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Abstract

The ongoing global energy transition has led to significant growth in the offshore wind sector. This
growth has resulted in a high demand for offshore installation vessels like the ’Aeolus’, and the need to
push up their limits to meet the rapidly changing market. In the Saint-Brieuc offshore wind project, the
Aeolus had to be installed on a stiff seabed, a situation that was expected to induce high impact forces
on the jack-up legs. To mitigate these forces, leg modifications were installed to increase the opera-
tional limits for jacking operation. However, Van Oord’s operational limits for installation on stiff seabed
conditions differed from DNV’s Joint Industry Project, leading to the need to reassess the necessity of
the leg modifications.

The objective of this research was to identify the main physical phenomena that govern the forces in
jack-up legs during installation on a stiff seabed, and to understand how these physical factors and a
specific legmodification could influence them. This research followed a systematic approach to address
the research objective, comprising a literature study on impact mechanics, model development for axial
impact forces, model validation, a sensitivity study, and an analysis of the legmodification. Insights from
the literature study guided the development of the model to analyse the governing forces. Validation
was performed by using field data from the Aeolus, specifically oil pressure readings from the vertical
jacking cylinders and vessel motion measurements.

The research found that what governs the forces in jack-up legs during installation on a stiff seabed
depends on the energy contained within the system prior to impact and how this energy is absorbed by
the soil and structure. Key factors include wave-induced vessel motions, wave height and period, hull
characteristics, vessel’s inertia, jacking velocity, and the leg length below the hull. The energy absorbed
by the soil and structure depends on their stiffness characteristics and behaviour, which primarily con-
cluded that axial forces dominate over lateral forces during impacts on a stiff seabed. However, lateral
forces should be considered in deeper waters or where seabed protrusions are anticipated.

The sensitivity analysis indicated that the vessel mass, initial velocity, and normal soil stiffness signifi-
cantly influence the impact force, with the initial velocity predominantly influencing the impact force, and
the overall system stiffness dictating the impact duration. By introducing the legmodification, the impact
force was reduced by approximately 70-75%, along with an increased impact duration of 320-370%.
Moreover, it was found that the impact force and duration are interconnected rather than separate oc-
currences. The leg modification also reduced the influence of soil stiffness variability. Furthermore,
for a more realistic representation, incorporating the nonlinear behaviour of soil load-deformation and
leg modification characteristics is needed, but this would increase the computational demand. Con-
sequently, this suggests the need for advanced solutions and an engineering assessment to balance
desired accuracy against computational complexity.
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Nomenclature

Abbreviations
Abbreviation Description

CAGR Compound Annual Growth Rate
CEL Coupled Euleerian-Lagrangian
COP26 26th UN Climate Conference of the Parties
DOF Degrees of Freedom
DP Dynamic Positioning
DSV Downward Spudcan Velocity
FDM Finite Difference Method
FE Finite Element
JIP Joint Industry Project
MRU Motion Reference Unit
NZE Net Zero Emission
OAT One-at-a-Time
ODE Ordinary Differential Equation
PDE Partial Differential Equation
PSF Portside Fore
SBA Starboard Aft
SDOF Single-Degree-of-Freedom

Latin Symbols
Symbol Definition

A Cross-sectional area
c Damping coefficient
c Wave velocity
cc Critical damping coefficient
ceq Equivalent damping coefficient
cs Soil damping coefficient
d Horizontal distance between jack-up leg and centre of flotation
e Coefficient of restitution
E Modulus of elasticity
F Force
FH Horizontal impact force
FV Vertical impact force
F (t) Time-dependent force
h Water depth
Hs Significant wave height
I Moment of inertia
Im Mass moment of inertia
Jangular Angular impulse
Jlinear Linear impulse
k Spring stiffness
keq Equivalent spring constant
kH Lateral stiffness of the jack-up leg
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Symbol Definition

khyd Hydrostatic restoring stiffness vessel
ks Soil stiffness
kV Overall stiffness of the jack-up leg
M Moment
m1,m2 Body mass
Mb Bending moment
Msp Spudcan mass
Mtot Total mass of vessel, leg and spudcan
Mv Vessel mass
L Leg length
PH Horizontal impact force
PV Vertical Impact force
q Force per unit volume
QV (z) Vertical resistance of seabed as a function of spudcan penetration
S1 First-order sensitivity index
S2 Second-order sensitivity index
ST Total-order sensitivity index
t Time
T Period of motion
tc Impact duration
Tp Peak period
u Displacement
v1, v2 Body velocity before collision
v′1, v

′
2 Body velocity after collision

vi Initial velocity
Vs Shear force
xr Relative distance from MRU to spudcan in the x-direction
yr Relative distance from MRU to spudcan in the y-direction
z1 Maximum spudcan penetration during impact
z2 Maximum leg system shortening during impact
ż Vertical velocity vessel
żs Vertical velocity spudcan

Greek Symbols
Symbol Definition
δ Spring elongation
ε Strain
η Material viscosity
ηc Critical viscosity
θ Amplitude of rotational motion
θ̇ Angular velocity of rotational motion
θ̇ Rotational pitch translation
ξ Structural damping ratio
ξs Soil damping ratio
ρ Density
σ Stress
ϕ Maximum rotation about point O during impact
ϕ̇ Rotational roll translation
ω Angular velocity
ω Frequency
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1
Introduction

The need for renewable energy in the world due to the ongoing energy transition has led to significant
growth in the offshore wind energy sector. Wind energy is a dominant renewable energy source of which
offshore wind is cost-competitive, reduces rising energy prices, and supports energy security. Offshore
wind projects, in particular, have the potential to scale up power generation and take advantage of
higher and more consistent wind speeds, larger turbine sizes, and large-scale offshore sites, resulting
in higher capacity factors compared to onshore wind [1]. Consequently, it is not surprising that the
26th UN Climate Conference of the Parties (COP26) in Glasgow has set new targets for offshore wind
energy to meet the Net Zero Emission (NZE) targets for 2030 and 2050. These goals are reflected in
the promising outlook for the global offshore wind market, as shown in Figure 1.1, which indicates a
significant increase in the global installation of new offshore wind turbines. The expected Compound
Annual Growth Rate (CAGR) is 6.3% until 2026 and 13.9% up to the beginning of the next decade [2].
This growth in the industry will inevitably lead to a high demand for offshore installation vessels.

Figure 1.1: New global offshore wind installations (MW) [2].

To keep up with the increasing installation demand, new offshore wind installation vessels are needed.
But in addition, current state-of-the-art installation vessels need to push up their limits tomeet the rapidly
changing market. A well-known challenge in the industry is that the market is changing faster than the
capacity of the installation vessels. The three main trends driving this change are the increasing turbine
sizes, greater distances to ports, and the increasing depths at the installation sites [3]. These trends
have reduced themore sustainable lifetime of vessels from 25 years to 10 years [4], which is detrimental
for the industry as well for the owners and investors.

The above highlights the importance of improving the workability of installation vessels. Such improve-
ments may include upgrading vessels to handle more advanced projects or implementing modifications

1
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to enable operations in more challenging environmental conditions. Both apply to Van Oord, a lead-
ing international marine contractor that provides dredging, offshore, and marine engineering solutions,
with whom this research is conducted. Van Oord owns a jack-up vessel called the ’Aeolus’, which is
specifically designed for the installation of offshore wind farms (see Figure 1.2). The vessel entered the
market in 2014, but has already experienced two crane upgrades to remain competitive in the rapidly
changing market. The first upgrade in 2018 involved increasing the crane’s loading capacity to more
than 1,600 tons, and the second upgrade in early 2023, involved the installation of a new longer boom
on the existing crane. These upgrades have enabled the Aeolus to transport and install the new gen-
eration of offshore wind turbines of 12-15 MW. Additionally, the vessel can operate in water depths up
to 45 meters, features a Dynamic Positioning (DP) system, and has an advanced jacking system to
control its four cylindrical jack-up legs [5–7].

Figure 1.2: The offshore jack-up installation vessel Aeolus with the old crane boom [8].

Despite its capabilities, the workability of the Aeolus continues to be pushed by running projects that
have more challenging environmental conditions. One such project is the construction of the offshore
wind farm in the bay of Saint-Brieuc, where strong currents, high waves, and severe swell waves can
be expected. During this project, the Aeolus is responsible for drilling and installing the pin-piles of the
jacket foundations [9, 10]. These foundation types are chosen due to the present rocky seabed, which
marks the difficulties for the Aeolus. Installation on stiff seabeds causes higher forces in the jack-up
legs than with softer seabeds. Therefore, the focus of this research is to analyse the impact forces on
jack-up legs during installation on stiff seabed conditions.

1.1. Jacking Operation of Jack-up Vessel
In order to analyse the forces in jack-up legs, it is essential to understand the different phases of the
jacking operation and to identify when maximum impact forces occur. According to DNV-RP-C104 [11],
these phases can be described as follows:

• Transit phase: the vessel moves from one location to another.
• Installation phase: the vessel transitions from a floating state to an elevated state, where the four
cylindrical jack-up legs contact the seabed and transfer the vessel’s weight onto the legs. This
gradual process elevates the vessel out of the water and significantly reduces the wave-induced
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motions. After jacking up to its working height, an air gap is created to prevent wave excitation.
Before the vessel is put into operation, a preloading procedure is performed to ensure its ability
to withstand operational loads and potential storm conditions [12–14].

• Operation phase: the vessel is elevated above the wave zone, providing a stable platform for
drilling, heavy lift operations, and wind turbine installation. This positioning minimizes the impact
of wave loads on the vessel, reducing sensitivity to sea conditions [15, 16].

• Retrieval phase: the vessel retracts its legs from the seabed and moves to another location by
jacking down the hull, creating an upward buoyancy force that allows the legs to be lifted from
the seabed.

The installation and retrieval phases of a jack-up vessel are critical operating phases, as they involve
placing and lifting the legs of the vessel from the seabed. These phases are particularly vulnerable to
high impact forces caused by wave-induced vessel motions [17]. In this regard, the maximum impact
force is most likely to occur during these phases. Since the initial kinetic energy of the vessel is higher
during installation than during the retrieval phase, the scope of this study exclusively focuses on the
installation phase.

1.1.1. Installation and Operational Limits
The installation phase starts by lowering the jack-up legs onto the designated location on the seabed.
During this critical phase, the vessel is subjected to environmental loads such as wind, current, and
waves that significantly affect its stability and positioning. Based on findings from a previously con-
ducted literature study [18], it is concluded that compared to wave loads, the wind and current loads
are constant and mainly cause the vessel to drift away. Therefore, the DP system is employed to
maintain the vessel’s position, while the vessel motions are predominately caused by the wave loads.
However, it should be noted that the wind and current cause changes in the wave height and period
according to DNV-RP-C205 [19].

The tip of the jack-up legs are fitted with special footings, called ’spudcans’ shown in Figure 1.3 [11].
When these spudcans are close to the seabed, the probability of impact increases. The interval from
initial spudcan contact until all spudcans are positioned on the seabed is of particular interest, as it
is expected to contain the peak impact force on the legs. This force is anticipated to occur at the
first moment of contact when the vessel has the highest kinetic energy. Once the vessel motions are
significantly reduced and the vertical spudcan motions become negligible, severe impact forces are
no longer expected. At this point, the legs only respond to wave loads when the spudcans are in
continuous contact with the seabed [20].

Figure 1.3: Spudcan design of the Aeolus [21].
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During the jacking operation, it is essential to ensure that the structural limits, including the maximum
allowable axial loading and bending moment, are not exceeded. Van Oord utilises these criteria to
determine the operational limits of the jacking operation [14]. These operational limits are defined in
terms of the critical significant wave height (Hs) and peak period (Tp), assuming no consideration for
wind and current effects. A combination of these wave parameters, Hs and Tp, defines a sea state.
Sea states resulting in leg forces below the structural limits are referred to as ’allowable sea states’.

To determine the operational limits, multiple analyses are typically performed prior to the operation.
Motion analyses of the vessel are conducted and compared with various sea states. The objective is
to identify a limiting sea state that ensures an acceptable probability of not exceeding the structural
limits [14, 22, 23]. It should be noted that safety factors are taken into account when establishing the
operational limits, although their detailed consideration falls outside the scope of this thesis.

As previously indicated, the maximum impact forces are anticipated during the initial contact of the jack-
up leg with the seabed, a phase referred to as ’stand-on’ [24]. The permissible limit for this impact force
is determined by the predefined structural limits, expressed in maximum allowable axial loading and
bending moment. These structural limits are related to the maximum allowable forces and moments of
the jacking system. The Aeolus is equipped with a hydraulic jacking system comprising an upper and
lower jacking frame, each fitted with six cylinders and three locking pins, as illustrated in Figure 1.4.
The function of the jacking system will be elaborated in Section 1.1.2. The six hydraulic cylinders have
a maximum allowable pressure, which must not be exceeded by the impact force. Furthermore, the
lateral force acting on the spudcan generates a bending moment in the leg, with the maximum moment
occurring at the lower guide of the jacking system. Hence, the maximum lateral force is related to the
position of the spudcan below the lower guide of the leg. It should be noted that the jacking system
also has a maximum allowable torsional moment, which is determined by the strength of the guiding
pins and the bearing capacity of the sliding blocks into which the guiding pins are inserted [24].

1.1.2. Hydraulic Jacking System
The hydraulic jacking system can operate in two modes, single and double ring jacking. Single ring
jacking is employed during the stand-on phase as it is a faster jacking process, which minimises the
duration from initial spudcan contact until all spudcans are positioned on the seabed. Each jacking
frame is connected to the vessel by the vertical oriented cylinders, enabling the frames to slide along
the leg. The frames are alternately connected to the leg by three locking pins, which are responsible for
load transfer. During the jacking up process, the jacking system undergoes multiple operation cycles,
detailed in Appendix A.

Figure 1.4: Schematic drawing of hydraulic jacking system [14].
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Each operation cycle begins and ends with both frames in the same position. For instance, the upper
frame is locked in top position and the lower frame is unlocked in bottom position. The frames then
move in opposite direction until the upper frame is in the bottom position and the lower frame in the top
position, ready to lock the pins into the holes of the leg. The lower frame extends the pins, the load
transfers from frames, and the upper frame retracts the pins. The frames then move again in opposite
directions until the top and bottom positions are reached, the pins are extended, the load is transferred,
the pins are retracted, and the starting position is reached.

1.2. Research Motivation and Objectives
For the Saint-Brieuc offshore wind farm, Van Oord is responsible for the transport and installation of
62 jacket foundations, as well as the foundation piles of the substation. The Aeolus is assigned to
drill and install all the pin-piles at this challenging installation site, characterised by strong currents,
high waves, severe swell waves, and rocky seabeds. Due to these adverse conditions, the legs of
the Aeolus were modified for this project to mitigate the leg impact forces. These leg modifications
were implemented for safety purposes and based on earlier analysis and calculations that did not yield
the desired operability [24]. Operability denotes the duration available to safely execute an operation
within a specified reference period. Usually, it is assessed by using the operational limits and scatter
diagrams of the specific offshore site [23].

In addition, Van Oord participated in DNV’s Joint Industry Project (JIP), which documented the main
results and conclusions on leg forces during jacking operation [20]. The analyses within this project
were performed for a vessel with similar characteristics to the Aeolus, which is shown in Figure 1.5.
This figure illustrates the wave-induced vessel motions and the leg lowering process during installation,
a phase where the probability of impact increases, ultimately leading to its occurrence. However, the
results for the operational limits, Hs and Tp, for installation on stiff seabed conditions differed from
Van Oord’s in-house model results. Specifically, the critical Hs and Tp values determined by the JIP
exceeded those determined by Van Oord. Due to confidence in their own analyses and to minimise
risks, Van Oord applied the leg modifications to the Aeolus to increase the operational limits of the
jacking operation. However, it led to the need of reassessing the necessity of the leg modifications,
which indicates the motivation for this research.

Figure 1.5: Wave-induced vessel motions and leg lowering during installation: Similar vessel to the Aeolus [20].
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The objective of this thesis is to identify and elucidate the main physical phenomena that govern the
forces in jack-up legs during installation on a stiff seabed. This research aims to enhance understanding
of the influence of these physical factors on the governing forces and how specific leg modifications
can potentially influence them. This insight will enable the evaluation of the effects that conservative
assumptions, commonly found in the offshore industry, have on these factors. Moreover, it could enable
a comparison between the distinct assumptions made by Van Oord and DNV that result in different
operational limits. Nonetheless, a direct comparison of these assumptions falls outside the scope of
this study.

