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Abstract

The offshore wind market has become a substantially growing industry to meet the worldwide increas-
ing energy demands. This results in heavier crane operations on offshore jack-up vessels due to the
increasing size of wind turbine components. To ensure the seabed can support the loads on the jack-up
legs, a temporary foundation for the leg’s footings is established before crane operations through a pro-
cess known as preloading. Where the two diagonal opposing leg pairs are loaded alternatively by the
weight of the vessel until a stable condition is reached. Traditionally, the capacity of those foundations
is determined based on storm loads adopted from offshore oil and gas jack-up guidelines.

The main objective of this thesis is to develop a robust method for analysing the applied preload in
past jack-up crane operations conducted by Jan de Nul’s Vole au vent. This analysis aims to provide
a better understanding of the effectiveness of traditional offshore jack-up guidelines within the rapidly
growing offshore wind industry, where heavy crane operations are now performed on a daily basis.
Such understanding is crucial, as these guidelines were not originally intended for the advanced state
of the current offshore wind sector and are not specifically calibrated for its unique demands.

To accomplish this objective, a method is designed to assess the preload safety factors of past jacking
operations and determine their optimal value for heavy lifting operations. This safety factor provides
the ratio between operational leg reactions and applied preload. The developed models are then ap-
plied to a case study using measuring data from jacking operations of the Vole au vent to validate their
effectiveness.
This method is based on reliability analyses which evaluate the probability of failure by assessing if a
certain limit state is exceeded. Failure for jacking operations can occur when the leg reactions during
crane operations become larger than the applied preload. From the acquired measuring data, certain
probability distributions of the leg reactions can be obtained, which are used by a Monte Carlo Simula-
tion to assess the probability of preload exceedance through the defined limit states. This probability
of preload exceedance quantifies the reliability of the applied preload in different soil types at three
offshore wind farm sites.
This research then defines optimal targets for the annual probability of preload exceedance based on
the consequences of failure of operations in both low-risk and high-risk soil profiles. These targets
provide a balance between operational efficiency and safety. From those targets, an optimal preload
safety factor is obtained and compared to what was originally applied during the jack-up operations.

The findings of this thesis indicate the need to evaluate and improve the standards to better align with
the industry’s evolving requirements.
It is shown that the currently used preload safety factor from traditional offshore jack-up guidelines is
not yet correctly calibrated for heavy crane operations on jack-up vessels. To achieve an optimal bal-
ance between operational efficiency and safety, the applied preload, with respect to the experienced
loads from heavy crane operations, should be slightly lowered compared to what is currently applied.
In addition, this research observed that the measured conditions during jack-up operations are not cor-
rectly estimated, leading to operational and preload uncertainties.
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1
Introduction

The offshore wind market has become a substantially growing industry to meet the worldwide increas-
ing energy demands. This has resulted in the development of offshore wind technologies, leading to
an evolution in offshore wind turbine sizes [4]. Increasing wind turbine sizes will result in heavier tur-
bine components, which are generally installed by jack-up vessels for bottom-founded wind turbines.
These installation vessels can jack themselves up to elevate their hull above the waterline and install
the turbine components in a stabilised position. By doing so, the entire weight of the vessel and tur-
bine components, operational loading, and metocean loading converge in the jack-up legs, which are
stabilised on the seafloor by their footings (spudcans). These spudcans create the required support for
the operations by preloading the jack-up legs in advance. Currently, industry standards for foundation
capacity are based on the loads from a fifty-year storm event [35] [27], despite the fact that daily occur-
ring operational loads may soon match or exceed these due to increasing turbine component weight.
Jan De Nul is a leading contractor in the offshore wind installation market with two jack-up vessels in
its fleet: Vole au vent and Voltaire. This research aims to provide insights into the preload assessment
methods used for Jan De Nul’s Vole au vent by evaluating their reliability. To enhance the safety and
efficiency of future jack-up operations.

Problem statement and research goals
Current offshore jack-up guidelines primarily base their foundation assessment on environmental storm
loading, which originates from the offshore oil and gas industry, where jack-up platforms do not have
large crane loads. The offshore wind installation jack-ups on the other hand experience much larger
crane loads due to the installation of wind turbine components, which will only increase in size in the
coming years. These operational loads also take place on a daily basis making them much more prob-
able than storm loads.
In addition, current methods to obtain preload capacity are based on a deterministic approach described
by ISO 19905-1. It deals with engineering and operational uncertainties and risks by applying partial
safety factors to the estimated loads and spudcan resistance. These methods are not yet calibrated for
the offshore wind industry, indicating a need for evaluation and potential improvement as the industry
evolves. Methods to determine the response or resistance of a system are already greatly described
in the literature for other engineering categories, such as structural engineering. The use of such relia-
bility methods could therefore also be useful to offshore foundation engineering.
By knowing whether or not the reliability of the applied preload safety factor is consistent, future op-
erational procedures and engineering methods could be further optimised, leading to a more reliable
and more efficient method of installing offshore wind turbines. An overestimated preload safety factor
might cause the preload operation to take more time and cause more strain on the jacking system then
needed, which reduces the lifespan of critical components.
The main objective of this research is to develop a robust method for analysing the preload conser-
vatism of past jack-up operations conducted by the vessel Vole au vent. This method will assess
preload safety factors and determine their optimal value for heavy lifting operations. The developed
models will be applied to a case study using measuring data from previous jacking operations of the
Vole au vent to validate their effectiveness.

1
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Research questions
To accomplish the research goal, the following research questions are proposed. Which are supported
by sub-questions in order to help answer them.

Research question 1: How can a framework be developed to assess preload conservatism of past
offshore wind jack-up vessel lifting operations?

• How do the estimated leg reactions compare to the observed leg reactions during past operations,
specifically at maximum preload and maximum operational load?

• How can the probability of preload failure be evaluated in relation to operational loads, considering
both estimated and applied preload values?

• What is an acceptable threshold for the annual probability of preload exceedance in offshore wind
jack-up vessel operations?

Research question 2: What is the optimal preload safety factor relative to the acceptable annual prob-
ability of preload exceedance?

• How does the determined optimal safety factor compare to values applied in previous operations?

Significance and contribution
Practical
Current offshore wind jack-up standards do not explicitly specify how large crane operations should be
considered in the preload assessments. While in reality, this is becoming a more prevalent load case.
This research aims to provide Jan De Nul with deeper insights into how current industry safety factors
affect the reliability of their jack-up crane operations. As a result, they may adjust certain operational
practices or refine specific theoretical models, leading to safer and more efficient methods for installing
offshore wind turbines.

Scientific
This research will combine two fields not frequently integrated in the literature. Namely, offshore wind
jack-up engineering and mathematical reliability methods.

Societal and environmental
This research could lead to a better understanding of the quickly growing offshore wind industry. Re-
sulting in an optimal balance between a safer offshore work environment and efficient installation of
renewable energy, ultimately benefiting society. Additionally, the installation of offshore wind turbines
contributes to a more sustainable planet by reducing the need for facilities that emit greenhouse gases.

Ethical
This research might increase the standards of safety and reliability for jack-up operations, which is the
ethical obligation of engineers who design and plan such operations.

Legal
There is currently a gap between what the offshore jack-up standard was intended for, and where
it is currently used for. This research could lead to a legal review of these standards to ensure that
they are adequate for current applications, mitigating potential issues as the industry continues to grow.

Thesis outline
The outline of this thesis is established to answer the research questions chronologically. First, the
already known information is provided; this includes a summary of the literature review in chapter 2
and the background information of the assessed case study in chapter 3. Continuing on the acquired
information, a detailed description of the research framework is also discussed in chapter 3. Hereafter,
the methods used to answer the first part of the research questions are provided in chapter 4. The
second research question is answered through the approach from chapter 5. The developed framework
is then tested on the provided case study; of which the obtained results are described in chapter 6. The
thesis is finalized by concluding the answers to the research questions and providing recommendations
for future research in chapter 7.
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Literature review

This chapter outlines the literature used for this research. At first, the preloading procedure is ex-
plained in section 2.1. Hereafter, the foundation integrity assessment as established in ISO 19905-1
is presented in section 2.2. Next, section 2.3 covers the fundamentals of reliability analysis methods,
followed by the description of a method to obtain reliability targets in section 2.4.
This literature review provides a summarized version of the original literature study that preceded this
research. The concepts presented in this chapter serve as a theoretical foundation for the rest of the
research.

2.1. Preload procedure
To install wind turbine components in a stabilized position, jack-up vessels elevate their entire hull above
the waterline with their jacking legs. As a result the weight of the jack-up vessel and the loads created
by crane operations and environmental conditions will converge in these jack-up legs. To ensure the
seabed can support the loads on the jack-up legs, a foundation for the leg’s footings is established be-
fore crane operations through a process known as preloading. This section describes the preloading
procedure and the main risks such as punch-through.

2.1.1. Preload phases
After the transit stage, the vessel arrives at the location where a dynamic positioning system keeps
the vessel stationary while the jacking legs are lowered [12]. When the legs are lowered and slightly
penetrating the seabed the preloading operation is carried out. The goal of this operation is to install
the leg footings or spudcans by vertically loading the soil beneath each jack-up leg. This is done by
extending the legs and pushing them further into the soil under the vessel’s weight. By doing so, the
soil will get compressed which makes it stronger, until an equilibrium between the applied load and
resistance of the soil is obtained [37]. Ensuring sufficient foundation capacity when maximum load is
applied.

Preloading operations are carried out with the hull elevated at the lowest practicable airgap, or
with the hull partially buoyant when there is a risk of rapid leg settlement. Jack-up vessels with four
legs typically achieve foundation preload by carrying the entire vessel weight alternatively on the two
diagonal opposing leg pairs, until a stable condition is reached [32]. If vessel weight is not enough,
ballast water is pumped into the ballast tanks.
A preload cycle generally exists of a leg extension phase where the load increases, followed by a
holding phase with no further leg extension where the soil settles over time which slightly lowers the
leg load, as can be seen in figure 2.1 [14]. Additional load cycles might be executed to ensure that
each leg can withstand the preload without excessive leg settlement. This process is then repeated for
the other leg pair, while the load distribution between the four legs is continuous. The preload process
is completed by actively loading both leg pairs. It is common that not all legs have equal penetration,

3



2.1. Preload procedure 4

this is due to different soil conditions and structural asymmetry [9].

Figure 2.1: Leg load and penetration during different preloading cycles [32]

2.1.2. Punch-through
During preloading the soil beneath the spudcan is compressed until the bearing capacity of the soil is
able to resist the preload. When preloading in layered soil, where a strong soil layer overlays a weaker
soil layer, the compressed stronger soil might get pushed into the softer layer beneath it. When this hap-
pens, the bearing capacity of the soil, which has been built up until that point, all of a sudden drastically
reduces [17]. This so-called punch-through of the soil will result in rapid uncontrolled leg penetration,
which can lead to the buckling of the other leg from the active leg pair as shown in figure 2.2 [17]. This
effect should not be confused with rapid footing settlement, which is allowed to happen. Punch-through
is extremely costly, and unsafe and might even lead to total loss of the jack-up vessel [14] [15].

Figure 2.2: Punch-through failure on sand overlaying clay [17]

To intervene before punch-through occurs, the bearing capacity for each spudcan is carefully ob-
served for different penetration depths during preloading [9]. Other additional mitigation techniques
are used when the risk of punch-through is identified in the site specific assessment. These include
preloading at the lowest practicable airgap and ’Swiss Cheesing’ where holes are drilled through the
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critical soil layer to decrease the soil strength before preloading, leading to a more controlled penetra-
tion[14].

2.1.3. Conclusion
The foundation of jack-up legs is established by preloading the soil underneath their spudcans. Pro-
viding the required resistance to safely execute heavy lifting operations. Preloading is a process of
carrying the entire vessel weight alternatively on the two diagonal opposing leg pairs, until a stable con-
dition is reached. A preloading cycle is characterized by two phases: a leg extension phase, followed
by a holding phase. Additional preload cycles might be needed to ensure that each leg can withstand
the preload without excessive leg settlement.
The literature summarized in this section is used to understand the preload cycles and phases from the
obtained measuring data of the leg reactions. It also provides an explanation of the main risks involved
with jacking operations, which helps to assess failure targets later on in the research.

2.2. Foundation integrity assessment
Before each jack-up operation at a specific site, it should be assessed if the operation can be executed
without failure to the selected limit states. For jack-up operations, the ultimate limit states are usually
only required to be checked during extreme conditions. The International Organization of Standardiza-
tion has set this extreme condition for mobile jack-up vessels to be the occurrence of a fifty-year storm
on the specific site [27]. All information in section 2.2 will therefore be obtained from ISO 19905-1:
Site-specific assessment of mobile offshore units [27], unless specified otherwise.
This section will first provide a general formulation and requirement for the utilization in section 2.2.1.
The extreme storm assessment should be conducted by checking the applicability of the jack-up vessel
for several criteria including: structural strength of legs, spudcan, and holding system, hull elevation, leg
length reserve, overturning stability, foundation integrity, interaction with adjacent infrastructure, and
temperature. Since the integrity of the foundation is central to the site specific assessment and this
research, only the foundation integrity checks will be covered in this literature review in section 2.2.2.

2.2.1. General formulation
Generally, as long as the resistance is larger than the loads certain criteria won’t fail. To account for
operational uncertainties and measuring and modelling inaccuracies, the assessment checks make
use of partial safety factors. In this method, the partial load factors are applied to the individual loads
and not to the effect of the combined loads. The partial resistance factors are applied to the foundation
capacity or structural strength. Individual loads are for instance loads due to weight, crane operations,
and static and dynamic metocean actions, which lead to the load effects at the footings. Resistance
factors are applied to the bearing capacity of the soil at the spudcan tip created by preloading.

For each assessment criteria, a utilization U should be calculated which satisfies the requirement as
seen in equation (2.1). For assessments where the loads can be expressed with a single response, the
utilization can generally be obtained by equation (2.2). For assessments where the resistance is given
by an interaction surface, for example the yield surface for foundations, the utilization can generally be
calculated with equation (2.3).

U ≤ 1.0 (2.1)

U =
effect due to factored loads

factored resistance
(2.2)

U =
length of the vector from a specified origin to the load effects

length of the vector from the same origin to the factored interaction surface
(2.3)
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2.2.2. Foundation integrity check
The foundation integrity assessment is composed of multiple checks, as seen in figure 2.3. Starting with
the preload and windward leg checks as they are the most conservative. When a check is approved,
the foundation is accepted; when a check is not approved, the following check should be performed
which increases in complexity but reduces conservatism. The displacement check is the last check
where it is accepted that the foundation will fail but it must do so within an acceptable limit. If the last
check is not approved, the foundation is not acceptable and the jack-up operation can not be executed.
The assessment load case will always refer to the load effect from the factored loads.

Figure 2.3: Foundation acceptance checks approach

Yield interaction
The foundation integrity checks are based on the concept of yield interaction; which is discussed here
shortly before moving on to the checks.
During preloading the soil below the spudcan will deform plastically and harden the foundation until
bearing capacity and preload are in equilibrium. After preloading, the soil will unload elastically, cre-
ating a certain stiffness for the foundation [8]. As long as the stresses in the soil remain within their
elastic boundaries during the operation, the foundation won’t fail; these stress boundaries can be pre-
sented in a yield surface. Soil stresses are not only in vertical direction but from horizontal loads and
moments as well [40]. When loads with different directions take place simultaneously, for example
during a storm, the stress boundaries in each direction are reached much quicker. A yield surface as
presented in figure 2.4, takes account of the stress boundaries. Which depend on spudcan geometry
and soil properties with maximum moment, vertical, and horizontal capacities [28].
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Figure 2.4: Loading yield surface [28] Figure 2.5: Yield surface without sustaining moment [27]

Foundation models for spudcans are generally described by a pinned support [27], which can’t
sustain moment. The yield surface for spudcans can therefore be described as a two dimensional
vertical-horizontal foundation capacity envelope as seen in figure 2.5. This capacity envelope is de-
scribed by equation (2.4) where QV is the gross ultimate bearing capacity established by preloading
and FH and FV the horizontal and vertical spudcan reactions in response to the assessment load ac-
tions [36]. The horizontal bearing capacity QHs should be determined for each soil type and account
for horizontal sliding.
If the yield formula equals zero or less than zero, then the force combination lies inside the yield sur-
face; if it is larger than zero, the force combination lies outside the yield surface and the foundation
will plastically fail to these loads. In this equation, a is the penetration depth factor as described in
equation (2.5), if the limit of a goes to zero for very shallow penetrations then the yield equation can be
described by equation (2.6).

(
FH

QHs

)2

− 16(1− a)

(
FV

QV

)2 (
1− FV

QV

)2

− 4a

(
FV

QV

)(
1− FV

QV

)
= 0 (2.4)

a = D/2.5B (for D < 2.5B)
a = 1.0 (for D ≥ 2.5B)

(2.5)

(
FH

QHs

)
− 4

(
FV

QV

)(
1− FV

QV

)
= 0 (2.6)

Preload check and windward leg check
Firstly, the ultimate bearing capacity for the vertical loading of the leeward leg is assessed in terms of
the preload check for a pinned foundation. This check should only be applied when the horizontal force
on the leeward leg spudcan FH is no greater than the limiting horizontal capacity FH1 for a certain soil
type and embedment. This limiting horizontal capacity is derived from the intersection between the un-
factored vertical-horizontal bearing capacity envelope and conservatively adjusted as seen in table 2.1,
where QV net can be determined with equation (2.7).

For a pinned support the maximum gross vertical force FV acting on the soil beneath the spudcan
due to the assessment load case should comply with the limits presented in equation (2.8) for a spud-
can with no backfill and equation (2.9) for a spudcan with backfill. The gross vertical force includes the
weight of the backflow and infill during WBF,o and after WBF,A preloading and the soil buoyancy of the
spudcan BS below the bearing area. In these limit checks, VLo represents the vertical preload force
and γR,PRE the preload resistance factor which is equal to 1.10 as stated by [27].

