jacket structure with Helical Piles 0.8 0.8 0.9 82
Mudmats with 6 legs (without piles) 0.7 0.9 0.6 74
Jacket pile template with vibro pile 0.75 0.8 0.5 71.5

Weight 50 30 20 100

Table 4.1: Multi-Criteria Analysis for the generated concepts

From the table above, it is evident that the concepts tripod with suction bucket and jacket
with helical piles are better, out of these aforementioned concepts. In the upcoming chapters,
the detailed designing and the soil-structure interaction are done for these two concepts and
will be discussed in detail.

4.6. Discussion
The selected two concepts can be split into two on the basis of super-structure and foundation.
The Jacket structure can be implemented with both Suction Bucket and Helical pile foundation
and same applies for Tripod structure.

During the FEM analysis the super structure will be designed, analyzed and optimised
accordingly. The difficulty in design and fabrication will be determined in this stage.

During the soil-structure interaction phase, the type of foundation which is best suited for
this project can be identified.

Then a most optimal final concept will be proposed combining the super-structure with the
foundation considering some series of factor like cost associated , time taken for installation
and removal, foundations interaction with the monopile and durability of the structure.
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5.1. Loads acting on the Monopile an Hammer
Initially, to start the preliminary design of the concepts, the loads acting on the monopile and
hammer are calculated. This load will be transferred from the monopile to the gripper frame
as a horizontal load. The loads are calculated based on the conditions given in table 3.1. The
figure 5.1 shows the schematic representation of the loads acting on the monopile.

First, the wind load is calculated followed by the hydrodynamic loading and load due to
the inclination of the monopile. In most of the sites, the top layer of the soil are weaker with
clay or silt or loose sand. Therefore, it will be conservative to find the self-weight penetration
of the monopile for the base soil condition. This conservative approach is adopted to find
the self-weight penetration. The monopile is taken as unplugged and the vertical resistance is
provided from the shaft friction(𝑄፬) and the tip resistance(𝑄፭) of the monopile. The self-weight
penetration stops at a depth where the self-weight of the monopile equals the total resistance
of the soil.

𝑆.𝑊 𝑜𝑓 𝑀𝑃 − 𝐵𝑢𝑜𝑦𝑎𝑛𝑐𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 = 𝑇𝑜𝑡𝑎𝑙 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒
29430 − 1893.8 = 𝑄፬ + 𝑄፭ 𝑘𝑁

(5.1)

The shaft friction and tip resistance are calculated using the equations 5.2, 5.3 respectively.

𝑆ℎ𝑎𝑓𝑡 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 (𝑄፬) = 𝑓፬𝐴፬፡ፚ፟፭
= 158.965 𝑧ኼ 𝑘𝑁 (5.2)

where,

𝑓፬ - unit skin friction capacity = 𝛽𝑝ኺ
𝛽 - shaft friction factor = tan(25∘) (Reasonable low first estimate)

𝑝ኺ - effective vertical stress = 𝛾ᖣ𝑧
𝛾ᖣ - effective unit weight of soil = 10 𝑘𝑁/𝑚ኽ

𝐴፬፡ፚ፟፭ - area of pile shaft for unplugged pile = 𝜋(𝐷፨ + 𝐷።)𝑧
𝐷፨, 𝐷። - outer and inner diameter of monopile respectively

34
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Figure 5.1: Loads acting on the monopile

𝑧 - penetrated depth of monopile

𝑇𝑖𝑝 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝑄፭) = 𝑞𝐴፭።፩
= 2045.2 𝑧 𝑘𝑁 (5.3)

where,

𝑓፬ - unit end bearing capacity = 𝑁፪𝑝ኺ
𝑁፪ - end bearing capacity factor = 40

𝐴፭።፩ - Area of tip = 𝜋(𝐷ኺ − 𝑡)𝑡
𝑡 - thickness of monopile

𝑧 - depth

The equations 5.2 and 5.3 are substituted in equation 5.1 and solved for the penetration
depth. The self-weight penetration of the monopile is found as 9.6 m. The total length of the
monopile above the water level is:
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𝑀𝑃 𝑎𝑏𝑜𝑣𝑒 𝑀𝑆𝐿 = 𝑇𝑜𝑡𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑀𝑃 − 𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑝𝑡ℎ − 𝑆.𝑊 𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛
= 110𝑚 − 55𝑚 − 9.6𝑚 = 45.4𝑚 (5.4)

The velocity of the wind at certain height is calculated using the equation 5.5

𝑣፰(ℎ) = 𝑣ኻኺ [
ℎ
ℎኻኺ
]
ፚ

(5.5)

where,

𝑣፰(h) - velocity of the wind (m/s), at height h

𝑣ኻኺ - velocity of the wind (m/s), at height ℎኻኺ = 10 meters
a - Hellmann exponent

The velocities are calculated per meter from MSL till 45.4 m for monopile and from 45.4
m to 75.4 m for the hammer. These velocities are substituted in the drag part of the Morison
equation 5.6, to find the force per meter acting on the monopile and hammer.

𝑓 = 1
2𝜌ፚ።፫𝐶፝ 𝐷 𝑣፰(ℎ)|𝑣፰(ℎ)| (5.6)

where,

𝜌ፚ።፫ - density of air

𝐶፝ - drag coefficient = 0.7 for cylindrical smooth surface

D - diameter of monopile or hammer accordingly

The total wind force is calculated as the integration of the individual forces along the structures.
Likewise, the total moment is calculated as the integration of the individual forces multiplied
by the corresponding distance from the seabed. The total force and moment due to wind is
given in table 5.1 and the calculations are shown in A.2

Description Values Unit
𝐹፰።፧፝,ፌፏ 130 kN

𝐹፰።፧፝,ፇፚ፦፦፞፫ 72 kN
𝐹፰።፧፝ 202 kN

𝑀፰።፧፝,ፌፏ 10091 kNm
𝑀፰።፧፝,ፇፚ፦፦፞፫ 8304 kNm

𝑀፰።፧፝ 18395 kNm

Table 5.1: Wind loading on hammer and monopile

For hydrodynamic loading, linear wave theory is combined with wheeler stretching to find
the horizontal velocity (5.7) and acceleration (5.8) of the wave particle at desired depths. This
is valid because the wave height is small during operation compared to the water depth, which
results in deep water condition (𝑑/𝜆 = 1.12 > 0.5).

𝑢፱ = 𝜔𝑎
𝑐𝑜𝑠ℎ(𝑘(𝑑 + 𝑧ᖣ))

𝑠𝑖𝑛ℎ𝑘𝑑 𝑐𝑜𝑠(𝑘𝑥 − 𝜔𝑡) (5.7)
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𝑢̇፱ = 𝜔ኼ𝑎
𝑐𝑜𝑠ℎ(𝑘(𝑑 + 𝑧ᖣ))

𝑠𝑖𝑛ℎ𝑘𝑑 𝑠𝑖𝑛(𝑘𝑥 − 𝜔𝑡) (5.8)

where,

𝜔 - angular frequency

a - wave amplitude

k - wave number

d - water depth

𝑧ᖣ - true depth from wheeler stretching (depth below the wave crest)

t - time

The loads are calculated as a function of time. The maximum load acting on the monopile
occurs at 4.36 sec of the total time period of 5.6 sec of the wave. Wheeler stretching method
stretches the water column linearly into a height equivalent to the mean water depth. The true
depth is found by equation 5.9 and substituted in equations 5.7 and 5.8 to find the horizontal
velocity and acceleration of the wave particle.

𝑧ᖣ = 𝑑𝑑 + 𝑧𝑑 + 𝜁 − 𝑑 (5.9)

where,

𝜁 - z-value at the instantaneous water surface

A current velocity of 1 m/s is assumed to be act on the entire water column. The current
velocity is added with the horizontal velocity of the wave particle. This added velocities and
accelerations are used in the Morison equation 5.10 to find the force per meter due to drag
and inertia. These total force per meter for the entire depth are summed up to get the total
hydrodynamic force acting on the monopile. The drag and inertia coefficient used here is
1 and 2 respectively. The Morison equation is valid for cylinder diameter that is relatively
smaller than the wave length. For large diameter monopiles, when installed in shallow water
and small wave length, the validity of the equation can be compromised.

Monopile has an impact on thewave field called diffraction. To include this effect, MacCamy–
Fuchs correction factor is introducedwhich reduces the inertia co-efficient for large𝑑/𝜆. How-
ever, it is conservative not to apply the MacCamy–Fuchs correction factor in the equation.

𝐹 = 1
2𝜌፰𝐶፝𝐷𝑢፱|𝑢፱|⏝⎵⎵⎵⎵⏟⎵⎵⎵⎵⏝

ፅᑕ

+ 𝜋4𝜌፰𝐶፦𝐷
ኼ𝑢̇፱⏝⎵⎵⎵⏟⎵⎵⎵⏝

ፅᑀ

(5.10)

where,

F - total force per unit monopile length

𝜌፰ - density of water

𝐶፝ - drag coefficient = 1

𝐶፦ - inertia coefficient = 2

D - diameter of monopile
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The moment acting on the monopile is the total force per meter times the distance from the
seabed. The combination of drag and inertia forces are the largest at 4.36፭፡ sec of the wave
period. The final value of the force and moment with respect to seabed at 4.36፭፡ sec are shown
in table 5.2 and the calculation is shown in A.3.

Description Values Unit
𝐹፰ፚ፯፞ 5997 kN
𝑀፰ፚ፯፞ 278767 kNm

Table 5.2: Hydrodynamic loading on monopile (@4.36፭፡ sec)

The next step is to find the moment due to the inclination of the monopile. The COG of
monopile and hammer is assumed to act at half of their length respectively. From table 3.1,
it is known that the initial inclination of the monopile is 1 deg. So the moment due to the
inclination is,

𝑀ፈ = 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 ∗ 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝐶𝑂𝐺 𝑡𝑜 𝑠𝑒𝑎𝑏𝑒𝑑 ∗ 𝑡𝑎𝑛(1∘)
= 60146 𝑘𝑁𝑚 (5.11)

A factor of safety of 1.1 and 1.35 are adopted for permanent load and environmental load
respectively. The total base shear and moment acting on the monopile and hammer at the
seabed is

𝐹ፒፁ = 𝐹፰።፧፝ ∗ 1.35 + 𝐹፰ፚ፯፞ ∗ 1.35 = 8368 𝑘𝑁 (5.12)

𝑀ፎ = 𝑀፰።፧፝ ∗ 1.35 + 𝑀፰ፚ፯፞ ∗ 1.35 + 𝑀ፈ ∗ 1.1 = 467574 𝑘𝑁𝑚 (5.13)

5.2. Gripper components arrangement
The components and the functionality of the gripper fame can be found in section 1.4. In the
scope of this thesis, the hydraulic arms and rollers are not designed. Only the position of the
gripper arm and the number of rollers per arm are proposed.

The total base shear and moment acting on the monopile will be transferred on the gripper.
The height were the gripper frame should be placed on the template is be dependent on the
gripper arm and roller arrangement. From the previous projects within the company, it is
known that a single roller in a gripper arm should give a maximum opposing force of 2100 kN
[1]. If it exceeds that limit the monopile wall will deform. The gripper frame arrangement is
shown in figure 5.2.

The gripper has two types of roller arrangements. One with 4 rollers arranged in the vertical
direction and other with a combination of two 4 roller arrangement which is connected together
with a horizontal spacing between them. It is shown in figure 5.3. Each arms are placed at 45∘
angle between each other. If the arms are placed closer to each other, then the rollers between
the arms interacts with each other, which leads to the deformation of the monopile wall. So
an optimal angle of 45∘ is chosen to give an opposing force without causing any deformation.
Each 4 and 8 roller arms can only give a maximum opposing force of 8400 kN and 16800 kN
respectively.
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Figure 5.2: Gripper frame arrangement with arms and rollers

Figure 5.3: Roller configuration

For the calculation of the force that is transferred from the monopile to the gripper, the
point of rotation of monopile is taken as half the height of self weight penetration. So the total
force at gripper is,

𝐹ፆ፫።፩፩፞፫ = 𝐹ፒፁ + [
𝑀ፎ

ℎ + (ፒ.ፖ.ፏኼ )
] (5.14)

where,

h - height where the gripper frame is present

SWP - self-weight penetration = 9.6m

To find the height ’h’, the critical loading direction needs to be identified. This is were
the gripper can give the least opposing force if the loads acts in that critical direction. This
least opposing force can be substituted in the equation 5.14, to find the height ’h’ at which the
gripper frame can be placed. The different loading directions are shown in figure 5.4.

The figure 5.4 shows the maximum capacity of the gripper in each loading direction. The
values shown, are for each gripper arms giving 100% of its capacity as opposing force, which
is not the real case. It is purely based on the design of the hydraulics and rollers and it’s
associated factors. For condition 1, both the gripper arms will take 50% of the load acting in
that direction. But for condition 2, the gripper arm in-line with the loading direction will take
more load than the arm at an angle. For example, if the in-line arm takes 70% of the total load
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Figure 5.4: Different gripper loading directions

and the arm at an angle takes 30% of the total load, then the total capacity in that direction will
reduce to 24MN. In the end, load distribution between the gripper arm plays a role.

Although the total capacity depends on the load distribution between the gripper arms, still
condition 1 is the critical loading direction. When the load acts in that direction, only two 8
roller gripper arm which is 45∘ to the loading direction can give opposing force. The total
opposing force given in condition 1 is,

𝐹ፆ፫።፩፩፞፫ = 2 ∗ 16800 ∗ 𝑐𝑜𝑠(45∘) = 23.6 𝑀𝑁 (5.15)

The equation 5.15 shows the maximum capacity of the gripper at the critical loading direc-
tion 1.

