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Abstract

Rising global CO2 levels have created a growing need for renewable energy resources. Offshore wind energy
is a promising solution, with monopile (MP) foundations preferred for their relatively low cost, provided the
site conditions are suitable. Recently, wind turbines have significantly increased in size for greater cost effi-
ciency, leading to the development of 3XL MPs with diameters of 12 meters or more. Depending on the site
and marine contractor preferences, a jack-up vessel may be used to install a 3XL MP. Marine contractors typ-
ically employ dynamic models to determine suitable weather windows for each installation phase. Lowering
the 3XL MP through the splash zone and gripper to just above the seabed is a critical phase. To optimize the
dynamic models for this phase, understanding the 3XL MP’s behavior during splash zone lowering is essen-
tial. This thesis therefore investigates the dynamic behavior of a 3XL MP during lowering phase through the
splash zone until just above the seabed using a jack-up vessel.

A 1-DOF model, considering only the rotational DOF of the MP, is established to examine this behavior. Re-
sults from this model show that the most probable maximum (MPM) of the MP rotational motion response,
evaluated with a dynamic lowering simulation for irregular spread waves, is 75% lower compared to the con-
ventional steady-state simulations at critical MP drafts. Additionally, the dynamic behavior of the MP is high-
est for increasing peak periods, as these coincide with the natural periods of the 1-DOF model at larger MP
drafts where wave-excitation loads are greatest.

Several physical phenomena which are not included in the model are examined to assess their impact. Am-
bient currents traveling in the same direction as irregular unidirectional waves during a dynamic lowering
simulation, reduce the MP motion response by 25%. Vortex shedding frequencies do not coincide with nat-
ural periods and are thus neglected. The same goes for the 2nd order difference frequency wave drift forces.
Both the dynamic amplification and the mean motion displacement due to these second order wave forces
are negligibly small. Lastly, the influence of jack-up motion is negligibly small during peak periods of 8 and
9 seconds but reduces the MP rotational motion during a peak period of 7 seconds.



Nomenclature

BC’s
COG
DOF
EB
EOM
FEM
FFT
IFFT
IVP

Boundary conditions

Center of gravity

Degree of freedom
Euler-Bernoulli

Equation of motion

Finite element method

Fast Fourier Transform
Inverse Fast Fourier Transform

Initial value problem

JONSWAP Joint North Sea Wave Project

KC
MP
ODE
PDF
SWL
TS

Keulegan Carpenter
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Ordinary Differential Equation
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Timoshenko



Contents

Abstract
1 Introduction
2 Methodology
2.1 BoundariesofthisMScthesis . . . . . . ... ... . ... ...
2.2 Development of the numericalmodel . . .. ... ... ... ... ... .. ..........
3 The multi-DOF model
31 TheFEMmodel . . .. . . . . . . . e e
3.2 The hydromechanicalmodel . . . ... ... ... ... ... . . . ...
3.21 Modelingthesea-surface . . . . . ... ... ... . . ...
3.2.2 Hydromechanical forceson thejack-up . . . . ... ... ... ... ... ... ....
3.2.3 Hydromechanicalloadsonthe MP . . . . . . .. ... ... ... .. ..........
3.3 Time-simulation . . . . . . . .. e
4 The 1-DOF model
4.1 Assumptions of the 1-DOF pile-cablemodel . . . . . . .. ... ... ... ... ........
4.2 Viscousdrag . . . ... . e e e e e e
4.3 Time-simulations . . . . . . . . . . . e e e e
5 Modal analysis

5.1 Multi-DOFmodel . . . . . . . . . e e e e
51.1 Resultsofthemodalanalysis . . . ... ... ... ... ... .. ... ... . .....
5.1.2 Discussion of the modal analysisresults . . . . . ... ... ... ... .........
52 1-DOFmodel . . . . . . . .
521 Resultsofthemodalanalysis . . . ... ... ... ... .. ... ... ... . .....
5.2.2 Discussion of the modal analysisresults . . . . . ... ... ... .. ..........
5.3 Validation of the 1-DOF mechanical model . ... ... ... ... .. .............

Results & Discussion

6.1 Level 1: Motion RAO’S . . . . . . . . o i i e e e e e
6.1.1 Results . . . . . . e

6.1.2 Discussionabouttheresults . . ... ... ... ... .. ... .

6.2 Level 2: Dynamic lowering simulation, during regularwaves . . . ... ... ... ... ...
6.2.1 Results . . . . . .. e

6.2.2 Discussionabouttheresults . ... ... ... ... ... .

6.3 Level 3: Steady-state simulation during irregular spread waves . . . ... ... ........
6.3.1 Results . . . ...

6.3.2 Discussionabouttheresults . ... ... ... ... ... . ... L.

6.4 Level 4: Dynamic lowering simulation during irregular spread waves . . . . . ... ... ...
6.41 Results . . . . . .. e e

6.4.2 Discussionabouttheresults . . .. ... ... ... ... ... . ... . ...

6.5 Disregarded physical phenomena . . . . . . . . ... L
6.5.1 Theeffectofambientcurrent . . . . . . . ... ... L
Results . . . . . . . e e

Discussion abouttheresults . . ... ... ... ... ... L L

6.5.2 Vortex shedding frequencies . . . . ... ... .. ... L
Results . . . . . .

Discussion about theresults . . . ... ... ... ... ... . . ... ..

6.5.3 2nd order difference frequency wave driftforces . . . ... ... ... ... ... ...
Results . . . . . . e

discussion abouttheresults . . . . . . ... ...

6.5.4 Hydromechanical reaction forces in the time-domain . . . ... ... ... ......
Results . . . . . . .

Discussion about theresults . . .. .. ... ... ... ... .. . ...,

6.6 Jack-upmotion . . . . . ... e e e
Results . . . . . . e

Discussion abouttheresults . . . . ... ... ... ... ... . ... ...,

o

11
11
12
12
16
18
24

26
26
28
30

32
32
33
36
37
37
37
38



7 Conclusion

A Multi-DOF FEM model

A.1 FEM model . .
A.1.1 Jack-up

A12 Stiffcage +gripper . . . . . . ...
A.1.3 Pile-cablesubsystem . . . . .. ...
A.14 Combiningall the subsystems . . . . .. ... .. ... .. ... . ... . ... ...
A.1.5 Structuraldamping . . . . . . ..
A.1.6 Global system matrices . . . . . . . ... ..

A.2 Damping ratios

B Validations

B.1 Validation of the multi-DOF FEM model . .. ... ... ... ... ... ... ......
B.2 Validation of the 1-DOF mechanical model . . ... ... ... .. ... ... ........
B.2.1 Linearization of the trigonometric functions . . . . ... ... ... ... .......
B.2.2 Uniform massdistribution . . ... ... ... ... . . L Lo
B.3 Effects of different jack-up layouts on the natural periods . . . ... ... ... ... .....
B.4 Validation of the hydromechanical loadsonthe MP . . . .. .. ... .............
B.4.1 Waveforcesduetoaregularwave . ... ... .. ... ... ... ...
B.4.2 Viscousdagforces . . . . . . . ...
B.4.3 Wave-excitation forces due to irregularwaves . . . . . .. ... ... oL

C Supplementary results and plots
C.1 steady-state simulations at critical MPdrafts . . ... .. ....................
C.2 MP motion response, dynamic lowering simulation . . .. ... ... ... ... .. .....
C.3 JONSWAP with ambientcurrent . . . . . . . . . . ... et
C.4 Dynamic lowering simulation, ambient currenteffect . . ... ... ... ... ... .....
C.5 2nd order difference frequency wave-drift forces . . . . ... ... ... ... ... ..
C.6 Effectof added dampingonthe MPmotion . . . ... ... ... ... ... ..........

C.7 Jack-up motions

References

62

64
64
66
70
71
77
77
78
78

81
81
83
83
85
87
90
90
91
93

96
96
97
98
99
102
103
104

106



1 Introduction

Amidst the increasing global demand for energy and the concerning rise in CO2 levels contributing to global
warming, there is a significant need for clean and renewable energy sources. One promising solution lies
in the utilization of offshore wind turbines to harness wind energy. Research indicates that offshore wind
energy extraction offers several advantages over onshore installations, including higher energy production,
longer operational lifespan, and reduced visual impact (Randolph, Doan, Tang, Bui, & Dinh, 2019).

The type of foundation for an offshore wind turbine depends on the specific location, where the soil type and
water depth play a dominant role. If possible, depending on the location, monopile (MP) foundations are often
preferred due to their relatively low installation costs compared to alternatives such as jacket foundations or
floating offshore configurations (Prakash, Ankitha, & Arvan, 2023). In 2019, globally 80% of the fixed offshore
wind turbines were installed on a monopile foundation (Offshore Wind Outlook, 2019). This percentage is
only expected to increase as the water depths in which monopiles can be utilized as a foundation for offshore
wind turbines have increased. Driven by the economic benefits of larger turbines capturing wind energy
more efficiently, the size of wind turbines is growing over time, and this increase is expected to continue (de
Lara Garcia, 2013). Hence, the number of MP foundations with a diameter of 12m or higher, which will be
referred to as 3XL MP’s, is expected to increase as well (GustoMSC, 2023).

Most commonly a 3XL MP is installed using a floating vessel with a dynamic positioning system. A gripper
frame is used, through which the MP is lowered such that the MP can be held in place. Preferably, the gripper
can partially compensate for the MP motion (GustoMSC, 2023). See Figure 1 for the installation procedure
of a 3XL MP, utilizing a floating vessel configuration. The jack-up vessel is another option to install 3XL
MP’s. Originally used in oil and gas extraction, jack-up vessels possess the capability to navigate to designated
sites, penetrate their legs in the seabed to stabilize, and conduct operations above the water surface. This
adaptability makes jack-up vessels a practical solution for installing large MP’s, since there are, w.r.t. to the
floating vessel, significantly less vessel motions, see Figure 2. However, a downside of the jack-up vessel for
this operation is the duration of installing a large number of MP’s, as the process of penetrating the jack-up
legs into the soil is time-consuming and is prone to the right environmental conditions (GustoMSC, 2023).
Another downside to the jack-up vessel is that there is a limiting water depth at which these vessels can jack
up. Currently, MP’s are installed up to water depths of 68 meters, which can be problematic for certain jack-up
vessel designs (Elzinga, Stroo, & Kana, 2024).

Especially for relatively small wave periods, the floating vessel configuration for installing a MP is preferred
over the same procedure on a jack-up vessel, as the vessel motions are relatively small in this situation. When
installing the MP on the leeward side of a floating vessel, the vessel will also cause a shielding effect of the
waves. Because of this the MP motions are even lower for short-period waves, i.e. peak periods lower than 11
seconds. For longer wave periods, the vessel motions begin to dominate the response of the structure, due to
which the jack-up becomes a more prudent option for installing a MP (Li, Gao, Moan, & Ormberg, 2014).

Figure 1: floating-vessel installing a monopile Figure 2: jack-up vessel installing a monopile
(Dogger-Bank, 2024) (Wind-systems, 2023)



Before installing a MP using either a floating or a jack-up vessel, a downtime analysis for each installation
phase is required. The specific phases for installing a MP primarily depend on the vessel type, deck layout, and
the preference of the marine contractor. The following phases are commonly observed during the installation
procedure using either a floating or a jack-up vessel configuration; upending of the MP, moving the MP in
the gripper frame, MP lowering through the splash zone, hammering of the MP in the soil (GustoMSC, 2023).
During each phase, engineers set limiting values to specific parameters for which this phase of the installation
process can proceed. Some of these limiting parameters are; offlead or side-lead angle of the crane cable, loads
in the gripper mechanism, loads on the legs of the jack-up vessel, MP inclination when the MP makes contact
with the seabed, distance between the MP and the vessel. These limiting parameters, together with a set of
environmental conditions can be used as an input to a dynamic model that evaluates the weather window for
a specific phase of the installation procedure, see Figure 3.

Limiting
parameters

Operational

window

Environmental
conditions

Figure 3: Establishment of a weather window

The lowering phase of the MP through the splash zone until just above the seabed influences the most limit-
ing parameters during the installation procedure (GustoMSC, 2023). Therefore, this phase will be examined
during this MSc thesis. Companies intending to install monopiles usually establish their own dynamic model
to capture the dynamic behavior of a MP during the splash zone lowering phase. With these models, a down-
time analysis can be performed before the installation process, to ensure that the limiting parameters are not
exceeded. To properly establish a dynamic model, used for evaluating a weather window for the splash zone
lowering phase of the MP, it would be convenient to know what the dynamic behaviour is of the MP during
this phase, using either a jack-up vessel or a floating vessel configuration. With this insight, engineers could
create more accurate dynamic models, enhancing the operational weather window for the lowering phase of
the MP through the splash zone.

In (Li et al., 2014), the dynamic behavior of a MP with a diameter of 5.7m, a length of 60m, and a mass of 500
ton, during the splash zone lowering phase is examined for different sets of environmental conditions. In this
paper, the MP is lowered through a gripper utilizing a floating vessel configuration, where the shielding effect
of the vessel is considered. The vessel that is considered has a length of 183m, a breadth of 47m, a draught of
12m, and a displacment of 52.000 tons. The hydromechanical loads on the MP are evaluated with the Morison
equation, considering the instantaneous position of the MP and the relative velocity and acceleration of the
water around the MP. The model used in this paper considers that the MP lowers dynamically in time. The
results are compared to the same situation on a jack-up vessel. It is concluded in this paper that for T, values
below 11 seconds, the MP motion response on a floating vessel is lower as opposed to the same response on
a jack-up vessel, due to the shielding effect of the vessel. For T, values above 11 seconds, the MP motion
response on a floating vessel exceeds those same responses on a jack-up, because the floating vessel is excited
closer to its rigid body natural periods.

In (Li, Gao, & Moan, 2016), the dynamic behavior of a MP with a diameter of 5.7m, a length of 60m, and a
mass of 500 ton, is analyzed considering a fixed MP draft of 20m. In this paper, the MP is held in place by
a gripper frame, where a floating vessel is utilized whilst considering the shielding effect of the vessel. The
vessel type and the modeling of the hydromechanical loads on the MP are the same as in (Li et al., 2014).
The paper examines the effect of wave spreading on the motion response of the MP. It is concluded that the
spreading of waves will yield a higher MP motion response as opposed to unidirectional waves when the ves-
sel shielding effect is considered.

In (Li, Gao, & Moan, 2015) the same process is modeled as in (Li et al., 2014), except that the shielding effect
of the vessel is disregarded, and the MP is not lowered through the gripper but only held in place by the crane
and crane cable. Furthermore, the hydromechanical model is also the same as in (Li et al., 2014), but now the
radiation damping of the MP is added in the time domain through the utilization of the retardation function.
A novel method to estimate the radiation-damping forces in the time-domain during the lowering phase of



the MP is brought up in this paper. It is concluded that the addition of radiation damping does yield a different
response, and hence is relatively significant, especially for short waves. In this paper, it also becomes apparent
that the motion response during a steady-state simulation is much bigger than the motion response during
the dynamic lowering simulation, which implies that resonance takes some time to build up.

In (Elzinga et al., 2024) the installation method of a MP with a diameter of 10m, a length of 100m and a mass
of 3000 tons on the stern side of a floating vessel is compared to installing it on the leeward side of the vessel.
The loads on the MP are evaluated with Morison where the wave-shielding effect of the vessel is considered,
the waves are modeled as irregular and unidirectional. In this paper, steady-state simulations at the 3 most
critical MP drafts are performed from which operational weather windows are found. It is concluded from
this paper that the operational limits are most exceeded for both installation sequences during long waves,
i.e. T, between 12 and 15 seconds, since these peak periods coincide with the natural period of the pile-cable
subsystem and the peak of the motion RAO’s of the vessel.

It is common practice to use steady-state simulations at critical MP drafts for establishing weather windows
for the splash zone lowering phase of the MP (Elzinga et al., 2024) (GustoMSC, 2023). This is however a
rough assumption, since during these steady-state simulation the response has all the time to build up, and
will probably be higher, compared to the case where the MP lowers in time through the water, as was con-
cluded from (Li et al., 2015). It might therefore be useful to know what the difference is in motion response
of the MP during steady-state simulations at critical MP drafts, and the same response during the dynamic
lowering simulation.

The discussed literature mainly examines the dynamic behaviour of 5.7m diameter MP during the lowering
phase through the splash zone utilizing a floating vessel. Besides this, the dynamic behaviour of a 2XL. MP
with a 10m diameter, at fixed critical MP drafts utilizing a floating vessel is also examined in (Elzinga et al.,
2024). For situations with larger wave-periods the jack-up vessel has however proved to be a more prudent
option, opposed to the floating vessel when lowering a MP through the splash zone (Li et al., 2014). Further-
more, a 3XL MP with a 12m diameter is expected to behave differently in terms of its dynamics, compared
to a smaller MP with a diameter of 5.7m, during the splash zone lowering phase. Because of the mentioned
arguments, and the fact that there is a clear gap in the literature on the dynamic behaviour of a 3XL MP during
the splash zone lowering phase utilizing a jack-up vessel, this thesis aims to answer the following research
question.

What is the dynamic behavior of a 3XL. MP during the lowering phase through a gripper and
the splash zone until just above the seabed utilizing a crane on a jack-up vessel?

Analyzing which different physical phenomena influence the dynamics of the MP during the splash zone
lowering phase, with an emphasis on the hydromechanics, will help to answer this research question. By an-
swering the research question, companies intending to install MP’s with a jack-up vessel can more accurately
model the dynamic behaviour of a 3XL MP during the splash zone lowering phase. Subsequently the weather
windows, which are now most commonly evaluated based on steady-state simulations at critical MP drafts,
are improved such that the MP lowering phase can proceed under more severe environmental conditions.

In this report the methodology that is used to answer the research question will first be elaborated on. Here-
after, it will be explained how the multi-DOF model of the jack-up works, which is an already existing model
of the jack-up and MP. Subsequently the same will be done for the 1-DOF model, which is a model that is es-
tablished in this MSc thesis, build to extract data from time-simulations, that will make it possible to answer
the research questions. After this the results from modal analysis on the multi-DOF model will be discussed,
which will validate the assumption of using a 1-DOF model for the analysis. Hereafter the results, obtained
with the 1-DOF model, and the discussion about the results are presented. And finally there will be a conclu-
sion on the main main answers that are found during this thesis.



2 Methodology

In this section the methodology that is used to answer the research question will be explained. First the
boundaries in which this research question will be answered will be elaborated on, since the research question
on its own is very broad to interpret. Hereafter the procedure for establishing a numerical model that captures
the dynamic behavior of the MP during the splash zone lowering phase utilizing a jack-up vessel will be
explained. The establishment of the numerical model, and the results that will be extracted from it will make
it possible to answer the research question considering the boundaries of this thesis.

2.1 Boundaries of this MSc thesis

GustoMSC, an offshore engineering company and industry expert, designed a specialized jack-up vessel ca-
pable of installing 3XL diameter MP’s, the NG 20.000 x-class. During this MSc thesis, the research question
will be answered whilst considering this GustoMSC jack-up vessel design installing MP’s with the properties
depicted in Table 1. The depth in which to install these MP’s is considered to be 50m.

GustoMSC has developed a model that captures the dynamic behavior of the NG 20.000 x-class jack-up vessel
and MP during the lowering process of the MP through the splash zone and gripper whilst the jack-up vessel
is fully elevated above the sea. This model only considers steady-state simulations at fixed MP drafts, where
the hydromechanical loads are evaluated based on irregular waves. The model from GustoMSC is a FEM
model which has around 600 degrees of freedom (DOF), and in this thesis, this model will be referred to as
the multi-DOF model.

Parameter | Value | Unit Description
Linp 115 m Length of the MP
Minp 3200 ton Mass of the MP
Dyp 12 m Diameter of the MP
r2 6 m Outer radius of the MP
rl 5.925 m Inner radius of the MP
tmp 0.15 m Wall thickness of the MP

Table 1: MP parameters

The environmental conditions that limit the operational weather window depend on many factors such as
the magnitude of the significant wave height, the peak period of the irregular sea-state, water depth, and
the equipment that is utilized on the jack-up vessel. In general, however, the significant wave height plays a
dominant role in establishing the weather window for which the installation of a MP can proceed, as this is
a metric for the amoung of energy contained in the free-surface waves (Holthuijsen, 2007). The significant
wave height that is currently limiting during the installation is around 2.5m (GustoMSC, 2023). It should be
noted however that this value can vary significantly depending, amongst other things on, the jack-up design,
the equipment used during the installation, and the peak period of the spectrum. As will later in this report
become apparent, the most commonly observed peak periods associated with a significant wave height of
2.5m are 7, 8, and 9 seconds. Furthermore, in some cases the current can be as high as 1.5 Z, this is not a

current that is commonly observed, however, it does occur in some extreme situations and it is Stherefore used
as a common condition within the offshore industry under which a MP can be installed (GustoMSC, 2023).
Because of these two arguments the environmental conditions as depicted in Table 2 are considered during
this MSc thesis. When regular waves are considered in some levels of the numerical model, a wave height of
2.5m is considered with wave periods of 7,8, and 9 seconds.

Parameter | Value | Unit Description
Hgiq 2.5 m Significant wave height
T, 7/8/9 s Peak periods of irregular sea
Ucurrent 1.5 ? current

Table 2: Environmental conditions considered during this MSc thesis



2.2 Development of the numerical model

Later in the report, it will be shown that the first 2 modes of the multi-DOF model from GustoMSC are related
to the rotational DOF of the MP in the gripper. The natural periods associated with these 2 modes are closest to
the excitation periods, depicted in Table 2. To simplify matters, during this MSc thesis, the multi-DOF model
will be reduced to solely the MP rotational DOF in the gripper. In this way, it is easier to keep an overview
of what physical phenomena influence the dynamic behavior of the MP during the lowering phase through
the gripper and the splash zone until just above the seabed. This assumption is expected to be valid since the
rotational DOF is, as will later become clear, the DOF that is closest to the excitation periods from Table 2.
This means that during these environmental conditions, the dynamic behavior of the MP during the lowering
process through the gripper and the splash zone is governed by the rotation of the MP in the gripper node.
The model that will be established in this MSc thesis, which only considers the rotational DOF of the MP in
the gripper, will be referred to as the 1-DOF model.

This 1-DOF is depicted in Figure 4, where the MP can rotate around the y-axis in the gripper. The values
of the fixed parameters from Figure 4, that will be used troughout this MSc thesis are outlined in Table 3.
These values were established in accordance with GustoMSC, since these are the most common values for
the NG 20.000 x-class jack-up design layout. Note that the green parameters from Figure 4 are kinematically
related to each other since they vary as the cable length increases and the MP lowers through the water, see
Equation 1 for these kinematic relations. As the cable length increases, the whole system changes, the mass
moment of inertia, stiffness, damping, and wave-excitation forces w.r.t. the coordinate system with its origin
in the gripper change. Later on in the report, it will be elaborated more extensively what this implies.

= e - — - — 5 -

Le

Lerane

=T

.

Lmp

Dpl\e i \’
B — variable parameter
B — Fixed parameter

e -
=

Seabed

Figure 4: Sketch of the 1-DOF pile-cable model

Parameter | Value | Unit | Description
Linp 115 m Length of the MP
dpaseh—gripper 6 m distance between the base of the hull and the gripper.
Airgap 10 m Distance between the base of the hull and the SWL
Dpp 12 m Diameter of the MP
Lerane 200 m Distance between the base of the hull and the z-position of the crane-tip
SWL 50 m Distance between the seabed and the SWL

Table 3: Values for the fixed parameters of the pile-cable subsystem



Lab = Lcrane - dbaseh—gripper - Lc
Lpe = me — Lgp
Lyus = Airgap + dbaseh—gripper

Lsub = Lpet — Luns

()

A mechanical model of this 1-DOF model will later on be established. The equation of motion (EOM) related
to this 1-DOF model will be solved numerically and primarily in the time-domain, by utilizing the solve IVP
package from the Scipy library in Python. Furthermore, this 1-DOF model is incrementally improved, with
an emphasis of enhancing the hydromechanical model, such that the motion response in the time domain
of the MP during the splash zone lowering phase can be compared between different levels of the model.
This ensures that it is more convenient to analyze the impact of different physical phenomena, between the
different levels of accuracy of the model.

The 1-DOF model is validated by comparing the output with the output under similar conditions of the multi-
DOF model used within GustoMSC. Some physical phenomena or conditions cannot be compared with the
multi-DOF model, since these phenomena are simply not included in the multi-DOF model. The levels of the
1-DOF model that have these phenomena implemented are validated with hand calculations, if possible.
With the results of the different increments of the 1-DOF model it is convenient to answer what physical
phenomena influence the dynamic behaviour of the MP during the lowering phase through the plash zone
utilizing a jack-up vessel. By identifying what physical phenomena influence this dynamic behaviour, an
answer will be given to the research question.

10



3 The multi-DOF model

As discussed previously, the combined model that is established by GustoMSC, which captures the dynamic
behaviour of the jack-up and monopile (MP) during the MP installation on a jack-up vessel, is modelled in
Python. The reason for this is that it is not possible to model different structural or, for that matter, hydrome-
chanical non-linearities within, for example, a program like Orcaflex. The main reason to establish the model
in Python, as opposed to orcaflex is that the dynamic lowering simulation with a diffraction model is not pos-
sible in orcaflex. In subsection 3.2, it will become apparent why it is necessary to model the hydromechanical
loads on the MP with the diffraction model. This is one example of many limitations that could occur when
establishing a model in commercial software such as Orcaflex, compared to creating a tailor-made Python
code, and hence the software is developed in Python.

3.1 The FEM model

The multi-DOF model from GustoMSC is depicted in Figure 46, it can be seen that this FEM model consists
of different components that are linked to each other with nodes. All the different components are modeled
with Timoshenko (TS) beam elements. In general, the EOM of this multi-DOF model can be formulated with

Equation 2. In which M is the global mass matrix, A’g is the global added mass matrix, C is the

i ’
global lobal global

global damping matrix, K is the global stiffness matrix, F ; is the external force-vector, and X, ;,

;lobal
and ¥ are respectively the displacement, velocity and acceleration vector containing the motion of each DOF
of the model. The prime’, refers to that the global system matrices and vectors are evaluated w.r.t. the global
coordinate system, of which the definition will be given later. The structural model has contributions to the
mass matrix, the damping matrix, and the stiffness matrix. The hydromechanical model has contributions to
the added-mass matrix, the damping matrix, and the external force vector. In reality, of course, the totality of
excitation loads consists of both hydromechanical loads and other environmental loads, e.g. wind or seismic
loads, if possible. Since these latter two loads are not within the scope of this thesis, only the hydromechanical
loads are considered.

