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Abstract

To respond to the growing offshore industry Jumbo Maritime has designed a new vessel to expand its offshore
fleet: The Stella Synergy. The vessel will be able to install monopiles for the offshore wind and oil and gas in-
dustry. The main objective of this thesis is: Making a model that is able to predict the motions of the vessel as
well as the forces induced by the monopile on the vessel during the monopile installation process.

The most suitable upending technique has been chosen by comparing different upending methods. The
techniques that are possible for the Stella Synergy are: A separate upending frame, Upending in water, Up-
ending using multiple hooks and upending with the gripper. The different techniques are analysed using a
multi criteria analysis. Upending with the gripper turned out to be the best choice. The gripper design has
been chosen in the same way. The designs possible on the Stella Synergy are: Linear two arm gripper, linear
four or more arm gripper rotating two arm gripper and a subsea frame. The criteria used are: Workability,
easy of use for upending, versatility and cost. The two rotating arm and linear four arm grippers score the
highest , there for one of these two grippers is advised.

The best upending location is chosen using the vessels motions. The A, B and HF Z matrices are obtained
using AQWA and imported into matlab where the RAOs of the vessel are calculated. These are compared with
the measured RAOs by Marin and are almost similar. When the crane hoisting curve is taken into account
only two possible upending locations remain: x = 42m and x = 70m. Both locations are on the starboard side
of the vessel. At the location x = 70m the motions are far less severe. A disadvantage of this location is that
only monopiles up to 100 m can be placed into the gripper without coming to close to the secondary crane.

The forces on the crane and gripper during upending and the workability of upending have been examined
using a model in Matlab. The upending process is split up in six phases. Because the monopile is partly un-
der water during four of the six phases the wave forces, added mass and damping that act on the monopile
are obtained using AQWA. The viscous damping is calculated using the drag coefficient of a cylinder. The
dynamic forces are the biggest during phase 3. The static forces during phase 1 to 5 are really low. Therefor
the workability of upending in phase six is computed, the workability is: 34.3%.

The workability of the vessel while it is hoisting a monopile from a barge onto the gripper is investigated
using a ten degree of freedom model: six degree of freedom of the vessel, the lower and upper offlead angles
and the lower and upper sidelead angles. The natural frequencies of the model are calculated and compared
with the RAO plots. The total workability for a hoisting cable length of 64m is: 29.9% and for 80m it is: 27.9%.
Increasing the offlead angle from one to two degrees will increase the workability to: 44.0% for 80m and 36.7%
for 64m. It is advised to look into increasing the maximum offlead angle of the crane.
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1
Introduction

1.1. Company Introduction
Jumbo is a heavy lift shipping and offshore transportation and installation contractor. Jumbo was founded in
1948 by Hans Kahn, his motto was: Not everything can be transported inside a shipping container. In 1956
the company bought its first ship and started transporting bulky and heavy loads. The ship had four 12 ton
cranes. The first ship was a success and soon more ships were ordered. Every next iteration off ships became
stronger, more efficient or faster. In 2003 Jumbo entered a new industry: The offshore installation industry.

Jumbo is currently planning to build a new vessel: the Stella Synergy, a multi purpose offshore installation
vessel with a length of 185.4m. The vessel will be able to install equipment for the oil and gas industry as well
as monopiles and other parts for the offshore wind industry. It has a main crane that is capable of lifting 2500
tons and an auxiliary crane that can lift 600 tons. It will be able to work in arctic conditions and will be the
biggest ship that utilizes an axe bow. The vessel will use a dual fuel system, which makes it capable of using
LNG as a fuel, making it a more environmentally friendly vessel. It will be equipped with a class 2 Dynamic
Positioning system.

Figure 1.1: Render of the Stella Synergy

1.2. Background Information
To reduce the cost of green energy wind turbines are getting bigger every generation. Especially the offshore
windturbines are growing substantially. The new 12 MW offshore wind turbine of General Electrics will be
260 meter tall and the monopile will have a diameter of 10 m.[General-electric, 2018]
The increasing size of windturbines from 2015 to 2020 can be seen in Table 1.1.

1
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Table 1.1: Changing wind turbine and monopile dimension over time [Buitendijk, 2016]

Year 2015 2017 2020
Turbine capacity 4 8 12 MW
Rotor diameter 130 165 200 m
Water depth 30 40 50 m
Monopile length 65 80 90 m
Monopile diameter 7 8 10 m
Monopile weight 800 1300 2200 ton

Installing these huge monopiles requires bigger ships. Also the oil and gas industry is using monopiles
more often for small and more automated oil and gas fields like the one M7-A tower which Oranje Nassau
Energy is using in the M07-A field north of Terschelling. [van der Steen, 2017] The Stella Synergy will be ca-
pable of installing these monopiles. To remain flexible and be able to install the bigger future monopile sizes
Jumbo wants the vessel to be able to install monopiles with a size range from six to twelve meters in diameter
and weights from 1000 to 2500 metric tonnes.

The installation of a modern offshore windturbine consists of the following steps:

1 Monopile installation

2 Transition piece installation

3 Tower installation

4 Nacelle installation

5 Blades installation

The Stella Synergy will be able to install the monopiles, the transition pieces and the bottom parts of the
towers. To install the higher parts of the wind-turbine a bottom-founded ship is needed like a jack up. A
collaboration with Mammoet is being considered to combine the Stella Synergia with a climbing crane that
can install the top part of the tower as well as the nacelle and the blades. The climbing crane will be installed
on the bottom part of the tower using the crane of a Jumbo ship. The focus of this thesis will be on step
one: The monopile installation. The Stella Synergy has to do the following steps to install monopiles for wind
turbines:

1 Loading of monopiles onto ship

2 Transit

3 Arrival and start of station keeping using DP or moorings

4 Monopile upending

5 Lowering of monopile to the seabed

6 Installing noise mitigation screen

7 Installing of the hammer

8 Driving of monopile and correcting for tilt

[ir. Joost den Haan, 2018]
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1.3. Problem Analysis
The building process of the Stella Synergy will start soon. Jumbo has not jet decided on the equipment and
techniques for step four until six: A gripper during the driving of the piles and an upending device to support
the monopile during upending. The method used and the position of the upending device and the gripper
that will be used during the driving of the piles are also not determined yet. The monopile installation process
and equipment must be designed in such a way that:

• The operation goes as fast as possible, this most of the time means that the method with the least
amount of lifts is the best. Reattaching the monopile to the crane hook and lifting are very slow pro-
cesses.

• The workability must be as high as possible, when the vessel is able to install monopiles with rougher
weather the vessel can work more days a year and therefor do more work in a year. The motions of the
vessel can be to severe to be able to install a monopile. The position of the gripper is really important
because motions have different amplitudes at different locations on the vessel.

• It must be as versatile as possible, being able to install short monopiles in shallow water and long
monopiles in deep water as well as monopiles with small and large diameters. The vessel must be
able to install the huge monopiles of the future

• The installation is done as safe and with the least amount of negative environmental impact as reason-
ably possible.

1.4. Objectives
The main objective of this master thesis is to build a model that is able to calculate the motions of the vessel
as well as the forces induced by the monopile during monopile installation. The sub-objectives are: Choosing
an upending technique and gripper design for the Stella Synergy, a location on the vessel where the device
will be used and calculating the workability for installing a certain monopile size on a location in the central
north sea.

1.5. Approach and scope
In this section the approach to complete the objectives as well as the scope of the master thesis are discussed.

1.5.1. Comparing current techniques
Comparing monopile upending methods that are currently being used or being developed. After all options
have been examined a multi criteria analysis (MCA) will be done to decide which method would be the best
option for the Stella Synergy. When the method is chosen different types of equipment needed for the method
are compared and the best type is selected using a MCA.

1.5.2. Calculating ship motions
Calculating ship motions and comparing possible positions for the gripper and upending device. To have the
highest workability the motions of the gripper need to be as small as possible during the monopile installa-
tion. To calculate the motions a linear model in the frequency domain is used. The hydrodynamic variables
are calculated using Aqwa from Ansys. These are then used in MATLAB to calculate the ships motions be-
cause of incoming waves. The RAOs are calculated for different wave frequencys and wave directions. When
the RAOs are know the most probable maxima (MPM) of the vessels motions can be calculated and com-
pared at the different possible locations on the vessel, afterwards the best location is chosen, also taking into
account the crane load curve of the Stella Synergy.

1.5.3. Calculating forces exerted by monopile during upending
Calculating the forces on the monopile and gripper during upending. First the upending process is split up
into six phases. The vessel with monopile next to it is modeled in Aqwa for the phases where the monopile is
partly under water. Using the hydrodynamic parameters from Aqwa a model is made in Matlab to calculate
the forces on the gripper as well as the crane during upending. With these forces the workability of upending
for a curtain size monopile can be calculated so that it will not exceed the maximum lifting capability of the
crane.
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1.5.4. Calculating forces exerted by monopile during lifting
Calculating the forces on the crane and motions of the monopile and vessel during hoisting. A ten degree of
freedom model is made in Matlab. Using this model the motions of the monopile are calculated. The forces
on the crane are calculated using these forces. The workability for hoisting a monopile can then be calculated
using the vessel motions and forces on the crane.

1.6. Structure
The chapters of this master thesis are build up the following way:

• Chapter 1: Introduction

In the introduction the Company is introduced and the background information that is used for this
master thesis is discussed, afterwards the problem is analysed and the Objectives for the master thesis
are displayed. The approach to get to these objectives is described and finally the structure of the thesis
is discussed.

• Chapter 2: Gripper and upending methods and equipment

In this chapter upending methods are described and the most suitable for the Stella Synergy is chosen.
Afterwards a gripper that can be combined with this upending technique is chosen.

• Chapter 3: Vessel motions

In this chapter the motions of the vessel are calculated. These motions are needed to choose the best
location for the monopile upending device and gripper. The motions must be as small as possible at the
location of the upending device to allow the vessel to have as high workability as possible. The motions
of the vessel are calculated in the frequency domain by describing it as a mass spring damper system.
The obtained results are compared with data from experiments done by Marin.

• Chapter 4: Upending forces and workability

In this chapter the forces on the gripper and crane are calculated using a model made in Matlab. Be-
cause the monopile will be partly submerged during some phases of the upending process the hydro-
dynamic and hydrostatic forces on the monopile are also taken into account. The viscous damping
forces of the monopile are calculated using the drag coefficient of a cylinder. The hydrostatic and hy-
drodynamic parameters are then used to calculate the vessels motions. The workability of upending is
calculated using a wave scatter for a location in the central North Sea.

• Chapter 5: Hoisting forces and workability

In this chapter the motions of the monopile and forces acting on the crane during the hoisting of the
monopile are calculated. This is done by modeling the vessel and monopile in a ten degree of freedom
linear system. The motions are then used to calculate the workability of hoisting a monopile.

• Chapter 6: Conclusion and recomendations

The result of Chapter 1 to 5 are discussed and advice is given for future research.



2
Gripper and upending methods and

equipment

In this chapter monopile upending techniques and gripper designs that are currently being used or being de-
veloped are compared. After all options have been examined a gripping mechanism and upending technique
are chosen for the Stella Synergy using a multi criteria analysis.

2.1. Upending techniques
The monopiles will be transported on a barge or on one of Jumbos shipping vessels towards the installation
site. The Stella Synergy must will be able to pick up the monopile from the barge or vessel. The monopile
is in a longitudinal position with the open ends of the monopile pointing towards the stern and bow of the
vessel. The monopile must then be rotated in some way so that the open ends are pointing towards the sea
bed and the sky. This procedure is called up-ending. The Stella Synergy must be able to up-end monopiles
with diameters from six to twelve meter and with weights from 1000 to 2500 ton. The possible upending
techniques that are compared in the following subsections are:

• Upending using separate upending frame

• Upending in water

• Upending using multiple hooks

• Upending using gripper

2.1.1. Upending using Separate upending frame
Conventionally a separate upending frame is used to up-end the monopiles. The monopile is first lifted into
the upending frame then it is up-ended and finally it is lifted from the upending frame into the gripper. The
upending device consists most of the time of a steel frame which is hinged to allow for the rotation of the
monpile during upending. An example of an upending frame can be seen in figure 2.1 The advantages of
using a separate upending frame are:

• The separate upending tool can be a really simple device and is therefor reliable and not expensive

• Monopiles weighing up to the maximum lifting capability of the crane can be up-ended

The disadvantages are:

• The monopile needs to be transfered from the upending device to the gripper, therefor the cycle time
will be longer then other methods.

• extra deck space is needed for the upending device

• upending frames are not versatile, so one upending frame is needed for every monopile size.

5
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Figure 2.1: A monopile upending frame

2.1.2. upending in water
Because of the continuously increasing size of the windturbines their masses are increasing drastically as well.
What was considered as a future proof heavy lift windturbine installation vessel ten years ago now can not
even install the biggest monopiles anymore. Monopile weight also is dependent on the waterdepth. The new
windfarms are planned in deeper waters, therefor the new monopiles are getting even heavier. The monopiles
for the currently used vestas V164-8.0 MW windturbine for water depths of 15m to 50m already weigh 800t to
2700t respectively.[University-Strathclyde, 2015]

The costs of making a monopile are a big part of the total costs for a wind turbine, to reduce the costs of
the monopiles other materials are being suggested. Concrete monopiles can cut a big part of the cost of
the monopile, but there is one main disadvantage; they are a lot heavier. A concrete variant of a 6.5m di-
ameter monopile for a 3-4MW windturbine has a weight of around 1450t[4c offshore, 2013] compared to the
900t[University-Strathclyde, 2015] variant of the steel version for the same water depth. The main reason why
concrete monopiles are not used as often as steel monopiles is because the cranes on the installation vessels
are not able to handle the weight of monopiles. To be able to install these big sized monopiles they can be up-
ended in water. The monopiles are plugged on both sides so they will float. then they are towed from a dock
to the installation site. There the main crane of the installation vessel is attached to one side of the monopile
and the crane starts lifting the monopile. Because the monopile is filled with air the crane only has to lift a
small portion of the weight normally required to install the monopile. When the monopile is staight up it can
be placed in a gripper alongside the installation vessel and the seals at the bottom and top of the monopile
are punctured or removed slowly in such a way that the crane can lower the monopile until it hits the ground
without being overloaded. The crane can then be removed and the driving hammer can be installed.[J.B.Crol,
2015]

The advantages of upending in water are:

• heavier monopiles than the maximum lifting capability of the vessel can be installed.

• no extra deck equipment and space is required to up-end the monopiles

The disadvantages are:

• Special plugs have to be made to fit on the ends of the monopile

• The plugs have to be removed carefully during the installation or else a dangarous situaiton can occur
because the crane can get overloaded.

• The monopiles have to be towed to the installation location

2.1.3. upending using multiple hooks
When a vessel has multiple separately controlled main hooks on its crane it is possible to up-end monopiles
using the main crane only. On each end of the monopile one of the hooks is installed using an adapter,
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afterwards the monopile is lifted from the barge and the barge sails away. One end of the monopile is lowered
into the water. After up-ending the lower hook can be released and the monopile can be placed directly in
the gripper. The advantages are:

• Fast upending process

• No upending equipment is needed on deck

the disadvantages are:

• The maximum weight monopile is lower then the maximum lifting capability of the crane because the
cables are under an angle and the monopile is hanging on one hook completely after upending.

• less controlled and more dangerous then using an upending device on deck, especially in rough weather
conditions.

Stella Synergy will have a main crane with three hooks installed which can lift a maximum of 1250t each
with a total maximum of 2500t. The third hook will be installed on the higher end of the monopile when using
this upending technique. The total load will than hang on two hooks when upended, therefor the monopile
can be heavier than when using only two hooks. The monopile can still not be as heavy as the total lifting
capacity of the crane because the hoisting cables are not going straight down from the crane to the monopile,
this increases the load on the cables.

