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Abstract

This thesis focuses on the going-on-location (GoL) operation of jack-up vessels in the o shore wind energy
industry. The GoL process involves the transition of a jack-up vessel from a free- oating state to a state
where it’s elevated above the waterline and pinned to the seabed. The workability of these vessels is signif-
icantly a ected by the impact loads experienced during the GoL process, particularly when interacting with
sti seabeds and non-negligible sea states. In current methodologies, certain parameters like wave height and
wave period set the limitations to when GoL process can proceed. For safety reasons, the GoL process is
halted if these conditions are exceeded. Instead of solely depending on external factors like wave height and
wave period, the focus transitions towards how the vessel dynamics relate to the impact forces it encounters
during the GoL. To address this limitation, a comprehensive framework has been developed that combines hy-
drodynamic, structural, and soil-spudcan interaction elements to evaluate impact forces during the GoL process.

The framework o ers a exible and case-speci ¢ con guration. It allows for easy modi cations, integration, and
replacement of components and input parameters. This case-speci ¢ arrangement is advantageous due to the
wide range of jack-up vessels and environmental variations.

In model implementations adhering to the framework, the jack-up vessel is represented as a multi-body struc-
ture, in contrast to the conventional rigid-body representation often employed. Within the multibody approach
the spudcans, the legs, and the vessel are described by separate bodies each with its own properties.

The primary focus of this research is on the dynamic soil-spudcan interaction process, which has not been exten-
sively covered in existing standards. The soil-spudcan interaction model is to determine the instantaneous force
acting on the spudcan as it contacts the seabed during GoL. By integrating elasto-plastic soil behavior into the
soil-spudcan interaction element, the model encompasses descriptions of soil resistance to spudcan penetration
and lateral displacement, taking into account memory and potentially stateful characteristics.

A simulation model, adhering to the framework, has been developed, integrating hydromechanical, structural,
and soil-spudcan interaction submodels within the Orca ex environment. Three distinct simulation scenarios
are examined: an undisturbed vessel (free- oating), a disturbed vessel (full GoL), and a pinned vessel (elevated
jack-up). The disturbed vessel scenario, which includes a full GoL process, has exhibited consistency in both
undisturbed vessel simulations, where the vessel is the free- oating stage, and in pinned vessel simulations,
where the vessel is in the pinned stage. The impact phase is situated between these two boundary cases, and
the framework e ectively represents simulation models within its scope.

In addition, simulations with varying sea states are performed for regular and irregular sea states. Simula-
tions involving varying regular wave patterns suggest that the maximum downward spudcan velocity (DSV)
is a critical parameter in uencing the magnitude of impact forces on the spudcans. For irregular waves, the
simulations indicate that the maximum impact forces are more closely related to the pinned vessel scenario, as
the maximum impact occurs towards the end of the impact phase.

In conclusion, this thesis has e ectively described the behavior of jack-up vessels during the impact phase
of the GoL process. For any model utilizing the framework, the GoL process can be simulated, and the results
can be analyzed to assess workability. Furthermore, the study proposes a potential correlation between vessel
dynamics and maximal impact forces, a relationship that could potentially guide on-board decision-making
processes. The enhanced understanding of the interaction between the spudcan and the seabed, along with
the comprehensive framework, contributes to improving the decision-making process for executing the GoL
operation of jack-up vessels in the o shore wind energy industry.



Preface

This master’s thesis represents the nal stage of my O shore and Dredging Engineering master’s program at
Delft University of Technology. During the research process, | faced various challenges, but thanks to the con-
stant support of my supervisors, family, and friends, | managed to overcome them and reach this important
milestone. During the course of my thesis, I, unfortunately, su ered a broken ankle, which posed a signi cant
drawback as | was unable to commute to the o ces of MO4 and Calypso for several months. However, in
retrospect, this situation provided an opportunity to work from home, enabling me to make signi cant progress
in nalizing my literature review and improving my programming skills. Thus, in a somewhat counter-intuitive
way, this personal sethback may have actually bene ted my work for this report. | am proud of my accomplish-
ments and would like to express my appreciation to the following people in particular.

First of all, 1 would like to thank my supervisor, Maas, for his support and guidance throughout the entire
process. The days at your o ce in Voorschoten were extremely helpful. Your skill in teaching me how to turn
engineering ideas into working models has been super valuable. Maas consistently found the perfect balance
between allowing me to explore independently and providing insights when needed.

Secondly, I would like to express my gratitude to Mark for giving me the opportunity to conduct my research
with MO4 and for sharing insights into the o shore sector. His thorough understanding of physics greatly
contributed to the identi cation and quick overview of crucial technical aspects of my research.

Thirdly, I want to thank all the other people at MO4 for sharing their knowledge, and enthusiasm, and making
my time at the o ce enjoyable. | particularly appreciated the rst Wednesdays of each month when the “game
evenings" took place, which I truly enjoyed.

Furthermore, | would like to thank Vagelis, my university supervisor, for his guidance. He was able to an-
swer all my soil-related questions, and more importantly, provided me with additional questions to ponder. |
appreciate the time you dedicated to my project, especially during a signi cant period in your life. 1 am happy
to call you Dr. Ir. E. Kementzetzidis. Additionally, I would like to express my gratitude to Peter for his
expertise in the hydrodynamic aspects of my research and for his enthusiasm throughout the project.

Lastly, I cannot emphasize enough the invaluable support from my family and friends throughout this nal
phase of my academic journey.