In order to solve for the motion velocity or acceleration response in the time-domain, the system properties

xt,global

of the model should be obtained, i.e., the system matrices M’ ,A! , ! ,K’ , and the external
global’ “ “global’ ~global’ " global
force vector F’ After the system matrices are obtained, the system can be solved in the time domain.

ext,global’
It should be noted that during the steady-state simulation, i.e., fixing the MP at a certain draft, the system

matrices are constant over time. During the dynamic-lowering simulation, the system matrices become time-
variant since the MP lowers through the water over time due to which the inertia, stiffness, damping, and
magnitude of the forces change over time.

In Appendix A the FEM part of the multi-DOF model will be explained in detail, as this is not the main focus of
this thesis. In this appendix it is explained how the FEM model is established and how the contribution from
the FEM model to the global mass, stiffness and damping matrix are found. As mentioned earlier, during this
MSc thesis the NG-20000 X-class GustoMSC design of the jack-up will be considered. The exact dimensions
of this jack-up design will not be shared in this thesis because of confidentiality.

This thesis aims to gain insight on the dynamic behaviour of the MP during the splash zone lowering phase
using a jack-up vessel, with an emphasis on the hydromechanical model. It is therefore that in this section
the hydromechanical model used to evaluate the added-mass, added-damping, and wave-excitation forces for
the multi-DOF model will be discussed.

-

’ ’ ¥ ’ > ’ 2 _
(Mglobal + Aglobal)x + Cglobalx + I<globalx - Fext,global (2)
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Figure 5: Combined FEM model of the jack-up, gripper, crane

3.2 The hydromechanical model

In A the global mass matrix M’ , the global stiffness matrix K’ ,
global global

Cstructural Nave been obtained. As mentioned in the appendix, the damping due to the wave-structure interac-
tion still has to be added to the structural damping matrix to obtain the global damping matrix. Furthermore,
when looking at the EOM outlined in Equation 2, the wave-excitation forces and the added mass due to the
presence of the water have to be found to solve the EOM for its motion response.

The waves excite the legs of the jack-up and the MP, which is lowered through the gripper and the splash
zone. Furthermore, the MP is also moving through the water, generating added damping and added mass in
the form of a radiated wave. First, this subsection explains the methods to model the waves that excite both
structures. Hereafter, the model used for the hydromechanical forces that act on the jack-up will be elabo-
rated, and subsequently, the model used to evaluate the hydromechanical forces on the MP will be evaluated.
Finally, the time simulation in which the EOM will be solved for the motion response will be elaborated on.

and the structural damping matrix

3.2.1 Modeling the sea-surface

Within this thesis, two techniques are primarily used to model the sea-surface elevation. First, the most simple
form of the sea-surface will be elaborated on, which is a regular wave. The second technique is a bit more
sophisticated, namely describing the sea surface with irregular waves.

In Figure 6 a regular wave is depicted. The equation for the sea surface as a function of space and time for
a regular wave is outlined in Equation 3. Such a regular wave has an associated wave potential from which
the particle velocity and acceleration of the water and the pressure in the water also as a function of time and
space can be evaluated (Journée, 2001). See Equation 4 for the formulation of the wave-potential, and see
Equation 5, Equation 6, and Equation 7 for the particle-velocity due to a passing regular wave in respectively
the x,y, and z direction (Journée, 2001). The acceleration of the water particles due to a passing regular wave
can be found by taking the derivative of the particle velocity w.r.t. time. The pressure field due to a passing
regular wave can be evaluated with Equation 8, where the first term resembles the hydrostatic pressure, and
the second term the dynamic pressure from the undisturbed passing wave. This equation is derived from the
linearized unsteady Bernoulli equation(Journée, 2001). In all the discussed equations, k is the wave-number
and can be evaluated with Equation 9, where 1 is the wave-length, ¢, is the amplitude of the wave, w is the
radial frequency and can be evaluated with Equation 10, with T being the wave-period, u is the incoming
wave-angle w.r.t. the x-axis as defined with Figure 6, and d is the depth of the water. Note that the purple
arrow in the Figure is an example of a wave direction, just to show the meaning of variable u. The dispersion
relation is outlined with Equation 11, this equation relates the wave length to the wave period, in simple
words the longer the wave, the higher the wave period. The regular wave as depicted in Equation 3, and its
corresponding wave-potential, are derived from potential theory.

¢(x,y,t) = ¢, cos(kx cos(u) + ky sin(u) — wt) 3)
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Figure 6: A regular wave (Journée, 2001)
D,(x,y,z,t) = %%&;Zn - sin(kxcos(u) + kysin(u) — wt) 4)
0o,
u(x’y7z9t) - a_x (5)
o®
v(x,y,z,t) = a—;’ (6)
oL
w(x,y,z,t) = — (7
0z
p(x,y,z,t) = —pgz + pgl, - %(dk;z)) - cos(kxcos(u) + kysin(u) — wt) (8)
2
k=—
p 9
2
w = T (10)
w? = gk tanh(kd) ~ gk for deep water tanh kd — 1 (11)

A more accurate technique to model free-surface gravity waves is by modeling the sea-surface with irregular
waves. Irregular waves are usually represented by the variance density spectrum, i.e. the wave spectrum. In
this thesis, the Joint North Sea Wave Project (JONSWAP) spectrum is used to model the wave spectrum, see
Equation 12. It can be observed that the JONSWAP spectrum is dependent on the peak period or peak fre-
quency T, f,, wave frequency f, the significant wave height Hg,, a, §, 0, and the peak enhancement factor
y (ISO 19901-1, 2015). Values for a, 3, g, and y, can be found with Equations 13, 14, 15, 16, and 19. Note that
for a single configuration of the peak period and significant wave height a unique value of the wave spectrum
is obtained per wave-frequency. In this way, it is possible to obtain a wave spectrum with a unique shape,
where the most energy is contained around the frequencies where the JONSWAP spectrum has the highest
value, i.e. at the peak frequency.

If the peak enhancement factor, denoted with y, is equal to 1, the JONSWAP spectrum will reduce to the PM
spectrum, which is also known as a fully developed sea. If the peak enhancement factor is bigger than 1, more
energy of the spectrum will be centered around the peak period. The peak enhancement factor is commonly
estimated by DNV standards, with equation 19 (DNV RP C205, 2021).

The configuration of significant wave height and peak period differs depending on the location under con-
sideration. However, it is known from within GustoMSC that the current average maximum significant wave
height under which jack-ups can install a monopile is around 2.5m (GustoMSC, 2023). Due to physical limi-
tations, the maximum steepness of a wave is defined with equations 17, and 18 (DNV RP C205, 2021). With
these equations it can be simply evaluated that with a significant wave height of 2.5m the peak period has a
minimum value of 4.899s. It is known that for a fully developed sea with a significant wave height of 2.5m
the peak period of the corresponding PM-spectrum will be 7.9242s (Holthuijsen, 2007). In reality the peak
period will can be smaller or bigger than a peak period corresponding to a fully developed sea. Therefore peak
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periods of 7,8, and 9 seconds are used in this thesis for modeling the sea-surface with irregular waves. In this
way waves with shorter, corresponding and longer lengths then wavelengths observed with a fully developed
sea will be modeled such that the effect of different wave-periods and wavelengths on the dynamic behaviour
of the MP can be observed.

E¢(f) = rxHSZigT;“f‘sexp (=125(T, f)~*) y# (12)
o= 0.0624 (13)
0.23 + 0.033y — 0.185(1.9 + y)-1
(Tpf - 1)2
=exp|—— 14
B p( o2 (14)
_) o, whenf<f,
U_i o, whenf>f, (15)
o, =0.07
gp = 0.09 (16)
2 Hy
S, === (17)
Poer?
1
- foer < 8s
Sp = 115 (18)
— forT, > 15s
25
5 for T <36
Hsig
T T
={ exp(5.75—-1.15—=2 ) for 3.6<—=2-<5 (19)
}/ p < \/Hsig Hsig
T
1 for 5< £
Hsig
Variable | Value | Unit Description
T minimum 5 S Lowest possible T, value
T, prm 8 S T, value for a fully developed sea (PM spectrum)

Table 4: Values for the peak period for a significant wave height of 2.5m

The formulation of Equation 12 comes from (DNV RP C205, 2021), with f being the frequency in hertz, T,
being the peak period of the spectrum, and Hy;, being the significant wave-height of the spectrum. A wave-
spectrum can be expressed in terms of wave frequency f or in terms of the wave radial frequency w, the
conversion from one spectrum to another is outlined in Equation 20. The area under a wave spectrum is equal
to the total variance of the sea surface, see Equation 21, where my, is the zeroth order spectral moment of the
wave spectrum, and oy is the total variance. The significant wave height of the wave spectrum is related to
the variance of the sea surface through Equation 22, where o¢ is the standard deviation of the sea surface. For
a sea-surface the mean value of that sea-surface w.r.t. the still water level (SWL) is ofcourse 0. The standard
deviation of the sea-surface can be interpreted as the deviation the surface elevation has over a long period of
time from its mean position, 0, for 68.3% of the cases, see Figure 8 for the gaussian distribution of the surface-
elevation with a standard deviation of 1. A high standard deviation of a sea-surface in general means that the
normal or gaussian distribution depicted in Figure 8 is broader, implying that the observed individual wave
heights over a longer period of time of an irregular sea-state, see Figure 7, are higher.

In Figure 9 the wave spectrum at a singular point in an ocean is given, where it is assumed that all the waves
are coming from one direction. With the use of an Inverse Fast Fourier Transformation IFFT, and knowing
that the phase of each wave component is randomly uniformly distributed (Journée, 2001), the time-signal of
the surface elevation can be obtained. The energy content within this time signal should be equivalent to that
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Figure 7: Irregular waves (Journée, 2001)

fix)

infleciion point

Figure 8: Gaussian distribution (Journée, 2001)

within the wave spectrum. This can be checked by evaluating the standard deviation of the time signal and
making sure that it is equal to the standard deviation of the wave spectrum. If this is not the case the spectral
density used for the IFFT is probably too high and should be reduced. In other words, the time-step should be
decreased and the duration of the time-signal should be increased. To obtain the equivalent wave spectrum
from this time signal, the Fast Fourier Transformation (FFT) is applied (Tan & Jiang, 2019).

When considering the spreading of waves, Equation 23 should be applied. When utilizing this equation, mul-
tiple wave spectra, each having an individual incoming wave angle and a specific amount of energy content
depending on the incoming angle u, are evaluated. In this equation & is the main direction of the waves. The
time signal of a surface elevation with spread waves can be obtained by applying the IFFT for every individual
wave spectrum and adding all the time signals. The energy content of the sum of all the spectra should be
equal to that of when the waves come solely from one direction. To check if the time signal for spread waves
is obtained correctly, the sum of the energy content contained within all the spread spectra should be equal to
the energy content within a spectrum with similar properties where the waves all come from one direction. A
measure for the energy content within a spectrum is the standard deviation of the time-signal from which the
spectrum is composed, and can be estimated with Equation 22. So by making sure that the standard deviation
of the time signal of the sea surface of spread waves is equal to the standard deviation of the time signal of the
sea surface of unidirectional waves, with other than spreading similar metocean conditions, one can validate
that the modeling of spread waves is executed correctly.

By (@) = 5B (f) 20
my = f E¢(w)dw = 0? (21)
0
Hyy = 4op = 4fmg = 4\/0? (22)
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Figure 9: Wave spectrum (variance density spectrum) (Journée, 2001)

By (o, 0) = 2cos(u — O E¢(®) (23)

3.2.2 Hydromechanical forces on the jack-up

In Figure 10 a jack-up that is elevated fully above the sea surface is depicted. It can be seen that the legs are
made up of individual cylindrical objects. Since the individual cylindrical objects have a small diameter w.r.t.
the wave-length, the hydromechanical loads on these objects are evaluated with the Morison equation. See
Equation 24 for the force per meter length of a cylindrical object estimated with the Morison model (Journée,
2001). The Morison equation is valid for cylindrical objects when Equation 25 is satisfied. The reason for this
is that the Morison equation evaluates the wave loads, whilst considering the particle velocities and accelera-
tions of a wave w.r.t. the center of the cylindrical object. When Equation 25 is satisfied, the particle velocities

are assumed to be constant around the cylinder, see Figure 11. When the b equation is not satisfied, the

particle velocities and accelerations vary over the width of the cylinder, as can be seen in Figure 12, due to
which the loads would become an overestimation when evaluating them with the Morison equation. With
the dispersion relation, from Equation 11, the wave period can be related to the wavelength. Whilst doing
this it is found that Equation 25 is valid for most of the energy within a wave spectrum with a significant
wave height of 2.5m and a peak period of 7, 8, or 9 seconds. Therefore Morison can be applied to evaluate the
hydromechanical forces on the legs of a jack-up vessel.

The drag and inertial coefficient of each cylindrical object of which the jack-up legs are constructed is es-
timated with the DNV recommended practice (DNV RP C205, 2021). When applying a regular wave the
time-signal of the velocity and acceleration of water particles near the legs can be evaluated with potential
theory as is just described, see Equation 3, and Equation 4. For an irregular sea-state, the velocity and acceler-
ation spectrum w.r.t. the origin of a specific coordinate system can respectively be obtained with Equation 26,
and Equation 27, where E¢(w) is the wave spectrum, and w is the radial frequency of a wave (Holthuijsen,
2007). To obtain equivalent spectra at a specific location with coordinates (x,y) w.r.t. the coordinate system
for which the wave spectrum was attained, each component of the wave-spectrum should be multiplied with
Equation 28. This is the equation for the spatial-phase shift of each wave component. With the dispersion re-
lation, the wave number k can be found for every wave component in a wave spectrum, as the wave frequency
of every wave component is already known. When the wave heading of each wave component is known, i.e.
U, the spatial phase-shift of every wave component can be obtained. With this information, the equivalent
velocity and acceleration spectra can be obtained at every location in the xy-plane.

The time signal of the velocity and acceleration can be evaluated through the utilization of the IFFT (Tan &
Jiang, 2019). Multiplying this time signal with the shape function, see Equation 29, will account for the decay
of the water particle velocity and acceleration over water depth. Since all the information is now available
to estimate the total hydromechanical force with the Morison equation in any location underneath the still
water level (SWL), the hydromechanical load per meter length can be evaluated for every individual cylin-
drical member that together compose the legs. By integrating these values over the length of each member,
equivalent lumped loads are found for each member and added to the nodes that model the jack-up legs, see
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Figure 48. These separate lumped loads are added into the external force-vector from Equation 2 at the places
associated with the correct DOFs.

Figure 10: Jack-up elevated above the sea-surface (Offshore-energy, 2022)

F(O) = Fiperta®) + Farag(®) = 5 pCuD?(0) + 3pCaDu()|u(o)| 24
% <01 (25)
E;(cu) = w?Ey(w) (26)
Ex(w) = w*E¢(w) (27)
E€spatial = exp(ik(xcos(u) + ysin(w))) (28)
_ cosh(k(d + z))
(k. d,z) = cosh(kd) 29)
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Figure 11: Sketch of a cylinder without spatial variation of the wave

17



Spatial variation,
Morison not valid!
f :}_—x—.\

- EERN —

-
_—

Figure 12: Sketch of a cylinder with spatial variation of the wave

3.2.3 Hydromechanical loads on the MP

As discussed in the previous paragraph, using the Morison equation to estimate the hydromechanical loads
on a cylindrical object is only valid when the particle velocities and accelerations are constant around the di-
ameter of the MP. As discussed in the introduction, this MSc thesis focuses on the MP installation on a jack-up
vessel at water depths of 50m. The MP is assumed to be a rigid body. Assuming deep water conditions, the
wavelength of a regular wave can, through the dispersion relation, be estimated with Equation 30. Water is
assumed to be ‘deep’ when Equation 31 is satisfied (Holthuijsen, 2007). For a 7,8, and 9-period regular wave
the wavelength, and the kd-values are evaluated and outlined in Table 5, assuming deep water conditions. It
can be seen that the deep water condition is satisfied for a regular wave with a period of 7 and 8 seconds, but
for a 9-second period wave the water is in intermediate depth conditions. Therefore the wavelength of this
9-second period wave is evaluated with Equation 32, which is essentially the dispersion relation for interme-
diate water depths. Note that this equation is solved for the wavelength iteratively.

The g values for a 7,8 and 9-second period regular wave are outlined in Table 6. It can be seen that solely for

a 9-second period regular wave the Morison equation would be valid. For the 7 and 8-second period waves
the particle velocity and acceleration would vary too much across the MP, see Figure 12, due to which the
hydromechanical load evaluated with Morison would be an overestimation. Since in this thesis regular waves
with a period of 7,8 and 9 seconds and irregular waves with a peak period of 7, 8, and 9 seconds will be consid-
ered, the Morison equation to model the hydromechanical load on the MP is not a valid option. In a spectrum
with a peak period of 9 seconds, there will be wave periods present for which Morison would be a valid equa-
tion since most of the energy in this wave spectrum is located around a wave period of 9 seconds. However,
there is also a big part of the energy contained within the spectrum for which the Morison assumption is not
met, i.e., wave periods lower than 8-9 seconds. For these periods, the Morison equation would yield an over-
estimation of the actual hydromechanical load. For this reason, the Morison equation is also not utilized for
irregular waves with a peak period of 9 seconds or lower.

_8r’
A= T (30)
kd >3 (31)
_gr
A= - tanh(kd) (32)
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Parameter | Value | Unit Description
Ar—7g 76.504 m Wave-length for a 7 second period wave
Ar—gs 99.92 m Wave-length for a 8 second period wave
Ar—gg 124.82 m Wave-length for a 9 second period wave
(kd)T—=7 4.10 - kd for a 7 second period wave
(kd)7—ss 3.14 - kd for a 8 second period wave
(kd)r—9s 2.48 - kd for a 9 second period wave

Table 5: Wavelengths and kd-values for a 7,8 and 9 period regular wave

Parameter | Value | Unit Description
D /A7 0.156 - D/ for a 7 second period wave
D /Ar—gs 0.120 - D/ for a 8 second period wave
D/Ar—gs 0.090 - D /2 for a 9 second period wave

Table 6: % values for a 7,8 and 9 second period regular wave

Since the Morison equation is not a valid option to evaluate the hydromechanical load on the MP, the diffrac-
tion model is utilized. Some of the key takeaways of the diffraction model are:

1. Fluid is assumed incompressible, irrotational, and inviscid.
2. Forces and added properties are evaluated w.r.t. the mean position of the object.

3. The diffraction model assumes that the total force on a structure in a fluid subject to wave is evaluated
by integrating the pressure from the following 3 wave potentials over the mean wetted surface area:

(a) The undisturbed wave-potential, denoted with &,
(b) The diffracted wave-potential, denoted with ®,4
(c) The radiated wave-potential, denoted with @, ;

4. Hydromechanical loads are wave-frequency dependent. This is because it is assumed that the frequency
of motion of the object subject to waves is equal to the wave frequency, due to which the hydromechan-
ical loads are assumed to be wave frequency dependent. In reality, these loads are however motion
frequency dependent.

The wave-forces with the diffraction model are extracted from WAMIT of which the details will be given later
on in this chapter. As mentioned in the list above, the diffraction model complete neglects the viscous drag
forces, and only considers that the wave induced forces come from the undisturbed wave and the diffracted
wave. In order to validate the assumption to use the diffraction model over the Morison equation for evaluat-
ing the wave-induced forces, the wave-induced pitch moment w.r.t. the gripper, see Figure 4, is evaluated with
the diffraction model and the Morison model, where both models are afterwards compared. This is done for
the situation where a MP is fixed at a draft of 20m with a regular wave with a height of 2.5m, wave periods of
5,6,7,8, and 9 seconds, and without an ambient current. It is assumed that the MP cannot move, and the drag
and mass coefficient for the Morison equation, see Equation 24, are evaluated with the recommended prac-
tice from the DNV standards (DNV RP C205, 2021). See Figure 13 for the different wave-induced forces for a
wave-period of 6 seconds. It can be seen that the viscous drag force is relatively small and negligible compared
to the inertia forces, i.e. the undisturbed and diffracted wave-force. It is also noticed that the inertia forces
evaluated with the Morison equation are bigger than the inertia forces evaluated with the diffraction model.
This is because the Morison equation evaluates the wave-excitation forces w.r.t. the center of the cylinder,
assuming that the wave particle velocites and accelerations are constant over the diameter of the MP. Since
for a relatively short, 6 second period wave this is not the case, the wave-induced inertia force evaluated with
the Morison equation is an overestimation w.r.t. the wave-induced inertia force evaluated with the diffrac-
tion model. The inertia force evaluated with Morison is 10 % larger than the inertia force evaluated with the
diffraction model, see Figure 13. Because for larger wave-periods the wave profile will be more constant over
the diameter of the MP, this difference will decrease for increasing wave-period, see the results in Table 7 for
different wave-periods under the exact same circumstances used in Figure 13. It can be seen that for 5, 6
and 7 second period waves the wave-induced inertia forces evaluated with Morison overestimates the inertia
force significantly w.r.t. the diffraction model. What can also be seen from the table is that the wave-induced
viscous drag forces are almost negligible compared to the inertia forces, due to which it is valid to disregard
these wave-induced viscous drag forces.
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Pitch moment in [MN*m]

Since for the modeling of the environmental conditions in this thesis peak periods of 7,8, and 9 seconds are
used, the diffraction model is not deemed to be an appropriate choice for evaluating the hydromechanical
forces on the MP. Especially for peak periods of 7 and 8 seconds there is plenty of energy in the JONSWAP
spectrum associated with wave periods of 5 and 6 seconds or even lower, for which the Morison equation will
be an overestimation of the wave-induced inertia force. This reason, together with the negligble viscous drag
force is why the diffraction model is utilized in order to establish the hydromechanical forces on the MP, as
this model will, within linear diffraction theory, not likely yield an overestimation of the wave-induced inertia
forces.

Forces on the MP in the yy-dof, steady-state simulation, MPg2=20m, Regular wave; Hreguiar=2.5m, Treguiar=65
Veurrent=0 T, Fs, diff, max=51.85MNM,  F55 mor,in, max=57.27MNM,  Fs grag, max=0.61MNm,  Difference Morison-Diffraction = 10.45%

—— Mor inertia-forces
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Figure 13: Wave-induced inertia and drag forces at a fixed MP draft of 20m

Tregular [S] 1:"S,in,diff,max [MNm] 1:"S,in,mor,max [MNm] Fs,drag,mor,max [MNm] Fin difference [%]
5 41.33 58.36 0.58 41.19
6 51.58 57.27 0.61 10.45
7 52.60 53.62 0.63 1.94
8 48.86 48.76 0.63 0.21
9 43.72 43.65 0.61 0.14

Table 7: Different wave-induced forces on a MP with a draft of 20m.

Looking at the list with key takeaways of the diffraction model, the diffracted wave is the wave that is caused by
the scattering of the wave due to the presence of the object subject to waves, where it is assumed that the object
does not move. The radiated wave is a wave that is caused by the object it’s motion, under the assumption
that the water is initially at rest, the subscript j indicates the DOF of motion of the object subject to waves.
The undisturbed wave is simply the passing regular wave, where it is assumed that the wave can pass through
the structure and will not be disturbed by its presence.

WAMIT is the panel method program that is utilized to obtain the hydromechanical forces by means of the
diffraction model. In this program a panel mesh of the MP is imported, see Figure 14. After implementing this
panel mesh, the added mass, added damping and wave-excitation forces are obtained for a set of regular waves
with varying periods and incoming wave angles u, given a certain MP draft. Since the cylinder is symmetric
w.r.t. the xz and yz-plane the values of the added mass, added damping, and wave-excitation forces are equal
for every incident wave angle. In order to obtain added mass, added damping, and wave-excitation values
at specific MP drafts and wave frequencies, the extracted values from WAMIT are interpolated between the
desired MP drafts and wave frequencies.

For every wave period and MP draft, there are 36 unique added mass and added damping terms, since the
MP has 6 DOFs, and the velocity or acceleration of the MP can cause a force in 6 DOFs. The force due to
added mass and the force due to added damping are outlined with Equations 33, and 34. It can be seen from
these equations that the added mass and added damping forces are related to respectively the acceleration
and velocity of the MP in the 6 DOFs. Note that the diagonal terms of both matrices are the terms that cause
a force in the direction of movement of the MP, and that the off-diagonal terms are terms that cause a force
in one direction, due to a movement of the MP in another direction, i.e. the a,5 term causes a force in the
x-direction due to a pitch acceleration. The values of the rows and columns associated with the heave and
yaw DOF are all set at zeros for both the added mass and the added damping matrix. The reason for this is
that the accelerations of the pile-cable subsystem in the heave and yaw DOF are assumed to be zero.
Furthermore, the added mass from WAMIT only considers the added mass outside of the MP. However, since
the MP is open on both ends, there will be water entrapped inside the MP. The mass of this entrapped is added
to the added mass assuming that the water is frozen inside the cylinder, because in the multi-DOF model the
accelerations of the MP and the water in the z-direction are neglected. Because of this the additional inertia
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effects due to accelerations of water in the z-direction is fully neglected. Furthermore, if the accelerations in
the z-direction where not neglected this effect would probably be insignificant since there is no area normal
to the z-axis in the cylinder that can be excited by acceleration of the water in the z-direction. The mass
moment of inertia of the entrapped water can be evaluated with Equation 35, w.r.t. the COG of the mass of
this entrapped water. See Figure 15 for the definitions of the values used in this equation. A mass matrix of
the entrapped water is obtained w.r.t. the COG of this entrapped water, with solely values on the diagonal,
where the added mass due to the entrapped water is zero in the heave and yaw DOF. This added mass matrix is
hereafter translated with a transformation matrix to the SWL and added to the added mass matrix of WAMIT
since all the values from WAMIT are evaluated w.r.t. the SWL.

Figure 14: MP subdivided into a mesh of panels in WAMIT
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The excitation force that is obtained from WAMIT is presented in the form of a force response amplitude oper-
ator (RAO). This complex valued force-RAO is obtained by rewriting the EOM of the rigid-body MP in Euler-
notation and solving for the comple}—valued force amplitude divided by the wave-amplitude, see Equations
36, 37, and 38. In these equations, F; j (w) is the complex-valued force-vector where the value for each DOF is
defined with Equation 39, and Jga is the complex-valued motion amplitude vector, where the value each DOF
is defined with Equation 40, in which €x;¢ is the phase-shift between the motion and the wave. The phase-
shift between the wave and the excitation force can be found with Equation 41. The force amplitude, which is
wave-frequency dependent, can be found for a given DOF and wave amplitude with Equation 42. In all these
equations the subscript j indicates which DOF is considered. The force in a specific DOF for a given wave
frequency as a function of time can be found with Equation 43. Note that the force-RAO is wave-frequency
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Figure 15: Sketch to evaluate the mass moment of inertia of the entrapped water

dependent and that there are unique RAO values for every DOF and wave-frequency.

Because WAMIT obtains the values for the added mass, added damping, and wave-excitation forces w.r.t. the
SWL, the obtained matrices and force amplitude vector has to be transformed to the gripper node. See Fig-
ure 16 for the axis system located at the SWL, and the axis system located at the gripper node. In order to
transform a system matrix from the coordinate system located at the SWL to the coordinate system located
at the gripper node, transformation matrices T, and Ty are utilized, see Equations 46, 47, and 48. The same
can be done for the damping matrix. The force vector for a given wave-frequency w.r.t. the gripper node can
simply be obtained with Equation 46.