In addition, determining the influence of various factors on jack-up leg forces could be of interest to
numerous vessel operators. This is substantiated by literature, indicating the lack of knowledge about
the stand-on phase as compared to other phases of the jacking operation, especially on stiff seabeds
[18].

From these objectives, the main research question arises:
What governs the forces in jack-up legs during installation on stiff seabed, and what influence do
specific leg modifications have?

To structure the research and systematically address the main question, the following subquestions are
defined:

1. What factors govern the forces in jack-up legs during installation on stiff seabed?
2. How do these factors influence the governing forces?
3. How well does the specific leg modification perform?

1.3. Research Methodology and Thesis Outline
This thesis will follow a systematic approach, comprising five main steps to address the research ob-
jectives and answer the research questions: a literature study, model development, model validation,
a sensitivity study, and an analysis of the leg modification.

Chapter 2 presents a literature study on impact mechanics, focused on the relevance regarding jacking
operations on stiff seabed conditions. The aim of this review is to identify the key physical factors that
govern the forces in jack-up legs during installation. By understanding these physical phenomena,
the forces involved during this phase can be better analysed. By the end of this chapter, the first
research question will be addressed by identifying the factors governing the forces in jack-up legs
during installation on stiff seabeds.

Based on the insights drawn from the literature study, a model is developed in Chapter 3 to analyse
the governing forces. This model incorporates the identified key factors that influence these forces in
jack-up legs during installation on stiff seabeds. Additionally, this chapter introduces the specific leg
modification and includes model verification to ensure that the model operates as intended.

Chapter 4 presents the validation of the model, using data from the Aeolus provided by Van Oord. This
data includes oil pressure readings from the vertical jacking cylinders and vessel motion measurements
from the Motion Reference Unit (MRU). The purpose of this step is to ascertain if the model is a valid
representation of the actual scenario being simulated.

Chapter 5 performs a sensitivity study to analyse the influence of the identified factors on the governing
forces. This analysis entails adjusting the variables and assessing their impact on the forces in the jack-
up leg. This step aims to answer the second subquestion: How do these factors influence the governing
forces?

Subsequently, the specific leg modification is incorporated into the model, and the sensitivity study
is repeated. By comparing the results of this study with the previous one, the influence of the leg
modification on the governing forces and its overall performance can be assessed. This final step
allows for addressing the last subquestion: How well does the specific leg modification perform?

Chapter 6 discusses the results, providing an in-depth understanding of the research findings, inter-
preting them in the context of the overall study. Chapter 7 draws conclusions based on the results
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and discussions from the previous chapters, including recommendations for future research. These
recommendations are based on the identified limitations of the current study and emerging questions
that warrant additional investigation.



2
Impact Mechanics

In general, an impact is described as a short-duration, collision-like event that involves high forces. Im-
pact scenarios are of interest for predicting the behaviour of colliding objects and anticipating possible
elastic and plastic deformations of these objects [25]. In this study, the term ’impact’ is defined as the
interval during which the leg is in contact with the seabed. It is expected that this impact exerts the
highest loads during the stand-on phase, as previously mentioned. The leg impact forces during this
phase are mainly caused by the wave-induced vessel motions. These vessel motions are confined to
six Degrees of Freedom (DOF), consisting of three mutually perpendicular translations and three rota-
tional translations, detailed in the previously conducted literature research [18]. Consequently, these
translations result both in horizontal and vertical velocities of the spudcans just before impact, leading
to axial and lateral forces on the jack-up legs. The magnitude of these impact forces depends on the
energy contained within the system just before impact and how this energy is absorbed by the colliding
bodies.

According to Chakrabarti [26], the vessel motions and its spudcan velocities depend on several factors.
These factors include wave height, wave period, hull characteristics, jacking velocity, and the length of
the legs below the hull, which is determined by the water depth. These factors, along with the inertia
of the vessel, influence the vessel’s energy prior to impact. The vertical and horizontal impact forces
on the spudcan are further influenced by the soil stiffness characteristics, which vary depending on the
soil type. Additionally, what makes the problem even more complex is that the soil load-deformation
behaviour is nonlinear.

When the spudcan contacts the seabed, vibrations are induced, dependent on the leg’s mass and its
length below the hull [26]. To comprehend the resulting behaviour from axial and lateral forces, it is
necessary to consider the mechanics of one-dimensional impacts in deformable bodies, detailed in
Section 2.3. Preceding this, Section 2.1 and 2.2 delve into different types of collisions and rigid body
impact mechanics, respectively. The complex soil-structure interaction is then examined in Section
2.4. Following the exploration of impact mechanics, Section 2.5 presents existing methodologies for
calculating the impact forces, including relevant research and common practices. These insights result
in identifying the factors that govern the forces in jack-up legs during installation on stiff seabeds, and
conclusions can be drawn in Section 2.6.

2.1. Different Types of Collision
The impact scenario analysed in this thesis can be considered as a collision between two bodies: the
jack-up leg and the seabed. In this context, the term ’impact’ refers to any abrupt change in force,
position, velocity, or acceleration that influences the involved bodies [27]. To provide a comprehen-
sive understanding of distinct collision behaviours and to serve as an introduction to existing impact
methodologies, different collision types are described [28]:

• Perfectly elastic collisions are collisions where all kinetic energy is conserved, with no dissipation
into other forms of energy. Here, both momentum and kinetic energy remain conserved through-

8
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out the collision.
• Inelastic collisions involve energy dissipation into other forms, such as thermal energy, sound
energy, andmaterial deformation. Although themomentum of the system is conserved, the kinetic
energy is not.

• Perfectly plastic collisions occur when the colliding bodies stick together after the collision. In this
case, the momentum is conserved, but the kinetic energy is maximally reduced.

The conservation of momentum in a closed system is represented by

m1v
′
1 +m2v

′
2 = m1v1 +m2v2 (2.1)

where,m1 andm2 are the masses of the two bodies, v1 and v2 represent their velocities before collision,
and v′1 and v′2 the velocities direct after collision. This equation implies a consistent linear momentum
before and after impact, assuming all external forces during the short impact interval are small com-
pared to the impact force. The conservation of energy, depicted in Equation 2.2, implies that for a
perfectly elastic impact, the kinetic energy before and after impact is equal [29]. However, in the case
of an inelastic collision, an additional term is required in the equation to account for the energy loss.

1

2
m1v

′2
1 +

1

2
m2v

′2
2 =

1

2
m1v

2
1 +

1

2
m2v

2
2 (2.2)

It is important to note that the mentioned collision types can be classified by the change of the total
kinetic energy of the system before and after collision. The coefficient of restitution, as defined in
Equation 2.3, represents the variation in kinetic energy conservation by parameterising the decrease
in rebound velocity. The coefficient of restitution is a positive real number ranging between 0 and 1. A
value of 0 indicates a perfectly plastic collision and a value of 1 represents a perfectly elastic collision.
Although this approach seems functional, it cannot predict the forces exerted on the objects during
collisions or determine the stresses developed within the bodies [25].

e =
|v′2 − v′1|
|v1 − v2|

(2.3)

Collisions can be further classified based on the orientation of the velocities of the colliding bodies and
their centres of mass relative to the impact line. Specifically, direct impacts involve velocities that align
with the impact line, while oblique impacts show misalignment. Furthermore, if the centres of mass of
the colliding bodies align with the impact line, it is characterised as central impact, while misalignment
denotes eccentric impact.

2.2. Rigid Body Impact Mechanics
In addition to classifying collision types, it is crucial to characterise the properties of the colliding bodies
to fully understand the physics of impact. In rigid body impact mechanics, it is assumed that the bod-
ies are undistortable masses where the interparticle distances remain constant, even when the body
undergoes some motion. Furthermore, this perspective assumes that the body’s entire mass is con-
centrated in the centre of mass, implying that the impact force, even though generated at the contact
surface, is transferred to the centre of mass [27].

Impact analysis of a rigid body typically assumes a small contact area that undergoes negligible defor-
mation during the impact process. When two bodies collide, a mutual exchange of momentum occurs,
generating forces at the contact surface. However, the forces can not propagate into the bodies unless
there are small deformations leading to stress development. Within the framework of rigid body me-
chanics, such stress development is considered insignificant relative to the overall dimensions of the
colliding bodies. This perspective is most applicable when impact velocities are small and the involved
materials are considerably stiff [27].

Contrastingly, in scenarios with higher impact velocities or relatively flexible structures, stresses de-
velop and propagate across the structures as stress waves. These stresses, along with their associated
strains, can reach a critical threshold, leading to failure or permanent deformations, such as yielding or
brittle fracture. These phenomena can only be captured in a broad sense through the restitution coeffi-
cient, which is incapable of describing the mechanics of failure resulting from inelastic deformations in
the material [27].
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2.3. One-Dimensional Impact Mechanics of Deformable Bodies
In contrast to rigid bodies, elastic or viscoelastic bodies undergo deformations when subjected to exter-
nal forces, resulting in the development and propagation of stress waves within the structure. These
stress waves in solids can be in the form of compression, shear, or surface waves, and understand-
ing their behaviour is essential in the study of impact mechanics [27]. This section focuses on one-
dimensional systems to provide insights into the physics of impact and compression waves.

2.3.1. Mass-Spring-Damper System
Several mechanical and structural systems can be idealised as Single-Degree-of-Freedom (SDOF)
systems. In practice, the mass is distributed but can, for simplicity, be analysed as a single point
mass. Similarly, the elasticity of the system can be idealised by a single spring (k), and the energy
dissipation by a damper (c), as shown in Figure 2.1. The dynamic behaviour of such a system can be
mathematically described by the following equation of motion:

mẍ+ cẋ+ kx = F (t) (2.4)

where, F (t) is a time-dependent force exciting the system [25].

Figure 2.1: A schematic drawing of a SDOF spring-damper system [27].

An elastic body has the ability to deform and return to its original shape once the force is removed.
Consequently, during an impact, the body experiences deformation, thereby storing energy within the
material as potential energy. Furthermore, viscoelastic bodies exhibit both elastic and viscous charac-
teristics when subjected to impact forces, implying that the energy within the structure is transformed
into other forms of energy [30].

For the purposes of this research, it is assumed that no plastic deformations occur during impact,
taking into account the stiffness of the system and the need for repeated jacking operations during the
vessel’s lifetime without causing excessive damage. Therefore, a spring-damper system is believed
to be sufficiently accurate description of the structural deformation during impact [31]. Additionally,
several SDOF spring-damper systems can be combined in order to form a higher order DOF system
that represents reality more accurately. However, a prerequisite is that the system’s properties should
be well known, which is typically the case for materials such as steel, but difficult to define for various
soil types [25].

2.3.2. The One-Dimensional Wave Equation
Horizontal and vertical impact forces on a jack-up leg induce longitudinal and transverse motions within
the leg. These motions are essentially propagating stress waves within the material and along the
surface. Although wave propagation typically occurs in three dimensions relative to the global axes,
this study narrows the focus to one-dimensional wave propagation, which can already offer valuable
insights into the system’s behaviour. These waves can be in the form of longitudinal waves in rods or
shear waves in beams, discussed in Sections 2.3.3 and 2.3.4, respectively [27].

Wave propagation can be mathematically modelled using the wave equation, a partial differential equa-
tion representing processes varying across time and space. The classical wave equation for one-
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dimensional wave propagation through an elastic body is as follows:

∂2u(x, t)

∂t2
= c2

∂2u(x, t)

∂x2
(2.5)

Here, u(x, t) is the displacement in the x-direction, and c represents the wave velocity.

2.3.3. Longitudinal Waves in Thin Rods
A longitudinal wave produced by an impact force, propagates along the length of the elastic rod, as
depicted in Figure 2.2. The rod has an uniform cross-sectional area A, a density ρ, and a modulus of
elasticity E. Furthermore, the longitudinal displacement is denoted by u(x, t), the dynamically varying
stress field by σ(x, t), and the forces per unit volume are given by q(x, t), resulting in the following
equation of motion [29]:

ρ
∂2u

∂t2
=

∂σ

∂x
+ q (2.6)

According to Hooke’s law [32], the stress σ and the strain ε have the linear relation:

σ = Eε = E
∂u

∂x
(2.7)

In the absence of forces, the differential equation of longitudinal vibrations in the rod is:

ρ
∂2u

∂t2
= E

∂2u

∂x2
(2.8)

This yields the wave equation for c =
√
E/ρ, which represent the longitudinal wave velocity.

Figure 2.2: A rod (a) with displacement u in the x-direction, and (b) depicting the stresses subjected to a rod element [27].

Finally, the axial force in the rod can be expressed in terms of longitudinal displacement as follows:

F = Aσ = EA
∂u

∂x
(2.9)

Propagation Characteristics of Longitudinal Waves
The differential equation describing the longitudinal wave propagation can be solved using D’Alembert’s
solution, represented by Equation 2.10. This commonly used method provides a clear understanding
of the wave behaviour within the rod. The waves propagate without distortion at a velocity c, moving
both away from and towards the impulse source due to reflection [33].

u(x, t) = f (x− ct) + g (x+ ct) (2.10)
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The system’s boundary conditions govern wave reflection and transmission, also determining the na-
ture of the reflected wave. Reflection of an incident wave from a fixed boundary is the simplest case,
but all wave reflections can be mathematically described, as detailed in Graff [33]. To illustrate this
phenomenon, the simplest case of displacement and stress pulse propagation and reflection is shown
in Figure 2.3 via the method of images. It should be noted that the stress waves superimpose, leading
to a double peak value at steps (b) and (c). Post interaction, the reflected stress pulse is identical to the
incident pulse, meaning that compression reflects as compression and tension as tension. However,
since this phenomenon depends on the system’s boundary conditions, it is essential to acknowledge
this behaviour in the analysis of resultant forces in a rod, given that the reflected stress pulse can be
the inverse of the incident pulse [33].

Figure 2.3: The displacement and stress pulse propagation and reflection of a fixed boundary condition by the method of
images [33].

2.3.4. Flexural Waves in Thin Beams
Transverse motions within the leg result from transverse forces or bending action. The Euler-Bernoulli
and the Timoshenko beam theory are the two main theories used to model these motions. The Euler-
Bernoulli theory accounts only for axial and bending deformation, whereas Timoshenko includes shear
deformation [34]. The Timoshenko beam theory is typically used for relatively thick structures, while
the Euler-Bernoulli beam theory is used for slender structures. Given that the length of the jack-up leg
is at least ten times larger than its diameter, the Euler-Bernoulli beam theory is an appropriate choice
for analysis [35].

The Euler-Bernoulli beam theory implies that cross-sections initially perpendicular to the beam’s axis
maintain their planarity and perpendicularity to the neutral axis during bending. Assuming that the
deflections of the beam are small, the bending moment (Mb) and curvature relation can be given by

d2y

dx2
= −Mb

EI
(2.11)

where, I represents the moment of inertia, and y denotes the coordinate perpendicular to the beam’s
neutral surface, as depicted in Figure 2.4 [33].

The considered beam has the same properties as the rod defined in Section 2.3.3, resulting in the
following equation of motion:

ρ
∂2y

∂t2
=

∂Vs

∂x
+ q (2.12)

Here, Vs represents the shear force. In the absence of forces, substituting Equation 2.11 and the
relation Vs = ∂Mb/∂x into Equation 2.12 gives

∂4y

∂x4
+

1

a2
∂2y

∂t2
= 0, a2 =

EI

ρA
(2.13)
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It should be noted that this expression is not in the form of the wave equation, and the operator a does
not have the dimension of velocity.

Figure 2.4: A beam (a) undergoing transverse motion, and (b) depicting an element subjected to various loads [27].

Beams in Compression
A more realistic representation of the jack-up leg is a beam subjected to axial and transverse loading.
This can bemathematically modelled as a beam under compression by the following equation of motion:

ρA
∂2y

∂t2
+ EI

∂4y

∂x4
+ P

∂2y

∂x2
= 0 (2.14)

In this equation, the first term symbolises inertia, the second represents bending stiffness, and the
third denotes compression stiffness. Essentially, P corresponds to the axial force, EAu′(t), in the rod
theory, indicating that both problems can be solved independently but are in principle not completely
independent [36].