Contents

Abstract . . . . . . e e e e
Preface . . . . . e e
List of Figures . . . . . . .
List of Tables . . . . . . . e e e
Abbreviations . . . . . .. e

1 Introduction
1.1 Jack-up VESSEIS . . . .
1.2 Site-speci € assessSment . . . . . . . . . e e
1.3 Going-on-location and workability . . . . . .. . . . ...
1.4 Objective and SCOPE . . . . o o v i i e e e e
1.4.1 Research question . . . . . . . . . .
1.4.2 Research decisions . . . . . . . . . . . e
1.5 Methodology . . . . . . .
1.5.1 Literature review; GoL analysis and soil-spudcan interaction . . .. ... ... ......
1.5.2 Comprehensive framework development . . . . . . . .. ... ... .. ... .. ...
1.5.3 Simulation model and results . . . . . . . . ..
1.6 Thesis Outline . . . . . . . . . e e

2 Theoretical background
2.1 Jack-up vessel design and behavior . . . . . . .. ..
2.2 Jacking SYStem . . . .. L
2.3 Vessel motions and Response Amplitude Operators (RAOS) . . . . . . . . .. oo oo
2.4 Environmental loading . . . . . . . .
241 Seastate . . . . . . ... e
2.4.2 Environmental hull loading . . . . . . ... .. ... . . ... .
2.4.3 Environmental leg loading . . . . . . . ...
2.5 Structural jack-up model . . . . .. L

3 Soil-spudcan interaction

3.1 Impactanalysis . . . . . .
3.2 Soil behavior . . . . . L e
3.2.1 Seabed properties . . . . ...
3.2.2 Elasto-plastic behavior . . . . . . . . ..
3.3 State-of-the-art dynamic soil-spudcan interaction modeling . . . ... .. .. ... ... .....
3.3.1 Numerical modeling techniques . . . . . . . . . . . .
3.3.2 Experimental soil impact approaches . . . . . . . . ...
3.3.3 Conclusion; shortcomings and potential improvements . . . . . . . ... ... ... ....
3.4 Developed comprehensive soil-spudcan interactionmodel . . . . . . ... ... ... ........
3.4.1 Vertical soil resistance . . . . . . . . L
3.4.2 Horizontal soil resistance . . . . . . . . ..
3.4.3 Soil-spudcan interaction model characteristics . . . . . .. .. ... ... ... ... ...,

4 Developed framework
4.1 Base model and description . . . . . . . .
4.2 Sti nessmatriX . . . . . .. L e
4.2.1 Euler-Bernoulli beam theory . . . . . . . . L
4.2.2 Leg properties . . . . . . . e e



iv Contents

4.2.3 Boundary conditions . . . . . . . .. e 30
424 Settingupsti nessmatrix . . . . . . . . . ... e 31

4.3 MassS matriX . . . . o o o e 33
4.4 Damping matrixX . . . . . ... e 33
45 External force VeCtOr . . . . . . . . L e 34
4.6 Dynamic analysis . . . . . . .. e 34
4.6.1 Timedomain analysis . . . . . . . . . . . . e 34
4.6.2 Numerical integration . . . . . . . . ... e e 35

4.7 Framework setup and performance . . . . . . ... 35
5 Simulation model; veri cation and validation 38
5.1 OrCa X . . v v o e 38
5.2 Simulation model setup . . . . . . . 38
53 Inputdata. . . . . . . . 39
53.1 Soildata . .. .. . . . . 39
53.2 Spudcandata . . . . . . . . ... e 40
533 Vesseldata . . . ... . . . . 40
534 Regularseastate . . . . . . . . L 40
535 Irregular seastate . . . . . . . . L 41

5.4 FRull simulation; GoL stages . . . . . . . . . e 42
5.5 Soil-spudcan model veri cation . . . . . . . . ... e 43
5.,5.1 Vertical soil model . . . . . . . . .. e 43
5.5.2 Horizontal soil impact . . . . . . . . .. ... 44

5.6 SUMMENY . . . . e e e e e 45
6 Results & analysis 46
6.1 Complete going-on-Location simulation . . . . . .. .. ... ... ... . ... . 46
6.2 Energy-based analysis . . . . . . . .. 47
6.3 Speci cmodel . . . .. L e 48
6.4 Simulation SCenarios . . . . . . . . .. e 49
6.4.1 Undisturbed vessel . . . . . . . e 50
6.4.2 Disturbed vessel . . . . .. 50
6.4.3 Pinned vessel . . . . . .. e 51

6.5 Comparative analysis of simulation scenarios . . . . . . . . . . .. ... . oo 51
6.5.1 Free- oating boundary; undisturbed and disturbed . . . . . ... ... .. oL L 52
6.5.2 Pinned boundary; disturbed and pinned . . . . .. ... ... .. L L 52
6.5.3 Energy dissipation . . . . . . .. e 52
6.5.4 Maximum impact. . . . . . . . . 52

6.6 Varyingseastates . . . . . . . .. 55
6.6.1 Regular sea state; Vessel dynamic vs. impact force . . . . . .. ... ... ... ... 55
6.6.2 Varyingirregular seastate. . . . . . . . . . .. . 56
6.6.3 Varying Hs . . . . . . . . e 57
6.6.4 Varying TP . . . . o o o 57

7 Discussion & conclusions 59
7.1 The limitations of comprehensive framework . . . . . . . . . . ... ... . L 59
7.1.1 Implementaion using Python . . . . . . ... ... . . ... 59
7.1.2 Simulation model using OrcaFlex . . . . . . . . . . . . 60
7.1.3 Interpretation of simulations results and conclusions . . . . .. ... ... ... ...... 61

7.2 Conclusion . . . . .. e 63
8 Recommendations 65
8.1 Soil-spudcan model related recommendations . . . . . . . . ... L L Lo 65
8.2 General recommendations and future studies . . . . . . . ... L L Lo 66
A Sti ness matrix derivation 67