Substituting the value from equation 5.15 in equation 5.14, the height is found as 25.66 m.
But the final height is taken as 26.5 m from the seabed to be conservative. Substituting this
final height of 26.5m in equation 5.14 with the base shear (eq.5.12) and overturning moment
(eq.5.13) acting on the monopile w.r.t seabed, the actual load transferred from the monopile to
the gripper can be found. This is shown in equation below.

𝐹ፆ፫።፩፩፞፫ = 8368 + [
467574
26.5 + 4.8] 𝑘𝑁 = 23211.8 𝑘𝑁 (5.16)

The selected two concepts will be designed for this 26.5m height and the gripper force will
be used in later stage for the design.

5.3. Preliminary design of the support structure
The preliminary design of both the concepts are done according to ” Hand book of Bottom
Founded Offshore Structures, Part I & II”[32][33]. The steps involved in the design are:

1. Initial member sizing and arrangements
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2. Calculating the total weight of the structure

3. Hydrodynamic loads acting on the structure

4. Determining the foundation reaction

5. Design of the foundation

5.4. Jacket structure with helical piles
It is ensured that the base of the structure goes beyond the armour layer of the scour protection.
This makes the installation of the pile easier, as armour layer has big stone or rocks.

5.4.1. Initial member sizing and arrangements
Reasonable dimensions are assumed for the initial member sizing with a D/t ratio of 40 as
shown in table 5.3 and figure 5.5. Lengths shown in table are for one leg and one side of the
frame for bays.

Jacket leg Top bay
L 27.655 m L 38.6 m
Dia 2 m Dia 1 m
t 0.05 m t 0.025 m
Bottom bay Gripper frame

L 54.26 m L 50.3 m
Dia 1 m Dia 2 m
t 0.025 m t 0.05 m

Table 5.3: Dimension of the members

Figure 5.5: Initial dimensions and sizing of jacket structure

As the structure is just 26.5 m high, it will be optimal to have two bays. For fabrica-
tion purposes, the bays are often chosen geometrically equal.(i.e. Each bay i has dimensions:
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𝑑𝑖𝑚(።ዄኻ) = 𝑚 ∗ 𝑑𝑖𝑚።. The height of the bays is calculated using the formulas given below,

𝑚 = [𝑏ፍ𝑏ኺ
]
ኻ/ፍ

(5.17)

ℎኻ = ℎ [
𝑚 − 1
𝑚ፍ − 1] (5.18)

where,

h - total height of the structure = 26.5 m

𝑏ፍ - width of the structure at seabed = 31.82 m

𝑏ኺ - width of the structure at gripper frame = 16 m

N - Number of bays = 2

ℎኻ - height of first bay (top bay)

5.4.2. Total weight of the jacket structure

In the next step, the net weight of the whole structure is calculated. The bracings are taken as
non-flooded members. The gripper frame along with the hydraulic arrangement are considered
as a top side for this phase. As the hydraulics are not designed here, a reasonable self weight
of 200 tonnes (i.e. 35 tonnes for each 8 roller arms and 23.75 tonnes for each 4 roller arms) is
assumed for the hydraulic arm including the rollers.

𝑁𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 = 𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝐵𝑢𝑜𝑦𝑎𝑛𝑐𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (5.19)

Weight of the jacket structure
Dry Weight 836 ton

Buoyancy Weight 286 ton
Net Weight 550 ton

Table 5.4: Weight of the jacket structure

5.4.3. Hydrodynamic load acting on the jacket structure

As the initial dimensions and sizing are performed, next step is to find the load acting on
the structure due to waves and current. An equivalent stick model approach is used to find the
equivalent diameter of the structure over its height which correctly matches the drag and inertia
loads. The detailed approach is shown in this Handout [36] and the equivalent diameters are
calculated for the height of the structure. These diameters for drag and inertia are substituted in
the Morison equation (5.10) to find the loads acting over the height of the structure. In figure
5.6, the loads acting per meter are converted into points loads at the nodes. These loads are
multiplied by a factor of safety of 1.35. The force and moment at each nodes and the total base
shear and overturning moment with respect to seabed is shown in table 5.5.
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Figure 5.6: Loads acting on the nodes

Force at Nodes Values Unit
F1 340 kN
F2 314.4 kN
F3 141.5 kN
M1 9007 kNm
M2 6192 kNm
M3 212 kNm
𝐹ፒፁ 796 kN
𝑀ፒፁ 15411 kNm

Table 5.5: Loads on nodes and the total load w.r.t seabed

5.4.4. Determining the foundation pile reaction
Next step is to find the reactions of each leg. Based on these reaction forces, the foundation
piles can be designed. The schematic of the loading and its respective reactions are shown in
figure 5.7.

The total vertical load acting on the structure is its self weight.

𝐹ፆ = 𝑆𝑒𝑙𝑓 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ 𝑔 ∗ 1.1 = 5935 𝑘𝑁 (5.20)

Total base shear at seabed is sum of the hydrodynamic loads acting on the jacket structure
and load from the monopile on the gripper as shown in figure 5.6.

𝐹ፁ = 𝐹ፆ፫።፩፩፞፫ + 𝐹ፒፁ
= 23196 + 796 = 23992 𝑘𝑁 (5.21)

The overturning moment with respect to seabed comprises of three parts.

• Due to the load from monopile on the gripper(topside),

• Due to hydrodynamic load,



44 5. Preliminary design of Selected concepts

(a) Environmental Loading (b) Permanent Loading

Figure 5.7: Schematic of the pile reactions for one side of the jacket.[34]

• Due to eccentricity, as the structure is not symmetrical in axis.

The eccentricity is calculated in the x axis taking the center of the monopile as the origin.
The eccentricity of the jacket and the topside (gripper frame) for both dry and submerged
condition is shown in table 5.6.

Dry condition (m) Submerged (m)
𝑒(𝑥)ፉፚ፜፤፞፭ -2.09 1.36
𝑒(𝑥)ፆ፫።፩፩፞፫ -2.28 -2.16

Table 5.6: Eccentricity for Jacket structure

From the above table, it is seen that the eccentricity of the jacket structure changed from
-2.09 m to 1.36 m. This is because the bracings are not flooded and they provide some flota-
tion, which makes the structure lighter under water. The eccentricity can be made to zero by
ballasting the members accordingly, if the capacity of the crane allows to lift such weight. To
find the pile reaction, the eccentricity while the structure is submerged is used. Moment due to
eccentricity is the net weight of jacket and gripper multiplied with their respective eccentricity
and factor of safety of 1.1.

𝑀፞፜፜፞፧፭፫።፜።፭፲ = (𝑊ፉፚ፜፤፞፭ ∗ 𝑒(𝑥)ፉፚ፜፤፞፭ +𝑊ፆ፫።፩፩፞፫ ∗ 𝑒(𝑥)ፆ፫።፩፩፞፫) ∗ 9.81 ∗ 1.1
= (171.7 ∗ 1.36 + 378.2 ∗ −2.16) ∗ 9.81 ∗ 1.1
= −6948 𝑘𝑁𝑚

(5.22)

All the three moments are added to account for the worst case scenario of all loads and
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moment acts in the same direction. The total overturning moment is,

𝑀ፎ = 𝑀፭ +𝑀፡፲፝፫፨ +𝑀፞፜፜፞፧፭፫።፜።፭፲
= 23196 ∗ 26.5 + 15411 + 6948 = 637053 𝑘𝑁𝑚 (5.23)

With these final loads (𝐹ፆ,𝐹ፁ and 𝑀ፎ), the pile reactions can be found. Diagonal loading
direction is taken as the base condition. It is assumed that only two legs will carry load (one
leg with compression and one leg with tension loading) and is shown in figure 5.8. Other two
legs will be carrying either tension or compression based on the distribution of load within the
structure and the self-weight of the structure. However, at this stage, it is assumed that, those
two legs does not carry any loads. In this case, the piles are installed vertically.

Four Legged Jacket

Loading
Direction

Rotational axis

Tension

Compression

(+)

(-)

Tension
(+)

Compression

(-)

Tension
(+)

Compression
(-)

or

or

Figure 5.8: Loading direction and rotation axis

Reaction forces due to environmental loads for vertical piles are,

𝑃፭ፄ =
𝐹ፁ
4 = 6017 𝑘𝑁 (5.24)

𝑃፦ፄ = 𝑃፭ፄ ∗ 𝑑፞ = 27076.5 𝑘𝑁𝑚 (5.25)

𝑃ፚፄ =
(𝐹ፁ ∗ 𝑑፞) + 𝑀ፎፄ

𝑏፞
= 16436 𝑘𝑁 (5.26)

where,

𝑃፭ፄ - transverse reaction due to environmental loads

𝑃፦ፄ - moment reaction due to environmental loads

𝑑፞ - effective depth (3 * Diameter of the pile)

𝑏፞ - distance between two legs = 45 m

𝑀ፎፄ - Moment due to environmental loads (𝑀፭ +𝑀፡፲፝፫፨)

The effective depth 𝑑፞ depends on the diameter of the pile adopted and will change accord-
ingly. The effective depth represents the first inflection point where the pile moment is equal
to zero. In reality the pile behaviour is non-linear. However, the soil reaction above the highest
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inflection point is linear by approximation [34]. The dimensions of the adopted helical piles
are shown in table 5.11.

Reaction forces due to permanent and vertical loads for vertical piles are,

𝑃ፚፆኻ =
𝑀ፎፆ
𝑏፞

− 𝐹ፆ4 = −1343.7 𝑘𝑁 (5.27)

𝑃ፚፆኼ =
𝑀ፎፆ
𝑏፞

+ 𝐹ፆ4 = 1623.3 𝑘𝑁 (5.28)

𝑃፭ፆ = 0 ; 𝑃፦ፆ = 0 (5.29)
where,

𝑃ፚፆኻ - axial reaction due to vertical load in left pile

𝑃ፚፆኼ - axial reaction due to vertical load in right pile

𝑀ፎፆ - Moment due to permanent and vertical loads (𝑀፞፜፜፞፧፭፫።፜።፭፲)
𝑃፭ፆ - transverse reaction due to Permanent and vertical loads (0 for vertical piles)

𝑃፦ፆ - moment reaction due to Permanent and vertical loads (0 for vertical piles)

The combined pile reactions for vertical piles are,

𝑃፭ = 𝑃፭ፄ = 6017 𝑘𝑁 (5.30)

𝑃፦ = 𝑃፦ፄ = 27076.5 𝑘𝑁𝑚 (5.31)
𝑃ፚኻ = 𝑃ፚፄ + 𝑃ፚፆኻ = 15092.4 𝑘𝑁 (𝑇𝑒𝑛𝑠𝑖𝑜𝑛 𝑝𝑖𝑙𝑒) (5.32)

𝑃ፚኼ = 𝑃ፚፄ + 𝑃ፚፆኼ = 18059.4 𝑘𝑁 (𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑝𝑖𝑙𝑒) (5.33)
where,

𝑃፭ - combined transverse reaction (For simplification, it is assumed the impact of the lat-
eral pile response to the moment transfer = 0)

𝑃፦ - combined moment reaction

𝑃ፚኻ - combined axial reaction in left pile (Tension)

𝑃ፚፆኼ - combined axial reaction in right pile (compression)

5.4.5. Design of the helical piles
With these combined pile reactions, the piles can be designed. The design of the helical pile
is done according to the book “Helical Piles: A practical guide to Design and Installation” by
Howard A.Perko [14]. The schematic representation of the helical pile and its parameters are
shown in figure 5.11.

There are two types of load transfer mechanism in the helical piles, the independent plate
and envelope friction (cylindrical shear). These are shown in the figure 5.10 for tensile loading
condition. The minimum of these two mechanisms will be compared with the design load
carrying capacity.

The worst case scenario is envelope friction or cylindrical shear loading capacity for both
compression and tensile loading. The components in the cylindrical shear are the adhesion
along the shaft (shaft friction), shear stress along the cylinder (envelope friction) and the bear-
ing capacity of the bottom helix (in compression loading) or top helix (in tensile loading). The
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Description Value Unit
L 24 m
𝐷፩ 4 m
𝐷፬ 1.5 m
𝑆/𝐷፩ 2.25 -
S 10 m
p 0.75 m

Numbers 3 -

Table 5.7: Dimension of helical pile

Figure 5.9: Parameters of helical pile [12]

Figure 5.10: Two type of loading mechanism of helical pile for tensile loading [12]

ultimate bearing capacity for cylindrical shear method for compression is given by the equation
5.34.