2.4. Soil-Structure Interaction
The previous sections mainly govern the structural processes during impact, while soil behaviour is an-
other crucial factor that significantly influences the system’s responses during impact. The soil-spudcan
interaction is a complex phenomenon of which its behaviour depends on the soil type and deformation
characteristics, classified as either elastic or plastic soil deformations. As earlier mentioned, elastic
deformations revert to their original shape, while plastic deformations result in permanent changes. In
reality, soil behaviour contains both aspects which indicates the complexity and nonlinearity. In the con-
text of this study, a rocky seabed with a high bearing capacity is considered, justifying the assumption
that no plastic deformations occur. Furthermore, assuming that the elastic deformations are minimal,
the soil behaviour can be modelled by a spring-damper system [26, 37].

The above indicates that the soil is assumed to behave as a viscoelastic material that has a small
indentation. Therefore, the maximum force is quickly reached, supported by the fact the the leg is also
a stiff system. The contact area of the soil-structure interaction depends on the vertical penetration
depth, which is known to be small. As a result, the spudcan’s horizontal displacement is also small,
given its direct relation with the vertical penetration depth. In other words, a reduced contact area yields
a smaller lateral resistance and thus a diminished horizontal force, assuming a constant bottom friction.
In essence, stiffer systems have shorter impact durations, which lead to higher peak forces for similar
impact energies [22, 24, 38].
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Moreover, the relatively smaller vertical displacements on stiff seabeds lead to axial forces that tent to
be more impactful than lateral forces. This contrasts with softer soils, where greater vertical penetration
often occurs. Despite axial forces are typically larger than lateral ones, it is essential to acknowledge
that lateral forces can produce a significant moment at the lower guide of the jacking system, potentially
exceeding structural limitations. Even though it is expected that axial forces are governing on stiff
seabeds, care must be taken at greater water depths where an increased moment arm amplifies the
influence of lateral forces.

In conclusion, it is important to note that this study assumes a uniform soil layer with perfectly horizontal
bathymetry. Although this characterisation of soil behaviour significantly simplifies the actual complex-
ities involved, it is less conservative than assuming the soil as a rigid body, which would suggest a
complete transmission of the impact energy into the leg.

2.5. Existing Methodologies for Determining the Impact Force
The study of impact mechanics offers a variety of methodologies for determining the impact force. This
section delves into the most relevant methods for calculating impact forces on jack-up legs.

2.5.1. Impulse-Momentum Theory
The impulse-momentum theory is an application of Newton’s second law of motion, and it states that
the impulse applied to a body equals the change in its momentum. The principle is shown in Equation
2.15 for linear impulse and in Equation 2.16 for angular impulse.

Jlinear =

∫ tc

0

Fdt = m∆v = m (v′ − v) (2.15)

Jangular =

∫ tc

0

Mdt = I∆ω = I (ω′ − ω) (2.16)

Where, F represents the force, M the moment, tc the impact duration, I the mass moment of inertia,
and ω denotes the angular velocity [39].

Both linear and angular impulses hold significance as both central and eccentric impacts are probable
scenarios. In the latter scenario, a moment is created with respect to the body’s centre of mass and a
part of the initial translational energy transitions into rotational energy. Consequently, the impact energy
is distributed across multiple DOF, reducing the overall impact force.

Furthermore, the impulse-momentum theory is applicable when the initial collision duration is signifi-
cantly smaller than the natural period of the considered motion. This method allows the decoupling
of the impact kinematics and energy transfer during the impact from the analysis of strain energy dis-
sipation within the colliding bodies [39]. However, applying this method effectively requires a precise
understanding of the impact duration and post-impact velocity to draw accurate conclusions about the
impact force, which is often not the case in real-world scenarios.

2.5.2. Method Based on Principle of Energy Conservation
Early methodologies for impact analysis during jacking operations are based on the principle of energy
conservation, such as the one described by DNV-RP-C104 [11]. The method assumes that the rela-
tive velocity between the spudcan and seabed is governed by pitch and roll motions. Additionally, it
assumes that all energy present in the impact is absorbed by one single leg, the spudcan immediately
stops when touching the seabed, and the seabed is indefinitely rigid.

The total impact energy is assumed to be absorbed by the spudcan, the leg, and the jacking house.
Consequently, the intensity of these forces are dependent on the wave conditions, the water depth, the
structural variables, and the position of the leg relative to the centre of flotation. The components of
the impact force, both horizontal and vertical, can subsequently be expressed as follows:

FH =
2π

T
θ

√√√√ ImkH[
1 + kV

kH

(
d
h

)2] (2.17)
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FV =
2π

T
θ

√√√√ ImkV[
1 + kH

kV

(
h
d

)2] (2.18)

Where, kH represents the lateral stiffness of the leg, kV the overall stiffness of the leg, Im the mass
moment of inertia with respect to roll and pitch motion, T the period of roll and pitch, and θ the amplitude
of roll and pitch [11]. Additionally, d is the horizontal distance between the leg and the centre of flotation,
and h is the water depth, as can be seen in Figure 2.5.

Figure 2.5: The leg impact forces on a jack-up [11].

The methodology proposed by DNV restricts the analysis by ignoring the contribution of heave, consid-
ering only the structural members of the leg, and presuming an infinitely rigid seabed. This means that
it does not account for energy dissipation through the soil, leading to potentially large estimates of the
impact force. However, according to Vazquez et al. [40], this method is a valid prediction of the linear
relation between the leg velocity and impact force.

2.5.3. Improved Energy Method
The JIP presented a revised version of DNV’s energy method, detailed in DNV-RP-C104 and explained
in Section 2.5.2. This ’improved energy method’ for leg impact incorporates heave motion, arbitrary
spudcan load penetration curves, and hydrostatic restoring action. It integrates heave and rotational
motion by introducing a lateral offset for the centre of rotation for the impact motion, as shown in Figure
2.6. Evaluation of mass moment of inertia, leg deformation, and hydrostatic restoring action is based
on this modified centre of rotation [20].

Figure 2.6: The centre of rotation for the impact motion [20].
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With the assumption that the kinetic energy of the vessel is absorbed by the seabed, leg system, and
hydrostatic restoring action, the following equation is obtained:

1

2
Imθ̇2 =

∫ z1

0

QV (z)dz +
1

2
kV z

2
2 +

1

2
kH [ϕh]2 +

1

2
khydϕ

2 (2.19)

Here, θ̇ = 2π
T θ denotes the angular velocity of rotational motion with T as the period and θ as the am-

plitude. Additionally, khyd represents the vessel’s hydrostatic restoring stiffness, QV (z) is the seabed’s
vertical resistance as a function of spudcan penetration, z1 is the maximum penetration during impact,
z2 = QV (z1) /kV the maximum leg system shortening during impact, and ϕ = [z1 + z2] /d signifies the
maximum rotation about point O during impact [20].

The maximum spudcan penetration z1, can be calculated by iteratively solving the above equation,
while the vertical and horizontal impact forces can be expressed as follows:

PH = kHϕh (2.20)

PV = QV (z1) (2.21)

Assuming a linear relation for the spudcan load-penetration simplifies the method and the vertical and
horizontal impact forces are represented as:

PH =
2π

T
θ

√√√√ IMkH[
1 + kV

kH

(
d
h

)2
+

khyd

kHh2

] (2.22)

PV =
2π

T
θ

√√√√ IMkV[
1 + kH

kV

(
h
d

)2
+

khyd

kV d2

] (2.23)

The method can be modified for scenarios where two legs impact the seabed simultaneously. Nev-
ertheless, the JIP concluded that the method should be conservative as it determines the operational
limits and is therefore based on a single leg impact [20].

2.5.4. Previous Research and Common Practices
Beyond the methodologies presented in the previous sections, several work has been published on
the impact forces on jack-up legs during installation. Frequently, the studies were focused on analysis
of softer soil types such as sand and clay, incorporating nonlinear properties and plastic deformations.
Therefore, advanced software or numerical solutions are often utilised. Specifically, the early work by
Smith et al. (1994, 1996) [22, 41], used a 2D Finite Element (FE) model to simulate soil-structure
interaction, revealing that impact forces vary significantly with soil types. Additionally, it was found that
the highest forces and moments occur at the lower guide, predominantly by heave compared to surge.
In other early research by Chakrabarti et al. (1995, 2007) [42, 43], the leg’s structural analyses and
models were established by the beam theory.

Later research by Chakrabarti [26], performed a nonlinear dynamic impact analysis for different water
depths and soil conditions and compared the results with the classical DNV approach [11]. This study
confirmed the conservative nature of DNV’s estimates for softer soils, yet observed that for stiff seabeds,
the computed impact forces were either equal or exceeded the DNV calculations. According to the
author, this is primarily due to that DNV neglects soil plastic deformations and leg dynamics. Moreover,
the study implemented a FEmodel for the structural analysis, and elucidated the key factors influencing
the vessel’s energy prior to impact.

Recent contributions, such as Kreuzer et al. [44], proposed a simpler mechanical rheological model
for soil-structure interaction, to reduce the computational demand compared to FE methods. This work
also introduced a numerical model implementing the Coupled Euleerian-Lagrangian (CEL) method in
ABAQUS, which is used for soil-structure interaction analysis.

Further, Daun and Olsson [25] and Ringberg et al. [31] suggested splitting the impact scenario into
separate elements for structural and soil deformation behaviour, given their different response to impact.
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The soil model is based on the bearing capacity theory and the structural model is based on contact
mechanics, specifically a spring-damper system. Which is believed to be an accurate representation
of the structural deformation when only elastic deformations are considered. Furthermore, this study
indicates that an analytical beam theory gives a reliable estimate on the structural capacity of the leg,
while the FE analysis introduces numerical uncertainties and increases the complexity of the analyses.

A different approach was adopted by Vazquez et al. (2016) [40], where leg impact forces were de-
termined by the Downward Spudcan Velocity (DSV). An extension of this research by Vazquez et al.
(2017) [45], compared the forces generated in elastic soils modeled in OrcaFlex with those in non-
linear soils represented in ABAQUS. The study concluded that a simplified linear methodology could
offer conservative yet reasonable results, considering stiff seabeds.

2.6. Concluding Remarks
The aim of this literature study on impact mechanics, with a focus on its relevance to jacking operations
on stiff seabed conditions, is to identify the key physical factors that govern the forces in jack-up legs
during installation. This is to answer the first subquestion of this study: What factors govern the forces
in jack-up legs during installation on stiff seabed?

This study revealed that wave-induced vessel motions are the primary drivers of the impact forces on
jack-up legs, leading to horizontal and vertical spudcan velocities that generate axial and lateral forces
in the leg. The magnitude of these forces during the stand-on phase depends on the energy contained
within the system prior to impact and how this energy is absorbed by the soil and structure. Firstly,
factors that contribute to the amount of energy contained in the system are the wave height, wave
period, hull characteristics, vessel’s inertia, jacking velocity, and the length of the legs below the hull,
which is determined by the water depth. The environmental loads and dynamic responses that act
on the system prior to impact are detailed in previously conducted literature research [18]. Secondly,
the energy absorbed by the soil and structure depends on their stiffness characteristics and behaviour.
This is often a challenging aspect to determine, underlining the importance of formulating accurate
assumptions that reflect reality.

The above indicates that it is important to include all elements that influence the soil and structure
stiffness characteristics and behaviour. However, the dynamic soil-spudcan interaction process is a
complex phenomenon that is not extensively covered in existing standards or detailed in literature. The
impulse-momentum theory requires a precise understanding of the impact duration and post-impact
velocity, often not the case in real-world scenarios. The classical DNV approach restricts the analysis
by ignoring the contribution of heave, assumes that the seabed is indefinitely rigid, and that all energy
prior to impact is absorbed by one single leg. This implies that energy dissipation through the soil is not
accounted for, while the soil characteristics and behavior are identified as important factors regarding
impact forces.

An improvement to the classical DNV approach is the ’improved energy method’ introduced by the JIP,
incorporating heave motion, arbitrary spudcan load penetration curves, and hydrostatic restoring ac-
tion. However, this analysis yielded operational limits different from Van Oord’s in-house model results.
Therefore, instead of replicating the exact method that led to these differences, the decision was made
to consider only those elements from the impact analyses that are relevant. Furthermore, it is important
to note that when using existing methodologies, it is essential to be familiar with the assumptions made
and to consider the method most appropriate for the problem being analysed. Additionally, employing
a conservative method can be an informed decision when using impact forces to determine operational
limits.

Although the colliding system is considered to be stiff, it is relevant to obtain the stress waves within
the leg. Since it is assumed that no plastic deformations occur, both the structural analysis and soil
behaviour can be modeled using a spring-damper system. Insights from prior research suggest that the
impact scenario can be divided into separate elements for structural and soil deformation behaviour,
given their different response to impact. Additionally, the beam and rod theory provides a reliable
estimate of the leg’s structural capacity. As such, it can serve as a simplified representation of the leg,
while FE models, despite their usefulness, increase the computational demand and complexity of the
calculations.
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The minimal soil-penetration depth results in a small contact area, leading to relatively more impactful
axial forces than lateral forces. Therefore, it can be concluded that axial forces predominate over
lateral forces during impacts on stiff seabeds. Moreover, this stiff system yields relatively high peak
forces due to the short impact duration characteristic of such systems. Consequently, assuming that
all energy prior to impact is converted into a single dimension results in a higher total impact force than
when the energy is distributed across multiple DOF. Additionally, it was observed that for stiff seabeds,
a simpler linear methodology can yield reasonable results compared to more complex nonlinear soil
representations.

This literature study elucidated the key physical factors that govern the forces in jack-up legs during
installation on stiff seabeds. The primary conclusion is that axial forces dominate over lateral forces
during impacts, due to the minimal soil-penetration depth that results in a small contact area. This
insight justifies the simplification of the system to a one-dimensional model, as this approach yields
the largest impact forces, which are crucial for determining the operational limits. Consequently, the
next chapter will develop a one-dimensional rod model that is specifically designed to analyse the axial
forces, and to determine how the identified key factors influence these governing forces.



3
Rod Model for Axial Impact Forces

In order to answer the research question, a model is created that can determine the influence of the
identified factors that govern the forces in jack-up legs during installation on stiff seabeds. As concluded
in the previous chapter, axial forces dominate over lateral forces during impact, thus a one-dimensional
rod model is designed to analyse the axial forces. The model aims to provide insights into the main
physics during impact, and the different processes need to be understood. To perform this properly,
the problem needs to be described as well as the assumptions that have been made. To simplify the
analysis, the model only considers one leg, enabling the inclusion of the maximum possible impact
force. For instance, in this scenario, the weight of the vessel could potentially act on one leg upon
impact with the seabed. With these simplifications in place, the problem is described and the model is
introduced in Section 3.1. The model’s solution methodology and verification are discussed in Section
3.2. Afterwards, Section 3.3 elucidates the careful selection of variables, and Section 3.4 introduces
the specific leg modification.

3.1. Problem Description and Model Introduction
Initially, the jack-up vessel possesses a certain kinetic energy resulting from the wave-induced vessel
motions and jacking velocity. The jack-up leg, connected to the hull via the jacking system, can be
modelled as a vertical rod in the z-direction. Since the primary focus is on the axial forces, only the
vertical velocity of the rod is considered. This means that the rod has an initial velocity in the z-direction
that represents the mentioned physical phenomena, which is an essential input for the model.

In other words, when the spudcan approaches the seabed and the probability of impact increases, the
rod possess a certain amount of kinetic energy. Upon contact with the seabed, the kinetic energy is
converted into potential energy within the soil and initiates a compression wave in the rod. The rod
stops when the kinetic energy is fully transferred to potential energy, at which point the forces within
the rod are expected to reach their maximum. However, this should also emerge in the model, but
which is yet to be proven. Subsequently, the rod’s kinetic energy will increase again due to the impact
with the stiff seabed or also by the vessel’s motions. Eventually, the contact force becomes zero and
the rod disconnects from the seabed. Since the maximum force is expected between the first contact
moment until disconnection, the model is simulated until the contact force is zero [36].

In this study, the leg-hull connection is assumed to be rigid. However, it is crucial to acknowledge
that it is a complex interaction mechanism influenced by the relative stiffness of the components and
the leg-hull clearance. A detailed evaluation of the load distribution on the pins can be performed
by a nonlinear FE model. Nevertheless, the simplest and most prevalent method treats the leg-hull
connection as either a linear spring or a rigid connection [46–48]. For simplicity and to obtain the
highest peak forces, the leg-hull connection is assumed to be modeled as rigid. Moreover, It should be
noted that the impact of this assumption is negligible when conducting a sensitivity study with the aim
to determine the influence of the identified factors on the governing forces.