QV net = su ·Nc · π
B2

4
(2.7)
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FV ≤ VLo

γR,PRE
−BS (with no backfill) (2.8)

FV ≤ VLo

γR,PRE
+WBF,o −BS (with backfill) (2.9)

Table 2.1: Limiting horizontal capacity from [27]

Soil type Embedment FH1

Sand Partial
(
0.1− 0.07 (B/Bmax)

2
)
QV net

Sand Full 0.03QV net

Clay Any 0.03QV net

Secondly, when the horizontal force on the windward leg spudcan FH is no greater than FH1 the
windward leg check should be applied. In this check, the sliding stability of the windward leg is as-
sessed by ensuring that the gross vertical reaction force FV can be safely supported by the ultimate
bearing capacity QV as presented in equation (2.10). For sand foundations with an effective friction
angle smaller than 25°, the sliding check from the next section should be used.

FV >

(
1− 1

γR,PRE

)
QV (2.10)

Foundation capacity and sliding check
The foundation capacity check assesses the situation where a reduction in the ultimate vertical bearing
capacity occurs, when it is simultaneously subjected to vertical loads, horizontal loads, and moments.
For pinned foundations, the moment is ignored and the check makes use of the factored vertical-
horizontal foundation capacity envelope.
To obtain the factored capacity envelope the unfactored vertical-horizontal capacity envelope is scaled
by dividing its coordinates by the resistance factor γR,V H from the point of zero net reaction which
shrinks the envelope towards its scaling origin as seen in figure 2.6 from surface 1 towards 2. The
point of zero net reaction is determined as in equation (2.11) and the resistance factor γR,V H is equal
to 1.10 [27].
The application of the factored capacity envelope is presented in equation (2.12), each spudcan founda-
tion should satisfy this capacity check in order to be labelled as satisfactory. Meaning that the assess-
ment reaction forces from factored actions fit within the factored capacity envelope. In this equation,
(FH , FV ) is the environmental response point determined from factored loads and (FH , FV )ORG is the
origin used for establishing the utilization obtained as in equation (2.13). QV H,f is the point where the
vector from (FH , FV )ORG through (FH , FV ) intersects the factored vertical-horizontal capacity surface.

FH = 0

FV = WBF,o −BS

(2.11)

| (FH , FV )− (FH , FV )ORG | ≤ |QV H,f − (FH , FV )ORG | (2.12)

H = 0

V = 0.5
QV

γR,V H

(2.13)
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Figure 2.6: Factored vertical-horizontal capacity envelope in sand from [27]

When the foundation capacity is checked, the spudcan foundation should also be assessed on
its sliding stability; since the factored sliding surface could potentially lie within the factored vertical-
horizontal bearing capacity envelope. Although performing this check only for the windward leg could
be sufficient, it is recommended to assess all legs and load cases.
The foundation sliding check makes use of the same utilization check as for the capacity check, see
equation (2.12). Where (FH , FV ) and (FH , FV )ORG are the same coordinates as in the capacity check
but QV H,f is obtained differently.
In this case, QV H,f is the point where the originating vector intersects the factored sliding capacity sur-
face, this surface is obtained by dividing the horizontal coordinates of the foundation sliding capacity
QHs by the resistance factor for horizontal foundation capacity γR,Hfc. The sliding capacity surface
should be obtained depending on the soil type, with γR,Hfc equal to 1.25 for sand and 1.56 for clay [27].
The scaling of the sliding capacity surface is presented in figure 2.6 from surface 3 to 4.

Displacement check
When the foundation capacity established by preloading is exceeded during certain operations, it re-
sults in vertical settlements of the spudcans. Which can often lead to additional foundation capacity
through the expansion of the yield interaction surface, if the risk of punch-through does not exist. To
assess if these settlements still result in safe operation conditions, a displacement check should be
carried out. Which is the last assessment check to evaluate if the foundation is acceptable.
This check can be accomplished by identifying for which preload penetration depth the vertical-horizontal
yield surface, as described in the foundation capacity check, results in a factored yield surface that ex-
ceeds the response loads on the spudcans. This additional spudcan penetration should be obtained
from the predicted load-penetration curve as presented in figure 2.7. If this additional penetration is
significant, the effects on the spudcan foundation and entire structure should be iterated; to establish
if these consequences result in acceptable values of all previous utilization checks. A displacement
check might also be needed if the foundation capacity or sliding capacity of a windward leg with pinned
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foundations is not satisfied.
Consideration should be given to the operational limitations of the jack-up vessel when assessing the
displacement check.

Figure 2.7: Spudcan bearing capacity versus leg penetration from [19]

2.2.3. Conclusion
The integrity of the jack-up vessel foundation should be assessed before each jack-up operation. This
can be done by means of a utilization check which generally defines that the factored loads due to
the relevant extreme limit state should be smaller than the factored resistance, which is established by
preloading. Based on this general formulation, a foundation integrity assessment is composed, con-
sisting of multiple checks. Each check has increasing complexity and decreasing conservatism. For
assessments where the bearing capacity of the spudcans can not be determined the preload check
must be satisfied in order to have an acceptable foundation.
The methods described in this literature section are used later on in this research to formulate a correct
limit state function for preload failure.

2.3. Reliability analysis
Engineering problems often involve risk and uncertainties, which can lead to difficult decision making.
For jack-up operations, these uncertainties can be derived from two main categories, namely loads and
foundation response [41]. Load uncertainties can be linked to each load type, and can occur due to
insufficient record data, mixing of different measuring approaches, and inaccuracies of the load transfer
model [2]. For foundation response predictions, an analytical model is typically used. This model ac-
counts for uncertainties arising from incomplete knowledge about the seafloor beneath the foundation
and the soil’s engineering properties. It also incorporates potential errors in the response and installa-
tion of the foundation [6].

To account for these uncertainties in engineering assessments, two approaches are commonly
used: a deterministic approach or a stochastic approach [20]. Deterministic approaches predict the re-
sponse of the systemwithout randomness and deal with uncertainties by applying safety factors. These
methods can over-design or even under-design the system and should therefore only be used when
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randomness or uncertainties are small [5]. Both outcomes are not favourable since over-designing is
costly and requires more time, while under-designing can result in failure of the system [3]. Although
uncertainties in offshore environments are relatively high, the foundation assessment of jack-up ves-
sels is traditionally performed with a deterministic approach as described in section 2.2 [27].
For scenarios with a relatively high level of uncertainty, a stochastic approach is more favourable since
it improves the reliability of the design. A stochastic approach compares the statistical properties of
the system’s input and response to create a comprehensive analysis based on probability, leading to
a robust system. In addition, it can also identify which areas could be further optimized [5].

Stochastic approaches treat the likelihood of a given event’s occurrence and quantify uncertain ac-
tions of random events by making use of probabilistic approaches. In these approaches, the probability
of certain actions can be represented by a probability density function (PDF), which describes the rel-
ative frequency of certain realizations for random variables [5].
Probabilities can be obtained for certain parameters of actions and their responses for a certain limit
state. A reliability analysis then deals with the calculation and prediction of violations from these limit
states during the deployment of the structure. The response or resistance to the loads is considered
satisfactory when the probability of the limit state violation is within an acceptable degree of certainty.
Once the probability of failure is determined, alternative designs can be made in order to improve reli-
ability and minimize the risk of failure [5].
This section will address how data records can be described in a probabilistic manner in section 2.3.1
and will describe a few reliability methods to obtain a probability of failure for the assessed problem in
section 2.3.2.

2.3.1. Probabilistic description
From a data record, a histogram can be drawn with certain intervals and fitted with a matching curve
to derive the probability density function. The probability of two or more random events occurring si-
multaneously can be represented by a joint probability density function, which can be expressed as
in equation (2.14) for the random independent variables X and Y where x and y are the values that
respective random variables can have[5].

fXY (x, y) = fX(x)fY (y) (2.14)

PDF’s can be described by a couple of parameters. The mean or weighted average of the PDF is
given by equation (2.15), which represents the distance from the origin to the centre of the PDF and
can be referred to as the first moment. The expected mean value of a function g(x) of the value of
a random variable x can be calculated by equation (2.16) [5]. The second moment or variance of X
measures the spread of the data around the mean and can be obtained by equation (2.17). Variability
of a random variable is generally given by the standard deviation, described as in equation (2.18). By
normalizing the standard deviation as in equation (2.19) the Coefficient of Variation COV δX is obtained,
which shows the relative amount of randomness or uncertainty of a variable [5]. By combining the mean
value and the standard deviation or COV, the covariance σXY can be obtained, which can be used to
describe a linear association between two random variables X and Y. The covariance can be determined
from equation (2.20), and a non-dimensional correlation coefficient between the two random variables
can be calculated from equation (2.21). The closer the correlation coefficient is to 1 or -1, the more
linear correlation exists between the two random variables [5]. Another way of describing the probability
distribution is by a cumulative distribution function (CDF) FX(x), which is equal to the probability that
X is less than or equal to x as seen in equation (2.22) [5].

µX = E(X) =

∫ ∞

−∞
x · fX(x) dx (2.15)

E[g(X)] =

∫ ∞

−∞
g(x) · fX(x) dx (2.16)

V (X) = E[(X − µX)2] = E(X2)− µ2
X (2.17)

σX =
√
V (X) (2.18)
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δX =
σX

µX
(2.19)

σXY = Cov(X,Y ) = E[(X − µX)(Y − µY )] (2.20)

ρXY =
σXY

σXσY
(2.21)

FX(x) =

∫ x

−∞
fX(S) dS (2.22)

Probability distributions
The right selection of the probability distribution function is crucial for further reliability analysis. To
model the design parameters or random variables of the assessed problem, several types of standard-
ized probability distributions are used; which all depend on the nature of the problem [5]. This section
will describe the Gaussian or normal distribution and the lognormal distribution.

The Gaussian or normal distribution is often used for material or soil properties and normal dis-
tributed loads, and is given by equation (2.23) for distributions with zero skew, which means the distri-
bution is symmetrical. As seen in figure 2.8 the Gaussian distribution is symmetric with respect to the
mean [5].

fX(x) =
1

σX

√
2π

exp

[
−1

2

(
x− µX

σX

)2
]

(2.23)

Figure 2.8: Example of a Normal Density Function

The lognormal distribution is typically found in descriptions of failure, failure rates, and phenomena
with a large range of data, such as loading variables. Its probability density function can be described
by equation (2.24) in terms of Y which follows a normal distribution and since Y = lnX it can also be
described as in equation (2.25) in terms of X which follows a lognormal distribution as presented in
figure 2.9. In these equations, the standard deviation and mean of Y can be determined with equa-
tion (2.26) and equation (2.27) respectively [5].

fY (y) =
1√

2πσY

exp

[
−1

2

(
y − µY

σY

)2
]
, −∞ < y < ∞ (2.24)

fX(x) =
1√

2πxσY

exp

[
−1

2

(
lnx− µY

σY

)2
]
, 0 ≤ x < ∞ (2.25)

σ2
Y = ln

[(
σX

µX

)2

+ 1

]
(2.26)
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µY = lnµX − 1

2
σ2
Y (2.27)

Figure 2.9: Example of a Lognormal Density Function [5]

2.3.2. Reliability methods
A reliability analysis will evaluate the probability of a failure by assessing if a certain limit state is ex-
ceeded. The limit state g(·) can generally be described as the difference between the resistance of
the system R and the loading on the system S as described in equation (2.28). For each limit state
a reliability index β can be obtained as in equation (2.29), which indicates the mean margin of safety
from the failure surface. The failure surface, also known as the limit state surface, is the surface or
line where the limit state function is equal to zero. If the resistance and loading are uncorrelated, the
correlation coefficient ρRS becomes zero and the equation of the reliability index can be simplified [5].
When the limit state function is smaller than zero, the system fails. The probability of failure is marked
in figure 2.10 and can be obtained by equation (2.30). The probability density function of the limit state
function fg(g) has the same distribution as R and S if they both have the same type of distribution and
are independent, and can be described as in section 2.3.1 [5].
Another way of describing reliability is by a safety factor F as seen in equation (2.31), failure will occur
if F is equal to one. The reliability index for each safety factor is given as in equation (2.32) [5].

g(X) = R(X)− S(X) (2.28)

β =
µg

σg
=

µR − µS√
σ2
R + σ2

S − 2ρRSσRσS

(2.29)

Pf = P [g(·) < 0] =

∫ 0

−∞
fg(g) dg (2.30)

F =
R

S
(2.31)

β =
µF − 1

σF
(2.32)
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Figure 2.10: Probability Density for Limit state g(.) [5]

Solving the integration of the probability of failure for a system with multiple random variables with
different distributions can become very complex. Therefore, the rest of this section will provide different
methods to describe and solve limit state functions to obtain their reliability index and simplify the
integration process of the probability of failure.

First-Order Second Moment
The first-order second moment (FOSM) method simplifies the complexities of the probability of failure
calculation and expresses inputs and outputs as the mean and standard deviation. The limit state func-
tion is represented as the first-order Taylor series expansion at the mean value point, which makes it a
linear function. At the mean, the linearized limit state function can be written as g̃(X). The mean value
of this approximated limit state function is equal to the original limit state function at the mean of the
input variables as described by equation (2.33), its standard deviation by equation (2.34) and therefore
the FOSM reliability index as in equation (2.35) [5]. The probability of failure can then be obtained from
equation (2.36).
If the limit state function is linear, the reliability index from equation (2.35) is the same as in equa-
tion (2.29) [5]. If the limit state function is non-linear, the approximated limit state function can be
obtained by linearizing the original limit state function at the mean value point, as described by the
FOSM method.
Although the FOSM method changes the original complex problem into a simple problem it leads to
inaccurate estimates for functions with a high nonlinearity and is not consistent for different expres-
sions of the same problem [5]. Nevertheless, it can serve as a simple check for independent normal
distributed linear problems of which the limit state distribution is known.

µg̃ ≈ E [g (µX)] = g (µX) (2.33)

σg̃ =
√
V ar[g̃(X)] =

√
[∇g(µX)T ]

2
V ar(X) =

[
n∑

i=1

(
∂g(µX)

∂xi

)2

σ2
xi

]1
2

(2.34)

β =
µg̃

σg̃
(2.35)

Pf = 1− Φ(β) (2.36)
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Monte Carlo Simulation
Reliability methods such as the FOSM method approximate a solution of the reliability index and there-
fore the probability of failure of a certain engineering problem. To be certain about the accuracy of its
outcome it should be validated based on as many experiments as possible. Such validation can be
done by sampling methods, which conduct simulations from a generated sampling set from the distri-
butions of the random variables. The probability of failure or win/loss ratio of a sampling method is then
accepted as the truth and compared to the probability of failure from the reliability method to validate
the accuracy of the reliability index. One such sampling method is called the Monte Carlo Simulation,
which is further explained in this section [5].

The Monte Carlo Simulation (MCS) is a simple random sampling method that makes realizations
based on randomly generated sampling sets for uncertain variables. Firstly, a distribution type for each
random variable is obtained and a PDF is determined. From this PDF a sampling set is then generated
for the corresponding random variables.
Themost common generationmethod is the inverse transformmethod which can graphically be summa-
rized in figure 2.11. This method makes use of a random number generator, which generates uniform
random numbers νi between zero and one. This number can then be situated on the corresponding
uniform CDF since the numerical value of the CDF has an interval between zero and one as well. This
uniform CDF value can be used as a CDF value of the target distribution. Finally, the random sample
number xi of the target PDF can be obtained by equation (2.37), which makes use of the inverse CDF
F−1
X (.) [5].

FX(xi) = νi or xi = F−1
X (νi) (2.37)

Figure 2.11: Inverse transform method for exponential distribution [5]

Hereafter, the limit state function of the system needs to be modelled to assess the failure of the
drawn samples. If the limit state function is violated, the system has failed for the corresponding sam-
ple, this trial is then repeated many times to guarantee the convergence of the statistical results. The
probability of failure after N trials is given as in equation (2.38) where Nf is the number of trials for
which the limit state function was violated [5].

Pf =
Nf

N
(2.38)
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2.3.3. Conclusion
Probabilistic approaches to engineering problems might result in more reliable and efficient designs
since they deal with system uncertainties by quantifying them in terms of a probability of failure. The
system can then be designed in order to meet a specific target probability of failure.
Such a system or engineering problem can be described by a limit state function which generally com-
pares the resistance of the system with the applied loads. Acquired data records for each component
of the limit state function can be summarised into a histogram, from which the distribution type and
probabilistic parameters can be determined. Each histogram can then be matched by a correspond-
ing probability density function in order to solve the reliability of the system. Solving such reliability
problems can be done through simple methods such as FOSM or by more accurate sampling methods
such as Monte Carlo Sampling. These methods ultimately provide a probability of failure of the system,
where failure is defined as the factored loads being higher than the factored resistances.
The provided methods in this section of the literature review are used later in this research to describe
probability distributions of certain assessed parameters and solve limit state functions with a Monte
Carlo Simulation to obtain the probability of failure of the assessed system.

2.4. Target reliability
Reliability can be a useful decision parameter for the safety assessment of a structure. Requirements
for reliability can be derived from multiple socioeconomic aspects and categorized into consequence
classes. To ensure a sufficient safety level the design should comply with the required reliability needed
for the severity of the consequences in case of a failure [34]. This section will provide amethod to obtain
the required reliability-based consequence classes in section 2.4.1 and respective probability of failure
targets in section 2.4.2.

2.4.1. Consequence of failure
Reliability based engineering approaches will try to search for an optimal probability of failure of the
system, where optimal means reliable enough without over-designing. Therefore, the probability of
failure of a structure designed with reliability methods will not be equal to zero. The amount of allowed
probability of failure depends on the consequences of the respective failure. If failure of a structure
has very little consequences or can easily be undone it can be designed less conservatively than a
structure where failure would be catastrophic.
Consequences of failure can be divided into multiple categories such as: economic loss, human fatali-
ties and injuries, environmental damage, loss of structure, and political impact. Models for estimating
human fatalities usually consist of the quantification of the people at risk and the probability that an
exposed person to the failure may actually be killed or injured [11]. A system of consequence classes
for structures has been created by the International Organization of Standardization as a rule of thumb,
which describes each class with its expected consequences when failure happens, as seen in table 2.2.