𝑃፮(𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛) = 𝑞፮፥፭𝐴ኻ⏝⎵⏟⎵⏝
bearing capacity

+𝑇(𝑛 − 1)𝑠𝜋𝐷ፚ፯፠⏝⎵⎵⎵⎵⏟⎵⎵⎵⎵⏝
envelope friction

+𝛼𝐻(𝜋𝑑)⏝⎵⏟⎵⏝
shaft friction

(5.34)

where,

𝑞፮፥፭ - ultimate bearing pressure

𝐴ኻ - area of the bottom helix including shaft area (plugged pile)

T - soil shear strength

(n-1)s - length of the soil between the helices
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𝛼 - adhesion between soil and the shaft = 𝛽𝑝፨ = 𝑡𝑎𝑛(25∘) 𝛾ᖣ𝑧
H - length of the shaft above the top helix

d - diameter of the pile shaft = 𝐷፬

𝑇 = (0.09𝑒(ኺ.ኺዂጓ))(𝛾፬𝑧 − 𝛾፰ℎ፰)𝑡𝑎𝑛Φ (5.35)
where,

Φ - angle of internal friction for sand = 25∘

𝛾፬ - saturated unit weight of soil = 20 𝑘𝑁/𝑚ኽ

𝛾፰ - unit weight of water ≈ 10 𝑘𝑁/𝑚ኽ

ℎ፰ - height of water above depth z

𝑞፮፥፭ = 𝑞ᖣ(𝑁ᖣ፪ − 1) (5.36)
where,

𝑁ᖣ፪ - bearing capacity factor = 23 (from figure 4.4 in [14])

𝑞ᖣ - effective overburden stress at the bearing depth

This equation of 𝑞፮፥፭ with respect to 𝑞’will result in the calculated ultimate bearing pressure
increasing without bound, as 𝑞’ increases steadily with depth. This leads to an over prediction
of bearing capacity in many cases. To avoid this, the effective overburden stress 𝑞’ is replaced
by product of the effective unit weight of soil and two times the average helix diameter as
shown in equation 5.37

𝑞፮፥፭ = 2𝐷ፚ፯፠𝛾ᖣ(𝑁ᖣ፪ − 1)
= 1760 𝑘𝑁/𝑚ኽ (5.37)

where,

𝛾ᖣ - effective unit weight of soil = 10 𝑘𝑁/𝑚ኽ

In this helical design, the three helices are at 9 m, 19 m and 29 m with a 10 m spacing
between them. In compression force, the length of shaft above the top helix counts for the
shaft friction and the remaining lengths accounts for the envelope friction. The shaft and the
envelope friction depends on the depth z. These are calculated for each meter and added at the
end to get the total shaft and envelope friction. The ultimate bearing capacity is,

𝑃፮(𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛) = 22116.8 + 12713.5 + 604.3
= 35434.6 𝑘𝑁 (5.38)

The detailed calculation can be found in Appendix - B.
A factor of safety of 1.5 is taken for both individual bearing and cylindrical shear method to

calculate the ultimate bearing capacity of the helical pile [14]. From equation 5.33, the design
compression load needed is18059.4 𝑘𝑁, which is below the capacity available35434.6/1.5 =
23623.05 𝑘𝑁 (Unity check is 0.764 <= 1). It is safe in compression loading condition.
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The ultimate bearing capacity for cylindrical shear method for tension is given by the equa-
tion 5.39. It is the same as the compression loading condition except the area of bottom
helix(𝐴ኻ) is replaced by area of top helix(𝐴ፓ). For the tensile loading, the shaft below the
bottom helix counts for shaft friction and the remaining lengths for envelope friction as shown
in figure 5.10. The total uplift capacity is,

𝑃፮(𝑇𝑒𝑛𝑠𝑖𝑜𝑛) = 𝑞፮፥፭𝐴ኻ⏝⎵⏟⎵⏝
bearing capacity

+𝑇(𝑛 − 1)𝑠𝜋𝐷ፚ፯፠⏝⎵⎵⎵⎵⏟⎵⎵⎵⎵⏝
envelope friction

+𝛼𝐻(𝜋𝑑)⏝⎵⏟⎵⏝
shaft friction

+𝑆.𝑊 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑖𝑙𝑒

= 19006.6 + 9839.55 + 1032.8 + 696.79
= 30575.76 𝑘𝑁

(5.39)

where,

𝐴ፓ - area of the top helix excluding shaft area

The detailed calculation can be found in Appendix - B.
To calculate the self weight of the helical pile, a thickness of 0.06 m is taken for both pile

and the helices. A factor of safety of 2 is taken for the tensile loading [14]. From equation
5.32, the design tension load needed is 15092.4𝑘𝑁, which is below the capacity available
30575.76/2 = 15287.88 𝑘𝑁 (Unity check is 0.987 <= 1). Its safe in tension loading condi-
tion.

5.5. Tripod structure with suction bucket
The steps involved in the preliminary design of the tripod structure is similar to the jacket
structure. In this concept, the legs are near to the armour layer of the scour protection and the
suction bucket can’t be installed on the armour layer because the stones or rocks are bigger in
size. Therefore, the armour layer needs to be placed after the installation of the monopile.

5.5.1. Initial member sizing and arrangements
The assumed dimensions for the initial member sizing with a D/t ratio of 40 is shown in table
5.10 and figure 5.12.

5.5.2. Total weight of the tripod structure
As discussed previously, the gripper frame is considered as topside. The net weight of the
structure including suction bucket is given in table 5.9.

5.5.3. Hydrodynamic load acting on the tripod structure
The loads due to hydrodynamic are calculated using stick model and adopting wheeler stretch-
ing. The force and moment at each nodes and the total base shear and overturning moment
with respect to seabed is shown in table 5.10 and figure 5.13.

5.5.4. Determining the foundation bucket reaction
Next step is to find the reaction forces of each leg. the total vertical load acting on the structure
is its self weight.

𝐹ፆ = 𝑆𝑒𝑙𝑓 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ 𝑔 ∗ 1.1 = 24690.24 𝑘𝑁 (5.40)
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Main Leg Horizontal brace
L 65.366 m L 15.156 m
Dia 2.800 m Dia 0.8 m
t 0.070 m t 0.020 m
Vertical brace Gripper frame
L 26.130 m L 46.45 m
Dia 0.8 m Dia 2.95 m
t 0.020 m t 0.07 m
Stiffener frame Suction bucket
L 46.45 m D 9 m
Dia 1.50 m L 18 m
t 0.04 m t 0.15 m

Table 5.8: Dimension of the members
Figure 5.11: Front view of the tripod structure

Weight of the jacket structure
Dry Weight 2772.9 ton

Buoyancy Weight 484.9 ton
Net Weight 2288 ton

Table 5.9: Weight of the tripod structure

Total base shear at seabed is sum of the hydrodynamic loads acting on the tripod structure
and load from the monopile on the gripper as shown in figure5.13.

𝐹ፁ = 23196 + 558.7 = 23754.7 𝑘𝑁 (5.41)

The overturning moment with respect to seabed comprises of three parts.

• Due to the load from monopile on the gripper(topside),

• Due to hydrodynamic load,

• Due to eccentricity, as the structure is not symmetrical in axis.

The eccentricity is calculated in the x axis taking the center of the monopile as the origin(In
figure 5.12, the plus in the center of the monopile is the origin). The eccentricity of the tripod
and the topside (gripper frame) for both dry and submerged condition is shown in table 5.11.

To find the pile reaction the eccentricity while the structure is submerged is used. Mo-
ment due to eccentricity is the net weight of tripod and gripper multiplied with their respective
eccentricity and factor of safety of 1.1.

𝑀፞፜፜፞፧፭፫።፜።፭፲ = (𝑊ፓ፫።፩፨፝ ∗ 𝑒(𝑥)ፓ፫።፩፨፝ +𝑊ፆ፫።፩፩፞፫ ∗ 𝑒(𝑥)ፆ፫።፩፩፞፫) ∗ 9.81 ∗ 1.1
= (1878.34 ∗ −0.045 + 409.7 ∗ −0.32) ∗ 9.81 ∗ 1.1
= −1510 𝑘𝑁𝑚

(5.42)
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Figure 5.12: Top view of the tripod (Left: Gripper frame, Right: Stiffener frame)

Force at Nodes Values Unit
F1 142.6 kN
F2 209.4 kN
F3 206.8 kN
M1 3672 kNm
M2 2852.6 kNm
M3 465.2 kNm
𝐹ፒፁ 558.7 kN
𝑀ፒፁ 6989.8 kNm

Table 5.10: Loads on the nodes and
total load w.r.t seabed

Figure 5.13: Loads acting on the nodes

All the three moments are added to account for the worst case scenario of all loads and
moment acts in the same direction. The total overturning moment is,

𝑀ፎ = 𝑀፭ +𝑀፡፲፝፫፨ +𝑀፞፜፜፞፧፭፫።፜።፭፲
= 23196 ∗ 26.5 + 6989.8 + 1510 = 623201.5 𝑘𝑁𝑚 (5.43)

With these final loads (𝐹ፆ,𝐹ፁ and 𝑀ፎ), the pile reactions can be found. The considered
loading direction is shown in figure 5.14. It is assumed that only two legs will carry load (one
leg with compression and one leg with tension loading).

The connection point between the main leg and the suction bucket is taken as fixed condi-
tion. Reaction forces due to environmental loads for suction bucket are,

𝑃፭ፄ =
𝐹ፁ
3 = 7918.3 𝑘𝑁 (5.44)

𝑃፦ፄ = 0 (5.45)
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Dry condition (m) Submerged (m)
𝑒(𝑥)፭፫።፩፨፝ -0.02 -0.045
𝑒(𝑥)ፆ፫።፩፩፞፫ -0.3 -0.32

Table 5.11: Eccentricity for Tripod structure

Loading
Direction

Rotational axis

Tripod structure

Tension
(+)

Compression
(-)

Compression
(-)

Tension
(+)

or

Figure 5.14: Loading direction and rotation axis

𝑃ፚፄ =
𝑀ፎፄ
𝑏፞

= 21113.7 𝑘𝑁 (5.46)

where,

𝑏፞ - width between two legs = 29.45 m

Reaction forces due to permanent and vertical loads for suction bucket are,

𝑃ፚፆኻ =
𝑀ፎፆ
𝑏፞

− 𝐹ፆ3 = −7873.9 𝑘𝑁 (5.47)

𝑃ፚፆኼ =
𝑀ፎፆ
𝑏፞

+ 𝐹ፆ3 = 7976.46 𝑘𝑁 (5.48)

𝑃፭ፆ = 0 ; 𝑃፦ፆ = 0 (5.49)

The combined pile reactions for suction bucket are,

𝑃፭ = 𝑃፭ፄ = 7918.3 𝑘𝑁 (5.50)

𝑃ፚኻ = 𝑃ፚፄ + 𝑃ፚፆኻ = 13239.75 𝑘𝑁 (𝑇𝑒𝑛𝑠𝑖𝑜𝑛) (5.51)

𝑃ፚኼ = 𝑃ፚፄ + 𝑃ፚፆኼ = 29090.12 𝑘𝑁 (𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛) (5.52)
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5.5.5. Design of the suction bucket
The design of the suction bucket is based on ”Suction Installed Caisson Foundations for Off-
shore Wind: Design Guidelines” [26]. The properties of the sand are same as the ones used
for designing helical piles. As it is assumed that the loads act at the connection point between
the main leg and the suction bucket (Load Reference Point - Red), they are converted to the
base and side of the suction bucket(Blue). Here the external friction and lateral pressure on
the skirt will play a role. The following expression can be made from the figure 5.15.

Figure 5.15: Load - capacity conversion [26]

1

The dimension of the suction bucket is shown in table 5.12

Description Value unit
𝐷፨ 9 m
L 18 m
t 0.15 m

Table 5.12: Dimension of suction bucket

𝑉ፋፑፏ +𝑊፜ፚ።፬፬፨፧ = 𝑉፛ፚ፬፞ + 𝑉፬።፝፞ (5.53)
where,

𝑊፜ፚ።፬፬፨፧ - includes soil trapped in it (i.e: including ᎝ፃᎴᑚ ፡᎐ᖤ

ኾ )

𝐻ፋፑፏ = 𝐻፛ፚ፬፞ + 𝐻፬።፝፞ (5.54)
𝑀ፋፑፏ = 𝑀፛ፚ፬፞ − ℎ፬።፝፞𝐻፬።፝፞ − ℎ𝐻፛ፚ፬፞ (5.55)

The vertical compression loading capacity from the side of the caisson is,

𝑉፬።፝፞ = (𝜋𝐷ℎ)
𝛾ᖣℎ
2 𝐾𝑡𝑎𝑛𝛿 = 33604.7𝑘𝑁 (5.56)

1Suction caisson = Suction bucket
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where,

𝐾𝑡𝑎𝑛𝛿 - friction factor used in pile capacity analysis

The horizontal loading capacity from the side of the caisson is,

𝐻፬።፝፞ =
𝛾ᖣℎኼ𝐷
2 (𝐾፩ − 𝐾ፚ) = 30006 𝑘𝑁 (5.57)

where,

𝐾ፚ, 𝐾፩ - active and passive earth pressure coefficients = 𝐾፩ =
ኻ
ፊᑒ
= ኻዄ፬።፧Ꭻᖤ

ኻዅ፬።፧Ꭻᖤ

𝜙ᖣ - angle of internal friction of sand

𝐴፞፟፟ - area of the base of the footing

The horizontal load act at an effective depth and is given in the equation below.

ℎ፬።፝፞ =
2ℎ
3 (5.58)

The bearing capacity at the skirt tip level is,

𝑉፛ፚ፬፞ = 𝐴፞፟፟ (
1
2𝛾

ᖣ𝐵፞፟፟𝑁᎐𝑠᎐𝑑᎐𝑖᎐ + 𝛾ᖣℎ𝑁፪𝑠፪𝑑፪𝑖፪) (5.59)

where,

𝑁፪ , 𝑁᎐ - conventional bearing capacity factor

𝑁፪ = 𝑡𝑎𝑛ኼ (
𝜋
4 +

𝜙ᖣ
2 ) 𝑒

᎝፭ፚ፧Ꭻᖤ = 10.66 (5.60)

𝑁᎐ = 1.5(𝑁፪ − 1)𝑡𝑎𝑛𝜙ᖣ = 6.76 (5.61)

𝑠፪ , 𝑠᎐ - shape factors

𝑠፪ = 1 + 𝑖፪ (
𝐵ᖣ
𝐿ᖣ ) 𝑠𝑖𝑛𝜙

ᖣ = 1.21 (5.62)

𝑠᎐ = 1 − 0.4𝑖᎐ (
𝐵ᖣ
𝐿ᖣ ) = 0.8 (5.63)

𝑑፪ - depth factor

𝑑፪ = 1 + 1.2 (
ℎ
𝐵ᖣ) 𝑡𝑎𝑛𝜙

ᖣ(1 − 𝑠𝑖𝑛𝜙ᖣ)ኼ = 1.37 (5.64)

𝑖፪ , 𝑖᎐ -load inclination factor

𝑖፪ = 1 − 0.5 (
𝐻፛ፚ፬፞
𝑉፛ፚ፬፞

)
኿

= 1 (5.65)

𝑖᎐ = 1 − 0.7 (
𝐻፛ፚ፬፞
𝑉፛ፚ፬፞

)
኿

= 1 (5.66)
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The𝐴፞፟፟ changes if the suction bucket is considered as either plugged or unplugged. Taking
the worst case scenario of unplugged condition, the 𝑉፛ፚ፬፞ is,

𝑉፛ፚ፬፞ = 14315.16 𝑘𝑁 (5.67)

The total compression capacity of the suction bucket in unplugged condition is,

𝑉፜፨፦፩፫፞፬፬።፨፧ = 33604.75 + 14315.16 = 47919.9 𝑘𝑁 (5.68)

A factor of safety of 1.5 is taken for the compression loading [64]. From equation 5.51,
the design compression load is 29395, which is below the capacity available 47919.9 / 1.5 =
31946.6 (Unity check is 0.92 <= 1). Hence, it is safe in tensile loading condition.