19
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An schematic drawing of the simplified rod model is presented in Figure 3.1. This visualisation aids
in comprehending the simplified problem and facilitates further mathematical exploration. The entire
weight of the vessel is represented by a point mass, Mv, connected to the rod at z = 0. The properties
of the rod are defined by the length L, uniform cross-sectional area A, density ρ, and modulus of
elasticity E. Furthermore, the initial velocity vi, and the displacement of the rod u(z, t), are pointed
into the positive z-direction. Another important component that must be included in the system is the
spudcan. Accounting for a significant part of the total leg weight, the spudcan is added to the tip of the
rod as a mass denoted by Msp. Since the interval of interest spans from the first contact moment until
disconnection, the tip of the rod is defined to be connected to the seabed. This connection is modeled
as a spring-damper system, with the spring storing the potential energy transferred from the rod’s kinetic
energy to the soil. However, energy can also be converted into heat or other forms of energy, such
as friction. Therefore, the system includes a damper to dissipate energy through interaction with the
seabed.

Figure 3.1: Schematic rod model for axial impact force.

The potential energy stored by the rod through a compression wave is related to stress, which is ex-
pressed by Hooke’s law:

σz = Eεz = E
∂u(z, t)

∂z
(3.1)

Here, σz represents the stress and εz denotes the strain in the z-direction [49]. The equation demon-
strates that the potential energy absorbed by the rod is essentially the strain energy caused by elastic
deformation. In addition, the rod experiences a form of energy dissipation due to material damping,
which can have a significantly effect on the total stress. The material damping can be included in the
equation of motion of a classical rod, which is based on the Kelvin-Voigt rheological model [50]. The
model is based on the axial stress-strain relation and can be given by

σz = Eεz + η
∂εz
∂t

(3.2)
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where, η is the material viscosity. According to Trubat and Molins [50], the material viscosity of a rod
can be expressed as follows

η = ξηc = ξ
4L

π

√
ρE (3.3)

where, ξ represents the damping ratio of steel, and ηc denotes the critical viscosity, the expression of
which is given. This expression is derived by assuming that the rod is only subjected to a pure axial load
and describes the critical damping specifically for the first longitudinal mode of vibration. The modified
Young’s modulus of a viscoelastic rod can now be defined as

Ê = E(1 + ξ
4L

πc

∂

∂t
) = E(1 + ξc

∂

∂t
) (3.4)

where, ξc is an operator that includes the damping ratio and c =
√

E/ρ is the longitudinal wave velocity.

To achieve the model’s aim of determining the influence of the identified factors on the axial impact
force, it is essential to ascertain the maximum impact force at a specific location along the length of
the rod. More specific and most important to this research, the position where the jacking system is
located, in the model’s case the rod-vessel connection at z = 0. The described propagating stress
waves are directly related to the axial forces, which can be defined by

F = Aσ (3.5)

This highlights the significance of obtaining the time-dependent stress distribution along the rod, as it
is a crucial output for the model in determining the maximum impact force.

Based on the assumptions and relations given above, the system’s equation of motion can be defined
as:

ρA
∂2u(z, t)

∂t2
− ÊA

∂2u(z, t)

∂z2
= 0 (3.6)

Here, the first term represents inertia, and the second term corresponds to the axial stiffness of the
system. Further elaboration of the equation of motion gives the following:

∂2u(z, t)

∂t2
− c2

∂2u(z, t)

∂z2
− c2ξc

∂3u(z, t)

∂z2∂t
= 0 (3.7)

The external forces acting on the system due to the vessel mass and the seabed contact are described
by the boundary conditions at z = 0 and z = L, respectively. These boundary conditions are expressed
as follows:

EA
∂u(0, t)

∂z
+ EAξc

∂2u(0, t)

∂z∂t
= Mv

∂2u(0, t)

∂t2
(3.8)

EA
∂u(L, t)

∂z
+ EAξc

∂2u(L, t)

∂z∂t
= −Msp

∂2u(L, t)

∂t2
− cs

∂u(L, t)

∂t
− ksu(L, t) (3.9)

Furthermore, the initial conditions are given as:

u(z, 0) = 0 (3.10)

∂u(z, 0)

∂t
= vi (3.11)

3.2. Model Solution Methodology
The equation of motion can be solved in either the time or frequency domain. Therefore, according to
Yang [51], it is essential to differentiate between individual problems and unified final problems while
determining the desired solution. A given problem can be solved in time domain using methods such
as the separation of variables, d’Alembert’s solution, and Green’s function. These methods are typi-
cally used to solve individual problems and elucidate the solving process instead of the final solution.
Importantly, the presence of nonlinear behaviour in a system necessitates the use of time domain
calculations.

On the other hand, a unified solution encompasses the formulation that incorporates all contributions
from external excitation, nonzero initial conditions, and inhomogeneous boundary conditions. This
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unified solution is particularly useful for addressing complex engineering problems, such as the problem
defined in this study. Therefore, to obtain the final solution and to directly solve the problem, the Fourier
transform or the Laplace transform can be used, which operate in the frequency domain or s-domain,
respectively. Given that the system’s behaviour is assumed to be linear, calculations in the frequency
domain are not only viable but also faster [52].

The equation of motion is a Partial Differential Equation (PDE) that is generally difficult to solve. There-
fore, thementioned integral transforms can be applied to reduce the initial problem to a simpler Ordinary
Differential Equation (ODE) [53]. However, the methods are slightly different and the choice of method
depends on the system’s characteristics. Considering this particular rod model, the initial velocity is
specifically important and therefore Laplace should be used instead of Fourier. In addition, it is an
impact problem of which the transient behaviour can be captured by the Laplace transform.

3.2.1. Laplace Transform
The Laplace transform of a function f(t), denoted as L[f(t)], is defined as

L[f(t)] = f(s) =

∫ +∞

0

e−stf(t)dt (3.12)

where, s is the complex Laplace parameter. This parameter is expressed as s = iω + σ, where σ is a
small positive real value, and ω is the frequency [53].

When using the Laplace transform to solve PDEs, it is essential to use the Laplace transform of different-
order derivatives. The Laplace transform for the first and second order derivative are given in Equation
3.13 and 3.14, respectively.

L
[
∂f(t)

∂t

]
= sf(s)− f0 (3.13)

L
[
∂2f(t)

∂t2

]
= s2f(s)− sf0 − ḟ0 (3.14)

Here, f0 and ḟ0 represents the nonzero initial conditions. This indicates that the Laplace transform
of the time domain derivatives of a function accounts for the initial conditions, which is of significant
interest for solving the defined problem. Importantly, if the Fourier transform were to be applied in this
context, these initial conditions would be disregarded [52].

Applying the Laplace transform to the defined system and fulfilling the initial conditions yields the fol-
lowing expression for the equation of motion:

s2ũ(z, s)− c2 (1 + ξcs) ũ
′′(z, s) = vi (3.15)

Furthermore, implementing the Laplace transform to the boundary condition at z = 0 results in:

EA (1 + ξcs) ũ
′(0, s)−Mvs

2ũ(0, s) = −Mvvi (3.16)

And applying it to the boundary condition at z = L generates:

EA (1 + ξcs) ũ
′(L, s) +

(
Msps

2 + css+ ks
)
ũ(L, s) = Mspvi (3.17)

A more detailed presentation of the analytical derivations can be found in Appendix B.

The initial problem is now defined as an ODE in the Laplace domain and still depends on the z−position
along the rod. Eventually, it is of interest to find the strain, which leads into the stress distribution along
the rod and the axial impact force. Therefore, an expression of ũ(z, s) must be found which can later
be numerically converted to the time domain by the inverse Laplace transform. The solution for ũ(z, s)
can be obtained either analytically or numerically.
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3.2.2. Analytical and Numerical Solution
The analytical solution is obtained by considering the problem as continuous, thereby assuming unifor-
mity and constant structural characteristics along the rod. Although this study simplifies the problem by
assuming the rod to be homogeneous, minor variations in axial stiffness exist along the length of the
leg in reality. However, these minor differences are assumed to have negligible effects on the impact
forces. Therefore, an analytical solution can be derived, which is detailed in Appendix B.1.1.

Since the equation of motion is nonhomogeneous, the general solution ũg(z, s) consists of the sum
of the homogeneous solution ũh(z, s) and the particular solution ũp(z, s). This can be expressed as
follows:

ūg(z, s) = ūh(z, s) + ūp(z, s) (3.18)

Importantly, the homogeneous part reduces over time due to structural damping, while the particular
solution exists as long as the forcing function is present [49]. The derived expression for the general
solution is given by:

ūg(z, s) = C1e
−βz + C2e

βz +
vi
s2

(3.19)

Here, the parameter β is derived as:
β =

s

c
√
1 + ξcs

(3.20)

The constants C1 and C2 are calculated by substituting the solution of the homogeneous equation into
the boundary conditions.

One advantage of the continuous solution is that it simplifies the system to a single equation of motion
when considering a single DOF. Moreover, it provides a reliable representation of the system under the
assumption of uniformity. Conversely, the discrete or numerical solution separates the rod into multiple
segments, each with its own equation of motion. This solution is more advanced and can be extended
to a more realistic representation of reality by accounting for different axial stiffnesses. As for future
expansions to a beam model, this approach holds potential to simulate various lateral forces along the
leg length. Essentially, it can incorporate the nonuniform properties of the system. Therefore, the Finite
Difference Method (FDM), which will be defined in the next section, is used. This method allows for
future complexity improvements of the system. The validity of the model is confirmed by comparison
with the analytical solution.

3.2.3. Finite Difference Method
Three commonly used formulas in FDMare forward, backward, and central differences. These formulas
estimate the derivatives of a function by utilising the values of two neighboring points. Among these
methods, the central difference method is preferred due to its accuracy, as it incorporates information
from both forward and backward points in space or time. This is in contrast to the one-sided forward
and backward differences [54].

Solving an ODE with the FDM consists of the following steps [54, 55]:

1. Discretise the spatial domain into N + 1 points
2. Fulfilling the equation at a finite set of discrete points
3. Substituting derivatives with finite differences
4. Formulate a recursive algorithm

The different steps are detailed in Appendix B.1.2, and result in the following recursive algorithm:

For n = 0:
s2ũ0 − c2 (1 + ξcs)

2ũ1 − 2ũ0

∆z2
+

2c2

EA∆z
Mvs

2ũ0 = vi

(
1 +

2c2

EA∆z
Mv

)
(3.21)

For n = 1, . . . , N − 1:

s2ũn − c2 (1 + ξcs)
ũn+1 − 2ũn + ũn−1

∆z2
= vi (3.22)
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For n = N :

s2ũN − c2 (1 + ξcs)
2ũN−1 − 2ũN

∆z2
+

2c2

EA∆z

(
Msps

2 + css+ ks
)
ũN = vi

(
1 +

2c2

EA∆z
Msp

)
(3.23)

The ODE is converted into a system with N + 1 algebraic equations and N + 1 unknowns, meaning
that the system can be solved and the values for ũ(zn, s) can be determined. This coupled system of
algebraic equations can be written in matrix form, which is essential for the numerical solving process
[55]. The matrix is fully detailed in Appendix B.1.2 and is presented in the following form:

Au = B (3.24)

Where, u = [ũ0, ..., ũN ], and matrix A depends on the complex parameter s.

The system is numerically solved for various frequencies, with a small chosen value of σ to ensure
the convergence of the Laplace integral. Displacements determined by both solution methods are plot-
ted against these frequencies to ascertain the system’s response and verify the FDM with a simpler
calculation. These plots, shown in Appendix B.2, are similar despite the higher sensitivity of the analyt-
ical solution to lower frequencies. This is due to the particular solution which increases significantly for
small values of s, due to the small chosen value of σ. Nevertheless, the results of the stress distribution
in the rod are similar, as will be discussed in Section 3.2.4.

The absolute value of ũ(z, s), depicted in Figure 3.2, determines the frequency range within which a
solution can be found. In the frequency domain identified from this plot, the solution must converge
to zero to ensure no parts of the solution are omitted. A value of ω = 100 is sufficient for obtaining a
complete solution and is therefore used for the integration back to the time domain using the inverse
Laplace transform, explained in the subsequent section.

Figure 3.2: The absolute value of ũ(z, s) at z = 0 and z = L using the FDM.

3.2.4. Inverse Laplace Transform
The inverse Laplace transform is employed to determine the solution of the original problem in the time
domain. A typical representation of the inverse Laplace transform is given by

f(t) = L−1[f̃(s)] =
1

2πi

∫ σ+i∞

σ−i∞
f̃(s)estds (3.25)
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which is also referred to as the Bromwich integral. According to Hoving and Metrikine [52], the inverse
Laplace transform can be expressed in the frequency domain as follows:

f(t) = L−1{f̃(s)} =
eσt

π

∫ +∞

0

Re
{
f̃(s)eiωt

}
dω (3.26)

As a result, the inverse Laplace transform is no longer expressed in terms of the complex Laplace
operator s. The displacements in the time domain are determined numerically, in addition to the fact
that the inverse Laplace transform can not be performed analytically. Moreover, the previous found
truncation frequency, ω = 100, is implemented in the integral to be able to find a numerical solution.

The inverse Laplace transform is numerically performed for both the FDM and the analytical solution in
the frequency domain. The computed displacements are used to determine the strain and subsequently
the stress distribution along the rod. The stress at the top (z = 0) and bottom (z = L) positions of the
rod are illustrated in Figure 3.3, with further details provided in Appendix B.2.

(a) (b)

Figure 3.3: The stress distribution σ at z = 0 and z = L: Comparison of results from the FDM (a) and the analytical solution
(b).

As can be observed, the figures yield approximately the same results. The minor differences primarily
exist in the initial part of the simulation. As earlier mentioned, the simulation starts from the first contact
moment until the contact force becomes zero and the rod disconnects from the seabed. It is also
noticeable that the rod’s maximum force coincides with the complete conversion of its kinetic energy
into potential energy, as anticipated. This observation is consistent with Equation 3.5, which establishes
the stress-force relation and confirms that the maximum force corresponds to the highest stress value.

Furthermore, the stress waves can be noticed in the graph by the observed wave patterns. As refer-
enced in Section 2.3.3, stress waves propagate in both directions, away from and towards the impulse
source, due to wave reflection. These wave reflections cause stress waves from opposing directions
to converge, leading to their mutual reinforcement or attenuation and ultimately resulting in a wave
pattern. Additionally, the observed difference in force magnitude between the top and bottom positions
of the rod can be attributed to the structural damping of the rod.

To gain deeper insight into the stress development within the rod and enhance understanding of the
system’s physics, the displacement in the time domain is depicted in Figure 3.4. A comparison with
Figure 3.3 indicates a correlation: larger displacement differences between the two positions on the
rod result in increased stress development. This correlation is observable throughout the simulation.
At the beginning, both stress and displacement differences are minimal. At their peak, the maximum
stress aligns with the largest displacement differences. As the simulation progresses towards the end
and the rod nears disconnection, these values decrease. Upon reaching zero displacement difference
and stress, disconnection occurs, marking the end of the simulation.
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Figure 3.4: The displacement in the time domain at z = 0 and z = L using the FDM.

3.3. Model Input Variables
In order to generate a simulation that is as representative as possible to reality, careful consideration
must be given to the selection of variables. Furthermore, it is important to provide a clear starting posi-
tion description before conducting the sensitivity study. The various initial variables used are presented
in Table 3.1, with the values marked asX being confidential. All initial variables will be further explained
in this section.

Table 3.1: The initial variables used in the rod model for axial impact forces (values marked with X are confidential).

Parameter Symbol Value Unit
Submerged leg length L 35 [m]
Area cross-section leg A X [m2]
Young’s Modulus E 210 [GPa]
Density steel ρ 8000 [kg/m3]
Structural damping ratio ξ 0.01 [−]
Mass single spudcan Msp X [mT]
Mass vessel Mv X [mT]
Initial velocity vi 0.5 [m/s]
Seabed normal stiffness ks X [kN/m/m2]

The vessel’s and jack-up leg properties are taken from Van Oord’s own stand-on analysis [14]. More-
over, the soil stiffness has been estimated using geotechnical site survey data and an impact analysis
was performed, resulting in a normal seabed stiffness [38]. Additionally, a realistic initial velocity is
chosen just as a starting point.