Now that the force-amplitude vector and added-mass and added damping matrices are transformed to the
gripper node, the force can be found as a function of time at the gripper node with Equation 43. The added
mass and added damping values can be added to the global mass and structural damping matrix at the indexes
with the associated gripper DOFs, to find the complete mass and damping matrix of the combined system of
the jack-up and pile-cable model. Since the force as a function of time for a regular wave is also obtained w.r.t.
the gripper node, the EOM in Equation 2 can be solved in the time-domain with a numerical time-integration
scheme for a fixed MP draft.

R ((—w2(M + A)X, — iwBX, + CX, ) e ) = R <Faei‘°t> (36)
(~w?(M + A) — iwB + C) %, = F, (37)
F;,j 2 . x\a
RAOorce j(@) = ; = (—w?*(M + A) — iwB + C) z (38)
a a

Fq,j(w) = Fq j explicr, ¢) (39)
Xg,j = Xq,jexp(iey; ¢) (40)
eFj,{(cu) = tanh (;iﬁ#ﬁﬁ) (41)
Fg,j(@) = [RAOforce, j(@)ISq (42)
Fi(t,w) = R(Fg j(w) exp(iwt)) (43)
W =T, (44)
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Figure 16: Sketch of the MP and the jack-up
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For an irregular sea state, the force spectrum for a given DOF at a fixed MP draft is obtained with Equation 49
(Journée, 2001), in which E¢(w) is the value of the wave spectrum for a given wave-frequency. Note that be-
cause the force RAOs were obtained w.r.t. the axis system located at SWL as depicted in Figure 16, which is
already located at the center of the cylinder, each wave component of Equation 49 does not have to be multi-
plied with the associated phase-shift, because the x and y coordinate in Equation 28 are both zero, resulting
in a multiplication with 1, exp(0) = 1. The relation between the force-spectrum and the force Fourier ampli-
tudes for a given DOF is outlined with Equation 50. The phase-shift of all the waves in an irregular sea state
are random and uniformly distributed between 0 and 27. There also exists a phase shift between the force
in a specific DOF and the wave that causes this force. Both these phase shifts have to be added to the force
Fourier amplitudes in order to obtain the complex-valued force Fourier amplitudes with the proper phases,
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see Equation 51. Hereafter the time signal of the force due to an irregular sea state can be obtained by apply-
ing the IFFT. This force signal as a function of time can be obtained for every DOF of the MP. Hereafter, the
force as a function of time can be added to the EOM outlined in Equation 2 at the indexes associated with the
gripper DOFs, after which the EOM can be solved with a numerical time-integration scheme.

The spreading of irregular waves can easily be incorporated into the model now that it is known how to eval-
uate the force signal, from the RAO function and the wave spectrum. The spreading function outlined in
Equation 23 can be utilized to obtain a wave spectrum for different headings, every wave spectrum having a
certain amount of energy content. In general, the energy content decreases when the y — i term approaches
%, and the energy content becomes bigger when the u — i term approaches zero. The total energy contained

in all the spectra, each having a different heading, should be equal to the energy that is contained within the
spectrum in the situation where all the waves were coming from one direction. A measure for the energy
content within a spectrum would be the area underneath the graph, or for that matter the significant wave
height. After making sure that no energy is added or dissipated, after establishing the different spectra with
different headings, the force-spectrum for every spectrum can be obtained in the same manner as for uni-
directional waves. From this force spectrum, the force as a function of time for every spectrum can also be
found in the same manner, as previously discussed. To obtain the total force-signal as a function of time, all
the individual force-signals can be added together, whilst considering their heading w.r.t. trigonometric func-
tions. For example, to obtain the contribution of a force signal in the x-direction for a specific force spectrum
which makes a % rad angle w.r.t. the x-axis, the obtained force-signal should be multiplied with cos(%). The
same can be done for obtaining the force as a function of time along the y-axis, however, now the force signal
should be multiplied with sin(%). Doing this for every force signal and every axis, and adding up all the force
signals associated with one particular axis, will yield the total force signal as a function of time along that
specific axis. It should be noted that the standard deviation of this force signal along for example the x-axis
is lower, as opposed to the standard deviation of the force signal for uni-directional waves traveling in the
positive x-direction, since energy is more spread along different axes when including the spreading of waves.

EF,j(w) = EQ’(C‘))|RAOforce,j(C‘))|2 (49)

1
EFj(CU) = Esz',fourier(w) - Fj,fourier(a’) =4/ 2EFj (w) (50)

Fj,fourier,phase(a’) = Fj,fourier(w)exp(ieuniform)exp(leFj,§) = <\/ 2EFJ»(CU)> exp(ieuniform)exp(leFj,{) (51)

There is one remaining contribution to the hydromechanical load on the MP for the multi-DOF model utilized
within GustoMSC. This is the viscous drag due to the current, if present. This force is considered by adding
the second term of the Morison equation to the total force in the direction of the current, see Equation 24. The
drag coefficient in this 2nd term of the Morison equation is estimated with the DNV recommended practice
(DNV RP C205, 2021). The current profile along the water depth can be obtained with Equation 52. With
this information, the drag force per meter length can be evaluated along the draft of the MP with the second
term in Equation 24. Integrating this force per meter length over the draft of the MP will yield the drag force
in the direction of the current. The moment w.r.t. the gripper node due to the drag force can be found by
multiplying the drag force per meter length with the distance from the gripper node and integrating all these
values along the MP draft. The obtained values of the force due to the current can be added to the global force
vector from Equation 2 at the associated gripper node DOFs.

1
(SWL —z)\7
Uc = Ucsurface (W) (52)

3.3 Time-simulation

Now that for a regular and irregular sea-state at a fixed MP draft all the terms in Equation 2 are obtained, the
EOM can be solved in the time domain. The EOM is solved in the time domain, as opposed to the frequency
domain because of the addition of the non-linear viscous drag force due to the current. The EOM of the
combined jack-up and pile cable model is solved with the Newmark numerical time-integration scheme. This
scheme is unconditionally stable and hence, it is used to solve the EOM, as the solution will not explode to
infinity (Vuik, Vermolen, & van Gijzen, 2023).
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Figure 17: Visualization of the wave and response spectrum (Journée, 2001)

The time simulation that can solve for the motion, velocity, and acceleration of each node of the combined
system is only considered for the case where the MP has a fixed draft. This is also referred to as the steady-
state simulation. In reality, the MP lowers through the gripper and splashzone onto the seabed, due to which
a different motion response is expected. For this simulation, the stiffness, and the mass moment of inertia
of the pile-cable subsystem need to be updated as they change when the MP is lowered. The same goes
for the added mass, added damping, and wave excitation forces. This simulation is also referred to as the
dynamic-lowering simulation. The multi-DOF model which is utilized within GustoMSC, can only solve the
steady-state simulation, the dynamic lowering simulation is one of the improvements that will be endeavored
when building the 1-DOF pile-cable model.
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4 The 1-DOF model

To analyze how certain physical phenomena influence the dynamic behavior of the MP during the lower-
ing process through the gripper and the splash zone in a structured manner, it is convenient to reduce the
combined jack-up and pile-cable model from GustoMSC to a 1-DOF pile-cable model. Also, as will be shown
in the results from modal analysis of the multi-DOF model, the natural periods of the first 2 modes of the
multi-DOF model, which are related to the MP rotation in the gripper, are closest to the excitation periods of
the environmental conditions considered in this MSc thesis, see Table 2. This implies that for the considered
environmental conditions the dynamic behavior of the MP during the lowering process through the gripper
and the splash zone is governed by the rotational DOF of the MP in the gripper. Hence the reduction from
the multi-DOF model to the 1-DOF pitch rotation of the MP in the gripper node is a valid assumption when
analyzing the dynamic behavior of the MP during the discussed process.

The rotational DOF around the y-axis is considered during this MSc with waves solely traveling in the positive
x-direction, as the rotational DOF around the y-axis is the most excited DOF when waves travel in the positive
x-direction. The layout of the 1-DOF pile-cable subsystem is depicted in Figure 4. Note that all the green
parameters are variable and all the red parameters are fixed. The kinematic relations for different variable
parameters are outlined in Equation 1. To simplify matters, in this MSc thesis, the fixed parameters will not
vary and are set at the values outlined in Table 3. The reason for this is that these values are the values that
are most commonly used for an NG-20000 F-class GustoMSC jack-up vessel design.

4.1 Assumptions of the 1-DOF pile-cable model

The assumptions of the 1-DOF pile-cable model will be the same as for the pile-cable subsystem in the com-
bined multi-DOF model used within GustoMSC, see Appendix A. These assumptions are as follows:

1. The MP is a rigid body

2. The moments that arise due to the rotation of the MP are linearly related to the angle 6, so the trigono-
metric functions are linearized.

3. The mass of the steel of the MP is assumed to be uniformly distributed, i.e., the non-uniform distribution
of the mass due too a possible tapered end of the MP is not considered.

. The translational and rotational accelerations, in the direction of, and around, the z-axis are neglected

4
5. Structural damping is neglected

6. The MP is free to rotate around the gripper node
7

. The cable is free to elongate due to a rotation 6, i.e. the tension in the cable is constant.

See Figure 18 for a sketch with an overview of the dimensions of the pile-cable subsystem. It can be seen from
figures 19, and 20, that when the MP is given a certain angle theta, two forces arise which cause two moments
w.r.t the gripper node:

1. A moment due to the tension in the cable: M,
2. A moment due to the weight of the MP: M,,

When linearizing these two moments w.r.t. their trigonometric functions, the stiffness values of the pile-cable
subsystem can be found, since the above two moments are caused by a (static) displacement. The values of
tan(a), and the vertical and horizontal force due to the tension in the cable can be found respectively with
equations 53, 54, and 55. With these equations, the moment due to the tension in the cable for a given MP an-
gle 6 can be found with Equation 56. The linearized form of the 3 equations is outlined after the approximate
sign (~). The linearized form of the 3 equations assumes small rotations, in subsection 5.3, it will be verified
up until what rotation this assumption is valid. The exact same can be done for the moment that arises from
a combination of the weight of the MP and a given rotation 6, see Equation 57. After adding up these two
moments the stiffness term due to a rotation 8 can be found w.r.t. the gripper node for the 1-DOF model.
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As mentioned previously, the assumptions and mechanics of the 1-DOF pile-cable model are similar to the
pile-cable subsystem used in the multi-DOF model of GustoMSC, see subsubsection A.1.3 for the pile-cable
subsystem of the multi-DOF model. The only difference is that this 1-DOF pile-cable model only considers the
pitch DOF at the gripper node, i.e. the rotation around the y-axis at the gripper node, see Figure 4. Because of
this the stiffness, mass moment of inertia, added damping, and wave-excitation force values associated with
solely the pitch DOF at the gripper node can be extracted from the multi-DOF model. The resulting EOM w.r.t
the gripper node is outlined in Equation 58. In this equation, I,,, ss ;,, consists of the mass moment of inertia
of the MP its own mass, the added mass obtained from WAMIT, i.e., the diffraction model, and the added
mass from the entrapped water inside the MP. The value of Cs5 is the added damping from WAMIT, and the
value of Ks; is the stiffness in solely the pitch DOF of the gripper node, which arises from the moment due
to the weight of the MP and the tension in the cable, see Equation 56, and Equation 57. The wave excitation
forces can also be found w.r.t the gripper node for solely the pitch DOF. This is done in the same manner as for
the multi-DOF model used within GustoMSC, except that now only the force in the pitch DOF at the gripper
node is considered. Depending on the increment of the 1-DOF model, forces due to regular waves, irregular
waves, or irregular waves with spreading can be obtained.

Note that the 6x6 system matrices, and force vector of the pile-cable subsystem, from the multi-DOF model,
are all first moved to the gripper node. Hereafter the value associated solely with the pitch DOF is obtained,
i.e. the element on row 5, column 5 for a system matrix, and the 5th element of the force vector.

Ly 55,0t X5 + CssXs + KssXs = Fs yque—exci (58)

L sstor = Im,s5MP—weight + Im,s5.aM—-wamit + Im s pw (59)

4.2 Viscous drag

In the multi-DOF model the viscous drag due to the current is added through the second term of the Morison
equation, see Equation 24. Later in certain levels of accuracy of the 1-DOF model, the viscous drag due to the
relative velocity of water w.r.t. the MP will be added to the model. To estimate this viscous dragforce due to the
relative velocity of the MP w.r.t. the water, the Morison equation is utilized. In reality, this relative velocity
consists of the current, the velocity of the MP through the water, and the wave-particle velocity. However,
since the wave-particle velocity around a MP with a diameter of 12m, whilst considering the wave-lengths as
discussed in subsubsection 3.2.1, will experience variation along the width of the MP, see Figure 12, the inclu-
sion of the wave-particle velocity with Morison would yield an overestimation of the viscous drag. Because
the viscous drag due to the relative velocity of the MP through the water will in principle cause the motion
response to be damped, the particle velocity of the waves is not considered since this causes an overestimation
of the damping when the MP moves opposite to the wave-particle velocities

To add the viscous drag force due to the current and the velocity of the MP through the water, the 2nd term
of the Morison equation would in principle be utilized, see Equation 60. However, since there is a relatively
rapid change in the velocity field around a large MP, the eddies behind the MP, which govern the drag force,
have almost no time to build up, due to which the considered equation would also yield an overestimation of
the viscous drag force (Moe & Verley, 1980). The region for which the dragforce per meter length obtained
with the relative velocity form of the Morison equation, see Equation 60, is marked grey in Figure 21. In
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this figure, on the y-axis, the values of the KC-number, and on the x-axis values for the reduced velocity are
plotted. The reduced velocity parameter is evaluated with Equation 62, in which V, is the velocity amplitude
of a 2-dimensional oscillating flow, and T, is the MP period of oscillation, see Equation 63 (Laya & Connor,
1984). In this latter equation, Ue,yren, is the current velocity, and vygngenriqr 18 the tangential velocity of the
MP through the still water due to a rotation of the MP around the gripper node. Assuming, a unrealistically

high but therefore also conservative, maximum rotational velocity of 15% w.rt. the gripper node, at a MP
N

draft of 20m will yield a maximum tangential velocity at the lowest part of the MP of 9.4%. Adding to this

velocity the current speed, to obtain the maximum velocity amplitude of the MP through the water yields a
V, of 10.922. Utilizing Equation 62, a maximum reduced velocity of 8.1935 is obtained when assuming that
N

the period of oscillation, T is 9 seconds, which means that the relative flow model is not valid even for these
unrealistically high velocities, see Figure 21 (Laya & Connor, 1984). In subsubsection B.4.2, it will be shown
that for a viscous undamped case, the maximum rotational velocity of the MP w.r.t. the gripper node at a draft

of 15m during a regular wave of 2.5m high and a period of 9 seconds is around 9.5% Tobe conservative, the
reduced velocity parameter is therefore estimated assuming a MP draft of 20m durisng a maximum rotational
velocity w.r.t the gripper node of ISdSE with a pile period of motion of 9 seconds. Even in this unrealistically
extreme situation, the relative velocity flow form of the Morison equation is not valid.

An alternative to the relative velocity flow form of the Morison equation is proposed by (Moe & Verley, 1980),
namely the viscous dragforce per meter length with the separate flow model, see Equation 61. This equa-
tion was originally constructed for a situation with an oscillating cylinder in a steady current. Later it will
be shown that this equation is more conservative than Equation 60. Therefore, this separate flow form of
Morison will be utilized to evaluate the dragforce per meter length due to the velocity of the MP in the water,
as it is the most conservative choice to gain damping.

The current profile over the water depth can be evaluated with Equation 52 (DNV RP C205, 2021), in which
z is the vertical position w.r.t. the SWL. This current profile yields different current velocities depending on
the z position w.r.t the SWL. Together with the rotation of the MP around the gripper node, Equation 61 can
be utilized to obtain the dragforce per meter length. In this equation, the drag coefficient C; is set at 0.65 in
accordance with (DNV RP C205, 2021).

The drag coefficient can more accurately be estimated when considering that this coefficient is dependent on
the Keulegan Carpenter (KC) number (Journée, 2001). From the well known KC / Cd distributions the drag
coefficient can be obtained. The KC number varies over the MP draft and over time because the tangential
velocity of the MP w.r.t. the water changes over time and MP draft, see Equation 64. In this equation U, is
the velocity amplitude, T is the period of oscillation of the velocity, and D is the diameter of the cylinder. This
implies that the dragcoefficient is also time and MP draft dependend. It can be seen that Equation 61 has two
separate dragforce coefficients, one for the term that is associated with the velocity of the water C ;,, and one
for the term that is related to the MP velocity Cy ;. Both drag coefficients can be evaluated based on their
individual KC numbers. Properly assessing these drag coefficients is, however, a study on its own and is not
the focus of this MSc thesis, therefore both drag coefficients will be fixed at 0.65 during this thesis.

1 . .
fdrag,relative = Epwcdeile(vcurrent - xtangenlial)|vcurrent - xtangentiall (60)
1 1 . .
fdrag,separate = EPde,vaileUcurrent|UcurrentI + Epwcd,chpilextangential|xtangential| (61)
VoTy
V= D (62)
Vo = Ucurrent + Utangential (63)
u,T
KC = — 64
£ (64)

29



L] T
K-C 2 —
0
10 w15
AFPLICABILITY OF THE
RELATIVE WELOCITY
ASEUMPTION 15 UNCERTAIY
)
1
.I v, g faTs
T U5 ]

Figure 21: Relative velocity region of applicability (Laya & Connor, 1984)

4.3 Time-simulations

For different increments of the hydromechanical load, Equation 58 will be solved in the time domain. The
EOM is first rewritten in a set of two first-order ordinary differential equations (ODEs). Hereafter, the system
of first-order ODE:s is solved in Python, by utilizing the "Solve IVP’ package from Scipy. The numerical time-
integration scheme used in this package is the 'Radau’ method. This time-integration scheme is an Implicit
Runge-Kutta method of the Radau 2A family of order 5. This numerical time-integration scheme is uncondi-
tionally stable, because of which the solution will never explode to infinity (Vuik et al., 2023).

Solving Equation 58, during a steady-state simulation, i.e., at a fixed MP draft, is rather convenient. During
this simulation, the system properties of the 1-DOF pile-cable model used in the EOM, I,,, 55 44, Css, and Kss,
are all constant in time, only Fs ;,5u0—excir Varies over time, the magnitude of this signal stays the same. Be-
cause of this, the EOM for the steady-state simulation can be solved by rewriting the 2nd-order ODE into a
system of two 1st-order ODEs and solving the system of equations with the *Solve IVP’ function from the Scipy
library in Python, which utilizes the Radau time-integration scheme.

Solving Equation 58 during the dynamic lowering simulation is not so straightforward as solving the EOM
for the steady-state simulation. During the dynamic lowering simulation the system properties, I;; 55 to¢» Css,
and Kss, are all varying over time since they change as the MP lowers through the water. Furthermore, the
magnitude of the time-varying wave excitation force, Fs yqpe—excir 8150 changes over time as the MP lowers
through the water since the wetted area of the MP increases. To solve this time-varying EOM, the EOM in
Equation 58 is solved at discrete values of the MP draft, starting at a MP draft of 0.1m. Depending on the
winch speed of the crane cable, and the distance between two discrete MP drafts, the specific time for which
Equation 58 has to be solved at a fixed draft is specified, this time will be referred to as ¢ f;yeq pp—drafi- After
Equation 58 is solved at a MP draft of 0.1m, with the system properties I}, 55 ;o¢, Css, and Kss, evaluated at this
draft, during the time interval 0 < ¢ < {{;yeq Mp—drafi> the MP is lowered one discrete length of MP draft. New
system properties of the EOM are found at this draft, and by using the velocity and position of the MP at the
last time-step of the previous MP draft as the IC’s for the new EOM, Equation 58 can be solved for this new
MP draft during time interval ¢ fiyeq mp—draft < ¢ < 2lfixed, MP—draft- The magnitude of the wave-excitation
force, Fs yque—excit 1S also updated at every MP draft. Note that updating the magnitude of a regular wave
force for every MP draft is relatively straightforward, as only the amplitude changes. When wave forces due
to an irregular sea state are considered, the irregular wave force should be evaluated for every MP draft using
the same wave seed for every MP draft to ensure a continuous force signal. The solutions of Equation 58
at different MP drafts can be concatenated to obtain the solution of the time-varying EOM, in this way the
solution for the dynamic lowering simulation is found.

The EOM for a steady-state simulation is found by taking the derivative of the impulse of the system w.r.t.
time, see Equation 65. For a time-variant system, the mass moment of inertia of the system changes over time
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and is therefore time-dependent. Because of this the EOM of a system with a time-dependent mass moment
of inertia is found with Equation 66. This means that the term I’"‘%’t‘”m -6(t) has to be added on the left hand

side of the EOM depicted in Equation 58 when solving the dynamic lowering simulation. Although this term
is not explicitly added in this EOM, it is added implicitely. As mentioned previously, the initial conditions at
the first time-step of a new discrete MP draft are equal to the MP motion and velocity of the last time-step of

. . . I :
the previous MP draft. This means that an extra force is added to the system, namely the term %t‘”([) -0(1).
In this way the second term in Equation 66 is already included in the dynamic lowering simulation.

. d .
Fo = Iy 55,0 * e(t)a = Ipms5,000 * O(1) (65)

m,SS,tot(t)

. d .. 1 .
Fg = Iy, 55,10 (0) - 9(1)5 = Iy 55,00¢() - O(8) + T -0(t) (66)
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5 Modal analysis

Before starting with the time simulations, it would be convenient to gain a preliminary insight into the dy-
namic behavior of the multi-DOF model and the 1-DOF model. Therefore, the generalized modal analysis
is utilized, to extract the natural periods, mode shapes, and damping ratio values of the multi-DOF model.
Hereafter the natural periods and damping ratio’s are also evaluated for the 1-DOF model. This information
yields insight into how both systems would respond to a certain frequency of excitation. Note that the results
of the natural periods and damping ratios are obtained for different drafts of the MP, as the system properties
at different MP drafts will change. Note that the damping ratios are obtained whilst only considering struc-
tural damping from the FEM model and added damping on the MP from the diffraction model. First, the
results of the multi-DOF model will be presented, hereafter the results of the 1-DOF model will be outlined.
After the results of the 1-DOF pile-cable model are discussed, some of the assumptions regarding this model
will be validated and elaborated on.

5.1 Multi-DOF model

The EOM of the multi-DOF model from GustoMSC is outlined in Equation 67. To apply the generalized modal
analysis, this EOM can be rewritten into the eigenvalue problem outlined in Equation 76, by the utilization

of Equations 69, 70, 71, 73, 74, and 75 (Brincker & Ventura, 2015). Solving this system for ¢,, and 4,, will yield
the eigenvectors and eigenvalues of the generalized modal analysis problem. Considering that the system
has N DOFs, there will be 2N eigenvalues and mode shapes. For underdamped systems the 2N eigenvalues
and mode shapes will appear in com_)plex conjugate pairs, resulting effectively in N unique mode shapes.

Furthermore, the first half of vector ¢, is associated with the mode shape velocities, whilst the second half
of the vector contains all the nodal coordinates of the nth mode shape displacements, see Equation 77. The
complex eigenvalue associated with mode shape n can be broken down into a real and imaginary part, where
the imaginary part is the damped natural frequency, see Equation 78. The undamped natural frequency can be
found with Equation 79, and the damping ratio in terms of the critical damping can be found with Equation 80
(Brincker & Ventura, 2015). For more information on the theoretical background of the generalized modal
analysis, see (Brincker & Ventura, 2015).

’ 54 ’ - ’ - _ -
(Mglobal + Aglobal)x(t) + Cglobalx + Kglobalx(t) =F(t) (67)
Ax(t) + Bx(t) = () (68)
Ax(t) + Bx(t) = 0 (69)
/
A= 0 . Mgloba} + Aglobal (70)
Mgiobal + Agigpal Caiobal
M + A’ 0
B= global o global K/ ] (71)
global
- [ 6 |
f@= Fir) (72)
x(t) = x%t; (73)
x(t
x(t) = x%t; (74)
x(t
x(t) = q_ie’“ (75)
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1A +BF =0 (76)

$n = [A%f"] (77)

igi = 0y * gy (78)

Won =\//1n-/1;; =\/02+w3n (79)
n = o (80)

Because the multi-DOF model used within GustoMSC has approximately 600 DOFs, there will subsequently
be 600 unique mode shapes, natural periods, and damping ratios, for every MP draft and assumed pile-period
of motion. As discussed earlier, the lowering of the MP will change the stiffness, and mass moment of inertia
properties of the pile-cable subsystem w.r.t. the gripper node, and hence it will affect the outcome of the
modal analysis. Also, because the added mass surrounding the MP is estimated with WAMIT, and through
diffraction theory motion-period dependent, the assumed pile-period of motion will also affect the outcome
of the modal analysis. Usually, the mode shapes associated with the highest natural periods will affect the
dynamic behavior of a system the most since these natural periods are closest to the periods of excitation. For
this reason, the generalized modal analysis problem will be solved for the first 5 mode shapes for different MP
drafts and different assumed pile periods of motion.

5.1.1 Results of the modal analysis

In Figure 22 the first 5 mode shapes of the combined jack-up and pile-cable model are depicted. From these
figures, it can be seen that the first 2 mode shapes are solely related to the pile-cable deformation. Mode shape
1 is associated with the rotation in the gripper node perpendicular to the gripper connection, and mode shape
2 is associated with the rotation in the gripper node in line with the gripper connection. Modeshapes 3, 4,
and 5 are combinations of the pile-cable and jack-up deformations. In Figures 23, 24, 25, 26, 27, the natural
periods associated with respectively mode 1,2,3,4, and 5 are depicted for different MP drafts, and different
assumed pile periods of motion. Note that in the mentioned graphs, the values of the natural periods change
for different MP drafts, which is expected because the mechanical system changes as the MP lowers through
the water. The values of the natural periods also change for different assumed pile periods of motion because
the values of the added damping and added mass are MP motion period dependent.

Note that the results and the discussion on these results for the damping ratios of the multi-DOF model are
put in the appendix, see subsection A.2.