For the vertical tensile loading, there are two cases: 1. rapid (undrained loading) and slow
(drained) loading.

For rapid loading, tensile capacity may be very high and invariably controlled by cavitation
under the footing base or caisson lid [26]. It is assumed that there is full communication of free
water into the void. The ultimate load is calculated as smaller of the following, For cavitation
at footing base:

𝑉፮፥፭,፭ =
𝜋𝐷ኼ
4 𝛾ᖣℎ + 𝜋𝐷𝛾

ᖣℎኼ
2 𝐾𝑡𝑎𝑛𝛿 = 32810 𝑘𝑁 (5.69)

For cavitation below caisson lid:

𝑉፮፥፭,፭ = 2𝜋𝐷
𝛾ᖣℎኼ
2 𝐾𝑡𝑎𝑛𝛿 = 42717.9 𝑘𝑁 (5.70)

For slow loading, the tensile resistance is only from friction on the sides and is the same as
equation 5.70.

As the support structure is used for a short term purpose, it is considered as rapid loading
and the tensile capacity should meet equation 5.69. A factor of safety of 2 is taken for the
tensile loading [64]. From equation 5.51, the design tensile load 12934.85, which is below the
capacity available 32810 / 2 = 16405 (Unity check is 0.788 <= 1). Hence, it is safe in tensile
loading condition.



6
Finite Element Analysis of the selected

concepts

The next step is to see how the structures responds to the loads in different loading conditions.
For this, Finite Element Analysis (FEA) is done using the software ANSYS Parametric Design
Language (APDL).

6.1. Jacket structure with helical piles
At the beginning, the structure is analysed without including the foundation and the soil. The
legs at the bottom are assumed as fixed. This is done to understand the response of the structure.
In later stage, soil model is included and the final optimisation of the members will be done.

6.1.1. Modelling
Some of the input parameters used for modelling are,

• The center line of the members are used to create the model.

• The material model is taken as Linear - Elastic - Isotropic with a young’s modulus of
210000 𝑁/𝑚𝑚ኼ and Poisson ratio of 0.3.

• Themembers aremodelled as 3D beams (BEAM188) and the soil springs as COMBIN39
(non-linear springs)

• The section of the members are given the size same as the initial dimensions.

Using a K bracing for the top bay was not optimal because the load transfer was not effi-
cient. So, the top bay is changed to X bracing and the load transfer was better compared to K
bracing.

The created model in ANSYS with the new X bracing is shown in figure 6.1.
In the front view, it is seen that the joints (connection) at 1,2,3,4 have some gap between

the members. This is to have easy and proper welding of members during the fabrication of
the structure. The loads were applied for each load conditions and solved and the response of
the structure is noted.

After solving the model, the forces and moments acting in each member is taken from
ANSYS and checked according to the NORSOK Standard [37]. A figure plotted with von
mises stress for condition 2 is shown in figure 6.2

56
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(a) Front View (b) Oblique View

Figure 6.1: ANSYS model of the jacket structure

Figure 6.2: von mises stress for condition 2

The critical loading condition is condition 2 (from figure 5.4) where the stresses in the
members are high as it is concentrated more on a single frame. This condition will govern
the member design of the entire structure. As the response of the structure is understood, the
soil model is included in the structure. The nonlinear p-y curve for the helical pile is created
according to DNVGL - RP - C212[4] and the steps are shown from equations 6.1 till 6.4.

𝑝 = 𝐴 𝑝፮𝑡𝑎𝑛ℎ (
𝑘 𝑋
𝐴 𝑝፮

𝑦) (6.1)

where,
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𝑝፮ - static ultimate lateral resistance (min of these two)

= (𝐶ኻ𝑋 + 𝐶ኼ𝐷)𝛾ᖣ𝑋
= 𝐶ኽ𝐷𝛾ᖣ𝑋

(6.2)

𝐶ኻ, 𝐶ኼ, 𝐶ኽ - coefficients depend on friction angle and is shown in figure 6.3

𝑦 - deflection

𝐴 - factor to account for static or cyclic loading

𝐴 = 3 − 0.8𝑋𝐷 − 𝑓𝑜𝑟 𝑠𝑡𝑎𝑡𝑖𝑐 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (6.3)

𝐷 - shaft diameter of the pile

𝑋 - depth below the spoil surface

𝑘 - initial modulus of subgrade

𝑘 = 2.21 + 0.0584𝐷፫ + 0.0166𝐷ኼ፫ (6.4)

𝐷፫ - relative density = 20% for loose soil

Figure 6.3: Coefficients C1, C2, C3 [4]

The p-y curves per 0.5 m are generated and the values are imported in ANSYS. p-y curve at
10 m depth is shown in figure 6.4 to show an illustration of the curve.These forces are applied
to the soil model as nonlinear springs in X and Z direction(i.e: for each 0.5 m depth of the
pile the respective force and displacement is taken). The end of the pile is restricted in vertical
direction (Y axis) for both displacement (𝑈፲) and rotation (𝑅𝑂𝑇፲). The figure 6.5 shows the
model of the jacket structure with pile.

The results from this soil model is used to get the forces (𝐹፱, 𝐹፲, 𝐹፳, 𝑀፱, 𝑀፲, 𝑀፳) actingwithin
each member from ANSYS. These values are for the local axis of the member and the axis is
shown in figure 6.6. In the figure, X,Y,Z are global axis, x,y,z are local axis and I is the start
point of the beam and J is the end point of the beam. With these forces the critical members
are checked for safety. The grades of the steel are chosen according to EN 10025-4 [8], where
the yield strength of the steel is decreasing for increasing thickness and is shown in figure6.1
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Figure 6.4: p-y curve at 10 m depth

6.1.2. Design check using NORSOK 10025 -4
The different checks performed using NORSOK code are,

Axial tension

𝑁ፒ፝ ≤ 𝑁፭,ፑ፝ =
𝐴𝑓፲
𝛾፦

(6.5)

where,

𝑁ፒ፝ - design axial force (tension positive) [𝐹፱, input from ansys]

𝑓፲ - characteristic yield strength

𝐴 - cross sectional area - ᎝ኾ (𝐷
ኼ
፨ − 𝐷ኼ። )

𝛾ፌ - material factor = 1.15

Axial compression

𝑁ፒ፝ ≤ 𝑁፜,ፑ፝ =
𝐴𝑓፜
𝛾፦

(6.6)

where,

𝑁ፒ፝ - design axial force (compression positive) [𝐹፱, input from ANSYS]

𝛾ፌ - material factor = 1.15

𝑓፜ - characteristic axial compression strength

𝑓፜ = [1 − 0.28𝜆ᖣኼ]𝑓፜፥ 𝑓𝑜𝑟 𝜆ᖣ ≤ 1.34

𝑓፜ =
0.9
𝜆ᖣኼ 𝑓፜፥ 𝑓𝑜𝑟 𝜆ᖣ > 1.34

(6.7)

where,
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(a) Front View (b) Oblique View

Figure 6.5: ANSYS model of the jacket structure including pile

Figure 6.6: Local axis of the beam

𝜆ᖣ - column slenderness parameter

𝜆ᖣ = √𝑓፜፥𝑓 = 𝑘𝑙
𝜋𝑖
√𝑓፜𝑙
𝐸 (6.8)

where,

𝑖 - radius of gyration -
√ፃᎴᑠዄፃᎴᑚ

ኾ

𝐸 - Young’s modulus of elasticity = 21000 𝑁/𝑚𝑚ኼ

𝑘 - effective length factor

𝑓፜፥ - characteristic local buckling strength

𝑙 - longer unbraced length in y or z direction - For jacket legs the whole length is used
for the check to be conservative. For other members, the true length is used.
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Table 6.1: Yield strength table according to EN 10025-4[8]

𝑓፜፥ = 𝑓፲ 𝑓𝑜𝑟 𝑓፲
𝑓፜፥፞

≤ 0.17

𝑓፜፥ = (1.047 − 0.274
𝑓፲
𝑓፜፥፞
)𝑓፲ 𝑓𝑜𝑟 0.17 < 𝑓፲

𝐹፜፥፞
≤ 1.911

𝑓፜፥ = 𝑓፜፥፞ 𝑓𝑜𝑟 𝑓፲
𝑓፜፥፞

> 1.911

(6.9)

𝑓፜፥፞ = 2𝐶፞𝐸
𝑡
𝐷 (6.10)

where,

𝐶፞ - critical elastic buckling coefficient = 0.3

𝑡 - wall thickness

𝐷 - outside diameter

Bending

𝑀ፒ፝ ≤ 𝑀ፑ፝ =
𝑓፦𝑊
𝛾ፌ

(6.11)

where,

𝑀ፒ፝ - design bending moment = √𝑀ኼ፲ +𝑀ኼ፳ (input from ANSYS)

𝑓፦ - characteristic bending strength
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𝑓፦ =
𝑍
𝑊𝑓፲ 𝑓𝑜𝑟 𝑓፲𝐷

𝐸𝑡 ≤ 0.0517

𝑓፦ = (1.13 − 2.58 (
𝑓፲𝐷
𝐸𝑡 ))

𝑍
𝑊𝑓፲ 𝑓𝑜𝑟 0.0517 < 𝑓፲𝐷

𝐸𝑡 ≤ 0.1034

𝑓፦ = (0.94 − 0.76 (
𝑓፲𝐷
𝐸𝑡 ))

𝑍
𝑊𝑓፲ 𝑓𝑜𝑟 0.1034 < 𝑓፲𝐷

𝐸𝑡 ≤ 120

(6.12)

where,

𝑊 - elastic section modulus

𝑊 = 𝜋
32
[𝐷ኾ − (𝐷 − 2𝑡)ኾ]

𝐷 (6.13)

𝑍 - plastic section modulus

𝑍 = 1
6[𝐷

ኽ − (𝐷 − 2𝑡)ኽ] (6.14)

Shear

𝑉ፒ፝ ≤ 𝑉ፑ፝ =
𝐴𝑓፲
2√3𝛾ፌ

(6.15)

where,

𝑉ፒ፝ - design shear force = √𝐹ኼ፲ + 𝐹ኼ፳ (input from ANSYS)

Tubular member subjected to shear from torsional moment should be designed to statisfy
the following condition,

𝑀ፓ,ፒ፝ ≤ 𝑀ፓ,ፑ፝ =
2𝐼፩𝑓፲
𝐷√3𝛾ፌ

(6.16)

where,

𝑀ፓ,ፒ፝ - design torsional moment =𝑀፱ (input from ANSYS)

𝐼፩ - polar moment of inertia

𝐼፩ =
𝜋
32[𝐷

ኾ − (𝐷 − 2𝑡)ኾ] (6.17)

Hydrostatic pressure

𝜎፩,ፒ፝ ≤ 𝑓፡,ፑ፝ =
𝑓፡
𝛾ፌ

(6.18)

where,

𝑓፡ - characteristic hoop buckling strength

𝜎፩,ፒ፝ - design hoop stress due to hydrostatic pressure

𝜎፩,ፒ፝ =
𝑝ፒ፝𝐷
2𝑡 (6.19)
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𝑝ፒ፝ - design hydrostatic pressure = 𝜌፰𝑔𝑑 =
ኻኺኼ኿∗ዃ.ዂኻ∗኿኿

ኻኺᎸ = 0.553 𝑁/𝑚𝑚ኼ

𝑓፡ = 𝑓፲ 𝑓𝑜𝑟 𝑓፡፞ > 2.44𝑓፲

𝑓፡ = 0.7𝑓፲ [
𝑓፡፞
𝑓፲
]
ኺ.ኾ

𝑓𝑜𝑟 2.44𝑓፲ ≥ 𝑓፡፞ > 0.55𝑓፲

𝑓፡ = 𝑓፡፞ 𝑓𝑜𝑟 𝑓፡፞ ≤ 0.55𝑓፲

(6.20)

𝑓፡፞ = 2𝐶፡𝐸
𝑡
𝐷 (6.21)

𝐶፡ = 0.44
𝑡
𝐷 𝑓𝑜𝑟 𝜇 ≥ 1.6𝐷𝑡

𝐶፡ = 0.44
𝑡
𝐷 + 0.21

ፃ
፭ )
ኽ

𝜇ኾ 𝑓𝑜𝑟 0.825𝐷𝑡 ≤ 𝜇 < 1.6
𝐷
𝑡

𝐶፡ =
0.737

(𝜇 − 0.579) 𝑓𝑜𝑟 1.5𝐷𝑡 ≤ 𝜇 < 0.825
𝐷
𝑡

𝐶፡ = 0.8 𝑓𝑜𝑟 𝜇 < 1.6𝐷𝑡

(6.22)

𝜇 = 𝐿
𝐷
√2𝐷
𝑡 (6.23)

where,
𝐿 - Length of tubular between stiffening rings,diaphragms or end connections

𝜇 - geometric parameter

Material factor

The material factor 𝛾ፌ is given as,

𝛾ፌ = 1.15 𝑓𝑜𝑟 𝜆ᖣ፬ < 0.5
𝛾ፌ = 0.85 + 0.6𝜆ᖣ፬ 𝑓𝑜𝑟 0.5 ≤ 𝜆ᖣ፬ ≤ 1.0
𝛾ፌ = 1.45 𝑓𝑜𝑟 𝜆ᖣ፬ > 1.0

(6.24)

where,

𝜆ᖣ፬ =
|𝜎፜,ፒ፝|
𝑓፜፥

𝜆፜ + (
𝜎፩,ፒ፝
𝑓፡
)
ኼ

𝜆፡ (6.25)

𝜆፜ = √
𝑓፲
𝑓፜፥፞
; 𝜆፡ = √

𝑓፲
𝑓፡፞

𝜎፜,ፒ፝ =
𝑁ፒ፝
𝐴 +

√𝑀ኼ
፲,ፒ፝ +𝑀ኼ

፳,ፒ፝

𝑊

(6.26)

𝑁ፒ፝ is negative if in tension. The material factor for the above equations are calculated based
on equation 6.24.