For each class, an appropriate failure analysis method should be used, increasing in robustness
and detail with increasing consequence class. The necessary analysis for each class is summarized
below [11].

• Class 1: No specific considerations.
• Class 2: Simplified analyses based on idealized load and structural performance models.
• Class 3: Identification of scenarios leading to structural collapse. Reliability analyses addressing
direct and indirect consequences should be used as a basis for simplifications.

• Class 4: Extensive study and analyses of scenarios leading to structural collapse involving ex-
perts on all relevant subject matters. Detailed assessments using dynamic and non-linear struc-
tural analyses addressing direct and indirect consequences.

• Class 5: Same as class 4 with the addition of an external expert panel for quality control.
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Table 2.2: Consequence classes from [11]

Consequences
class Description of expected consequences Examples of structures

Class 1
• Predominantly insignificant material
damages.

Low-rise buildings where
only few people are present,
minor wind turbines, stables,
etc.

Class 2

• Material damages and functionality
losses of significance for owners and
operators but with little or no societal
impact.

• Damages to the qualities of the en-
vironment of an order which can be
restored completely in a matter of
weeks. Expected number of fatali-
ties fewer than five.

Smaller buildings and indus-
trial facilities, minor bridges,
major wind turbines, smaller
or unmanned offshore facili-
ties, etc.

Class 3

• Material losses and functionality
losses of societal significance, caus-
ing regional disruptions and delays
in important societal services over
several weeks.

• Damages to the qualities of the envi-
ronment limited to the surroundings
of the failure event and which can be
restored in a matter of weeks. Ex-
pected number of fatalities is fewer
than fifty.

Most residential buildings,
typical bridges and tunnels,
typical offshore facilities,
larger or hazardous indus-
trial facilities

Class 4

• Disastrous events causing severe
losses of societal services and dis-
ruptions and delays at a national
scale over periods in the order of
months.

• Significant damages to the qualities
of the environment contained at a
national scale but spreading signif-
icantly beyond the surroundings of
the failure event and which can only
be partly restored in a matter of
months. Expected number of fatali-
ties fewer than 500.

High-rise buildings, grand-
stands, major bridges and
tunnels, dikes, dams, smaller
offshore facilities, pipelines,
refineries, chemical plants,
etc.

Class 5

• Catastrophic events causing losses
of societal services and disruptions
and delays at national and global
scale over periods in the order of
years.

• Significant damages to the qualities
of the environment of global scale
and which cannot be restored. Ex-
pected number of fatalities larger
than 500.

Buildings of national signif-
icance, major containments
and storages of toxic materi-
als, major offshore facilities,
major dams and dikes, etc.
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2.4.2. Target probability of failure
The consequence of failure for each consequence class should be reflected by the appropriate target
reliability level; which is expressed as the reliability index β or annual probability of failure and can be
obtained from equation (2.39) [5]. In this equation the probability of failure for a single event Pf,event

can be obtained from reliability methods as discussed in section 2.3.2.

Pf,annual = 1− (1− Pf,event)
events/year (2.39)

Different approaches already exist for establishing target reliability; this section will provide amethod
based on monetary optimization, which has been formulated by the International Organization of Stan-
dardization [11].
For each structural consequence class from section 2.4.1, a target annual probability of failure is given
depending on the relative cost of the risk reduction measure; as seen in table 2.3. This cost is relative
to the initial construction of the structure and reflects the required effort to reduce the probability of
failure [33]. The values presented in this table can be validated by other standards as well [10] [34] but
are only indicative for economic optimization and may not be acceptable for life safety risks.

Table 2.3: Tentative target reliabilities based on monetary optimization from [11]

Relative cost of Consequences of failure (classes from table 2.2)
safety measure Class 2 Class 3 Class 4

Large β = 3.1
(
Pf ≈ 10−3

)
β = 3.3

(
Pf ≈ 5× 10−4

)
β = 3.7

(
Pf ≈ 10−4

)
Medium β = 3.7

(
Pf ≈ 10−4

)
β = 4.2

(
Pf ≈ 10−5

)
β = 4.4

(
Pf ≈ 5× 10−6

)
Small β = 4.2

(
Pf ≈ 10−5

)
β = 4.4

(
Pf ≈ 5× 10−6

)
β = 4.7

(
Pf ≈ 10−6

)

2.4.3. Conclusion
Specific reliability targets for structures can be determined based on the severity of the consequences
in case of a failure and the relative cost of measurements to decrease the probability of failure. These
cost-based reliability targets are generally expressed in terms of the annual probability of failure.
Based on the established consequence classes in this literature section, an annual target probability
of failure for jack-up vessel preload failure will be determined later in the research.



3
Case and research framework

A research framework is composed based on the available data and observed literature to answer the
research questions and sub-questions. The available data serves as the basis of this research and is
therefore discussed first in section 3.1. This section provides the general background for the site spe-
cific assessments of jacking operations and describes three different offshore wind farm sites, including
the soil conditions at these sites. To complete the necessary data for the case study, Jan De Nul also
provided measuring data and jacking logs of the performed jacking operations at these sites.
After the background of the research is provided, the research framework to answer the research ques-
tions is laid out in section 3.2. The research framework, by large, consists of: data processing, reliability
study, and preload safety factor optimisation. For each of these research parts, different models are
created. By applying the data from the case study to the designed models and analysing the results,
an answer to the research questions is formulated.

3.1. Case study background
For this research, Jan De Nul has provided the necessary jacking operations data to develop a working
framework around it. To make the case study sufficiently diverse, three different offshore wind farm
sites are assessed. The installed wind turbines by Jan De Nul at each wind farm were deployed by the
vessel Vole au vent.
Vole au vent is a jack-up vessel with a design displacement of 30000 tons and can store the compo-
nents of four wind turbines on deck. These components include the wind turbine tower, nacelle and
hub, and rotor blades. To lift and install these components, the vessel is equipped with a large cargo
crane that can lift up to 1500 tons at a small radius. Before the lifting operation can be conducted, the
vessel is jacked out of the water by the jacking system to provide stable lifting conditions. The jacking
system of the Vole au vent consists of four tubular legs with rectangular spudcans, each of which is
operated by two movable hydraulic jacking rings for continuous jacking operation [39].
Spudcans are upside-down cone-shaped structures attached to the bottom of the legs. Its function is to
spread the load acting on the legs onto the soil in order to prevent the jack-up vessel from penetrating
too deep into the seabed[21].

Site Specific Assessment
Prior to the planning of the jacking operations, a site specific assessment (SSA) is conducted based
on ISO 19905-1 and preloading procedures. These SSA’s contain the results of the load assessments,
the preload assessments, and all necessary weight and site-specific data; the most important ones are
listed on the next page [14]. For all metocean data, the fifty-year extremes are included, and the area of
interest for all surveys is approximately one km2 around the location of operation [13] [29]. The SSA’s
of the three sites were also provided by Jan De Nul.
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• site plan with location coordinates
• tidal range and storm surge
• wind and wave, and current data
• bathymetric survey
• seabed surface survey
• geotechnical investigation
Each operation with a jack-up vessel is unique in the loads that act on the structure. It is therefore

a major part of the assessment to have an analytical model of the jack-up structure, which estimates
the forces and displacements in response to these applied loads [7]. This load assessment is carried
out with USFOS software, of which the results are provided in the SSA’s.
The considered loading conditions are storm survival and heavy lifting operations. For storm survival,
the maximum seasonal metocean conditions occurring in a fifty-year time frame are considered. Dur-
ing storm survival, no operations take place, and the airgap between the hull of the vessel and the
waterline is lowered [18].
The focus of this research is on heavy-lifting operations. Where the load assessment considers both
operational environmental loads and the loads caused by lifting and installing the heaviest wind turbine
component; which is usually the tower. When a component is lifted by the crane, its weight is amplified
due to dynamic forces [23]. If it is then moved by the crane, the centre of gravity of the vessel will
shift, resulting in an unequal distribution of the loads over the legs. The load assessment analyses the
point in the lifting operation where the maximum leg reaction occurs in one of the legs at the spudcans.
This analysis is conducted for both the heavy hull condition and the light hull condition, which have
respectively four and one wind turbines on the vessel.

After the maximum operational leg loads are obtained, a preload assessment is conducted. This
assessment provides the amount of preload necessary to obtain a foundation which can resist the ap-
plied loads.
The preload assessment in the SSA’s starts by categorising each wind turbine location based on their
soil profiles; since this is the most determining factor for similar spudcan penetration response. These
categories might differ for each site. For each soil category, a load penetration analysis is then under-
taken; which defines the spudcan penetration, foundation bearing capacity envelope and foundation
stiffnesses for the specified loading conditions based on their respective optimised preload.

Finally, for each loading condition at each soil category, the required preload at the spudcan has
been optimised by maximising the preload and foundation bearing capacity checks based on ISO
19905-1, as discussed in section 2.2. By excluding the buoyant leg and spudcan weight from the
optimised preload at the spudcan, the optimised preload at the hull level is obtained [26].

Measurements
In addition to the SSA’s of the three sites, all sorts of measurement data obtained during the jacking
operation at each individual location were provided by Jan De Nul as well. These measurements in-
clude the complete time span of the jacking and lifting operations, which is different for each location.
They generally start just before the onset of lowering the jacking legs up until the jacking legs are
fully retracted again. Measurements include: the load on each leg measured at the jacking system,
leg extension, six degrees of freedom of the vessel, draught of the vessel at fore and aft, wind speeds
measured at different locations on the main crane, slewing angle of the crane, boom angle of the crane,
and hook load on the crane which are all measured every 5 seconds.
The leg reactions are obtained by measuring the pressure in the hydraulic jacking system, which is
created in response to the applied loads. The measured pressure is then converted to tons and saved
in a database.
This data is provided in the form of a CSV-file for each jacking location. At none of the locations a storm
was present, so only operational loads were measured.
Also, the jacking logs at each location were made available. In these logs, the leg loads at hull level,
leg extensions, and leg penetrations of each leg are noted by a crew member at certain key phases
during the upjacking of the vessel. As well as the vessel weight based on the observed hull draft.
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Danish Kriegers Flak

The first site is located at the Danish Kriegers
Flak (DKF) wind farm, located 15-40 kilome-
tres offshore in the Baltic Sea, as presented
in figure 3.1. Where a total of 72 Siemens
Gamesa 8.4 MW bottom-fixed wind turbines
have been installed by Jan De Nul [31]. Of
which 22 locations have a risk category 1, 8
locations have a risk category 2 or 3 and 42
locations have a risk category 3. Based on
the SSA, the foundation risk categories for
DKF represent the following foundation risks.

• Category 1: general caution
• Category 2: possible leg penetration
• Category 3: possible punch-through
and/or rapid leg penetration

Figure 3.1: Map showing Kriegers Flak offshore wind farm [1]

Overall, Kriegers Flak presents complex and challenging ground conditions for jacking operations,
but shallow water depths ranging between 17 and 31 meters, and mild environmental conditions.
The total weight of one Siemens Gamesa 8.4 MW bottom-fixed wind turbine is equal to 907 ton, of
which four can be carried by the Vole Au vent simultaneously. The heaviest component of the turbine
is the tower, which weighs 465.3 ton [16].

Saint Nazaire

The Saint Nazaire offshore wind farm is the
second site. Located in the Bay of Biscay
off the West coast of France, as shown in fig-
ure 3.2, and contains 80 GE Haliade bottom-
fixed wind turbines with a capacity of 6 MW
[25]. The seabed at this site is mainly made
out of outcropping rock which makes it difficult
to jack up on. Therefore, 75 locations have
been pre-cut by a cutter dredger to create a
two meter deep gravel bed, which improves
the jacking conditions. The other 5 locations
comprise of dense sand over clay. Hence no
seabed preparation was needed here. Based
on these seabed conditions, two foundation
risk categories are established. Themaximum
water depth at this site is 25 meters.

• Pre-cut seabed: general caution
• Channel deposits: severe punch-
through risk

Figure 3.2: Map showing Saint Nazaire offshore wind farm [1]
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Vesterhav

The third site is the Vesterhav Nord and Syd
offshore wind farm in the Danish waters of the
North Sea, as seen in figure 3.3. Consisting
of 41 Siemens Gamesa 8.4 MW bottom-fixed
wind turbines [31], which can be divided into
two main categories of similar geology along
with 5 individual locations with more complex
soil conditions. Category 1 consists of 27 loca-
tions which are dominated by medium dense
to dense sands. Category 2 has 9 locations
which are dominated by medium dense sands
and medium stiff to stiff clay layers. Five in-
dividual locations with dense to very dense
sand overlying soft to stiff clay layers in cate-
gory 3. Based on the SSA, the foundation risk
categories for Vesterhav represent the follow-
ing foundation risks. At Vesterhav, the water
depth ranges between 20 and 26.6 meters.

• Category 1: general caution
• Category 2: general caution
• Category 3: possible punch-through
and/or rapid leg penetration

Figure 3.3: Map showing Vesterhav Nord and Syd offshore
wind farm [1]

The installed Siemens Gamesa 8.4 MW bottom-fixed wind turbines are the same as at the Danish
Kriegers Flak, with the same weight specifications.

3.2. Research framework
This section provides an overview of the research framework used to answer the research questions.
The research framework is designed around the available data from the case study as explained in
section 3.1. Each individual part of the research framework is discussed further in detail in chapter 4
and chapter 5, appendix B provides an additional research into the elevated hull weight.

At first, some preparations need to be made. The parameters of interest are gathered from all the
available measuring data, including the time series of the four leg reactions, crane load, and crane
slewing angle. These leg reactions are then refined by an exponential moving average to reduce the
noise in the measurements. The crane load and crane slewing angle are later on used to identify cer-
tain operational phases in the data. Since not all locations have qualitative measurements, the data is
filtered as well; excluding operations where not all necessary data was correctly measured or saved.
Hereafter, the maximum leg reactions are obtained during the preloading phase and operational phase.
At last, based on the soil risk profiles as identified in the SSA, each location is categorized as a low or
high risk location. The data processing is further explained in section 4.1.

In order to answer the first research sub-question the actual leg reactions from the data process-
ing are compared to the estimated leg reactions from the SSA’s in section 4.2. Here, the probability
distributions of two ratios are obtained for the jacking locations at both risk categories of each site.
Namely, measured maximum operational leg reaction versus estimated maximum operational leg re-
action and measured preload versus prescribed preload. These distributions are obtained in the form
of a histogram from which a lognormal probability density function can be obtained. These distributions
represent the preload uncertainty and operational uncertainty.
Additionally, a third distribution is obtained for both risk profiles of each site, the measured maximum
operational leg reaction versus measured preload.
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The second research sub-question is answered in section 4.2 as well. To assess the reliability of a
system by its probability of failure, a certain limit state function should be determined, which describes
the failure of the respective system. This is done for both the estimated and actual operational condi-
tions, based on the foundation integrity checks of ISO 19905-1. To obtain a result for the probability
of failure of the system, a Monte Carlo Simulation is used. Which samples values from the obtained
probability distributions and inserts them into the defined limit states. Resulting in an annual probability
of failure, with failure referring to preload exceedance in this case.

Themethods to answer the third research sub-question and second research question are explained
in chapter 5. An optimal target for the annual preload exceedance is here obtained from methods de-
scribed in the literature and in agreement with Jan De Nul. Section 5.2 outlines the method used to
determine the ideal preload safety factor for each risk category, for the theoretical values that aim to
achieve the desired actual applied preload safety factor.

An overview of the research framework is presented in figure 3.4, which also includes some ad-
ditional findings as output. These findings are out of the scope of this research but give interesting
insights into why estimated and measured leg reactions are so different. These findings are included
in appendix B.

Figure 3.4: Research flowchart



4
Reliability study

This chapter begins by describing the methods used to process the acquired data in section 4.1. The
data processing is carried out in several steps. First, time series data of measured leg reactions, crane
loads, and crane slewing angles from past offshore jacking operations are gathered. Hereafter, the
time series of leg reactions are refined and any faulty measurements are filtered out. From the cleaned
time series, the maximum leg reactions during preloading and heavy lifting operations are identified. In
parallel, the same leg reaction parameters are also retrieved from the site specific assessments. Both
the actual and estimated values are then categorised based on soil risk profiles.
This processed data serves as a basis for the subsequent reliability study, which aims to answer the
first and second research sub-questions. Section 4.2 discusses the methods used to define parameter
distributions, identify failure through a limit state function, and sampling of random values using a Monte
Carlo Simulation to calculate the annual probability of preload exceedance for the given scenarios.

4.1. Data processing
For each individual location where a jacking operation was conducted, a datasheet is provided with
time series of all sorts of measured parameters. Over the three offshore wind farm sites from the case
study, a total of 192 jacking operations were measured, each with their respective datasheet. Since the
amount of measuring data is too large to manually go over each operation, a series of Python scripts
are developed to extract the useful data. This section will explain how the data is processed to obtain
a reliable output for the actual leg reactions.

4.1.1. Data gathering, refining and filtering
Gathering
As discussed in section 3.1, the provided data includes the time series of many different parameters.
Most of which are not of interest to this research. Therefore, all useful data is first gathered from each
individual data sheet and placed together in a single file.
The extracted data includes the four leg reactions measured at hull level as seen in figure 4.1, which
shows an example of the leg reactions of the first part of an operation. From the literature described in
section 2.1, multiple phases can be marked in the time series of the leg reactions.
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These different phases are also indicated in figure 4.1 and can be explained as follows:

• A: the vessel is being positioned
• B: the legs are extended until contact with the soil
• C: the first diagonal leg pair is preloaded in multiple cycles
• D: the second diagonal leg pair is preloaded in multiple cycles
• E: both leg pairs are actively loaded, completing the preload phase
• F: operation phase, where multiple crane operations will install the wind turbine components

Figure 4.1: Example of measured leg reactions at hull level

To help identify certain operational phases in the leg reactions, the crane load and crane slewing an-
gle are obtained from the data as well. In theory, the crane load provides enough information to identify
when a lifting operation took place. But, during some operations the crane load was not measured or
not of sufficient quality but, the crane slewing angle was, and vice versa. Therefore, the crane slewing
angle was also extracted, which is the horizontal rotation of the crane.