B Modal analysis 72



\Y Contents

C Personal Field Experience: Jack-Up Vessel going-o and going-on-location 74

References 76



List of Figures

11
1.2
1.3

2.1
2.2
2.3
24

3.1
3.2

3.3

3.4

3.5

3.6

3.7

3.8

4.1

4.2
4.3

4.4

4.5

4.6

4.7

4.8

Typical self-elevating unit used for oil and gas exploration.. . . . . . ... ... ... ....... 1
Typical Wind Turbine Installation Vessel . . . . . . . .. ... ... .. .. . . ... ... ... 2
Horizontal and vertical forces acting on the spudcan, due to impact with the seabed . . . .. .. 3
View of the spudcan’s underside . . . . . . . . . . 9
Six degrees of freedom vessel . . . . . . L 10
Schematic structural representation of a jack-up, simpli ed beam model . . . . .. ... ... .. 13
The geometry model of the leg and the spudcan made in AUTOCAD . . . .. ... ........ 13
Trajectory of the spudcan on a vessel exposed to waves in a free- oating state in the x-z plane. . 15
(a) Linear loading/unloading path; (b) non-linear loading/unloading path; (c) plastic soil defor-

mation upon loadingZunloading. . . . . . . . . .. 16
Typical spudcan penetration pro les on loose and dense sand. Dashed lines represent the pene-

tration resistance based on the equations proposed by SNAME, while solid lines correspond to

the soil resistance obtained from the experimental data by (Yung-Show et al., 2019). . . . . . .. 18
Bearing capacity curve for a particular spudcan with for a soil with a friction angle of 30° and a
unit weight of 9 KN=mMS3. . . . . . . . . . 20

Progressive penetration of the spudcan into the soil. The striped line in the left gure represents
the e ective diameter of a partially penetrating spudcan, accounting for the current e ective
bearing area. The right Figure illustrates the stage when the spudcan’s bearing area reaches its
maximum, corresponding to its full bearing area, and no back Il occurs. . . . . ... ... .. .. 20
Soil model penetration resistance path. The blue line represents the bearing capacity curve,
indicating the soil’s bearing capacity. Unloading mode and reloading mode follow the same path
for a single vertical cycle event, as shown by the orange line. The green line signi es the absence

of soil contact, where soil resistance is zero. . . . . . . . . . . ... 21
Soil model penetration resistance path, illustrating three consecutive new penetration cycles,
green, red, blue. . . . . . L e 22

The upper graph illustrates the elastic region, plastic region, and yield surfaces, while the lower
graph demonstrates the translation of the elastic region (indicated by red arrows) and the new
yield surfaces (represented by red lines) that encompass the elastic region. . . . . . . ... .. .. 24

A 2D side view representation of the jack-up vessel with 9 DOF (3 for the hull and 3 for each

spudcan) inthe x-z plane. . . . . . . . L e 27
Segment of cylindrical beam connection spudcan and jack-up hull. . . . . ... ... ... .... 29
Schematic representing of standard de ection formula 1. Applied rotation, , and torque T, at

boundary 2. . . . . L e 30

Schematic representing of standard de ection formula 2. Applied translation, w, at boundary 2. . 31
A 2D side view representation of the jack-up vessel illustrating the 9 degrees of freedom in the
x-z plane, along with the local reference systems for each of the three components (hull and two

SPUACANS). « « . . o o o e e e 32
Flowchart depicting the time integration process within the Python model. The blue area high-
lights the numerical integration performed at each timestep. . . .. .. ... ... ........ 36
The upper graph displays the vertical displacement of the three bodies over time, while the lower
graph presents the corresponding soil forces on the spudcans. . . . . ... ... .......... 37
Heave mode vertical soil force with 5% critical damping. The upper graph displays the vertical
displacement of the three bodies over time, while the lower graph presents the corresponding soil
forceson the spudcans. . . . . . . . . .. e 37

Vi



vii

List of Figures

51

5.2
5.3
54
55
5.6
5.7
5.8
5.9

5.10

6.1
6.2
6.3
6.4
6.5
6.6

6.7
6.8

6.9

6.10

6.11
6.12
6.13
6.14
6.15
6.16

6.17

7.1

Al

A2

A3
A4

Flowchart illustrating the interconnection between OrcaFlex and Python. The green area repre-
sents calculations and data processing performed within Python, while the red area indicates the
calculations and data provided by OrcaFlex. . . . ... ... ... ... ... . ... ....... 39
Bearing capacity curves of the three sandy soil states. . . . . . ... ... .. ... ........ 40
Example of spudcan con guration; D, diameter of the equivalent circular foundation; , cone angle. 40
Simulation of a regular wave using the Airy wave theory. The gure demonstrates wave propa-
gation over time, with Hs=Imand Tp =8s. . . . . . . . . . . . . .. . . .. 41
Simulation of an irregular incoming wave using the JONSWAP spectrum. The gure illustrates
the complex wave patterns. . . . . . . . . . L e 42
Simulation stages of GoL: ramping [l], free- oating [Il], impact [I11], and pinned [IV]. . . . . . .. 42
Vertical soil force acting on the forward-starboard spudcan. . . . . .. .. ... ... ...... 43
Vertical penetration modes of the spudcan in soil. The diagram distinguishes four main penetra-
tion modes, with arrows indicating the progression paths between them. . . . . . ... ... ... 44
Horizontal soil force acting on the forward-starboard spudcan. The inset highlights interesting
impacts between the seabed and the spudcan. . . . . . . . .. ... o 44
Horizontal displacement modes of the spudcan and soil forces. . . . . . . . ... ... ... .... 45
The axial impact forces on the spudcans for a complete going-on-location process of the jack-up
vessel subjected to regular beam waves with Hs = 1,5mand Tp =8seconds. . . . . ... .. .. 47
The axial impact forces on the spudcans for a complete going-on-location process of the jack-up
vessel subjected to irregular beam waves with Hs = 1,5m and Tp =8seconds . . . . . .. .. .. 48
Roll angle of the jack-up inaregular seastate. . . . . .. ... ... ... .. ... ... .... 48
Illustration of the hydrodynamic panel model for the jack-up vessel used for the simulations. . . 49
Undisturbed roll energy and the wave height at the COG of the vessel. . . . . . .. ... ... .. 50
Disturbed roll energy and impact forces on the spudcans. . . . . . ... ... ... ........ 51
Forces exerted on the spudcan during the pinned situation. . . . . ... ... ... .. ...... 51
The rst plot presents the axial forces exerted on spudcan 4 in the scenario of the pinned sim-
ulation. The second plot illustrates the axial forces applied to spudcan 4 when the vessel is in
a disturbed state. The insets provide a zoomed-in view of the plots, speci cally focusing on the