Tubular members subjected to combined loads without hydrostatic pressure are,



64 6. Finite Element Analysis of the selected concepts

Axial tension and bending

( 𝑁ፒ፝𝑁፭,ፑ፝
)
ኻ.዁኿

+
√𝑀ኼ

፲,ፒ፝ +𝑀ኼ
፳,ፒ፝

𝑀ፑ፝
≤ 1.0 (6.27)

Axial compression and bending

𝑁ፒ፝
𝑁፜,ፑ፝

+ 1
𝑀ፑ፝

[[𝐶፦፲𝑀፲,ፒ፝
1 − ፍᑊᑕ

ፍᐼᑪ

]

ኼ

+ [𝐶፦፳𝑀፳,ፒ፝
1 − ፍᑊᑕ

ፍᐼᑫ

]

ኼ

]

ኺ.኿

≤ 1.0 (6.28)

( 𝑁ፒ፝𝑁፜፥,ፑ፝
)
ኻ.዁኿

+
√𝑀ኼ

፲,ፒ፝ +𝑀ኼ
፳,ፒ፝

𝑀ፑ፝
≤ 1.0 (6.29)

where,

𝐶፦፲ - moment reduction factor corresponds to y axes - c) from table 6.7 for all members

𝐶፦፳ - moment reduction factor corresponds to z axes- c) from table 6.7 for all members

𝑘፲ - effective length corresponds to y axes - 1 for legs, 0.8 for X brace, 0.7 for gripper
frame members - from table 6.7

𝑘፳ - effective length corresponds to z axes - 1 for legs, 0.8 for X brace, 0.7 for gripper
frame members - from table 6.7

𝑁ፄ፲ - Euler buckling strength corresponds to y axes

𝑁ፄ፳ - Euler buckling strength corresponds to z axes

𝑁፜፥,፫፝ - design axial local buckling resistance

𝑁፜፥,ፑ፝ =
𝑓፜፥𝐴
𝛾ፌ

(6.30)

𝑁ፄ፲ =
𝜋ኼ𝐸𝐴

[፤፥። ]
ኼ

፲

; 𝑁ፄ፳ =
𝜋ኼ𝐸𝐴

[፤፥። ]
ኼ

፳

(6.31)

Interaction shear and bending moment

𝑀ፒ፝
𝑀ፑ፝

≤ √1.4 − 𝑉ፒ፝𝑉ፑ፝
𝑓𝑜𝑟 𝑉ፒ፝

𝑉ፑ፝
≥ 0.4

𝑀ፒ፝
𝑀ፑ፝

≤ 1.0 𝑓𝑜𝑟 𝑉ፒ፝
𝑉ፑ፝

< 0.4
(6.32)
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Figure 6.7: Effective length and moment reduction factor[37]

Interaction shear, bending moment and torsional moment

𝑀ፒ፝
𝑀ፑ፞፝,ፑ፝

≤ 1.0√1.4 − 𝑉ፒ፝𝑉ፑ፝
𝑓𝑜𝑟 𝑉ፒ፝

𝑉ፑ፝
≥ 0.4

𝑀ፒ፝
𝑀ፑ፞፝,ፑ፝

≤ 1.0 𝑓𝑜𝑟 𝑉ፒ፝
𝑉ፑ፝

< 0.4
(6.33)

𝑀ፑ፞፝,ፑ፝ =
𝑊𝑓፦,ፑ፞፝
𝛾ፌ

; 𝑓፦,ፑ፞፝ = 𝑓፦√1 − 3(
𝜏ፓ,ፒ፝
𝑓 )

ኼ

(6.34)

𝜏ፓ,ፒ፝ =
𝑀ፓ,ፒ፝
2𝜋𝑅ኼ𝑡 ; 𝑓 = 𝑓፲

𝛾ፌ
(6.35)

Tubular members subjected to combined loads with hydrostatic pressure are given below.
The equation in this section are not applicable if the equation 6.18 fails. There are two methods
given in the code. Method A assumes that the capped end compressive force due to external
hydrostatic pressure are not included in the structural analysis[37]. Method B assumes that
such forces are included in the analysis [37].s

In this model, such forces are not included. So, method A is followed in this combined
check.

Axial tension, bending and hydrostatic pressure

(a) 𝜎ፚ,ፒ፝ ≥ 𝜎፪,ፒ፝ - net axial tension condition

𝜎ፚ,ፒ፝ − 𝜎፪,ፒ፝
𝑓፭፡,ፑ፝

+
√𝜎ኼ፦፲,ፒ፝ + 𝜎ኼ፦፲,ፒ፝

𝑓፦፡,ፑ፝
≤ 1.0 (6.36)

where,

𝜎ፚ,ፒ፝ - design axial stress (tension positive) = ፅᑩ
ፀ
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𝜎፪,ፒ፝ - axial compression stress due to eternal hydrostatic pressure = 0.5 𝜎፩,ፒ፝
𝜎፦፲,ፒ፝ - design in-plane bending stress =

ፌᑪ፲
ፈᑪᑪ

= ፌᑪፃ
ኼፈᑪᑪ

𝜎፦፳,ፒ፝ - design out of plane bending stress = ፌᑫ፳
ፈᑫᑫ

= ፌᑫፃ
ኼፈᑫᑫ

𝑓፭፡,ፑ፝ =
𝑓፲
𝛾ፌ
[√1 + 0.09𝐵ኼ − 𝐵ኼ᎔ − 0.3𝐵] (6.37)

𝑓፦፡,ፑ፝ =
𝑓፦
𝛾ፌ
[√1 + 0.09𝐵ኼ − 𝐵ኼ᎔ − 0.3𝐵] (6.38)

𝐵 = 𝜎፩,ፒ፝
𝑓፡,ፑ፝

; 𝐵 ≤ 1.0; 𝜂 = 5 − 4𝑓፡𝑓፲
(6.39)

(b) 𝜎ፚ,ፒ፝ < 𝜎፪,ፒ፝ - net axial compression condition

|𝜎ፚ,ፒ፝ − 𝜎፪,ፒ፝|
𝑓፜፥,ፑ፝

+
√𝜎ኼ፦፲,ፒ፝ + 𝜎ኼ፦፲,ፒ፝

𝑓፦፡,ፑ፝
≤ 1.0

𝑓፜፥,ፑ፝ =
𝑓፜፥
𝛾ፌ

(6.40)

When 𝜎፜,ፒ፝ > 0.5 ᑙ፟ᑖ
᎐ᑄ

and 𝑓፜፥፞ > 0.5𝑓፡፞, then this equation should be satisfied,

𝜎፜,ፒ፝ − 0.5 ᑙ፟ᑖ
᎐ᑄ

ᑔ፟ᑝᑖ
᎐ᑄ
− 0.5 ᑙ፟ᑖ

᎐ᑄ

+ [𝜎፩,ፒ፝
ᑙ፟ᑖ
᎐ᑄ

]

ኼ

≤ 1.0 (6.41)

𝜎፜,ፒ፝ = 𝜎፦,ፒ፝ + 𝜎፪,ፒ፝ − 𝜎ፚ,ፒ፝ (6.42)

Axial compression, bending and hydrostatic pressure

𝜎ፚ,ፒ፝
𝑓፜፡,ፑ፝

+ 1
𝑓፦፡,ፑ፝

[[𝐶፦፲𝜎፦፲,ፒ፝1 − ᎟ᑒ,ᑊᑕ
ᐼ፟ᑪ

]

ኼ

+ [𝐶፦፳𝜎፦፳,ፒ፝1 − ᎟ᑒ,ᑊᑕ
ᐼ፟ᑫ

]

ኼ

]

ኺ.኿

≤ 1.0 (6.43)

𝜎ፚ,ፒ፝ + 𝜎፪,ፒ፝
𝑓፜፥,ፑ፝

+
√𝜎ኼ፦፲,ፒ፝ + 𝜎ኼ፦፲,ፒ፝

𝑓፦፡,ፑ፝
≤ 1.0 (6.44)

where,

𝜎ፚ,ፒ፝ - design axial stress (compression positive)

𝑓፜፡,ፑ፝ - design axial compression strength in the presence of external hydrostatic pressure

𝑓ፄ፲ =
𝜋ኼ𝐸

[፤፥። ]
ኼ

፲

; 𝑓ፄ፳ =
𝜋ኼ𝐸

[፤፥። ]
ኼ

፳

(6.45)
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𝑓፜፡,ፑ፝ =
𝑓፜፥
2𝛾ፌ

[𝜉 − 2𝜎፪,ፒ፝𝑓፜፥
+√𝜉ኼ + 1.12𝜆ᖣኼ

𝜎፪,ፒ፝
𝑓፜፥

] 𝑓𝑜𝑟 𝜆ᖣ < 1.34√[1 − 2𝜎፪,ፒ፝𝑓፜፥
]
ዅኻ

(6.46)

𝑓፜፡,ፑ፝ =
0.9𝑓፜፥
𝜆ᖣኼ𝛾ፌ

𝑓𝑜𝑟 𝛾ᖣ ≥ 1.34√[1 − 2𝜎፪,ፒ፝𝑓፜፥
]
ዅኻ

(6.47)

𝜉 = 1 − 0.28𝜆ᖣ (6.48)

When 𝜎፜,ፒ፝ > 0.5 ᑙ፟ᑖ
᎐ᑄ

and 𝑓፜፥፞ > 0.5𝑓፡፞, then this equation should be satisfied,

𝜎፜,ፒ፝ − 0.5 ᑙ፟ᑖ
᎐ᑄ

ᑔ፟ᑝᑖ
᎐ᑄ
− 0.5 ᑙ፟ᑖ

᎐ᑄ

+ [𝜎፩,ፒ፝
ᑙ፟ᑖ
᎐ᑄ

]

ኼ

≤ 1.0 (6.49)

𝜎፜,ፒ፝ = 𝜎፦,ፒ፝ + 𝜎፪,ፒ፝ + 𝜎ፚ,ፒ፝ (6.50)

All the checks mentioned above need to be satisfied. These checks are done for all the
critical members in all the loading conditions. A sample calculation of the main leg of the
jacket for condition 2 which is critical is shown in figure B.1. The final optimal configuration
derived from these checks is given in figures 6.8,6.9 and 6.10. In the figure, the brown circle
represents the armour layer.

Figure 6.8: Jacket final configuration - Top View
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Figure 6.9: Jacket final configuration - View - A

Figure 6.10: Jacket final configuration - Front View

As seen from the figures 6.8,6.9,6.10, most of the members are designed with higher grade
steel. As one side of the structure is open, the jacket couldn’t distribute the loads properly
throughout all the members. For example, if the loading condition is 2 applied, the stress
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distribution within the structure is concentrated only on one side (can be seen in figure 6.2).
The bottom right leg takes most of the loads. For conditions 1,2,3 the loads act at one frame
which makes the gripper frame to open up. It causes high stress in the gripper frame due to
in-plane and out-of plane bending. To resist these high stresses, increased thickness of the
members are needed. Instead of increasing the thickness of the members very much, high
strength steel is used. Also the increase in thickness leads to decrease in yield strength of steel
as shown in table 6.1. Increasing the thickness of a member by 10mm will be costly when
compared to adopting high strength steel. This reduces the amount of steel used, self-weight
of the structure and the cost associated. The check done for the critical member of the gripper
frame using low grade steel and high grade steel and their influence in the thickness is shown
in table 6.11. From table, it is seen that for a low grade steel of S355 a thickness of 105mm
is needed for the member to be safe. While using a high grade steel of S500, the thickness is
reduced to 80mm.

(a) Low grade steel with increased thickness (b) High grade steel with lower thickness

Figure 6.11: Unity checks according to NORSOK 10025-4

Even though the members are safe, the joints are always subjected to failure. This is be-
cause they are subjected to multi-axial loading. Therefore, the checks for the joints are done
according to Norsok Standard N-004. The different type of simple joints and their parameters
are given in figure 6.12.
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Figure 6.12: Different types of simple joints[37]

The characteristic resistance for simple tubular joints are,

𝑁ፑ፝ =
𝑓፲𝑇ኼ
𝛾ፌ𝑠𝑖𝑛𝜃

𝑄፮𝑄፟ (6.51)

𝑀ፑ፝ =
𝑓፲𝑇ኼ𝑑
𝛾ፌ𝑠𝑖𝑛𝜃

𝑄፮𝑄፟ (6.52)

where,

𝑁ፑ፝ - joint design axial resistance

𝑀ፑ፝ - joint design bending moment resistance

𝑓፲ - yield strength of the chord member

𝛾ፌ - material factor - 1.15

𝑄፮ - strength factor

𝑄፟ - chord action factor
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The strength factor (𝑄፮) depends on the type of joint and the action of the brace. This is
shown in figure 6.13.