Refining
These leg reactions are then refined to reduce the noise in the measurements and the impact of an
individual outlying value, which makes the method more robust. To average out the leg reaction mea-
surements, an exponential moving average (EMA) is applied; which is one of many different smoothing
techniques for time series. The EMA method was chosen because it perfectly suits the job of refining
many different large time series, as well as its simplicity. At each point in the time series, the EMA
takes the weighted average of the previous N measurements with more weight on the values closer to
the current point. Where N is the window length of the EMA. An EMA of length 10 will, for example,
calculate the exponential average of the past 10 measurements, including the current one. A general
formulation to define the EMA is presented in equation (4.1), although a built-in Python function is used
to do this. In this equation, EMAt represents the exponential moving average at time t where Xt is
the value of the original time series at time t. The smoothing factor α determines how much weight is
given to the most recent data point versus the previous EMA at the previous time step EMAt−1 [30].

EMAt = α ·Xt + (1− α) · EMAt−1

α =
2

N + 1

(4.1)
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The effect of different EMA lengths is shown in figure 4.2, where a 500-second sample of a leg
reaction is taken around its maximum preload and shown in blue. The sample is taken from the mea-
surements of leg 1 in phase C, from data point 1050 till 1150 in figure 4.1, shown in purple. Three
different EMA’s are shown in figure 4.2: EMA of length 12 in purple, EMA of length 24 in green, and
EMA of length 36 in orange; which is equal to a length of 1, 2 and 3 minutes respectively.
For the leg reactions, an EMA of length 24 is used to refine their time series; which is equal to the time
it takes for one preload sub-cycle as marked in figure 4.2 by the dotted lines. The difference in the
maximum value between the original sample and its 24 EMA is in this case less than a percent. There-
fore the refined data represents the actual data very well but without the risk of an individual outlying
measurement compromising the analysis.
All following parts of the research use the refined 24 EMA leg reaction time series, instead of the origi-
nal measurements.

Figure 4.2: Leg reaction EMA’s of length 12, 24 and 36

Filtering
Once the needed data is gathered and refined, it is filtered to exclude jacking operations with bad or
inaccurate data; which could otherwise compromise the analysis as well. Badmeasurement data in one
of the parameters of interest can occur due to different reasons, like the malfunctioning of a measuring
instrument or software errors leading to the disappearance of data. Luckily, the gathered data is overall
of good quality, and only a few jacking operations are excluded; which are mentioned in chapter 6.
A jacking operation is filtered out if one of the following criteria is met:

• one of the four leg reactions has a maximum load of less than 2000 ton
• the crane load is never larger than fifty ton and the crane slewing angle does not increase more
than five degrees

Although the limits in these criteria are relatively mild, they filter out very accurately because bad
measurements are very obvious. For instance, an operation with a measurement error in the crane
load will often result in empty data cells for the crane load.
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4.1.2. Leg reactions
Actual leg reactions
From the processed data, the maximum leg reactions during preloading and lifting operations are de-
termined for each of the four legs for each viable jacking location. To model this in Python, a clear
distinction should be made in the data between the preloading phase and the operation phase. Since
every jacking operation is of different duration and preloading does not always start and end at the
same point in the time series, the distinction can not be time-based. For this reason the obtained crane
load and crane slewing angle are used. Only one of these two parameters is enough for the analysis,
but for some locations one or the other was not correctly presented in the measurement sheets. This
is why for both parameters a method is created to split the leg reactions into the desired phases.

Heavy crane lifting operations will not take place if the complete preloading phase is not done yet.
Therefore the data can be split into a preloading and operational phase, based on when the crane
load starts to be large for the first time. By observing multiple operations, the limit to identify a heavier
crane operation is set at fifty ton. This still leaves some room for minor crane operations, which might
sometimes take place while the preloading phase is still coming to an end.
An example of this method is presented in figure 4.3, where one of the four leg reactions of a certain
operation is shown in blue and the corresponding crane load in purple. The point where the crane load
is larger than 50 ton for the first time is marked by the dotted line. Indicating the preloading phase
and some minor operational activities on the left and the heavy lifting operations on the right. In both
these phases the maximum leg reaction is then obtained for each leg. The maximum leg reaction in
the first phase is the preload, and the maximum leg reaction in the second phase is the maximum oper-
ational leg reaction. These aremarked in orange and green respectively in figure 4.3 for that jacking leg.

Figure 4.3: Leg reaction phases based on crane load
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If the crane load is never larger than 50 ton, it is considered unsuitable and the second method is
used, based on the slewing angle of the crane. This method works very similar as the first one and
is based on the idea that when a wind turbine component is installed, the slewing angle of the crane
can not be the same as it was in resting position; since the installation happens next to the vessel.
Therefore, the first time when the slewing angle of the crane is different than its starting angle for 400
consecutive data points, a large lifting operation is about to take place and the preload phase should
be finished. The limit of 400 data points is validated with multiple jacking operations and equals a time
frame of 80 minutes after the first change in the slewing angle.
An example of this method can be seen in figure 4.4, which is the same jacking operation as for the
previous method in figure 4.3. In this figure, the leg reaction is again shown in blue and the slewing
angle is shown in red. As can be seen, the measurement of the slewing angle sometimes jumps be-
tween 360 degrees and 0 degrees; which does not interrupt the analysis. The 400 data points where
the slewing angle is different than its starting angle are marked in grey, and the last point is marked
by a dotted line which indicates the start of the operational phase. This method then also obtains the
maximum leg reaction in both phases for each leg. These are shown in orange and green in figure 4.4,
marking the preload and maximum operational leg reaction respectively.

Figure 4.4: Leg reaction phases based on crane slewing angle

For this particular jacking operation shown in figure 4.3 and figure 4.4, both parameters are viable
and therefore the first method is used to distinguish both phases. Although both methods do not mark
the phase change at the exact same data point they do deliver the same outcome.

After the actual preload and actual (maximum) operational leg reaction of each leg is determined
with one of these methods. Both values of the leg with the highest actual operational leg reaction are
selected since this is the critical point of the operation. Which is done for each location and repeated for
each wind farm site. For each site, an output sheet is then generated containing the actual operational
leg reaction for the heaviest loaded leg and the corresponding actual applied preload of that leg, for
each jacking location.

Estimated leg reactions
In order to complete the required data for the first research sub-question, the prescribed preload and
operational leg reaction as estimated in the SSA should be acquired as well, for each location at each
site.
As discussed in section 3.1, the heavy lifting operation assessment considers both operational environ-
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mental loads and the loads caused by lifting and installing the heaviest wind turbine component. When
a component is moved by the crane, the centre of gravity of the vessel will shift, resulting in an unequal
distribution of the loads over the legs [35]. The assessment will analyse the point in the lifting operation
where the maximum leg reaction occurs in one of the legs at the footings. Which is done for both the
heavy hull condition and the light hull condition.
For each loading condition at each soil category, the required preload at the footing has then been
optimised by maximising the preload and foundation bearing capacity checks based on ISO 19905-1
as discussed in section 2.2.

Both parameters are obtained from the SSA’s and converted to the respective values at hull level,
since the measured data is also obtained at hull level. This is done by excluding the buoyant leg
and spudcan weight from the values at the footing, as seen in equation (4.2). In this equation Fhull

represents the leg reaction hull level in tons, Ffoot the reaction at the footing level, Blegs,spudcan the
buoyancy of the submerged leg and spudcan and Wleg the weight of the leg equal to 1276 ton. If the
sum of the leg penetration p and the water depth d is larger than 7.975 meters the buoyancy can be
obtained by equation (4.3) [24]. In this equation, the buoyancy of the spudcan and the lowest part of
the leg is estimated at 344.4 ton by Jan De Nul, and the 15.54 equals the amount of buoyancy in ton
per meter submerged leg. The leg penetration and water depth are both found in the SSA’s.

Fhull = Ffoot +Bleg,spudcan −Wleg (4.2)

Blegs,spudcan = 344.4 + (p+ d− 7.975) · 15.54 for p+ d > 7.975 (4.3)

Categorizing
When leg reactions are compared, as per the first research sub-question, a distinction should be made
between jacking operations in low-risk soil and high-risk soil. Because in high-risk soils, more preload
is often applied relative to the operational loads than in low-risk soils. Which might be done to provoke
rapid leg settlements or punch-through in a controlled manner during preloading [28].
For each location, the risk category is determined based on the soil profiles from the SSA’s as described
in section 3.1. For Kriegers Flak, the locations with a category 1 soil profile are labelled as low-risk, and
the locations with a category 2 or 3 soil profile are labelled as high-risk. At Saint Nazaire, the pre-cut
seabed locations are considered low-risk, and the channel deposit locations as high-risk. At Vesterhav,
all locations are considered low-risk profiles apart from a few exceptions.

The acquired and processed data can be summarized as follows. For each of the three offshore
wind farm sites, the jacking locations are categorized into low-risk or high-risk locations, totalling 6
different scenarios. For each location, four maximum leg reactions are obtained: the estimated opera-
tional leg reaction, the prescribed preload, the actual measured operational leg reaction, and the actual
applied preload.

4.2. Reliability study
The processed data is further analysed through a reliability study, aimed at addressing the first and
second research sub-questions. This is achieved using a Monte Carlo Simulation, which utilizes the
defined leg reaction distributions and the established limit states to assess the probability of preload
exceedance for each scenario of the case study.

4.2.1. Distributions
In order to answer the first research sub-question, two ratios are calculated for each location: actual
operational leg reaction versus estimated operational leg reaction, and actual applied preload versus
estimated preload. These ratios show how well the actual conditions are estimated and should ideally
be close to one. However, it is to be expected that actual load conditions of complex jack-up operations
are difficult to estimate precisely and that these ratios could therefore likely deviate slightly from one.
In addition, a third ratio is calculated for each location as well, namely the utilization, which is the ac-
tual operational leg reaction versus the actual applied preload. As discussed in section 4.1 both of
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these parameters are obtained at their maximum value during the operation in the heaviest loaded leg.
Therefore, this utilization quantifies the critical point in the operation where the experienced leg reaction
got the closest to the applied preload, which will later on be used for the second research sub-question.

For a proper analysis, a histogram is made for each ratio containing the obtained values of each
location for each of the six scenarios. These histograms show the frequency of the assessed ratios
for each determined bin; which is a range of values into which the data points are grouped. These
frequencies are then converted into probabilities by dividing them by the total amount of data points.
The histograms then display how the probabilities are distributed, indicating the likelihood that the
assessed ratio falls within each specific bin, as seen in figure 4.5.
The bin width affects the appearance of the histogram; if it is too large, it oversimplifies the data, and if
it is too small it can make the histogram over-detailed. A bin size of 0.02 was found to give the desired
level of detail for the analysis of the data.

Figure 4.5: Example histogram

In some histograms, an outlier was observed; in which case the original measurement sheet for the
corresponding location was consulted to find an explanation for this behaviour. Every outlier originates
from a faulty measurement of the leg reactions during preloading. Which could remain undetected
by the earlier filtering process, because after the preloading phase the leg reactions are measured
correctly. An example of such a faulty measurement is shown in figure 4.6. In total, three such outliers
are observed and their corresponding locations are excluded from the data.

Figure 4.6: Faulty leg reaction measurements
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The distribution of the actual operational leg reaction versus the estimated operational leg reaction
represents the operational uncertainty Moperation, quantified by its standard deviation. In the same
way, the distribution of the actual applied preload versus estimated preload illustrates the preload un-
certaintyMpreload by its standard deviation. Because both these distributions do not have a mean value
of one with a very small standard deviation, it can be concluded that the actual leg reactions during the
operations and preload do not correspond with the estimated values from the SSA.

Lastly, the third distribution gives an indication of the applied preload conservatism. Its mean value
represents howmuch of the preload was needed on average to support the maximum operational loads
for the assessed scenario. The closer this value is to zero the more conservative the preload is, and
the opposite is true the closer it is to one. But, in order to have a proper framework to answer the first
research question, the preload conservatism should mainly be analysed at the extreme of the distribu-
tions and not so much at its average.

4.2.2. Limit state function
To further answer the first research question, a method should be designed which can quantify the
conservatism at the upper limit of the maximum operational leg reaction versus the applied preload
distribution.
Stochastic methods are ideal for analysing these extremes, because of their ability to model the ran-
domness of rare events effectively. In contrast to deterministic approaches, they can also be used to
simulate the likelihood of extreme events playing out over many jacking operations, by focusing on the
tail behaviour of the distributions, which helps to capture the extreme outcomes of smaller datasets. In
addition, these methods are flexible enough to deal with distributions where the extreme values deviate
significantly from their mean; which can be the case for non-Gaussian distributions [38].
Developing such a stochastic or reliability method will help in answering the second research sub-
question.

A reliability analysis will evaluate the probability of a failure by assessing if a certain limit state is ex-
ceeded. An actual failure event during a jacking operation would lead to severe rapid leg settlements,
which could cause a structural collapse of the vessel. Such a scenario should be analysed at the
soil level beneath the spudcans; by performing foundation capacity and sliding checks with non-linear
springs as mentioned in the foundation integrity assessment in section 2.2. Since the available data
does not contain the response of the bearing capacity of the soil to the applied loads, failure will be
determined by the preload check.
As discussed in more detail in section 2.2, the preload check can be applied if the horizontal load on the
leg is no greater than the limiting horizontal capacity of the bearing capacity envelope for the assessed
soil type and embedment. Since only the operational conditions will be assessed, during which the
horizontal loads from environmental loads will be relatively small compared to storm conditions [24], it
is assumed that this condition is met.
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The general preload check states that for a pinned support, the maximum gross vertical force
FV spudcan acting on the soil beneath the spudcan due to the assessment load case should comply
with the limits presented in equation (4.4). Because the obtained leg reactions are at the hull level
instead of the spudcan level, the buoyancy of the soil below the spudcan BS can be excluded from
the equation as well as the weight of the backflow and infill WBF,o. The preload check can therefore
be adjusted and reformatted as seen in equation (4.5), with FV the vertical maximum operational leg
reaction and VL the applied vertical preload, both at hull level. The preload resistance factor or safety
factor is represented by γR,PRE , which is the inverse of the utilization U, per the definition in section 2.2.
A failure can therefore be described by a situation where the actual maximum operational leg reaction
would exceed the actual applied preload.
Because this is the first and most conservative integrity check the foundation should definitely be ac-
ceptable if the limits are not exceeded.

FV spudcan ≤ VLo

γR,PRE
+WBF,o −BS (4.4)

U =
1

γR,PRE
=

FV

VL
(4.5)

For each of the scenarios from the case study, the utilization can be represented by the distribution
of the actual operational leg reaction versus the actual applied preload; which is defined in the previ-
ous section. The reliability method then describes the limit state by a limit state function, which uses
random variables from the actual utilization distributions as input. The limit state in this case is the
preload check, and its limit state function is formulated as in equation (4.6). If a random variable from
the assessed distribution leads to g being equal to or smaller than zero, a failure will occur.

g = 1− Uactual (4.6)
The second research sub-question asks to consider both the estimated or theoretical utilization val-

ues and actual utilization values in the reliability assessment. The above-discussed limit state function
can only be used to assess the actual utilization values. Simply using equation (4.7), where Utheoretical

is equal to the inverse of the used resistance factor in the SSA won’t work. Because, if the limit is
exceeded here, this does not result in the defined actual failure on an operational level, since the es-
timated values from the SSA and actual values from the measurement are not the same. Which is
discussed in the previous section by the operational and preload uncertainties.

g = 1− Utheoretical (4.7)
Therefore, a second limit state function with Utheoretical is derived from the first one, as seen in equa-

tion (4.8). Here, the theoretical utilization values are combined with the earlier defined distributions for
operational uncertainty and preload uncertainty.
In this function, Utheoretical can be a distribution if a different foundation safety factor was used for each
location in the assessed scenario or simply a mean value if the same foundation safety factor was used
for each location in the scenario.

g = 1− Uactual

= 1− Factual

Vactual

= 1−
Festimated ·

Factual

Festimated

Vestimated ·
Vactual

Vestimated

= 1− Utheoretical ·
Moperation

Mpreload

(4.8)
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Since one of the limit state functions is derived from the other they will both provide the same re-
sults if the obtained data is applied. But, these two limit states make it possible to separately adjust
the theoretical mean utilization and actual mean utilization; which will be used in chapter 5 to find an
optimal value for both of them. The results of the actual limit state function are also used to validate
the results of the theoretical limit state; which is the main point of interest.

4.2.3. Sampling
To analyse the obtained distributions for each scenario with the limit state functions a Monte Carlo Sim-
ulation (MCS) is developed using a Python model. This sampling method is used since it can effectively
fill the gaps in the obtained data and scale it up to a much larger dataset for a more accurate analysis
and is convenient to use. An MCS samples a random value from each distribution and puts them in
the limit state function to calculate a value for g; this is then repeated many times to generate the full
distribution of the limit state function as seen in figure 4.7.