(a) Mode shape 1 (b) Mode shape 2 (c) Mode shape 3 (d) Mode shape 4 (e) Mode shape 5

Figure 22: Mode shapes of the multi-DOF model
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Figure 23: Natural periods of mode-shape 1

Natural periods for modeshape 2 of the combined system; jack-up + pile-cable model
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Figure 24: Natural periods of mode-shape 2
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Figure 25: Natural periods of mode-shape 3
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Natural periods for modeshape 4 of the combined system; jack-up + pile-cable model

Base-configuration: Lyje = 115 M,  dpasen—grip = 6 M, Lerane =200 M,  Dpje =12 m
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Figure 26: Natural periods of mode-shape 4
Natural periods for modeshape 5 of the combined system; jack-up + pile-cable model
Base-configuration: Lpje = 115 m,  dpaseh—grip = 6 M,  Lerane = 200, Dpje = 12 m
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Figure 27: Natural periods of mode-shape 5
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5.1.2 Discussion of the modal analysis results

As mentioned earlier, the first 2 mode shapes are associated with the rotational DOFs of the MP at the gripper
node. It can be seen that the excitation periods of the environmental conditions considered during this MSc
thesis, see Table 2, are closest to the natural periods of mode shapes 1 and 2 until a MP draft of around 25m,
see Figures 22a and 22b. Because of this, it is reasonable to assume that the dynamic behavior of the MP is
governed by the rotational MP DOF in the gripper, as this DOF will be excited the most for the considered
environmental conditions. This is one of the reasons that the multi-DOF model is reduced to solely the pitch
DOF of the MP in the gripper. The other argument is that it is easier to analyze what specific physical phe-
nomenon influence the dynamic behavior of the MP during the discussed lowering process, when a 1-DOF
system is considered. In a 1-DOF system there is no interference from possible jack-up excitations. In the
multi-DOF model some excitation frequencies might excite the jack-up, which in return excite the MP, due
to which it is difficult to separate what the exact phenomena are that influence the dynamic behavior of the
MP. Because of these two arguments, the multi-DOF is reduced to a 1-DOF pile-cable model that can rotate
in the pitch DOF in the gripper.

Throughout the lowering process of the MP, the stiffness of the pile-cable subsystem constantly decreases, see
Equation 111, and Equation 112. The mass moment of inertia of the pile-cable subsystem w.r.t. the gripper
node will decrease between the lowering of the MP draft from 0 to 15m, and increase between the lowering
of the MP draft from 20m to 50m. The reason for this is that at first a large part of mass of the steel of the
MP will be above the gripper node, due to which the mass moment of inertia will decrease as the MP lowers
through the gripper. When the MP lowers further through the gripper the mass moment of inertia will start
increasing again as more MP mass is moving farther away from the lower side of the gripper and the effect of
the added mass from the water becomes more significant. Later on in this section, this effect will be shown
with a plot. Because of these two arguments, the natural periods for mode shapes 1 and 2 are roughly expected
to be constant between a MP draft of 0 and 15m and start to increase after MP drafts higher than 15m. This
behavior can also be seen in Figure 23, and Figure 24.

Modeshapes 3,4 and 5 are combinations of the first 3 jack-up modeshapes and the pile-cable modes but are
primarily related to the first 3 jack-up modes. Mode shape 3 is associated with the surge jack-up mode, mode
shape 4 is associated with the sway jack-up mode and mode shape 5 is associated with the yaw jack-up mode.
The natural periods of these first 3 jack-up modes are outlined in Table 8 (GustoMSC, 2023). Figures 25, 26,
27 are the natural periods associated with the combined mode-shape of the first 3 jack-up modes and the
pile-cable modes. It can be seen from this figure that since the mass moment of inertia decreases between
a MP draft of 0 and 15m the natural period of the system increases in this region. As discussed previously,
the mass moment of inertia will increase from MP drafts of 15m and higher, due to which the natural periods
of the system increase in this region. Note that the natural periods of mode shapes 3,4, and 5 start around
respectively the natural periods of the first 3 jack-up modes, which is also expected.

Overall the natural periods of the first 5 combined jack-up and pile-cable model mode shapes show a slight
variety depending on the assumed pile-period of motion. This difference is however not too big, since it only
has an effect on the added mass outside the MP.

As mentioned previously, the multi-DOF model is reduced to solely the pitch DOF of the MP in the gripper. It
can be seen from Figures 25, 26, 27 that wave periods between 4.5—7.5s will excite the jack-up. For earlier given
arguments the motion of the jack-up is completely neglected. However for the considered environmental
conditions with peak periods of the JONSWAP spectrum of 7,8, and 9 seconds, there is a significant part of
these spectra that excite the jack-up, especially when a peak period of 7 seconds is considered. In reality, the
jack-up motion might therefore influence the dynamic behavior of the MP during the lowering phase through
the splash zone. In subsection 6.6, the error that has come with the assumption of solely considering the pitch
DOF of the MP in the gripper will be quantified for different peak periods of the JONSWAP spectrum.

Parameter | Value | Unit | Description

Th jack—upa | 649 S Natural period jack-up mode 1 (sway mode)
Thjack—up2 | 645 S Natural period jack-up mode 2 (surge mode)
Thjack—up3 | 453 S Natural period jack-up mode 3 (yaw mode)

Table 8: Jack-up first 3 natural periods
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5.2 1-DOF model

In the previous subsection, it was mentioned that the mass moment of inertia of the pile-cable model w.r.t. the
gripper node would decrease when the MP is being lowered from 0 to around 15 m of MP draft. Increasing the
MP draft beyond 15m would only increase the mass moment inertia of the pile-cable model w.r.t. the gripper
node, as the effect of the water in and outside the MP starts to become more significant, and the masscontri-
bution from the steel of the MP moves further down the gripper. In Figure 28, the mass moment of inertia
of the 1-DOF pile-cable model is depicted as a function of the MP draft, for different assumed pile-periods
of motion. The discussed effect can clearly be seen in this graph. This graph would serve as a convenient
substantiation for the reason why the mass moment of inertia first decreases and hereafter increases as was
also discussed in subsubsection 5.1.2.

Total mass moment of inertia in the 6-DOF
Base-configuration: Lyje = 115m,  dpasen—grip = 6 M,  Lerane = 200m,  Dpje = 12 m

7

bLLT

o

10 20 30 40 50
Pile submergence in [m]

Figure 28: Total mass moment of inertia of the 1-DOF model

The natural frequency of a 1-DOF system is found with Equation 81. The damping ratio can be obtained
with Equations 82, and 83. Since the values of the stiffness, k55, mass moment of inertia I, 55, and the
damping Cs; ,; of the 1-DOF pile cable model can be obtained for different MP drafts, and different assumed
pile periods of motion, the natural periods and damping ratio of the pile-cable subsystem can be obtained.

w, = \/g (81)

(o
Ccrit

[ k
Copir=2-m Z:Z-ma)n (83)

The mode shape of the 1-DOF model would only show a rotational displacement at the gripper node, since
that is the only mode in which the structure can deform. With the equations as discussed in the previous
paragraph, the results for the natural periods and damping ratios of the 1-DOF pile-cable model for different
MP drafts and assumed pile-periods of motion are found and depicted in Figures 29, and 30. For convenience
the added-mass in Figure 29 is also evaluated with the added-mass Morison assumption, see the black squared
graph.

¢ =

(82)

5.2.1 Results of the modal analysis

5.2.2 Discussion of the modal analysis results

The natural period plot of the 1-DOF model is very similar to the natural period plot of modes 1 and 2 of the
multi-DOF model, see Figures 29, 23, and 24. This is also expected as the first 2 modes of the multi-DOF
model are primarily associated with the pile-cable rotational DOF in the gripper. The natural period plot of
the 1-DOF pile-cable model can therefore also be explained by the same substantiations as was done for the
first 2 modes of the multi-DOF model, and will not again be done in this paragraph. The same conclusion can
be drawn for the plot of the damping ratios of the 1-DOF pile-cable model, see Figures 30, 61, and 62.
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Figure 29: Natural periods of the 1-DOF model
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Figure 30: Damping ratios of the 1-DOF model

5.3 Validation of the 1-DOF mechanical model

In section 4, the assumptions of the 1-DOF pile-cable model are discussed. In the appendix the following
assumptions w.r.t. the 1-DOF pile-cable model will be validated, to make sure that they make sense, see
subsection B.2:

1. The moments that arise due to the rotation of the MP are linearly related to the angle 8, so the trigono-
metric functions are linearized.

2. The mass of the steel of the MP is assumed to be uniformly distributed, i.e., the non-uniform distribution
of the mass due too a possible tapered end of the MP is not considered.

Furthermore, the effect of different layouts of the jack-up are also discussed in the appendix, see subsec-
tion B.3,
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6 Results & Discussion

As is discussed in section 4, the EOM of the pile-cable model that only considers the pitch-DOF w.r.t. the
gripper node, depicted in Equation 58, will be solved in the time-domain, except for the results of level 1 which
are solved in the frequency domain. The results of, mainly the time domain simulations, will be presented
and discussed in this section.

In section 4, it is discussed how the values for the stiffness, added damping, mass moment of inertia, and wave
excitation forces of the 1-DOF model can be found for solely the pitch DOF, see Equations 58, and 59. Note
that these values change when the MP is lowered in the water, taking into account the kinematic relations
defined in Equation 1, and Figure 4.

At each level of accuracy, some physical phenomena will be added to the model, w.r.t. the previous level, so
that its effect will become apparent. These physical phenomena primarily have to do with the modeling of
the wave-excitation loads, the modeling of the added mass and damping values, and the modeling of the time
domain simulation, i.e., either a steady-state simulation or a dynamic lowering simulation. Specific parts of
these results, obtained in each increment will be compared to either, hand calculations, similar output from
the multi-DOF model, the previous increment, or a combination of these 3. In each subsection of this section,
a level of accuracy of the 1-DOF model is discussed, the following structure within each subsection will be
used:

1. Explanation of the hydromechanical model of that level
2. Results of the time-simulation of that level
3. Discussion about the results of that level

Within certain levels, some of the included physical phenomena of that level will be validated, in order to
make sure that this phenomena is implemented correctly in the 1-DOF model. In order to keep this section
concise, not every validation of such a physical phenomena will be discussed in the associated subsection.
The conclusion of some of these validations will be shortly discussed in the associated subsection, however
the actual plots and full detailed explanation will be put in the appendix, see Appendix B. The same is done
for the plots used to explain the results, not all of the plots will be shown in each level, for every plot see
Appendix C.

There are multiple disregarded physical phenomena that are not included in any level of the 1-DOF model. At
the end of this section these physical phenomena, and the reason why they are disregarded will be discussed,
based on several arguments and plots.
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6.1 Level 1: Motion RAO’s

In this level, the motion RAO’s of the pitch DOF will be evaluated. This is done by evaluating the maximum
motion response of the 1-DOF system during steady state simulations at MP drafts of 5, 10, 15, 20, 25 and 30m
for discretized wave-periods ranging between 6-15 seconds with a wave height of 2.5m and whilst setting the
ambient current at 0—. See Table 9 for the environmental conditions considered at this level. The maximum

motion response of e;ch time-simulation in a steady state situation is divided with the wave amplitude used
in this simulation such that for different wave-periods and MP drafts a motion response amplitude operator,
or motion RAQ, is obtained. In this way the EOM depicted in Equation 58 is solved in the frequency domain
with 2 different models:

« Model 1: this model does not consider damping due to the viscous drag.
« Model 2: this model does consider damping due to the viscous drag.

The wave-excitation forces, added mass and added damping outside of the MP for both models are evaluated
with WAMIT. Furthermore, the total mass moment of inertia and the stiffness of the EOM are evaluated in
the same way as was discussed in section 4. For model 2, the viscous drag is evaluated with the 2th term of
the separate flow form of the Morison equation depicted in Equation 61, see subsection 4.2 for the full details
on how this viscous drag force is evaluated.

Parameter | Value | Unit | Description
Hyeqular 2.5 m Height of the regular wave
Treguiar 6-15 S Period of the regular wave
Veurrent 0 m/s | Velocity of the current

Table 9: Level 1: Environmental conditions

To make sure that the correct wave-forces are obtained for regular waves, the regular wave forces evaluated
for the 1-DOF model are compared with the regular wave forces under similar conditions in the multi-DOF
model. The results are showing to be near coincident, indicating that the regular wave forces are evaluated
correctly, see subsubsection B.4.1. The viscous drag force due to the current and the MP motion is also val-
idated with a hand calculation. These hand calculations show that the viscous drag force due to the current
and the MP is evaluated correctly in the Python model, see subsubsection B.4.2. Note that the current is not
considered during this level of the 1-DOF model, this phenomenon will however be added in future levels and
hence it is already validated at this level. Furthermore, proof is established that the 2nd term in the separate
flow form of the Morison equation is indeed more conservative w.r.t. the relative flow form of the Morison
equation, see subsubsection B.4.2.
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6.1.1 Results

The results of the motion RAO’s in the pitch DOF of the 1-DOF system under the mentioned conditions for
different MP drafts is shown in Figure 31. In this figure, the y-axis represents the motion RAO in the pitch
DOF in [%], and the x-axis is the wave period in [s]. In this plot the continuous line is the model that does
not considnér the damping due to the viscous drag, evaluated with Equation 61. The dashed line in the plot is
the model which does consider the damping due to viscous drag, evaluated with Equation 60. As mentioned

earlier the motion RAO plots are evaluated for different MP drafts, since the components that make up the
EOM, see Equation 58, is different depending on the MP draft.

Motion RAOs of the 1-DOF pile-cable subsystem, Vc =02
Dashed graph = pot theory + viscous drag (sep flow model), continuous line = pot theory

—— MPgrar=5m
—_— MPdraf['= 10m
— MPdraf[': 15m
MPdraft=20m
= MPdraftzz 5m
—— MPgyrart=30m

7 8 9 10 11 12 13 14
Wave-period in [s]

Figure 31: Motion RAOs of the 1-DOF pile-cable model

6.1.2 Discussion about the results

The peaks of the motion RAOs in Figure 31 coincide with the natural periods of the 1-DOF pile-cable model,
see Figure 29, which was also expected. Furthermore, there is a relatively large difference between the viscous
damped and viscous undamped motion RAOs at larger MP drafts. This is also expected because at these larger
MP drafts the damping due to the viscous drag is larger since there is more MP in the water. At smaller MP
drafts there is a smaller difference between the viscous damped RAO and the RAO that does not consider the
damping due to viscous drag. The reason for this is that the MP cannot gain much damping in this region as
there is not much length of the MP in the water. The natural periods of the MP at these lower MP drafts are
close to the most expected wave periods for the considered environmental conditions, see Table 2. These are
worrying MP drafts, since at resonance the motion response of a system is governed by damping, of which
there is not much at these drafts. Therefore the motion response during a steady-state simulation at lower
drafts is expected to be relatively high.
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6.2 Level 2: Dynamic lowering simulation, during regular waves

In this level the MP motion will be evaluated whilst lowering the MP through the splash zone over time.
Regular waves and current are considered with values for the waveheight, wave period and current intensity as
shown in Table 10. The added mass, added damping, and wave-excitation forces are evaluated with WAMIT,
and the viscous drag due to the current and the MP motion is evaluated as is discussed in subsection 4.2.
Furthermore, the stiffness and the total mass moment of inertia are evaluated in the same way as was discussed
in section 4. In subsection 4.3 it is explained how the time-variant EOM, see Equation 58, is evaluated in the
dynamic lowering simulation. The winch speed of the crane cable is set at 0.0833%, in accordance with
GustoMSC (GustoMSC, 2023). Because the MP is lowered through the water the following components of
Equation 58 also change over time:

1. The total mass moment of inertia, I, 55 ¢, because the following contributions of this mass moment of
inertia change over time:

(a) Added mass outside of the MP, evaluated with WAMIT
(b) Added mass due to the entrapped water in the MP
(c) Mass from the steel of the MP

2. The added damping Css.
3. The stiffness of the MP Ks;s.
4. The magnitude of the wave excitation forces from WAMIT, due to a regular wave, Fs ,,qpe—excit-
5. The magnitude of the viscous dragforce
Parameter | Value | Unit | Description

Hyeqular 2.5 m Height of the regular wave

Treguiar 7/8/9 S Period of the regular wave

V current 1.5 m/s | Velocity of the current

Table 10: Level 2: Environmental conditions

6.2.1 Results

In Figure 32, 33, 34 the motion response of the dynamic lowering simulations are depicted for a regular wave
with a height of 2.5m and respectively a period of 7,8 and 9 seconds. In all 3 figures the left y-axis indicates
the pitch motion of the MP w.r.t. the gripper in [deg], the right side of the y-axis indicates the MP draft in [m],
and the x-axis shows the time in [s]. The purple graph is the MP motion evaluated with the model that does
not consider the viscous drag, and the cyan graph is the MP motion evaluated with the model which does
consider the viscous drag. The maximum and minimum motion response of each graph, considering both
models is shown in the subtitle of each plot. Note that because the viscous drag does not dampen the motion
significantly enough in Figures 32, and 33, it looks like as if only the model without viscous drag is plotted.
The motion response of both models is however plotted but since they are almost exactly similar the second
model is not observable. The difference between the two models can be observed in Figure 34, because the
damping due to viscous drag is more dominant in this plot. Finally, the mean displacement due to the current
is also clearly noticeable at larger MP drafts, see Figures 32, 33, and 34.
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Figure 32: Motion response dynamic lowering simulation, 1-DOF model: H=2.5m, T=7s, Vc = 1.5 m/s, po-
tential theory + viscous drag

MP motion (dynamic lowering), Regular wave; H=2.5m, T=8s, vcu,re,,t=1.5%
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Figure 33: Motion response dynamic lowering simulation, 1-DOF model: H=2.5m, T=8s, Vc = 1.5 m/s, po-
tential theory + viscous drag

MP motion (dynamic lowering), Regular wave; H=2.5m, T=9s, Vcyrrent=1.52
winch speed=0.0833 7  Opot, max=15.11deg,  Opot,max=-15.35deg,  Opot+ visc, max=10.76deq,  Opot + visc, min=-10.94deg
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Figure 34: Motion response dynamic lowering simulation, 1-DOF model: H=2.5m, T=9s, Vc = 1.5 m/s, po-
tential theory + viscous drag
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6.2.2 Discussion about the results

It can be seen that the response is the lowest for a 7-second period regular wave, see Figure 32. This is because
the natural period of the 1-DOF pile-cable subsystem starts around 8.5 seconds, and increases as the MP is
lowered through the water, see Figure 29. Resonance does therefore not occur at any MP draft as the natural
period of the system will never pass through 7 seconds. The motion response of the system during an 8-second
regular wave is already a bit higher, but the motion response of the system during a 9-second regular wave
is by far the biggest as in this simulation the system passes fully through resonance. Not only is the peak
of the motion response higher for the 9 second regular wave, it also occurs later in time, i.e. at larger MP
drafts. Because the motion amplitudes are largest for a 9 second period wave, the viscous effects are also
more dominant for this wave period. See Figure 34 for the difference between the model that does consider
damping due to viscous drag, and the model that does not consider damping due to viscous drag.

Another important observation from Figure 34 is that the peak does not occur exactly when the system crosses
through resonance, see Figure 29, but slightly after this instant. The reason for this is that the increase of the
response is highest at resonance, but because the motion takes time to build up it will not peak at this exact
instant. As the MP lowers further through the water, the natural period of the system moves away from the
excitation periods, however, the magnitude of the excitation loads is still increasing whilst the natural period
of the system is not at the excitation period but still relatively close to the natural period. This means that the
response still increases but with a smaller slope when comparing it with the instant when resonance occurs.
When further lowering the MP through the water, the motion response starts to decrease as the gap between
the natural period and the excitation periods, and the damping both increase further.

For a 9 second period wave, the natural period of the 1-DOF system crosses through resonance. Because the
damping is relatively low, between 0 and 200 seconds, the motion response of the MP for the model that does
not consider damping due to viscous drag, has the same period of motion as the wave in this region (Rao,
2011). After the system has passed through resonance it can be seen that the period of motion of the MP
increases, because the absolute value of the added damping increases as the MP is deeper in the water and the
velocities are relatively high. At around 250 seconds, the natural period of the system is moving further away
from the wave period due to which the motion response starts decreasing. As the added damping increases
only more when the MP is lowered further through the water, the period of motion of the MP also increases
more. At a certain point the regular wave starts acting in the same direction as the MP motion, because the
period of motion of the MP is so slow and the wave is catching up with the MP motion. Because of this a second
peak at 330 seconds and the third peak at 360 seconds, and the non-linear behaviour between 450 and 600
seconds is observed for the model that does not consider the damping due to viscous drag. This effect is even
more apparent for the model that also considers the damping due to viscous drag. Note that this effect is not
apparent at a 7 second period wave, because the motion response of the MP is relatively low in this situation,
due to which the damping is also low. For the 8 second wave, the added damping already increases, since the
MP motion increases, and hence the second and third peak of the motion response can be observed at 200
and 250 seconds. As the motion response quickly decreases after this, the added damping also decreases, and
hence in this situation there is no non-linear behaviour of the MP motion between 400 and 600 seconds, as
opposed to the situation with a 9 second period wave.

Finally, the mean displacement due to the current is also clearly noticeable at larger MP drafts, see Figures
32, 33, and 34.
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6.3 Level 3: Steady-state simulation during irregular spread waves

In this level the steady-state simulation is evaluated for irregular spread waves with the environmental con-
ditions shown in Table 11 at critical MP drafts. The critical MP drafts are chosen at the draft where the peak
period is very close to the natural period of the 1-DOF system, and where the biggest part of the MP is in the
water. The critical MP draft for irregular waves with a peak period of 7 seconds is at 10m MP draft, for a 8
second peak period the critical MP draft is located at 15m, and for a 9 second peak period the critical MP draft
is at 20m. These locations where established by finding the MP draft where the standard deviation of the MP
motion response, i.e. energy content of the MP motion response, was the largest for that peak period. The
EOM, depicted in Equation 58 is evaluated for these MP drafts in the steady state situation, where the mass
moment of inertia, stiffness added damping and wave-excitation forces due to spread irregular waves are eval-
uated in the procedure as is explained in section 4. Note that the added damping, added mass outside of the
MP and the wave-excitation forces are evaluated with diffraction theory, through the utilization of WAMIT.
The added mass and added damping are MP motion period dependent, and these values are therefore eval-
uated assuming that the motion period of the MP is equal to the value of the peak period of the JONSWAP
spectrum. The motion response is evaluated with 2 models, 1 model that does not consider the damping due
to viscous drag, and a second model that does consider the damping due to viscous drag. The viscous drag is
evaluated as described in subsection 4.2.

As discussed in subsubsection 3.2.1 the standard deviation for an irregular sea-state serves as a metric for the
energy contained within the sea. Since the irregular waves produce an irregular force signal, and subsequently
an irregular motion response signal, the standard deviation for these latter two signals also serves as a metric
for the energy contained in the force or motion signal. With the standard deviation the most probable max-
imum (MPM) of the pitch motion can be evaluated, see Equation 84 (Journée, 2001). In this equation, mg g
is the zeroth order spectral moment of the response spectrum, i.e. the total variance of the response signal,
and N is the amount of cycles that is considered. N can be evaluated with Equation 85, where T, is the return
period over which the MPM needs to be evaluated, and T, ¢ is the zero up-crossing period of the MP pitch
motion. The return period is established at 600s, since the MPM of the steady-state simulation will in level 4
be compared with an estimate of the MPM of the MP motion during the dynamic lowering simulation under
irregular waves, which takes 600 seconds.

Note that the maximum motion response during irregular waves for different wave seeds under statistically
equivalent environmental conditions is Rayleigh distributed (Journée, 2001). The MPM is defined as the
position where this Rayleigh PDF of the maximum motion response peaks, i.e. the mode, hence the name
‘most probable’. It should be noted that the peak of the PDF of a Rayleigh distribution is exceeded in 60.6%
of the cases, and hence the MPM is exceeded in 60.6% of the simulations (Dekking, Kraaikamp, Lophuai, &
Meester, 2005). Within the offshore industry the MPM is used as an indication of what maximum motion
response value to expect for a given sea-state during N cycles, see Equation 85.

Parameter | Value | Unit | Description
Hiq 2.5 m Significant wave height
T peak 7/8/9 s Peak period of the spectrum
V current 1.5 m/s | Velocity of the current

Table 11: Level 3: Environmental conditions

MPM(6) = /2 - myg - In(N) (84)

T,

N =
T

(85)

To make sure that the forces on the MP due to irregular waves are evaluated correctly, the forces on the MP
for irregular waves at certain MP drafts on the 1-DOF model are evaluated and compared to the same results
of the multi-DOF model. See subsubsection B.4.3 for the full details of these results. The main conclusion is
that the wave-excitation forces due to irregular unidirectional or spread waves are evaluated correctly.
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6.3.1 Results

The time domain plots of the steady-state simulations at the discussed critical drafts for the environmental
conditions shown in Table 11 are depicted in Appendix C. The main results of these plots are depicted in
Table 12. As discussed, the assumed return period is set at 600s, because the values of the MPM found in this
level will be compared to an estimate of the MPM during the dynamic lowering simulation, which takes 600
seconds. Note that the results in Table 12 are related to the model that considers damping due to viscous drag.

Hsig [m] Tp [S] Vc? MPdraft [m] O9,visc [deg] T2,9,visc [S] Tr [S] MPM@,visc [deg]
2.5 7 1.5 10 0.96 8.45 600 2.80
2.5 8 1.5 15 1.71 8.83 600 4.98
2.5 9 1.5 20 2.33 9.47 600 6.72

Table 12: Main results of level 3

6.3.2 Discussion about the results

What can be seen from the figures in the appendix, see subsection C.1, is that the response of the model that
considers damping due to viscous drag is the lowest. Furthermore, from Table 12 it can be seen that the stan-
dard deviation is higher for environmental conditions with higher peak periods. This is because the critical
MP draft is larger for increasing peak periods, as the natural period of the system increases for larger MP
drafts. Therefore, the wave-excitation loads are higher at these drafts, since more MP is in the water, and
hence for these environmental conditions, the motion response is also the largest. Subsequently, the MPM
for higher peak periods is also larger for the considered return period, see Table 12, and Equation 84.
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6.4 Level 4: Dynamic lowering simulation during irregular spread waves

At this level, the dynamic lowering simulation will be modeled, during irregular spread waves, see Table 13
for the environmental conditions considered at this level. The hydromechanical forces are evaluated based on
the diffraction theory, for which WAMIT is utilized. The force signal from the diffraction theory is evaluated
in the same way as was done in level 3, but now for a dynamic lowering simulation. Furthermore, the added
mass and added damping values from WAMIT are evaluated assuming that the assumed period of MP motion
is equal to the peak period of the wave spectrum. The MP motion is evaluated with 2 models, one model that
does not consider the damping due to the viscous drag, and another model that does consider the damping
due to the viscous drag. The viscous drag is evaluated in the procedure as explained in subsection 4.2. The
winch speed of the crane cable is set at 0.08332, in accordance with GustoMSC (GustoMSC, 2023). Because

N
the MP is lowered through the water the following components of Equation 58 also change over time:

1. The total mass moment of inertia, I,,, 55 ;,;, because the following contributions of this mass moment of
inertia change over time:

(a) Added mass outside of the MP, evaluated with WAMIT
(b) Added mass due to the entrapped water in the MP
(c) Mass from the steel of the MP
2. The added damping Cs;s.
3. The stiffness of the MP Ks;s.
4. The magnitude of the wave excitation forces from WAMIT, due to a regular wave, Fs ,,qpe—excit-

5. The magnitude of the viscous dragforce

Parameter | Value | Unit | Description
Hgig 2.5 m Significant wave height
Tpeak 7/8/9 ] Peak period of the spectrum
V current 1.5 m/s | Velocity of the current

Table 13: Level 4: Environmental conditions

In level 3 the standard deviation of the MP motion response in steady-state under irregular spread waves at
critical MP drafts was used to establish a value for the MPM during a 600-second simulation. Because dur-
ing the dynamic lowering simulation, the EOM of the 1-DOF system is time-variant, the standard deviation
cannot be used anymore to establish the MPM, since the system changes over time due to which the standard
deviation changes over time. To estimate the MPM during the dynamic lowering simulation, several simu-
lations with unique wave seeds for a specific set of environmental conditions are evaluated. The maximum
MP motion response of every simulation is extracted, from which a bin plot is established that serves as a
probability distribution of the maximum MP motion responses, for a specific set of environmental conditions.
These bin plots were found to be Rayleigh distributed, and therefore the data points of the maximum MP
motion response under a specific set of environmental conditions were fitted with a Rayleigh PDF. The pitch
motion where this Rayleigh PDF is maximum is defined as the MPM. In this way an estimate of the MPM
for the dynamic lowering simulation under irregular waves is established. Note that this is only done for the
model that does consider the damping due to the viscous drag.