2.1.4. upending using gripper
Most grippers on installation vessels can be retracted when they are not in use. This is sometimes done by
rotating the gripper upwards. This movement can also be used to upend a monopile when the gripper is
strengthened. The monopile is placed in the gripper directly from the barge. The gripper will have an extra
support point where it holds the monopile. The crane then picks up one side of the monopile and upends
it. The gripper only guides the monopile, the crane causes the upending by lifting one side of the monopile.
When the monopile is straight up the crane hook will be detached from the monopile and the hammering
tool can be installed. The advantages are:

• The installation process is shorter because the monopile only needs to be lifted ones.

• The upending is done securely and unwanted movements of the monopile are restricted.

• Less deck space is needed then when using a separate upending frame.

The disadvantages are:

• An extra mount needs to be installed on the gripper.

• The gripper needs to be strengthened to be able to handle the forces induced by the monopile during
upending.

2.2. Multi Criteria Analysis
To evaluate which upending technique and gripper design would be the best for the Stella Synergy a MCA is
done. The criteria that are important for an upending technique are:

• Workability: The percentage of days in a year this technique can be used without being influenced to
much by weather conditions.

• Cycle time: How long it takes to up-end a monopoile using this technique

• Versatility: The difference in monopile sizes the technique can handle as well as the maximum size and
weight it can handle. More versatile is better.

• Cost: The cost of the equipment needed for the technique.

• Safety: The safety of using the technique.
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All the criteria are given an importance score, so that the total importance of all the criteria added up
is one. The higher the importance score the more important this aspect of the upending technique is for
Jumbo. Every concept is given a score from one to ten for all the criteria. The higher the score the better the
technique is in that criterion, afterwards all the scores are multiplied with the importance of that criterion
and then added up to give the total score. The technique with the highest total score is the best option for the
Stella Synergy.

Table 2.1: MCA upending technique

Workability cylce time versatility cost safety total score
Importance 0.25 0.25 0.15 0.15 0.2 1
Separate upending frame 7 4 4 7 6 5.6
Upending in water 6 5 10 7 8 6.9
Using Multiple hooks 6 9 7 9 3 6.8
Upending with gripper 8 8 8 6 9 7.9

Although systems can rank relatively high in the MCA they still can have their limitations. The final
method sugested to Jumbo is therefor not simply the highest scoring technique in the MCA. One of these lim-
itations is the maximum monopile weight. When a monopile is up-ended using the gripper (subsection 2.1.4)
the monopile has to be lifted into the gripper and therefor the monopile has a maximum weight.

Jumbo is suggested to use a gripper on their vessel that is capable of gripping monopiles as well as upending
them. This gripper will be used until the monpile excerts bigger forces on the crane then allowed. In chap-
ter 4 the maximum dynamic and static forces on the crane during upending are discussed. When heavier
monopiles need to be installed the upending in water technique can be used (subsection 2.1.2). This will al-
low the vessel to upend monopiles for future wind turbines with extreme sizes as well as the heavier concrete
monopiles.

2.3. gripper designs
Now that the upending method is known the equipment for holding the monopile while driving it into the
ground is compared.

The gripper must keep the monopile straight up while the hammer is installed on top of the monopile and
while the monopile is being driven into the ground. The monopile gripper must be able to grip monopiles
with different diameters and must be strong enough to handle the forces that are induced on the gripper by
the motions of the ship in waves. The monopile is supported using rollers or low friction material so it can
move freely in z direction through the gripper. This is necessary to allow the hammer to drive the pile down
and to allow for heave motions of the vessel. After the monopile is driven to a depth where the hammer will
start hitting the gripper, the gripper must be able to open and make space for the hammer. It must also be
able to open quickly in case of an emergency. The monopile gripper is also being used for up-ending the
monopile (see section 2.1) it must be able to hold the monopile securely during the upending procedure.

2.3.1. two arm linear gripper

The two arm linear gripper design has two opposing arms holding the monopile as seen in figure 2.2. This
system is not ideal for gripping and up-ending. When used for upending there will be huge moments and
shear stresses inside the arms, therefor the arms will have to be made a lot stronger compared to other designs
of grippers. This is the least stable way of gripping a monopoile that is compared. When it is used for multiple
sizes of monopiles the gripper will need different types of clamps for every size of monopile (only the part that
touches the monopile). The two arms can simply be moved apart to create enough space for the hammer to
drive the monopile the last part and for emergency release. Because of its simple design the two arm linear
gripper is relatively affordable.
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Figure 2.2: A two arm linear gripper

2.3.2. four or more arm liniear gripper

The four linear arm gripper design has two extra arms square to the other two arms. The four arm gripper
will suport the monpile a lot better then when using only two. There is almost no shear stress in the arms.
This will make the four arm design a lot more viable to be used for gripping as well as up-ending. Having
extra arms will make the system more expensive but because they are all only loaded in compression they
can be made lighter. Using four arms will make the system much more capable of installing variable sizes
of monopiles. The arms need to be made long enough to be able to grip the small monopiles. To allow the
monopile to exit the gripper when the final part is driven into the ground or when an emergency release is
necessary the gripper should be made so that it can open. Adding more then four arms will spread the load
across the monopile more evenly and will therefore damage the monopile less likely. This is the most stable
way of gripping a monopile. Also there will be more redundancy during the operation. If the hydraulics of
one cylinder fails the monopile will still be supported and operation might even continue. The extra arms do
add extra weight and costs.

Figure 2.3: A four arm linear gripper

2.3.3. two rotating arm gripper

The two arm gripper has two arms that rotate instead of a linear motion. This allows for easy and quick
release of the monopile when needed. The two arm gripper can be designed in such a way that it is capable
of gripping multiple sizes of monopiles as seen in figure 2.4. The wo arm gripper can be designed so that it is
capable of upending monopiles as well.
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Figure 2.4: A two rotating arm gripper

2.3.4. Subsea frame
As an alternative to using a gripper to hold the monopile in position during driving it a subsea frame can be
used. This is a steal frame that is placed at the seabed and carefully leveled. The monopile is placed inside
the frame and then driven into the ground. Afterwards the frame is removed. The frames can be installed and
removed using a separate ship. When using two frames the main installation vessel can continuously install
monopiles without waiting on the placement of a frame on the seabed.

The advantages of using a subsea frame are:

• When the monopile is placed in the gripper it is not dependent on ship movement

• No deck space is needed for the gripper and upending device

• No size limitations after upending

The disadvantages are:

• The subsea frames need to be installed, removed and transported from turbine to turbine.

• The seabed needs to be carefully inspected before placing of the frames

• The frames need to be placed within tolerances

2.4. MCA gripper
The criteria that are important for the gripper design are:

• Workability: The ammount of days in a year this gripper can be used without being influenced by
weather conditions

• Upending: How easy it is to use this gripper design for upending.

• Versatility: The difference in monopile sizes the gripper can handle as well as the maximum size and
weight it can handle

• Cost: The cost of the gripper

Table 2.2: MCA gripper design

Workability upending versatility cost total score
Importance 0.31 0.31 0.19 0.19 1
linear two arm 6 3 5 8 5.3
linear four or more arm 7 7 8 6 6.8
two arm 7 8 7 7 7.0
subsea frame 8 1 3 9 5.1
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2.5. Motion compensated grippers
The installation of monopiles is a really precise job, most of the time the monopile has to be installed with a
maximum distance of one meter from the desired location. Even more important is the angle of the monopile,
it must almost be exactly straight up with a difference of maximum half a degree. The rotation of the monopile
is also important because the wiring holes in the monopile must face a certain direction. To be able to achieve
these tolerances it is really important that the monopile is moved as less as possible while it is driven into the
ground. Until now this has been done by using a vessel that has a Jack-up system. This Jacks up the whole ves-
sel above the water using legs. This has the advantage that the vessel is almost completely motionless during
the installation. A big disadvantage is that the seabed first needs to be surveyed and that the jack-up process
takes a lot of time, also the load per jack-up leg is limited and with the increasing size of the monopiles it is
getting harder to design a vessel that is still capable of using this system.

Another way of installing monopiles is using a floating vessel with mooring lines like the Oleg Strashnov from
Seaway Heavy Lifting. The vessel is positioned at the right locations using mooring lines and handling tugs to
place the anchors. [Bosch, 2018] This requires less precise seabed surveillance and is not limited to the max-
imum load per jack-up leg. However in waves the vessel will move and handling tugs are needed to place the
anchors. To stay within tolerances the vessel will only be able to operate in calm conditions. The workability
is most of the time smaller than using a jack-up system. The anchor laying is a time consuming process that
has to be redone fore every monopile.

A dynamically Positioned vessel like the Stella Synergy will overcome the need for anchor handling tugs and
will significantly improve the installation time compared to the moored and jack-up vessels. Unfortunately
the vessel will never be able to install the monopiles within tolerances using a standard gripper. The dynamic
positioning system is not capable to keep the vessel within such a small area and the vessel experiences a lot
more roll and pitch compared to the jack-up and moored vessel. To overcome this problem a dynamically
positioned monopile gripper is suggested. This gripper can, when properly integrated with the ships DP sys-
tem, compensate for the motions of the ship. The biggest disadvantages of this system are that they have not
been proven on a floating vessel and are a lot more expensive than conventional grippers.
The motion compensated gripper can also be used to get the monopile within tolerances when it is being
driven into the ground. The system can exerts forces on the monopile so it will go straight into the ground.

2.6. gripper design
The motion compensated gripper from Huisman that is capable of upending monopiles seems to be the per-
fect gripper for the Stella Synergy when looking at the MCA, however When the crane lifting diagram is taken
into account it can be concluded that it is impossible to use the Huisman gripper at the selected location
decided on in chapter 3. The monopile must be placed with one end at the end of the gripper. When the
monopile is longer then 70m it is out of reach from the main hoist. When a shorter monopile is being in-
stalled the crane needs to lift around half of the monopile weight at a range of almost the monopile length
away from the crane. The crane will not be able to lift such loads at a big distance. Also when up-ended the
center of gravity of the monopile is really high, influencing the stability of the ship negatively. Another reason
why the upending tool from Huisman is limiting the maximum length of the monopile that can be upended
is that the end of the monopile will be really high above the deck when lifting. The crane of the Stella Synergy
will have maximum lifting height of around 87 m so the end of the monopile can not exceed this height during
upending. This makes this upending device a not practically usable option for the Stella Synergy.

To be able to upend monopiles with lenghts of 100 m and longer the upending tool and gripper should
be redesigned. The CoG should be placed close to the point where the monopile rotates around. This will
not only decrease the distance from the crane center to the end of the monopile but also reduces the forces
needed for up-ending a lot. A two arm rotating gripper or a four or mour arm linear gripper is adviced.





3
Vessel motions

In this chapter the motions of the vessel are examined to determine the best location for the monopile up-
ending device. Other aspects of the vessel that have influence on the best location of the upending device are
taken into account like the crane lift curve. First the RAOs of the vessel are computed in chapter 3.2 then the
ship motions are computed in chapter 3.5 and finally the location of the gripper is decided on in chapter 3.6.

3.1. Coordinate system
In a three dimensional space objects have six degrees of freedom. For a ship these degrees of freedom are
defined as:

• Surge: translation along X axis

• Sway: translation along Y axis

• Heave: translation along Z axis

• Roll: rotation around X axis

• Pitch: rotation around Y axis

• Yaw: rotation around Z axis

Table 3.1: The motions and rotations of a ship

Translation
Surge Sway Heave

Positon x y z
Velocity ẋ ẏ ż
Acceleration ẍ ÿ z̈

Rotation
Roll Pitch Yaw

Angle φ θ ψ

Angular velocity φ̇ θ̇ ψ̇

Angular acceleration φ̈ θ̈ ψ̈
Figure 3.1: The six degrees of freedom of a ship

3.2. RAOs
To obtain the vessels motions newtons second law is used:

F = m ∗acc (3.1)

13
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where the Force can be split up in multiple parts:∑
F = Fr +Fw +Fd +Fs (3.2)

Where:

• Fr are the radiation forces

• Fw are the incoming wave forces

• Fd are the diffraction forces

• Fs are the hydrostatic buoyancy forces

3.2.1. Mass matrix
To obtain the vessels motions first the mass matrix off the vessel must be known. The design displacement is
used to calculate the mass of the vessel. When the vessel accelerations are computed in chapter 4 the mass
matrix is edited for different phases in the monopile upending process.

Because it is a six dimensional system the mass matrix m will be a 6x6 matrix:

m =



m 0 0 0 0 0
0 m 0 0 0 0
0 0 m 0 0 0
0 0 0 Ixx 0 0
0 0 0 0 Iy y 0
0 0 0 0 0 Izz

 (3.3)

Where: m is the mass of the vessel and Ixx , Iy y and Izz are the moments of inertia and can be calculated
using:

Ixx = mr 2
xx ; Iy y = mr 2

y y ; Izz = mr 2
zz (3.4)

where rxx , ry y and rzz are the radii of gyration of the vessel. They given by Ulstein, they use a 3D model of the
vessel with the weight distribution in it.

3.2.2. hydrostatic buoyancy forces
The hydrostatic restoring forces are the buoyancy forces acting on the vessel. For example if the vessel is
pulled down one meter into the water the extra restoring force will be the volume of water that is displaced
compared to the neutral position times the density of water times g. The hydro-static restoring forces act like
a spring on the vessel. The restoring forces for surge and sway are zero because the ships displacement does
not change when the vessel is translated in one of these directions. The roll and pitch hydrostatic restoring
moments can be computed using GM, which is the distance between the center of gravity and the metacen-
trum of the vessel. It can be calculated using:

GMT = K B +B M −KG = K B + IT

∇ −KG (3.5)

GML = K B +B M −KG = K B + IL

∇ −KG (3.6)

The restoring yaw moment is zero as well because there is no change in displacement when the vessel is
rotated around the z axis. The restoring stiffness for small translations and rotations are described in the C
matrix:

C =



0 0 0 0 0 0
0 0 0 0 0 0
0 0 ρg Aw p 0 −ρg Aw p (CoF −CoB) 0
0 0 0 ρg∇GMT 0 0
0 0 −ρg Aw p (CoF −CoB) 0 ρg∇GML 0
0 0 0 0 0 0

 (3.7)
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3.2.3. radiation forces
The radiation forces are forces due to the movement of the ship: When the vessel starts accelerating it also ac-
celerates water around the vessel, therefor an added mass term is needed in the model. This added mass term
is frequency dependent: M = m+A(ω) The system is not just a mass spring system but also has damping. The
hydrodynamic damping is caused by the waves the vessel generates when it moves because of the incoming
waves,the damping is represented in the B matrix. The a and b coefficients are frequency dependent so to
solve the motion equation it is written in frequency domain. The coupled motion equation becomes:

{
−ω2

∣∣∣∣∣∣∣∣∣∣∣∣∣

m +a11 a12 a13 a14 a15 a16

a21 m +a22 a23 a24 a25 a26

a31 a32 m +a33 a34 a35 a36

a41 a42 a43 Ixx +a44 a45 a46

a51 a52 a53 a54 Iy y +a55 a56

a61 a62 a63 a64 a65 Izz +a66

∣∣∣∣∣∣∣∣∣∣∣∣∣
+ iω

∣∣∣∣∣∣∣∣∣∣∣∣∣

b11 b12 b13 b14 b15 b16

b21 b22 b23 b24 b25 b26

b31 b32 b33 b34 b35 b36

b41 b42 b43 b44 b45 b46

b51 b52 b53 b54 b55 b56

b61 b62 b63 b64 b65 b66

∣∣∣∣∣∣∣∣∣∣∣∣∣
+

∣∣∣∣∣∣∣∣∣∣∣∣∣

c11 c12 c13 c14 c15 c16

c21 c22 c23 c24 c25 c26

c31 c32 c33 c34 c35 c36

c41 c42 c43 c44 c45 c46

c51 c52 c53 c54 c55 c56

c61 c62 c63 c64 c65 c66

∣∣∣∣∣∣∣∣∣∣∣∣∣
}

∣∣∣∣∣∣∣∣∣∣∣∣∣

x
y
z
φ

θ

ψ

∣∣∣∣∣∣∣∣∣∣∣∣∣
=

∣∣∣∣∣∣∣∣∣∣∣∣∣

Fx

Fy

Fz

Mx

My

Mz

∣∣∣∣∣∣∣∣∣∣∣∣∣
(3.8)

Velocity potentials are used to obtain the added mass and damping coefficients. This is explained in
Appendix A.1. In this master thesis these coëficcients are obtained using a model in Aqwa (subsection 3.2.6).