Figure 4.7: Probability Density for Limit state g(.) [5]

Although the dataset contains many jacking operations, it is still too small to effectively analyse the
values at the extremes of the distributions. Therefore, each distribution obtained from the data is rep-
resented by a fitting probability density function (PDF). Which theoretically contains the values at the
very extremes of the distribution as well. This function should represent the probability distribution from
the data as well as possible. A PDF can be defined by three parameters: the type of distribution, the
mean value, and the standard deviation. Failure rates are best described by a lognormal distribution
[5]. By plotting a normal and a lognormal distribution over the distributions from the data, it is indeed
observed that the lognormal distribution delivers the best fit at the extremes around one. This can be
seen in figure 4.8 marked in purple, where the respective histograms of both distributions are shown
alongside the histogram from the data. The complete data set behind each histogram is now repre-
sented by the mean and standard deviation of a single PDF, making it easier to calculate. The mean
and standard deviation will be rounded up to three decimal places, which provides the same accuracy
as the accuracy range of the measuring instruments on the vessel, as described in appendix A.
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Figure 4.8: Comparing normal and lognormal distributions with original data

To use a lognormal function, the mean and standard deviation of the data distributions are trans-
formed into lognormal parameters with equations equation (4.9), equation (4.10), and equation (4.11).
In these equations, µX and σX are the mean and standard deviation of the data distribution and µY

and σY the lognormal mean and lognormal standard deviation of the respective lognormal PDF. The
PDF can be described by equation (4.12); which uses the lognormal parameters [5].

ϕ =
√
µ2
X + σ2

X (4.9)

µY = ln µ2
X

ϕ
(4.10)

σY =

√
ln ϕ2

µ2
X

(4.11)

fX(x) =
1√

2πxσY

exp

[
−1

2

(
lnx− µY

σY

)2
]
, 0 ≤ x < ∞ (4.12)

Python then samples from the assessed distribution with the function np.random.lognormal(µY , σY ,
N ). Which uses equation (4.12) to generate a PDF of the input parameters µY and σY as in figure 4.8,
the amount of drawn samples is indicated by N.
The more samples are drawn the more accurately they will represent the PDF, especially at the tails,
but the longer it will take for the Python code to run. 100 million samples are found to provide a good
balance between accuracy and run time, this is further validated in the next section.

4.2.4. Annual probability of preload exceedance
When all samples are drawn from the assessed distributions and implemented in the limit state func-
tion a histogram is generated for the limit state function as in figure 4.9. Since both limit state functions
are derived from one another they lead to an almost identical histogram of the limit state. Therefore,
only the limit state function with the actual utilization is assessed to define the probability of failure
for each original scenario, since it is the most simple one of the two. Later on, in chapter 5 both limit
state functions are used to find an optimal value for both the actual and theoretical preload safety factor.

As per definition, all sampled values from the limit state function below or equal to zero are defined
as failures. By zooming in on figure 4.9 around the failure region, a better understanding of the tail of
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the distribution in the failure region is achieved as in figure 4.10.
The probability of failure of a single event Pf,event is then obtained as the number of failures divided by
the total amount of samples [5]. Where failure is in this case defined as preload exceedance, and a
single event is a single jacking operation.

Figure 4.9: Example histogram of sampled limit state function

Figure 4.10: Detailed histogram at the tail

As discussed earlier, the total amount of samples for each MCS in this research is equal to 100
million samples, as it provides a good balance between the accuracy and run time of the simulation. To
further confirm this, the convergence of the probability of failure ϵ is checked, which can be obtained as
in equation (4.13) [5]. This equation calculates the rate of change of the probability of failure between
the current and previous samples. When this rate of change is less than 0.001, the simulation has
converged, meaning that increasing the number of samples will not provide much more accuracy to
the obtained value for the probability of failure [5].

For the same example as the histograms the convergence of the probability of failure is checked
after every million samples up to 200 million as presented in figure 4.11. From this example, it can be
observed that the probability of failure converges around 100 million samples since ϵ ranges between
0.001 and -0.001, as shown by the green dotted lines.

ϵ =
Pf,k − Pf,k−1

Pf,k−1
(4.13)
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Figure 4.11: Convergence of probability of failure

The probability of failure, or probability of preload exceedance for this research, is commonly anal-
ysed at an annual level, as discussed in section 5.1. The obtained probability of preload exceedance
for a single event at the assessed scenario can be extrapolated by equation (4.14) to get the annual
probability of preload exceedance Pf,annual.
In consultation with Jan De Nul, an estimate of 100 jacking operations per year is determined. To
calculate the annual probability of preload exceedance, it is assumed that 100 jacking operations are
performed at each offshore wind farm site per year. The number of jacking operations associated with
each risk profile at the site is then determined as in equation (4.15) by multiplying the total number of
operations by r, the ratio of measured locations at a given risk profile to the total number of measured
locations at that site. This accounts for the probability of encountering a certain risk profile.
For example, if in total 20 locations are measured at a site, with 15 classified as low-risk and 5 as
high-risk, the ratio r for the low-risk profile would be 0.75. Which then results in a total of 75 events per
year at low-risk profiles.

Pf,annual = 1− (1− Pf,event)
events/year (4.14)

events
year

=
total jacking operations

year
· r (4.15)

The amount of risk of preload exceedance is now quantified by its annual probability, and different
sites and risk profiles can therefore be compared to each other. To check its conservatism it should be
compared to established targets for the annual probability of failure, which is done in the next chapter.



5
Optimal preload safety factor

This chapter will provide an approach to define targets for the annual probability of preload exceedance,
based on the consequences of failure in section 5.1. By comparing these targets to the obtained reli-
ability, the conservatism of past operations can be assessed; which should provide an answer to the
third research sub-question. In section 5.2 a method is described to find the ideal actual preload safety
factor and ideal theoretical preload safety factor leading to the target reliability; which should answer
the second research question.

5.1. Target reliability
To fully answer the first research question, the conservatism of the obtained annual probabilities of
preload exceedance is verified for each assessed scenario. This is done by comparing the obtained
probabilities to a target probability, as per the third research sub-question.
As earlier discussed in section 2.4, reliability requirements can be derived from the consequences of
the respective failure. Which can be categorized into consequence classes based on multiple socioe-
conomic aspects as earlier presented in table 2.2. The consequence of failure for each consequence
class should be reflected by the appropriate target reliability level; which is expressed as the annual
probability of failure.
This research uses a method based on monetary optimisation to establish a target reliability, which has
been formulated by the International Organisation of Standardisation [11]. This gives a target annual
probability of failure for each structural consequence class depending on the relative cost of the risk
reduction measure; as seen in table 5.1.

Table 5.1: Tentative target reliabilities based on monetary optimization from [11]

Relative cost of Consequences of failure (classes from table 2.2)
safety measure Class 2 Class 3 Class 4

Large β = 3.1
(
Pf ≈ 10−3

)
β = 3.3

(
Pf ≈ 5× 10−4

)
β = 3.7

(
Pf ≈ 10−4

)
Medium β = 3.7

(
Pf ≈ 10−4

)
β = 4.2

(
Pf ≈ 10−5

)
β = 4.4

(
Pf ≈ 5× 10−6

)
Small β = 4.2

(
Pf ≈ 10−5

)
β = 4.4

(
Pf ≈ 5× 10−6

)
β = 4.7

(
Pf ≈ 10−6

)
In this research, already two different risk categories are identified for the soil profiles at the jack-

ing locations. The consequences of preload exceedance in a high-risk soil, which is prone to punch-
through, are higher than for a low-risk soil. Therefore both identified risk categories should fit in a
different consequence class.
The description of expected consequences and example structures for each consequence class from
section 2.4.1 do not exactly include a jack-up vessel. Therefore, the consequences for a worst-case
scenario when preload exceedance occurs are used to identify the consequence class.

37
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When preload is exceeded in a low-risk soil profile the leg will settle further into the soil until a new
equilibrium is found between the applied loads and the bearing capacity under the spudcan [37]. Caus-
ing only insignificant material damages; which fits the description of consequence class 1. However,
since many more people are present on the jack-up vessel compared to the example structures of con-
sequence class 1, the consequence class is increased to class 2. The expected worst consequences
for preload exceedance in low-risk soil will cause no societal impact, and the number of fatalities should
definitely be fewer than five, which indeed fits the description of consequence class 2.
The worst-case scenario for a preload exceedance in a high-risk soil is severe punch-through. Where
rapid leg settlements and severe additional leg penetration could cause structural failure of a jack-up
leg. The consequences of such a failure and example structures fit the description of consequence
class 3 or 4.

Other guidelines for offshore structures recommend an annual probability of failure target of 10−4

for scenarios prone to punch through [34]. This, in combination with the described consequences in
high-risk soils, is equal to the result for a consequence class 4 with a relative large cost of safety mea-
sure in table 5.1. Using the same large relative cost of safety measure for low-risk soil profiles with a
consequence class 2, leads to a target annual probability of preload exceedance of 10−3 for low-risk
soil profiles. Both these targets are also approved by Jan De Nul.
The probability of preload exceedance for multiple years is shown in figure 5.1, based on both annual
targets. For low-risk soils, the annual target will lead to a probability of failure of 0.0250 after 25 years.
For high-risk soils, the probability of failure after 25 years is equal to 0.0025.

Figure 5.1: Probability of preload exceedance for different return periods

For each scenario from the case study, the obtained annual probability of preload exceedance from
the MCS can therefore be compared to the appropriate target to assess its conservatism. Which com-
pletely answers the first research question.

5.2. Ideal safety factor
If an ideal target exists for the annual probability of preload exceedance, it would be interesting to know
what the respective improved preload safety factor would be to achieve this target for operational con-
ditions. This leads to the second research question.

Two different preload safety factors are of interest: the actual safety factor and the theoretical safety
factor, which can be described by equation (5.1) and equation (5.2). Where Uactual and Utheoretical are
the utilization distributions obtained as in section 4.2.
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The actual safety factor is the ratio between the applied preload and experienced leg reactions, that
eventually lead to the experienced probability of preload exceedance. But, because estimated and
applied values are not the same, the theoretical safety factor is defined as well. Which is the safety
factor that can be applied to the estimated maximum operational leg loads and leads to the applied
actual preload by applying the uncertainties for preload Mpreload and operation Moperation. It is the
ideal theoretical safety factor that could ultimately be used as an alternative or improved version of the
currently used operational preload safety factor in industry practices.

SFactual =
1

Uactual
(5.1)

SFtheoretical =
1

Utheoretical
(5.2)

In the previous chapter, an annual probability of preload exceedance is calculated with a Monte
Carlo Simulation for the assessed scenarios of the case study. Two different limit state functions could
be used in this MCS; which would both lead to the same outcome as one is derived from the other. Both
limit state functions are summarised here as well in equation (5.3) and equation (5.4), for clarity. Each
of the variables in these functions represents their respective distribution, each of which is defined by
its mean and standard deviation.

g = 1− Uactual (5.3)

g = 1− Utheoretical ·
Moperation

Mpreload
(5.4)

By using the same MCS as before, for each limit state function, but as a function of the mean value
for U instead. The annual probability of preload exceedance can be obtained for a range of mean U
values and therefore of their corresponding safety factor, as shown in figure 5.2 and figure 5.3. The an-
nual probability of preload exceedance on the y-axis is plotted on a logarithmic scale to better highlight
the results for lower values and improve clarity in their representation. Apart from the mean U values,
all other parameters are still defined as before for each scenario, since the obtained uncertainties from
the data remain the same as before.

Figure 5.2: Example annual probability of preload
exceedance as a function of actual safety factor

Figure 5.3: Example annual probability of preload
exceedance as a function of theoretical safety factor

As the safety factor increases, it makes sense that the probability of preload exceedance decreases.
In both figure 5.2 and figure 5.3 it can be seen that the plot gets unstable at very low probabilities of
failure. This happens because for higher safety factors only the very end of the tail of the limit state
functions gets in the failure zone, which can be slightly different for each simulation.
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The ideal safety factor is then determined by interpolating the safety factor value that corresponds to
the desired target annual probability of preload exceedance from section 5.1 on the obtained graph, as
marked by the dotted lines in figure 5.4 and figure 5.5. This leads to an answer to the second research
question.

Figure 5.4: Example target annual probability of preload
exceedance leading to the actual ideal safety factor

Figure 5.5: Example target annual probability of preload
exceedance leading to the theoretical ideal safety factor

The fourth and last research sub-question can be answered by comparing the obtained ideal actual
and theoretical preload safety factors with their respective applied values of past jacking operations,
at each scenario. These values can be found by taking the mean of the distributions for Uactual and
Utheoretical; and inserting these mean values into equation (5.1) and equation (5.2). This comparison
indicates how the currently used preload safety factor from the industry guidelines might be improved
for heavy crane operations.



6
Case study results

This chapter presents the results for each of the three assessed offshore wind farm sites from the case
study. The three sites are treated separately in section 6.1, section 6.2, and section 6.3. For each site,
the obtained results are presented for the main research phases; namely data processing, reliability
study, and ideal preload safety factors. In section 6.4, the results are summarised with different com-
parisons. A comparison is made between the originally applied safety factors and the obtained ideal
safety factors across all scenarios. In addition, the theoretical safety factor and actual safety factor
from each scenario are compared to each other as well.
The execution of the research method might slightly differ for each site and is adjusted to their specific
conditions and data.

6.1. Danish Kriegers Flak
On the Danish Kriegers Flak (DKF) a total of 72 wind turbines are installed by jacking operations. Of
these, 22 locations have a low-risk soil profile, and 50 locations have a high-risk soil profile. Resulting
in overall challenging ground conditions for jacking operations.

6.1.1. Data processing
The data processing of the acquired measurements is executed in two phases: firstly, the data gather-
ing, refining and filtering, and then identifying and categorizing the maximum actual leg reactions and
maximum estimated leg reactions. Section 4.1 offers a detailed explanation of the methods used for
the data processing.

Data gathering, refining and filtering
After the needed data is gathered and refined the jacking operations containing bad or inaccurate data
are filtered out. Of the available 72 jacking operations, 12 are filtered out. Therefore, 60 viable loca-
tions remained for the rest of the analysis.

41
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An example of one of the excluded
jacking operations can be seen in
figure 6.1. This figure presents the
smooth leg reactions of location
DKF 75. As can be seen in the
figure, the leg reactions are not
measured correctly, all four leg
reaction measurements remain the
same and stay around zero ton for
the main part of the measurements.

Figure 6.1: Leg reactions of DKF 75

Actual leg reactions
For the remaining jacking locations, the actual preload and actual (maximum) operational leg reaction
of each leg is determined, based on the operational phases indicated by the crane load or crane slew-
ing angle, as explained in section 4.1. Both values of the leg with the highest actual operational leg
reaction are then selected for each location, as seen in table 6.1 for leg 3 for DKF 3. Resulting in the
values for the actual operational leg reaction and the corresponding actual applied preload for each
jacking location.

Table 6.1: Actual preload and actual (maximum) operational leg reaction of DKF 3

Leg 1 Leg 2 Leg 3 Leg 4
Preload (ton) 11959 11553 11336 11623

Operational leg reaction (ton) 5913 6344 7156 6270

Estimated leg reactions
In the Site Specific Assessment for Kriegers Flak, a maximum operational leg reaction is estimated.
Which calculates the leg loads in each leg caused by operational loads and environmental loads. For
Kriegers Flak, the estimated maximum operational leg reaction at hull level is equal to 8613 ton for
each jacking location.
From the estimated operational leg reaction and soil conditions, a preload was estimated for each loca-
tion as well, based on ISO 19905-1. These estimated preloads at foot level are then converted to their
respective values at hull level, as discussed in section 4.1 with equation (4.2) and equation (4.3). For
all the assessed locations, the range of the prescribed preloads at hull level is summarized in table 6.2,
for each soil category.

Table 6.2: Optimised preload ranges at Kriegers Flak from the SSA

Category 1 Category 2 and 3
Optimised preload at footing (ton) 9623-10316 9745-12110
Optimised preload at hull level (ton) 9037-9600 9152-11468

Categorizing
A distinction is then made between jacking operations in low-risk soil and high-risk soil. For each loca-
tion, the risk category is determined based on the soil profiles from the SSA’s as described in section 3.1.
For Kriegers Flak, the locations with a category 1 soil profile are labelled as low-risk, and the locations
with a category 2 or 3 soil profile are labelled as high-risk.
Of the viable jacking operations at Kriegers Flak 18 are categorized as low-risk and 42 as high-risk.
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6.1.2. Reliability study
This section presents the results of the preload reliability study for both soil risk profiles; which is anal-
ysed in two phases. First, the distributions for preload uncertainty, operational uncertainty, and actual
utilization are derived from the measured and estimated preloads, as well as the measured and es-
timated operational leg reactions. Next, the annual probability of preload exceedance is calculated
using a Monte Carlo Simulation by implementing the obtained distributions into the defined limit state
function. Which is compared to a target annual probability of failure to assess its conservatism.
Detailed descriptions of these methods and their reasoning are provided in section 4.2 and the defined
target probabilities in section 5.1.

Leg reaction distributions
For both the low-risk and high-risk categories at Kriegers Flak, three probability distributions are ob-
tained from the leg reactions at each location: the operational uncertainty Moperation, preload uncer-
tainty Mpreload and actual utilization Uactual.
At the high-risk locations, one outlier was observed in the distributions. Since this outlier is caused
by a faulty measurement, the jacking operation is excluded from the distributions, as explained in sec-
tion 4.2. This leaves a total of 41 high-risk locations and still 18 low-risk locations where no outliers are
observed.
Each probability distribution is then fitted with a corresponding lognormal probability density function as
described in section 4.2 and presented in figure 6.2, figure 6.3, and figure 6.4 for the low-risk category
and in figure 6.5, figure 6.6, and figure 6.7 for the high-risk category.
The preload uncertainty distribution for Kriegers Flak high-risk needed a modified PDF to better repre-
sent the probability distribution. As can be seen in figure 6.6, the distribution clearly shows two peaks.
Just plotting a lognormal PDF based on the mean value and standard deviation of the distribution would
result in the PDF shown in green; which does not represent the data correctly. Therefore, a modified
lognormal PDF was determined by combining the two PDF’s for both peaks in the distribution, which re-
sults in the PDF shown in orange. The combined PDF is obtained with equation (6.1), as the weighted
sum of both distributions [5]. The weights wX and wY represent the ratio of the samples in each sepa-
rate distribution over the total amount of samples.

fXY (x) = fX(x) · wX + fY (x) · wY (6.1)

The mean and standard deviation of the obtained lognormal PDF’s are summarized in table 6.3
and table 6.4 for Kriegers Flak low-risk and Kriegers Flak high-risk respectively. Not the same theoret-
ical utilization was used for each location in the SSA; which results in a lognormal distribution for this
parameter as well. The mean and standard deviation of Utheoretical are therefore also included in the
mentioned tables.