According to DNV-RP-C104 [11], the structural damping is expected to be between 1-3%, depending
on the leg design. Additionally, Ou et al. [56] and Zhang et al [57] suggest that a damping ratio in
the longitudinal direction of 1-5% is reasonable. Considering that an increased stiffness reduces the
damping ratio, and given that the studied system contains a high stiffness, a structural damping ratio
of 1% is selected to determine the highest forces.

Furthermore, the damping coefficient of the soil is determined by the critical damping coefficient and
the damping ratio as follows:

cs = ccξs = 2ξs
√
ksmtot (3.27)
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Here, cc represents the critical damping coefficient, mtot the total mass of the vessel, leg and spudcan,
and the damping ratio is assumed to have a value of ξs ≈ 0.1 [36, 49]. This damping ratio, ξs ≈ 0.1,
indicates the rate at which oscillations in a system decay after a disturbance and is a measure of
the level of damping relative to the critical damping. For 0 < ξ < 1, the system is underdamped and
exhibits oscillations, while ξ > 1 implies an overdamped systemwithout oscillations. A critically damped
system, which provides the fastest return to equilibrium without oscillation, corresponds to ξ = 1. Given
the expected oscillatory behaviour of the modeled system, a damping ratio of ξs ≈ 0.1 is assumed in
this study [29].

3.4. Specific Leg Modification
This section introduces the specific leg modification detailed in this study. This introduction is essen-
tial to address the final subquestion: How well does the specific leg modification perform? Due to
confidentiality, the detailed leg modification design will not be illustrated. Instead, the focus will be on
its simplified working principle. Essentially, applying the leg modification to the spudcan introduces
an additional spring-damper system, capable of storing potential energy and allowing for extra energy
dissipation. Therefore, this function is anticipated to reduce the stress distribution along the leg, con-
sequently decreasing the overall maximum impact force.

In the context of the rod model, incorporating the leg modification involves transforming the spring-
damper system of the boundary condition at z = L into a double spring-damper system in series. To
effectively implement this modification in the model, it is necessary to examine how a double spring-
damper system in series can be converted into a single spring-damper system. According to Rao [49],
an expression can be derived for an equivalent spring constant of two springs that are connected in
series. Considering the springs depicted in Figure 3.5, the total elongation of both springs under a load
W , is given by

δst = δ1 + δ2 (3.28)

Since both springs are subjected to the same force, an equilibrium is reached, resulting in the following
expression:

W = k1δ1 = k2δ2 = keqδst (3.29)

Here, keq denotes the equivalent spring constant of the two springs connected in series. Substituting
this expression into Equation 3.28 yields the following equation:

1

keq
=

1

k1
+

1

k2
(3.30)

Additionally, the same applies to two dampers in series:

1

ceq
=

1

c1
+

1

c2
(3.31)

Figure 3.5: Two springs in series [49]
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The properties of the specific leg modification are specified by Van Oord’s stand-on analysis [14]. The
modification exhibits nonlinear characteristics; however, the current model cannot capture this non-
linearity due to its frequency domain solving process. Nevertheless, for simplicity, the modification’s
behaviour is assumed to be linear, with best and worst-case scenarios estimated. Here, the best-case
scenario corresponds to the lowest stiffness, and the worst-case scenario corresponds to the highest
stiffness. Consequently, the sensitivity study outlined in Chapter 5 is repeated for these two differently
defined stiffnesses of the leg modification. It should be underscored that these assumptions could lead
to results that deviate from reality. However, in general, they still allow for an assessment of the leg
modification’s overall performance.

The impact force on the rod, determined with and without leg modification, is depicted in Figure 3.6.
These graphs are normalised due to data protection and to enable a fair comparison with the data
presented in the next chapter. Normalised values are denoted by (*).

(a) (b)

Figure 3.6: Normalised impact force at z = 0 and z = L, without (a) and with (b) leg modification.

What is immediately noticeable is that the implementation of the leg modification results in a reduction
in maximum impact force, while simultaneously increasing the duration of the impact. Additionally, a
vibration at the beginning of the simulation is observed when the leg modification is in place.



4
Validation of Rod Model for Axial

Impact Forces

The developed model is validated using data from the Aeolus, provided by Van Oord. This data com-
prises oil pressure readings from the vertical jacking cylinders and vessel motions measured by the
Motion Reference Unit (MRU). Firstly, the source of the examined data is addressed in Section 4.1,
including its generation process and associated measurement techniques. Subsequently, Section 4.2
continues the analysis with the identification of impact within the data and discusses the methods of
observation. Once the moment of impact is extracted, it is compared with the developed rod model for
validation purposes in Section 4.3. This validation process is important as it determines the alignment
of the model with reality. A concise discussion and conclusion subsequently ensue.

4.1. Data Collection and Characterisation
The Saint-Brieuc wind farm project comprises 62 wind turbines and one substation, resulting in 63
distinct jacking up locations where the Aeolus operates. The geographic layout of the wind farm and
the locations of the wind turbines are depicted in Figure 4.1. Data was available from sites where the
drilling and installation of the pin-piles were completed in 2022. These sites are situated in areas with
the stiffest seabeds. Therefore, at these locations the leg modifications were mounted on the spudcans,
which is crucial to consider when examining the data from these sites.

Additionally, two different data types were present due to changes in the vessel’s measurement meth-
ods over time. The older measurement method involved data points collected at larger time intervals.
Moreover, these data points did not align with different measurements, such as the oil pressures in the
vertical cylinders with the MRU readings. This discrepancy complicated the impact analysis, leading
to the conclusion that the impact was unidentifiable from these data points. Consequently, multiple
locations were not suitable for impact analysis due to these data constraints. Unfortunately, most of
the stiffest seabed locations contained this data type. These locations featured unweathered bedrock,
indicating the presence of a bedrock overlaid by a superficial deposit of 1.0m or less.

Subsequently, a new device was installed that aligned all measurements, standardising the time steps.
This improvement in measurement precision facilitated the identification of impact forces on a jack-
up leg. However, only one location contained unweathered bedrock and the new signal, making it the
location that is mainly studied. Additionally, for this study, it is of interest to examine the stiffest possible
seabed, as it is expected to result in the highest impact forces. Consistently, the model presumes a
highly stiff seabed, which further substantiates the selected location as the most suitable for validation
purposes. Importantly, the impact was easiest to identify at the location with unweathered bedrock.
While other locations were also examined, detecting the impact became increasingly difficult. This
difficulty is likely due to the reduced stiffness of the seabed, regardless of the sea state at the time of
measurements.

29
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Figure 4.1: Geographic layout of the Saint-Brieuc offshore wind farm [58].

4.2. Identification of Impact Forces
The key measurements of interest that were available include the oil pressures in the vertical cylinders
of the jacking system, the vessel’s motions by the MRU, and the leg height. The MRU measurements
encompasses the vessel’s displacement, velocity, and acceleration. Furthermore, the oil pressure is
measured separately for each cylinder, indicating that there are six individual oil pressure measure-
ments for each jacking frame. Notably, these signals also incorporate pre-calculated force values. For
analysing impact, it is essential to identify instances when the vessel motions significantly decrease
while oil pressures peak. Equally important is to differentiate between oil pressure peaks caused by
the jacking system and those due to the impact force. Therefore the following criteria are considered
when identifying the impact force:

1. Coinciding with the oil pressure peak, a severe change in the vessel’s motions occurs, particularly
in the heave direction.

2. The six oil pressures individually exhibit similar behaviour and are of comparable magnitude dur-
ing a peak load.

The last criterion can be further explained by the conclusion that peaks arising from the jacking system
display discernible patterns, often occurring just before the cylinders switch from pushing to pulling and
vice versa, as depicted in Figure 4.2. Each colour in the graph represents a single cylinder, and it can
be observed that both the peak behaviour and magnitude vary. Typically, a consistent group of three
cylinders often exhibit opposing behaviours, moving in opposite directions. This is exemplified by the
vertical cylinder group consisting of ’cyan’, ’red’, and ’purple’, and the group comprising ’green’, ’yellow’,
and ’blue’. These events can be observed at approximately 13:45:30 and 13:48:30 in Figure 4.2.
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Figure 4.2: Normalised peak load in jacking cylinders due to jacking system.

Consequently, when the six oil pressures individually exhibit similar behaviour and are of comparable
magnitude during a peak load, it can be concluded that it is impact. This is illustrated in Figure 4.3,
where it can be observed that the oil pressure in all cylinders rapidly increases, followed by a release
of forces, and subsequently, a sinusoidal variation in the oil pressure. Notably, the start of impact
is denoted by a black dotted line in the figure. It is hypothesised that these force fluctuations are
attributable to the wave loads on the leg, though this remains to be confirmed. Furthermore, the duration
of impact is observed to be sufficiently long for stress waves to distribute along the leg, indicating that
the stresses change over time.

Figure 4.3: Normalised peak load in jacking cylinders due to impact.

The magnitude of the maximum impact force can be determined by adding up all the six cylinders for
each leg, as depicted in Figure 4.4. This figure presents the total force measured in the jacking frame
of the Portside Fore (PSF) leg in ’blue’, and the Starboard Aft (SBA) in ’red’, with the leg heights of PSF
and SBA shown in ’green’ and ’orange’, respectively. The obtained impact of PSF is measured to have
a maximum force of around 1.0 (*), which is far below the maximum allowable axial loading. Moreover,
the SBA leg is depicted for comparison of the oil pressure behaviour and to be able to draw conclusions.
Since the oil pressure fluctuations after impact are similar across both legs, indicating that they are in
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contact with the seabed, it can be inferred that these fluctuations result from wave loads. Moreover,
during the jacking up process, as the vessel is progressively lifted out of the water, buoyancy decreases.
This suggests that the opposing force to the impact force, attributed to the vessel’s mass, gradually
increases throughout the process. This trend is clearly visible towards the end of the simulation, where
a significant increase in leg height indicates the vessel’s emergence from the water. This observation
directly clarifies why the sign of the force reverses over time.

Figure 4.4: The normalised maximum force measured on a single jacking frame: Comparison of SBA (red) and PSF (blue),
with corresponding leg heights for SBA (orange) and PSF (green).

4.3. Rod Model Comparison and Validation
To validate the developed model, it is essential to determine the initial velocity before impact. Therefore,
the vessel’s vertical velocity and the maximum force measured in the PSF leg are depicted in Figure
4.5. It can be inferred from the figure that the vertical velocity of the vessel was minimal prior to impact,
indicating the presence of a low sea state. This is corroborated by site-specific buoy data, which reveals
values of Hs = 0.56m and Tp = 5.1s [59]. It is important to note that the obtained velocity is measured
at the location where the MRU is installed, meaning that it is not the initial velocity of the spudcan.
Therefore, under the assumption that the vessel is one rigid body and no relative deformations occur,
the velocity of the spudcan is calculated by the following formula [60]:

żs = ż − xr · θ̇ + yr · ϕ̇ (4.1)

Here, żs represents the vertical velocity of the spudcan, while xr and yr denote the relative distances
from the MRU to the spudcan. Furthermore, ż signifies the vertical velocity of the vessel, θ̇ the rotational
pitch translation, and ϕ̇ the rotational roll translation, all of which are measured by the MRU.

The vessel’s velocity prior to impact can be inferred from Figure 4.5 by the abrupt velocity change
to zero and subsequent velocity reversal, indicating impact. This moment approximately coincides
with the maximum oil peak, although a slight delay appears to be present. The moment at which the
vessel’s vertical velocity is measured as zero is denoted by a green dotted line. Given the vessel’s
size and mass, and the fact that these events are measured at two distinct locations, such delay is
not unexpected. Specifically, there exists an inevitable time interval between the spudcan’s moment
of impact and when the effects of this impact become discernible in the vessel’s motions. This delay
refers to the necessary period for the system to respond to alterations in external forces and reach a
new equilibrium or state of motion. However, this complicates defining the exact initial spudcan velocity
just before impact using data from the MRU.
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Figure 4.5: The normalised maximum force in the PSF leg and the normalised vertical vessel velocity measured by the MRU.

The vertical spudcan velocity, determined by Equation 4.1, is depicted in Figure 4.6. This figure features
the black dotted line, signifying the start of impact, and the green dotted line, indicating the moment
of zero vertical velocity. These are consistent with the same dotted lines presented in Figure 4.5. The
figure indicates that the initial velocity prior to impact ranges between −1.0 (*) and 1.0 (*). However,
determining the exact initial velocity of the spudcan from this graph is challenging. This difficulty is
partly due to the delay between the spudcan’s moment of impact and the motions measured by the
MRU. Moreover, the rapid fluctuations in the graph compound this difficulty by obscuring the exact
moment of impact. The spudcan’s velocity, determined concurrent with the vessel’s abrupt velocity
shift, is approximately 0.5 (*). Additionally, the computation method used to calculate the spudcan
velocity can introduce computational errors, as the entire structure is assumed to be one rigid body.
For these reasons, is it decided to consider multiple initial velocities, including one that represents
the maximum possible initial velocity. Crucially, these inferred initial velocities, ascertained from the
vessel motions, should incorporate the single ring jacking velocity of 0.25 (*). This integration results
in effective initial velocities of 1.25 (*) and 0.75 (*). The forces calculated by the developed rod model
based on these effective initial velocities are presented in Figures 4.7 and 4.8.

Figure 4.6: The normalised maximum force in the PSF leg and the normalised vertical spudcan velocity.
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(a) (b)

Figure 4.7: Normalised calculated force using rod model for vi = 1.25 (*) without (a) and with (b) leg modification.

(a) (b)

Figure 4.8: Normalised calculated force using rod model for vi = 0.75 (*) without (a) and with (b) leg modification.

Figures 4.6 and 4.7 illustrate a close correspondence between the determined force without leg modifi-
cation and the force measured from the data, both of which are approximately equal to 1.0 (*). However,
there is a notable disparity between the determined impact duration by the model and the duration de-
rived from the data. This discrepancy in impact duration is expected to influence the magnitude of the
impact force, suggesting the presence of variations in the results. It is more plausible that a shorter
impact duration under the same initial conditions results in a higher peak load. Which indicates that it
would be more consistent with the obtained data if the determined forces by the model were estimated
higher or the impact duration longer. Since this is not the case, it can be inferred that the determined
force by the model is underestimated, different initial conditions are used, or this discrepancy is at-
tributed to limitations within the model.

Considering the potential variability in initial conditions, the vessel mass and soil properties used in the
model were estimated, given that the exact values at the specific jacking up location were unknown.
This may have contributed to the observed differences in impact force. Moreover, a comparison of
Figures 4.7 and 4.8 reveals that even minor differences in initial velocity can lead to significant vari-
ation in impact forces. This implies that a deviation in determining the initial conditions can result in
considerable discrepancies.

Additionally, despite taking into account the initial underestimation of the impact force, the calculations
that incorporate the leg modifications still appear to underestimate the impact force. Alternatively, the
effect of the leg modifications may have been overestimated. Therefore, the established leg modifi-
cation stiffnesses are re-evaluated, taking into account the nonlinear behaviour of the modifications.
Notably, the data under consideration was collected during the period when the leg modifications were
mounted, suggesting that the calculations incorporating these modifications should align more closely
with the actual data.
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The inclusion of the maximum and minimum stiffnesses of the modifications was initially conducted by
excluding significantly high outliers for very small displacements. However, in this scenario, where the
initial velocity is markedly low, it becomes crucial to accommodate these minimal displacements. Given
the nonlinear behaviour of the modification, there is a likelihood of underestimating the stiffness at these
low velocities. Therefore, the model calculations with leg modifications were re-executed, incorporating
the assumption that smaller displacements occur at such velocities. This reconsideration leads to a
significant increase in the stiffness of the modifications. The resulting forces using the rod model with
leg modification, for both velocities, are illustrated in Figure 4.9.

(a) (b)

Figure 4.9: Normalised calculated force using rod model with leg modification for vi = 1.25 (*) (a) and vi = 0.75 (*) (b).

The figures underscore the necessity of accounting for minimal displacements at markedly low initial ve-
locities, as this has a substantial influence on the calculated impact force. This revision of the stiffness
of the leg modification elucidates that for small initial velocities, the model’s estimate of the influence
of the leg modification can deviate significantly from reality, due to its heightened sensitivity to these
input parameters. Nevertheless, it should be noted that potential discrepancies between the model and
actual scenarios may still exist. For instance, the model still seems to underestimate the impact force,
despite having made conservative assumptions. This discrepancy could be attributed to the calcula-
tions not being performed with the exact vessel mass and soil conditions. Although these parameters
were thought to be chosen conservatively, the model’s underestimation could also be due to omission
of any prevailing nonlinear behaviour of the system, in addition to other limitations of the model.