6.4.1 Results

In the appendix, see subsection C.2, the MP motion response in the time-domain for the dynamic lowering
simulation and the mentioned environmental conditions are plotted for a single wave-seed, see Figures 93,
94, 95. As mentioned before these 3 plots are unique for every wave seed, due to the stochastic behavior of
irregular waves, and therefore it is not possible to conclude something from a single simulation. Because of
this, an estimate of the MPM is evaluated in this level, by establishing a Rayleigh distribution of the maximum
MP motion responses which are extracted from the 220 wave seeds for each set of environmental conditions.
See Figures 35, 36, and 37 for the bins and the fitted Rayleigh PDF that were established from the maximum
MP motion response of every wave-seed, for each set of environmental conditions. Note that for every set of
environmental conditions, 220 simulations were run in order to extract the maximum MP motion response,
from which the bins plot and the Rayleigh PDF fit was established. The most important results are depicted in
Table 14. The subscript ‘dl-simu’ refers to the estimate of the MPM during the dynamic lowering simulation
in the pitch DOF for the model that does consider damping due to viscous drag. The subscript ’ss-simu’ refers
to the MPM from the steady-state simulation, obtained in level 3.
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Hg;q [m] T, [s] Vc[?] MPMg;_simu [deg] | Ngeeas[-] | MPMg)_simu in % of the MPM_gimy
2.5 7 1.5 0.59 220 21.07
2.5 8 1.5 1.12 220 22.49
2.5 9 1.5 2.07 220 30.80

Table 14: Main results of level 4

Rayleigh distribution of the maximum MP motion response in the 6 — DOF
Environmental conditions: Hsjg=2.5m, T,=7s, N=220, MPMy=0.59deg
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Figure 35: Fitted Rayleigh distribution for the 8,,,, during the dynamic lowering simulation in irregular
spread waves, Hy, = 2.5m, T, = 75
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Figure 36: Fitted Rayleigh distribution for the 6,,,, during the dynamic lowering simulation in irregular
spread waves, Hy, = 2.5m, T, = 85
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Figure 37: Fitted Rayleigh distribution for the 6,,,, during the dynamic lowering simulation in irregular
spread waves, Hgo =2.5m, T, = 9s



6.4.2 Discussion about the results

It can be seen from Table 14 that the MPM during the dynamic lowering simulation is for all 3 cases approx-
imately only 25% of the MPM during the steady-state simulations at critical MP drafts. In other words, the
MPM is reduced by approximately 75% when evaluating it with the dynamic lowering simulation, compared
to the MPM with the steady-state simulation.

As was already concluded, the MP motion response is largest at higher peak periods, especially during the
steady-state simulations, since the critical MP drafts are established at the drafts where the peak periods coin-
cide with the natural period. Because of this the viscous effects become more dominant at these peak periods
during the steady-state simulations, due to which the motion response in this simulation, and hence the MPM,
is significantly reduced. This is the reason that the difference in MPM between the steady-state simulation
and the dynamic lowering simulation is smallest for higher peak periods, see Table 14.

Due to time constraints, only 220 simulations with unique wave seeds are used to establish a Rayleigh PDF
plot for every set of environmental conditions. In order to improve the accuracy of this PDF a convergence
test has to be done, such that it can be determined after how many simulations an accurate estimate of the
maximum pitch motion distribution is obtained. This is not done during this thesis, due to time constraints.
Therefore, it is not known how accurate the MPM is for the dynamic lowering simulation. However from the
shape of the bins in Figures 35, 36, and 37 the well known Rayleigh distribution is observed, from which it can
be concluded that the Rayleigh fit from 220 wave seeds is most likely a reasonable estimate of the distribution
of the maximum pitch motion.

The decrease of the MPM in the dynamic lowering simulation is significant. However it should be noted that
to use this value to establish a weather window, there has to be a certainty that the MP will not stop with
lowering during the lowering phase. Because if this would happen, the MP motion will go into a steady-state
situation, due to which the motion response would drastically increase. In the recommendations of this report
a practical solution will be discussed to ensure that the lowering of the MP will not be interrupted.
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6.5 Disregarded physical phenomena

Including as many physical phenomena as possible in the 1-DOF pile-cable model, would in theory be possi-
ble. However, due to time constraints during this MSc thesis, and limitations in computational power, some of
these physical phenomena are disregarded, and not included in the 1-DOF pile-cable model. This subsection
will discuss the relevance of certain physical phenomena and why they are not implemented in the 1-DOF
pile-cable model. These phenomena include:

1. The effect of ambient current
Vortex shredding frequencies
2nd order difference frequency wave drift forces

Hydromechanical reaction forces in the time-domain

AR

Jack-up motion

The environmental conditions for which the relevance of the above 3 physical phenomena will be scrutinized
are depicted in Table 15.

Parameter | Value | Unit | Description
Hiq 2.5 m Significant wave height
T peak 7/8/9 s Peak period of the spectrum
V current 1.5 m/s | Velocity of the current

Table 15: Environmental conditions for the disregarded physical phenomena

In each subsubsection of this subsection, the theory of the physical phenomena will first be explained. Here-
after results will be presented for which the considered phenomena is implemented. The subsection will
finish with a short discussion about the obtained results.

6.5.1 The effect of ambient current

In this subsection the effect of the ambient current on the JONSWAP spectrum will be discussed. For an
irregular sea-state with an ambient current, there will be an energy transfer between waves and current. This
energy transfer might affect the JONSWAP spectrum which has to modified to incorporate this effect. For
an irregular sea state, the following wave parameters will change during the presence of an ambient current
(Holthuijsen, 2007):

1. Amplitude
2. Frequency
3. Direction

The frequency of the wave for a fixed observer is called the apparent wave frequency and can be described
with Equation 86, where k is the wave number, U is the current, and w;,, is the intrinsic frequency of the
wave, meaning the frequency which an observer traveling with the same speed as the current would measure.
Equation 86 is derived from the fact that the wavelength with and without ambient current is the same, how-
ever, the speed at which the wave passes a fixed observer is affected by an ambient current. Because of this the
frequency of the wave for a fixed observer, i.e. an observer that is not moving with the speed of the current, is
different with ambient current as opposed to without ambient current. Note that the apparent wave frequency
without current is simply equal to the intrinsic wave frequency, see Equation 86.

Wapp = kU + @ (86)
The wave amplitude is affected because the wave-action has to be conserved between the situation with and
without ambient current (Holthuijsen, 2007). Because of this, the wave amplitude with ambient current trav-
eling in the direction of the wave is smaller compared to the situation without current. The opposite happens
with an ambient current traveling in the opposite direction as the wave, in this situation the wave amplitude
increases compared to the situation without a current. Because wave-action between the situation with and
without current is conserved, there is an energy transfer between the wave and the current when ambient
current is present (Holthuijsen, 2007).

In (Huang, 1972) a formulation for a wave-spectrum with ambient current is proposed, see Equation 87. In
this equation, w, ), is the apparent frequency, U is the current, g is the gravitational acceleration, and S(w,pp)
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is the wave spectrum without an ambient current. This formulation is proposed for deep water conditions,
with a constant current over the full water depth. During this level the environmental conditions in Table 15
are considered. It is known from the dispersion relation, see Equation 11 that deep water cannot be assumed
for a large part of the spectra when considering peak periods of 8 and 9 seconds, since the waves will interact
with the bottom for the wave-frequencies containing the majority of the energy of these wave spectra. This
interaction of the waves with the seabed is however assumed to be small for these peak periods, and there-
fore the water is assumed to be deep for the considered environmental conditions during this level. It was
mentioned in subsubsection 3.2.3 that the current profile along water depth is modeled with Equation 52. For
a current at the SWL of 1% the current at a draft of 42m with the assumed water depth of 50m during this

thesis, is still 0.82Z. Because of this small discrepancy with the 12 current at the SWL, the current during

N S
this level is also assumed to be constant along the water depth. Because of these two arguments, Equation 87
can be utilized.

S(wapp7 U) = S(wapp) h (87)

2
(H\/HM> \/me
g g

Equation 87 is only valid when Equation 88 is satisfied. If this is not the case Equation 87 would go to infinity
since the denominator of this equation would go to 0. Furthermore, in (Hedges, 1981), Equation 87 was
modified to account for a wave-breaking limit. Especially when current travels in the opposite direction as
the wave, the waves tend to break which has to be accounted for in the spectrum. Equation 89 accounts for this
wave-breaking limit, where ’ER’ refers to the equilibrium range and « is a numerical constant. When the value
of this equation is smaller than the value found with Equation 87, Equation 89 should be utilized to model
the wave spectrum. When the value found with Equation 89 is bigger than the value found with Equation 87,
the value found with Equation 87 should be used. When setting the coefficient « of this equation to 0.008, the
tail of the PM spectrum is modeled, therefore « is set at 0.008.

4Uw,
1+ —gap P (88)

ag? 1

89
(@app — KUY | 20@app=k0) (89)

SER(wapp) =

In (Soares, 2005), experimental tests were performed to validate Equation 87. In an open basin, irregular
waves were modeled with a wavemaker where for each configuration of a significant wave height and peak
period the waves were measured in 3 situations:

1. Opposing current.
2. No current.
3. Current flowing in the same direction as the propagation of the waves.

For every set of environmental conditions, the measured surface elevation was transformed into a wave-
spectrum utilizing the FFT. The following main conclusions were drawn from these experiments:

1. The position of the peak of the wave spectrum is conserved for the same significant wave height and
peak period, between the situations with opposing current, no current, and current traveling in the
same direction as the waves.

2. Forequivalent significant wave height and peak period, the energy in the wave spectrum under opposing
current is the highest, followed by the situation without current. The situation with current traveling
in the same direction as the waves contained the least amount of energy in the spectrum.

Hereafter the experimental results were compared with the wave spectrum obtained with Equation 87, where
S(wqpp) was modeled with the JONSWAP spectrum, assuming a peak enhancement factor of 2. It turned out
that Equation 87 did not converge with the results found in the experiments when the value of the current, U,
in the equation was set to the value measured during the experiments. The spectra modeled with Equation 87
did however converge when increasing or decreasing U used in this equation a little bit, depending on the
significant wave height and peak period of that experiment. This modified value of U is called the converged
velocity.
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In the paper, it also became apparent that for most configurations of significant wave height, peak period, and
current intensity, only the situation with current traveling in the same direction as the waves could be modeled
with Equation 87. The reason for this is that for most configurations of significant wave height, peak period,
and current intensity, with current traveling in the opposite direction as the waves, the wave-breaking limit
would be reached. For most cases, the modification with the wave-breaking limit, see Equation 89, would
prove not to model the wave spectrum correctly. This is because especially for situations with short waves, i.e.
low peak periods, and high opposing currents, the waves become very non-linear (Holthuijsen, 2007), which
is difficult to model with linear wave theory. Because of this, only the situation with current traveling in the
same direction as the waves will be considered during this MSc thesis.

In (Soares, 2005) several experiments have been conducted for which wave spectra are found. The converged
velocity for which Equation 87 would model the same spectrum as the experiments, is evaluated for each
experiment. Since the significant wave height, peak period, measured current, and converged velocity are
known for several tests, the results are interpolated such that a converged velocity is found for the environ-
mental conditions in Table 15. Using these converged velocities, and the JONSWAP spectrum as described
in subsubsection 3.2.1, the JONSWAP spectra during a positive, negative and no current are evaluated, see
in subsection C.3 Figures 96, 97, and 98. In these figures, the equivalent significant wave heights are also
depicted to see how much energy transfer there is between waves and current. It can be seen from this figure
that the equivalent significant wave height of the JONSWAP spectrum with the following current is much
lower compared to the situation without current, this was also expected.

Note that from these figures it becomes apparent that the JONSWAP spectrum with opposing current does
not make any sense at all, since the wave-breaking limit is already reached before the peak of the spectrum,
hence the weird shape of these spectra. It is for this reason that only the situation with current traveling in
the same direction as the waves is considered during this MSc thesis. These are the JONSWAP spectra that
will be considered when modeling the wave-excitation loads for the dynamic lowering simulation.

Apart from this modification of the JONSWAP spectrum, which only influences the magnitude of the wave-
excitation forces, and apart from the fact that the spreading of waves is not included, the dynamic lowering
simulation is modeled in the same way as was done in level 4 and will therefore not again be discussed here.

Results

To establish the impact of ambient current on the MP motion response, the time-variant version of the EOM
in Equation 58, i.e. the dynamic lowering simulation, is solved for unidirectional irregular waves and with
current, see Table 15 for the considered environmental conditions. As discussed, for every set of environ-
mental conditions, the time-variant EOM is solved when considering the conventional, i.e. non-modified,
JONSWAP spectrum, and the modified JONSWAP spectrum due to the ambient current flowing in the same
direction as the propagation of the waves. For every specific set of environmental conditions, the same wave
seed is used in both models so that the maximum pitch motion of the MP can be used as a metric to establish
the significance of the ambient current effect. Furthermore, the EOM is established and solved in the same
way as level 4 of the results, except that in this simulation unidirectional irregular waves are considered, and
ofcourse in one model the effect of the ambient current is implemented. Both models consider damping due
to the viscous drag.

The plots of the time domain simulations with the 2 models for the environmental conditions described in
Table 15 are shown in subsection C.4, see Figures 99, 100, 101, 102, 103, and 104, the most important results
from these plots are however shown in Table 16. The subscript ‘conv’ refers to the model that utilizes the con-
ventional JONSWAP spectrum, and the subscript ’ambcurrent’ refers to the model that utilizes the modified
JONSWAP spectrum.

Tp [s] Vc? Hsig [m] Hsig,eq [m] emax,conv [deg] emax,ambcurrent [deg] emax,ambcurrent in % of emax,conv
7 1.5 2.5 1.9 0.72 0.58 80.55
8 1.5 2.5 2.0 1.15 0.98 83.00
9 1.5 2.5 2.1 3.18 2.48 70.00

Table 16: Impact of the ambient current

Discussion about the results

From the results in the table it becomes apparent that the maximum motion response is significantly reduced
when considering the ambient current effect for current flowing in the same direction as the wavse. For all 3
the sets of environmental conditions the maximum response is reduced by around 25%. The relative reduction
in the maximum MP motion response is larger during higher peak periods.

It should be noted that the assumption of the steady current along the full water depth and the assumption
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that all the waves propagate in deep water is for the considered environmental conditions not true. This as-
sumption might cause the reduction in MP motion response when considering the ambient current effect, to
be overestimated. Furthermore, it is also possible that the converged velocity, which is found by interpolation
of the experimental data from (Soares, 2005), might be different for the considered environmental conditions
during this MSc thesis. To be certain what the converged velocity would be, a wave-basin test should be per-
formed for the considered environmental conditions which will not be done during this study.

It should also be noted that with Equation 87, and considering the environmental conditions depicted in
Table 15 it is not possible to model a correct modified JONSWAP spectrum for the situation with opposing
current. The amplification of the energy in the spectrum for this situation might yield the highest MP motion
response, due to which it would be conservative to analyze this situation. It is therefore suggested to try to
model this effect by utilizing for example the SWAN model, which is capable of modeling non-linear ocean
waves (Holthuijsen, 2007). This will however not be done during this thesis as this is outside the scope of this
study.

Furthermore, this model only considers the irregular waves coming from one direction. To correctly imple-
ment the ambient current effect, the modified JONSWAP spectrum should be utilized for spread waves. In
this situation the ambient current effect is expected to be less significant, compared to the unidirectional ir-
regular waves since for some of the ’spread’ waves, the current has a less severe effect on the energy transfer
from wave to current.

6.5.2 Vortex shedding frequencies

The drag force on a cylinder in a fluid with a velocity U is governed by the shedding of vortices, see Figure 38.
As these vortices shed from the cylinder, a lift force, perpendicular to the drag force occurs, see Figure 38.
The frequency at which these vortices shed is called the vortex shedding frequency. If the vortex shedding
frequency coincides with the natural frequency of the 1-DOF pile cable subsystem, resonance occurs, resulting
in an amplification of the motion response, which is undesirable. It is therefore important to check if these
frequencies are close to the natural frequencies of the 1-DOF pile cable model.

Figure 38: Lift force due to vortex shredding on a cylinder (Journée, 2001)

Given a vortex-shedding frequency, the dimensionless Strouhal number is defined with Equation 90. From
(Journée, 2001) it is known that the Strouhal number is related to the Reynolds number as depicted in Equa-
tion 91, with the Reynolds number for flow around a cylinder defined with Equation 92. In these equations
fu is the vortex shedding frequency, T, is the vortex shedding period, D is the diameter of the cylinder, U is

2
the uniform flow of the fluid, v is the kinematic viscosity of water, which is 1070 at 20 deg. The velocity

of the water around the MP is time and MP draft-dependent since the velocity of Sﬂuid around the MP is a
superposition of the constant current and the relative velocity of the MP through the still water. In this anal-
ysis, the wave-particle velocities are disregarded. Furthermore, the vortex shedding periods will be evaluated
during the dynamic lowering simulation with irregular waves whilst including the spreading of waves, and
the viscous drag, and whilst excluding the ambient current effect, i.e. the same simulation as considered in
level 4 is used in this analysis. Since the velocity changes over time and MP draft, the vortex shedding periods
also vary over the MP draft and time.

To check whether the vortex shredding periods coincide with the natural periods of the 1-DOF pile cable
model, only the vortex shedding period at the location with the maximum velocity of the fluid and the loca-
tion with the minimum velocity of the fluid are of interest. In other words, the vortex-shedding periods will
only be evaluated at the open bottom end of the MP, and at the location where the MP just touches the water,
i.e., at SWL.
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Results

The results of the vortex shredding periods with the mentioned modeling techniques, and for the environ-
mental conditions depicted in Table 15, are shown in Figures 39, 40, and 41. In these figures the y-axis on the
left side is the natural period or vortex shedding period in [s], the y-axis on the right hand side is the MP draft
in [m], and the x-axis is the time in [s]. Furthermore, the purple graph is the natural period of the 1-DOF
system, the dark blue graph is the MP draft, the green graph is the vortex shedding period at the SWL of the
MP, and the light blue graph is the vortex shedding period at the bottom of the MP.

Natural period of the 1-DOF pile-cable subsystem + vortex shredding periods
Irregular waves: Hsjg=2.5m, Tp=75, Nangles=10,  Veyrent=1.5Z, winch-speed=0.0833Z, min-diff, T, vs T, = 5.9s
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Figure 39: Vortex shedding periods during the dynamic lowering simulation, Hye = 2.5m, T, = 78, Ucyrrent =
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Natural period of the 1-DOF pile-cable subsystem + vortex shredding periods
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Figure 40: Vortex shedding periods during the dynamic lowering simulation, Hy, = 2.5m, T, = 85, Ucyrrens =
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Natural period of the 1-DOF pile-cable subsystem + vortex shredding periods
Irregular waves: Hsjg=2.5m, Tp=75, Nangles=10,  Veyrent=1.5Z, winch-speed=0.08332, min-diff, T, vs T, = 5.9s
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Figure 41: Vortex shedding periods during the dynamic lowering simulation, H

sig = 2.5mM, T, = 98, Ucyrrent =
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Discussion about the results

It can be seen from all 3 graphs that the vortex-shedding period of the bottom part of the MP is closest to the
natural period of the 1-DOF pile-cable model. For all 3 environmental conditions, the minimum difference
between the natural period of the 1-DOF model and the vortex shedding period on the bottom part is around
6 seconds, see the subtitle in the 3 mentioned graphs. Because the vortex shedding periods vary over the MP
height and will contain a value in between the vortex shedding periods at the bottom of the MP and at the
SWL, it can be concluded that over the full MP height resonance due to the liftforce is not likely to occur.
Because of this, the effect on the dynamic behaviour of the vortex shedding is expected to be negligible
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6.5.3 2nd order difference frequency wave drift forces

From Figure 29 it can be seen that the natural periods are relatively high at larger MP drafts. Since the second-
order wave forces are not considered in the 1-DOF pile-cable model it would be convenient to check the magni-
tude and frequencies of the 2nd-order difference frequency drift forces on the MP. If there are large 2nd-order
drift forces with periods close to the natural period of the 1-DOF pile cable model at large MP drafts, reso-
nance would occur, yielding an amplification in the MP motion response, which is undesirable. In this study,
only the difference frequency drift forces will be checked at large MP drafts, since the natural periods are the
highest at large MP drafts and are therefore most likely to coincide with the 2nd order difference frequencies
at these drafts. The sum frequencies are assumed to be far away from the natural periods of the 1-DOF pile-
cable model for all the MP drafts and are therefore not checked.

The rigorous procedure to obtain the full 2nd order wave forces would be through utilizing the full QTF matrix.
This is however quite a study on its own and will therefore not be done during this MSc thesis. In (Journée,
2001) another method is proposed to evaluate the 2nd-order difference frequency drift force on a cylinder for
irregular waves. This is done by establishing a wave envelope from an irregular wave train and treating the
absolute value of each peak or through as an amplitude from an individual regular wave that contributes to
the drift force through Equation 93. In this equation, R is the radius of the cylinder, C,,; is the reflection
coefficient, which is assumed to be 1, and ¢, is the wave amplitude. See Figure 42 for the irregular wave-train
where for each peak or through the drift force can be found with Equation 93.

This same procedure is also followed for finding the difference frequency drift force for the 1-DOF pile ca-
ble model at a MP draft of 50m. Hereafter this drift force signal as a function of time is transformed to the
frequency domain utilizing the FFT, to see which frequencies contain the most energy in terms of difference
frequency drift forces.

Drift Force = Constant Part +

Wave _(_,-’

y —— Skowdy Vanying Par
\ =T Te—

Figure 42: Drift force due to an irregular wave-train (Journée, 2001)

2 1
Ffir),-f[ = EpsngCrefl(w)gczz (93)

Results

First, the wave envelope for an irregular wave train is established, see Figure 43. The peaks and throughs of
this wave envelope are used as the individual wave amplitudes to establish a 2nd order wave drift force signal
as a function of time with Equation 93, see Figure 44. To check if this 2nd order difference frequency wave
drift force signal is obtained correctly, the mean is checked with the mean wave drift-force on a cylinder, which
can be evaluated simply with Equation 94 (Journée, 2001). It turns out that both these mean wave drift forces
are equal, see the subtitle in Figure 44, hence the obtained 2nd order difference frequency wave drift force
signal is assumed to be correct. This force signal is hereafter transformed to the frequency domain, utilizing
the FFT, see Figure 45. The same is done for a peak period of 7, and 8 seconds, see subsection C.5 for Figures
105, and 106.

2 1
Fi vy = T5Psw8RCropi(@)H2, (94)
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Figure 45: 2nd order difference frequency wave drift-force spectrum, Hge = 2.5m, T, = 9s

Hgg [m] | Ty [s] | Ve[ | MPgrare [m] | 0raarift totatMN] | Ora arife Ta=15-25s[MN] | F¢” [MNm]
2.5 7 0 50 0.0856 0.0078 = 2.0532
2.5 8 0 50 0.0876 0.0087 ~ 2.0908
2.5 9 0 50 0.0859 0.0086 ~ 2.0824

Table 17: Main results on the impact of the 2nd order difference frequency wave-drift forces

discussion about the results

The results of the second order wave drift forces are almost equal between the 3 different configurations of the
environmental conditions, see Table 17, therefore during the discussion there will be no distinction between
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results found for different peak periods.
To obtain the pitch moment, from the drift forces, it is assumed that these forces act at half the MP draft, which
is conservative considering the exponential decay of the dynamic pressure. The standard deviation of the

2nd order difference frequency pitch moment under equal environmental conditions would be approximately

3.5MNm, i.e. (Airgap + dpgsen—gripper + MPdraft

) * OF2 driftotal- Only 1—10 of this pitch moment standard
deviation, caused by the 2nd order difference frequency drift forces, is located around the natural period
of the 1-DOF pile cable model, i.e. periods between 15 and 25 seconds, see Table 17. Because of this, it
is fair to conclude that the 2nd-order drift forces would only cause a minor mean displacement and not a
dynamic MP motion amplification, since only a minor part of the energy contained in the 2nd-order difference
frequency wave drift force spectrum is located near the natural period of the 1-DOF model at a MP draft of
50m. See Figure 88 for the order of magnitude of 1st order wave forces at a MP draft of 20m. Hence, for all the
environmental conditions shown in Table 15, the 2nd order wave drift forces in the time domain are assumed
to have an irrelevant contribution to the dynamic behavior of the MP.

The mean wave drift force in the pitch DOF is about 2MNm for all 3 configurations of the environmental
conditions, see Table 17. The constant viscous dragforce, coming from the current, is 13.42 MNm at a MP
draft of 50m. This dragforce causes a mean pitch displacement of around -0.25 deg, see Figure 32. This
means that the mean wave drift force would cause a mean pitch displacement of the MP at 50m draft of

—0.25- 13% = —0.037deg, and hence it can be concluded that the mean wave drift force can also be neglected.
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6.5.4 Hydromechanical reaction forces in the time-domain

In levels 3 and 4 of the result of the 1-DOF pile cable model, the added damping and added mass were set at
the MP period of motion which is equal to the peak period of the irregular sea surface. This is a rough as-
sumption because the added damping and added mass are MP motion period dependent, and it is not always
true that this period is equal to the peak period of the JONSWAP spectrum.