3.2.4. undisturbed incoming wave and diffraction forces
The undisturbed wave and diffraction forces can be measured by holding a model of the vessel restrained
in an undisturbed wave and measuring the forces and moments that act on it. How these forces can be
calculated is described in Appendix A.2.

The undisturbed wave and diffraction forces are obtained using a model in Aqwa (subsection 3.2.6).

3.2.5. viscous damping
Using the panel method the damping because of waves generated by the vessel can be calculated, this does
not take into account the viscous damping. Therefor another damping matrix needs to be added to get more
realistic results. The viscous damping is generated by: skin friction, roll resistance of appendages and vortices
(eddy shedding) [Himeno, 1981]. The viscous damping will have the biggest influence on the roll motions of
the vessel. The viscous damping for yaw, sway, heave, sway and surge are neglected. In Marin the viscous
damping has been measured. The total equation of motion becomes:

(−ω2(m + A)+ iω(B +Bad d )+C )X = FW +FD (3.9)

The added damping matrix Bad d is frequency independent and is:

Bad d =



0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 Badd 0 0
0 0 0 0 0 0
0 0 0 0 0 0

 (3.10)

where Badd = 130
M N m

r ad/s
[Marin, 2018].

3.2.6. panel method
The panel method from Aqwa is used to analyse the hydrodynamic parameters of the Stella Synergy. How the
panel method works is explained in Appendix A.3.
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To use Aqwa a 3D model of the vessel is edited. The bow thruster tunnels and some other detailes are
removed from the vessel because they will have little influence on the diffraction, radiation and incoming
wave forces and will make the program a lot slower. The viscous damping of the removed parts is taken into
account in the added damping matrix. The 3D model is then imported into Aqwa and a mesh is generated.
The program is first tested using a very big grid size to reduce the time needed to run the program. After the
program works succesfully the program is run with smaller mesh sizes until the results converge as seen in
Table 3.2

Table 3.2: Mesh size influence on RAO heave

Mesh RAO
size (m) heave (m/m)
5 0.0252
4 0.0245
3 0.0241
2 0.0238
1 0.0238

The RAO heave becomes constant from a mesh size of 2m and smaller. To keep the model as fast and
precise as possible a mesh size of 2m is used. A mesh of the Stella Synergy can be seen in Figure 3.2. In Aqwa

the model is ran for a total of 100 wave frequencies from 0.1
r ad

s
to 1.58

r ad

s
and a total of 32 wave directions

from -180° to 180°.

Figure 3.2: A mesh of the Stella Synergy generated by Aqwa

To be able to adjust the model and CoG of the model quickly the RAOs are not directly used from Aqwa.
As long as the vessel has the same draft and stays straight up (as is assumed, see chapter 4.3.3)the added mass
matrices, damping matrices and incoming wave forces stay the same. Therefor A(ω) and B (ω) are obtained
from the Aqua output file for every frequency and the incoming wave forces H f z (ω,µ) are obtained for every
frequency and every direction. H f z (ω,µ) is the transfer function between the wave height and the forces on
the vessel because of the incoming undisturbed wave and diffraction: chapter 3.2.4:

H f z = FD +FW

ζa
(3.11)

To obtain the boundry conditions for the model in Aqwa the water depth needs to be known. The chosen
waterdepth is 50 m because a lot of future windfarms are planned at this depth. [NorthSee, 2018]

3.2.7. RAOs
The full equation of motion is now known, so the RAOs can be computed. The vessels RAOs are dependent
on: The frequency of the incoming wave and the direction of the incoming wave. The RAOs are calculated for
every degree of freedom of the vessel:

R AOSur g e = xa

ζa
(3.12)
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R AOSw ay = ya

ζa
(3.13)

R AOHeave = za

ζa
(3.14)

R AORoll = φa

ζa
(3.15)

R AOPi tch = θa

ζa
(3.16)

R AOY aw = ψa

ζa
(3.17)

The RAOs can be calculated using the following formula:

R AO(ω,µ) = H f z (ω,µ)

−ω2 (m + A(ω))+ iω(B (ω)+Bad d )+C
(3.18)

The amplitude of the RAOs can be calculated using:

R AOa =
√

Re(R AO)2 + Im(R AO)2 (3.19)

The phase angles of the RAOs can be calculated using:

ε= arctan

(
Im(R AO)

Re(R AO)

)
(3.20)

The RAOs for all six degrees of freedom at the CoG of the vessel are obtained for different directions (µ)
and different angular frequencies (ω) and are plotted in Figure 3.3 until Figure 3.8.

Figure 3.3: The surge RAOs of the CoG for different angular fre-
quencies and directions

Figure 3.4: The sway RAOs of the CoG for different angular fre-
quencies and directions
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Figure 3.5: The heave RAOs of the CoG for different angular frequen-
cies and directions

Figure 3.6: The roll RAOs of the CoG for different angular frequencies
and directions

Figure 3.7: The pitch RAOs of the CoG for different angular frequen-
cies and directions

Figure 3.8: The yaw RAOs of the CoG for different angular frequen-
cies and directions

3.2.8. comparing RAOs with Marin measurements

To verify the RAOs from the model the data is compared with the measured RAOs from Marin. The RAOs have
been meassured in Marin for different sea states. The theoretical RAOs are the same for every wave height
but the wave frequency, wave direction and GM do influence the theoretical RAOs. The measured RAOs are
slightly different for different wave heights and periods. After the response spectrum (SU ) is measured by
marin the RAOs are computed by marin using:

R AO =
√

Su

Sζ
(3.21)

Where Sz is the wave spectrum that is used during the measurements. The RAOs are meassured in Marin for
deep water. Therefor the waterdepth in Aqwa is set to deep water as well. The draft of the vessel is set to 8
meters which is the same as the tests in Marin.[Marin, 2018] In figures 3.9, 3.10 and 3.11 the Calculated and
measured RAOs at the CoG are plotted. In Tables 3.3, 3.4 and 3.5 the legends of the figures are displayed.
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Figure 3.9: Calculated heave RAOs compared to Meassured heave RAOs from Marin

Table 3.3: Legend of Heave RAOs measured by Marin and the theoretical calculated RAOs in MATLAB

Meassured by marin Theoretical
color yellow blue dashed brown black blue
Hs 2.5 2.5 2.5 1 - m
GM 2 7 7 7 7 m
Tp 8 8 12 12 - s
µ 90 90 90 90 90 degrees
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Figure 3.10: Calculated roll RAOs compared to Meassured roll RAOs from Marin

Table 3.4: Legend of Roll RAOs measured by Marin and the theoretical calculated RAOs in MATLAB

Meassured by marin Theoretical
color yellow green dashed black purple blue
Hs 2.5 2.5 2.5 1 - m
GM 2 7 7 7 7 m
Tp 8 8 12 12 - s
µ 90 90 90 90 90 degrees
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Figure 3.11: Calculated pitch RAOs compared to Meassured pitch RAOs from Marin

Table 3.5: Legend of Pitch RAOs measured by Marin and the theoretical calculated RAOs in MATLAB

Meassured by marin Theoretical
color yellow green dashed black purple blue
Hs 2 3 1.5 2 - m
GM 2 2 2 2 2 m
Tp 14 8 10 10 - s
µ 180 135 315 0 0 degrees

The theoretical heave and pitch RAOs are almost completely the same as the measured RAOs. The the-

oretical roll RAOs are except for the peak at around 0.52
r ad

s
really similar to the real roll RAOs. When the

viscous damping in the model is increased the Theoretical and measured RAOs are exactly the same. This
can be because viscous damping is assumed to be linear in the model. The viscous roll damping that is used
is linearised by Marin (subsection 3.2.5). [Haver, 2016].

Because the roll RAOs have such a skinny peak it is analysed if no information is missing between two fre-
quency steps. The maximum amount of frequencies that can be used in Aqwa is 100. To get more frequency
steps in the region of the peak the model is rerun with a smaller frequency range and still 100 frequencies.
The results are compared and almost the same as using the bigger frequency range. Therefor using 100 fre-
quencies over the chosen frequency range is accurate enough.

3.3. RAO transformation
Transforming the RAOs for one location of the vessel to RAOs of another location of the vessel can be done
using two methods:

• During the calculation of the RAO using a transformation matrix

• After the RAOs have been calculated using the amplitudes and face angles of the RAOs at the CoG

Both methods have been used in this master thesis. For both methods small angles are assumed.
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3.3.1. RAO transformation using transformation matrix
To transform the RAOs from the Center of gravity to a location p with coordinates compared to the CoG: a,b
and c. The coordinates of point p are described by:

xp = xCoG + cθCoG −bψCoG (3.22)

yp = yCoG − cφCoG +aψCoG (3.23)

zp = zCoG +bφCoG −aθCoG (3.24)

The vessel is assumed to be infinetly stiff and therefor the rotation at location p are the same as at the CoG:

φp =φCoG (3.25)

θp = θCoG (3.26)

ψp =ψCoG (3.27)

This can be combined into matrix L:∣∣∣∣∣∣∣∣∣∣∣∣∣

xp

yp

zp

φp

θp

ψp

∣∣∣∣∣∣∣∣∣∣∣∣∣
=



1 0 0 0 c −b
0 1 0 −c 0 a
0 0 1 b −a 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1



∣∣∣∣∣∣∣∣∣∣∣∣∣

xCoG

yCoG

zCoG

φCoG

θCoG

ψCoG

∣∣∣∣∣∣∣∣∣∣∣∣∣
(3.28)

where xp ... ψp are the coordinates of the the point p in the global coordinate system and xCoG ... ψCoG are
the coordinates of the CoG in the global coordinate system. The RAOs at point p can then be computed using:

R AO(ω,µ) = LT HF Z (ω,µ)

LT (−ω2 (m + A(ω))+ iω(B (ω)+Bad d )+C )L
(3.29)

3.3.2. RAO transformation using phase and amplitude
The RAOs can also be transformed from the CoG of the vessel to a desired location of the vessel (p) by using
the RAOs and phase angles:

x = xa cos(ωt +εxζ) (3.30)

y = ya cos(ωt +εyζ) (3.31)

z = za cos(ωt +εzζ) (3.32)

φ=φa cos(ωt +εφζ) (3.33)

θ = θa cos(ωt +εθζ) (3.34)

ψ=ψa cos(ωt +εψζ) (3.35)

Where xa ... ψa are the amplitudes and εxζ ... εψζ are the phase angles. For example
zp

ζa
can then be computed

as follows:

zp

ζa
= za,p

ζa
cos(ωt +εz,p ) = za,CoG

ζa
cos(ωt +εz,CoG )+b

φa,CoG

ζa
cos(ωt +εφ,CoG )−a

ψa,CoG

ζa
cos(ωt +εψ,CoG )

= za,CoG

ζa

(
cos(ωt )cos(εz,CoG )− sin(ωt )sin(εz,CoG )

)+b
φa,CoG

ζa

(
cos(ωt )cos(εφ,CoG )− sin(ωt )sin(εφ,CoG )

)
...

...−a
θa,CoG

ζa

(
cos(ωt )cos(εθ,CoG )− sin(ωt )sin(εθ,CoG )

)
= A cos(ωt )−B sin(ωt ) (3.36)
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where A and B are:

A = za,CoG

ζa
(cos(εz,CoG )+b

φa,CoG

ζa
cos(εφ,CoG )−a

θa,CoG

ζa
cos(εθ,CoG ) (3.37)

B = za,CoG

ζa
(sin(εz,CoG )+b

φa,CoG

ζa
sin(εφ,CoG )−a

θa,CoG

ζa
sin(εθ,CoG ) (3.38)

From this we find that:

za,p

ζa
=

√
A2 +B 2 (3.39)

εz,p = arctan

(
A

B

)
(3.40)

Using the same method the RAOs for x and y at point p can be computed.

3.4. waves
The sea surface elevation can be split up in two main types of waves: Locally generated waves and swell.
On a windless day on the Atlantic ocean the waves follow an almost sinusoidal shape. This is because only
really few waves are combined here. This is swell and is generated at a different location. Locally generated
waves are generated mainly by wind at or close to the location of the wave. The North sea has mainly locally
generated waves but also some swell. Combining multiple waves gives a sea state like in figure 3.12.[Krogstad
and Arntsen, 2000]

Figure 3.12: A sea-state is a combination of random waves

Therefor the surface of a sea or ocean can be described by the sum of different waves with each different
height, period, direction and shape. To describe an ocean surface first the wave shape must be described
using a model. Which model is most accurate is dependent on the relative water depth and steepness of the

wave. In figure 3.13 the different wave theories are compared using the wave steepness:
Hs

g T 2
p

and relative

water depth:
d

g T 2
p

, where g is the gravitational acceleration, Hs is the significant wave height, Tp is the wave

period and d is the water depth.
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Figure 3.13: The wave models that are used for different wave conditions

The installations of monopiles will be done mainly in a waterdepths of around 50m with relatively small
waves with short periods. So the waves that will be used are linear or Stokes second order waves. Using the
waterdepth Aqwa decides if it will use stokes or linear waves [May, 2012]. Using the linear wave theory a wave
can be described using the following parameters:

• wave amplitude ζa

• the angular frequency ω= 2π

T p

• wave direction µ

• phase angle ε

One wave can be described as:

ζ= ζa cos(kx −ωt ) (3.41)

The surface elevation of a location in the ocean can then be described by summing a lot of these waves.

ζ=∑
ζa,n cos(kn x −ωn t +εn) (3.42)

where k is the wave number and is obtained using:

ω2 = k arctan(kd) (3.43)

Wave spectra are used to describe the energy the ocean has for a certain frequency range. From the wave
spectrum the wave height at a certain frequency can be obtained using:

1

2
ζ2

a = Sζ(ω)∆ω (3.44)

Using the same formula a wave spectrum can be made from measured data. This is done in many lo-
cations and conditions. The result are the two most commonly used wave spectra: the Pierson-Moskowitz
spectrum and the Joint Northsea Wave Project (JONSWAP) spectrum as seen in figure 3.14.
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Figure 3.14: Comparison JONSWAP and Pierson-Moskowitz

The JONSWAP is based on a large database of measurements in the north sea. Since the Stella Synergy
will mostly be installing monopiles in the north sea the JONSWAP spectrum is used in this thesis.

A JONSWAP spectrum is only accurate when:

3.6 < Tpp
HS

< 5 (3.45)

The JONSWAP spectrum can be described using:

S JON SW AP = 320H 2
s

T 4
p

ω−5exp

(
1950ω−4

T 4
p

)
γ

exp

−

ω

ωp
−1

σ
p

2


2

(3.46)

From the north sea measurements the following parameters were obtained:
γ= 3.3
σ= 0.07 when: ω≤ωp

σ= 0.09 when: ω≥ωp

The wave spectrum shown in Figure 3.14 is unidirectional. This means that the waves come from one
direction only. Using this unidirectional JONSWAP spectrum will make the data generated by the model less
accurate, because in the north sea the waves do not come from one direction. The Stella Synergy will be able
to rotate itself in any direction using its DP system. The Unidirectional waves will all come at ab angle of
0 °towards the ship leading to different motions as the realistic scenario where waves come from multiple
directions.