As previouslymentioned, the impact duration determined by themodel does not align with themeasured
data, a discrepancy that could be attributed to various factors or limitations within the model. One such
factor could be the exclusion of waves and their associated wave periods, which may extend the impact
interval due to vessel motions. Additionally, the actual soil stiffness could be lower than the value used in
the model, which would explain the longer measured impact duration. However, this is in contradiction
with the model’s already underestimated impact force. Underestimation of the initial velocity is another
possible factor, although the results suggest that this has a minor effect on the impact duration. Further
inconsistencies could arise from potential inaccuracies in assumptions or calculations regarding the
leg modifications, which appear to significantly affect the impact duration. The model’s inability to
account for the nonlinear behaviour of the modifications likely contributes to these issues. Moreover,
the model’s simplification of the vessel’s mass as a point mass deviates from reality, and variations in
the actual vessel mass could exert further influence. Finally, inherent model limitations, potentially from
oversimplifications or numerical errors, could also contribute to the differences in impact duration.

4.4. Concluding Remarks
This chapter detailed the validation process of the developed rod model, using data collected from
the Aeolus provided by Van Oord. The key stages in this process, including data collection, impact
identification, and model validation, were discussed in detail.

From the data analysed, one location was of particular interest due to the presence of unweathered
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bedrock and an improved signal quality. These attributes made it the most suitable location for identi-
fying impact and validating the developed rod model. The data set incorporated leg modifications, oil
pressures in the vertical cylinders of the jacking system, vessel motions from the MRU, and the leg
height. Distinguishing between oil pressure peaks caused by the jacking system and those due to im-
pact was key to identifying impact. This differentiation was based on two criteria: a substantial change
in the vessel’s motions, and similarity in behaviour and magnitude of the six oil pressures during a peak
load.

The rod model’s validation was executed through a comparison between model predictions and real-
world measurements. An essential and challenging aspect was ascertaining the initial spudcan velocity
from MRU measurements, partly due to an observed delay between the spudcan’s moment of impact
and the vessel motions measured. Therefore, two different initial velocities were compared, which
revealed an underestimation of the impact force by the model, despite conservative assumptions. Ad-
ditionally, minor alterations in initial velocity led to significant differences in calculated impact force,
which easily creates potential discrepancies with reality. Moreover, the calculated impact duration
diverged from measurements, which can be attributed to the exclusions of waves and related wave pe-
riods, model limitations, variations in vessel mass and soil properties, and difficulties in incorporating
nonlinear behaviour associated with the leg modifications.

Considering the nonlinear behaviour of the leg modification, there is a likelihood of underestimating the
stiffness at low initial spudcan velocities. Given the notably low initial velocity in the obtained scenario,
it is crucial to account for minimal leg modification displacements, as they significantly influence the
calculated impact force. The model’s sensitivity to these parameters can lead to significant deviations
from reality in estimates of the leg modification’s influence at low velocities. These conclusions, based
on a single jacking location, should be solidified with data from additional locations, when available.
Moreover, future research could benefit from incorporating the nonlinearity of the leg modification into
the model.



5
Sensitivity Study

In order to answer the research question, a sensitivity study is performed to analyse the influence of the
identified factors on the governing forces. This analysis entails adjusting the variables and assessing
their impact on the forces in the jack-up leg. Subsequently, the specific leg modification is incorporated
into the model, and the sensitivity study is repeated for two differently defined stiffnesses. By comparing
the results of this study with the previous one, the influence of the leg modification on the governing
forces and its overall performance can be assessed. Firstly, Section 5.1 outlines the methodology
of a local sensitivity analysis and establishes the range of the considered variables, followed by the
conduction of the analysis and a discussion of its results. In Section 5.2, the methodology for the
global sensitivity analysis is detailed, the results are subsequently discussed, and some concluding
remarks are presented.

5.1. One-at-a-Time Sensitivity Analysis
The One-at-a-Time sensitivity analysis (OAT), also known as local sensitivity analysis, is a common ap-
proach that is used to investigate the effect of individual input parameters on the output of the model. It
is performed by choosing a baseline for the input variables, and then changing one variable at each time
while keeping the other variables constant [61]. This analysis is executed to have a first approximation
of the influence of the identified factors on the governing forces.

The baseline for the input variables is specified in Section 3.3. The ranges for adjusting these variables,
as detailed in Table 5.1, have been carefully selected. The ranges for the vessel’s properties, specif-
ically the vessel mass and leg length, extend beyond the minimum and maximum values [62]. This
approach not only ensures comprehensive coverage, but also provides insights into the potential influ-
ence of these properties related to considering a different vessel. The normal stiffness of the seabed,
derived from geotechnical site survey data, is selected between the stiffest measured value and a sig-
nificantly lower value, which still classifies as a stiff seabed [38]. The initial velocity range is based on
velocities used in evaluating the translational damping of the leg modifications [14]. Lower velocities
are excluded, as Chapter 4 elucidated that the influence of leg modifications at these velocities can
significantly deviate from reality. This discrepancy arises from the nonlinear behaviour of the modifica-
tions and the specific maximum and minimum equivalent spring stiffnesses defined for the analyses.
The damping ratio is established in line with the modelled system’s expected oscillatory behaviour.

Table 5.1: The ranges of variables used in the sensitivity analysis.

Parameter Symbol Value range Unit
Mass vessel Mv 0.57− 1 [(*)]
Submerged leg length L 20− 50 [m]
Initial velocity vi 0.3− 1.0 [m/s]
Seabed normal stiffness ks 0.3− 1 [(*)]
Damping ratio ξs 0.1− 0.2 [−]

37
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The analysis started by generating a model output using all baseline values. Then the analysis contin-
ued by varying a single parameter while keeping the others at their baseline values. Once the variation
was assessed, the parameter was returned to its nominal value, and the process was iteratively re-
peated for all other parameters. The primary outputs of interest from the model are the calculated
impact force and the impact duration. The sensitivity to these outputs is quantified by determining the
percentage change from the initial analysis conducted with only baseline values.

The initial analysis is performed under three conditions: without leg modification, with leg modification
at minimum equivalent stiffness (keq min), and at maximum equivalent stiffness (keq max). Subse-
quently, each analysis performed within the defined variable range was individually compared with the
initial analysis of the corresponding condition, a process referred to as the ’OAT analysis for individual
comparison’. Furthermore, all analyses were compared with the initial analysis performed without leg
modification, denoted as the ’OAT analysis for global comparison’. The ’OAT analysis for individual
comparison’ offers insight into the influence of individual variables on the condition under observation,
while the ’OAT analysis for global comparison’ properly reflects the effect of the leg modifications on
the impact force. Both are relevant to this study and are presented in Appendix C.

5.1.1. Results and Discussion
The conducted sensitivity analysis indicates that the vessel mass, initial velocity, and normal soil stiff-
ness have themost significant influence on the impact force. It should be noted, however, that the range
of variables under observation also influences the interval of force change. Notably, the variation of the
vessel mass and initial velocity on the impact force shows a linear relation, while a slight nonlinearity
can be observed in the change of the soil stiffness . The affect of the vessel mass and initial velocity
on the impact force is similar across all conditions. Interestingly, the variability in soil stiffness has less
influence on the conditions with leg modifications, which is partly due to the significant reduction in the
overall impact force through these modifications. To illustrate, the graphs of the soil stiffness variation
from the ’OAT analysis for individual comparison’ are depicted in Figure 5.1.

Furthermore, the leg length exerts a relatively minor influence on the total impact force, of which the
variance can primarily attributed to the structural damping within the material. For the condition without
modification, the influence of the leg length is linear, while for conditions with modifications, it becomes
nonlinear and exerts even less influence on the overall impact force. Additionally, the damping ratio also
has relative little influence on the impact force and the effect on the different conditions is comparable.

(a) (b)

Figure 5.1: Change in impact force (a) and impact duration (b) resulting from soil normal stiffness variation: An OAT analysis
for individual comparison.

The plots for the soil stiffness in Figure 5.1 and the leg length accurately depict the relationship be-
tween the impact force and impact duration. As the impact duration increases, the total impact force
decreases, and vice versa. Furthermore, the vessel mass and damping ratio have similar influence on
the impact duration as the impact force, given that the percentage ranges on both output variables are
similar. Importantly, the initial velocity does not influence the impact duration, while the soil stiffness
significantly affects it. In conclusion, the impact duration mainly depends on the overall stiffness of the
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system, which in this scenario primarily arises from the soil stiffness, but also significantly from the axial
stiffness of the leg.

The overall performance of the leg modification is primarily derived from the ’OAT analysis for global
comparison’. These plots suggest that the inclusion of leg modifications results in an approximate 70-
75% reduction of the impact force. Although it may be debated whether this exact percentage holds in
reality, it undeniably signals a significant reduction in the impact force. Furthermore, the analysis con-
cludes that the impact duration increases by 320-370% with the inclusion of leg modifications. These
percentages are consistently reflected across all plots presented in Appendix C. The graphs that depict
the soil stiffness variation from the ’OAT analysis for global comparison’ are displayed in Figure 5.2.

(a) (b)

Figure 5.2: Change in impact force (a) and impact duration (b) resulting from soil normal stiffness variation: An OAT analysis
for global comparison.

The OAT analysis provides a first approximation of the influence of the identified factors on the govern-
ing forces and the performance of the leg modifications. However, its limitations include the inability to
reveal interactions between input parameters [61]. Therefore, a global sensitivity analysis is conducted
in the next section to provide a more detailed and complete picture of the importance of different input
parameters and their interactions [63].

5.2. Global Sensitivity Analysis
Global Sensitivity Analysis is a quantitative technique employed to ascertain the influence of input
parameters variation on a model’s output. In contrast to the OAT sensitivity analysis, this method iden-
tifies the most impactful parameters on the model’s output by varying all selected variables across their
complete range through repeated sampling. This approach provides a more comprehensive analysis,
including interaction effects, but is computationally more intensive. A widely used method for global
sensitivity analysis is the Sobol method, as incorporated in the Python library, SALib, employed in this
study [63, 64].

The Sobol sensitivity analysis is a variance-based sensitivity analysis that evaluates both the individual
and interactive effects of input parameters. This is achieved through variance decomposition, yielding
three sensitivity indices: the first-order (S1), total-order (ST), and second-order sensitivity index (S2).
The computation of these indices involves evaluating themodel over a Sobol sequence, a quasi-random
sequence that uniformly samples the parameter space [65].

The first-order sensitivity index (S1) quantifies the influence of an input parameter on the output vari-
ance, assuming all other parameters are kept constant. Contrary to the OAT analysis, which provides
insight based on local changes around a fixed baseline, the S1 index offers a global perspective by
decomposing the total output variance across the entire parameter space. Here, an S1 value of 1 indi-
cates a significant impact of the specific parameter on the model’s output, while a value near 0 suggests
minimal influence [61, 65].

The total-order sensitivity index (ST) measures the influence of a parameter on the output variance,
accounting for both its individual and interactive effects. An ST value close to 1 signifies that the
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parameter and its interactions have a substantial effect on the model’s output, while a value close
to 0 indicates minimal influence. The second-order sensitivity index (S2), provides insight into the
interactive effects of pairs of parameters, capturing the outcome of their simultaneous variation. The
S2 index is valuable in identifying non-additive interactions between parameters [61, 65].

The Sobol sensitivity analysis, while being more computationally intensive than the OAT method, pro-
vides a more comprehensive understanding of the effects and interactions of model parameters. It is
particularly useful when necessary to deal with nonlinear models [63]. Moreover, the addition of more
variables not only increases the computational demand but also tends to reduce the accuracy of the
results. To mitigate this, the global sensitivity analysis is performed for three different sets of variables,
depicted in Appendix C.2.

Specifically, ’Analysis 1: Most Influential Parameters’ (Appendix C.2.1) includes the variables that ac-
cording to the OAT analysis have the most significant influence on the impact force: the vessel mass,
the initial velocity, and the normal soil stiffness. ’Analysis 2: Parameters with the Most Uncertainty’ (Ap-
pendix C.2.2) encompasses the initial velocity and the variables associated with the highest uncertainty,
such as the normal soil stiffness and damping ratio. Finally, ’Analysis 3: Vessel-Related Parameters’
(Appendix C.2.3) considers the initial velocity and the variables pertaining to the vessel’s properties
and the site-specific conditions, including the vessel mass and leg length. This analysis elucidates
the potential influence of these vessel-related variables, offering valuable insights for considerations of
different vessel usage.

5.2.1. Results and Discussion
The results of the global sensitivity analysis are presented in Appendix C.2. Generally, the S1 and ST
sensitivity indices yield higher values than the S2 sensitivity index. This implies that variables exert
more influence individually than in pairs simultaneously. However, such information can be utilised to
evaluate the model’s performance and its ability to produce logical results. The results of the S1 and
ST sensitivity analysis for the impact force and impact duration, as derived from Analysis 1, considering
both conditions without and with leg modification at maximum keq, are depicted in Figures 5.3 and 5.4,
respectively.

(a) (b)

Figure 5.3: S1 and ST Sobol sensitivity analysis 1: Impact force without (a) and with (b) leg modification at maximum keq .

What can be observed is that the impact force significantly depends on the initial velocity, which is not
entirely unexpected, given that the initial velocity directly influences the system’s energy just before
impact. However, the considerable disparity with the other two variables is noteworthy and can be
attributed to the fact that the kinetic energy is proportional to the velocity squared. Another notable
observation is that the introduction of the leg modification substantially diminishes the influence of the
soil stiffness. Conversely, the relative influence of the vessel mass and initial velocity on the impact
force slightly increases by the implementation of the leg modification.

Compared to the other two global analyses, it also becomes clear that the initial velocity substantially
influences the impact force. Moreover, the analysis indicates that the inclusion of the leg modification
reduces the influence of the soil stiffness. While the vessel’s mass exerts a noticeable influence, its
relative change remains minor upon introduction of the leg modification. As previously concluded, the
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overall impact of the damping ratio and leg length is minimal.

(a) (b)

Figure 5.4: S1 and ST Sobol sensitivity analysis 1: Impact duration without (a) and with (b) leg modification at maximum keq .

When examining the impact duration, it is notable that the influence of vessel mass and soil stiffness
are significantly different in the conditions with and without leg modification. The soil stiffness is of great
influence for the condition without modification, and significantly less for the condition with modification,
while for the vessel mass this is exactly the opposite. Again the impact duration mainly depends on the
overall stiffness of the system, whereas in reducing this by the modification, the vessel mass becomes
relatively more important. Additionally, the initial velocity appears to exert no influence on the impact
duration in either condition.

Compared to the other two global analyses, it also becomes apparent that the soil stiffness holds the
most substantial influence on the impact duration. When the influence of the soil stiffness reduces
due to the introduction of the leg modification or remains constant, the vessel mass primarily affects
the impact duration. Additionally, the damping ratio gains more influence upon introducing the leg
modification, which is not surprising given its relation with the equivalent stiffness and the system’s
oscillatory behaviour. Similarly, the initial velocity has no effect on the impact duration, and the influence
of the leg length is minimal.

5.3. Concluding Remarks
The sensitivity study conducted to assess the influence of the identified factors on the governing forces
on a jack-up leg yielded significant insights. The analysis exposed that the most critical factors influ-
encing the impact force were the vessel mass, initial velocity, and normal soil stiffness. Variations in
these factors had linear or slight nonlinear effects on the impact force. The leg length and damping
ratio, however, had less influence on the impact force.

Interestingly, introducing the specific leg modification into the system changed the influence of the vari-
ables on the impact force and duration. Themodifications significantly reduced the affect of soil stiffness
variability on the system, contributing to a significant reduction of the overall impact force. Notably, the
introduction of leg modifications resulted in a 70-75% reduction in the impact force, signaling the signif-
icant performance of the leg modifications. Concurrently, the analysis marked a substantial increase in
the impact duration by 320-370% following these modifications. Additionally, the impact force and du-
ration are interconnected rather than separate occurrences: a shorter impact duration leads to higher
peak loads, while a longer impact duration results in a lower peak load. This relationship illustrates that
the reduction in impact force and the increase in duration are not entirely independent phenomena.