From Figure 29 it can be seen that a different assumed pile-period of motion does not result in a different
natural period of the 1-DOF MP. Therefore, it is prudent to conclude that the discussed assumption does not
influence the dynamic behavior of the 1-DOF pile cable model significantly through the error in the added
mass. It can be observed from Equation 82 however that the assumed pile period of motion has a very sig-
nificant impact on the added damping of the 1-DOF pile-cable model. Although slightly depending on the
MP draft, the added damping in terms of the critical damping in general peaks around 6 seconds and quite
drastically decreases when moving away from this pile period of motion.

Results

To check what the influence is of the discussed assumption, pile periods of motion of 6, 9, and 12 seconds are
used for evaluating the added damping during the dynamic lowering simulation for irregular unidirectional
waves, whilst including viscous drag and current under the environmental conditions depicted in Table 15,
see subsection C.6 for Figures 108, 109, 110. The winch speed during these simulations is set at 0.0833  Note

that the same wave seed is used for every configuration of environmental conditions, such that the ai)solute
maximum pitch motion can be used as a metric for the magnitude of the motion response. The main results
from these plots are shown in Table 18. It can be seen from all 3 figures that the assumption of the pile period
of motion has a significant influence on the motion response of the MP. The difference between an assumed
pile period of motion of 6 and 9 seconds is the greatest, which is also expected since the added damping in
terms of the critical damping peaks at a pile period of motion of 6 seconds, see Figure 30.

Hsig [m] Tp [S] emax,Tmp:Gs [deg] emax,Tmp=9s [deg] 6max,Tmp:lZs [deg] Max error in % of emax,Tmp=9s
2.5 7 0.67 0.81 1.00 40.7
2.5 8 1.39 1.48 1.55 10.8
2.5 9 1.66 2.08 2.15 23.5

Table 18: Impact of added damping through different MP motion periods

Discussion about the results

From the main results shown in Table 18, it can be seen that the assumption of the pile-period of motion
has a significant influence on the motion response of the MP. In general the MP motion response is lowest
for the assumed MP period of motion of 6 seconds, followed by the response associated with an assumed MP
period of motion of 9 seconds, and finally the highest response is found at an assumed MP period of motion of
12 seconds. The maximum possible error w.r.t. the maximum pitch motion assuming a 9 second period MP
motion can be as high as 40%. It can be observed from the table that the biggest step in difference in the MP
motion response is between the assumed MP motion period of 6 and 9 seconds, as opposed to the assumed
MP motion period of 9 and 12 seconds. This is in line with the expectations, considering Figure 30.

From these results, it can be concluded that assuming that the pile period of motion is equal to the peak pe-
riod of the JONSWARP spectrum is not valid, as the motion response is very different for various pile periods
of motion. It is however relatively conservative to assume that the MP motion period is equal to the peak
period of the spectrum. The reason for this is that the highest motion response in level 4 is found at higher
peak periods. Therefore in these simulations the added damping will most likely not be much overestimated.
Furthermore, from the plots of level 4, see Figures 93, 94, and 95, it can be concluded that the MP motion
period is relatively low between 0 and 300 seconds. After 300 seconds the motion period of the MP in general
starts increasing. The highest response in the dynamic lowering simulation is in general observed slightly af-
ter the natural period has crossed the peak period of the spectrum, somewhere between 150 and 300 seconds
depending on the peak period of the spectrum. Therefore with the assumption that the MP motion period
is equal to the peak period the added damping is not overestimated in this region, which is the most critical
region to not overestimate damping.

In order to properly establish the hydromechanical reaction forces coming from the added damping and added
mass, in the time-domain, the impulse response function has to be utilized. See Equation 95 for the hydrome-
chanical reaction forces as a function of time. The first term in Equation 95, is associated with the added mass
force, in which A(e0) is the 6x6 added mass matrix at infinite frequency. Because the radiation forces in time
are evaluated based on multiple discrete impulses, the frequency at which the added mass should be evaluated
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is at infinity. The 2nd term in Equation 95 is associated with the added damping force in the time domain, in
which IRF(7) is the impulse response function, defined with Equation 96, and 7 is the time lag integration
variable (Journée, 2001). For each time step the convolution integral in Equation 95, considers the impulse
response function, and the velocity of the vessel from all the previous timesteps, see the right-hand side of
Equation 97 for the radiation damping force in the time-domain. By utilizing the convolution integral, the
vessel motion in the past is convoluted with the impulse response function such that the radiation forces at the
current time-step are obtained. By doing this the system has a form of 'memory’ of the ship’s past velocities
in which the radiation forces at the current timestep can be obtained. In Equation 96, the matrix B(w) is the
frequency-dependent 6x6 added damping matrix. The impulse response function is extracted from WAMIT
(Wamit User Manual V7.5, 2023).

This implementation of the impulse response function to obtain the hydromechanical reaction forces as a
function of time is not done in this MSc thesis, due to time constraints. It is however suggested for future
research to implement this feature as it will give real insight into the influence of the implementation of hy-
dromechanical reaction forces in the time domain. Although this feature is not implemented and the exact
improvement is not known, there is however a clear indication that it might improve the accuracy of the MP
motion response significantly, see Table 18.

Frydroreaction(t) = ~A(00); ot) — f IRF(2)¢, ot — 1)dr (95)
=0
IRF(7) = % f B(w)cos(wr)dw (96)
0
[«5) N t N
f IRF(7){; (t — T)dt = f IRF(t — 7)¢; 4(T)dt (97)
7=0 —0

6.6 Jack-up motion

From modal analysis of the multi-DOF model, the assumption was made to reduce the multi-DOF model to
a 1-DOF model, to model the dynamic behavior of the MP during the splash zone lowering phase. Consider-
ing the environmental conditions that are used in this thesis, see Table 2, together with the sway and surge
modes, see Figures 22c, and 22d, it can be concluded that during environmental conditions with a peak period
of 7 seconds, the jack-up will significantly be excited in these modes. To establish how significant this effect
is, steady-state simulations of the multi-DOF model and the 1-DOF model at critical MP drafts, as defined
in subsection 6.3, and considering the environmental conditions shown in Table 15 will be compared. Both
models consider wave-excitation forces on the MP from irregular spread waves, evaluated through the utiliza-
tion of WAMIT, where the main wave direction is in the positive x-axis. Furthermore, the damping due to the
viscous drag of the MP motion in the water is neglected in both models as this feature is not yet implemented
in the multi-DOF model. The damping due to the viscous drag of the current on the MP is included in both
models. The wave-excitation forces on the legs of the multi-DOF model are evaluated in the procedure as was
discussed in subsubsection 3.2.2. In the multi-DOF model, the rotational motion around the x and y-axis of
the MP in the gripper, and the translational motion of the gripper along the x and y-axis will be extracted, see
Figure 4 for the definition of the axis system.

Results

The plots of the steady-state simulations for the mentioned conditions of the 1-DOF and the multi-DOF model
are shown in the appendix, see subsection C.1, and subsection C.7. In Figures 90, 91, and 92 the results of the
1-DOF model are depicted, in Figures 111, 112, 113, 114, 115, and 116 the results of the multi-DOF model are
shown. The most important results from these steady state simulations are shown in Table 19.

Hs [m] Tp [S] MPdraft [m] ayy,Mdof [deg] ayy,ldof [deg] O xx,Mdof [deg] Ox,Mdof [m] Uy,Mdof [m] Uyy,ldof in % Ofo-yy,Mdof
2.5 7 10 0.633 1.00 0.420 0.141 0.141 158
2.5 8 15 1.929 1.91 1.246 0.139 0.173 99
2.5 9 20 3.041 3.05 1.613 0.113 0.133 100.3

Table 19: Impact of the jack-up motion
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Discussion about the results

From Table 19 it can be seen that the standard deviation of the MP motion in the pitch DOF, i.e. the rotation
around the y-axis in the gripper indicated with subscript yy, of the 1-DOF and the multi-DOF model are al-
most equal for peak periods of 8 and 9 seconds. During a peak period of 7 seconds the MP motion in the pitch
DOF is bigger in the 1-DOF model, compared to the multi-DOF model. The MP motion in the pitch DOF of
the 1-DOF model is about 158% of the MP motion in the pitch DOF of the multi-DOF model during this peak
period.

The reason that the MP motion response in the pitch DOF between both models is equal during an 8 and
9 second peak period is because almost no energy in the wave spectrum during these conditions is exciting
mode 4 of the jack-up, since the natural periods of this jack-up mode is about 7 seconds in this situation.
Therefore it can be concluded that for higher peak periods, i.e. 8, 9 seconds, or even higher, the MP motion
response in the 1-DOF model is almost identical to the MP motion response on the multi-DOF model, because
the jack-up is not excited as much in these conditions. This is convenient since from the results of level 3 and
4 it has become apparent that the situations with higher peak periods yield larger MP motion responses, and
are hence more critical to model as accurate as possible.

It can be seen from Table 19 as well that the standard deviation in the x direction of the gripper is also the
lowest at peak periods of 8 and 9 seconds, for the mentioned reasons. In line with the expectations from the
results of modeshape 3, see Figure 22c, the motion response of the jack-up in the y-direction is the highest at a
peak period of 8 seconds. Please note how much the jack-up is excited in the y-direction and the MP rotation
around the x-axis, due to the spreading of waves.

During a peak period of 7 seconds, the MP motion response in the pitch DOF is highly influenced by the
motion of the jack-up. It can be seen from Table 19 that the MP motion in the pitch DOF in the gripper is
much lower in the multi-DOF model than in the 1-DOF model. It is expected that this phenomena is caused
because the MP is excited by the jack-up with periods close to 7 seconds, due to which the period of motion of
the MP is moving further away from the natural periods of the MP, see Figure 29. Because of this the jack-up
motion is said to be counteracting the MP motion in some degree due to which the motion response of the
MP is lower in the multi-DOF model compared to the 1-DOF model.

In hindsight the 1-DOF model could be improved significantly by adding a translational DOF in the x-direction.
The motion of the jack-up due to irregular waves in the x-direction could be added to this DOF, in order to im-
prove the accuracy of the MP motion response estimate in a fairly simple way. Especially during peak periods
of 7 seconds this effect would become apparent.
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7 Conclusion

Due to rising global CO2 levels, there is a growing need for renewable energy resources. Offshore wind energy
is a promising solution, with the MP foundation being preferred for its relatively low cost, provided the site
conditions are suitable. In recent years, the size of wind turbines has increased significantly, as these have
proved to be more cost efficient. Subsequently the size of the MP’s has increased to 3XL MP’s, which are MP’s
with a diameter of 12m or higher. Depending on the site and the marine contractor’s preferences, a jack-up
vessel may be chosen to install a 3XL MP.

Marine contractors typically use dynamic models to determine suitable weather windows for each installation
phase. A critical phase is lowering the MP through the splash zone and the gripper untill just above the seabed.
This phase is often evaluated using steady-state simulations to assess the MPM value of the MP’s motion
response, at critical drafts where the natural periods of the MP align with peak wave periods. To optimize
the dynamic models used to evaluate the weather window for this phase, it is essential to understand the
MP’s dynamic behavior during the splash zone lowering phase. This information can enhance the accuracy
of the dynamic model used to evaluate weather windows. This study therefore answers the following research
question:

What is the dynamic behavior of a 3XL MP during the lowering phase through a gripper and
the splash zone until just above the seabed utilizing a crane on a jack-up vessel?

To answer this research question a 1-DOF model was established to model the rotational DOF of the MP w.r.t.
the gripper. The wave-excitation forces on the MP were evaluated based on diffraction theory through the
program WAMIT. The dynamic behavior of the MP is examined through time-domain simulations, whilst
considering the environmental conditions shown in Table 2.

From the results that are obtained with this model, 2 main conclusions arise. The first one is that the MPM
of the MP rotation, evaluated with the dynamic lowering simulation during irregular spread waves will be
around 75% lower, compared to evaluating the MPM of the MP rotation during the same conditions with the
common used steady-state simulations at critical MP drafts. The second main conclusion is that the MP’s
dynamic behavior during the splash zone lowering phase is more sever during longer wave periods, primarily
due to resonance at larger MP drafts where wave excitation forces are stronger.

Furthermore this thesis also examined the influence of various physical phenomena on the dynamic behavior
of the MP during the splash zone lowering phase, which can be summarized in the following 8 conclusions:

1. The damping due to viscous drag of the MP motion and current is significant for large MP motions.
2. The period of the rotational MP motion increases for larger wave periods and MP drafts.

3. The ambient current effect, for current flowing in the same direction as the irregular unidirectional
waves, decreases the MP motion response by 25%.

4. Vortex shedding periods due to viscous drag do not coincide with the natural periods of the 1-DOF
model. Hence, they are expected not to dynamically amplify the MP motion response.

5. 2nd order difference frequency drift forces do not dynamically amplify the MP motion response at large
MP drafts.

6. The mean MP rotation induced by the mean wave drift force of the 2nd order wave forces is negligibly
small.

7. During irregular wave analysis, the assumed MP motion period is affecting the MP motion response
significantly through the change in added damping.

8. Because of the jack-up motion, a lower MP motion response is found during a peak period of 7 seconds.
For peak periods of 8 and 9 seconds, the MP motion response is near identical without the motion of
the jack-up.

One of the biggest limitations of this study is that the model that is used for extracting results in the time-
domain, only considers the MP rotational DOF w.r.t. the gripper. This limits the accuracy of the model, since
the jack-up motion is completely neglected. Furthermore, it is also not possible with this model to evaluate
what the rotational motion of the MP in the gripper along the other horizontal axis is, due to for example the
spreading of waves. Adding a translational DOF of the MP along the x-axis in the gripper and assigning jack-
up motion to this DOF, obtained from the model of the jack-up, would improve the accuracy of this model.
An even better approach would be to extend the current model to 6 DOF’s of the MP in the gripper, and inte-
grating this model into the jack-up multi-DOF model.

Assuming that the MP motion period is equal to the peak period also limits the accuracy of the model, as
different assumed MP motion periods significantly affect the dynamic behavior of the MP. Implementing the
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retardation function, would allow proper a proper evaluation of the hydromechanical reaction forces in the
time-domain.

The MPM of the MP rotation in level 4 of the results is evaluated based on 220 dynamic lowering simulations.
To determine the required number of simulations for an accurate MPM estimate, a convergence study is sug-
gested to identify the point at which the Rayleigh distribution shape stabilizes.

To ensure the 75% reduction in MPM through the utilization of the dynamic lowering simulation, the MP must
continuously lower. In practice, this is challenging due to potential crane cable, winch, or system defaults.
A proposed solution involves equipment with pulleys, extra crane cable, and a winch, attached between the
crane-tip and the MP. If the MP stops lowering, this equipment would immediately deploy extra crane cable
with a winch speed that is used in the dynamic lowering simulation, ensuring continuous lowering even if a
system defaults.
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A Multi-DOF FEM model

In this appendix the FEM model of the multi-DOF of the NG 20.000 x-class GustoMSC jack-up design will be
discussed. The establishment of this FEM model and the corresponding global mass, stiffness and structural
damping matrix are explained.

A.1 FEM model

The FEM model consists of the jack-up, stiff-cage + gripper-connection + gripper node, crane, and pile-cable
subsystems, see Figure 46 for the FEM model of this combined system. As can be seen from the figure, the
global coordinate system of this FEM model is located at the lowest leg nodes at the seabed level and in the
center of the hull.

The stiff-cage, together with the gripper connection, ensures that the horizontal forces on the gripper node are
equally distributed among the 4 legs. This structure mimics the rigid body constraint. The pile-cable subsys-
tem is a system that provides stiffness to the MP at the gripper node due to the attachment of the cable to the
MP. This stiffness does not come from a physical element in the FEM model, hence, this pile-cable subsystem
cannot be seen in Figure 46. Later in this report, it will be explained where this stiffness of the pile-cable
subsystem comes from. It can be seen from this figure that the origin of the coordinate system is located at
the lowest jack-up leg nodes in the center of the hull.

To find the global stiffness matrix of the combined system as outlined in Figure 46, the individual system
matrices associated with the mentioned subsystems have to be found first. When these individual system ma-
trices are obtained, they can be added in a specific way, such that the global stiffness matrix from Equation 2
can be constructed.

All the previously mentioned subsystems, except for the pile-cable subsystem, have an individual stiffness
matrix. Each subsystem is made up of individual elements that are connected through nodes. All of the ele-
ments used within every structural subsystem are made out of Timoshenko (TS) beam elements. Each node
of a TS beam can deform in 6 DOF’s, 3 translational and 3 rotational, see Figure 47 (Heik & Panzer, 2009). The
elemental matrix of a TS beam is given in Equation 98, with the values of S; until S1y as outlined below the
matrix. Since the jack-up, its legs are relatively long, and the jack-up might experience combined load cases
of horizontal and vertical loads, the big p-delta, i.e. P — A, the effect should be considered (Powell, 1937). The

P — A effect is included through the addition of the —% term in the variables S; and S, (Bordes, 1990), that

make up the values for some of the elements in the TS-beam elemental matrix.

Each row and column of the elemental stiffness matrix is associated with one of the 6 DOF’s, such that the
internal forces associated with a specific TS beam element can be found with Equation 100, see Equation 101
for the result. The values in the displacement vector u, are associated with the displacement of the TS beam
element that is expressed in the local coordinate system as defined in Figure 47. In this vector, u, v, and w are
respectively the deformations of a node along the X, y, and z-axes, and ¢, 6, and ¢ are the rotations over the X,
y, and z axes, where the subscript 1 or 2 denotes the nodes associated with these displacements.

It can be observed from these equations that the off-diagonal terms in the stiffness matrix represent the cou-
pling between different DOFs, for example, a translation in the z-direction at node i+1 induces to some extent
a shear-stress in the xz-direction at node i, i.e. 7, see element K, g = —S, in the elemental stiffness matrix
outlined in Equation 98.

s$ 0 o0 0 O 0 =S 0 0 0 0 0
o S 0 0 0 S 0 =S, 0 0 0 S
o o S O -S 0 0 0 -S 0 =S5 0
0 0 0 S 0 0 0 0 0 =S 0 0
0 0 -Ss 0 S 0 0 0 S 0 S5 0
0 S 0 0 0 Sp 0 =S5 0 0 0 S
Ko = - 0 o0 o0 0O O S 0 0 0 0 O ©8)
o -, 0 0 0 =-S5 0 S, 0 0 0 =S
o 0o -S o0 S o0 ©O0O 0 S 0 S 0
0 0 0 —-S 0 0 0 0 0 S 0 0
0 0 -Ss 0 S 0 0 0 S 0 S 0
0 S 0 0 0 S 0 =S5 0 0 0 S
u=[ul vl wl ¢, 6, P u2 v2 w2 ¢, 6, P, | (99)
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Figure 47: Element of a TS beam (Heik & Panzer, 2009)

Finternal = Kela (100)
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(101)
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A1l Jack-up

As discussed previously, every structural subsystem is made out of TS beam elements, therefore, the jack-up
is also made out of TS beam elements. The TS-beam is used for cases where there is significant shear defor-
mation (Ahmed, 2021), which is the case for a jack-up, as will later in this report be shown. In Figure 48 the
FEM model of the jack-up with the stiff-cage on top is depicted. This FEM model of the jack-up is widely used
within GustoMSC to model the structure of the hull and the legs.

Each cross in the figure resembles a node of a TS-beam element. All of the elements are connected via these
nodes. Every individual element has a stiffness matrix that is associated with the local coordinate system of
that element. The definition of such a local coordinate system is outlined in Figure 47, and depends on the
orientation of that element. The transformation of a displacement vector and a force vector from the local to
the global coordinate system are respectively outlined with equations 102, and 103. With this, the transforma-
tion matrix of a stiffness matrix can be found with equation 104. For every element, a transformation matrix
Ty, can be found such that each element can be expressed into global coordinates with equation 104. In these
equations, 1;’ s Fr ,and K’ are the vectors and matrix w.r.t. global coordinates, and u, 17", and K, are the vectors
and matrix w.r.t. local coordinates. After transforming every stiffness matrix associated with an individual
element from local to global coordinates, the individual stiffness matrices can be added into 1 global coordi-
nate system. The global coordinate system is located at the lowest leg nodes, at seabed level, in the centre of
the hull of the jack-up; see Figure 48.

Figure 48: Jack-up FEM model + stiff-cage

w =Ty (102)
F' = T4F (103)
-T
K/, =T, KTy (104)

To find the stiffness matrix of the jack-up FEM model expressed in global coordinates, all the individual stift-
ness matrices of every TS beam element in Figure 48 that are expressed in global coordinates have to be added
appropriately into the jack-up stiffness matrix. Since each component of an individual stiffness matrix is as-
sociated with a specific DOF, each component of the individual stiffness matrix has to be added to the jack-up
stiffness matrix at the corresponding indexes. Because some nodes have multiple elements connected to them,
there will be components in the jack-up stiffness matrix that have overlapping stiffness values, i.e., multiple
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elements contributing to a specific component in the jack-up stiffness matrix. These values should be added
together to obtain the appropriate value in the jack-up stiffness matrix at that specific component.

See Equation 105 for the relation between the jack-up stiffness matrix and the jack-up displacement vector.
Where the size of the jack-up stiffness matrix is NxN and the size of the displacement or force vector is N,
with N = amount of DOF’s. It can be observed that the columns and rows of the jack-up stiffness matrix are
associated with the DOF’s outlined in Equation 106.

-

/ _ v/ .2
Fjack—up - Kjack—upulaCk—“P (105)
- | "™ U1 w1 o 01 Py 25} L wy ¢ 6 Py .. (106)
Ujack—up = u v w ¢ ) » o On ¥
N-1 UN-1 N-1 N-1 ON-1 N-1 UN UN Wn N ON N
O'xx,l sz,l 7"xy,l o'bend,da,l Gbend,@,l O'bend,zﬁ,l o'xx,2 sz,2 7"xy,2
F. 2 _ | Obendg2 ObendB,2 Tbend;h,2
jack—up —

Oxx,N—1 Txz,N—1 Txy,N—l o-bend,cﬁ,N—l Obend,0,N—1 C’-bend,lp,N—l Oxx,N TxzN Txy,N

Obend,¢,N 9bend,6,N Fbendp,N
(107)

These so-called overlapping nodes and their associated elemental values have to be summed to obtain the cor-
responding values in the global jack-up stiffness matrix. See, for example, the global mass and stiffness matrix
assembly of a random combination of elements depicted in Figure 49. It can be seen from Figure 50 that the
elemental mass and stiffness matrix of the red element are first transformed from local to global coordinates,
as was also done for the jack-up FEM model. Hereafter, the elemental mass and stiffness matrices are added
to the indexes associated with the corresponding DOF’s. The exact same is done for the yellow and brown
elements, as can be seen in Figures 51, and 52. In these figures, ii’, and u' are respectively the acceleration
and motion vectors of node i. It can be seen that there are 4 nodes; therefore, the size of the global mass and
stiffness matrices are 4xNg, 1 node> Where Ny ¢ node 1S the number of DOFs per node.

It can also be observed that the yellow and red elements have one overlapping node, namely node 1, see Fig-
ure 51. The values in the individual stiffness matrices of elements 1 and 2, which solely correspond to the
DOF’s at node 1, have to be added to the global stiffness matrix such that the correct values of the global stift-
ness matrix at the DOF’s of node 1 are obtained. The global mass matrix is found in the same procedure as
the global stiffness matrix.

Figure 49: Five arbitrarily oriented elements (Colomés, 2023)
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Figure 50: Global stiffness matrix assembly red element (Colomés, 2023)
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Figure 51: Global stiffness matrix assembly yellow element (Colomés, 2023)

rm i @ D e i (] [FY]
i u [ B u F
¥ [] L] []
Femm - ik il bt Skl 2
TR L mim u
(] ] + PR N ) S p— =
[ e | Y roc (K]
| .y L T u
i ! 1 (AL ]
T L] SEsSEsSEEEssys==
i : {4) . : ' 14} FH:I
M Fy M \ ]
i
=1
™, i) e ko] [RL] (=81 T o, e %)k, e ] (BT (-8, ]
[, Ml K, K lu| [Pa]]s ] v, w6 R, K Ju | [P.]Ts|
= Swslem in local coordinates Swalem in alobal coordinales

Figure 52: Global stiffness matrix assembly brown element (Colomés, 2023)

The assembly of the global stiffness matrix of the jack-up is executed in the same way as is described with the
arbitrarily oriented elements of Figure 49. The values for the components of the individual stiffness matrices
of the TS-beam elements, i.e., S1 until S10, a, and ay, vary depending on the element; think of, for example,
the TS-beam element of the hull versus that of a leg. These specific values are established and well thought out
within GustoMSC. In practice, it turns out that these values are very properly chosen. These specific values
will not be shared within this report, because of confidentiality reasons.

The jack-up vessel is connected with the seabed trough linear spring elements that model the soil-structure
interaction, see the lowest red encircled elements in Figure 48. The lowest node of the spring elements at
the seabed is fixed in all 6-DOFs, from which the loads that act upon the jack-up will be transferred into the
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seabed. The top red encircled elements in the figure are also linear spring elements; these elements model
the stiffness of the interface between the legs and the hull of the jack-up. Depending on the site where the
jack-up is located and depending on which jack-up and jacking system is used, specific values can be set to
the spring stiffness in 6-DOF’s for all 8 spring elements. This is, however, not discussed within this thesis.
Note that a spring element is simply an element with 2 nodes, where each node has 6 DOF’s. Such a spring
element has an elemental stiffness matrix with solely diagonal terms, i.e., no coupling between DOF’s. The
stiffness values of these spring elements associated with a certain DOF can be added to the corresponding
indexes in the global jack-up mass matrix in the same procedure as was discussed in the example of the 5
arbitrarily oriented elements in Figure 49. After adding these stiffness values to the global jack-up stiffness
matrix, the complete global jack-up stiffness matrix w.r.t. the global coordinate system is obtained.

The global jack-up mass matrix is obtained in a slightly different way, as opposed to the global jack-up stiffness
matrix. The mass of the jack-up and its legs are modeled as lumped masses per individual node, i.e., there
is no coupling of mass terms in the global jack-up mass matrix as there are only diagonal terms. In general,
50% of the mass of the jack-up and the legs is distributed among the 4 corners, and the other 50% of the mass
is located in the center of the hull, i.e., at the intersection of the cross, see Figure 48. It is common within
GustoMSC to model the mass matrix of the jack-up in this way.
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A.1.2 Stiff cage + gripper

In order to transfer the horizontal loads from the gripper, which come from the MP response, equally among
the 4 legs of the jack-up, a so-called stiff-cage is established. In Figure 53, the FEM model of the stiff-cage is
depicted, where the red encircled node is the gripper node. This node is attached to a spring element which
solely has a translational stiffness contribution in the xy-plane. The stiff-cage is assumed to have no shear
deformation, only axial and bending. The axial and bending stiffness of the elements used for the stiff-cage
are set at near-infinite values, such that the horizontal loads coming from the gripper are equally distributed
among the 4 legs. In this way, the stiff-cage mimics the rigid body constraint. The global stiffness matrix of
the stiff cage, including the spring element at the gripper node, can be found in the same way as was done for
the jack-up model. The stiff-cage has no mass matrix.