Figure 6.2: Data probability distribution of Moperation and
corresponding lognormal probability density function for DKF

low-risk

Figure 6.3: Data probability distribution of Mpreload and
corresponding lognormal probability density function for DKF

low-risk
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Figure 6.4: Data probability distribution of Uactual and
corresponding lognormal probability density function for DKF

low-risk

Table 6.3: Distributions parameter summary for DKF low-risk

µ σ

Moperation 0.785 0.039
Mpreload 1.037 0.024
Uactual 0.699 0.036

Utheoretical 0.923 0.012

Figure 6.5: Data probability distribution of Moperation and
corresponding lognormal probability density function for DKF

high-risk

Figure 6.6: Data probability distribution of Mpreload and
corresponding single lognormal and combined lognormal

probability density function for DKF high-risk

Figure 6.7: Data probability distribution of Uactual and
corresponding lognormal probability density function for DKF

high-risk

Table 6.4: Distributions parameter summary for DKF
high-risk

µ σ

Moperation 0.794 0.046
Mpreload 1.103 0.087
Uactual 0.651 0.057

Utheoretical 0.901 0.038

Annual probability of preload exceedance
The 100 million sampled values of Uactual from the Monte Carlo Simulation are then inserted in the
corresponding limit state function to obtain the histogram of the limit state function. The histogram
of the sampled limit state function around the failure zone for Kriegers Flak low-risk and high-risk are
presented in figure 6.8 and figure 6.9 respectively. From the number of samples in the failure region a
probability of failure is determined and converted to an annual probability of actual preload exceedance
as explained in section 4.2.
For the low-risk profiles, an annual probability of preload exceedance of 0.000000 is obtained. As can
be observed in figure 6.8, the limit state function does indeed not enter the failure zone by quite some
margin. This indicates that the applied preload safety factor is too conservative, and can be lowered
to meet the target probability of failure.
The high-risk profiles barely enter the failure zone, as seen in figure 6.9. Leading to an annual proba-
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bility of preload exceedance of 0.000017; which is also lower than the defined targets.

Figure 6.8: Detailed histogram at the failure zone of the
sampled limit state function for DKF low-risk Figure 6.9: Detailed histogram at the failure zone of the

sampled limit state function for DKF high-risk

6.1.3. Ideal preload safety factors
Since a target annual probability of failure is defined in section 5.1, an ideal preload safety factor can
be obtained which leads to this target reliability. This is done for two preload safety factors, namely the
theoretical safety factor and the actual safety factor. The theoretical preload safety factor represents
the ratio of the prescribed preload versus the estimated maximum operational leg reaction, and the ac-
tual preload safety factor represents the ratio of the applied preload versus the experienced maximum
operational leg reaction. A comprehensive explanation of the methods used to obtain both ideal safety
factors is given in section 5.2.

The annual probability of preload exceedance for a range of actual and theoretical safety factors is
presented in figure 6.10 and figure 6.11 respectively for Kriegers Flak low-risk. By applying the target
annual probability of failure for low-risk soils of 0.001, an ideal value for both preload safety factors is
obtained. For Kriegers Flak low-risk, an ideal actual preload safety factor would be 1.186, and an ideal
theoretical preload safety factor would be 0.946.

For Kriegers Flak high-risk the annual probability of preload exceedance for a range of actual and
theoretical safety factors is shown in figure 6.12 and figure 6.13. By applying the target annual probabil-
ity of failure for high-risk soils of 0.0001, an ideal value for both preload safety factors is obtained. For
Kriegers Flak high-risk, an ideal actual preload safety factor would be 1.481, and an ideal theoretical
preload safety factor would be 1.081.
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Figure 6.10: Annual probability of preload exceedance as a
function of actual safety factor. With the target annual

probability of preload exceedance leading to the actual ideal
safety factor. For Kriegers Flak low-risk soil.

Figure 6.11: Annual probability of preload exceedance as a
function of theoretical safety factor. With the target annual
probability of preload exceedance leading to the theoretical

ideal safety factor. For Kriegers Flak low-risk soil.

Figure 6.12: Annual probability of preload exceedance as a
function of actual safety factor. With the target annual

probability of preload exceedance leading to the actual ideal
safety factor. For Kriegers Flak high-risk soil.

Figure 6.13: Annual probability of preload exceedance as a
function of theoretical safety factor. With the target annual
probability of preload exceedance leading to the theoretical

ideal safety factor. For Kriegers Flak high-risk soil.

6.2. Saint Nazaire
The Saint Nazaire offshore wind farm site is located in the Bay of Biscay and contains 80 installed wind
turbines. The soil of 75 locations is pre-cut to create a gravel bed; which results in a low-risk soil profile.
The other five locations comprise of dense sand overlaying clay, which is categorized as a high-risk soil.

6.2.1. Data processing
The data processing of the acquired measurements is executed in two phases: firstly, the data gather-
ing, refining and filtering, and then identifying and categorizing the maximum actual leg reactions and
maximum estimated leg reactions. Section 4.1 offers a detailed explanation of the methods used for
the data processing.

Data gathering, refining and filtering
After the needed data is gathered and refined the jacking operations containing bad or inaccurate data
are filtered out. Of the available 80 jacking operations, eight are filtered out. Therefore, 72 viable loca-
tions remained for the rest of the analysis.
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An example of one of the excluded
jacking operations can be seen in
figure 6.14. This figure presents
the crane slewing angle of location
Saint Nazaire 18. Although the leg
reactions are measured correctly,
no crane load was measured, and
for the first 3700 measurements no
crane slewing angle was measured
as well, as can be seen in the figure.
Due to the lack of a viable crane
load or crane slewing angle, the
phases in the leg reactions for this
operation could not be analysed.
Hence, this jacking operation is
excluded. Figure 6.14: Crane slewing angle of Saint Nazaire 18

Actual leg reactions
For the remaining jacking locations, the actual preload and actual (maximum) operational leg reaction
of each leg is determined based on the operational phases indicated by the crane load or crane slew-
ing angle, as explained in section 4.1. Both values of the leg with the highest actual operational leg
reaction are then selected for each location, as seen in table 6.5 for leg 3 for Saint Nazaire 1. Resulting
in the values for the actual operational leg reaction and the corresponding actual applied preload for
each jacking location.

Table 6.5: Actual preload and actual (maximum) operational leg reaction of Saint Nazaire 1

Leg 1 Leg 2 Leg 3 Leg 4
Preload (ton) 9212 8763 8757 8829

Operational leg reaction (ton) 6393 5536 6555 5657

Estimated leg reactions
In the Site Specific Assessment for Saint Nazaire, a maximum operational leg reaction is estimated.
Which calculates the leg loads in each leg caused by operational loads and environmental loads. For
Saint Nazaire, the estimated maximum operational leg reaction at hull level is equal to 7845 ton for the
pre-cut seabed locations and 7787 ton for the locations with channel deposits.
From the estimated operational leg reaction and soil conditions, a preload was estimated for each lo-
cation as well, based on ISO 19905-1. The prescribed preload at hull level at pre-cut seabed locations
and locations with channel deposits are summarized in table 6.6.

Table 6.6: Optimised preloads at Saint Nazaire from the SSA

Pre-cut seabed Channel deposit
Optimised preload at footing (ton) 9388 9509
Optimised preload at hull level (ton) 8794 9159

Categorizing
A distinction is then made between jacking operations in low-risk and high-risk soil. For each location,
the risk category is determined based on the soil profiles from the SSA’s as described in section 3.1.
For Saint Nazaire, the locations with a pre-cut seabed are labelled as low-risk, and the locations with
channel deposits are labelled as high-risk.
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Of the viable jacking operations at Saint Nazaire, 67 are categorized as low-risk and five as high-risk.

6.2.2. Reliability study
This section presents the results of the preload reliability study for the low-risk soil profiles, which are
analysed in two phases. First, the distributions for preload uncertainty, operational uncertainty, and
actual utilization are derived from the measured and estimated preloads, as well as the measured and
estimated operational leg reactions. Next, the annual probability of preload exceedance is calculated
using a Monte Carlo Simulation, by implementing the obtained distributions into the defined limit state
function. Which is compared to a target annual probability of failure to assess its conservatism.
Detailed descriptions of these methods and the reasoning behind them are provided in section 4.2 and
the defined target probabilities in section 5.1.

Leg reaction distributions
For both the low-risk and high-risk categories at Saint Nazaire, three probability distributions are ob-
tained from the leg reactions at each location: the operational uncertainty Moperation, preload uncer-
tainty Mpreload and actual utilization Uactual.
At the low-risk locations, one outlier was observed in the distributions. Since this outlier is caused by a
faulty measurement the jacking operation is excluded from the distributions, as explained in section 4.2.
This leaves a total of 66 low-risk locations and still 5 high-risk locations where no outliers are observed.
Each probability distribution is then fitted with a corresponding lognormal probability density function
as described in section 4.2 and presented in figure 6.15, figure 6.16, and figure 6.17 for the low-risk
category and in figure 6.18, figure 6.19, and figure 6.20 for the high-risk category.

Since the high-risk category is only represented by five locations, an analysis of this category will not
be further executed as the available data is insufficient. This can also clearly be seen in the obtained
PDF’s.

The mean and standard deviation of the obtained lognormal PDF’s are summarized in table 6.7 and
table 6.7 for Saint Nazaire low-risk and Saint Nazaire high-risk respectively. This table includes the
mean value for the used theoretical utilization as well, with a standard deviation of zero because the
same value is used for each operation in the SSA.

Figure 6.15: Data probability distribution of Moperation and
corresponding lognormal probability density function for

Saint Nazaire low-risk

Figure 6.16: Data probability distribution of Mpreload and
corresponding lognormal probability density function for

Saint Nazaire low-risk
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Figure 6.17: Data probability distribution of Uactual and
corresponding lognormal probability density function for

Saint Nazaire low-risk

Table 6.7: Distributions parameter summary for Saint
Nazaire low-risk

µ σ

Moperation 0.865 0.047
Mpreload 1.028 0.059
Uactual 0.753 0.053

Utheoretical 0.892 0.000

Figure 6.18: Data probability distribution of Moperation and
corresponding lognormal probability density function for

Saint Nazaire high-risk

Figure 6.19: Data probability distribution of Mpreload and
corresponding lognormal probability density function for

Saint Nazaire high-risk

Figure 6.20: Data probability distribution of Uactual and
corresponding lognormal probability density function for

Saint Nazaire high-risk

Table 6.8: Distributions parameter summary for Saint
Nazaire high-risk

µ σ

Moperation 0.905 0.038
Mpreload 1.099 0.113
Uactual 0.707 0.094

Utheoretical 0.850 0.000
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Annual probability of preload exceedance

The 100 million sampled values of Uactual

from the Monte Carlo Simulation are then
inserted in the corresponding limit state func-
tion to obtain the histogram of the limit state
function. The histogram of the sampled limit
state function around the failure zone for Saint
Nazaire low-risk is presented in figure 6.21.
From the number of samples in the failure
region a probability of failure is determined
and converted to an annual probability of
actual preload exceedance as explained in
section 4.2.
For this scenario, an annual probability of
preload exceedance of 0.002060 is obtained,
which is higher than the defined target of
0.001. As can be observed in the histogram,
the limit state function enters the failure zone
by quite some margin. This indicates that
the applied preload safety factor is too low,
and should be increased to meet the target
probability of failure.

Figure 6.21: Detailed histogram at the failure zone of the
sampled limit state function for Saint Nazaire low-risk

6.2.3. Ideal preload safety factors
Since a target annual probability of failure is defined in section 5.1, an ideal preload safety factor can
be obtained which leads to this target reliability. This is done for two preload safety factors, namely the
theoretical safety factor and the actual safety factor. The theoretical preload safety factor represents
the ratio of the prescribed preload versus the estimated maximum operational leg reaction, and the ac-
tual preload safety factor represents the ratio of the applied preload versus the experienced maximum
operational leg reaction. A comprehensive explanation of the used method to obtain both ideal safety
factors is given in section 5.2.

The annual probability of preload exceedance for a range of actual and theoretical safety factors is
presented in figure 6.22 and figure 6.23 respectively for Saint Nazaire low-risk. By applying the target
annual probability of failure for low-risk soils of 0.001, an ideal value for both preload safety factors is
obtained. For Saint Nazaire low-risk, an ideal actual preload safety factor would be 1.354, and an ideal
theoretical preload safety factor would be 1.179.
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Figure 6.22: Annual probability of preload exceedance as a
function of actual safety factor. With the target annual

probability of preload exceedance leading to the actual ideal
safety factor. For Saint Nazaire low-risk soil.

Figure 6.23: Annual probability of preload exceedance as a
function of theoretical safety factor. With the target annual
probability of preload exceedance leading to the theoretical

ideal safety factor. For Saint Nazaire low-risk soil.

6.3. Vesterhav
The third site is the Vesterhav Nord and Syd offshore wind farm in the Danish waters of the North Sea.
Which consists of 41 wind turbines where medium dense to dense sands dominate the soil, resulting
in an overall low-risk site.

6.3.1. Data processing
The data processing of the acquired measurements is executed in two phases: firstly, the data gather-
ing, refining and filtering, and then identifying and categorizing the maximum actual leg reactions and
maximum estimated leg reactions. Section 4.1 offers a detailed explanation of the methods used for
the data processing.

Data gathering, refining and filtering
After the needed data is gathered and refined the jacking operations containing bad or inaccurate data
are filtered out. Of the available 41 jacking operations, nine are filtered out. Therefore, 32 viable loca-
tions remained for the rest of the analysis.

One of the excluded operations
is location Vesterhav 5. For this
jacking operation, only the leg
reactions during preloading were
obtained but not during the rest of
the operation, as seen in figure 6.24
where the measurements stop at
interval 2500. Which is a duration of
around 3.5 hours. In addition also
no crane load and crane slewing
angle were measured, making the
data for this location not useful.

Figure 6.24: Leg reactions of Vesterhav 5

Actual leg reactions
For the remaining jacking locations, the actual preload and actual (maximum) operational leg reaction
of each leg is determined based on the operational phases indicated by the crane load or crane slew-
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ing angle, as explained in section 4.1. Both values of the leg with the highest actual operational leg
reaction are then selected for each location, as seen in table 6.9 for leg 2 for Vesterhav 1. Resulting
in the values for the actual operational leg reaction and the corresponding actual applied preload for
each jacking location.

Table 6.9: Actual preload and actual (maximum) operational leg reaction of Vesterhav 1

Leg 1 Leg 2 Leg 3 Leg 4
Preload (ton) 9820 9308 9755 9384

Operational leg reaction (ton) 6728 6994 6363 6268

Estimated leg reactions
In the Site Specific Assessment for Vesterhav, a maximum operational leg reaction is estimated. Which
calculates the leg loads in each leg caused by operational loads and environmental loads. For Vester-
hav, the estimated maximum operational leg reaction at hull level is equal to 8220 ton for each location.
From the estimated operational leg reaction and soil conditions, a preload was estimated for each lo-
cation as well, based on ISO 19905-1. The prescribed preload at hull level for locations with a soil
category 1 and 2, and locations with a soil category 3 are summarized in table 6.10.

Table 6.10: Optimised preloads at Vesterhav from the SSA

Category 1 and 2 Category 3
Optimised preload at footing (ton) 9480 9480
Optimised preload at hull level (ton) 9036 9021

Categorizing
A distinction is then made between jacking operations in low-risk soil and high-risk soil. For each loca-
tion, the risk category is determined based on the soil profiles from the SSA’s as described in section 3.1.
For Vesterhav all locations are considered low-risk profiles apart from a few exceptions.
Therefore, all 32 viable jacking operations at Vesterhav are categorized as low-risk, and no high-risk
category will be analysed for this site.

6.3.2. Reliability study
This section presents the results of the preload reliability study for the low-risk soil profiles, which is
analysed in two phases. First, the distributions for preload uncertainty, operational uncertainty, and
actual utilization are derived from the measured and estimated preloads, as well as the measured and
estimated operational leg reactions. Next, the annual probability of preload exceedance is calculated
using a Monte Carlo Simulation, by implementing the obtained distributions into the defined limit state
function. Which is compared to a target annual probability of failure to assess its conservatism.
Detailed descriptions of these methods and the reasoning behind them are provided in section 4.2 and
the defined target probabilities in section 5.1.

Leg reaction distributions
For the low-risk profiles at Vesterhav, three probability distributions are obtained from the leg reactions
at each location: the operational uncertaintyMoperation, preload uncertaintyMpreload and actual utiliza-
tion Uactual.
One outlier was observed in the distributions. Since this outlier is caused by a faulty measurement, the
jacking operation is excluded from the distributions, as explained in section 4.2. Which leaves a total
of 31 low-risk locations.
Each probability distribution is then fitted with a corresponding lognormal probability density function
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as described in section 4.2 and presented in figure 6.25, figure 6.26, and figure 6.27.

The mean and standard deviation of the obtained lognormal PDF’s are summarized in table 6.11
for Vesterhav. This table includes the mean value for the used theoretical utilization as well, with a
standard deviation of zero because the same value is used for each operation in the SSA.

Figure 6.25: Data probability distribution of Moperation and
corresponding lognormal probability density function for

Vesterhav low-risk

Figure 6.26: Data probability distribution of Mpreload and
corresponding lognormal probability density function for

Vesterhav low-risk

Figure 6.27: Data probability distribution of Uactual and
corresponding lognormal probability density function for

Vesterhav low-risk

Table 6.11: Distributions parameter summary for Vesterhav
low-risk

µ σ

Moperation 0.826 0.038
Mpreload 1.042 0.028
Uactual 0.724 0.041

Utheoretical 0.913 0.000
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Annual probability of preload exceedance

The 100 million sampled values of Uactual

from the Monte Carlo Simulation are then
inserted in the corresponding limit state
function to obtain the histogram of the limit
state function. The histogram of the sampled
limit state function around the failure zone for
Vesterhav low-risk is presented in figure 6.28.
From the number of samples in the failure
region a probability of failure is determined
and converted to an annual probability of
actual preload exceedance as explained in
section 4.2.
For this scenario, an annual probability of
preload exceedance of 0.000000 is obtained.
As can be observed in figure 6.28, the limit
state function does indeed not enter the
failure zone. This indicates that the applied
preload safety factor is too conservative, and
can be lowered to meet the target probability
of failure.