Figure 6.13: Strength factor 𝑄፮ [37]

1. 𝑄ᎏ is a geometric factor given as,

𝑄ᎏ =
0.3

𝛽(1 − 0.833𝛽) 𝑓𝑜𝑟 𝛽 > 0.6

𝑄ᎏ = 1 𝑓𝑜𝑟 𝛽 ≤ 0.6
(6.53)

2. 𝑄፠ is a gab factor given as,

𝑄፠ = 1 + 0.2 (1 −
2.8𝑔
𝐷 )

ኽ

𝑓𝑜𝑟 𝑔
𝐷 ≥ 0.0, 𝑏𝑢𝑡𝑄፠ ≥ 1.0

𝑄፠ = 0.13 + 0.65𝜙𝛾ኺ.5 𝑓𝑜𝑟 𝑔
𝐷 ≤ −0.05

(6.54)

where,

𝜙 = ፭ ᑪ፟,ᑓ
ፓ ᑪ፟,ᑔ

𝑓፲,፛ - yield strength of brace (or brace stub if present)

𝑓፲,፜ - yield strength of the chord (or chord can if present)

The chord action factor (𝑄፟) accounts for the presence of factored actions in the chord.

𝑄፟ = 1.0 + 𝐶ኻ
𝜎ፚ,ፒ፝
𝑓፲

− 𝐶ኼ
𝜎፦፲,ፒ፝
1.62𝑓፲

− 𝐶ኽ𝐴ኼ

𝐴ኼ = (𝜎ፚ,ፒ፝𝑓፲
)
ኼ

+ (
𝜎ኼ፦፲,ፒ፝ + 𝜎ኼ፦፳,ፒ፝

1.62𝑓ኼ፲
)

(6.55)

where,

𝜎ፚ,ፒ፝ - design axial stress in chord, positive in tension

𝜎፦፲,ፒ፝ - yield strength of brace (or brace stub if present)
𝜎፦፳,ፒ፝ - yield strength of the chord (or chord can if present)

𝐶ኻ, 𝐶ኼ, 𝐶ኽ - coefficients depending on joint and load type as given in figure 6.14
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Figure 6.14: Values for Cኻ, 𝐶ኼ, 𝐶ኽ[37]

For a brace intersection with the chord, the chords average loads and bending moment on
either side of the intersection should be used in equation 6.55.

Strength of the joint is checked by the interaction equation for axial force and bending
moment and is shown below.

𝑁ፒ፝
𝑁ፑ፝

+ (𝑀፲,ፒ፝𝑀፲,ፑ፝
)
ኼ

+ 𝑀፳,ፒ፝𝑀፳,ፑ፝
≤ 1.0 (6.56)

where,

𝑁ፒ፝ - design axial force in the brace member

𝑁ፑ፝ - joint design axial resistance

𝑀፲,ፒ፝ - design in-plane bending moment in the brace member

𝑀፲,ፑ፝ - design in-plane bending resistance

𝑀፳,ፒ፝ - design out-of-plane bending moment in the brace member

𝑀፳,ፑ፝ - design out-of-plane bending resistance

The joint checks are done according to the above equations and the final strengthened joints
are shown in figures 6.8, 6.9 and 6.10. From the figures, it is seen that the joints between the
gripper frame members are strengthened more. As explained in the member checks, the high
bending stress causes the failure of the joints. An example of a joint check for one of the joint
in the gripper frame is show in table B.1.

The figures 6.8,6.9,6.10 represents the optimised designed of the jacket structure based on
ULS conditions but not the final design. Fatigue analysis (Chapter-8) will be done and the
the structure will be optimised accordingly. The final optimised design can be found in that
chapter.

6.2. Tripod structure with suction bucket
The procedure for the tripod structure is same as followed in the analysis of the jacket structure.
Therefore the changes and the results will be mentioned here. The created model of the tripod
in ANSYS is shown in figure 6.15. ‘A figure plotted with von mises stress for condition 2 is
shown in figure 6.16.
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(a) Top View (b) Oblique View

Figure 6.15: ANSYS model of the tripod structure

Figure 6.16: Von mises stress plot of the tripod structure for Condition 2

The p-y curve of the suction bucket per 0.5 m is calculated based on DNVGL-RP-C212
[4] and applied as a non linear soil spring in X and Z direction. The steps are shown from
equations 6.1 till 6.4. The bottom of the suction is constrained in vertical Y axis for both
displacement(𝑈፲) and rotation(𝑅𝑂𝑇፲). The p-y curve at 10 m depth is shown in figure 6.17.

During the check, the connection between the gripper frame and the main leg was failing
due to high moments. In figure 6.16, for condition 2 loading, it can be seen that the loads acting
are concentrated on one leg with compression and the other two legs are experiencing tension.
As the legs and gripper frame doesn’t have any support members, the moments acting on the
members are high so that the thickness needs to increase more. So, in-order to avoid a large
increase in thickness, a support member which connects the gripper frame and the main leg is
provided. The new model with the new member and suction bucket is shown in figure 6.18.
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Figure 6.17: p-y curve for suction bucket at 10 m depth

(a) Side view
(b) Oblique View

Figure 6.18: New model of the tripod structure
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After the analysis is done, the members are checked based on NORSOK 10025-4 [37]
which is described from equation 6.5 till 6.1.2. The joint checks are also done based on the
equations from 6.51 till 6.56. The final configuration of the structure with strengthened mem-
bers and joints is shown in figures 6.19,6.20 and 6.21. Although the new members help in
transferring the load properly by reducing stresses on the gripper frame, the joints tend to fail.
As seen in figure 6.19, the gripper frame has so many joints that need to be strengthened. For
the horizontal member of the gripper frame, it has 5 tubular members welded together with dif-
ferent thickness. But in fabrication process it maybe be easy to have one member of the whole
length with the maximum thickness(i.e: 0.11 m in this case) needed. Still the cost associated
with increase in steel can be high. This really depends on the fabricator, so a conclusion can’t
be made at this point to choose either of these two option.

Figure 6.19: Tripod final configuration - Top view
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Figure 6.20: Tripod final configuration - View - A

Figure 6.21: Tripod final configuration - Front view



6.3. Impact loading on the support structure 77

6.3. Impact loading on the support structure
When the monopile is lowered and slewed in to the gripper frame, wave load act on the
monopile which makes the monopile oscillate. During this operation the monopile may hit the
side of the gripper frame which acts as impact force and induces vibrations (refer figure:6.22).
In this thesis, only the impact of the force is calculated and analysed. The vibrations will be of
more importance if the magnitude of the vibration is higher due to large impact force. Fenders
can be provided on the gripper frame which absorb the kinetic energy thus reducing the impact
force and damage.

Figure 6.22: Slewing of monopile inside the gripper frame

The velocity of the water at the depth where the gripper frame is present is 0.01 m/s. The
wave velocity is neglected because this velocity makes the monopile incline and the inclined
monopile will be slewed and hit the support structure .The maximum operating crane velocity
is taken as 0.1 m/s. The velocity of the current is neglected, as the influence of the current
develops over time. In this case it is a matter of few minutes to lower and slew the monopile
inside the gripper frame. Therefore, the total velocity of the monopile is equal to the velocity
of the crane of 0.1 m/s.

The slewing direction is the same as the loading direction 5 as shown in figure 5.4. The
global stiffness of the structure is found by the formula:

𝑘 = 𝐹
𝑑 𝑘𝑁.𝑚 (6.57)

where,

k - global stiffness of the structure in slewing direction (kN.m)

F - Force applied in slewing direction (kN)

d - Displacement in slewing direction due to the applied load (m) (The global
displacement is got from ANSYS for both the jacket and tripod structure)
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With the displacement values from table 6.2, the global stiffness for the slewing direction is
found for both the jacket structure and the tripod structure. The displacement and the respective
stiffness is shown in table 6.2.

Concept d (m) k (MN/m)
Jacket 0.037 628.9
Tripod 0.105 219.1

Table 6.2: Displacement and stiffness of the structures in the slewing direction

The monopile hitting the gripper structure can be simplified as a mass hitting a spring. The
gripper structure is taken as a spring because it is not fully rigid. It has certain stiffness as seen
in table 6.2. The figure6.23 shows the illustration of the mass spring system.

Figure 6.23: Mass spring system for impact force

In the figure 6.23, the first system shows the mass moves with a velocity(v) and hits the
spring. The time at the point of contact between the mass and the spring is zero (i.e: t =0) and
the initial velocity is v = 0.11 m/s (velocity of monopile).

In the second system, the mass came to rest (i.e: v = 0 m/s) in a time interval by impacting
with the spring. The nature of simple harmonic motion is used to find the time interval. The
time taken to bring the mass to rest is taken as the one-forth(𝜋/2) of a period of the periodic
motion as seen in figure 6.24. The elastic motion would follow Hooke’s law with a force
constant k.

Figure 6.24: Mass spring system for impact force

The impact force of the monopile on the structure is given by,

𝐹ፚ፯፠ =
(𝑚 + 𝑎)𝑣

Δ𝑡 (6.58)

where,
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𝐹ፚ፯፠ - average force of impact (N)

m - mass of the monopile (kg)

a - added mass of the monopile (inside and outside) (kg)

v - velocity of the monopile (m/s)

Δ𝑡 - time taken for the monopile to come to rest, Δ𝑡 = ᎝
ኼ√

፦
፤ (s)

k - stiffness of the structure (N.m)

When the monopile is submerged in water, the water inside the monopile will act as a added
mass along with the mass of the monopile. As the thickness of the monopile will be relatively
smaller compared to the diameter of the monopile, the inner diameter is taken as the outer
diameter. the added mass inside the monopile is given as,

𝑎።፧ =
𝜋
4𝜌፰ፚ፭፞፫𝐷

ኼ𝑙፬፮፛ (6.59)

where,

𝑎።፧ - added mass inside the monopile (kg)

𝜌፰ፚ፭፞፫ - density of water = 1025 (𝑘𝑔/𝑚ኽ)

D - diameter of the monopile (m)

𝑙፬፮፛ - submerged length of the monopile in water = 50m (assuming that the monopile is
slewed in when it is 5m above the seabed)

The added mass outside the monopile when the monopile is translated perpendicular to the
monopile vertical axis is given by,

𝑎፨፮፭ = 𝑐ፚ
𝜋
4𝜌፰ፚ፭፞፫𝐷

ኼ𝑙፬፮፛ (6.60)

where,

𝑐ፚ - function of shape = 1

The total added mass acting on the structure is 9741 tonnes. After substituting in equation
6.58, it becomes as shown below and the impact force for both the jacket and the tripod is
calculated.

𝐹ፚ፯፠ =
2
𝜋𝑣√(𝑚 + 𝑎)𝑘

= 5.7 𝑀𝑁 (𝑜𝑛 𝑗𝑎𝑐𝑘𝑒𝑡)
= 3.36 𝑀𝑁 (𝑜𝑛 𝑡𝑟𝑖𝑝𝑜𝑑)

(6.61)

As seen from above equation the impact force for the jacket and tripod is different. This is
because, the stiffness of the structure is different. When the stiffness of the structure is higher,
the impact force is higher, this can be seen in the above equation. As seen in equation 6.58,
impact force depends on time. When the time taken for the object to come to rest is lower
the force increases. Stiffer structures tends to stop the colliding mass sooner than a less stiff
structure. This explains why the impact force on the jacket structure is larger than the tripod
structure.
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Soil - Structure interaction

The type of support structure investigated in this project is new to the offshore industry. For
this reason, the assessment of the soil-structure interaction is significant in this project.

In this project, a whole new support structure is installed on the seabed to install a monopile
and then the support structure is removed. As there are no structures that has been installed in
a manner like this, it is hard to predict the exact response of the soil and the structure.

The soil-structure interaction is discussed below based on the installation sequence of the
support structure and the monopile.

7.1. Installation of the support structure
When installing and removing the support structure foundations, the footprint created by these
foundations may be compared to the spud can of a jack-up leg.

The influence of the suction bucket and the helical pile maybe less than the spud cans.
Because the installation of suction bucket causes some changes in the soil near to it’s skirt.
But studies show that the outside skirt friction is not changed during the installation of the
suction bucket [27][28][29]. This means that the influence of the installation of suction bucket
is very less.

For helical piles, the installation causes some degradation of the soil shear strength near the
helix for clay soil. Due to the screwing of helical pile in the soil, there is a large displacement
within the envelope region causing the soil to remold. This remolding causes the shear strength
to change. This change has been studied for clay soil. It is shown that the shearing would occur
due to the installation and it has minimal installation disturbance beyond the edge of the helices
[15]. On the other hand, the installation disturbance is negligible for the soil below the bottom
helix, as they do not experience shaft and helix penetration.

Some studies have been done before, where the spud cans penetrate near piles and the
influence of the spud cans on the piles are observed. From these studies, it is shown that when
the distance between the the spud can side and the pile foundation is over half the diameter of
the spud cans, the displacement of pile’s top may be neglected [38][39]. And also when the
distance between the spud can and the pile increases the deflection of the pile decreases.

For this project there are four cases which are listed below.

1. Jacket structure with helical piles
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• The distance between the side wall of the monopile and the side of the helix is 15
m, which is 3.75 times the diameter of the helical pile.

2. Jacket structure with suction bucket

• The distance between the side wall of themonopile and the side of the suction bucket
is 13 m, which is 1.625 times the diameter of the suction bucket.

3. Tripod with helical piles

• The distance between the side wall of the monopile and the side of the helix is 9.5
m, which is 2.375 times the diameter of the helical pile.

4. Tripod with suction bucket

• The distance between the side wall of themonopile and the side of the suction bucket
is 7.5 m, which is 0.9375 times the diameter of the suction bucket.

For all the cases mentioned above, the distances are grater than the 0.5 times the diameter
of the pile or suction bucket. This can be used as a reference at this stage that there may be
negligible influence of helical pile or suction bucket on the soil around themonopile. Although,
a detailed analysis would be good to understand the response clearly. This is the first stage of
the installation process.