nal 30 seconds of the simulation.. . . . . . . . . .. . . 53
Energy dissipation during impact. The rst energy drop is attributable to spudcans 2 and 4,
both on the starboard side, as they simultaneously make contact with the seabed. The second
decrease in energy is due to spudcans 1 and 3 on the portside. . . ... ... ........... 53
First plot; Disturbed vessel roll energy. Second plot; Undisturbed vessel roll energy. Third
plot; Pinned vessel spudcan forces. Fourth plot; Impact forces spudcan during disturbed vessel
simulation. Fifth plot; wave elevationdata. . . . . .. ... ... .. ... .. ... .. .. ... 54
....................................................... 56
Scatter plot between maximum DSV and impact forces for varying regular waves. . . . . . . . .. 56
Displacement against impact force plot. The curve re ects the underlying bearing capacity theory,
demonstrating the displacement-dependent nature of the soil-spudcan interaction model. . . . . . 56
Comparison of the impacts forces and the duration of the GoL of Hs = 2 and Hs = 3 with a
constant wave period (TP = 6). . . . . . . . . o e 58
Comparison of initial and maximum impact forces for di erent wave heights (Hs) with a constant
wave period (TP = 6). . . . . . v o e e e 58
Comparison of initial and maximum impact forces for di erent wave heights (Hs) with a constant
wave period (TP = 9). . . . . . o o 58
Comparison of initial and maximum impact forces for di erent wave heights (Hs) with a constant
wave period (Tp = 12). . . . . . . e e 58
The upper graph illustrates the downward spudcan velocity for the undisturbed vessel, while the
lower one depicts the same parameter over time for the disturbed vessel. . . . . .. .. ... ... 62
A positive horizontal displacement of the hull, where x; represents the displacement in the hori-
zontal direction. . . . . . . . . L e 67
A positive vertical displacement of the hull, where z; represents the displacement in the vertical
direction. . . . . . L e 68
A positive rotation of the hull, where ; represents the rotation in positive direction. . . . . . .. 69
A positive horizontal displacement of the spudcan, where X3 represents the displacement in the

horizontal direction. . . . . . . . . . e e e 70



viii

List of Figures

A5

A.6

B.1

Cl1
C.2

A positive vertical displacement of the spudcan, where z3 represents the displacement in the
vertical direCtion. . . . . . . . L 70
A positive rotation of the hull, where 3 represents the rotation in positive direction. . . . . . .. 71
The nine mode shapes of the system. DOF1 = ship’s x-displacement, DOF2 = ship’s z-displacement,
DOF3 = ship’s rotation, DOF4 = spudcan’s x-displacement, DOF5 = spudcan’s z-displacement,
DOF6 = spudcan’s rotation, DOF7 = spudcan’s x-displacement, DOF8 = spudcan’s z-displacement,
and DOF9 = spudcan’s rotation. . . . . . . . . . . . . .. 73
A beautiful picture on the helideck . . . . . . . . . . . . . . ... . 74
Asel eonthe JBL17 . . . . . . . . . e 75



List of Tables

4.1

51
52

6.1
6.2

6.3
6.4

The 9 degrees of freedom and their respective signs and units for the jack-up vessel model. . . . . 31
Three soil types considered: loose, medium, and densesand. . . . . ... ... ........... 39
Typical wave characteristics for swell and wind waves . . . ... ... . ... .. ......... 41
Vessel and leg data parameters. . . . . . . . . . e 49
The table provides a concise overview of the sequence of the 'Free- oating’, 'Impact’, and 'Pinned’

stages for each scenario: undisturbed vessel, disturbed vessel, and pinned vessel. . . .. ... .. 50
Varying signi cant wave height (Hs) and wave period (Tp) values for di erent load cases. . . .. 57
Averaged impact times and forces for the 6 load cases, each considering 50 seeds. . . . . . . . .. 57



Nomenclature

CEL Combined Eulerian-Lagrangian
CFD Computational Fluid Dynamics
COG Center Of Gravity

CPT Cone Penetration Test

DAF Dynamic Ampli cation Factor
DNV Det Norske Veritas

DOF Degree Of Freedom

DPS Dynamic Positioning System

DSV Downward Spudcan Velocity

EOM Equation Of Motion

Fd Frequency-Domain

FE Finite Element

GoL  Going-on-location

Hs Signi cant wave height

ISO International Standard Organisation
JONSWAP Joint North Sea Wave Project
KC Keulegan-Carpenter

LC Load Case

ODE Ordinary Di erential Equations
RAO Response Amplitude Operator

SEU Self-Elevating Unit

SNAME Society of Naval Architects and Marine Engineers
SSA | Site Speci ¢ Assessment for Installation
SSA  Site Speci ¢ Assessment

Td Time-Domain

Tp Wave period

WTIV Wind Turbine Installation Vessels



Chapter 1

Introduction

In recent decades, the escalating global energy demand has driven the oil and gas industry to expand its
operations to remote o shore locations, abundant in hydrocarbon reserves. However, these challenging o shore
environments present numerous operational and logistical obstacles. Consequently, self-elevating units (SEUs)
have emerged as viable solutions for o shore drilling, production, and maintenance operations. SEUs are
specialized o shore platforms capable of oating and elevating themselves above the water level using their own
legs, providing mobility and exibility in o shore exploration. In o shore exploration, it is essential to carry
out drilling e orts at di erent locations to determine if there are usable oil and gas deposits.