Figure 6.28: Detailed histogram at the failure zone of the
sampled limit state function for Vesterhav low-risk

6.3.3. Ideal preload safety factors
Since a target annual probability of failure is defined in section 5.1, an ideal preload safety factor can
be obtained which leads to this target reliability. This is done for two preload safety factors, namely the
theoretical safety factor and the actual safety factor. The theoretical preload safety factor represents
the ratio of the prescribed preload versus the estimated maximum operational leg reaction, and the ac-
tual preload safety factor represents the ratio of the applied preload versus the experienced maximum
operational leg reaction. A comprehensive explanation of the used method to obtain both ideal safety
factors is given in section 5.2.

The annual probability of preload exceedance for a range of actual and theoretical safety factors
is presented in figure 6.29 and figure 6.30 respectively for Vesterhav low-risk. By applying the target
annual probability of failure for low-risk soils of 0.001, an ideal value for both preload safety factors is
obtained. For Vesterhav low-risk, an ideal actual preload safety factor would be 1.242, and an ideal
theoretical preload safety factor would be 0.994.
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Figure 6.29: Annual probability of preload exceedance as a
function of actual safety factor. With the target annual

probability of preload exceedance leading to the actual ideal
safety factor. For Vesterhav low-risk soil.

Figure 6.30: Annual probability of preload exceedance as a
function of theoretical safety factor. With the target annual
probability of preload exceedance leading to the theoretical

ideal safety factor. For Vesterhav low-risk soil.

6.4. Results Comparison
This section summarises the obtained results by comparing them in different ways to answer the last
research sub-question. First, the ideal actual and theoretical preload safety factors are compared to the
originally applied values at each offshore wind farm site. Next, the applied theoretical preload safety
factors are compared to the applied actual preload safety factors.

6.4.1. Applied safety factor vs ideal safety factor
The applied actual and theoretical safety factors can be obtained by taking the inverse of the mean
actual utilization and mean theoretical utilization for each assessed scenario. These mean values are
acquired from table 6.3, table 6.4, table 6.7, and table 6.11.

Applied actual safety factor vs ideal actual safety factor
For each scenario, the applied actual safety factor and ideal actual safety factor are presented in ta-
ble 6.12. From this table, it can be observed that for Kriegers Flak low-risk and high-risk, and for
Vesterhav low-risk the ideal actual safety factor is lower than the applied one. For Saint Nazaire the
ideal actual safety factor is higher than the applied actual safety factor.
The ideal actual safety factor is on average also lower than the applied actual safety factor, both for
the low-risk profiles and high-risk profiles. This means that on average the applied preload is too con-
servative. Apart from Saint Nazaire, where the actual conditions are less reliable than estimated.
These values and conclusions can be used to verify the results of the theoretical safety factor, which
is the main point of interest.

Table 6.12: Applied actual preload safety factor and ideal actual preload safety factor for each assessed scenario and the
average for each risk profile

Site Risk profile Applied SFactual Ideal SFactual

Kriegers Flak low 1.431 1.186
Kriegers Flak high 1.536 1.481
Saint Nazaire low 1.328 1.354
Vesterhav low 1.381 1.242
Average low 1.38 1.261
Average high 1.536 1.481
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Applied theoretical safety factor vs ideal theoretical safety factor
For each scenario, the applied theoretical safety factor and ideal theoretical safety factor are presented
in table 6.13. The results for the theoretical safety factor align with the results for the actual safety factor.
Namely, on average the ideal theoretical safety factor is lower than the applied theoretical safety factor
for both low-risk and high-risk soils, apart from Saint Nazaire.
Therefore, given the current operational and preload uncertainties, the theoretical safety factor could
be lowered to achieve the ideal target annual reliability and as a result improve the currently used the-
oretical preload safety factor.

An additional observation can be made: the average applied theoretical safety factor is equal to
the prescribed preload safety factor of 1.1 by the ISO. For high-risk soils, the applied theoretical safety
factor is a bit higher, which also makes sense.

Table 6.13: Applied theoretical preload safety factor and ideal theoretical preload safety factor for each assessed scenario and
the average for each risk profile

Site Risk profile Applied SFtheoretical Ideal SFtheoretical

Kriegers Flak low 1.083 0.946
Kriegers Flak high 1.110 1.081
Saint Nazaire low 1.121 1.179
Vesterhav low 1.095 0.994
Average low 1.100 1.040
Average high 1.110 1.081

6.4.2. Theoretical safety factor vs actual safety factor
Ideally, the applied actual preload safety factor should match the applied theoretical preload safety
factor. This would imply that the experienced maximum leg reactions are correctly estimated in the
site specific assessment and that the prescribed preload is correctly estimated and applied during the
jacking operation.
Table 6.14 presents both the applied actual preload safety factor and the applied theoretical preload
safety factor for each assessed scenario. It is observed that for each scenario, the actual values are
higher than the theoretical values by quite some margin, which is not ideal.

Table 6.14: Applied actual preload safety factor and applied theoretical preload safety factor for each assessed scenario

Site Risk profile Applied SFactual Applied SFtheoretical

Kriegers Flak low 1.431 1.083
Kriegers Flak high 1.536 1.110
Saint Nazaire low 1.328 1.121
Vesterhav low 1.381 1.095

This difference can be caused by one or both parts of the safety factor equation: the maximum
operational leg reaction and/or the preload. For both values, a distribution has already been obtained
to display the uncertainty between what is estimated and what is measured. Namely, the operational
uncertainty Moperation and preload uncertainty Mpreload, of which the mean values of each scenario
are repeated in table 6.15.
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Table 6.15: Mean values of operational uncertainty and preload uncertainty for each scenario

Site Risk profile Moperation Mpreload

Kriegers Flak low 0.785 1.037
Kriegers Flak high 0.794 1.103
Saint Nazaire low 0.865 1.028
Vesterhav low 0.826 1.042

From these operational and preload uncertainties, the following two general observations are made:

measured maximum operational leg reaction < estimated maximum operational leg reaction

measured preload > prescribed preload

In an ideal scenario, both parameters would be equal to one. However, it is to be expected that ac-
tual load conditions of complex jack-up operations are difficult to estimate precisely and that these ratios
could therefore likely deviate slightly from one. Instead, on average, the operational uncertainty is 18.3
percent lower and the preload uncertainty 5.3 percent higher than one. The preload uncertainty being
a bit larger than one could be explained by the operator not exactly applying the prescribed preload.
The exact reason for this small deviation could be verified with the operator. For example, additional
preload could be applied if the soil conditions on site appear to be more unstable than predicted.
In contrast to the small deviation in preload uncertainty, the operational uncertainty has a much larger
deviation from one. The estimated leg reactions seem way too conservative compared to what is mea-
sured. Also, unlike the applied preload, the experienced leg loads should be estimated pretty accurately
by the performed simulations and calculations since the exact parameters for the lifting operations are
known very accurately.

To try to answer the large difference between estimated maximum operational leg reactions and
measured maximum operational leg reactions, additional research was conducted. Which is thoroughly
explained in appendix B, where the elevated hull weight is studied in detail.



7
Conclusion

This chapter rounds up the thesis report by presenting the final conclusions, a discussion, and rec-
ommendations. In section 7.1 the conclusions on the research questions and sub-questions are for-
mulated. Thereafter, a discussion on the research and the obtained results is provided in section 7.2.
Finally, recommendations for future research and jacking operations are given in section 7.3.

7.1. Research conclusions
The main objective of this research was to develop a robust method for analysing the applied preload
in past jack-up crane operations conducted by the vessel Vole au vent. This analysis aims to provide
a better understanding of the effectiveness of traditional offshore jack-up guidelines within the rapidly
growing offshore wind industry, where heavy crane operations are now performed on a daily basis.
Such understanding is crucial, as these guidelines were not originally intended for the advanced state
of the current offshore wind sector and are not specifically calibrated for its unique demands. The find-
ings of this research may indicate an urgent need to evaluate and improve these standards to better
align with the evolving requirements of the industry.

To satisfy this objective, a method was designed to assess the preload safety factors of past jack-
ing operations and determine their optimal value for heavy lifting operations. The developed models
were then applied to a case study using measuring data from jacking operations of the Vole au vent to
validate their effectiveness.

7.1.1. Conclusions to the research questions
Multiple research questions with sub-questions were composed to solve this engineering problem sys-
tematically. This section answers these questions based on the case study results and the designed
methods. The first research question answered by this thesis is:

Research question 1: How can a framework be developed to assess preload conservatism of past
offshore wind jack-up vessel lifting operations?

This research question can be answered by formulating an answer to the first three research sub-
questions. Each of these sub-questions has been answered by subjecting the defined research frame-
work to a real-life case study, and are summarised as follows:

RQ 1.1: How do the estimated leg reactions compare to observed leg reactions during past operations,
specifically at maximum preload and maximum operational load?

At both maximum operational leg reaction and preload, a probability distribution is obtained for the
operational uncertainty and the preload uncertainty. The operational uncertainty is equal to the ratio

58
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of the measured maximum operational leg reaction over the estimated maximum operational leg re-
action. The preload uncertainty gives the ratio of the applied preload versus the prescribed preload.
By determining these probability distributions for each viable scenario of the case study, the following
conclusions can be drawn.

In an ideal scenario, both parameters would be equal to one. However, it is to be expected that
actual load conditions of complex jack-up operations are difficult to estimate precisely and that these
ratios could therefore likely deviate slightly from one. Instead, for all scenarios, the mean value of the
operational uncertainty is smaller than one, and the mean value of the preload uncertainty is larger than
one. Therefore, the estimated maximum operational leg reaction is way too conservative compared to
the measured maximum operational leg reaction. On average, the estimation is 18.3 percent higher
than the measured value.
The applied preload is on average a bit higher than prescribed, namely 5.3 percent. Which could be
caused by the operator on the jack-up vessel exceeding the prescribed preload.
Both probability distributions have on average a standard deviation between 4 and 5 percent, which
reflects a fairly large amount of uncertainty.

In contrast to the small deviation in preload uncertainty, the operational uncertainty has a much
larger deviation from one. The estimated leg reactions seem way too conservative compared to what
is measured. Also, unlike the applied preload, the experienced leg loads should be estimated ac-
curately by the simulations and calculations since the exact parameters for the lifting operations are
accurately known. The large deviation in operational uncertainty is further researched in appendix B,
which is covered in detail in section 7.2 and section 7.3.

RQ 1.2: How can the probability of preload failure be evaluated in relation to operational loads, consid-
ering both estimated and applied preload values?

To evaluate the preload in relation to the operational loads, considering both estimated and applied
preload values, a couple of ratios are firstly determined for each jacking operation. These include the ac-
tual utilization, which is equal to the measured maximum operational leg reaction versus the measured
applied preload. Both of these parameters are obtained at their maximum value during the operation in
the heaviest loaded leg. Therefore, the utilization quantifies the critical point in the operation where the
experienced leg reaction got the closest to the applied preload. Additionally, the defined ratios include
the theoretical utilization, which is the ratio of the estimated maximum operational leg reaction over the
prescribed preload, the operational uncertainty, and the preload uncertainty, which are described in
previous sub-question. For each soil risk profile at each wind farm site, a probability distribution can
then be obtained for each of these ratio with the values from each assessed jacking operation.

A reliability analysis evaluates the probability of a failure of a system under defined conditions by
assessing whether a certain limit state is exceeded. Failure in this case, is determined by the preload
check from ISO 19905-1 and is defined as the operational leg reactions becoming larger than the
preload. This failure criterion is described by a limit state function, defined for both the estimated and
applied preload as a function of the earlier defined ratios. If the outcome of this function is smaller than
zero, failure is detected.

A Monte Carlo Simulation is then used to obtain the annual probability of preload exceedance for the
given limit state functions with the defined leg reaction probability distributions. It does so by sampling
values for each ratio based on their probability distribution and applying them to the limit state function.
This is then done many times to generate a probability distribution of the limit state function, from which
the probability of failure can be defined as the ratio of the number of values below zero over the total
amount of samples.

For each scenario from the case study, the obtained annual probability of preload exceedance gives
an indication of how reliable the preload is in relation to the operational loads. Since the limit state func-
tions for the estimated and applied values are derived from one another, their MCS should deliver the
same outcome. This was indeed observed, validating both methods.
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RQ 1.3: What is an acceptable threshold for the annual probability of preload exceedance in offshore
wind jack-up vessel operations?

This last sub-question answers the conservatism aspect of the first research question by giving a
target to compare the obtained reliabilities from the previous sub-question with. An acceptable reliabil-
ity target can be defined based on the consequences of failure, in this case preload exceedance. For
the jack-up vessel operations, two consequence classes are established: operations in low-risk soil
profiles and operations in high-risk soil profiles.

When preload is exceeded in a low-risk soil profile the leg will settle further into the soil until a new
equilibrium is found between the applied loads and the bearing capacity under the spudcan. Causing
only insignificant material damages and no severe casualties, matching the description of a conse-
quence class 2. The worst-case scenario for a preload exceedance in high-risk soil is severe punch-
through. Where rapid leg settlements and severe additional leg penetration could cause structural
failure of a jack-up leg. The consequences of such a failure fit the description of consequence class 3
or 4.
The worst-case consequences of failure in high-risk soil are larger than in low-risk soil, which is re-
flected in their respective reliability targets. Based on the consequence classes for both soil profiles,
an acceptable threshold for the annual probability of preload exceedance is defined as 10−3 for low-risk
soil and 10−4 for high-risk soil. These targets provide a balance between the efficiency and safety of
the jacking operations.

The results of the case study reveal that the majority of both low-risk and high-risk operations are
designed too conservatively. For each scenario, apart from Saint Nazaire low-risk, the obtained annual
probability of preload from the MCS is lower than the defined targets.

Once the conservatism of past offshore jack-up operations is established, the next step is to find out
how the acceptable reliability targets could be achieved by improving the preload safety factor, which
leads to the second research question. The second research question is answered by itself, and the
last research sub-question serves as an additional level of depth to the second research question.

Research question 2: What is the optimal preload safety factor relative to the acceptable annual prob-
ability of preload exceedance?

Since the estimated values and observed values for the preload and leg reactions do not match, two
ideal preload safety factors are determined. First, the ideal actual preload safety factor is determined,
which provides the ideal ratio between the applied preload and experienced leg reactions that leads to
the desired reliability target. Second, the ideal theoretical preload safety factor is obtained. This safety
factor gives the ideal ratio between the prescribed preload and estimated maximum operational leg re-
actions, which will lead to the actual ideal safety factor through the operational and preload uncertainty
and, therefore to the desired reliability as well.

These ideal values are obtained by the same Monte Carlo Simulations as before, but, for a range
of actual and theoretical utilizations instead. By doing so, the annual probability of failure is obtained
as a function of the actual and theoretical preload safety factor. By then applying the defined targets
for the annual probability of failure, an ideal value can be obtained for both the actual and theoretical
preload safety factors.

Based on the case study, the following optimal preload safety factors are obtained:
On average, the determined ideal theoretical preload safety factor for low-risk soil profiles is equal to
1.04. Through the defined uncertainties, this theoretical value will lead to an ideal actual preload safety
factor of 1.26, providing the target annual probability of preload exceedance of 10−3 during operations.
The ideal theoretical preload safety factor for high-risk soil profiles equals 1.08 on average. During
jack-up operations, this will lead to the ideal actual preload safety factor of 1.48, resulting in an annual
probability of preload exceedance of 10−4.
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RQ 2.1: How does the determined optimal safety factor compare to values applied in previous opera-
tions?

Currently, the applied theoretical preload safety factor value is based on the recommendations by
ISO 19905-1. For low-risk soil profiles, on average, a theoretical preload safety factor of 1.10 is used; for
high-risk soil profiles, this safety factor should be a bit higher; on average, this was observed to be 1.11.

It is observed that for Kriegers Flak low-risk and high-risk, and Vesterhav low-risk, the ideal theoret-
ical safety factor is lower than the applied one. For Saint Nazaire, the ideal theoretical safety factor is
higher than the applied actual safety factor.

By comparing the average ideal theoretical preload safety factors, as described in research ques-
tion 2, to the average applied theoretical preload safety factors, it can be concluded that, in general, the
ideal theoretical safety factor is lower than the applied actual safety factor, both for the low-risk profiles
and high-risk profiles. This means that on average the applied preload is too conservative. Apart from
Saint Nazaire, where the actual conditions are less reliable than estimated.

By lowering the applied theoretical preload safety factor by 5.5 percent for low-risk locations and 2.6
percent for high-risk locations. The optimal amount of actual preload would be achieved during the jack-
ing operations, with current industry practices and uncertainties leading to the desired reliability targets.

7.1.2. Final conclusions
Reliability methods based on the failure description of the preload integrity check from ISO 19905-1
and the measured and estimated leg reactions from offshore jacking operations were used to develop
a robust method to analyse the applied preload for past jack-up crane operations by the Vole au vent.
With these methods, it was shown that the currently used preload safety factor from traditional offshore
jack-up guidelines is not yet correctly calibrated for heavy crane operations on jack-up vessels. To
achieve an optimal balance between operational efficiency and safety, the applied preload, with re-
spect to the experienced loads from heavy crane operations, should be slightly lowered compared to
what is currently applied.
In addition, through this research, it was observed that the measured conditions during jack-up opera-
tions are not correctly estimated. Leading to operational and preload uncertainties.