7.2. Hammering of monopile
Next themonopile is slewed into the gripper frame and hammered. The hammering ofmonopile
produces sound wave in water, interface wave where the seafloor and water meet and seismic
wave which disperses through the soil. These generated sound depends on the hammer and
pile characteristics which differs per site or project.

These waves passing through the soil can change the characteristics of the soil. It is hard
to predict the changes happening. In this project, only the base condition is used to design the
foundation, but in reality there will be different soil conditions. Each and every soil conditions
responds differently to these waves. The influence of hammering on the soil should be studied
and analysed in detail.

As the support structures foundation is near to the monopile, the interface wave and the
seismic wave can have an impact on the capacity of the foundations. The impact can have
either a negative or a positive impact which is unknown at this point. A detailed analysis need
to be done, to understand the response of the foundations to these waves due to hammering.

7.3. Removal of the support structure
After the installation of the monopile is finished, the support structure is removed. The suc-
tion buckets are removed by applying reverse suction and the helical piles are removed by
unscrewing. After the removal of the foundations the soil characteristics of the volume of the
soil where these foundations were installed can be different.

In practice the monopile and the transition piece is installed together first for the whole
wind farm. Then the turbine and the blades are installed afterwards. The time taken between
these two installation will be about few months to a year. The monopile will not be carrying
the full load it is designed for between the time were the tower is installed. The soil can regain
its original nature or characteristics during the time interval.
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The loads acting on the monopile at the seabed will be base shear and overturning moment.
The monopile rotates around a point at certain depth below the seabed based on the design and
soil condition. When the monopile rotates at that point, the soil gets displaced which gives an
opposing force to stop the rotation of the monopile. The influence of the monopile load on the
soil depends mostly on the angle of internal friction for sand.

An example is shown in figure 7.2, how the monopile rotates at a point and the stress
distribution on the surrounding soil. For sand it depends on double the angle of internal friction.
The point of rotation is found to be at 𝑑 = 16𝑚 depth from the seabed using the simplified
equations given below[65].

Figure 7.1: Ultimate pressure distribution in sandy soil

𝐻 − (12 ∗ 𝑃ኻ ∗ 𝑑) + (
1
2 ∗ (𝑃ኽ − 𝑃ኼ) ∗ (𝐿ፏ − 𝑑)) + (𝑃ኼ ∗ (𝐿ፏ − 𝑑)) = 0 (7.1)

𝑀 − (12 ∗ 𝑃ኻ ∗ 𝑑) + (
1
2 ∗ (𝑃ኽ − 𝑃ኼ) ∗ (𝐿ፏ − 𝑑)) + (𝑃ኼ ∗ (𝐿ፏ − 𝑑)) ∗ (7.2)

(𝑑 + 2 ∗ (𝐿ፏ − 𝑑)3 ) + (𝑃ኼ ∗ (𝐿ፏ − 𝑑)) ∗ (𝑑 +
(𝐿ፏ − 𝑑)

2 ) = 0 (7.3)

The distance from the side wall of monopile and the end of the influence area (x) is given
by:

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑋) = 𝑡𝑎𝑛(𝜙) ∗ 16 = 7.46𝑚 (7.4)
where,

𝜙 - angle of internal friction of sand = 25Ꭻ

If the support structures foundation is away from this area, there will be negligible interac-
tion. In this project, for case 1, the distance is greater than the influential distance. There will
be negligible interaction. For case 2, as there are overlapping at the end of the influence area,
there will be interaction but not significant. For case 3,4 the distance between the monopile
and the foundation is about half of the influential distance. Therefore the interaction will be
more in case 3,4. Detailed analysis is needed to find the response of the monopile.
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Figure 7.2: Example of monopile influence on the soil

From the above sections, it can be seen that the jacket structure with either helical pile or
suction bucket has more distance between the monopile wall and the wall of the foundation
and has less interaction compared to tripod structure. Therefore, Jacket structure with either
helical pile or suction bucket can be selected to proceed further in the design. However, it
cannot be evidently concluded that either helical pile or suction bucket is better as detailed
analysis need to be done.

A case study of the entire operation involved in the installation, removal and reuse of the
structure (Chapter - 9) combined with both the foundations will be done to identify the time
taken and cost associated. This way the best foundation can be selected for the seabed gripper
structure and the final structure can be proposed.
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Optimising the Design for Fatigue

In this chapter, fatigue analysis is carried out for the selected concept of jacket structure with
both helical piles and suction bucket. The design is then optimised based on the response of
the structure to fatigue loads. The steps involved in the fatigue analysis of the structure are:

1. Understanding the requirements

2. Fatigue loads on the structure

3. Fatigue analysis

4. Optimising the structure

8.1. Requirements for Fatigue
The requirement from Van Oord for the fatigue load is that the structure should be able to
function properly for around 350 - 400 monopile installations (i.e: around 3 - 4 complete wind
farms). The structure will be used for multiple wind farms, so it will be hard to adopt the
environmental conditions for these multiple locations. An all year wave scatter for a North
Sea location from a previous project within Van Oord is taken as the base condition for the
fatigue calculation as shown in table C.1. This scatter table is taken as the sea condition for all
the 350 - 400 monopile installations.

When the monopile is hammered, at certain penetration depth, the entire load acting on the
monopile will be directly transferred to the soil and there is no need of any support from the
seabed gripper structure. The time taken for the step by step process involved in the installation
of the monopile is given as an input from Van Oord. The time period the seabed gripper
structure will be subjected to fatigue load is 1 hour 45 minutes per monopile installation until
the support from the structure is not needed by the monopile.

The percentage provided in the all year wave scatter is converted into the wave scatter
for the fatigue loaded time period of 1 hour 45 minutes (i.e: per monopile installation) and is
shown in table 8.1.

8.2. Fatigue loads on the structure
There are three major fatigue loads acting on the seabed gripper structure while installing the
monopile. The seabed gripper structure is analysed only for these three loads. There are other
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Table 8.1: Wave scatter diagram from previous project for the allowable operational weather
window of 𝐻፬ = 2.5𝑚

forms of fatigue loading such as transport and lift point loading. These loads are assumed to
be negligible in this analysis. The three major fatigue loads are:

1. Fatigue due to impact of the monopile on the gripper structure while slewing into the
gripper frame (as discussed in section 6.3).

• The vibration due to the impact is neglected; this is because certain amount of vi-
brations are absorbed by the dampers present in the gripper frame and also by sur-
rounding water (hydrodynamic damping).

• The impact load is taken as a point load and the stresses are found.

2. Fatigue due to the initial opposing force given by the gripper frame (or gripper arms) to
make the monopile vertical.

• It is assumed that the opposing force is given two times to make the monopile ver-
tical per monopile installation.

3. Fatigue due to wave load acting on the monopile which is transferred to structure while
the gripper frame is holding the monopile in position.

• As themonopile penetrates the soil during hammering, themoment bearing capacity
of the soil increases. This reduces the forcing on the gripper frame.

• However, it is assumed that the maximum wave loading (i.e: before hammering) is
transferred to the gripper frame throughout the considered time period of 1 hour 45
mins.

8.3. Fatigue analysis
For cyclic loading, joints between members are prone to fatigue failure compared to the mem-
ber itself. This is because the weld inhibits a stress concentration in the form of a crack and will
fail before the member fails. Therefore, the joints in the seabed gripper structure are checked
for fatigue failure.

As discussed in Chapter - 6, loading condition 2 is the critical loading condition. Likewise,
from figure-6.8, it can be seen that the joints in the gripper frame are the critical joints in the
entire structure and subjected to high stresses. They are already strengthened by increasing the
thickness of the members at the joints for ULS checks.
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Initially the critical joint is checked for the fatigue loads and the structure is optimised
accordingly, later the other joints are checked to make sure the entire structure is safe for the
desired number of monopile installations.

The fatigue check is done based on the code DNVGL-RP-C203 - Fatigue design of offshore
steel structures [7]. To find the fatigue life of the joints, the following steps are carried out:

1. Finding the number of cycles per stress range acting on the structure per monopile in-
stallation

• Each individual wave presented in the wave scatter table will produce an individual
stress range.

• Therefore, the number of occurrences per individual waves shown in the wave scat-
ter table is the same as the number of cycles per stress range (N) per monopile
installation.

2. Calculating the different stress ranges acting on the structure.

• The loads due to the individual waves acting on the structure is inputted as a function
of time in ANSYS and analysed.

• The internal force acting within the member of the joint is taken as an output as a
function of time from ANSYS and the stresses are found based on the dimensions
of the member in the joint.

• A factor of safety need to be adopted to these stresses and there are two methods to
do it.
– First method is to calculate the Stress Concentration Factor (SCF) based on
the geometry of the members and type of welds and multiply with the actual
stresses. This method is adopted for tubular joints.

– Second method is to adopt an already factored (or reduced) S-N curve from the
table provided in the code based on the geometry of the members and type of
welds. In this case, the actual stresses can be used directly. This method is
adopted for plated joints.

• The factored stress as a function of time has a peak and a trough. The difference be-
tween the peak and the trough for individual waves is their respective stress ranges.
An example of the factored stress as a function of time for an individual wave is
shown in figure-8.1.

3. Calculating the allowable number of cycles for the individual stress ranges.

• The factored stress ranges found in the previous step are substituted in equation-8.1
and the allowable number of cycles per stress range (𝑁፦ፚ፱) is calculated.

𝑙𝑜𝑔𝑁፦ፚ፱ = 𝑙𝑜𝑔𝑎̄ − 𝑚 𝑙𝑜𝑔 (Δ𝜎 (
𝑡
𝑡፫፞፟

)
፤

) (8.1)

where,
𝑁፦ፚ፱ - predicted (allowable) number of cycles to failure for stress range Δ𝜎

𝑙𝑜𝑔𝑎̄ - intercept of the design S-N curve with the log N-axis by S-N curve (refer
tables-C.1,C.2)
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Figure 8.1: Stress as a function of time for Hs - 2.5m and T -5.5 sec

𝑚 - negative inverse slope of S-N curve (refer table-C.2)

Δ𝜎 - stress range with unit [Mpa]

t - thickness through which a crack will most likely grow. 𝑡 = 𝑡፫፞፟ for t less
than 𝑡፫፞፟

𝑡፫፞፟ - 16mm for tubular joints and 25mm for other joints

𝑘 - thickness exponent (refer tables-C.1,C.2)

• The S-N curves for air environment is adopted because the structure will be removed
and placed again on the vessel and can be inspected for any damage. The S-N curve
parameters for air environment are shown in table-C.1.

4. The damage per stress range is calculated by dividing the actual cycles per stress range
(N) and the allowable cycles for the same stress range (𝑁፦ፚ፱) (i.e: Number of cycles
calculated in step 1 (N) divided by number of cycles calculated in step 2 (𝑁፦ፚ፱).

5. The cumulative damage per monopile installation is found by summing the damage per
stress ranges occurring per monopile installation.

6. The cumulative damage is then multiplied by the Design Fatigue Factor (DFF) to find
the total fatigue damage per installation.

• DFF depends on various parameters like inspection, etc.
• The seabed gripper is removed and kept on-board the vessel after each monopile
installation. Hence, the joints can be inspected regularly. Therefore, it is taken as 1.

7. The total damage is multiplied by the number of monopile installation (i.e: 350 -400),
to find the fatigue damage for the design life of the seabed gripper structure. If it is less
than 1 then the structure will be safe.
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By following the above mentioned steps, fatigue check for the critical joint (as shown in
figure-8.2) was performed and it was subjected to failure. The reason is that for the critical
loading condition, the loads acting on the structure are concentrated on one frame and the loads
are not distributed properly. Due to this, the critical joint is subjected to high stress especially
stress due to out-of plane bending. To reduce this stress, the members of the gripper frame
is provided with a truss members to distribute the load efficiently throughout the structure as
shown in figure-8.2. In addition, the horizontal and vertical tubular member of the gripper
frame is connected by an inclined tubular member as seen in figure-6.8. However, due to
poor fatigue strength of the tubular joint, the inclined tubular member is replaced by curved
T section as shown in figure-8.3. The horizontal plate of the T section is designed such that
it occupies the corner and is welded together with the tubular members. This way, the stress
acting at that joint is reduced as they are stronger than tabular joints and in addition, SCF is
less for platted connections compared to tubular members.

For tubular members, SCF is calculated according to the code, which depends on angle,
thickness,etc. The stresses acting on the tubular members should be multiplied with the SCF
to find the stress ranges. These factored stresses are used to find the𝑁፦ፚ፱. Here, the SN curve
adopted does not have any SCF embedded in it.

For platted structure, SN curve which is already embedded with SCF is taken. In this case,
the stress ranges can be directly used to find the 𝑁፦ፚ፱ instead of multiplying with a SCF.

Figure 8.2: Optimised design of the jacket structure
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Figure 8.3: Critical joint with T section

After optimising the structure, the final value of the fatigue check of the critical joint is
shown in table-8.2.

Table 8.2: Fatigue check for the critical joint

From the table, it can be seen that the unity check is 0.7, where the remaining 0.3 is allocated
to compensate for the other forms of fatigue loads which are not included in this analysis.
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The final configuration of the jacket structure is shown in figures below. Note: For the
top view diagram, as there are more members present in the structure, it was confusing a
differentiate the truss members in the gripper frame and the X-bracing. Therefore, gripper
frame with truss and plate is shown separately in figure-8.4, and the jacket structure without
gripper frame is shown in figure 8.5.