Typically, SEUs employed in the oil and gas industry feature a three-legged structure to ensure stability on the
ocean oor, see Figure 1.2. However, the increasing global emphasis on addressing climate change, primarily
caused by the rise in greenhouse gas concentrations, has led to a growing interest in o shore renewable energy
sources, such as wind energy. As the demand for green energy intensi es with the expanding global population,
the o shore industry is shifting towards sustainable energy production.

The global shift towards renewable energy has led to a change in the use of SEUs which are becoming increasingly
important. SEUs are often used as Wind Turbine Installation Vessels (WTIVs), see Figure 1.1. Instead of
remaining stationary at a single location, WITVs need to relocate more often to perform installations at various
sites. The ability of WITVs to self-elevate provides stability during o shore installations, making them versatile
and cost-e cient in the o shore renewable energy industry.

This change in approach requires WITVs to demonstrate increased exibility and adaptability to a variety of
environmental conditions. They need to withstand severe weather and ocean conditions while having the ability
to travel considerable distances to reach new sites. As a result, there is a growing need for inventive WITV
designs and technologies that guarantee safe and e cient functioning across diverse settings. Continued research
is crucial for developing the essential safety guidelines for deploying and retrieving WITVs in the ever-changing
0 shore energy sector.

Figure 1.1: Typical self-elevating unit used for oil and gas exploration (M. J. Cassidy, 2011).
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Figure 1.2: Typical Wind Turbine Installation Vessel (DNV , 2021).

1.1 Jack-up vessels

Wind Turbine Installation Vessels (WTIVs) are purpose-built vessels engineered speci cally for the assembly of
0 shore wind farms. Commonly known as jack-up vessels, these ships are equipped with heavy-lifting cranes,
dynamic positioning systems, and a range of specialized equipment to facilitate the transportation and instal-
lation of wind turbine components, including tower sections, nacelles, and blades. Jack-up vessels have become
a crucial part of the o shore wind industry, enabling the construction of large-scale wind farms in challenging
marine environments.

Jack-up vessels are generally used in ve primary modes: transit, installation, preloading, operation, and
going-o -location. In transit mode, the vessel moves between locations using self-propulsion or assistance from
tugboats. The legs are fully raised, and the vessel’s weight is entirely supported by the hull’s buoyancy. Upon
arriving at the designated location, the legs are lowered to the seabed and jacked until the hull is elevated
above the water, entering the installation mode. Spudcans at the end of each leg provide a stable foundation
on the seabed by creating a large bearing area. At this stage, the soil’s bearing capacity on the spudcan is
su cient to lift the hull, eliminating the need for buoyancy support. To ensure safe operations, the legs undergo
preloading to increase bearing capacity. Preloading can be achieved by using preload tanks or by sequentially
loading the legs with crosswise opposing leg pairs. After completing preload operations, the hull is jacked up
to its operational air gap, which is the distance between the hull’s lower end and the mean sea level. Once the
air gap is reached, the unit is ready for operations. Upon completing the operations, the going-o -location is
started and the legs are retrieved and removed from the seabed. After completion of the going-o -location the
vessel is prepared for transit once again.

Before installing spudcans on the seabed, it is essential to assess all pertinent site-speci ¢ parameters to ensure
the safe and e ective operation of the jack-up vessel. Therefore, prior to each jack-up installation, it is essen-
tial to conduct a site-speci c assessment (SSA). As jack-up vessels often undergo frequent movements between
locations, e cient analysis of these parameters becomes increasingly critical.

1.2 Site-specific assessment

Wind farms typically require between 50 and 300 jack-up installations, with the number of jack-up installations
being approximately twice the number of wind turbines (Ekici, 2018). To ensure safe operations, a site-speci ¢
assessment (SSA) must be performed before installing a jack-up vessel at a particular location (Olsson, 2014).
The SSA evaluates the vessel’s capability to operate safely at a speci c site in the elevated mode by analyzing
the vessel’s, environmental, and soil data, which are then integrated into a report assessing the suitability of
the jack-up vessel for the given location. The SSA process is regulated and standardized through technical
guidelines and rules provided by the Society of Naval Architects and Marine Engineers (SNAME) and the
International Standard Organisation (ISO). While these guidelines follow a similar technical methodology, they
di er in terms of load and resistance factors. The SSA for WITV’s can be categorized into four main sections
(Hoyle et al., 2014):

e Geotechnical site assessment: This involves analyzing soil characteristics such as composition, density,
and strength, as well as the geotechnical properties of the seabed, including a leg punch-through check. A
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punch-through occurs when the legs of a jack-up barge unexpectedly penetrate the seabed after previously
being supported (Skinner & Mote, 2015).

« Hydrodynamic site assessment: This entails examining wave, current, and wind conditions at the instal-
lation site and their impact on the jack-up vessel during various operation modes.

< Environmental site assessment: This comprises evaluating environmental factors such as marine life pres-
ence, water depth, and potential collisions with other vessels or objects.

e Structural site assessment: This consists of analyzing the structural integrity and stability of the jack-up
vessel, along with the loads and forces it will experience during di erent operation modes.

The SSA is crucial for safe operations in elevated mode but does not directly focus on the going-on-location
(GoL) process. During the installation process, the GoL phase takes place when the legs initially come into
contact with the seabed. The initial contact and subsequent interactions between the spudcan and soil hold
signi cant implications, as the impact forces generated during these interactions can be substantial. As the
GoL process progresses, the vessel’s weight is partially sustained by the hull’s buoyancy and the leg reaction
force exerted by the soil. However, the SSA used for jack-up vessels primarily concentrates on the vessel’s
performance during storms and ultimate limit states (Matter et al., 2005). For the GoL process, the Site
Speci ¢ Assessment for Installation (SSA-1) should be used. The SSA-I is not as well-known or extensive as
the SSA, but is becoming increasingly important. Understanding the GoL process and its potential e ects on
workability is essential for the successful installation and operation of a jack-up vessel. The jack-up industry is
constantly pursuing innovative strategies and technologies to optimize insights in the GoL process and enhance
workability. These advancements ultimately contribute to the overall performance and success of jack-up vessel
operations, ensuring greater e ciency and cost-e ectiveness in the rapidly evolving o shore energy sector.