Therefor a directional spectrum is used:

E(µ, f ) = Sζ( f )D(µ, f ) (3.47)

Where D(µ, f ) is the distribution of wave energy over the directions µ for a given frequency. Note that:∫ 2π

µ=0
D(µ, f )dµ= 1 (3.48)

where:

D(θ, f ) = N (s)cos2s
(
θ−θ1

2

)
(3.49)
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Where N(s) makes sure the integral of D stays 1

N (s) = 1

π
22s−1 Γ

2(s +1)

Γ(2s +1)
(3.50)

where Γ(s +1) = s! and s describes how much the waves are spread out over the directions. So for higher s
the spectrum will become more concentrated on a single direction. In the locations Jumbo is going to use the
vessel s is almost always around four.

Jumbo has an internal rule in which they assume the DP system is able to point the vessel straight into the
waves with a deviation of 15°. In the model it is assumed that the waves are coming with a main direction of
15°. In figure 3.15 a directional JONSWAP spectrum made in MATLAB can be seen with a main wave direction
of 15°

Figure 3.15: A directional Jonswap spectrum made in MATLAB

3.5. ship motions
Now that the vessels RAOs and the wave spectra are known the motions of the vessel can be looked at. The
heave motions are taken as an example:

Sz =
(

za

ζa

)2

Sζ (3.51)

Where Sz is the motion spectrum of the ship. The significant heave amplitude (za,s ) can then be calculated.

za,s = 4
√

m0(Sz ) (3.52)

where:

m0 =
∫ ∞

0
Sz (ω)dω (3.53)

Waves have a narrow spectrum and are Gaussian, because of this the probability distribution of wave
height follows a Rayleigh distribution.[Charles, 1964]

P (H) = 1−e

(
H

Hr

)2

(3.54)

where: Hr is the root mean square of the wave height and H is an individual wave height. The most probable
maximum (MPM) wave height can be defined as:

HMP M = 1

2
za,s

√
ln(n) (3.55)
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where n is the number of waves that pas during the operation where the MPM is calculated for. For this
project it is been estimated by:

n = Ttot al

Tz
(3.56)

where Ttot al is the total time over which the MPM is calculated and Tz is zero crossing wave period and is

obtained with:
Tp

0.777

3.6. location of upending device
Not only the motions of the monopile are important, but also the distance from the crane center to the hoist-
ing point is important. Cranes have a load diagram in which the maximum load compared to the distance
from the crane center is displayed. When the load gets further away from the crane center it will induce a
bigger moment on the crane therefor the maximum lifting capability becomes less when the load is further
away from the crane.

Figure 3.16: Crane load curve of the Stella Synergy[Jumbo-maritime, 2018]

In figure 3.16 it can be seen that the crane of the Stella Synergy can lift the maximum of 2500 tons between
13.5 and 20 meters away from the center of the crane. 13.5 meters is the minimum radius from which the
crane can hoist, 20 meters is the maximum distance at which the crane has its full lifting capacity. To be able
to install the heaviest monopiles the position of the gripper must be chosen in such a way that the monopile
is lifted into the gripper within this range. This only leaves two ranges of locations for the monopile gripper:
13.5-20 m to the stern, or 13.5-20 m to the bow of the vessel compared to the center of the crane.
The end of the monopile where the crane hook is attached will follow a path with a constant x coordinate
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when it is being upended. These paths are displayed in figure 3.17 with red and blue lines. The lines are for
a 100m long monopile. The most important locations are highlighted with stars. The upper stars on the red
and blue lines display the locations of the CoG of the monopile when it is laying flat in the gripper. This is
where the crane will be attached to the monopile when it is lifting the monopile into the gripper. The lower
two stars display the location of the monopile when it is straight up and the full weight will be hanging on
the crane instead of on the gripper and the crane. The stars must be within the 13.5 - 20 m radius so that the
crane will be able to lift as heavy monopiles as possible with this crane.

Figure 3.17: The two possible upending locations(red and blue lines) and crane lifting capabilities (dashed circles) plotted over the vessel.

The x locations of the gripper has been chosen in such a way that when the monopile increases in size
slightly or the distance between the edge of the deck and the gripper becomes a bit larger the monopile will
be within 20 meter radius of the center of the crane. The distance between the CoG of the monopile and
center of the crane in x direction has been chosen to be 14 meters so that the lifting point will always stay
easily outside of the minimum lifting radius of 13.5 meters. So the x coordinates for the two options become:
x = 42 m and x = 70 m.

The loads on the crane during the upending process are the highest when the monopile is straight up and
completely hanging on the crane. The y Coordinate of a 10 meter diameter monopile with 2 meter offset
of the vessel is: y = −25 m. To choose between the two locations the motions of the ship are analysed at:
(42,−25) and (70,−25). Not only the motions in z direction are important at the location of the gripper, but
also the motions in x and y direction. The MPM of vessel motions have been analysed for common wave con-
ditions in the central north sea from the scatter diagram (subsection 4.5.1) at y =−16 m. In figures 3.18, 3.19
and 3.20 the MPM of ship motion in sway, surge and heave directions are plotted against the x coordinate
of the ship. In table 3.7 the legend of the figures are shown and in table 3.6 the wave data used to make the
figures is shown.
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Figure 3.18: MPMs of ship motions at y = −16m,Tp = 5 and
Hm0 = 1

Figure 3.19: MPMs of ship motions at y = −16m,Tp = 7 and
Hm0 = 1.5

Figure 3.20: MPMs of ship motions at y = −16m,Tp = 9 and
Hm0 = 2

Table 3.6: Wave data used in figures 3.18, 3.19 and 3.20

figure 3.18 3.19 3.20
Tp 5 7 9 s
Hm0 1 1.5 2 m
µ 15 15 15 degrees

Table 3.7: Legend of figures 3.18, 3.19 and 3.20

blue Heave MPM
black Sway MPM
green Surge MPM
red dashed position 1 (x = 42 m)
blue dashed position 2 (x = 70 m)

From figures 3.18, 3.19 and 3.20 it is clear that the MPM of surge motions is the same for both locations
which is logical because it is not dependent on the x location. The sway and especially heave motions are a
lot smaller in position one then in position two in all three sea states. Position one is therefor a better location
for upending as well as gripping the monopile while it is driven into the ground.

A disadvantage of position one is that when the monopile is lifted from a barge and rotated into the grip-
per it needs to pass the secondary crane of the vessel. The maximum size of monopile that can be loaded on
the gripper safely is 105 m. When the CoG of the monopile is not in the center of the monopile the maximum
length can become smaller, like with tapered monopiles. As seen insection 4.1 a monopile with a length of
100m and diameter of 10m will already weigh around 2500t (the maximum lifting capacitiy of the Stella Syn-
ergy) and therefor there are not a lot of monopiles above 100m that can be installed with the Stella Synergy.

Because on location one the motions are a lot less severe then on location two the upending device is
advised to be placed at location one for monopiles up to 105 m. When longer monopiles need to be installed
the upending device can be removed and installed at location two. The gripper will be easily removable
because it also needs to be removed when different offshore equipment (not monopiles) need to be installed.





4
Upending forces and workability

In this chapter the forces on the crane and gripper during upending are modeled. First the motions of the ves-
sel with monopile on it are modeled, then the forces on the gripper and crane during upending are modeled
and finally the workability of upending with the crane of the Stella Synergy is computed.

4.1. simplifications and assumptions
First the dimensions of the monopile are obtained. The monopile will have a diameter of 10m and a length
of 100m. According to:[Vicente Negro, 2015] the monopile wallthickness should be around 0.1m for this size
of monopile. When the weight of the monopile is calculated for a monopile with these sizes it turns out to be
2500 tons. Which is the maximum lifting capacity of the Stella Synergy.

To check if the hoisting cable can be assumed to be infinitely stiff the eigenfrequency has been calculated:

f = 1

2π

√
ccable

mmp
(4.1)

where ccable is the stiffness of the hoisting cable. The hoisting cable of the Stella Synergy for heavy lifting is
n f = 40 fall, therefor the stiffness is calculated as follows:

ccable =
n2

f E A

ltot al
(4.2)

the stiffness is multiplied by n2
f because when the cable stretches one meter the crane hook only goes down

by
1

n f
meter and the load on the cable is

1

n f
of the load on the crane. ltot al is the total length of the hoisting

cable which is:
ltot al = n f lc + c (4.3)

where c is the z coordinate of the crane tip which is included because the cable goes back from the crane tip
to the winch. Only the z coordinate is included because the crane is almost straight up when hoisting a heavy
monopile (see crane lift curve Figure 3.16).

Using this the naturalfrequency is: f = 1.13 H z when the crane hook is highest in the upending process
and f = 0.81 H z when the crane hook is lowest (when the monopile is lowered). Waves with this frequency do
not excite the motions of the vessel and and therefor will not excite the naturalfrequency. In the other faces
of upending there is much less load on the crane and therefor the naturalfrequency is even higher. Because
the naturalfrequency of the system is not excited the crane cable is infenetly stiff. The following assumptions
are made as well:

• The vessel, crane, monopile and gripper are infinetly stiff.

• The upending speed is so low it does not influence the motions of the vessel.

31
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4.2. Phases in upending process

In the upending process the following phases are analysed:

Table 4.1: Different phases in monopile upending

Phase θu (°) Forces in z act on: Displayed in:
1 0 gripper only Figure 4.1
2 0 gripper and crane Figure 4.2
3 30 gripper and crane Figure 4.3
4 60 gripper and crane Figure 4.4
5 90 gripper only Figure 4.5
6 90 crane only Figure 4.6

Figure 4.1: Phase 1: forces only on gripper, upending angle: 0°

Figure 4.2: Phase 2: forces on gripper and crane, upending angle: 0°
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Figure 4.3: Phase 3: forces on gripper and crane, upending angle: 30°
Figure 4.4: Phase 4: forces on gripper and crane, up-
ending angle: 60°

Figure 4.5: Phase 5: forces on gripper and crane, upending
angle: 90°

Figure 4.6: Phase 6 : forces on gripper and crane (z direction
forces only on crane), upending angle: 90°
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4.3. motions of vessel with monopile
In this section the motions of the vessel with the monopile connected to it are modeled for the six phases
described in section 4.2.

4.3.1. coordinate system of monopile
The local coordinate system of the monopile has been chosen in such a way that when it is fully up-ended
(phase 6: θu = 90°) the coordinate system aligns with the global coordinate system.

Because the monopile is rotated when going from phase to phase, the local coordinate system changes
compared to the global coordinate system. The monopile rotates around the global x axis. To transform
motions from the local to the global coordinate system a rotation matrix has been made:

Θu =



1 0 0 0 0 0
0 sin(θu) cos(θu) 0 0 0
0 −cos(θu) sin(θu) 0 0 0
0 0 0 1 0 0
0 0 0 0 sin(θu) 0cos(θu)
0 0 0 0 −cos(θu) sin(θu)

 (4.4)

Where θu is the upending angle.
By multiplying the Θu matrix with motions in the local system it gives the motions or global coordinate sys-
tem.

4.3.2. mass matrix monopile
To caclulate the accelerations a mass matrix for the monopile is made. This is done the same way as the mass
matrix of the vessel in subsection 3.2.1:

mmp =



mmp 0 0 0 0 0
0 mmp 0 0 0 0
0 0 mmp 0 0 0
0 0 0 Ixx,mp 0 0
0 0 0 0 Iy y,mp 0
0 0 0 0 0 Izz,mp

 (4.5)

where mmp is the mass of the monopile and Ixx,mp , Iy y,mp and Izz,mp are the moments of inertia of the
monopile. It is assumed that the wall thickness of the monopile is infinitely thin during the moment of inertia
calculations. The moments of inertia can therefor be calculated as follows:

Ixx = 1

2
mmp r 2 + 1

12
mmp l 2 (4.6)

Iy y = 1

2
mmp r 2 + 1

12
mmp l 2 (4.7)

Izz = mmp r 2 (4.8)

where l is the length of the monopile and r is the radius of the monopile. Ixx = Iy y because of symmetry.
The weight of the monopile lifting tool has also been taken into account. A 100 ton lifting tool is used. The

lifting tool will be attached to the end of the monopile and is the connection between the monopile and the
crane hook. The lifting tool is modeled as a point mass at the end of the monopile.

To include the weight of the monopile lifting tool into the model it is added to the mmp matrix, this results
in:

mmp+l t = mmp +ml t (4.9)

C oGmp+l t =
C oGmp mmp +C oGl t ml t

mmp+l t
(4.10)

Ixx,mp+l t = Ixx,mp +mmp (CoGmp+l t ,z −CoGmp,z )2 +ml t (CoGmp+l t ,z −CoGl t ,z )2 (4.11)

Iy y,mp+l t = Iy y,mp +mmp (CoGmp+l t ,z −CoGmp,z )2 +ml t (CoGmp+l t ,z −CoGl t ,z )2 (4.12)
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Izz,mp+l t = Izz,mp (4.13)

Where l t is related to the lifting tool, mp is related to the monopile and mp+l t is related to them combined.
The CoGz coordinates are in the local coordinate system for the monopile.The results are filled into the mmp

matrix. The lifting tool is assumed to be a point mass so Izz does not change.

4.3.3. stability and balasting
The draft during upending is determined in such a way that the vessel will have a GM > 2.5m during the whole
monopile installation process so that the draft of the vessel will not have to be changed during upending.
When the vessel is hoisting the monopile from the barge the GM is the lowest. When the vessel heels the
monopile will go further away from the vessel increasing the moment it excerts on the vessel. The CoGmp is
taken at the tip of the crane when computing GM, as explained in section 5.3. A deeper draft will result in a
higher GM

GMhoi st i ng =GM −CoGves,z +
CoGves,z mves + zct mmp

mves +mmp
(4.14)

GM is only bigger then 2.5m with a draft of 8m, therefor the draft of the vessel is chosen to be 8m during the
whole monopile installation process. In the model discussed in chapter 4 the vessel is assumed to keep the
same draft throughout the monopile installation process using the ballasting system. To maintain the same
draft the mass of the vessel decreases by removing ballast when the monopile and lifting tool are in the grip-
per or on the crane.

Because of the removed ballast the CoGz changes:

CoGvb,z =
CoGves,z mtot al − zbal l ast mmp+l t

mtot al −mmp+l t
(4.15)

where vb stands for the vessel after ballasting adjustment and zbal l ast is the z coordinate of the ballast.
The ballast is assumed to be at the same x coordinate as the CoGvessel so the x coordinate of the CoG stays
the same after the ballasting adjustment. The ballast tanks are at a radius: rbal l ast away from the middle of
the vessel.The moments of inertia of the vessel with adjusted balasting are:

Ixx,vb = Ixx,vessel −
(
z2

bal l ast + r 2
bal l ast

)
mmp (4.16)

Iy y,vb = Iy y,vessel − z2
bal l ast mmp (4.17)

Izz,vb = Izz,vessel − r 2
bal l ast mmp (4.18)

To compose the mass matrix Mt ot al of the vessel, the monopile and the monopile lifting tool combined
the same method is used as combining the monopile and lifting tool. For every phase in the upending process
analysed there is a separate Mt ot al matrix, because the CoG of the monopile changes. The mass matrices of
the monopile under angle θu are computed using theΘu from subsection 4.3.1 [J. Peraire, 2008]

mmp+l t ,θu =Θu mmp+l tΘu
T (4.19)

The total CoG is then given by:

CoGtot al =
CoGvessel mvb +CoGmp+l t mmp+l t

mtot al
(4.20)

where mvb is the weight of the ballasted vessel without the monopile and lifting tool.