Figure 8.4: Top View - Gripper frame with truss and T flange
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Figure 8.5: Top View - without gripper frame

Comparing the figures from ULS analysis (figure-6.8,6.9,6.10) and the figures from FLS
analysis (8.4,8.5,8.6), it can be seen that the structure at the gripper frame is modified. Because
of the inclusion of the truss structure, the load transfer is more efficient and there is no need of
high grade steel anymore. The grade of steel for gripper frame is reduced from S500 to S420
and S355 is used for the remaining members. Three joints in the truss is strengthened
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Figure 8.6: Front view
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Case study of different installation scenarios

In this chapter, a case study has been performed for floating vessel with and without using
the seabed gripper structure for the monopile installation. The main focus of the case study is
to understand the economical feasibility of using a seabed gripper structure by evaluating the
time taken and the cost associated to install a monopile. The different installation scenarios
that are investigated in this thesis are:

1. Floating vessel with seabed gripper structure.

• With helical pile foundation (Scenario-1)
• With suction bucket foundation (Scenario-2)

2. Floating vessel with gripper on-board the vessel (i.e: without seabed gripper structure)
(Scenario-3)

The input for the time taken for different operations involved in the installation of amonopile
is given by Van Oord as a base condition and are shown in Appendix-??, table B.2. The total
number of monopiles to be installed is taken as 400, which is the requirement as mentioned in
section-8.1.

In all the scenarios, it is taken that the transition piece is installed after the monopile in-
stallation. Therefore, the time involved in the installation of TP is also taken into account.
The maximum number of sets (i.e: Monopile and Transition piece) that the floating vessel can
carry varies among the scenarios. For scenario-1,2, the vessel can carry 5 sets along with the
seabed gripper structure on deck. For scenario-3, the vessel can carry 7 sets as it has more
space due to the absence of seabed gripper structure.

As the total number of installations is 400, the number of trips needed to sail back to main
port for reloadingMP and TP depends on the number of sets the vessel can carry. For scenario-
1,2, the vessel need to go back to shore for 79 trips to complete all the 400 installations and for
scenario-3 it is 56 trips. This is one of the key factors for the time needed for the installation
process.

The base condition for sailing to next location and to port for reloading is given in table
9.1. In the port, the sets need to be loaded and the time needed to load the sets is also given in
table 9.1. As seen in the table, the first set needs more time than the remaining sets, since some
adjustments and preparations need to be done on the vessel and also docking of the vessel.
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Description Value unit
Sailing time to next location 45 minutes

Sailing distance 70 nautical miles
Sailing speed 11 knots

Sailing time to port (one way) 382 minutes
Loading first set 330 min/set

Loading remaining sets 120 min/set
Time at port 810 minutes

Table 9.1: Base condition for sailing of the vessel and loading in port [1]

The installation time of the seabed gripper depends on the type of foundation adopted. For
the installation of helical piles, the time needed to upend the helical pile and place it inside the
pile sleeve of the seabed gripper takes 30 minutes per pile [1] and to install the pile it takes a
minimum of 30 minutes per pile[? ]. The same 30 minutes will be taken for lifting the pile and
placing on the deck [1]. For the removal of the helical pile it will be a minimum of 20 minutes
to remove each pile. The total time taken to install four helical pile will be 240 minutes (4
hours) and to remove will be 200 minutes (3 hours 20 minutes). However, for the installation
of suction bucket the maximum time taken to install the suction bucket will be 180 minutes
(3 hours)[67] and to remove, it takes 120 minutes (2 hours). By comparing the time taken
to install and remove the seabed gripper structure with both the foundations, suction bucket
takes less time compared to helical piles (i.e: 140 minutes less per monopile installation or
39 days less for 400 monopile installation). The remaining installation processes to install the
monopile are the same for the scenarios-1,2. Therefore, it will be optimal to use the jacket
structure with suction bucket as the seabed gripper in terms of time taken for the installation
of monopile.
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Table 9.2: Different installation process involved in a monopile installation and their time[1]

From the table 9.2, it can be seen that the total installation time for suction bucket (473
days) is less than helical pile (512 days). The time taken to install the monopile by using
floating vessel without seabed gripper is 314 days which is less compared to installing with
seabed gripper. However, the operating weather window of the floating vessel without seabed
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gripper is less (i.e: 1 m 𝐻፬) compared to floating vessel with seabed gripper structure (i.e: 2.5
m 𝐻፬). From the all year wave scatter table, the percentage of occurrence of wave is used to
calculate the number of days the waves will occur and is shown in table-9.3.

Table 9.3: Occurrence of waves in days [1]

Based on the occurrence of waves and the operating weather condition, the number of days
available in a year for installation is 342 days and 179 days for floating vessel with seabed
gripper and without seabed gripper respectively. The downtime in installation while using a
floating vessel without a seabed gripper is 135 days.

The cost per day of the floating vessel is taken as 150000 EUR. A cost per tonne of 4000
EUR is taken to fabricate the seabed gripper structure. This cost includes the high strength
materials, complex fabrications and also the hydraulic components in the structure, etc. The
total cost of the project including the cost for vessel and seabed gripper is also shown in table-
9.2. The weight of the suction bucket is very high compared to helical pile, that reflects in the
increase in cost of the seabed gripper using suction bucket as foundation.

From the table, the cost of using floating vessel without a seabed gripper is less compared
to using a seabed gripper. However, maintaining the accuracy of the installation is difficult
without using a seabed gripper.

Comparing the floating vessel with seabed gripper with both the foundations, the total cost
of the project to install 400 monopiles is 1 million cheaper, using suction bucket as foundation
for the seabed gripper.

The installation process of the helical pile can be changed to decrease the time taken for it
to install and remove. If a second crane with a lifting capacity of 300 - 500 tonnes is available
on the vessel, it can be used to install another helical pile simultaneously along with the big
crane which is normally used. This way the installation and removal time of the helical pile
can be cut into half. This reduces the total cost of the project from 98 M.EUR to 89 M.EUR.

After optimising the installation, the cost of the floating vessel with seabed gripper using
helical piles as foundation (89M.EUR) is close to the cost of the floating vessel without seabed
gripper (86 M.EUR). With the seabed gripper, the monopiles can be installed accurately and
vertical compared to floating vessel without seabed gripper.
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Conclusions and Recommendations

Themain goal of this thesis is an optimal design of a seabed gripper structure for the installation
of a monopile foundation, to ensure the verticality of the monopile during installation and in
addition is easy to install, remove and reuse. In addition, to see whether a realistic designed
seabed gripper is a valuable add for Van Oord or not.

10.1. Conclusions
The outcomes of this thesis are based on literature study, reasonable assumptions and per-
formed analysis as presented in the report. The requirements from Van Oord are taken as an
input data to proceed with this thesis. The conclusions from this thesis are:

1. Jacket structure (four legged) with suction bucket is an optimal structure for a seabed
gripper which is easy to install, remove and reuse while keeping the monopile vertical
during installation. However, it is not an economical solution for Van Oord to use a
seabed gripper for the installation of monopile.

2. Based on the soil-structure interaction, jacket structure was the optimal structure. The
legs of the jacket structure are far away from the monopile and has less interaction with
the monopile and vice versa compared to the tripod structure. The legs are also away
from the armour layer of the scour protection.

3. To conclude with the design, the final optimised design of the jacket structure is as shown
in figure-B.2, which is an optimised structure based on ULS and FLS analysis including
member and joint checks.

4. Based on the case study, suction bucket takes less time to install compared to helical
pile, which saves 34 days in the total installation time of the seabed gripper structure on
a project of 400 monopile installations. Therefore, suction bucket can be adopted as the
foundation for jacket structure.

5. Suction buckets have some challenges in the installation stage (i.e: the suction pressure
differs with different layers of soil). Therefore, a detailed investigation and soil analysis
is needed for each location where the monopile is being installed in the entire wind farm.

6. While comparing the installation of a monopile using floating vessel with and without
seabed gripper structure, the floating vessel without a seabed gripper takes less time for
the installation of a monopile. It takes 489 days and 337 days to complete the installation

97



98 10. Conclusions and Recommendations

of 350 monopiles for floating vessel with seabed gripper and without seabed gripper
respectively.

7. The installation of monopile using floating vessel with and without seabed gripper has
a certain operating weather conditions. For floating vessel with seabed gripper, the in-
stallation can be done for 342 days out 365 days per year. However, for floating vessel
without seabed gripper, the installation can be done for 179 days out of 365 days per year.
The downtime for using a floating vessel without seabed gripper is 163 days compared
to installing with seabed gripper.

10.2. Recommendations
In this thesis, though an optimised design of a seabed gripper structure is proposed, it still
needs further research and analysis which are listed below.

1. The design of hydraulics and rollers in the gripper frame should be done according to
the gripper arrangement proposed in the section-5.2 to have a complete design of the
gripper frame. This is a new type of arrangement that has been suggested particularly for
this thesis. In addition, the gripper arrangements needs to be integrated with the jacket
structure.

2. In ULS and FLS analysis, different soil models should be adopted, to have a better un-
derstanding of the response of the structure to different soil conditions.

3. The impact of themonopile on the gripper framewhile slewing into the gripper framewill
induce vibrations which may affect the re-usability of the structure and requires dynamic
analysis to understand the effect of these vibrations.

4. During the hammering of the monopile, The vibrations that is caused while hammer-
ing the monopile will slightly transfer through the seabed gripper structure, due to the
inclination of the monopile. It would be interesting to perform a dynamic analysis to
understand the transfer of these vibrations through the seabed gripper and to the soil.
There maybe fatigue damage induced by these vibrations if it passes through the seabed
gripper.

5. Seabed gripper structure is a new type of structure to the industry in terms of using a
separate structure on the seabed to install a monopile. The foundation of the seabed
gripper and the monopile is close to each other. The monopile is hammered in between
the legs of the seabed gripper structure. There is a research gap in the soil-structure
interaction for this type of structure. A complete model of the monopile, soil and the
seabed gripper should be modelled and analysed, to get an insight on the behaviour and
influence of these three components on each other.

6. In fatigue analysis, a more detailed analysis needs to be done including all the fatigue
loads that are not considered in this thesis. Amore detailed fatigue analysismay influence
the number of installations and removal of the seabed gripper. It would be interesting
to perform a detailed Finite Element Analysis of the critical joints of the seabed gripper
structure to derive the hot spot stresses in the joints, instead of using code to derive the
stress concentration factor and finding the factored stresses.

7. During the case study, it has been seen that the suction bucket has less installation time
compared to helical pile. Therefore, it is optimal to use suction bucket as the foundation
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for jacket structure. However, it would be ideal to use water jets at the tip of the suction
bucket for easy installation and removal and save more time if possible.

8. An alternative installation method can be used to pick helical pile and to have less in-
stallation time in comparison with suction bucket. Normally, piles are installed one by
one for all the legs by using single crane. However, in this new method, if there is an
extra availability of small crane on the vessel (i.e: maximum lifting capacity of 300 -
500 tonnes), it can be used to install and remove an additional helical pile. Therefore,
the two cranes can be used to lift a helical pile each and both piles will be installed si-
multaneously. This results in less installation and removal time compared to the suction
bucket. This is an option that can be adopted to optimise the installation process.

9. The connection between the jacket and suction bucket or helical pile needs to be designed
based on which foundation is selected as the foundation for jacket. Normally, the con-
nection between jacket and helical pile are done by grouting, but it cannot be adopted
for this structure. Grouting needs some time to achieve its full load transfer capacity and
needs to be removed after. Therefore, a new type of connection is needed between the
jacket and the helical pile.
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A
Preliminary design

For the calculations that are done in this chapter, certain values are given as mentioned in
Chapter 2 - Requirements.

The self-weight of the monopile is found by,

𝑆.𝑊 = 3000 𝑡𝑜𝑛𝑛𝑒𝑠 ∗ 9.81
= 29430 𝑘𝑁 (A.1)

To calculate the buoyancy weight of the monopile, the volume of water displaced by the
monopile ( is equal to the volume of monopile underwater) needs to be found. To find the
volume, a reasonable thickness should be used. D/t ratio of 110 is used to find the thickness
of the monopile for the buoyancy weight calculation. With this D/t ratio, the thickness of the
monopile wall is found as 100 mm.

The buoyancy weight of the monopile is,

𝐵𝑢𝑜𝑦𝑎𝑛𝑐𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 = 𝜋
4 ∗ (𝐷፨፮፭ − 𝐷።፧) ∗ 𝐿ፌፏ ∗ 𝜌፰

= 𝜋
4 ∗ (11

ኼ − 10.8ኼ) ∗ 55 ∗ 10251000 ∗ 9.81
= 1893.8 𝑘𝑁

(A.2)

The requirements from Van Oord which is taken for the load calculation is shown in table
A.1.

For the wind load calculation, the velocity of air at the top of the MP above water and
the top of the hammer is found using the formula 5.5. With these velocity and substituting in
equation 5.6, the calculated wind loads are shown in table A.2.

The wave loads are calculated using the calculation sheet available within Van Oord, which
calculates the wave load with respect to time and shows final load at a time where the loads
are maximum. In this case, the maximum load acting on the MP is at 4.36th sec of a 5.6 sec
wave period. The excel sheet is shown in table A.3.
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Figure A.1: Requirement from Van Oord used for load calculation

Figure A.2: Wind load calculation
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Figure A.3: Hydrodynamic load calculation



B
Finite Element Analysis

B.1. Member check
The complete excel that was made to check the members is shown in the figure below and the
final values of each check is shown in table B.1. As this was a compression member, in some
parts it will say NOT APPLICABLE, because that is a check for tension members. The cells
with blue color are the inputs given and the other values are calculated based on the formulas
showed from equation 6.5 till 6.1.2.

Figure B.1: Final check values of all checks.
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112 B. Finite Element Analysis

B.2. Joint Check
The steps followed to check for the joints are shown below.

The table below shows the joint check done for the critical joint on the Jacket structure
using the above mentioned steps.

Table B.1: Joint check
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Figure B.2: Strength check of members
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C
Fatigue Analysis

Table C.1: All year wave scatter for North Sea
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Figure C.1: S-N curve for air environment

Figure C.2: S-N curve for air environment specially for tubular members
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