1.3 Going-on-location and workability

The going-on-location (GoL) process is often the most challenging and critical aspect of deploying a jack-up
vessel. During the GoL, the tip of the spudcan is the rst part of the leg to come into contact with the seabed.
The interaction between the spudcan and seabed is a complex, non-linear dynamic process that transpires within
a short time frame (Olsson, 2014). The leg and spudcan must withstand the impact forces during this collision,
which could potentially compromise the safety and stability of the vessel. These impact forces, characterized
as the horizontal and vertical forces exerted on the spudcan by the seabed during touchdown, are absorbed
through the collision between the spudcan and seabed, as illustrated in Figure 1.3. The successful completion
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Figure 1.3: Horizontal and vertical forces acting on the spudcan, due to impact with the seabed (DNV , 2021)

of the GoL process relies on a combination of factors, such as sea state, water depth, and soil conditions. These
factors signi cantly a ect the stress magnitudes experienced by the legs and jacking systems, resulting from
the interactions between the spudcan and the seabed (Ekici, 2018). Such impacts have the potential to cause
structural damage to the legs and spudcans, ultimately posing a risk to the stability and safety of the jack-up
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vessel (Chakrabarti, 2012).

To mitigate these risks, jack-up vessel manufacturers typically provide guidelines that outline the operational
sea state limits for the GoL under various environmental conditions. Often referred to as the jack-up vessel
manual, these guidelines serve as a critical resource for ensuring the safe and successful deployment of a jack-up
vessel. The safe conditions for proceeding with the GoL are determined by a combination of vessel-speci ¢
parameters and environmental factors such as wave height (hs), wave period (tp), and heading (Ringsberg et
al., 2017). These conditions help establish weather windows within which it is safe for the vessel to carry out
the GoL. Generally, the most common limiting wave height for GoL is approximately Hg = 2 meters (Hoes,
2015) (Smith et al., 1994).

In addition to the jack-up vessel manual, the marine supervisor responsible for positioning the jack-up vessel
may rely on in-house models, often based on guidelines from Det Norske Veritas (DNV), to support the decision-
making process. Dynamic in-house models are employed to analyze the impact forces acting on the spudcan.
These models use various inputs, such as wave and wind data, to simulate site-speci ¢ conditions and compute
the forces the spudcan may encounter during the GoL process. By considering all available information and
drawing from their experience, the marine supervisor makes informed decisions about proceeding with the GoL.
Research conducted by Chakrabarti (2012), Ringsberg et al. (2017), Olsson (2014) and Smith et al. (1995)
have revealed that in-house models may overestimate the impact loads due to assumptions made in the DNV
guidelines (DNV GL, 2015). In-house models are frequently based on assumptions made in the DNV guidelines.
It is important to note that the DNV guidelines do not take into account the seabed’s composition, which
can signi cantly a ect the forces encountered by the vessel during the GoL. Consequently, in-house prediction
models based on DNV guidelines may not accurately represent seabed conditions, as they assume an in nitely
rigid surface regardless of the actual seabed composition. Furthermore, the in-house models lack an accurate
description of the soil-spudcan interaction, see Section 3.3.3. The combination of the environmental conditions
outlined in the jack-up manual and the assumptions made by DNV is considered to result in conservative
decision-making, which prioritizes the safety of jack-up vessel operations (Chakrabarti, 2012) (Ringsberg et al.,
2017). This conservative approach is adopted in the o shore industry due to the potentially severe consequences
of a jack-up vessel failure. Utilizing advanced models can provide a more comprehensive understanding of the
limiting factors during the GoL process. This increased accuracy can result in better-informed decision-making
by the marine supervisor responsible for positioning the jack-up vessel, allowing for more e cient use of weather
windows. Lower downtime will improve the e ciency and productivity of the jack-up vessel.

1.4 Objective and scope

The going-on-location (GoL) of a jack-up vessel installation is one of the key operating limiting factors, as
critical impacts occur between the spudcan and the seabed. The workability of a jack-up vessel within o shore
wind energy becomes therefore more strongly related to the GoL process. Hence there is a growing interest in
understanding the limitations of impact analysis between the spudcan and the seabed and how the workability
of jack-ups. For sites with sti seabeds and with non-negligible sea states, the impact loads could damage the
legs and/or jacking system. In the existing methodology, certain parameters like wave height can set limitations
to when the GoL process can proceed. If these conditions are exceeded, operations would typically be halted for
safety and operational integrity reasons. This approach results in conservative and imprecise decision-making
for the GoL process. The focus shifts from solely relying on external conditions like wave height, to a better
understanding of how the vessel’s own dynamics can in uence the impact forces on the spudcan. So, even in
situations where the wave height exceeds traditional safety limits, if the vessel’s dynamics are understood to be
within safe bounds for withstanding the resulting impact forces, operations could continue.

An enhanced understanding of the interaction between the spudcan dynamics and the seabed can lead to
improved installation limitations. This becomes particularly advantageous when it is possible to determine
installation limits on-site, right before the initiation of the GoL process. A practical onboard decision-making
approach would be to establish a correlation between vessel dynamics and the impact forces, thereby enabling
more informed operational decisions.

Therefore, the main goal of this study is to enhance the decision-making process for executing the GoL operation
through the development of a comprehensive framework. This framework combines hydrodynamic, structural,
and soil-spudcan interaction elements to evaluate the GoL operation, with a particular focus on the leg impact
phase.