Ixx,tot al = Ixx,vb + Ixx,mp+l t ,θu +mmp+l t
(
CoGmp+l t ,y −CoGvessel ,y

)2 +mmp+l t
(
CoGmp+l t ,z −CoGvessel ,z

)2

(4.21)
Iy y,tot al = Iy y,vb,θu + Iy y,mp+l t +mmp+l t

(
CoGmp+l t ,x −CoGvessel ,x

)2 +mmp+l t
(
CoGmp+l t ,z −CoGvessel ,z

)2

(4.22)
Izz,tot al = Izz,vb,θu + Izz,mp+l t +mmp+l t

(
CoGmp+l t ,y −CoGvessel ,y

)2 +mmp+l t
(
CoGmp+l t ,x −CoGvessel ,x

)2

(4.23)
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Where Ixx,mp,θu , Iy y,mp,θu and Izz,mp,θu are from the mmp+l t ,θu matrix. The Mt ot al matrices can then be
filled in for every phase of the upending process. The moments of inertia are around the CoG of the vessel
when the monopile is not on it because we know the damping and added mass matrices for this point. All
movements modeled will be around this point unless mentioned separately.
Jumbo has an internal rule that the GM value of the vessel should stay above 2.5 m during the installation
process to ensure stability. GM will change for every phase in the upending process because of the change in
height of the CoG of the monopile. GM is checked the following way:

GMtot al =GMvessel −CoGvessel ,z +CoGtot al ,z (4.24)

Table 4.2: The GM of the vessel during different phases in the upending process.

Phase θu (°) GM (m)
1 0 5.73
2 0 5.73
3 30 5.62
4 60 5.61
5 90 5.76
6 90 5.76

The new GM is filled in the stiffness matrix from subsection 3.2.2 for every fase in the upending process.
This is the only variable that changes in the C matrix. So only C (4,4) and C (5,5)change.

The ballasting system of the vessel will keep the vessel straight up during the monopile upending process.
The required ballast that needs to be released from one side of the vessel and added to the other side is
calculated for every phase in the upending process using:

∆mbal l ast =
1

2

mtot al CoGtot al ,y

rbal l ast
(4.25)

The half is because the mass is removed from one side and added to the other to remain at the same draft.
The ballasting needed is:

Table 4.3: Ballast that needs to be placed from one side of the vessel to the other during the different phases in the monopile upending
process.

Phase θu (°) ballast (tons)
1 0 883
2 0 883
3 30 1248
4 60 1672
5 90 2043
6 90 2043

4.3.4. radiation, diffraction and undisturbed wave froces of monopile
In phases three to six of the upending process the monopile is partly under water, because of this there are
wave forces acting on the monopile. To obtain the diffraction, radiation and undisturbed wave forces of the
monopile next to the vessel first a 3D model of the monopile has to be made. This is done in Solidworks using
the dimensions as described in section 4.1. The 3D model of the monopile is then imported into Ansys Aqwa.
There the monopile is placed next to the hull of the Stella Synergy. When they are next to each other they
influence each other and the incoming waves. This is taken into account in Aqwa. For every phase where the
monopile is partly under water a new 3D model is made in which the monopile is placed differently on the
vessel. Then a Matlab model is made for every phase. A mesh of the Stella Synergy with monopile can be seen
in Figure 4.7
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Figure 4.7: The mesh of the Stella Synergy with monopile

4.3.5. viscous damping of monopile
The viscous roll and pitch damping of the monopile during upending are calculated using the resistance of a
cylinder in water. The disadvantage of this is that the viscous effects of the water at the end of the monopile
will be ignored. The drag coefficient CD is read out of Figure 4.8 [Wenjun Gao, 2018]. The Reynolds number
(Re) is calculated using:

Re = V L

ν
(4.26)

Where L is the specific length which is the diameter of the monopile in this case, V is the velocity of the fluid
going over the object and ν is the kinematic viscosity of the sea water. The Reynolds number of the monopile
on the vessel is around 107 and therefor the drag coefficient CD is around 1 as seen in figure Figure 4.8. The
new monopile has no sea growth on it during installation and is therefor assumed to be a smooth cylinder.

Figure 4.8: CD of a cylinder for different Reynolds numbers

Keulegan and Carpenter discovered that the drag coefficient of a oscillating object is dependent on a
different number; this is called the Keulegan Carpenter number [G.H. Keulegan, 1985]. The KC number is
defined as:

KC = uaT

L
(4.27)

Where ua is the flow velocity amplitude. For sinusoidal waves the KC number can be defined as:

KC =πHm0

L
(4.28)

For all wave conditions analysed and a specific length of L = 10m the KC number does never exceed ten.
When the CD for a smooth cylinder with a KC of lower then ten is evaluated in Figure 4.9 CD is 1 again. So for
this size of cylinder in the analysed conditions using KC and Reynolds give the same results.
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Figure 4.9: CD of a cylinder for different KC numbers

Using this drag coefficient the resistance of the monopile while it is moving through water can be com-
puted using:

Fr = 1

2
ρV 2CD A (4.29)

Where A is the frontal surface area of the monopile, ρ is the sea water density and Fr is the resistance force.
The drag formula depends on V 2 and is therefor not linear. To be able to use the calculated viscous damping
in the frequency domain it needs to be liniearised. Stochastic linearisation is used.[Y. Drobyshevski, 2018]

B |φ̇|φ̇=
(

B

√
8

π
r ms(φ̇spectr um)

)
φ̇= Bl i nφ̇ (4.30)

Where r ms is the root mean square of the motion: = p
m0ζ and is obtained using iterations. First an

estimation is done for r ms(ẋspectr um) then the model computes the new value of r ms(ẋspectr um) and that is
then filled in in the model again until it converges. This means that the r ms(ẋspectr um) that is filled into the
model is the same as the model computes it to be.

The viscous damping is only modeled for roll and pitch and only motions square to the local z axis of the
monopile are taken into account. Badd is calculated using:

Mx/y =
∫ l2

l1

1

2
ρD(φ̇l )2lCD dl = ρDφ̇2CD (l 4

2 − l 4
1 )

8
(4.31)

where l1 is the distance from the water line to the z = 0 and l2 is the distance from the waterline to the
bottom of the monopile and D is the diameter of the monopile.

From this we can conclude that:

Badd = Mx/y

φ̇2
= ρDCD (l 4

2 − l 4
1 )

8
(4.32)

Badd is then linearised to get Bl i n using stochastic liniearisation. This is done for every phase in the upending
process. The results are:
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Table 4.4: The linearised angular roll velocity and viscous drag of the monopile for the different upending phases

Phase φ̇spectr um θ̇spectr um Bφ,l i n Bθ,l i n

(rad/s) (rad/s) (MNm) (MNm)
1 - - - -
2 - - - -
3 0.0166 0.0142 300 4.28
4 0.0073 0.0128 96 7.86
5 0.0048 0.0129 27.7 74.5
6 0.0048 0.0129 27.7 74.5

The optimization has been done for a wave with : Hm0 = 1.5m and Tp = 8s which is a conditions that
occurs regularly on the north sea as seen in subsection 4.5.1.

4.3.6. RAOs
The ships RAOs and phase angles are modeled for every phase in the upending process. This is done the same
way as in chapter 3:

R AO(ω,µ) = LT
(

HF Z ,ves +HF Z ,mp
)

LT
(−ω2(Mt ot al + Aves + Amp )+ iω(Bves +Bmp +Bad d ,ves +Bad d ,mp )+Cves +Cmp

)
L

(4.33)

Where ves referes to the vessel. The wave forces, added mass, damping and added damping of the monopile
are compared to the CoG of the vessel, so that the forces and moments act on and around the CoG of the ves-
sel. The M , A, B , Bad d C and L matrices change for every phase in the upending process. So for every phase
a separate set of RAOs is created. The L matrix is adjusted so that the RAOs are modeled for the CoG of the
monopile. In subsection 3.3.1 is explained how the L matrix is filled in. This will make the calculation of the
forces later easier.

4.4. Forces on monopile
4.4.1. Force RAO
The forces on the monopile are obtained using the force RAOs. Rewriting the R AO formula leads to:

R AO
(−ω2(Mves +Mmp + Aves + Amp )+ iω(Bves +Bmp +Bad d ,ves +Bad d ,mp )+Cves +Cmp

)= HF Z ,ves+HF Z ,mp

(4.34)
From this we find that:

Fmp

ζa
= R AO

(−ω2(Mmp + Amp )+ iω(Bmp +Bad d ,mp )+Cmp
)−HF Z ,mp (4.35)

In this equation the forces, added mass and damping are filled in for the coordinate system of the monopile.
So moments and forces on and around the CoG of the monopile. This will result in a force per meter of wave
height. This is then squared and multiplied with the wave spectrum. Now that the response spectrum of the
forces is known the MPM of forces can be computed as explained in section 3.5. The forces that act on the
monopile must be transfered directly to the vessel because the connection is assumed to be infinitely stiff.

4.4.2. buoyancy of monopile
During the upending process the monopile will get partly submerged. This will generate buoyancy forces and
moments which are different for every phase in the upending process. The buoyancy force works in positive
z direction and acts in the center of the submerged part of the monopile.

The submerged part of the monopile for all phases is:

lsubmer g ed (θu) =
sin(θu)(

lmp

2
− ldCoG )−cos(θu)(dmp + lθu ,g r i pper )− lθu

sin(θu)
(4.36)
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Where ldCoG is the distance from the point where the monopile rotates around to the center of the CoG of the
monopile in z direction (measured when θu is 90 °), lθu ,g r i pper is the height of the gripper that rotates with the
monopile and lθu is the length from the point where the monopile rotates around to the water. The negative
submerged lengths are made zero. The total buoyancy force can then be calculated using:

Fb = g mmp
ρw lsubmer g ed

ρs lmp
(4.37)

The moment the buoyancy generates around the CoG of the monopile is:

rb = cos(θu)
lmp + lsubmer g ed

2
(4.38)

Mb = rbFb (4.39)

The results at the CoG of the monopile are:

Table 4.5: Buoyancy forces and moments

Phase θu(°) lsubmer g ed Fb(M N ) Mb(M N m)
1 0 0 0 0
2 0 0 0 0
3 30 17.7 0.55 19.7
4 60 32.2 1.01 17.0
5 90 37.4 1.17 0
6 90 37.4 1.17 0

In phase 1 to 2 the monopile is still out of the water therefor the buoyancy force and moment are zero.
In phase 5 and 6 the monopile is straight up and therefor the buoyancy force does not generate any moment
around the CoG of the monopile.

4.4.3. results
The forces on the gripper and crane are modeled by combining the buoyancy with the gravitational and dy-
namic forces on the monopile. Then the forces are balanced between the gripper and the crane. During phase
1 and 5 it is assumed that all forces act on the gripper. During phase 6 the gripper is locked into its position
and the monopile clamps are loosened so it can move in z direction, therefor all forces in z direction act on
the crane and all other forces and moments on the gripper. During the other phases the moment around the
x axis and the forces in z direction are divided over the gripper and crane. The forces on crane are:

Fcr ane =
ldCoG Fmp,z +

Mmp,x

cos(θu)

ldCoG + lmp

2

(4.40)

In this thesis the dynamic forces that act on the monopile are assumed to be linear proportional to the

wave height. Therefor the dynamic forces are displayed as a function of the wave height

(
Fmp

ζa

)
and the static

forces are displayed separately. The static forces on the crane and gripper are calculated by combining the
buoyancy and the gravitational forces on the monopile:

Table 4.6: Static forces on monopile and gripper

Phase Fc (M N ) Fz (M N )
1 0 25.5
2 2.3 23.2
3 2.7 22.3
4 2.8 21.7
5 0 24.3
6 24.3 0
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Where Fc is the force on the crane cable in z direction and Fz is the the force on the gripper in z direction.
The static forces and moments in other directions are zero. Note that the monopile with the gripping tool
together weigh 2600 tons, but because of buoyancy the vessel is capable of upending a 2500 ton monopile.
When the monopile is being lifted from a barge onto the gripper the monopile is not partly submerged and
therefor there is no buoyancy during this operation. No monopile lifting tool as needed for upending is
needed to lift the monopile from the barge. See chapter 5 for more information on the monopile lifting pro-
cess.

The dynamic forces are displayed for every phase in the upending process. In phase 1 the forces on the
crane are zero, so these are not displayed. The forces and moments during phase 1 dependent on the wave
period are displayed in Appendix B.1.1.

In phase 2,3 and 4 the gripper can not resist moments around the x axis, since it can freely rotate around
the x axis and is modeled as a hinge. Therefor the graph of the moment around the x axis is not shown and
instead the force on the crane is plotted. The moment around the x axis and forces in z direction work partly
on the crane and partly on the gripper. The forces and moments during phase 2,3 and 4 per meter wave am-
plitude dependent on the wave period are displayed in: Appendix B.1.2, Appendix B.1.3 and Appendix B.1.4.

In phase 5 all forces caused by the monopile act on the gripper, therefor the forces on the crane are not dis-
played here. Because the monopile is symmetric in the xz and yz plane when it is straight up the wave forces
do not cause a moment around the z axis of the monopile during phase 5 and 6. The dynamic moments
around the z axis are not displayed. The forces and moments during phase 5 per meter wave amplitude de-
pendent on the wave period are displayed in Appendix B.1.5.

In phase 6 the gripper is blocked so it can not rotate around the x axis. Therefor the moments around the
x axis act on the gripper. The clamps of the gripper are released so that the monopile can slowly be lowered
by the crane. The forces in z direction on the gripper are zero, these forces act on the crane. Therefor the
forces in z direction are not displayed and instead the forces on the crane in z direction are displayed. The
forces and moments during phase 6 per meter wave amplitude dependent on the wave period are displayed
in Appendix B.1.6.

The difference between the dynamic forces that the monopile exerts on the vessel varies a lot from phase
to phase. The biggest differences are of course because in phase 1 and 5 all forces are exerted on the gripper
and during the other phases the forces partly work on the crane. The next biggest difference in forces is
between phase 2 and 3. The reason of this big change is that in phase 2 the monopile is not submerged at all
so only acceleration forces work on it and in phase 3 the monopile is partly submerged so also hydrodynamic
and hydrostatic forces work on it. The other differences can mainly be explained by the difference in the
submerged length of the monopile between phases. This changes the dynamical forces on the monopile
as well as the buoyancy forces. Also the distance from the part of the monopile that is under water to the
center of rotation of the vessel changes drastically. Because of this the velocities of the submerged part of the
monopile changes and therefor the dynamical moments and forces are larger. This extra distance will also
increase the dynamical moments as well as the buoyancy moments the monopile exerts on the gripper, this is
because the forces have a bigger lever arm. The difference between the phases is so big that it is assumed that
the calculation of the forces and moments on the gripper and crane for more phases in between phase 2 and
phase 5 is necessary. This is done in subsection 4.4.4. Although having more data would be critical for doing a
precise analysis of the forces on the crane and gripper some interesting results are still visible: From between
phase 4 and phase 5 the dynamical forces in x and y direction are really similar, the peak at 18 seconds in the
forces in z direction is also seen in both phases, the moments around the y axis are also really similar, only
the longer periods have a higher amplitude in phase 5.

4.4.4. Extra phases
To be able to understand the results better two extra phases are added: Phase 3.5 with an angle of θu = 45°
and Phase 4.5 with an upending angle of θu = 75°. These phases are exactly in the middle between phase 3
and 4 and between phase 4 and 5. The phases are first build in Aqwa and then a model in matlab for both
phases is made.