Figure 53: Stiff cage
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A.1.3 Pile-cable subsystem

The pile-cable subsystem is a system that models the dynamics of the pile-cable interaction. For the modelling
of the pile-cable subsystem, a couple of assumptions are made, which will later be verified in this report.
Assumptions regarding the pile-cable subsystem:

1. The MP is a rigid body

2. The moments that arise due to the rotation of the MP are linearly related to the angle 6, so the trigono-
metric functions are linearized.

3. The MP’s weight is assumed to be uniformly distributed, i.e., the non-uniform distribution of the weight
due too a possible tapered end of the MP is not considered.

4. The translational and rotational accelerations, in the direction of, and around, the z-axis are neglected
5. Structural damping is neglected

6. The MP is free too rotate around the gripper node

7. The cable is free to elongate due to a rotation 6, i.e. the tension in the cable is constant.

Note that the linear relation between the rotation of the MP and the associated moments that arise due to
the weight and tension in the cable, already implicitly states that the tension in the cable is constant and the
cable is free to elongate. For the sake of clarity, however, all 3 assumptions are mentioned. Considering dis-
placements and rotations of the pile and the top of the crane tip, certain stiffness values can be found, which
linearly relate the displacement to the reaction forces of the pile cable subsystem given a certain displacement,
either translational or rotational. These stiffness values will later be added to the global stiffness matrix at the
corresponding indexes that are associated with the DOF’s of the gripper and crane-tip node. See Figure 54 for
a sketch with an overview of the dimensions of the pile-cable subsystem.

Cranetip e
z [ Cablelength
lap  Length above gripper
Gripper ¢ :
| ——1l,,length of the pile
| "l Length below gripper
- Lsup Length submerged
{HﬂS .

Length unsubmerged

Figure 54: Sketch and dimensions of the pile-cable subsystem

It can be seen from figures 55, and 56, that when the MP is given a certain angle theta, two forces arise which
cause two moments w.r.t the gripper node:

1. A moment due to the tension in the cable: M,
2. A moment due to the weight of the MP: M,

When linearizing these two moments w.r.t. their trigonometric functions, the stiffness values of the pile-cable
subsystem can be found, since the above two moments are caused by a (static) displacement. The values of
tan(a), and the vertical and horizontal force due to the tension in the cable can be found respectively with
equations 108, 109, and 110. With these equations, the moment due to the tension in the cable for a given MP
angle 6 can be found with Equation 111. The linearized form of the 3 equations is outlined after the approxi-
mate sign (=). The linearized form of the 3 equations assumes small rotations, in subsection 5.3, it is verified
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up until what rotation this assumption is valid. The exact same can be done for the moment that arises from
a combination of the weight of the MP and a given rotation 6, see Equation 112.

Tcos(a)

—1— I'sin(a)

ill?ls

luns

v l
]‘” bel

Figure 56: Moment due to the weight of the MP w.r.t. the gripper node
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Fp, = Tsin(a) = Wtan(a) # Wa (110)
tan(6)I2, cos(6) l ; 2, ; -

M, =-W -T i ~-W—0-W 111
t L+ 1y(1 — cos©@) cos(a)lyp sin(6) L ab (111)

Wi, 1 I lpez — I 2 -2
M, = —2 9 sin(g) — KlbelM sin(6) = W bl e sin() ~ W bawg (112)

Lnp 2 ) by 2 by 2

If a MP translation is considered along the x-axis, forces are induced in the gripper node and crane-tip, as
can be seen in Figure 57. In this figure the gripper node is indicated with u’, and the crane-tip node is indi-
cated with ’v’. The resulting horizontal force along the x-axis and a moment around the y-axis are outlined
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with Equation 113, and Equation 114. The resulting horizontal force in the crane tip can be described with
Equation 115. Within these equations, the first subscript notation indicates the location and direction of the
reaction forces, and the second subscript notation indicates due to what displacement this reaction force is
caused. For example, the force F,,)) ., would be a reaction moment over the y-axis, w.r.t point u, due to a
displacement in the x-direction of point u.

Because of symmetry the equations for the forces that are present in the gripper and the crane-tip due to
a translation of the MP in the ’ u; direction are of similar form as the previously discussed equations. See
equations 116, 117, and 118 for respectively the force in the y-direction and moment around the x-axis in the
gripper node, and the force in the y-direction in the crane-tip due too a translation in the y-direction of the

MP, i.e., ’u;,.

Figure 57: Translation of the MP in the x-direction

Fuxux = Fp = -Wtan(a) ¥ —-Wa = —W% (113)
Fuypane = ~Fusuclay & =W - lap (114)
Foxas ¥ s (115)

Fyyuy = Fp = -Wtan(a) # —Wa = —Wz;—cy (116)
Fucsay = ~Fuyalas % =W 2ol a17)
Foyuy ® Kuy (118)

le

If a MP rotation around the x-axis is considered, the forces as depicted in Figure 58 are induced. These re-
sulting fores in the gripper node and the crane tip can be evaluated with Equation 119, Equation 120, and
Equation 121. Because of symmetry, similar-looking equations can be obtained when the MP rotates around
the y-axis, see Equation 122, Equation 123, and Equation 124. Note that the terms in these equations are a
combination of the moment coming from the tension in the cable and the weight of the MP as defined with
Equation 111, and Equation 112.

!
Fupuxx = Fp = Wtan(a) ~ W;‘—buxx (119)
C
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Figure 58: Rotation of the MP around the x-axis
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Ifa crane tip motion in the x-direction is considered, the resulting forces on the MP node and in the crane tip as
depicted in Figure 59 arise. These forces can be evaluated with Equation 125, Equation 126, and Equation 127.
Because of symmetry, similar forces arise when the crane-tip moves in the y-direction, see Equation 128,
Equation 129, and Equation 130 for the resulting forces on the MP node and in the crane tip.

Fyxpx = Wtan(a) = %vx (125)
Fugyx = Tlaots (126)
Fyxox = —Wtan(a) = —%vx (127)
Fuyoy = ‘?—:uy (128)
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Figure 59: Translation of the crane-tip in the x-direction

w
Fuxx,uy = l_lavy (129)
¢
w
Fyyvy = —Zvy (130)

As discussed previously, the forces and accelerations around and along the z-axis are not considered within
the pile-cable subsystem. Because of this, and since the forces due to translations and rotations around and
along the x and y axes for both the crane-tip and gripper node are known, it is possible to construct a stiffness
matrix of the pile-cable subsystem. This stiffness matrix linearly relates the described motions to resulting
forces, see Equation 131. Equation 132 is the displacement vector associated with the stiffness matrix of the
pile-cable subsystem. Note that it is assumed that the cable can rotate freely in the crane-tip around the x and
y axes, and that by setting k. to infinite, the pile-cable subsystem will not rotate or translate over and along the
z-axis. It should be noted from the discussed stiffness matrix, that the values in this matrix vary, depending
on the position of the MP. As the MP lowers through the gripper and the splash zone, the values of l,;, and [,
will change over time. Therefore the stiffness matrix is said to be time-variant.

%k 0 0 0 ks, O Kk, O 0 00 O

0O -k, 0 k, O O O Kk 0 00 O

o k O O ©0 0 0 -k 00 O

0 -k, 0 —ks 0 0 0 k, 0O 00 0

k, 0 O 0 ki O ks, O O 00 O

0 0 0 0 0 k 0 0 0 0 0 k
Kpile-cable = 1 o o kK 0 -k, 0 0 0 0 0 (131

o k O k, O O 0 —k 0 00 O

o 0 -k 0O O O 0 0 k 00 0

0 0 0 0 0 0 0 0 0 0 0 O

0 0 0 0 0 0 0 0 0 0 0 O

o o 0 0 0 -k O 0O 0 00 k
X=[uy Uy Uy Uy Uy Uy Uy Uy Uy Uy Uy, Ugy | (132)
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The mass matrix of the MP its own weight, w.r.t. the center of gravity (COG) of the MP can be found with
Equation 134. In this equation, Mp is the mass of the MP, and Iyp .., and Iyp ,, are the mass moments of
inertia of the MP around respectively the x and y-axis, w.r.t. the COG of the MP, and can be obtained with
Equation 133. Note that the mass in the z-direction and the mass moment of inertia around the z-axis are
neglected since it is assumed that the translational and rotational accelerations along and around the z-axis
are 0. The parameters of the MP that is considered in this MSc thesis are outlined in Table 1. Note that the
mass of the cable is neglected when evaluating the mass matrix of the pile-cable subsystem.

To evaluate the mass matrix of the MP w.r.t. the gripper node 'v’/, Equation 135, and 137 should be utilized. In
this latter equation, T, is the transformation matrix that can transform a state vector from the COG of the MP
to the gripper node. Together with the transformation matrix for a force, see Equation 136, the transformation
of a system matrix can be found, as can be seen in Equation 135. Since the MP lowers through the gripper
and the splash zone over time, the values in the transformation matrix T, also change. Therefore the mass
matrix of the MP w.r.t. the gripper node should be evaluated at every time step since the MP position w.r.t.
the gripper node changes in time.
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Figure 60: MP sketch with uniformly distributed mass

76



(M, 0 0 0 0 0]
0 My, O 0 0 0
0 0 0 0 0 0
MMP,cog - 0 0 0 IMP,xx,cog 0 0 (134)
0 0 0 0 IMP’yy,COg 0
[ 0 0 o 0 0 0
-T
MMP,gripper—node =T, MMP,cogTu (135)
Te =T, (136)
[1 0 0 0 Az 0]
01 0 -Az 0 O
0 0 1 0 0 O
Tu = 0 0 O 1 0 O (137)
0 0 O 0 1 O
_0 0 0 0 0 1]

A.1.4 Combining all the subsystems

Because the crane is modeled as an infinitely stiff rod, and all the other subsystems their mass and stiffness
matrices are known, i.e., the jack-up, stiff-cage, and pile-cable subsystem, the global mass and stiffness matrix
can be obtained. The size of the global mass and stiffness matrix is equal to; (Ngiopat,dofsXNglobal,dofs)> Where
Nglobal,dofs i the amount of DOF’s of the combined system, where the size of a state-vector is Ngjopal,dofs-
After properly transforming the mass and stiffness matrices of all the individual subsystems to the global
coordinate system, which is located at the seabed, see Figure 46, the global mass and stiffness matrix can be
assembled. The assembly of both the global mass and stiffness matrix will be done in the exact same procedure
as the example of the 5 arbitrarily oriented elements, see Figure 49. Note that the stiffness matrix of the pile-
cable subsystem has contributions to the DOF’s located at the gripper and the crane-tip node and that the mass
matrix of the pile-cable subsystem solely has a contribution to the DOF’s at the gripper node. The results of
the combined FEM model with the associated nodes and beams can be seen in Figure 46.

/ _ ! ’
Finternal,global - Kglobaluglobal (138)

A.1l.5 Structural damping

With Equation 139 the modal damping matrix can be found, where ¢ is a diagonal matrix with the damping
ratio of each modeshape on the diagonal, My, giobal is the modal global mass matrix, Ky gleba1 is the modal
global stiffness matrix, and 4/ M global Km global is the modal critical damping. The modal mass, modal damp-
ing, and modal stiffness matrices are defined with Equations 140, 141, and 142, where ® is the modeshape
matrix where the modeshapes are placed in the columns in descending order. With the equation for the crit-
ical damping matrix, the modal mass, modal damping, and modal stiffness matrix, and with the relations
outlined in Equation 143, the structural damping matrix can be obtained with Equation 144.

In the damping ratio matrix {, the damping ratio is set at 5% of the critical damping for all modes. All the ma-
trices in these equations are of size (Ngiopat,do fsXNglobal,dofs)» SiNCe there are an equal amount of modeshapes
and natural frequencies as there are DOFs.

C o structural = 2§\/ M:n,globalKll'n,global (139)
M:n,global = (pTM’global‘I) (140)
C:n,global = QTC,globalq) (141)
K o global = CI)TK;,;lobalq) (142)
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A.1.6 Global system matrices

Taking a look back at the general EOM from Equation 2, the global mass matrix M’g the global stiffness

lobal’

; lobap» a0d part of the global damping matrix C’g lobap Of the full model are now obtained. With the

’full model’, a combined model of the following subsystems is meant: jack-up, crane, stiff-cage, pile-cable
subsystem, and gripper, see Figure 46. As mentioned, not the full damping matrix has been obtained yet, since
the obtained damping matrix from Equation 144 is solely the damping matrix due to structural damping. The
damping values due to the wave-MP interaction will, later on, have to be obtained and added to the structural
damping matrix to find the global damping matrix.

matrix K

A.2 Damping ratios

In Figures 61, 62,63, 64, 65 the damping ratios as a percentage of the critical damping of the multi-DOF model
are depicted. The plots for the damping ratio as a percentage of the critical damping for the first 2 modes, i.e.
the pile-cable modes, are depicted in Figures 61, and 62. The highest damping ratio is found around a MP
draft of 25m and a pile period of motion of 5.5 seconds. It can be seen from both figures that the peak of
the damping ratio shifts to higher assumed pile periods of motion for increasing MP drafts. This is beneficial
since, for the first 2 modes the natural periods increase for increasing MP draft, it is at the natural periods
that damping is convenient. One thing that is worrying to see is that there is almost no added damping for
MP drafts of 5, 10, and 15m at pile periods of motion between 8-10 seconds, which is the natural period of
mode shapes 1 and 2 at these MP drafts, see Figures 23, and 24. Since at resonance the response is governed
by damping, this is a very worrying outcome, w.r.t. design perspectives.

The damping ratios for modes 3,4, and 5 are depicted in Figures 63, 64, and 65. It can be seen from these
figures that the 5% structural damping is present through the mean shift of the damping ratio as opposed to
the damping ratio of modes 1 and 2. This mean is not exactly 5% of the critical damping, because the damping
ratios in Figures 63, 64, and 65, are for the combined pile-cable and jack-up model. Because this 5% of the
structural damping was only added to the FEM model, the combined system its mean damping ratio is a bit
below this 5%. Furthermore, a peak of the damping ratio can be observed around pile periods of motion of
5 seconds, which was expected, since these peaks of the damping ratio are also observed in the pile-cable
modes, i.e. modes 1 and 2.

Because the damping ratios are relatively small for all modes, the natural frequencies are assumed to be equal
to the damped natural frequencies (Brincker & Ventura, 2015). See Equation 145 for the damped natural
frequency of a 1-DOF system, when ¢ is a small figure, say 0.08, the natural frequency is almost equal to the
undamped natural frequency.

Damping ratios for modeshape 1 of the combined system; jack-up + pile-cable subsystem
Base config: Lpje = 115 m,  dpaseh—grip = 6 M,  Lerane = 200 m,  Dpje = 12 m
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Figure 61: Damping ratios of mode-shape 1
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Damping ratios for modeshape 2 of the combined system; jack-up + pile-cable subsystem
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Figure 62: Damping ratios of mode-shape 2

Damping ratios for modeshape 3 of the combined system; jack-up + pile-cable subsystem

Base config: Lpile =115m, dbaseh—grip =6m, Lerane = 200 m, Dpile =12m
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Figure 63: Damping ratios of mode-shape 3

Damping ratios for modeshape 4 of the combined system; jack-up + pile-cable subsystem
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Figure 64: Damping ratios of mode-shape 4
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Damping ratios for modeshape 5 of the combined system; jack-up + pile-cable subsystem
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Figure 65: Damping ratios of mode-shape 5

wg = wpy/ 1 — 2 (145)
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B Validations

In this appendix different validations will be discussed. Validations of the multi-DOF FEM model, the 1-DOF
mechanical model and the hydromechanical loads used in the 1-DOF model will be elaborated on.

B.1 Validation of the multi-DOF FEM model

Since the combined FEM model has a lot of DOFs, it is difficult to get an intuitive grasp of what would happen
if an external load was applied. To understand more thoroughly how the jack-up FEM model would respond
to a given external loading and to validate the assumption of using a TS beam element, the multi-DOF model
will be reduced to a 1-DOF TS beam to see if the response of this beam coincides with the response of the
jack-up for a similar load configuration.

A horizontal load of 100M N will be applied to the jack-up at the node in the middle of the cross, as can be seen
in figure Figure 66. The jack-up model will be mimicked by creating a 1-DOF model of a leg and assuming
that the force that acts in the cross of the jack-up will be equally distributed along the 4 legs. Therefore, this
1d model only has a horizontal load acting on the top of the leg, i.e. Fy4,f 1cq, Se€ Equation 146 for the force on
the leg, w.r.t. the force on the jack-up, i.e., F. See Figure 67 for the sketch of the 1d leg model. Note that in this
model, there is 1 translational and 1 rotational spring at the base, modeling the response of the soil. At the top
of the beam, there are 2 rotational springs in series, where 1 spring models the interface between the leg and
the hull of the jack-up, and the second rotational spring models the bending stiffness of the hull. The value for
the rotational stiffness resembling the interface between the leg and the hull of the jack-up is known within
GustoMSC. The rotational stiffness resembling the bending stiffness of the hull can be evaluated by assuming
that the jack-up will deform in the mode as outlined in Figure 68. By assuming this 1-node bending mode,
it is known that the internal bending moment is 0 at half the hull length, therefore, a boundary condition
can be formulated at half of the hull length, denoted with ’g’, as is done in Figure 68. From (Hibbeler, 2011)
the equation for the rotation at an Euler-Bernoullie (EB) beam-element, given an applied moment is known,
with which the rotational stiffness can be found, see Figure 68. Where E and I are respectively the Youngs
modulus and the 2nd area moment of inertia of the jack-up hull. The equivalent rotational spring stiffness at
the top of the leg is obtained with Equation 150.

The 2nd area moment of inertia around the x and y- axes, effective shear area, and length of the leg of the
1d-leg model are denoted with, respectively: Iy jog, Iy jegs Aeff> and Ljeg. The 4 boundary conditions (BC’s)
of this single DOF leg are denoted with Equation 153. In the formulation of these BC’s, w(z) is the deflec-
tion of the beam, V(z) is the internal shear stress of the beam, M(z) is the internal bending moment in the
beam, and ¢(z) is the internal angle due to bending deformation, which for a TS beam can be evaluated with
Equation 151, and for an EB-beam can be evaluated with Equation 152 (Ahmed, 2021). The formulations
of the bending moment, shear, and internal angle due to bending deformation are evaluated as outlined in
(Ahmed, 2021). For a TS beam, the deflection can be evaluated by solving the differential equations outlined
with Equation 148, and Equation 149, which is possible now that 4 BC’s have been established (Ahmed, 2021).
The same can be done for an EB-beam with equation Equation 147.

In Table 20 the results of the 1-DOF EB-beam model, the 1-DOF TS-beam model, and the multi-DOF FEM
model of the jack-up are outlined for an equivalent load case. The 1-DOF results of the 1-DOF leg model are
found with the equations that have just been elaborated. The results of the multi-DOF model are extracted
from the Python model used within GustoMSC.

It can be seen from the results that the 1-DOF TS-beam model shows results that are very close to the results
of the multi-DOF FEM model of the jack-up. The results of the 1-DOF EB-beam vary significantly w.r.t. the
results found for the multi-DOF FEM model of the jack-up, due to which it can be concluded that the EB-
beam model for the leg would not be an appropriate choice as the shear-deformation proves to have a relevant
contribution to the deflection of the beam.

The difference between the deflection of the multi-DOF jack-up model and the 1-DOF TS-beam model can be
explained by the fact that the equivalent rotational stiffness might be overestimated. Another phenomenon
that might contribute to the discrepancy is that in the multi-DOF jack-up model, the P — A effect is included.
When including this phenomenon, the deflection might be higher during a combination of a horizontal and
vertical load, as opposed to when not including this phenomenon (Powell, 1937), and (Bordes, 1990). Since
the weight of the jack-up is included in the multi-DOF model of GustoMSC, the deflection of the jack-up is
expected to be higher in this model as opposed to the deflection of the 1-DOF model, where the P — A is not
included.

o

Fldof,leg = Z (146)
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Figure 66: Jack-up with a load applied on the node at the cross
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Figure 68: Sketch for obtaining the equivalent bending stiffness of the hull
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Parameter Value | Unit Description
F 100 Horizontal force acting on the jack-up
Fidof leg 25 Equivalent force acting on the 1-DOF leg model

Beam deflection with the 1-DOF EB-beam model
Beam deflection with the 1-DOF TS-beam model
Horizontal translation of the multi-DOF jack-up model

wldof,EB—beam(z =L/2) 1.468
wldof,TS—beam(Z =L/2) 1.826
wmulti—dof,model(z =L/2) 1.917

SJEIEISES

Table 20: Results of the displacement due to an external static load on the jack-up

B.2 Validation of the 1-DOF mechanical model

In section 4, the assumptions of the 1-DOF pile-cable model are discussed. In this subsection the following
assumptions w.r.t. the 1-DOF pile-cable model will be validated, to make sure that they make sense:

1. The moments that arise due to the rotation of the MP are linearly related to the angle 6, so the trigono-
metric functions are linearized.

2. The mass of the steel of the MP is assumed to be uniformly distributed, i.e., the non-uniform distribution
of the mass due too a possible tapered end of the MP is not considered.

B.2.1 Linearization of the trigonometric functions

As discussed in subsubsection A.1.3, the moments that arise at the gripper node due to the rotation of the MP
are linearly related to the angle 6. In reality, the moments are related to 6 through trigonometric functions.
See Equation 155 for the moments that occur due to a rotation of the MP in the non-linear form, and see Equa-
tion 156 for the moments that occur due to a rotation of the MP in the linearized form. With these equations
of the moments that arise due to a rotation of the MP, and a given set of initial conditions, the EOM of the
undamped 1-DOF pile-cable model without excitation forces can be solved, see Equation 154. As discussed
in previous sections, the mass moment of inertia consists of the following 3 components: the mass of the steel
of the MP, the added mass outside of the MP, and the added mass due to the entrapped water. The added mass
component outside of the MP, used in this EOM is solved with the diffraction model assuming a pile-period
of motion of 8 seconds. The solutions of both the linear and non-linear EOM, given an initial displacement

of 21.5deg and an initial velocity of 0% are depicted in Figure 69. It can be seen that the natural period of
N

the non-linear form of the 1-DOF pile-cable model, is slightly higher than the natural period of the linearized
form of the 1-DOF pile-cable model. Note that this plot shows the natural period, since the EOM is solved
without damping and excitation force, which yields the same results as the modal analysis.
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Figure 69: Pitch motion w.r.t. the gripper node for the linear and non-linear EOM

This error between the natural period of the linear and non-linear EOM varies depending on the initial condi-
tions and MP drafts. See Figure 70 for the absolute error, and see Figure 71 for the relative error between the
natural periods of the linear and non-linearized form of Equation 154. From these figures, it can be seen that
the error increases when increasing the initial displacement. Furthermore, there is also a slight variation in
the error, depending on the MP draft. It can be concluded from these figures that until 15 deg of MP displace-
ment, the linearized form of the moments that arise due to a pitch displacement will suffice. At 15 deg of MP
motion a maximum of a 2% error w.r.t. the non-linear natural period occurs, which is tolerable (GustoMSC,
2023), see Figure 71.

Absolute error between the natural periods of the linear and NL model
Base configuration: Lmp = 115m,  dpaseh —grip = 6M,  Lcrane = 200m, Dpp = 12m
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Displacement IC (8o) in [deg]

Figure 70: Absolute error of the natural period between the linear and non-linear EOM
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Figure 71: Relative error of the natural period between the linear and non-linear EOM

B.2.2 Uniform mass distribution

It is assumed within this MSc thesis that the mass distribution of the MP is uniform. This implies that the
mass moment of inertia of the MP can be evaluated as if the MP were a cylinder with a constant diameter
and thickness, see Figure 60. In reality, the MP is tapered at the top and therefore has a non-uniform mass
distribution w.r.t. its COG, see Figure 72. In this subsection, the natural periods of the pile-cable subsystem
will be evaluated assuming that the mass is non-uniformly distributed due to the tapered part at the top of the
MP.

The contribution to the mass moment of inertia due to the added mass of the entrapped water and the water
outside of the MP is evaluated in the same way as was done in subsection 5.2, whilst assuming a pile period
of motion of 8s. For the evaluation of the mass moment of inertia of the tapered MP, the MP is divided into
3 sections, see Figure 72. Because of confidentiality reasons, the dimensions depicted in this figure will not
be shared. The mass moment of inertia of each of the 3 individual sections is evaluated w.r.t. the C.O.G.
of that section, with the equations of the mass moment of inertia used for a cylinder, see Figure 60, and
Equation 133. For the tapered part the cylinder is assumed to be straight, and the average diameter between
D1 and D2 is considered. Hereafter, the mass of all the 3 sections is added up to check that this mass is equal to
the uniformly mass-distributed MP. As this was not exactly the case, the density of the steel was scaled in such
away that the mass of the tapered MP was equal to the mass of the uniformly mass-distributed MP. Hereafter,
the mass matrix for every individual section w.r.t. the COG of that section was established. All the individual
mass matrices were then moved towards the COG, through the utilization of a transformation matrix as was
also done and explained in subsubsection 3.2.3. This mass matrix was hereafter added to the mass matrices
of the added mass due to the entrapped water and the water outside of the MP w.r.t. the gripper node, after
which solely the mass moment of inertia in the pitch-DOF was extracted.

Because the mass of the MP is not assumed to be uniformly distributed anymore, the moment due to weight
of the steel of the MP, M, also changes, see Figure 56, and Equation 112. For the uniform distributed mass
assumption there is one term in the equation for M,, that models the mass of the MP above the gripper node.
For the tapered part of the MP, there are now 3 different terms that contribute to the mass above the gripper
node; one term for the MP part with diameter D,, one term for the tapered part, and one term for the MP part
with diameter D;. Modifying the M, in the stiffness term of the 1-DOF pile-cable model and solving for the
natural periods of the system, in the same procedure as was done in subsection 5.2, yields Figure 73.