This thesis is an interdisciplinary study that involves the elds of hydrodynamics, structural dynamics, and
dynamic soil-spudcan interaction analysis. While the rst two elements of the study are well-established areas
of research, the soil-spudcan interaction is not extensively covered by the standards (SNAME, 2008) (I1SO-
19905-1). Therefore, the primary focus of this research is on the soil-spudcan interaction that occurs during the
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GoL process of jack-up vessels, with emphasis on the description and modeling of the spudcan’s impact on the
seabed.

1.4.1 Research question

The main research question is presented below, along with three sub-questions that will help to answer the main
question:

Main research question
The main research question to be investigated is:

How can the workability of a jack-up vessel be improved through decision-making support for
the going-on-location?

Sub-questions

1. How can a comprehensive framework for modeling the going-on-location process contribute
to decision-support for jack-up vessels during this operation?

2. How can dynamic soil-spudcan interaction be improved and e ectively implemented into
the framework?

3. What parameters can be identi ed that will a ect the impact between the spudcan and
seabed during the going-on-location process of a jack-up vessel?

The rst sub-question focuses on understanding the ways in which a comprehensive framework for modeling the
GoL process can contribute to decision-support for jack-up vessels during this critical operation. Accomplishing
this question will involve determining how to establish the framework and identifying the key areas within the
framework that require focused attention. The second sub-question aims to enhance the dynamic soil-spudcan
interaction and its e ective implementation within the proposed framework. The third sub-question seeks to
identify the parameters that in uence the impact between the spudcan and seabed during the GoL process of
jack-up vessels. To address the third sub-question, multiple simulation scenarios with a range of sea states are
conducted. The objective of this variation is to examine the in uence of changing vessel dynamics upon sea-
state uctuation on the impact forces experienced by the spudcan. The ultimate goal is to establish a general
guideline for correlating vessel dynamics with the resulting impact forces.

It is worth noting that the gaps and shortcomings in the current decision-making models for the GoL phase are
primarily related to the assessment of the soil-spudcan interaction model. By improving the accuracy of this
interaction model, it will be possible to reduce conservatism in the decision-making process. The addition of the
third sub-question will help to further explore correlations between parameters a ecting the impact between
the spudcan and seabed.

1.4.2 Research decisions

In advancing the current models for describing the GoL process, certain research decisions and assumptions
have been made. These were informed through a comprehensive literature study and during the development
of the integrated framework. These decisions include:

e Multibody-approach. The methodology underlined in this study embraces a multibody approach, where
the spudcan is modeled as an independent object with its own properties. This approach underscores the
value of considering the jack-up vessel as a multibody system, diverging from the conventional rigid-body
systems. It promotes the decoupling of specialized areas such as geotechnics and structural dynamics,
allowing them to be addressed separately.

e Elasto-plastic soil behaviour. The soil behavior during impact is found to exhibit signi cant non-
linearity, requiring the incorporation of elasto-plastic behavior into the soil modeling. Consequently,
the soil-spudcan interaction model, which characterizes the soil’s response to spudcan displacement, is
designed to incorporate memory e ects to accurately represent these plastic soil deformations.

< Vertical and horizontal soil resistance. Separate models are used for vertical and horizontal soil
resistance, re ecting the distinct behaviors and characteristics of each direction.
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< Homogeneous soil conditions. The seabed is assumed to be composed of a single, homogeneous layer
of sand with no variations in properties. Additionally, it is assumed that the bathymetry (i.e., the shape
and slope of the seabed) is constant.

e Axial impact force as a limiting factor. Given the shallow water depths (35 meters) examined in
this study, the axial impact forces acting on the spudcan emerge as the constraining force during the
going-on-location process.

« Jack-up vessel characteristics. 4-Legged jack-up vessels with cylindrical legs and cylindrical spudcans
as footings were selected as the vessel characteristics to be considered in this study.

e Wind and current e ects are ignored. Wind forces were considered to have a minimal impact on
jack-up vessel behavior compared to wave forces and were therefore ignored. Current and secondary drift
forces can be compensated using a dynamic positioning system (DPS).

e Use of software. Python is the preferred programming language for the study. Secondly, Orca ex is
used as a simulation environment for the results.

While it is possible that additional decisions or limitations may arise, they will be explicitly clari ed in the
respective Chapter.

1.5 Methodology

The methodology for this research comprises three steps: performing a literature study identifying current
state-of-the-art GoL analysis, developing a comprehensive framework for GoL modeling from scratch, and using
existing industry-standard software for simulation to retrieve results. These three steps are further elaborated
on below. The methodology for the establishment of the comprehensive framework and the simulation model
can be found in Chapter 4 and Chapter 5. These chapters provide a detailed description of the process involved
in creating the framework and the simulation model, highlighting the key elements and considerations in their
development. By referring to these Chapters, readers can gain a deeper understanding of the methodologies
used and the rationale behind the choices made in constructing the comprehensive framework and simulation
model for the Gol process of jack-up vessels.

1.5.1 Literature review; GoL analysis and soil-spudcan interaction

A literature review is conducted to identify and examine the GoL process of jack-up vessels. This review involves
a thorough investigation of relevant academic journals and related literature concerning state-of-the-art GoL
and soil-spudcan interaction models. Di erent modeling techniques and soil behavior theories are examined.
The purpose of this step is to address the rst and partly the second sub-questions. Sections 3.3.3 and 3.4.3
summarize the identi ed shortcomings of the current state-of-the-art modeling and the characteristics of the
soil-spudcan interaction model developed in this thesis, respectively.