The static forces for phase 3.5 and phase 4.5 are:
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Table 4.7: Static forces on monopile and gripper

Phase Fc (M N ) Fz (M N )
3.5 2.8 21.9
4.5 2.9 21.5

During phase 3.5 and 4.5 the moments around the x axis are not displayed for the same reason as for phase
2,3 and 4. The dynamical forces and moments of phase 3.5 and 4.5 per meter wave amplitude dependent on
the wave period are displayed in: Appendix B.1.7 and Appendix B.1.8

Then the forces and moments of all phases are compared. Only phase 3, 3.5, 4, 4.5 and 6 are included
because phase 5 has the same forces and moments as phase 6 only differently distributed over the crane and
gripper and during phase 1 and 2 the monopile is not submerged. Comparing the forces in x direction results
in:

Figure 4.10: Phase 3: forces on gripper in
x direction per meter wave height

Figure 4.11: Phase 3.5: forces on gripper
in x direction per meter wave height

Figure 4.12: Phase 4: forces on gripper in
x direction per meter wave height

Figure 4.13: Phase 4.5: forces on gripper
in x direction per meter wave height

Figure 4.14: Phase 6: forces on gripper in
x direction per meter wave height

It can clearly be seen that the dynamic forces in x direction on the gripper decrease from phase 3 to phase
3.5 and then stay more constant. During phase 3 the part of the monopile that is under water is the furthest
away from the center of rotation in y direction and therefor the x direction forces because of pitch and yaw
motions of the vessel will be the biggest during phase 3. During phase three the peak also has a different
shape. For the later phases the surge motions will have a bigger influence because the monopile is further
submerged.

Comparing the forces in y direction results in:
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Figure 4.15: Phase 3: forces on gripper in
y direction per meter wave height

Figure 4.16: Phase 3.5: forces on gripper
in y direction per meter wave height

Figure 4.17: Phase 4: forces on gripper in
y direction per meter wave height

Figure 4.18: Phase 4.5: forces on the
crane in y direction per meter wave
height

Figure 4.19: Phase 6: forces on the crane
in y direction per meter wave height

During this phase it can again be seen that phase 3 has a different curve shape compared to the other
phases. The amplitude of the dynamic forces decreases when going from phase 3 to phase 3.5, 4 and 4.5 and
then increases again slightly to phase 6. The amplitude of motions of the submerged part of the monopile
because of roll motions is a lot bigger during phase 3. This results in a decrease in force on the gripper when
going from phas 3 to face 3.5 etc.. The monopile will get further submerged when going from phase 3 to phase
6 which has the opposite effect, this explains the increase in force when going from phase 4 to phase 6.

When comparing the forces on the crane only phases 3 to 4.5 are compared since the other phases have
a different distribution between the forces on the crane and on the gripper as explained in section 4.2. Com-
paring the dynamic forces on the crane results in:

Figure 4.20: Phase 3: forces on the crane
in z direction per meter wave height

Figure 4.21: Phase 3.5: forces on the
crane in z direction per meter wave
height

Figure 4.22: Phase 4: forces on the crane
in z direction per meter wave height
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Figure 4.23: Phase 4.5: forces on the
crane in z direction per meter wave
height

When comparing the forces on the crane it needs to be taken into account that these forces are caused
by two things: The force in z direction of the monopile and the moment around he x axis of the monopile.
Two clear distinctive peaks can be seen in phases 3.5 to 4.5. Especially the peak at high frequencies can cause
problems, because the monopile will mostly be installed in the North Sea where short period waves are more
common. The high frequency peak mainly exists because the added mass of the monopile is really high for
periods of around 8 seconds during phases 3.5 to 6. The second peak is the roll natural-frequency off the
vessel with the monopile attached to it. Here the motions of the monopile are the highest and therefor the
forces as well. The high added mass is more extreme for phases 3 and 3.5 and therefor they have the highest
peak at higher frequencies.

Comparing the moments around the z axis results in:

Figure 4.24: Phase 3: moments on grip-
per around the y axis per meter wave
height

Figure 4.25: Phase 3.5: moments on grip-
per around the y axis per meter wave
height

Figure 4.26: Phase 4: moments on grip-
per around the y axis per meter wave
height

Figure 4.27: Phase 4.5: moments on grip-
per around the y axis per meter wave
height

Figure 4.28: Phase 6: moments on grip-
per around the y axis per meter wave
height

For pitch motions the same can be seen as for roll motions because the monopile is symmetric, therefor
the added mass is also a lot higher at low frequencies in pitch motions of the vessel. This generates a bigger
moment around the y axis. The high frequency added mass is also higher during the first phases then during
the later phases.

Comparing the moments around the z axis results in:
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Figure 4.29: Phase 3: moments on grip-
per around the z axis per meter wave
height

Figure 4.30: Phase 3.5: moments on grip-
per around the z axis per meter wave
height

Figure 4.31: Phase 4: moments on grip-
per around the z axis per meter wave
height

Figure 4.32: Phase 4.5: moments on grip-
per around the z axis per meter wave
height

The moment around the z axis of the grippper decreases substantially from phase 3 to phase 6. This is
mainly explained by the less severe motions the monopile undergoes when it is less far away from the center
of rotation. Also the forces that work on the end of the monopile have a longer arm around the z axis in the
first phases.

After examining the forces it becomes clear that the dynamic forces and moments in every direction are
the biggest during phase 3. The graph shape of phase 3 is also the most different from other phases.

Comparing the static forces of phase 1 to 5 results in:

Figure 4.33: The static forces on the crane from phase 1 to 5
Figure 4.34: The static forces on the gripper in z direction from
phase 1 to 5

The decrease in arm the buoyancy forces have and the decrease in arm the crane and gripper have to coun-
teract the buoyancy moment are linear proportional, therefor the difference in the force on the crane and
gripper is caused by the change in the ammount of monopile that is submerged during the upending pro-
cess. This leads to a higher force on the crane during the later upending phases and a lower force on the
gripper since the gripper gives a force in opposite direction as the crane does to counteract the buoyancy
moment. The gravity forces on the monopile and the buoyancy moments and forces on the monopile partly
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cancel each other out. The total static force exerted by the monopile are:

Figure 4.35: The total static forces exerted by the monopile from phase 1 to 5

The total force is the same as the weight of the monopile with the lifting tool times g minus the buoyancy
forces. The forces that counteract the buoyancy moment exerted on the gripper and crane cancel each other
out.

4.5. Workability

To know how many days in a year the Stella Synergy will be able to upend monopiles a workability analysis
is done using the maximum dynamic load that the crane can handle. For the maximum load of 2500t the
maximum dynamic amplification factor (DAF): Fd yn = 1.1. This means that the dynamic loads caused by
waves may not exceed 10% of 2500t when an object of 2500t is lifted. The crane also has a maximum off-lead
and side-lead angle, but because the monopile is fixed at the vessel and the crane will move in such a way
that it stays straight above the hoisting point of the monopile the off-lead and side-lead angles will remain
zero. The workability is only computed for phase 6, because all other faces have a static load with a factor 10
lower. This are really low loads for the main crane and therefor the DAF will be much higher, making phase
six the limiting phase for workability.

4.5.1. Wavescatter

A wave scatter is used to obtain the workability. A wave scatter is given available by Jumbo for the Central
North Sea. This is also the location where many future wind farms are planned. In the wavescatter the prob-
ability of having a certain wave condition (T p and H s) is displayed. So if the table gives a certain percentage
this is the chance of having that wave condition on a day. The data is averaged over a year so in summer you
can have smaller waves then in winter, but on average over the whole year this will be the chance to have
these wave conditions. The wave scatter diagram is made using measured data from the past. The wavescat-
ter used for this master thesis can be found in appendix C.1.

For each wave condition in the wavescatter the forces on the crane are calculated. The wave ranges within
the scatter are all rounded to the highest number within the range so the vessel motions are not under esti-
mated: 2.25 to 2.5 meter waves become 2.5 meter and 4-5 second periods become 5 seconds.The wave con-
ditions in the wave scatter are: H s = 0.25 m to H s = 6 m and T p = 4 s to T p = 20 s.
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4.5.2. results

Figure 4.36: Workability which Fd yn < 1.1 for the location x = 70 for phase 6

The conditions that are marked with green rectangles do not cause the wave induced forces on the crane
to exceed Fd yn = 1.1. Although this plot seems to be really negative and the workability seems really low this is
not the case. The wave conditions in the north sea are relatively mild, so the wave conditions in the upper left
corner of Figure 4.36 are more common then the wave conditions in the lower right corner. The workability
during phase 6 is: 34.3 %





5
Hoisting forces and workability

In this chapter the forces on the crane and the motions of the monopile while the vessel is hoisting the
monopile are modeled, these forces are then used to calculate the workability of hoisting from a barge next
to the vessel.

5.1. Coordinate system
The coordinates for modeling the motions and forces on the monopile are defined in this section:

Figure 5.1: Defenition of the lengths l1 and l2

According to an internal rule of Jumbo the angle between the bottom two hoisting cables has a maximum
of 60°. l 2 is fixed at 45.3 m. Length l 1 varies. When the monopile is hoisted upwards l 1 will become shorter.
When the monopile is just lifted from the barge l1 will be 80m. Before the monopile is placed on the gripper
it will be on its highest point and then l 1 will be: 64.4m.

To compute the motions of the monopile a 10 DoF model is made. First a coordinate system is made. There
are the six DoF of the vessel as described in section 3.1 and four DoF of the monopile hanging below the crane
as seen in Figure 5.2 and Figure 5.3.

49
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Figure 5.2: Graphical representation of angles φc1 and φc2

Figure 5.3: Graphical representation of angles θc1 and θc2

The positive directions of the hoisting cable angles are the same as the vessel. So Figure 5.2 is seen from
the front of the vessel so that the monopile is moving towards the vessel with positive φc1 and φc2 angles.
In figure Figure 5.3 the monopile is seen from the vessel so that the monopile is moving towards the front of
the vessel for positive angles θc1 and θc2. φc1 is the off-lead angle and θc1 is the side-lead angle. Tuggerlines
are used to stop the monopile from rotating square to the θc2 and φc2 angles (when all angles are zero this
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rotation would be rotation around the global z axis). It is assumed that the tuggerlines are infinetly stiff and
that they only influence motions in this direction.

5.2. Displacements of the monopile
Because the vessel will only move with small angles and the maximum off-lead and side-lead angles of the
crane are 1°and 2°the small angle estimation is used. This simplifies the calculations so that they become
linear and can be used in the frequency domain.
The displacements at the crane tip (xct , yct , zct ) are linked to the displacements at the CoG (xCoG , yCoG , zCoG ):

xct = xCoG + c sin(θ)−b sin(ψ) ≈ xCoG + cθ−bψ (5.1)

yct = yCoG − c sin(φ)+a sin(ψ) ≈ yCoG − cφ+aψ (5.2)

zct = zCoG +b sin(φ)−a sin(θ) ≈ zCoG +bφ−aθ (5.3)

Where a,b and c are the distances in x, y and z directions from the CoG to the crane tip. The displacements
of the monopile can then be described using the displacements of the crane tip:

xm = xct − l1 sin(θc1)− l2 sin(θc2) ≈ xCoG + cθ−bψ− l1θc1 − l2θc2 (5.4)

ym = yct + l1 sin(φc1)+ l2 sin(φc2) ≈ yCoG − cφ+aψ+ l1φc1 + l2φc2 (5.5)

zm ≈ zCoG +bφ−aθ+ l1
θ2

c1

2
+ l2

θ2
c2

2
+ l1

φ2
c1

2
+ l2

φ2
c2

2
(5.6)

5.3. Monopile hoisting motions and accelerations
δT = δxmp ẍmp mmp +δymp ÿmp mmp +δzmp z̈mp mmp +δφc1(φ̈c1 + φ̈c2)Ixx,mp +δθc1(θ̈c1 + θ̈c2)Iy y,mp+

δφc2(φ̈c1 + φ̈c2)Ixx,mp +δθc2(θ̈c1 + θ̈c2)Iy y,mp (5.7)

δV = δzmp mmp g (5.8)

δT +δV = mmp

(
δxCoG (ẍCoG + cθ̈−bψ̈− l1θ̈c1 − l2θ̈c2)+
δyCoG (ÿCoG − cφ̈+aψ̈+ l1φ̈c1 + l2φ̈c2)+

δzCoG (z̈CoG +bφ̈−aθ̈)+
δφ(−c(ÿCoG − cφ̈−aψ̈+ l1φ̈c1 + l2φ̈c2)+b(z̈CoG +bφ̈−aθ̈)− cgφ)+
δθ(c(ẍCoG + cθ̈+bψ̈− l1θ̈c1 − l2θ̈c2)−a(z̈CoG +bφ̈−aθ̈)− cgθ)+

δψ(−b(ẍCoG + cθ̈−bψ̈− l1θ̈c1 − l2θ̈c2)+a(ÿCoG − cφ̈+aψ̈+ l1φ̈c1 + l2φ̈c2)+
δφc1(l1(ÿCoG − cφ̈+aψ̈+ l1φ̈c1 + l2φ̈c2)+ r 2

xx,mp (φ̈c1 + φ̈c2)+ g l1φc1)+
δθc1(l1(−ẍCoG − cθ̈+bψ̈+ l1θ̈c1 + l2θ̈c2)+ r 2

y y,mp (θ̈c1 + θ̈c2)+ g l1θc1)

δφc2(l2(ÿCoG − cφ̈+aψ̈+ l1φ̈c1 + l2φ̈c2)+ r 2
xx,mp (φ̈c1 + φ̈c2)+ g l2φc2)+

δθc2(l2(−ẍCoG − cθ̈+bψ̈+ l1θ̈c1 + l2θ̈c2)+ r 2
y y,mp (θ̈c1 + θ̈c2)+ g l2θc2)

)
(5.9)

From these formulas the mass and stiffness matrices of the monopile are made:

Mmp = mmp



1 0 0 0 c −b 0 −l1 0 −l2

0 1 0 −c 0 a l1 0 l2 0
0 0 1 b −a 0 0 0 0 0
0 −c b c2 +b2 −ab −ac −l1c 0 −l2c 0
c 0 −a −ab c2 +a2 −bc 0 −l1c 0 −l2c
−b a 0 −ac −bc b2 +a2 l1a l1b l2a l2b
0 l1 0 −l1c 0 l1a l 2

1 + r 2
xx 0 l1l2 + r 2

xx 0
−l1 0 0 0 −l1c l1b 0 l 2

1 + r 2
y y 0 l1l2 + r 2

y y

0 l2 0 −l2c 0 l2a l1l2 + r 2
xx 0 l 2

2 + r 2
xx 0

−l2 0 0 0 −l2c l2b 0 l1l2 + r 2
y y 0 l 2

2 + r 2
y y


(5.10)
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Cmp = mmp



0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 l1g 0 0 0
0 0 0 0 0 0 0 l1g 0 0
0 0 0 0 0 0 0 0 l2g 0
0 0 0 0 0 0 0 0 0 l2g


(5.11)

Cmp (4,4) =Cmp (5,5) =−cmmp g these terms are removed from the stiffness matrix of the model because
they are the result of the load getting further away from the CoG when the vessel is heeling. This effect is
already taken into account in GM. The z coordiante of the CoG of the monopile is assumed to be at the crane
tip when calculating GM of the vessel with the monopile attached to the crane. In the following formulas it is
proven that both methods give the same results:

C44 = ρg∇GMT = g mtot al GMT (5.12)

GMT = K B +B M −KG = K B + IT

∇ −KG (5.13)

∆KG = cmmp

mtot al
(5.14)

from this it can be concluded that:
∆C44 =−cmmp g (5.15)

which is the same. Taking this into account in GM is common practice at offshore lifting companies.
The mass matrix of the double pendulum monopile is added to the mass matrix of the vessel obtained from
subsection 3.2.1 and the stiffness matrix of the double pendulum monopile is added to the stiffness matrix of
the vessel calculated in subsection 3.2.2:

Mt ot al = Mmp +M (5.16)

Ct ot al =Cmp +C (5.17)

Using this the RAOs can be computed:

R AO(ω,µ) = LT HF Z (ω,µ)

LT (−ω2 (Mt ot al + A(ω))+ iω(B (ω)+Bad d )+Ct ot al )L
(5.18)

where L is filled in using the coordinates of the crane tip (a,b,c)(see subsection 3.3.1:

L =



1 0 0 0 c −b 0 0 0 0
0 1 0 −c 0 a 0 0 0 0
0 0 1 b −a 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 1


(5.19)

5.4. Results
The natural frequencies and eigenvectors of the system are calculated using:

(Ct ot al −λ(Mt ot al + A))v = 0 (5.20)
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Whereλ are the eigenvalues squared and v is the eigenvector. Because the added mass matrix A is dependent
on the wave frequency the natural frequencies are calculated for all 100 frequencys that are previously used in
the model. Then the resulting natural frequencies are compared to the frequency of the added mass matrix.
The natural frequencies that are the closest to the frequency of the added mass are the natural frequencies of
the system. One problem of using this method is that natural frequencies outside of the analysed frequency
range are not found.