The global sensitivity analysis further emphasised these results, demonstrating that individual variables
often exert a stronger influence than simultaneous variation of variable pairs. It specifically highlighted
the strong dependence of the impact force on the initial velocity. Furthermore, the analysis underscored
the effect of the leg modification on the impact force, indicating a substantial decrease in the influence
of the soil stiffness, while slightly amplifying the relative effect of vessel mass and initial velocity on
the impact force. Additionally, by introducing the leg modification and thereby decreasing the overall
stiffness of the system, the duration of impact increases, resulting in a consequent reduction of the
impact force.
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In conclusion, the study provides a deeper understanding of how specific factors influence the governing
forces in a jack-up leg and evaluates the performance of a specific leg modification. It highlights the
significant role of the vessel mass, initial velocity, and soil stiffness in determining the impact force and
the essential performance of leg modifications.



6
Discussion

This chapter discusses the results and provides an in-depth interpretation of the findings in the context
of the overall study. The objective of this research was to identify and elucidate the main physical
phenomena that govern the forces in jack-up legs during installation on a stiff seabed. It further aimed
to understand the influence of these physical factors on the governing forces and how a specific leg
modification could influence them. This objective has led to the following research question:

What governs the forces in jack-up legs during installation on stiff seabed, and what influence do
specific leg modifications have?

This research followed a systematic approach to answer this research question, incorporating a lit-
erature study on impact mechanics, model development for axial impact forces, model validation, a
sensitivity study, and an analysis of the leg modification.

6.1. Factors that Govern the Forces in Jack-up Legs during Instal-
lation on Stiff Seabed

The key findings suggest that what governs the forces in jack-up legs during installation on a stiff seabed
depends on the energy contained within the system prior to impact and how this energy is absorbed by
the soil and structure. The primary drivers of the impact forces are the wave-induced vessel motions
that lead to horizontal and vertical spudcan velocities, which generate axial and lateral forces in the leg.
The factors that contribute to the amount of energy contained in the system include the wave height,
wave period, hull characteristics, vessel’s inertia, jacking velocity, and the leg length below the hull,
which is determined by the water depth.

Additionally, the energy absorbed by the soil and structure depends on their stiffness characteristics
and behaviour. This insight led to the conclusion that it is relevant to obtain the stress waves within the
leg and the small elastic deformations of the soil, assuming that no plastic deformations occur. This
simplified the complex soil-structure interaction process, which is not extensively covered in existing
standards, and allowed the soil behaviour to be modeled as a spring-damper system. Furthermore, it
was concluded that the minimal soil-penetration depth results in a small contact area, yielding a smaller
lateral resistance and thus a diminished horizontal force. This led to the primary conclusion that axial
forces dominate over lateral forces during impacts. Based on these insights, the simplification of the
system to a one-dimensional model was justified, as this approach yields the largest impact forces
instead of distributing the energy over multiple DOF. Therefore, a one-dimensional rod model was
developed to consider the governing forces in a jack-up leg during installation on a stiff seabed.

However, this study makes the assumption that the seabed comprises a uniform soil layer with perfectly
horizontal bathymetry. This implies that the lateral forces depend on the soil-spudcan contact area and
the corresponding lateral resistance. It is important to note that this assumption may not always hold
true in reality, especially in cases of stiff or rocky seabeds where protruding rocks can be expected.
Such conditions could result in side impacts on the jack-up legs, potentially causing significant bending
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moments on the lower guide of the jacking system. Moreover, the risk is amplified when the jack-up
vessel operates in deeper water, as the longer force arm magnifies the influence of the lateral forces,
whether they arise from lateral resistances or side impacts on the jack-up legs. In conclusion, it is of
importance to take into account the potential for lateral forces when operating in deeper water depths
or in areas where seabed protrusions are anticipated.

Building upon the discussion of lateral forces, it is important to remember the environmental loads that
the jack-up vessel is subjected to. Drawn from previous literature, it has been established that wave
loads primarily induce vessel motions, while wind and current loads mainly cause the vessel drift. This
drift is counteracted by the DP system, maintaining the vessel’s position effectively. However, when
incorporating lateral forces into the analysis, it becomes advisable to consider the effect of current loads
on the jack-up leg, especially in the presence of severe currents. Although it is anticipated that the
lateral forces from impacts are predominant, the influence of currents on the overall lateral forces and
potential corresponding deflections should not be instantly neglected. Including these wind and current
loads into the analysis contributes to a more realistic representation, however, introduces additional
computational demand and complexity. Therefore, an engineering assessment on balance between
desired accuracy and computational effort must be made.

Additionally, soil load-deformation behaviour is inherently nonlinear, which is excluded by the assump-
tion that only small elastic deformations occur. This assumption is justified by the high bearing capacity
of stiff seabeds. Although, this may not be entirely aligned with reality, it can still provide a sufficient
estimate of the soil behaviour leading to the highest forces in the jack-up legs. This has been con-
firmed by previous research indicating that simplified linear methodologies can yield conservative yet
reasonable results, particularly when considering stiff seabeds. Moreover, employing a conservative
approach can be an informed decision when using impact forces to determine the operational limits.
However, for a more realistic approach, despite the increase in computational demand and complexity,
it would be necessary to incorporate the nonlinear characteristics of the soil.

Furthermore, insights from previous research suggest that the beam and rod theory provides reliable
estimates on the leg’s structural capacity, making it a suitable choice for a simplified representation
of a jack-up leg. However, previous studies mostly use FE models to perform the structural analysis,
as these models are able to capture any nonlinearities and more complex geometries. For instance,
these models can accommodate the holes in the legs where the jacking frames are locked into. Al-
though, using FE models is beneficial, it does increase the computational demand and complexity of
the calculations. Therefore, the choice of method should be considered based on the desired level of
complexity and accuracy required for the analysis.

Importantly, when applying existingmethodologies, it is essential to be well-acquainted with the assump-
tions made and to consider the method most appropriate for the problem being analysed. A common
employed method in the industry for determining the impact force is the classical DNV approach. This
approach restricts the analysis by ignoring the contribution of heave, assumes that the seabed is indef-
initely rigid, and that all energy prior to impact is absorbed by one single leg. However, both the heave
direction and soil behaviour have been identified as significant factors when determining the impact
force during installation on a stiff seabed. Recognising these insights, an enhanced method known
as the ’improved energy method’ has been developed by the JIP. Furthermore, when the inclusion of
plastic deformations and nonlinear properties is necessary, previous research recommends employing
advanced software or numerical solutions.

6.2. Influence of Identified Factors on the Governing Forces
The influence of the identified factors on the governing forces was analysed through a sensitivity study.
The sensitivity study was conducted using the developed rod model, which had been validated using
data from the Aeolus collected by Van Oord. The key stages of this process included data collection,
impact identification, and model validation. Despite conservative assumptions, it was found that the
model underestimated the forces. Additionally, minor alterations in initial velocity resulted in significant
differences in the calculated impact force, leading to potential discrepancies with reality. Furthermore,
the calculated impact duration diverged from the measured values. This divergence can be attributed to
the exclusions of waves and related wave periods, model limitations, variations in vessel mass and soil
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properties, and difficulties in incorporating nonlinear behaviour associated with the leg modifications.
These conclusions, while drawn from a single jacking location, should be further validated with data
from additional jacking up locations as they become available.

Upon focusing on the model’s limitations, it is noteworthy that several simplifications were made. Firstly,
the vessel’s weight is represented as a point mass, effectively excluding its moment of inertia. Essen-
tially, the wave-induced vessel motions can not be accurately captured by considering only an initial
velocity. During impact, the vessel continues to be subjected to waves, potentially influencing both the
impact force and duration. Similarly, the spudcan is simplified to a point mass in the model, despite its
specific geometry that could affect the soil-spudcan interaction and the angle of impact.

Secondly, the presence of water is not accounted for in the model, which may contribute to the sys-
tem’s damping. However, it is anticipated that the influence of water is less significant then that of
material damping, and its inclusion would add to the model’s complexity and computational demands.
Furthermore, the leg-hull connection is assumed to be rigid, while in reality it is a complex interaction
mechanism influenced by the relative stiffness of the components and the leg-hull clearance. Although
the leg-hull connection can be modelled more realistically, it may not necessarily yield higher impact
forces, which is important for this study. A detailed evaluation of the load distribution on the jacking
pins could be performed using a nonlinear FE model, as suggested by previous research.

Additionally, it is assumed that impact only occurs on one leg at a time and that no plastic deformations
occur. These are considered reasonable; the first assumption yields the highest impact forces, and
the second supports the vessel’s durability across numerous jacking operations. Despite the assump-
tion of uniformity, minor variations in axial stiffness exist along the leg length in reality. Although their
influence on the impact force is assumed negligible, these variations can be incorporated by refining
the discretised numerical model for a more accurate representation. It even holds potential to simulate
various lateral forces along the leg length when desired to expand to a beammodel, effectively account-
ing for the system’s nonuniform properties. However, the model is unable to include any nonlinearities
unless it is solved in the time domain. Despite this, it can generate a final solution without iterations,
incorporating all contributions from external excitation, nonzero initial conditions, and inhomogeneous
boundary conditions.

Importantly, the sensitivity analysis performed identified the vessel mass, initial velocity, and normal
soil stiffness as the most influential factors on the impact force. It also highlights that the impact force
and duration, the key outputs, are interconnected rather than separate occurrences: shorter impact
durations lead to higher peak loads, while longer durations result in lower peak loads. Furthermore,
the initial velocity predominantly influences the impact force, whereas the overall system stiffness, par-
ticularly the normal soil stiffness in the absence of the leg modifications, dictates the impact duration.
Consequently, the sea state present primarily determines the magnitude of the impact force. The over-
all stiffness of the system can either shorten the impact duration and increase the force or lengthen
the duration and reduce the force. Therefore, in the absence of considering the leg modifications, the
sea state present and the soil stiffness predominantly influence the impact force. The vessel mass
has relatively minor but noticeable influence on the overall impact force, which suggests that changes
in vessel mass during jacking operation do not represent the most significant factor. Moreover, the
damping ratio and the leg length were not identified as highly influential factors. However, if the lateral
forces were taken into account, it is expected that the leg length could greatly influence the results by
amplifying the force arm and generating high bending moments.

6.3. Performance of Specific Leg Modification
The specific leg modification is incorporated into the model to assess its performance. Despite the
model’s inability to capture its nonlinear characteristics, the modification is incorporated by a maximum
and minimum equivalent stiffness. This approach acknowledges potential deviations from reality, but
still allows for an assessment of the leg modification’s overall performance. The obtained data revealed
that for small initial velocities the model’s estimate of the influence of the leg modification can further
deviate from reality. As a result, these smaller velocities were excluded from the sensitivity study.
Additionally, this might highlight the necessity of considering the nonlinear behaviour of the leg modifi-
cations for more realistic results. However, it is anticipated that when concerning higher impact forces,
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the nonlinearity becomes less important. Notably, the performance of the specific leg modifications
might decrease at extremely high and low initial velocities. In conclusion, to account for the nonlinear
behaviour of the leg modification, the model must be solved in the time domain.

The sensitivity analysis conducted indicated that the system’s overall stiffness influences the impact
duration, and consequently, the impact force. Incorporating the leg modification leads to a lower overall
stiffness, an increased impact duration, and thereby a decreased impact force. Specifically, an increase
in impact duration of approximately 320-370% and a reduction in impact force of approximately 70-75%.
Although it may be debated whether these exact percentages hold in reality, they undeniably signal a
significant reduction in the impact force and provide an approximate indication of the leg modification’s
performance. Additionally, the inclusion of the leg modification significantly reduced the influence of
the soil stiffness, making the vessel mass and damping ratio relatively more important.

From a broader perspective, implementing the leg modifications on the jack-up vessel not only reduces
the overall impact forces but also mitigates the sensitivity to soil stiffness variability. This reduction in
sensitivity enhances the operational versatility of the vessel, enabling it to operate in a wider range of
soil conditions. Moreover, the modifications can expand the operational limits, and thereby potentially
prevent any installation delays. Especially in scenarios where the operational advantages of using the
specific leg modifications outweigh the potential costs of delays, they can prove to be a convenient
and efficient solution. However, it is important to recognize that a comprehensive evaluation of the leg
modifications would need to consider their limitations and the logistical complications associated with
their installation and disassembly.



7
Conclusions

This chapter presents conclusions derived from the results and discussions of previous chapters. Ad-
ditionally, it provides recommendations for future research in Section 7.1, which are based on the
identified limitations of the current study and emerging questions that warrant additional investigation.
The objective of this research was to identify the main physical phenomena that govern the forces in
jack-up legs during installation on a stiff seabed, and to understand how these physical factors and a
specific leg modification could influence them.

The key findings suggest that the governing forces mainly depend on the energy contained within the
system prior to impact and how this energy is absorbed by the soil and structure. The primary drivers
of the impact forces are the wave-induced vessel motions that lead to horizontal and vertical spudcan
velocities, which generate axial and lateral forces in the leg. The factors that contribute to the amount
of energy contained in the system include the wave height, wave period, hull characteristics, vessel’s
inertia, jacking velocity, and the leg length below the hull, which is determined by the water depth.

Additionally, the energy absorbed by the soil and structure depends on their stiffness characteristics
and behaviour. This led to the primary conclusion that axial forces dominate over lateral forces dur-
ing impacts on a stiff seabed. However, a uniform seabed with a perfectly horizontal bathymetry is
assumed, which not always hold in true in reality. Protruding rocks may be expected which results in
side impacts, potentially causing significant bending moments on the lower guide of the jacking system.
Therefore, it is of importance to include the lateral forces when operating in deeper water depths or in
areas where seabed protrusions are anticipated.

The sensitivity study indicated that the vessel mass, initial velocity, and normal soil stiffness signifi-
cantly influence the impact force. Despite the simplifications, it was established that the initial velocity
predominantly influences the impact force, whereas the overall system stiffness dictates the impact du-
ration. The specific leg modification reduces the overall stiffness of the system, and thereby increases
the impact duration. As a result, the impact force was reduced by approximately 70-75%, simultane-
ously with an increased impact duration of 320-370%. Moreover, it was found that the impact force
and duration are interconnected rather than separate occurrences. Furthermore, the inclusion of the
leg modification reduces the influence of soil stiffness variability. While the vessel mass has relatively
minor influence, the damping ratio and leg length exert even less influence on the overall impact force.
However, if the lateral forces were taken into account, it is expected that the leg length could greatly
influence the results by amplifying the force arm and generating high bending moments.

The model developed in this study did not take into account the nonlinear behaviour of soil load-
deformation and leg modification characteristics. Despite this simplification, literature suggests that
the model can still provide a sufficient estimate of the stiff soil behaviour. However, a more realis-
tic representation involves incorporating these nonlinear characteristics, which inevitably elevates the
computational demand and complexity. When the inclusion of nonlinear properties becomes necessary,
previous research recommends utilising advanced software or numerical solutions. Consequently, it
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is crucial to perform an engineering assessment to balance desired accuracy against computational
demand.

7.1. Recommendations
This section provides recommendations for future research, based on findings and limitations identified
in this study. These recommendations are intended to guide the direction of subsequent research and
to maximise the scientific and practical contributions of such investigations.

• Incorporation of nonlinear characteristics of the soil: While this study assumed only small elastic
deformations, future research could consider the nonlinear characteristics of the soil for a more
realistic estimation of the forces.

• Consideration of potential seabed protrusions: This study is based on the assumption of a per-
fectly horizontal seabed bathymetry. However, the potential existence of protrusions on the
seabed, which might prevent perfect axial impacts, could be taken into account in future research.

• Incorporation of lateral forces: This study concluded that the axial forces dominate over lateral
forces during impacts on a stiff seabed. However, in the context of deeper water operations or
the potential presence of seabed protrusions, the importance of lateral forces could increase, war-
ranting further investigation. Furthermore, including current loads in the analysis would contribute
to a more realistic approach and could be considered in future research.

• Incorporation of nonlinear characteristics of the leg modifications: While the modification was
incorporated by a maximum and minimum equivalent stiffness, future research should consider
the nonlinearity of the leg modifications for a more accurate estimation of their performance.

• Utilisation of advanced software for nonlinear properties: If the incorporation of nonlinear prop-
erties becomes necessary in future research, previous studies recommend the use of advanced
software or numerical solutions.

• Utilisation of FE models for detailed analysis: If future research necessitates detailed structural
analysis, including nonlinearities, complex leg geometry, or leg-hull interactions, utilising FE mod-
els is recommended despite the increased computational complexity.

• Incorporation of wave-induced vessel motions during impact: This study only accounted for an
initial velocity, but during impact, the vessel is subjected to wave loads. Future research should
consider these wave-induced vessel motions, it would be advisable to start with regular waves.