From Figure 73 it can be seen that the natural periods of the 1-DOF pile-cable model, assuming a non-uniform
mass distribution, is in general lower as opposed to the natural period assuming a uniform mass distribution.
This is concerning, considering the assumed periods of excitation, as discussed in subsubsection 3.2.1, since
the natural period of the system is now closer to the assumed periods of excitation. There is however one
other thing to consider which is not modeled in this MSc thesis, this is the lifting tool. The lifting tool, which
lifts the MP into the gripper and lowers it through the splash zone has two effects: it decreases the stiffness
of the pile-cable model because of the interface between the MP and the lifting tool, and it increases the mass
moment of inertia due to the mass of the lifting. Both of these effects increase the natural periods of the 1-
DOF pile-cable model, and it is assumed that these effects will cancel out the effects of the non-uniform mass
distribution of the MP. Because of this, the uniform mass distribution assumption is reasonably valid and will
be used throughout this MSc thesis. However, the above effect should be kept in mind.
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Figure 72: Sketch of the tapered MP

Natural periods of the 1-DOF model with different mass distribution assumptions
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Figure 73: Natural period of the 1-DOF model with a uniform and non-uniform mass distribution
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B.3 Effects of different jack-up layouts on the natural periods

In section 4 it was discussed that the red parameters in Figure 4 would be fixed at the values defined in Ta-
ble 3. It would be convenient, to know when designing for example a jack-up, what the impact would be of
some of these fixed parameters on the natural periods of the pile-cable model. For that reason, the effect of
the MP diameter, MP length, crane height, and gripper height on the natural periods of the 1-DOF pile cable
will be shown in this subsection. For the mentioned variables, the minimum, mid, and maximum values will
be plotted while maintaining the other parameters at their base values, see Table 21. These values are estab-
lished in consultation with GustoMSC, such that the most convenient variation of the mentioned variables
was established. The added mass on the outside of the MP, which contributes to the mass moment of inertia
of the pile-cable model is evaluated with diffraction, assuming a pile-period of motion of 8s.

In Figure 74 the natural periods of the 1-DOF pile cable model are depicted for different MP diameters. It can
be seen that for lower MP drafts the natural periods remain unchanged. For increasing MP drafts the smaller
MP diameters generally result in a lower natural period. This effect is however not that important since for
larger MP drafts the natural period of the system moves away from the excitation periods. This means that
a variation in natural periods of the system at these drafts will not result in a significant change in dynamic
motion response. Hence it can be concluded that the diameter of the MP does not have a big influence on the
response of the system.

In Figure 75 the natural periods of the 1-DOF pile cable model are depicted for different MP lengths. It can
be seen that the 3 different plots start at the same natural period, but that the natural period for the largest
MP length will increase the slowest. This means that, in general, resonance has more time to build up for
larger MP lengths since the associated natural periods will remain for a longer time close to the expected
wave-excitation periods. In addition to this, the natural period for MP drafts bigger than 10m will also be
lower for a larger MP length.

In Figure 76 the natural periods of the 1-DOF pile cable model are depicted for different crane heights. It can
be seen from this figure that the natural periods for larger crane heights are in general lower as opposed to
smaller crane heights. The slope of the 3 curves are roughly the same.

In Figure 77 the natural periods of the 1-DOF pile cable model are depicted for different gripper heights. This
is a plot with a large variety in natural periods. It can be seen that higher gripper positions start at the lowest
natural period, but also increase the fastest. This means that for lower gripper heights there is less time for
resonance to build up, as the natural periods move away quicker from the excitation periods. For smaller
gripper heights the natural periods of the system start at the lowest value, however the slope of the graph
is also the lowest. This means that resonance has a lot of time to build up at the gripper heights since the
natural periods remain for a longer time closer to the excitation periods. Because of this, the dynamic motion
response for a jack-up vessel with a gripper positioned at a low height is expected to be higher as opposed to
a configuration with a high gripper height.

Parameter | Min value | mid value | Max value | Base value | Unit | Description
Dyite 8.5 10 12 12 m MP diameter
Lopite 95 100 115 115 m MP length

Lerane 180 200 220 200 m Crane height
dpaseh—gripper 0 6 18 18 m Gripper height

Table 21: Jack-up configuration: min/mid/max/base values
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Natural period of the pile-cable subsystem when varying the MP diameter
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Figure 74: Natural periods when varying the MP diameter
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Figure 75: Natural periods when varying the MP length
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Figure 76: Natural periods when varying the crane height
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Figure 77: Natural periods when varying the gripper height
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B.4 Validation of the hydromechanical loads on the MP

B.4.1 Wave forces due to a regular wave

The force on the MP in the pich DOF of the 1-DOF model for a regular wave with of 2.5m high and a period of
9 seconds at a MP draft of 20m, in the time domain is depicted in Figure 79. Comparing this with the force in
the pitch DOF on the MP of the multi-DOF model under similar conditions, see Figure 78, shows to be near
perfect coincident, note that the maximum forces of poth plots in the legend and the subtitle are almost equal.
The minor observed differences between the two models have to do with a different interpolation technique
used within both Python models. Note that the wave-excitation forces on the MP of both models are slowly
build up in order to avoid the transient effect. This build up of the load can be observed in Figure 78 since the
full range of the time-simulation is shown. This slow build up of the load is also done in the 1-DOF model,
however this is not observable since only a small range after this build up of the load is depicted in Figure 79.
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Figure 78: Force response in the pitch DOF of the multi-DOF model, steady-state simulation, H=2.5m, T=9s,
MP draft=20m
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Figure 79: Force response in the pitch DOF of the 1-DOF model, steady-state simulation, H=2.5m, T=9s, MP
draft=20m
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B.4.2 Viscous dagforces

The drag force in the pitch DOF of the 1-DOF model, without wave-excitation forces, and hence solely due
to a current of 1.5= at a MP draft of 15m is depicted in Figure 80. A hand calculation is made to check if

this value is properiy evaluated in the Python model of the 1-DOF pile-cable model. In Figure 81 the current
profile along the MP is depicted, where Lg,;,, = 15m. In the hand calculation the dragforce per meter length
with the 2nd term of the separate flow form of Morison is utilized, see Equation 61. In this equation, the
velocity along the MP draft is obtained with Equation 52. The resulting dragforces per meter length at various
MP drafts are then multiplied by their distance w.r.t. the gripper node, and hereafter integrated over the sub-
merged length of the MP such that the pitch moment w.r.t. the gripper node due to the current is obtained.
The result of the hand calculation is a total dragforce w.r.t. the gripper node U of 3.07 MNm, which shows
that the Python model is properly evaluating the dragforce due to the current.

Dragforce due to current, MPyn = 15m, Regular wave: H=2.5m, T=9s, Vcyrent = 1.52
F5drag - current, max = 2.98MNm
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Figure 80: Dragforce on the MP in the pitch DOF of the 1-DOF model, solely due to current
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Figure 81: Dragforce on the MP due to current sketch

Earlier it was mentioned that the viscous drag due to the MP motion through the water is evaluated with the
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Pitch motion in [deg]

2th term in the separate flow form of the Morison equation, see Equation 61. It is stated in (Moe & Verley,
1980) that this drag force would be a more conservative estimate as opposed to the 2th term in the relative
flow form of the Morison equation, see Equation 60. To demonstrate the difference between the 2 equations,
the motion response with a regular wave of 2.5m high, a wave period of 9 seconds, and a current of 1.5% ata

MP draft of 15m is evaluated with one model that considers the relative flow form of the Morison equation,
and one model that considers the separate flow form of the Morison equation for the viscous drag force, see
Equations 60, and 61. Keep in mind that at a MP draft of 15m, during a regular wave of 9 seconds, the system
is excited very close to the natural period, see Figure 29. Under these circumstances, the response is expected
to be relatively high, which implies that the viscous drag due to the motion of the MP will also be high.
Therefore the difference between the drag force with the separate and relative flow form can more easily be

distinguished.

See Figure 82 for the motion response of the MP in the pitch DOF w.r.t. the gripper node with the mentioned
models. It can be seen that the motion response with potential theory and the viscous drag utilizing the
separate flow form is higher as opposed to modeling the viscous drag with the relative flow form. It can
therefore be concluded that this separate flow form of Morison is indeed a more conservative option as the
relative flow form when evaluating the viscous drag due to the MP motion. Hence, the viscous drag due to

the MP motion will be estimated with the 2nd term from the separate flow form of the Morison equation.

MP motion (steady-state), MPgr=15m, Regular wave; H=2.5m, T=9s, Vcyrrent=1.52
Omax - viscsep=13.14 deg,  Omin - viscsep=-13.23 deg,  Omax - viscrer=12.10 deg, Omin - viscrer=-12.46 deg
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Time in [s]
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—— Pot + visc (sep)
—— Pot + visc (rel)

Figure 82: Motion response steady-state simulation, 1-DOF model: H=2.5m, T=9s, MP draft=20m, Vc = 1.5
m/s, damping due to the viscous drag with the separate flow form and the relative flow form of the Morison

€q

In Figure 83, the drag force in the pitch DOF whilst utilizing Equation 61, considering a current of 1.5%

and the MP motion through the water, due to the wave-excitation forces obtained from WAMIT for a regulefr
wave of 2.5m high and a period of 9 seconds at a MP draft of 15m, is plotted for a steady-state simulation.
The associated velocity of the MP during the same time simulation is depicted in Figure 84. To check if the
dragforces of Figure 83 are evaluated correctly in the Python model, a hand calculation is performed. At
different drafts along the MP, the tangential velocity at that draft due to the mentioned velocity components
are evaluated. See Figure 81 for the current profile along the MP draft, and see Figure 85 for the velocity
profile along the MP draft due to the pitch velocity of the MP around the gripper node U. Both of these velocity
components are then used to evaluate the dragforce per meter length with the 2nd term in the separate flow
form of the Morison equation along the MP draft, see Equation 61. These dragforces per meter length are
hereafter multiplied by the distance w.r.t. the gripper node, after which the obtained values are integrated
over the MP draft such that the total pitch moment due to the viscous dragforces are found. The result for a
regular wave of 2.5m high, and a period of 9 seconds, with a current of 1.52, at a MP draft of 15m is a total

N
maximum dragforce of —25.03M Nm. Because this is coincident with the Python model results, see Figure 83,

it is assumed that the dragforce due to the MP velocity and the current is properly evaluated.
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Dragforces on the MP (steady-state), MPy=15m, Regular wave; H=2.5m, T=9s, Vcyrent=1.57
Fmax, viscsep, drag=19.14MNmM,  Fin, viscsep, drag=-25.15MNm
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Figure 83: Dragforce in the pitch DOF of the 1-DOF model during a steady-state simulation, H=2.5m, T=9s,
MP draft=20m, Vc = 1.5 m/s
MP velocity (steady-state), MPgrart= 15m Regular wave; H=2.5m, T=9s, Vcyrrent=1.5%F
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Figure 84: Velocity response in the pitch DOF of the 1-DOF model during a steady-state simulation, H=2.5m,
T=9s, MP draft=20m, Vc = 1.5 m/s

B.4.3 Wave-excitation forces due to irregular waves

In this subsubsection the wave-excitation forces due to irregular waves on the MP in the 1-DOF model are
evaluated and compared with the same forces in the multi-DOF model, to make sure that the wave forces
due to irregular waves are evaluated correctly. The wave excitation forces at a fixed MP draft during a steady-
state simulation is evaluated where the current is assumed to be O— the significant waveheight is set at 2.5m,

the peak period at 7 seconds, and the MP draft is fixed at 20m. In Figure 86 the wave excitation forces in
the ptich DOF on the MP due to irregular unidirectional waves are evaluated with the 1-DOF model. The
same is done with the multi-DOF model, see Figure 87. It can be seen from both figures that the standard
deviation of the wave-excitation forces is almost identical, o5 o, = 22.78MNm in the 1-DOF model, and
OFs,por = 22.431MNm in the multi-DOF model. This indicates that the irregular unidirectional wave-forces
in the 1-DOF model for a steady-state simulation are most likely evaluated correctly. Note that the multi-DOF
model does not consider viscous drag forces, hence the standard deviation of the 1-DOF model without the
damping due to viscous drag is considered, i.e. the ’Pot’ model, see the legend of Figure 86.

The exact same under equal conditions is done for irregular waves with spreading, where the amount of
spreading angles is set at 11 for both the 1-DOF model and the multi-DOF model. See Figure 88, and Figure 89
for the results. From the figures it can be observed that the standard deviation of the wave-excitation forces
in the pitch DOF is almost equal, 05 o, = 19.69MNm in the 1-DOF model, and o5 p,, = 19.744MNm in
the multi-DOF model.

The slight discrepancies from both results likely occur due to the stochastich nature of the waves due to which
small differences in the standard deviation occur depending on the wave-seed.
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Figure 85: Dragforce due to MP velocity through the water

Forces on the MP (steady-state), MPg.z=20m, Irregular waves: Hsjg=2.5m, T,=7S, Nangles=1  Vcurrent=0F,
UFS,pot=22-78MNm: OFs, pot + visc=22.77MNm, F5pot, absmax=90.71MNm, F5p0t+ visc,absmax=90-74MNm
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Figure 86: Forces on the MP in the pitch DOF of the 1-DOF model, during a steady-state simulation at a MP
draft of 20m, with irregular waves (no spreading): Hg;,=2.5m, T,,=7s, V. = 0 m/s
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Figure 87: Forces on the MP in the pitch DOF of the multi-DOF model, during a steady-state simulation at a
MP draft of 20m, with irregular waves (no spreading): H;,=2.5m, T,=7s, V. = 0m/s

Forces on the MP (steady-state), MPg=20m, Irregular waves: Hsjg=2.5m, Tp,=7S, Nangles=11  Vcurrent=0F.,
OFs, pot=19.69MNM,  OFs, pot + visc=19.6 7TMNM,  F5p5t, absmax=88.55MNmM,  F5po¢ + visc, absmax=88.19MNm
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Figure 88: Forces on the MP in the pitch DOF of the 1-DOF model, during a steady-state simulation at a MP
draft of 20m, with irregular waves (with spreading): H;,=2.5m, T,=9s, V. =0 m/s
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Figure 89: Forces on the MP in the pitch DOF of the multi-DOF model, during a steady-state simulation at a
MP draft of 20m, with irregular waves (with spreading): Hy;g=2.5m, T,=9s, V. = 0 m/s
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C Supplementary results and plots

C.1 steady-state simulations at critical MP drafts

MP motion (steady-state), MPgrar=10m, Irregular waves: Hsjg=2.5m, Tp=7s, Nangles=21 Veurrent=1.57,

06, pot=1.00deg, Opot, absmax=4.11deg T, pot + visc=0.96deg, Bpot + visc, absmax=3.94deg T2,6, pot + visc=8.45s, MPMep, pot + visc=2.80deg
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MP motion (steady-state), MPgrr=15m, Irregular waves: Hgg=2.5m, Tp=8s, Nangles=21 Veurrent=1.5T,
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The most important results are discussed and summarized in section 6, in this appendix the plots are shown
from which these summarized results are obtained.

In this subsection the results of the motion in the steady-state simulations at the critical drafts defined in
subsection 6.3 are shown, see Figures 90, 91, 92. Note that the standard deviation, the maximum pitch motion
for the considered wave-seed, the zero up crossing period, and the MPM are depicted in the subtitle of the
figures.

—— MP draft

—— Potential theory
—— Pot + visc (sep)

Figure 90: MP motion response during a steady-state simulation with irregular spread waves, MPg,,r; = 10m,
Hj

—=— MP draft

—— Potential theory
—— Pot + visc (sep)

Figure 91: MP motion response during a steady-state simulation with irregular spread waves, MPg, s, = 15m,

Hyg=2.5m, T)=8s,V, = 1.5?
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MP motion (steady-state), MPgaz=20m, Irregular waves: Hsig=2.5m, Tp=95, Nangies=21  Veurrent=1.5%,
0g, pot=3.05deg, Bpot, absmax=9.97deg 0, pot + visc=2.33deg, Bpot + visc, absmax="7.28deg T2,6, pot +visc=9.475s, MPMp, pot + visc=6.72deg
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Figure 92: MP motion response during a steady-state simulation with irregular spread waves, MPg, s, = 20m,
Hyg=2.5m, Tp=9s, V. = 1.5
N

C.2 MP motion response, dynamic lowering simulation

In Figures 93, 94, 95, the MP motion response for the dynamic lowering simulation under irregular spread
waves for respectively peak periods of 7, 8 and 9 seconds all during a significant wave height of 2.5m are
shown. In all 3 figures the left y-axis indicates the pitch motion of the MP w.r.t. the gripper in [deg], the right
side of the y-axis indicates the MP draft in [m], and the x-axis depicts the time in [s]. The purple graph is
the MP motion evaluated with the model that does not consider the viscous drag, and the cyan graph is the
MP motion evaluated with the model which does consider the viscous drag. The maximum absolute motion
response of each graph considering both models is shown in the subtitle of each plot. Note that because the
viscous drag does not dampen the motion significantly enough in Figures 93, and 94, it looks like as if only the
model with viscous drag is plotted. The motion response of both models is plotted in these figures but since
they are almost exactly similar the model that does not include damping due to viscous drag is not observable.
The difference between the two models can be observed in Figure 95, because the damping due to viscous
drag is more dominant in this plot.

MP motion (dynamic lowering),  winch speed = 0.0833%F, Irregular waves: Hsjg=2.5m, Tp,=7S, Nangles=21, Vcuyrrent=1.5%,
eput, absmax=0.59deg, epot + visc, absmax=0.59deg
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Figure 93: MP motion of the 1-DOF model, during the dynamic lowering simulation, irregular waves (with
spreading): Hy,=2.5m, T,=7s, V. = 1.5m/s
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Figure 94: MP motion of the 1-DOF model, during the dynamic lowering simulation, irregular waves (with

spreading): H;,=2.5m, T,=8s, V. = 1.5m/s

winch speed = 0.0833%
epot, absmax=2 -43deg,

Pitch motion in [deg]

“ln il

’ !

-

50

N w N
=] o o

MP draft in [m]

[
o

o

300
Time in [s]

400

500

600

Irregular waves: Hsjg=2.5m, Tp=95, Nangies=21, Vcurrent=1.5%,
Opot + visc, absmax=2.36deg

—=— MP draft

—— Pot
—— Pot + visc

Figure 95: MP motion of the 1-DOF model, during the dynamic lowering simulation, irregular waves (with

spreading): H;,=2.5m, T,=9s, V. = 1.5 m/s

C.3 JONSWAP with ambient current

In Figures 96, 97, and 98 the modified JONSWAP spectrum for ambient current are depicted. In can be seen
that the situation with current traveling in the opposite direction of the waves clearly do not yield a proper
JONSWAP spectrum. As discussed in subsection 6.5, this is due to the non-linear waves that arise in this situ-
ation, hence the weird shape of these spectra. Because of this the modified JONSWAP spectrum for opposing

current cannot be used to evaluate wave-excitation forces.

JONSWAP spectrum with and without ambient current
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Figure 96: JONSWAP with ambient current, Hg, = 2.5m, T, = 75, and Ucyprens = 152
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JONSWAP spectrum with and without ambient current
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Figure 97: JONSWAP with ambient current, Hy, = 2.5m, T, = 8s, and Ucyprens = 1.5?
JONSWAP spectrum with and without ambient current
Hsig, no - current = 2.50mM, Hsig,pos—current =2.12m, Hsig,neg—current =2.88m Tp=9.00s, Vcurrent — pos = 1-5%: Vcurrent—neg = — 15%
30 —— positive current
—— negative current
2.5 no current
- 20
<
@
S 15
el
g
& 10
s
>
0.5
0.0 0.25 0.50 0.75 1.00 1.25 1.50 1.75
win [29]
Figure 98: JONSWAP with ambient current, Hge = 2.5m, T, = 9s, and Ucyprens = 1.5?
C.4 Dynamic lowering simulation, ambient current effect
In Figures 99, and 100 the dynamic lowering simulation is depicted for respectively the case without the
ambient current effect and with the ambient current effect with a peak period of 7 seconds, a significant
wave height of 2.5m, and a current of 1.5—. Both models consider the damping due to viscous drag, irregular
N
unidirectional waves, and the current which flows in the same direction as the propagation of the waves.
The exact same simulations are shown for equal environmental conditions, except for different peak periods.
See Figure 101, and Figure 102 for the simulations with a peak period of 8 seconds, and see Figure 103, and
Figure 104 for the simulations with a peak period of 9 seconds.
MP motion with current (conventional JONSWAP), Irregular waves: Hsjg=2.5m, T,=7s, Napgles=1
winch speed = 0.0833%, Veurent=1.5%, Babsmax,c =0.72deg
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Figure 99: MP motion with the conventional JONSWAP spectrum, viscous drag, and without the spreading
of waves, with: Hgg =2.5m, Ty =7s
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MP motion with current (JONSWAP modification), Irregular waves: Hsig=2.5m, Hsjg,eq=1.9M, Tp=75, Nangles=1

winch speed = 0.08332,  Veurrent=1.5Z,  Babsmax, poscurr=0.58deg
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Figure 100: MP motion with the modified JONSWAP spectrum, viscous drag, and without the spreading of
waves, with: Hgo =2.5m,T) =7s
MP motion with current (conventional JONSWAP), Irregular waves: Hsjg=2.5m, T,=8S, Nangles=1
winch speEd = 0_0833m’ chrrent=1-5m: Babsmax, conventional=1-15deg
50 —=— MP draft
10 —— Pitch motion
40
= 05
3 L) T
£ l Eli
5 0.0 ' “ &
kS ©
g ' ‘ 202
505 g
a
10
-1.0
0
0 100 200 300 400 500 600
Time in [s]
Figure 101: MP motion with the conventional JONSWAP spectrum, viscous drag, and without the spreading
of waves, with: Hgg = 2.5m, T, = 8s
MP motion with current (JONSWAP modification), Irregular waves: Hsjg=2.5m, Hsjg,eq=2.0m, T,=8S, Nangles=1
winch speed = 0.0833%Z,  Veurrent=1.5Z,  Babsmax, poscurr=0.98deg
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Figure 102: MP motion with the modified JONSWAP spectrum, viscous drag, and without the spreading of
waves, with: Hgg =2.5m,T) =8s
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MP motion with current (JONSWAP modification), Irregular waves: Hsjg=2.5m, Hsjg,eq=2.1m, Tp=95S, Nangles=1
winch speed = 0.0833%,  Veurent=1.5%,  Babsmax, poscurr=2.84deg
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Figure 104: MP motion with the modified JONSWAP spectrum, viscous drag, and without the spreading of
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= 2.5m, Tp

=0s

101



0.05

o
o
=

1

MN?s
rad

rad

Variance density in [M¥’s]

Variance density in [

Variance density in [Mr’;’;s]

o
o
@

=
o
o

[
o
=

C.5 2nd order difference frequency wave-drift forces

In Figures 105, 106, and 107 the 2nd order difference frequency wave-drift force spectra for respectively peak
periods of 7, 8 and 9 seconds with a significant waveheight of 2.5m are shown. In subsubsection 6.5.3 the
procedure of obtaining these spectra is explained.

2nd order wave-driftforces spectrum, MPg2=50m, Irregular waves: Hsjg=2.5m, Tp,=7s
OF2, arift, total=0.0856MN,  OF2, grift, Tn=15 — 25s=0.0078MN,  F2) =0.0311MN, F2) ~2.0532MNm
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Figure 105: 2nd order difference frequency wave drift-force spectrum Hy, = 2.5m, T, = 7s

2nd order wave-driftforces spectrum, MPg2=50m, Irregular waves: Hsjg=2.5m, T,=8s
OF2, arift, total=0.0876MN,  OF2, grift, Tn=15 — 25s=0.0087MN,  F2) =0.0317MN, F2 ~2.0908MNm
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Figure 106: 2nd order difference frequency wave drift-force spectrum Hye = 2.5m, T, = 8s

2nd order wave-driftforces spectrum, MPg2=50m, Irregular waves: Hsijg=2.5m, T,=9s

OF2, grift, total=0.0859MN,  OF2, grift, Tn = 15 — 25s=0.0086MN, Fﬁ),gefo,ce =0.0316MN, th)chforce =~2.0824MNm
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Figure 107: 2nd order difference frequency wave drift-force spectrum, H;g = 2.5m, T, = 9s

102



MP motion (dynamic lowering),

Pitch motion in [deg]

MP motion (dynamic lowering),

MP motion (dynamic lowering),

Pitch motion in [deg]

C.6 Effect of added damping on the MP motion

In Figures 108, 109, and 110 the effect of varying the added damping through different assumed pile periods
of motion is shown. In the figures the dynamic lowering simulations are depicted for irregular unidirectional
waves with respectively peak periods of 7,8, and 9 seconds with a significant wave height of 2.5m, and a current
of 1.5%. The winch speed in this dynamic lowering simulation is set at 0.0833%.

Oabsmax, Tmp = 6s=0.67deg,

winch speed = 0.0833Z,
Babsmax, Tmp = 9s=0.81deg

Irregular waves: Hsig=2.5m, Tp=75, Nangies=1,
Oabsmax, Tmp = 12s=1.00deg
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Figure 108: MP motion response for different assumed pile-periods of motion, Hg;s = 2.5m,T, = 7s
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winch speed = 0.0833%
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Figure 109: MP motion response for different assumed pile-periods of motion, Hg, = 2.5m, T, = 8s
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winch speed = 0.0833%,
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Figure 110: MP motion response for different assumed pile-periods of motion, H;g = 2.5m,T), = 9s
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C.7 Jack-up motions

In Figures 111, 112, and 113 the rotational MP motion response around the x and y-axis w.r.t. the gripper of
the multi-DOF model are shown. The motion response is obtained at critical MP drafts, as defined in sub-
section 6.3, for irregular spread waves with respectively peak periods of 7, 8, and 9 seconds with a significant
wave height of 2.5m, and a current of 1.5?. In Figures 114, 115, and 116 the translation motion of the gripper
along the x and y-axis of the multi-DOF model are shown under the same conditions. See Figure 4 for the
definition of the axis system in the gripper.

—— pile_def_grip.xx[deg], max:1.668,min:-1.703,mean:-0.000, std - dev = :0.420
—— pile_def_grip.yy[deg] max:2.542,min:-2.181,mean:0.135, std —dev = :0.633 |

response

0 2000 4000 6000 8000 10000
time[s]

Figure 111: MP rotational motion response around the x and y axis in the gripper of the multi-DOF model,
Hy=2.5m,T, = 75,0, = 1.5, MPg,qs, = 10m
N
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—— pile_def_grip.xx[degl.max:4.759 min:-4.792,mean:-0.000, std — dev = :1.246
—— pile_def_gnp.yy[deg],max:7.014,min:-6.803,mean:0.146, std — dev = :1.929
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Figure 112: MP rotational motion response around the x and y axis in the gripper of the multi-DOF model,
Hy=2.5m,T, = 85,0, = 1.5%, MPy,q5, = 15m
N
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—— pile_def_grip.xx[deg] max:5.829, min:-5.800,mean:-0.000, std — dev = :1.613
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Figure 113: MP rotational motion response around the x and y axis in the gripper of the multi-DOF model,
Hy=2.5m,T, = 95,0, = 1.5%,Mpdmf, =20m
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0.6
—— pile_def_grip.x[m].max:0.562,min:-0.499, mean:0.024, std — dev = :0.141
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Figure 114: MP translation motion response along the x and y axis in the gripper of the multi-DOF model,
Hy=2.5m,T, =7s,v, = 1.5%,MPdmft =10m
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Figure 115: MP translation motion response along the x and y axis in the gripper of the multi-DOF model,
Hy=2.5m,T, = 85,0, = 1.5?,MPdmft =15m
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Figure 116: MP translation motion response along the x and y axis in the gripper of the multi-DOF model,
Hy=2.5m,T, = 95,0, = 1.5%,MPdmft =15m
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