This gives the following undamped natural frequencies with their eigenvectors:

Table 5.1: Natural frequencies of the vessel lifting a monopile

Natural- Hertz Eigenmode
frequency
1 0.119 z
2 0.083 y , z, φ, φc and φc2

3 0.088 y , z, φ, φc and φc2

4 0.045 x, θc and θc2

5 0.018 y , φ

Then the RAOs for a wave coming from µ = 15 degrees are displayed in the same graphs as the naturalfre-
quencies (the dashed lines), note that for the first six degrees of freedom this are the RAOs at the crane tip.

Figure 5.4: The RAO for the first degree of freedom: surge(blue
line), compared to the naturalfrequencies(dashed lines)

Figure 5.5: The RAO for the second degree of freedom:
sway(blue line), compared to the naturalfrequencies(dashed
lines)

Figure 5.6: The RAO for the third degree of freedom: heave(blue
line), compared to the naturalfrequencies(dashed lines)

Figure 5.7: The RAO for the fourth degree of freedom: roll(blue
line), compared to the naturalfrequencies(dashed lines)
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Figure 5.8: The RAO for the fifth degree of freedom: pitch(blue
line), compared to the naturalfrequencies(dashed lines)

Figure 5.9: The RAO for the sixth degree of freedom: yaw(blue
line), compared to the naturalfrequencies(dashed lines)

Figure 5.10: The RAO for the seventh degree of freedom: the off-
lead angle of the upper hoisting cable(blue line), compared to
the naturalfrequencies(dashed lines)

Figure 5.11: The RAO for the eighth degree of freedom: the side-
lead angle of the upper hoisting cable(blue line), compared to
the naturalfrequencies(dashed lines)

Figure 5.12: The RAO for the ninth degree of freedom: the off-
lead angle of the lower hoisting cable(blue line), compared to
the naturalfrequencies(dashed lines)

Figure 5.13: The RAO for the tenth degree of freedom: the side-
lead angle of the lower hoisting cable(blue line), compared to
the naturalfrequencies(dashed lines)

A clear relation between the calculated naturalfrequencies and RAOs can be seen. The off-lead angles (de-
grees of freedom 8 and 10) have the same peak at arround 0.8 Hertz as roll, heave and sway. This is because
the naturalfrequency at 0.83 Hertz has an eigenmode in which these degrees of freedom are dominant. Be-
cause the monopile is not placed in the center of the vessel both side-lead angles (degrees of freedom 9 and
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10 influence the yaw motions of the vessel and vice versa. This can also be seen in the peak and natural fre-
quency at 0.45 Hertz. The eigenmode of this natural frequency is also dominated by yaw and the side-lead
angles as expected. This are the RAOs for a wave direction of 15 degrees(the same direction as the the waves
will be coming from at the workability analysis). The RAOs are calculated for all wave directions as seen in
Figure 5.14 and Figure 5.15.

Figure 5.14: The RAO for the seventh degree of freedom: the off-
lead angle of the hoisting cable varying over angles and frequen-
cies

Figure 5.15: The RAO for the seventh degree of freedom: the
side-lead angle of the hoisting cable varying over angles and fre-
quencies

The RAOs of the off-lead angle off the hoisting cable are as expected a lot higher with beam waves. The side-
lead angles are the lowest with beam waves. Also the natural frequencys as seen in Table 5.1 can clearly be
seen in these 3D plots of the RAOs.

5.5. Workability
The limiting factors for the hoisting process are:

• the dynamic amplification factor should not exceed 1.1: Fd yn ≤ 1.1

• the off-lead angle should not exceed one degree OL ≤ 1°

• the side-lead angle should not exceed two degrees SL ≤ 2°

All the three factors are checked for every wave height and wave frequency combination in the wave scatter
diagram (subsection 4.5.1). If they exceed the limits they are marked red and if they stay within the limit
they are marked green. To see the influence of changing the limmiting factors that are displayed above the
following limiting factors have been tested:

• OL ≤ 1°, OL ≤ 2° and OL ≤ 3°

• SL ≤ 1°, SL ≤ 2° and SL ≤ 3°

• Fd yn ≤ 1.05, Fd yn ≤ 1.1 and Fd yn ≤ 1.15

The limiting factors from low to high are displayed in colors from light green to dark green as can be seen in
the legends next to the workability plots. Below every workablitiy plot the workability of the limiting factors
is shown in a bar graph. This shows on the left the workability if the limiting factor was the only limiting
factor and on the right the workability for all three limiting factors combined, where the other two limiting
factors are kept at there standard (OL ≤ 1°, SL ≤ 2° and Fd yn ≤ 1.1). The workability percentage is calculated
by adding up the occurrence percentage of all wave conditions that are still workable. The occurrence of the
wave conditions can be seen in: section C.1.
First the workability for l 1 = 80m is displayed:
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Dynamic amplification factor:

Figure 5.16: The workability if only the dynamic amplification factor is taken into account for l1 = 80m

Figure 5.17: The workability when only the Dynamic
amplification factor is taken into account, l 1 = 80m

Figure 5.18: Comparing the workability for different
dynamic amplification factors, l1 = 80m

As seen in Figure 5.17 the workability, when only the dynamic amplification factor is taken into account,
does change significantly when it would be increased to 1.15. In Figure 5.18 can be seen that changing the
dynamic amplification factor would not influence the total workability. When the tuggerlines can also be
used to keep the off-lead and side-lead angle limited the workability displayed in Figure 5.16 will be the total
workability for the hoisting process.
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side-lead angle:

Figure 5.19: The workability if only the maximum Side-lead angle is taken into account for l 1 = 80m

Figure 5.20: The workability when only maximum
side-lead angle is taken into account, l 1 = 80m

Figure 5.21: Comparing the workability for different
maximum side-lead angles, l 1 = 80m

For the same reason as with the dynamic amplification factor increasing the side-lead angle will not increase
the total workability.
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off-lead angle:

Figure 5.22: The workability if only the maximum off-lead angle is taken into account for l1 = 80m

Figure 5.23: The workability when only maximum off-
lead angle is taken into account, l 1 = 80m

Figure 5.24: Comparing the workability for different
maximum off-lead angles, l 1 = 80m

As seen in Figure 5.24 increasing the off-lead angle will increase the total workability. This does mean that
the maximum off-lead angle is limiting the workability for a hoisting cable length of 80m.
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Total workability
The workability of all the limiting factors is combined so that the total workability only is positive when all
three factors all positive. If one or more of the limiting factors are exceeded for a certain condition it will
not be workable for that condition. This is done for the limiting factors of the crane (OL ≤ 1°, SL ≤ 2° and
Fd yn ≤ 1.1).

Figure 5.25: The total workability (combining Off-lead angle, Side-lead angle and cable tension workabil-
itys) for l1 = 80m

The same is done for l 1 = 64.4m:
Dynamic amplification factor:

Figure 5.26: The workability if only the maximum cable tension is taken into account for l 1 = 64m
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Figure 5.27: The workability when only the Dynamic
amplification factor is taken into account, l 1 = 64m

Figure 5.28: Comparing the workability for different
dynamic amplification factors, l1 = 64m

side-lead angle:

Figure 5.29: The workability if only the maximum Side-lead angle is taken into account for l 1 = 64m

Figure 5.30: The workability when only maximum
side-lead angle is taken into account, l1 = 64m

Figure 5.31: Comparing the workability for different
maximum side-lead angles, l 1 = 64m
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off-lead angle:

Figure 5.32: The workability if only the maximum off-lead angle is taken into account for l1 = 64m

Figure 5.33: The workability when only maximum off-
lead angle is taken into account, l1 = 64m

Figure 5.34: Comparing the workability for different
maximum off-lead angles, l1 = 64m
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Total workability
The workability of the limiting factors is combined again to give the total workability for l 1 = 64m

Figure 5.35: The total workability (combining Off-lead angle, Side-lead angle and cable tension workabil-
itys) for l1 = 64m

Also for l1 = 64m the off-lead angle is the limiting factor. Adding up the occurrence percentage of all wave
conditions that passed all three limiting factors leads to the total workability of the hoisting at l1 = 64m. The
occurrence of the wave conditions can be seen in: Appendix C.1.

The total workability for L1 = 80m is: 29.9% and for L1 = 64m the workability is: 27.9%. To increase the
workability the three limiting factors are observed and it becomes clear that increasing the off-lead angle
from one to two degrees will have the biggest impact on the workability. Increasing the off-lead angle from
one to two degrees will increase the workability for L1 = 80m to 44.0% and for L1 = 64m to: 36.7%. Therefor
it is advised to increase the maximum off-lead angle of the main crane to two degrees.

5.6. linear model small angle estimation
The linear model used turns out to be accurate enough because during all cases where Fd yn ≤ 1.2 the lower
and upper off-lead and side-lead angles as well as the roll, pitch and sway angles are smaller then ten degrees.
At an angle of ten degrees the small angle approximation for sinus is 99.5% accurate and the cosinus small
angle estimation is almost 100 % accurate as seen in Figure 5.36 [T. Bennison, 2018] The conditions at which
the vessel will not exceed ten degrees roll, pitch and yaw can be seen in section D.1.

Figure 5.36: The difference between the small angle estimation and the cosinus, sinus and tangens
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The crane of the Stella Synergy will have a crane with Fd yn ≤ 1.1 for loads of 2500 ton. Therefor all results
that are close to Fd yn = 1.1 are accurate using this model. When the motions become to severe and the linear
model will not be accurate anymore the conditions will not be workable on this vessel anyway. Therefor it is
concluded that using small angle estimation in the modelis accurate enough for this problem.





6
Conclusion and recommendations

In this chapter the results and recommendations are discussed.

6.1. Gripper and upending methods and equipment
Upending using the gripper would be the fastest and safest way to upend monopiles with the Stella Synergy.
When monopiles are heavier then the maximum lifting capability of the crane the monopiles can be upended
in water to reduce the loads on the crane.

The best gripper design for the Stella Synergy will be a motion compensated gripper that is capable of
upending. Two good examples of gripper design are the gripper of the Oleg Strasnov and the Huisman two
arm gripper. Both are motion compensated and can be made so that they are capable of upending monopiles.
The two grippers should be analysed with more detail to make a final decision. The gripper should be capable
of gripping the monopile close to the CoG of the monopile so the Stella Synergy will be able to upend the
monopiles.

6.2. Vessel motions
Using Aqwa the vessels added mass, damping and undisturbed wave and diffraction forces are calculated.
This is done using a 3D model of the vessel. A mesh is made, the mesh size is determined by making the
mesh smaller in steps of 1m until the results converge to a constant value. In Matlab the RAOs have been
calculated using the hydrodynamic data from Aqwa in combination with the hydro-static properties of the
vessel and the viscous roll damping. The calculated RAOs are really close to the measured RAOs from MARIN,
only the amplitude off the roll RAO around the roll naturalfrequency is higher. When there are waves in this
frequency the motions will be to severe and the difference between 15 and 22 °/m does not matter. However
when the model is used for other applications this should be reconsidered. When the viscous roll damping is
made higher the calculated and measured RAOs are exactly the same. Jumbo has experienced before that the
viscous roll damping measured by MARIN is lower then the real roll damping. This can be because the roll
damping measured by MARIN is linearised while it actually is dependent on the roll angular velocity squared.

Using the RAOs the MPM of the vessels motions are calculated. This is done using a Rayleigh distribution.
When the crane load curve of the Stella Synergy is taken into account there are only two possible location
for the center of the gripper left: (42,−25) and (70,−25). The motions at (70,−25) are far less severe then on
(42,−25). The disadvantage is that only monopiles with lengths up to 105m can be upended at (70,−25) with-
out coming to close to the secondary crane while it is hoisting the monopiles from a barge into the gripper.
Therefor it is advised to place the gripper at (70,−25) unless the monopiles for the upcoming job are getting
bigger then 105 m.

6.3. Upending forces and workability
To calculate the forces exerted by the monopile on the gripper and crane a model of the vessel with the
monopile attached to it is made. To do this first some simplifications are made. The naturalfrequency of the
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monopile on the upending frame is calculated using the stiffness of the hoisting cable. The naturalfrequency
of the hoisting cable is between 0.81H z and 1.13H z which is outside of the frequency range of excitation
forces. Therefor the hoisting cables are modeled infinitely stiff. To be more certain of this it is advised that the
natural frequency is calculated with more detail, for example taking into account the stiffness of the crane
itself. When the stiffness of the crane is not assumed to be infinitely stiff the overall stiffness will be lower
and therefor the natural frequency will be lower because f ∝p

c/m. Lifting a lighter monopile will increase
the naturalfrequency and therefor the difference between naturalfrequency and excitation frequencies will
become bigger, so for lighter monopiles the hoisting cable can also be assumed to be infinitely stiff.

The upending process has been split up into 6 phases. The forces on the crane and gripper are calculated
for these phases. First the mass, added mass, diffraction and undisturbed wave forces are calculated using
AQWA. The vessel is modeled with the monopile next to it for the phases where the monopile is partly sub-
merged. The vessel is kept statically up straight and at the same draft by using ballasting. The needed ballast
is calculated and the changes in the mass matrix because of ballasting and the location of the monopile on
the vessel are taken into account, also GM and therefor the stiffness matrix changes from phase to phase. The
viscous damping of the monopile is modeled using the drag coefficient of a cylinder, for a Reynolds number
of 107 CD is around 1. CD has also been computed using the Keulegan and Carpenter number, which had the
same results. Then the viscous roll and pitch damping coefficients are calculated using stochastic linearisa-
tion.

The M , A, B , Bad d C and L matrices change every phase. Therefor the RAOs are obtained for every phase.
Then the forces and moments at the center of gravity of the monopile are calculated using the model. The
buoyancy and gravitational forces on the monopile are combined to calculate the static forces and moments
on the gripper and crane. Although some similarities are seen between the phases the dynamic forces dif-
fer so much that two extra phases have been added with θu = 45° and θu = 75°. With the extra phases the
transition between the phases has become a lot smaller and more understandable. The dynamic forces in
all directions are the biggest during phase 3. Because the graph shape of phase 3 has the least similar shape
compared to the other phases it might be use-full to add another phase in between phase 3 and 3.5. Also
the moment that the monopile just touches the water can cause high forces and needs to be studied in more
detail. The statical forces on the crane during phase one to five are less then 10% of the maximum lifting
capacity of the crane. Therefor the workability is only calculated for phase six where the forces on the static
forces on the crane are almost 100% of the lifting capacity. The total workability for phase six is calculated
using a wave scatter diagram from the central North Sea. The workability for upending during phase six is:
34.3%.

6.4. Hoisting forces and workability
A model is made from the Stella Synergy while it is hoisting a monopile from a barge next to the vessel. The
monopile is modeled as a hollow cylinder and the hoisting cable is split up in two parts: the top part which
is a single cable and the bottom part which are two cables 60° apart from each other. The cable is allowed to
hinge between part one and part two. The cable is assumed to be infinitely stiff. This results in a 10 degree
of freedom system: the six degrees of freedom from the vessel plus two angles for each part of cable. The
system is modeled using virtual displacement. This results in new mass and damping matrices. Using these
the RAOs of the vessel and monopile are calculated. Then the MPM of the motions are calculated.