• Incorporation of specific vessel and spudcan geometries: This study simplified the vessel’s weight
and the spudcan to point masses, effectively neglecting their moment of inertia and specific ge-
ometries. Future research should consider these factors for a more realistic representation of the
system and its interaction, which would also enable a accurate inclusion of wave-induced vessel
motions.

• Exploration of multiple jacking up locations: The analysis in this study mainly focused on a single
jacking up location. For a comprehensive understanding of the impact behaviour, future research
should consider studying multiple jacking up locations. This would not only enhance the validation
of the developed model but also provide deeper insights into real-life impacts.
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A
Jacking Up Process of Hydraulic

Jacking System

The jacking up process of the hydraulic jacking system undergoes multiple operation cycles, which can
be described through various stages. These stages are outlined in Table A.1 and visually represented
in Figure A.1.

Table A.1: Outline of the different stages of the jacking up process [66].

State
Upper Jacking
Frame

Lower Jacking
Frame

Action for Next State

Start
Top position;
pins locked

Bottom position;
pins unlocked

Upper frame travels down;
Lower frame travels up

2
Near to bottom
position

Topmost position
Upper frame travels down and slows down;
Lower frame travels down with higher speed

3
Near to bottom
position

Near to a hole
to lock in

Lower frame slows down and extends pins;
Load is transferred to lower frame

4
Pins locked Pins locked

Upper frame retracts pins;

5
Bottom position;
pins unlocked

Top position;
pins locked

Upper frame travels up;
Lower frame travels down

6 Topmost position
Near to bottom
position

Upper frame travels down with higher speed;
Lower frame travels down and slows down

7
Near to a hole
to lock in

Near to bottom
position

Upper frame slows down and extends pins;
Load is transferred to upper frame

8
Pins Locked Pins Locked

Lower frame retracts pins

9
Top position;
pins locked

Bottom position;
pins unlocked
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Figure A.1: The different stages of the jacking up process [66].



B
Calculations of the Rod Model

The analytical calculations of the rod model are presented here in detail. The equation of motion of the
defined system in the form of the wave equation is given as follows:

ρA
∂2u(z, t)

∂t2
− ÊA

∂2u(z, t)

∂z2
= 0 (B.1)

Further elaboration of the equation of motion gives the following:

∂2u(z, t)

∂t2
− c2

∂2u(z, t)

∂z2
− c2ξc

∂3u(z, t)

∂z2∂t
= 0 (B.2)

The boundary conditions are defined as:

EA
∂u(0, t)

∂z
+ EAξc

∂2u(0, t)

∂z∂t
= Mv

∂2u(0, t)

∂t2
(B.3)

EA
∂u(L, t)

∂z
+ EAξc

∂2u(L, t)

∂z∂t
= −Msp

∂2u(L, t)

∂t2
− cs

∂u(L, t)

∂t
− ksu(L, t) (B.4)

And the initial conditions:
u(z, 0) = 0 (B.5)
∂u(z, 0)

dt
= vi (B.6)

B.1. Laplace Domain
The equation of motion in the Laplace domain is represented as:

s2ũ(z, s)− c2 (1 + ξcs) ũ
′′(z, s) = −c2ξcu

′′
0(z) + su0(z) + v0(z) (B.7)

Subsequently, the boundary condition at z = 0 gives:

EA (1 + ξcs) ũ
′(0, s)−Mvs

2ũ(0, s) = EAξcu
′
0 −Mvsu0 −Mvv0 (B.8)

While the boundary condition at z = L yields:

EA (1 + ξcs) ũ
′(L, s) +

(
Msps

2 + css+ ks
)
ũ(L, s) = EAξcu

′
0 +Mspsu0 +Mspv0 (B.9)

Satisfying the initial conditions simplifies the problem to the following expressions:
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s2ũ(z, s)− c2 (1 + ξcs) ũ
′′(z, s) = vi (B.10)

EA (1 + ξcs) ũ
′(0, s)−Mvs

2ũ(0, s) = −Mvvi (B.11)

EA (1 + ξcs) ũ
′(L, s) +

(
Msps

2 + css+ ks
)
ũ(L, s) = Mspvi (B.12)

The initial problem is now defined as an ODE in the Laplace domain and still depends on the z−position
along the rod. An expression for ũ(z, s) must be found which can later be numerically converted to
the time domain by the inverse Laplace transform. The solution for ũ(z, s) can be obtained either
analytically or numerically.

B.1.1. Analytical Solution
Since the equation of motion is nonhomogeneous, its general solution ũg(z, s) consists of the sum of
the homogeneous solution ũh(z, s) and the particular solution ũp(z, s) [49].

ũg(z, s) = ũh(z, s) + ũp(z, s) (B.13)

The homogeneous equation can be given by

ũ′′
h(z, s)−

s2

c2 (1 + ξcs)
ũh(z, s) = 0 (B.14)

which represents the free vibration of the system in the absence of external forces. In other words, it
describes the subsequent vibrations that occur after an initial disturbance. The solution of the homo-
geneous equation is given as follows:

ũh(z, s) = C1e
−βz + C2e

βz (B.15)

The first and second derivative are given in Equation B.16 and B.17, respectively.

ũ′
h(z, s) = −C1βe

−βz + C2βe
βz (B.16)

ũ′′
h(z, s) = C1β

2e−βz + C2β
2eβz (B.17)

Substituting the above equations into the homogeneous equation results into an expression for β:

β =
s

c
√
1 + ξcs

(B.18)

The particular solution exists as long as the forcing function is present [49]. Therefore, the general
solution can be expressed as follows:

ũg(z, s) = C1e
−βz + C2e

βz +
vi
s2

(B.19)

The constants C1 and C2 can be found by substituting the solution of the homogeneous equation into
the boundary conditions.

B.1.2. Numerical Solution by the Finite Difference Method
Solving an ODE using the central FDM consists of the following steps [54, 55]:

1. Discretise the spatial domain into N+1 points
2. Fulfilling the equation at a finite set of discrete points
3. Substituting derivatives with finite differences
4. Formulate a recursive algorithm
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Step 1: The spatial domain [0, N ] is represented by a finite number of N + 1 points along the rod,
denoted as zn:

zn = n∆z where n = 0, 1, 2, ..., N (B.20)
Here, ∆z = L/N represents the spacing between consecutive points.

Step 2: The equation of motion is discretised for a finite set of discrete points:

s2ũ (zn, s)− c2 (1 + ξcs) ũ
′′ (zn, s) = vi (B.21)

Step 3: The first order derivative of central differences is given by

u′(zn) =
un+1 − un−1

2∆z
, (B.22)

and the second order derivative by

u′′(zn) =
un+1 − 2un + un−1

∆z2
. (B.23)

Substituting these expressions into the equation of motion gives the following discrete system:

s2ũn − c2 (1 + ξcs)
ũn+1 − 2ũn + ũn−1

∆z2
= vi (B.24)

Applying the central finite differences to the boundary condition at z = 0 generates the following equa-
tion:

EA (1 + ξcs)
ũ1 − ũ−1

2∆z
−Mvs

2ũ0 = −Mvvi, (B.25)

For the boundary condition at z = L, the resultant equation is as follows:

EA (1 + ξcs)
ũN+1 − ũN−1

2∆z
+
(
Msps

2 + css+ ks
)
ũN = Mspvi (B.26)

The ghost points can be derived by using the boundary conditions:

ũ−1 =
2∆z

EA (1 + ξcs)

(
Mvvi −Mvs

2ũ0
)
+ ũ1 (B.27)

ũN+1 =
2∆z

EA (1 + ξcs)

(
Mspvi −

(
Msps

2 + css+ ks
)
ũN

)
+ ũN−1 (B.28)

Step 4: Formulate recursive algorithm for n = 0:

s2ũ0 − c2 (1 + ξcs)
2ũ1 − 2ũ0

∆z2
+

2c2

EA∆z
Mvs

2ũ0 = vi

(
1 +

2c2

EA∆z
Mv

)
(B.29)

For n = 1, . . . , N − 1:

s2ũn − c2 (1 + ξcs)
ũn+1 − 2ũn + ũn−1

∆z2
= vi (B.30)

For n = N :

s2ũN − c2 (1 + ξcs)
2ũN−1 − 2ũN

∆z2
+

2c2

EA∆z

(
Msps

2 + css+ ks
)
ũN = vi

(
1 +

2c2

EA∆z
Msp

)
(B.31)

In matrix form, this gives the result shown on the next page:
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Au = B (B.32)

s2 + 2c2(1+ξcs)
∆z2 + 2c2

EA∆zMvs
2 −2c2(1+ξcs)

∆z2 0 0 0 0
−c2(1+ξcs)

∆z2 s2 + 2c2(1+ξcs)
∆z2

−c2(1+ξcs)
∆z2 . . . 0 0 0

...
. . .

...
0 0 0 . . . −c2(1+ξcs)

∆z2 s2 + 2c2(1+ξcs)
∆z2

−c2(1+ξcs)
∆z2

0 0 0 0 −2c2(1+ξcs)
∆z2 s2 + 2c2(1+ξcs)

∆z2 + 2c2

EA∆z (Msps
2 + css+ ks)




u0

u1

...
uN−1

uN



=



vi

(
1 + 2c2

EA∆zMv

)
vi
...
vi

vi

(
1 + 2c2

EA∆zMsp

)


(B.33)
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B.2. Verification of Rod Model
The observed problem, defined as an ODE in the Laplace domain, is solved for ũ(z, s) analytically and
numerically. This is done with the aim of verifying the numerical solution derived by the FDM against
a simpler calculation. The system is solved for various frequencies, with a small chosen value of σ to
ensure the convergence of the Laplace integral. Displacements determined from both the analytical
and numerical solution are plotted against these frequencies, as depicted in Figure B.1.

(a) (b)

Figure B.1: The absolute value of ũ(z, s) at z = 0 and z = L: Comparison of results from the FDM (a) and the analytical
solution (b).

Comparing the graphs, it becomes noticeable that both solutions yield similar results, with the exception
of lower frequencies in the analytical solution. This can be explained by observing the general solution
in Equation B.19, which becomes increasingly high for lower frequencies. Especially, when the problem
is observed for a small value of σ, the particular solution increases significantly for small frequencies,
and consequently s. To analyse the effect of this event on the stress distribution in the time domain,
the stress is determined and shown in Figure B.2.

(a) (b)

Figure B.2: The stress distribution σ at z = 0 and z = L: Comparison of results from the FDM (a) and the analytical solution
(b).

The figures demonstrate similar results, with minor differences primarily observed in the initial part of
the simulation. The simulation starts at the first contact moment, where the rod’s kinetic energy is at
its maximum. Due to contact, the kinetic energy is gradually converted to potential energy, leading to
an increase in stresses until the kinetic energy is fully transformed. At this point, the rod stops and the
stresses within the rod reach their maximum. Subsequently, the kinetic energy begins to rise again
until the stresses diminish and reach zero, signifying the disconnection of the rod from the seabed and
the end of the simulation.



C
Sensitivity Analysis

C.1. Plots One-at-a-Time Sensitivity Analysis
C.1.1. OAT Analysis for Individual Comparison

(a) (b)

Figure C.1: Change in impact force (a) and impact duration (b) resulting from vessel mass variation: Comparison of three
conditions - without leg modification, and with leg modification for minimum and maximum keq .

(a) (b)

Figure C.2: Change in impact force (a) and impact duration (b) resulting from initial velocity variation: Comparison of three
conditions - without leg modification, and with leg modification for minimum and maximum keq .
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(a) (b)

Figure C.3: Change in impact force (a) and impact duration (b) resulting from leg length variation: Comparison of three
conditions - without leg modification, and with leg modification for minimum and maximum keq .

(a) (b)

Figure C.4: Change in impact force (a) and impact duration (b) resulting from damping ratio variation: Comparison of three
conditions - without leg modification, and with leg modification for minimum and maximum keq .

(a) (b)

Figure C.5: Change in impact force (a) and impact duration (b) resulting from soil normal stiffness variation: Comparison of
three conditions - without leg modification, and with leg modification for minimum and maximum keq .
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C.1.2. OAT Analysis for Global Comparison

(a) (b)

Figure C.6: Change in impact force (a) and impact duration (b) resulting from vessel mass variation: Comparison of three
conditions - without leg modification, and with leg modification for minimum and maximum keq .

(a) (b)

Figure C.7: Change in impact force (a) and impact duration (b) resulting from initial velocity variation: Comparison of three
conditions - without leg modification, and with leg modification for minimum and maximum keq .

(a) (b)

Figure C.8: Change in impact force (a) and impact duration (b) resulting from leg length variation: Comparison of three
conditions - without leg modification, and with leg modification for minimum and maximum keq .
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(a) (b)

Figure C.9: Change in impact force (a) and impact duration (b) resulting from damping ratio variation: Comparison of three
conditions - without leg modification, and with leg modification for minimum and maximum keq .

(a) (b)

Figure C.10: Change in impact force (a) and impact duration (b) resulting from soil normal stiffness variation: Comparison of
three conditions - without leg modification, and with leg modification for minimum and maximum keq .

C.2. Plots Global Sensitivity Analysis
C.2.1. Analysis 1: Most Influential Parameters
Impact Force

(a) (b)

Figure C.11: S1 and ST sobol sensitivity analysis (a), and S2 sobol sensitivity analysis (b) for impact force without leg
modification.
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(a) (b)

Figure C.12: S1 and ST sobol sensitivity analysis (a), and S2 sobol sensitivity analysis (b) for impact force with leg
modification, maximum keq .

(a) (b)

Figure C.13: S1 and ST sobol sensitivity analysis (a), and S2 sobol sensitivity analysis (b) for impact force with leg
modification, minimum keq .

Impact Duration

(a) (b)

Figure C.14: S1 and ST sobol sensitivity analysis (a), and S2 sobol sensitivity analysis (b) for impact duration without leg
modification.
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(a) (b)

Figure C.15: S1 and ST sobol sensitivity analysis (a), and S2 sobol sensitivity analysis (b) for impact duration with leg
modification, maximum keq .

(a) (b)

Figure C.16: S1 and ST sobol sensitivity analysis (a), and S2 sobol sensitivity analysis (b) for impact duration with leg
modification, minimum keq .

C.2.2. Analysis 2: Parameters with the Most Uncertainty
Impact Force

(a) (b)

Figure C.17: S1 and ST sobol sensitivity analysis (a), and S2 sobol sensitivity analysis (b) for impact force without leg
modification.
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(a) (b)

Figure C.18: S1 and ST sobol sensitivity analysis (a), and S2 sobol sensitivity analysis (b) for impact force with leg
modification, maximum keq .

(a) (b)

Figure C.19: S1 and ST sobol sensitivity analysis (a), and S2 sobol sensitivity analysis (b) for impact force with leg
modification, minimum keq .

Impact Duration

(a) (b)

Figure C.20: S1 and ST sobol sensitivity analysis (a), and S2 sobol sensitivity analysis (b) for impact duration without leg
modification.
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(a) (b)

Figure C.21: S1 and ST sobol sensitivity analysis (a), and S2 sobol sensitivity analysis (b) for impact duration with leg
modification, maximum keq .

(a) (b)

Figure C.22: S1 and ST sobol sensitivity analysis (a), and S2 sobol sensitivity analysis (b) for impact duration with leg
modification, minimum keq .

C.2.3. Analysis 3: Vessel-Related Parameters
Impact Force

(a) (b)

Figure C.23: S1 and ST sobol sensitivity analysis (a), and S2 sobol sensitivity analysis (b) for impact force without leg
modification.
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(a) (b)

Figure C.24: S1 and ST sobol sensitivity analysis (a), and S2 sobol sensitivity analysis (b) for impact force with leg
modification, maximum keq .

(a) (b)

Figure C.25: S1 and ST sobol sensitivity analysis (a), and S2 sobol sensitivity analysis (b) for impact force with leg
modification, minimum keq .

Impact Duration

(a) (b)

Figure C.26: S1 and ST sobol sensitivity analysis (a), and S2 sobol sensitivity analysis (b) for impact duration without leg
modification.
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(a) (b)

Figure C.27: S1 and ST sobol sensitivity analysis (a), and S2 sobol sensitivity analysis (b) for impact duration with leg
modification, maximum keq .

(a) (b)

Figure C.28: S1 and ST sobol sensitivity analysis (a), and S2 sobol sensitivity analysis (b) for impact duration with leg
modification, minimum keq .
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