1.5.2 Comprehensive framework development

The purpose of this comprehensive framework development is to address the second sub-question, which seeks to
understand the potential bene ts and improvements of a comprehensive framework for decision-making support.
This emphasizes exploring ways in which dynamic soil-spudcan interaction can be e ectively implemented into
the framework. The approach adopted in this comprehensive framework emphasizes a multibody perspective,
characterizing the spudcan as an independent object with distinct properties. This perspective highlights the
importance of viewing the jack-up vessel as a multibody system, a di erent approach from traditional rigid-body
systems. It facilitates the separation of specialist elds, including geotechnics and structural dynamics, enabling
each to be examined independently. This strategy enables professionals to focus exclusively on their speci ¢
eld of expertise, thereby optimizing the analytical process.

1.5.3 Simulation model and results

In parallel with the development of the comprehensive framework, a simulation model in Orca ex is created.
OrcaFlex is a widely used software package in the o shore industry for simulating the behavior of o shore
structures, including jack-up vessels. This software provides an e cient platform for running simulations and
retrieving results. Both regular and irregular sea conditions are taken into account to validate the simulation
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model and gather a deeper understanding of the GoL process. Simulations with regular sea states are executed
to explore the correlation between the variability in vessel dynamics and the impact forces experienced during
the GoL. Additionally, irregular sea state simulations are conducted to represent realistic scenarios and enhance
the practical relevance of the study. The results establish a systematic understanding of jack-up vessels’ behavior
during the GoL process. By accomplishing this step, both the third sub-question and the main question can be
addressed.

1.6 Thesis Outline

This Section provides a clear overview of the structure of this thesis.

Chapter 1: Introduction - This Chapter presents the background and motivation behind the research on
jack-up vessels and their going-on-location process. It establishes the context, research questions, and objectives
of the thesis.

Chapter 2: Theoretical background - This Chapter o ers a comprehensive review of existing literature
on jack-up vessels, their design, operation, and assessment methodologies. It identi es gaps in the current
research and highlights areas for further investigation.

Chapter 3: Soil-spudcan interaction - This Chapter describes the current state-of-the-art models for
soil-spudcan interaction. It discusses their advantages and disadvantages in relation to soil behavior and their
implementations.

Chapter 4: Developed framework - This Chapter outlines the custom-developed model and explains its
design choices and component implementations. A performance check on the Python model is also included.

Chapter 5: Simulation model; veri cation and validation - This Chapter introduces the simulation
model and its coupling with OrcaFlex. A validation study is conducted to ensure the model’s accuracy and
reliability.

Chapter 6: Results & analysis - In this Chapter, the results of the site-speci c assessments are presented
and analyzed, o ering insights into the performance of the proposed methodologies.

Chapter 7: Discussion & conclusions - This Chapter discusses the implications of the ndings and their
relevance to the overall objectives of the study. The results, framework, and related assumptions are examined
and contextualized within the broader research landscape.

Chapter 8: Recommendations - This nal Chapter summarizes the main ndings of the research,
highlights the contributions to the eld and o ers recommendations for future work on jack-up vessels and their
site-speci ¢ assessments.



Chapter 2

Theoretical background

The going-on-location (GoL) process requires careful planning, preparation, and execution to ensure that the
vessel is safely and accurately positioned on the seabed. In this context, understanding the design of a jack-up
vessel and its motion responses when subjected to wave forces becomes outstanding. This knowledge is vital to
ensuring a safe and successful GoL operation.

2.1 Jack-up vessel design and behavior

The primary purpose of a jack-up vessel is to provide a stable work platform for operations in shallow to mod-
erately deep waters. The vessel’s hull supports the operations deck and crew accommodations, while the legs
are designed to penetrate the seabed, creating a stable and level foundation for operations. Jack-up vessels are
used in various industries, including o shore oil and gas drilling, wind farm installation, maintenance, and de-
commissioning, and other marine construction projects. Di erent designs are available to ensure that the vessel
can perform its intended tasks optimally. For example, jack-up vessels designed for the installation of o shore
wind turbines may have di erent features than those designed for drilling operations. The design choices can
include factors such as leg design, spudcan shape, jacking system capacity, and crane capacity.

Leg length is a critical design factor as it determines the water depth in which the jack-up can operate. Longer
legs are required for deeper water, while shorter legs can be used in shallower water. Jack-up legs can be either
cylindrical or trussed in structure, cylindrical legs are more commonly used in shallow waters, while trussed legs
are more suitable for deeper waters (Kaiser & Snyder, 2013). The number of legs on a jack-up vessel can vary
but typically ranges between three and six. The current WTIVs mostly have four legs and cylindrical legs.

Spudcans, an integral component of a jack-up vessel, come in various shapes and sizes, tailored to di erent
soil types and operational conditions, see Figure 2.1. The primary function of spudcans is to penetrate the
seabed and transfer vertical and horizontal loads to the ground. In softer soils, spudcans with larger surface ar-
eas are typically used to distribute the load more e ectively, while in harder soils, smaller spudcans are preferred.
Spudcans are engineered to endure high-impact loads during the GoL phase, particularly when encountering
substantial resistance in sandy environments. Both preloading and free- ooding techniques can be used for the
legs and spudcans. In preloading, the legs and spudcans are lled with seawater. This increases the weight
of the jack-up unit, which helps to ensure that the spudcans penetrate the seabed and provide the necessary
stability. In free- ooding, the legs and spudcans are not lled with any uid before installation. Instead, they
are allowed to Il with seawater during installation.

2.2 Jacking system

The jacking system is a crucial component of the jack-up vessel that enables the hull to be raised and lowered
relative to the legs. It comprises of a set of motors, gearboxes, pinions, and racks that engage the teeth of the
leg chords. The jacking system plays a critical role during the going-on-location phase as it is where the forces
on the spudcan are transmitted to the legs and the hull of the jack-up vessel. The jackhouse is the structure on
the jack-up vessel that houses the jacking system components. Two jacking systems can be described depending
on the way they transmit force to the legs.

A hydraulic jacking system with movable and resting cylinders is a type of jacking system that uses hydraulic