The crane has three main limiting factors: The maximum dynamic amplification factor, the off-lead an-
gle and the side-lead angle. The MPM off these three factors are calculated using the RAOs and a Rayleigh
distribution. Then the workability is calculated by doing the previous calculation over for all wave conditions
displayed in the wavescatter sheet. This is done for a L1 = 64m and a L1 = 80m because this is the minimum
and maximum cable length used while hoisting the monopile. It becomes clear that the maximum off-lead
angle is the limiting factor for the workability. The total workability for L1 = 80m is: 29.9% and for L1 = 64m
the workability is: 27.9% Increasing the off-lead angle from one to two degrees will increase the workability
for L1 = 80m to 44.0% and for L1 = 64m to: 36.7% The linear model with small angle estimation is checked to
be accurate enough to be used in this model
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6.5. Total workability
To be able to know the total workability of installing a monopile using the Stella Synergy further research has
to be done in the dynamic positioned gripper that might be used. The companies that make the gripper all
claim it will be workable with waves up to: H s = 3m. This is a really unreliable statement since the motions
at H s = 3m are different for every vessel and wave period. The grippers are still in an experimental state and
although it sounds like a great solution for the Stella Synergy more proof of concept has to be given by the
companies who make and design the gripper.

To understand the limitations of the workability better it is advised to calculate the seasonal workability
for the monopile installation. In some areas it is not allowed to install monopiles during the seal breading
season. If these months have more workable conditions then the other months it is possible that the total
workability of the vessel is a lot lower.

When monopiles in other areas are installed other wave spectra should be analysed. A JONSWAP spec-
trum will not work for areas with a lot of swell. Because the long period swell waves cause larger excitation
of the vessel swell will cause the workability to be lower. In areas with a lot of swell the wave directions can
also differ a lot. Two waves can come from totally different directions. This should also be analysed when
monopiles are planned to be installed in swell prone areas.





A
Vessel Motions Appendix

A.1. radiation potential
The velocity potential functionΦ describes the potential of a fluid at a certain location. The derivative ofΦ in
a direction is the velocity of the fluid flow in that direction.

u = ∂Φ

∂x
; v = ∂Φ

∂y
; w = ∂Φ

∂z
(A.1)

The velocity potential is split up in:

• Φ0 is the potential of the incoming undisturbed wave

• Φ7 is the diffraction potential

• Φ1 toΦ6 are the radiation potentials for every degree of freedom

To calculate the radiation forces water is assumed to be non viscous and incompressable and irrotational.

∂u

∂x
+ ∂v

∂y
+ ∂w

∂z
= 0 (A.2)

This results in the Laplace equation:

∂2Φ

∂x2 + ∂2Φ

∂y2 + ∂2Φ

∂z2 = 0 (A.3)

Using Bernoulli the pressure can be calculated with the velocity potentials.

p =−ρ ∂Φ
∂t

− 1

2
(u2 + v2 +w2)−ρg z (A.4)

−1

2
(u2 + v2 +w2) is small enough to be neglected (second order). To obtain the forces and moments on

the surface, the pressure is integrated over the submerged surface:

F =
Ï

S

(
p f

)
dS =

Ï
S

(
ρ
∂Φ

∂t
f

)
dS (A.5)

Where f is the motion in the normal direction of the surface of the vessel compared to a motion in the
global coordinate system. ∣∣∣∣∣∣∣∣∣∣∣∣∣

f1

f2

f3

f4

f5

f6

∣∣∣∣∣∣∣∣∣∣∣∣∣
=

∣∣∣∣∣∣∣∣∣∣∣∣∣

cos(n, x)
cos(n, y)
cos(n, z)

y cos(n, z)− z cos(n, y)
z cos(n, x)−x cos(n, z)
x cos(n, y)− y cos(n, x)

∣∣∣∣∣∣∣∣∣∣∣∣∣
(A.6)
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SplittingΦ up in a time and space dependent part results in:

Φn = Re
{
φn vae−iωt

}
= Re

{
φn sa(−iω)e−iωt

}
f or n = 1, ...,6 (A.7)

where va is the complex amplitude of velocity and sa is the complex amplitude of displacement

Fr, j ,k = Re

{
−ρω2sa,k

Ï
S

(
φk n j

)
dS e−iωt

}
= Re

{
−av̇a,k e−iωt −bva,k e−iωt

}
= Re

{
aω2sa,k e−iωt + i bωsa,k e−iωt

}
(A.8)

from this we find the following formulas for a and b:

a j ,k =−ρRe

{Ï
S

(
φk f j

)
dS

}
f or j = 1, ...,6 (A.9)

b j ,k =−ρωIm

{Ï
S

(
φk f j

)
dS

}
f or j = 1, ...,6 (A.10)

Φ1, ...,Φ6 are calculated using a panel method like Aqwa (chapter3.2.6)

A.2. undisturbed incoming wave and difraction forces
.

The flow potential due to an undisturbed wave in deep water is:

Φ0 =−ζa g

ω
ekz sin(ωt −kxcos(µ)−k y sin(µ)) (A.11)

where µ is the direction which the wave goes and k is the wave number.
from this we can calculate the pressure:

pΦ0+Φ7 =−ρ ∂ (Φ0 +Φ7)

∂t
(A.12)

using this pressure the force can be calculated by integrating over the surface.

FD +FW =
Ï

S

(
pΦ0+Φ7 f

)
dS (A.13)

A.3. panelmethod
To be able to calculate the radiation and diffraction potentials for the whole vessel the vessel is split up in a
a lot of small surfaces; panels. Every panel has a source strength σ which generates a potential square to the
panel. Every panel is influenced by the sources of the other panels as well as the boundary conditions of the
bottom and the surface of the ocean. Because the bottom of the ocean is assumed rigid the ocean water can
not flow into the bottom so the boundary condition is:(

∂φ

∂z

)
z=−h

= 0 (A.14)

where h is the water depth. At the free surface the boundary conditions are:(
∂2φ

∂t 2

)
z=0

+ g

(
∂φ

∂z

)
z=0

= 0,

(
∂φ

∂z

)
z=−h

= ∂ζ

∂t
(A.15)

To find the diffraction potential the following formula needs to be solved for every panel m taking into
account every panel n on the vessel.

− 1

2
σm7 + 1

4π

∂Gmn

∂n
∆Sn =−

(
∂Φ0

∂n

)
m

(A.16)

This leads to the following formula:
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 A11 ... A1N

... ... ...
AN 1 ... AN N

∣∣∣∣∣∣
σ1,7

...
σN ,7

∣∣∣∣∣∣=
∣∣∣∣∣∣∣∣∣∣
−

(
∂(φ0)

∂n

)
1

...

−
(
∂(φ0)

∂n

)
N

∣∣∣∣∣∣∣∣∣∣
(A.17)

Where Amn is the influence of panel n on
∂φ7

∂n
at panel m: Amn = 1

4π

∂Gmn

∂n
∆Sn and σn,7 is the unknown

source strength of the diffraction potential at panel n. N are the number of panels that are used to describe
the surface of the vessel.

To find the radiation potentials the boundary conditions at the hull are needed:

∂Φ j

∂n
= ∂φ j

∂n
(−iωsae−iωt ) = vn = f j (−iωsae−iωt ) f or j = 1, ...,6 (A.18)

Where vn is the local body velocity in normal direction. From this can be concluded that:

∂φ j

∂n
= f j f or j = 1, ...,6 (A.19)

Using the boundary conditions the radiation potential is calculated as follows for every panel:

− 1

2
σm j + 1

4π

N∑
n=1

σn j
∂Gmn

∂n
∆Sn = fm j f or j = 1, ...,6 (A.20)

This can be written using matrices as: A11 ... A1N

... ... ...
AN 1 ... AN N

∣∣∣∣∣∣
σ1, j

...
σN , j

∣∣∣∣∣∣=
∣∣∣∣∣∣

f j 1

...
f j N

∣∣∣∣∣∣ f or j = 1, ...,6 (A.21)

Where j indicates the radiation potential that is being calculated.
These formulas are solved in Aqwa.





B
Upending Forces Appendix

B.1. Dynamic forces on gripper and crane

B.1.1. phase 1

The dynamicalforces and moments of phase 1 per meter wave amplitude dependent on the wave period are:

Figure B.1: Phase 1: forces on gripper in
x direction per meter wave height

Figure B.2: Phase 1: forces on gripper in
y direction per meter wave height

Figure B.3: Phase 1: forces on gripper in
z direction per meter wave height

Figure B.4: Phase 1: moments on gripper
around the x axis per meter wave height

Figure B.5: Phase 1: moments on gripper
around the y axis per meter wave height

Figure B.6: Phase 1: moments on gripper
around the z axis per meter wave height
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B.1.2. phase 2

The dynamical forces and moments of phase 2 per meter wave amplitude dependent on the wave period are:

Figure B.7: Phase 2: forces on gripper in
x direction per meter wave height

Figure B.8: Phase 2: forces on gripper in
y direction per meter wave height

Figure B.9: Phase 2: forces on gripper in
z direction per meter wave height

Figure B.10: Phase 2: Forces on crane in
z direction per meter wave height

Figure B.11: Phase 2: moments on grip-
per around the y axis per meter wave
height

Figure B.12: Phase 2: moments on grip-
per around the z axis per meter wave
height

B.1.3. phase 3

The dynamical forces and moments of phase 3 per meter wave amplitude dependent on the wave period are:

Figure B.13: Phase 3: forces on gripper in
x direction per meter wave height

Figure B.14: Phase 3: forces on gripper in
y direction per meter wave height

Figure B.15: Phase 3: forces on gripper in
z direction per meter wave height
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Figure B.16: Phase 3: Forces on crane in
z direction per meter wave height

Figure B.17: Phase 3: moments on grip-
per around the y axis per meter wave
height

Figure B.18: Phase 3: moments on grip-
per around the z axis per meter wave
height

B.1.4. phase 4

The dynamical forces and moments of phase 4 per meter wave amplitude dependent on the wave period are:

Figure B.19: Phase 4: forces on gripper in
x direction per meter wave height

Figure B.20: Phase 4: forces on gripper in
y direction per meter wave height

Figure B.21: Phase 4: forces on gripper in
z direction per meter wave height

Figure B.22: Phase 4: Forces on crane in
z direction per meter wave height

Figure B.23: Phase 4: moments on grip-
per around the y axis per meter wave
height

Figure B.24: Phase 4: moments on grip-
per around the z axis per meter wave
height
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B.1.5. phase 5

The dynamical forces and moments of phase 5 per meter wave amplitude dependent on the wave period are:

Figure B.25: Phase 5: forces on gripper in
x direction per meter wave height

Figure B.26: Phase 5: forces on gripper in
y direction per meter wave height

Figure B.27: Phase 5: forces on gripper in
z direction per meter wave height

Figure B.28: Phase 5: moments on grip-
per around the x axis per meter wave
height

Figure B.29: Phase 5: moments on grip-
per around the y axis per meter wave
height

B.1.6. phase 6

The dynamical forces and moments of phase 6 per meter wave amplitude dependent on the wave period are:

Figure B.30: Phase 6: forces on gripper in
x direction per meter wave height

Figure B.31: Phase 6: forces on gripper in
y direction per meter wave height

Figure B.32: Phase 6: Forces on crane in
z direction per meter wave height

Figure B.33: Phase 6: moments on grip-
per around the x axis per meter wave
height

Figure B.34: Phase 6: moments on grip-
per around the y axis per meter wave
height
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B.1.7. phase 3.5

The dynamical forces and moments of phase 3.5 per meter wave amplitude dependent on the wave period
are:

Figure B.35: Phase 3.5: forces on gripper
in x direction per meter wave height

Figure B.36: Phase 3.5: forces on gripper
in y direction per meter wave height

Figure B.37: Phase 3.5: forces on gripper
in z direction per meter wave height

Figure B.38: Phase 3.5: Forces on crane
in z direction per meter wave height

Figure B.39: Phase 3.5: moments on
gripper around the y axis per meter wave
height

Figure B.40: Phase 3.5: moments on
gripper around the z axis per meter wave
height

B.1.8. phase 4.5

The dynamical forces and moments of phase 4.5 per meter wave amplitude dependent on the wave period
are:

Figure B.41: Phase 4.5: forces on gripper
in x direction per meter wave height

Figure B.42: Phase 4.5: forces on gripper
in y direction per meter wave height

Figure B.43: Phase 4.5: forces on gripper
in z direction per meter wave height
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Figure B.44: Phase 4.5: Forces on crane
in z direction per meter wave height

Figure B.45: Phase 4.5: moments on
gripper around the y axis per meter wave
height

Figure B.46: Phase 4.5: moments on
gripper around the z axis per meter wave
height
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C.1. wavescatter
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A
p

p
en

d
ix

Tp [s]
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
- - - - - - - - - - - - - - - - - -

Hs(m) 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
0.00 0.25 0.0% 0.2% 0.0% 0.0% 0.1% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
0.25 0.50 0.0% 0.6% 2.0% 0.6% 0.6% 0.3% 0.4% 0.3% 0.2% 0.1% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
0.50 0.75 0.0% 0.5% 2.3% 2.1% 1.2% 0.8% 0.8% 0.4% 0.2% 0.1% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
0.75 1.00 0.0% 0.3% 3.0% 5.4% 3.7% 1.9% 1.8% 1.1% 0.3% 0.3% 0.1% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
1.00 1.25 0.0% 0.0% 1.2% 3.1% 2.8% 1.9% 1.1% 0.8% 0.3% 0.1% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
1.25 1.50 0.0% 0.0% 0.4% 3.7% 4.3% 2.4% 1.4% 1.2% 0.6% 0.2% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
1.50 1.75 0.0% 0.0% 0.0% 1.2% 2.6% 1.6% 0.9% 0.7% 0.4% 0.2% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
1.75 2.00 0.0% 0.0% 0.0% 0.7% 3.3% 2.4% 1.3% 0.7% 0.7% 0.3% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
2.00 2.25 0.0% 0.0% 0.0% 0.1% 1.6% 1.7% 0.9% 0.4% 0.3% 0.2% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
2.25 2.50 0.0% 0.0% 0.0% 0.0% 1.3% 2.2% 1.1% 0.5% 0.3% 0.2% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
2.50 2.75 0.0% 0.0% 0.0% 0.0% 0.3% 1.1% 0.6% 0.3% 0.1% 0.1% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
2.75 3.00 0.0% 0.0% 0.0% 0.0% 0.2% 1.0% 1.1% 0.4% 0.1% 0.1% 0.1% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
3.00 3.25 0.0% 0.0% 0.0% 0.0% 0.0% 0.4% 0.7% 0.2% 0.1% 0.1% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
3.25 3.50 0.0% 0.0% 0.0% 0.0% 0.0% 0.2% 0.8% 0.4% 0.1% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
3.50 3.75 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.4% 0.3% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
3.75 4.00 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.3% 0.4% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
4.00 4.25 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.2% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
4.25 4.50 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.3% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
4.50 4.75 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
4.75 5.00 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
5.00 5.25 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
5.25 5.50 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
5.50 5.75 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
5.75 6.00 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
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D.1. small angle estimation

The conditions at which the vessel will not exceed a roll angle of ten degrees are marked green:

Figure D.1: The conditions at which the vessel does not exceed a roll angle of ten degrees

The conditions at which the vessel will not exceed a pitch angle of ten degrees areare marked green:

81



82 D. Conclusion Appendix

Figure D.2: The conditions at which the vessel does not exceed a pitch angle of ten degrees

The conditions at which the vessel will not exceed a yaw angle of ten degrees areare marked green:

Figure D.3: The conditions at which the vessel does not exceed a yaw angle of ten degrees
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