7.2. Discussion
This part of the conclusion will discuss the results of the main research and additional research from
appendix B. This additional research was conducted because the obtained operational and preload
uncertainties were not equal to one. Indicating that the measured maximum operational preload is
on average lower than the estimated maximum operational leg reactions and that more preload is in
reality applied than originally prescribed. In the additional research, certain hypotheses were tested to
validate the deviations in uncertainty, through studying the elevated hull weight.

7.2.1. Research discussion
For the limit state functions, the first and most conservative foundation integrity check is used. There-
fore, the obtained ideal preload safety factor could probably be lowered even further.

It is important that the soil risk category is estimated correctly since this will determine the ideal
target for the theoretical preload safety factor. In this case study, Saint Nazaire low-risk is the only
scenario where the ideal safety factor is higher than the applied safety factor. Therefore it could be
concluded that this was perhaps not truly a low-risk soil profile.
This could lead to the recommendation of adding a third risk category for the medium-risk profiles. For
these risk profiles, an average of the low-risk and high-risk ideal theoretical safety factors could be



7.3. Recommendations 62

used, which is equal to 1.06.
By excluding Saint Nazaire from the low-risk category, the average ideal theoretical preload safety fac-
tor for low-risk soil profiles would become lower than one. Which is not allowed since, by definition,
a safety factor should be larger than one. This also points to problems with current operational and
preload uncertainties, which should definitely be addressed to maintain the reliability of future assess-
ments.

7.2.2. Additional research discussion
The additional research concluded that the operational uncertainty might be caused by load dissipation
via friction between the leg and leg shaft and perhaps because ballast water is dumped after preloading,
which is not accounted for in the assessments. If both of these factors would be accounted for in the
assessments and measurements of future operations, this could solve the operational uncertainty, but
make the preload uncertainty larger than it currently is.
Therefore, by fixing current inaccuracies, it should come to light that the preload is applied way too
conservatively compared to what is prescribed.

7.3. Recommendations
Based on the results and conclusions, some recommendations can be made. Including recommenda-
tions for future research and recommendations concerning procedures for jacking operations.

7.3.1. Future research
By lowering the standard deviation of the preload uncertainty, the outcomes of the jacking operations
could become more predictable. A study could be performed on the compliance of the operator with
the prescribed preload during the operation. This feedback can bring further insights into the actual
conditions during jacking operations, which could then be used to formulate additional guidelines or
procedures to make the process more reliable.

The reliability targets are an important parameter to define the ideal preload safety factor. In this
research, those targets are estimated based on general consequence classes. If a study could be done
to exactly determine what the most optimal value would be for the target annual probability of preload
exceedance in different soil profiles, the ideal safety factors could become even more reliable.

From the results of the case study, it was observed that the actual preload safety factor does not
match the respective theoretical preload safety factor. This is mainly caused by the operational un-
certainty, where the estimated maximum operational leg reactions are very conservative compared to
what is measured during the operations. This observation is studied more in detail in appendix B and
verifies two things. The elevated hull weight of the jack-up vessel is estimated too conservatively, and
the elevated hull weight is undervalued by the measurements, possibly due to load dissipation through
friction.
Based on this additional research, the following recommendations can be made for future research.

An investigation could be conducted into why the estimated elevated hull weight is too conserva-
tive compared to the real elevated hull weight. For example, because ballast water is dumped after
preloading, which is not accounted for in the calculations.

More research should be done to confirm that friction really occurs between the leg and leg shaft. If
this is actually the case, it could be further estimated how much of the loads are exactly dissipated via
friction. This research could then be performed again but with higher actual leg reactions, accounting
for friction. Leading to an even more reliable preload safety factor.
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7.3.2. Procedures
By making a comprehensive analysis after each jacking operation, the applied models can be refined
and calibrated based on actual data. After many operations this will also lead to a dataset of analysed
operations, which provides a solid basis for data-driven decision-making. The assessed parameters
from appendix B give a good indication of what kind of information should be logged and collected by
the operator. These include the real elevated hull weight, estimated elevated hull weight, and mea-
sured elevated hull weight before and after the first lifting operation.
Measurements are currently not always viable, so improving the systems to correctly measure and
save the data would improve such data analysis.
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A
Sensor uncertainty

The jack-up vessel’s leg loads are measured by the pressure in the hydraulic holding system and then
converted to tons. To account for the inaccuracies of these measuring sensors, the defined limit state
functions originally included a component for the sensor uncertainty as well. After quantifying these
uncertainties it became clear that the sensors in the hydraulic systems are very accurate. Since such
a sensor uncertainty would not impact the results of the limit state function but only increase its com-
plexity, it was left out.
Nevertheless, quantifying the sensor accuracy through the measured leg reactions might provide value.
Therefore, it is briefly discussed here.

Sensor uncertainty can be quantified by the coefficient of variation (COV) of the leg reactions during
a period when no change occurs in the applied loads [42]. This can be expressed as a normal distribu-
tion with a mean value of 1 since certain sensor deviations can happen equally in both directions. From
the acquired unrefined data, the only way of verifying that the applied loads during a certain time frame
are constant is by the crane load and crane slewing angle. For all jacking operations at Saint Nazaire, a
window of 500 consecutive leg loads is obtained where the crane load and crane slewing angle remain
constant, indicating no change in applied loads, apart from minor changes in the environmental loads
during this window. This is done by designing a Python code to execute these requirements.

From each obtained viable time frame of the leg loads, the COV is obtained as in equation (A.1),
where σ and µ are the standard deviation and mean of the leg reactions. Hereafter, the average COV
is calculated for all assessed jacking operations, leading to the standard deviation of the normalised
distribution of the sensor uncertainty. This normalised standard deviation is equal to 0.0032 or 0.32
percent.

δ =
σ

µ
(A.1)

Guidelines can indicate the allowable sensor sensitivity for certain operational scenarios. For crane
load measurements, typically an upper limit of 2 to 5 percent is given to ensure operational safety and
reliability [24]. Comparing these targets with the obtained 0.32 percent for the leg reaction measure-
ments also confirms how low the sensor uncertainty for the leg reactions is.
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B
Additional research: elevated hull

weight

From the results of the assessed case study in the main research, it is concluded that the estimated
maximum operational leg reactions are much higher than what is measured during the operations. This
appendix provides additional research into what this large difference could be caused by.
The engineers at Jan De Nul had a few hypotheses for the obtained behaviour. Since these additional
questions are outside the scope of this thesis, only the provided hypotheses that could be answered
by the already acquired data are further researched.

B.1. Hypotheses
A very low ratio of measured leg reaction versus estimated leg reaction can be caused by one or both
parts of the ratio. Namely, the measured leg reaction does not correctly measure all the applied loads
on the hydraulic system causing the measured leg reactions to be lower than the actual experienced leg
reactions. The second factor could be that the estimated leg loads are too conservative by accounting
for weights that are not present on the vessel during certain jack-up operations.
These two causes are formulated into the following hypotheses:

Conservative weight estimation
In the SSA, the maximum leg reactions during operation are estimated with a fully loaded vessel, con-
taining the components of 4 wind turbines. During the actual operations, the vessel is not always fully
loaded since it will install all 4 wind turbines before returning to the harbour. This would cause the
vessel to be lighter than estimated after one or multiple turbines are installed. But, this installed weight
is compensated by ballast water, in order to have the same amount of weight on the vessel to preload.
Although, this ballast is not always dumped after preloading.
These combinations of factors lead to uncertainty about how much the vessel actually weighs during
operations. If the vessel weight is estimated too conservatively this could answer why the maximum
operational leg reactions are estimated too conservatively as well.

Load dissipation through friction
Leg reactions are measured in the hydraulic systems, which control the position of the legs. Such a
hydraulic system is located inside the leg shaft where the leg passes through. If the horizontal dis-
placement of the leg would occur, then the leg could touch the leg shaft. Which would create friction
between the leg and leg shaft when loading is applied. If a part of the loading between the hull and
legs is transferred through this friction instead of the hydraulic system, then the measured leg reactions
would not include all transferred loads. Causing the measured leg reactions to not accurately represent
the actual leg reactions.
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B.2. Research framework
Both hypotheses can be checked based on the elevated hull weight in the provided jacking logs and
the refined time series of the leg reactions, which are already obtained for the main research. The flow
of the input data for this additional research can be seen in figure 3.4 in section 3.2.
This section first describes the different types of elevated hull weight that are needed for this research
and then explains the methods to obtain the maximum and minimum measured elevated hull weight
during the jacking operation.

B.2.1. Elevated hull weight
The first hypothesis is checked by comparing the real maximum elevated hull weight with the estimated
maximum elevated hull weight. Where the real maximum elevated hull weight is noted by the operator
in the jacking logs and the estimated maximum elevated hull weight is the value obtained from the SSA.

The second hypothesis is verified by making two comparisons. The first one compares the mea-
sured maximum elevated hull weight with the real maximum elevated hull weight. If no friction would
occur, then both these values would be very similar. Secondly, the measured maximum elevated hull
weight before the first component is installed, is compared to the measured minimum elevated hull
weight after this component is installed. If no friction would occur, then the difference between these
two values should be equal to the weight of the installed component.

Real maximum
The operator notes certain parameters in the jacking logs during each jacking operation. One of these
parameters is the hull weight based on the hull draught before the vessel is jacked up. From the draught,
the vessel weight can be obtained with equation (B.1) [22] and the respective maximum elevated hull
weight by equation (B.2).
In equation (B.1) the vessel weight ∆ is calculated by multiplying the underwater volume of the vessel
by the density of seawater. The underwater volume of the vessel is determined by the length of the
water line Lwl, the breadth of the vessel B, the draught of the vessel T and the block coefficient Cb.
These are all defined parameters based on the vessel draught. Therefore, the weight of the vessel can
be determined by measuring its draught.
The maximum elevated hull weight is then obtained by subtracting the weight of the legs from the hull
weight, as in equation (B.2). Where the weight of the legs can be obtained from the SSA and is equal
to four times 1246 ton.

∆ = ∇ · ρseawater = Lwl ·B · T · Cb · ρseawater (B.1)

∆elevated = ∆−Wlegs (B.2)

This is a very robust method to obtain the maximum elevated hull weight; since it only depends on
one variable, the draught, which can easily be determined on the vessel. Therefore this value of the
maximum elevated hull weight is considered the real value.

Estimated maximum
The estimated maximum elevated hull weight is obtained from the site specific assessment. Where
the vessel weight is determined based on the weights of all the components on the vessel and the
maximum elevated hull weight with equation (B.2) as well.

Measured
By adding the leg reactions of each leg together, the measured elevated hull weight can be obtained at
any point in the operation. Just as for the previous two values, the measured maximum elevated hull
weight is obtained after the vessel has been jacked up and before any component is installed. Since
the measured elevated hull weight can be obtained during any point of the operation, it is also deter-
mined after the first component is installed. In this research, this second value is called the measured
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minimum elevated hull weight.

B.2.2. Measured maximum and minimum elevated hull weight
The measured maximum and minimum elevated hull weights are determined from the refined leg re-
action time series. Similar to the main research, this is done by designing a Python code that can
extract the leg loads at the two desired phases of the operation: before and after the first component is
installed. This code uses the same input data as the main research as well: the refined leg reactions,
crane load, and crane slewing angle. Two methods are used to identify the operational phases in the
data. One is based on the crane load, and the other one on the crane slewing angle, because for some
operations only one of both parameters was measured.
The crane load method is the most precise one of the two methods and is therefore initially used for
each jacking location. If the measured crane loads are always less than 50 ton or the measured max-
imum elevated hull weight is lower than 20000 ton with this method, the crane slewing angle method
is used instead. Similarly, if no crane slewing angle is detected in the data or the measured maximum
elevated hull weight is lower than 20000 ton with this method, then the assessed location is marked as
unusable and filtered out.
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Crane load method
For each assessed jacking location, the refined time series of the leg reactions are first of all summed;
to obtain the time series of the measured elevated hull weight. The maximum elevated hull weight is
defined as the average elevated hull weight after preloading and before the first heavy lifting operation.
The minimum elevated hull weight is defined as the average elevated hull weight right after the first
component is installed. The first installed component is usually the tower of the wind turbine, which is
also the heaviest component. The first lifting operation is therefore identified in the data by the maxi-
mum crane load, as marked in purple in figure B.1.
Just as in section 4.1, the crane load during a heavy lifting operation should be above 50 ton. The start
and end of the first heavy lifting operation are therefore determined respectively as the first time the
crane load is lower than 50 ton before the maximum crane load and after the maximum crane load. In
the example in figure B.1, the start of the heavy lifting operation is marked with A and the end with B, by
the described method. The maximum elevated hull weight is then obtained as the average sum of the
leg reactions during the 200 measuring points before the start of the heavy lifting operation, as marked
in orange. A robust method to consistently determine the minimum elevated hull weight is found to be
the average of the 80 percent lowest sum of the leg reactions after the end of the heavy lifting operation,
but excluding the last 20 percent of the measuring points. The reason to exclude the last 20 percent
of the measurements is because at the end of the jacking operation the legs will be extracted, which
might first lead to a small increase in summed leg reactions. The zone in the data to obtain the average
of the minimum elevated hull weight is marked in green in the example.
If this method is viable for the assessed operation, both obtained values are exported to an output sheet
and the Python code will analyse the next jacking operation.

Figure B.1: Sum of leg reactions phases based on crane load
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Slewing angle method
If the previous method is not viable, the slewing angle method is used to obtain both values. The slew-
ing angle is not consistent in indicating when a heavy component is lifted, but it can accurately indicate
when the preload phase is done. Just as in section 4.1, the end of the preload phase can be marked
after 400 consecutive changes in the slewing angle, as marked by the grey zone in figure B.2.
By taking the average of the sum of the leg reactions for the 200 measurements after the end of the
preload phase the maximum elevated hull weight can be obtained, as marked in orange in the exam-
ple. No clear indication for the end of the first lifting operation is given by the crane slewing angle data.
However, by taking the average of the 70 percent lowest values of the sum of the leg reactions after
the zone for the maximum elevated hull weight and excluding the last 20 percent of the measurements,
a minimum elevated hull weight can be obtained, which is consistent throughout the assessed jacking
operations. In the example the minimum elevated hull weight is marked in green.
If this method is viable for the assessed operation, both obtained values are exported to an output sheet
and the Python code will analyse the next jacking operation.

Figure B.2: Sum of leg reactions phases based on crane slewing angle

B.3. Results and conclusions
For each wind farm site in the case study, wind turbines are installed of approximately the same size.
Because the elevated hull weight is further location-independent, all locations are assessed together.
This means that in the results of this additional research, no distinction is made between wind farm
sites and low-risk or high-risk soil profiles.

From the acquired data at each jacking location in the case study, the following three distributions
are determined, as defined in appendix B.2:

• A distribution for the ratio of the real maximum elevated hull weight versus the estimatedmaximum
elevated hull weight.

• A distribution for the ratio of the measured maximum elevated hull weight versus the real maxi-
mum elevated hull weight.

• A distribution for the difference between the measured maximum hull weight and the measured
minimum elevated hull weight.
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B.3.1. Distributions
For each distribution, the outliers are excluded; which are mostly due to a faulty measured elevated
hull weight with the slewing angle method. For these locations, the applied method could not correctly
interpret the data, resulting in a measured elevated hull weight that was too large or too small. From
the remaining valid jacking locations the three distributions are obtained and presented in figure B.3,
figure B.4, and figure B.5. The mean value µ and standard deviation σ of each distribution is sum-
marised in table B.1.

Figure B.3: Distribution of the real maximum elevated hull
weight versus the estimated maximum elevated hull weight

Figure B.4: Distribution of the measured maximum elevated
hull weight versus the real maximum elevated hull weight

Figure B.5: Distribution of the difference between the
measured maximum hull weight and the measured minimum

elevated hull weight

Table B.1: Distributions parameter summary

µ σ

Real vs estimated 0.985 0.031
Measured vs real 0.927 0.023

Difference measured 584 441

Apart from the excluded outliers, the values in the distribution for the difference in elevated hull
weight are spread across a wide range. Two jacking operations with extreme results will be discussed
shortly.
The difference between the measured maximum hull weight and the measured minimum elevated hull
weight is expected always to be larger than zero. However, as seen in the respective distribution, this
is not always the case. One of the jacking operations with a negative difference is shown in figure B.6,
where it can be verified that the minimum elevated hull weight is indeed larger than the maximum el-
evated hull weight. The data looks furthermore valid; the exact reason why the elevated hull weight
increases during these few jacking operations should be researched in more detail.

A second observation is that many differences between maximum and minimum elevated hull
weights are higher than 1000 ton; which is more than double the weight of the heaviest installed compo-
nent. An example of such a jacking operation is shown in figure B.7; this is the same operation used to
explain the designed methods in appendix B.2. Nothing about this data seems suspicious; the reason
for such a large drop in weight should therefore also be further researched.
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Figure B.6: Sum of leg reactions phases based on crane
load for Danish Kriegers Flak 10

Figure B.7: Sum of leg reactions phases based on crane
load for Danish Kriegers Flak 2

B.3.2. Conclusions
From the obtained results, the following conclusions can be drawn with respect to the formulated hy-
potheses in appendix B.1.

Conservative weight estimation
The mean value of the distribution for the real maximum elevated hull weight versus the estimated
maximum elevated hull weight is slightly lower than one. This indicated that on average, the estimated
hull weight is slightly overestimated.
Hereby, the first hypothesis can be confirmed.

Load dissipation through friction
The second hypothesis is verified by two distributions.
The mean value of the distribution for the measured maximum elevated hull weight versus the real
maximum elevated hull weight equals 0.927. This shows that the measured elevated hull weight is
reasonably lower than the real elevated hull weight from the jacking log, which could indicate friction,
as discussed in the second hypothesis.

Secondly, the mean value of the distribution for the difference between the measured maximum hull
weight and the measured minimum elevated hull weight equals 584 ton. In comparison, a tower should
weigh around 465 ton, according to the SSA’s. If friction occurs, it would rather be expected that the
measured difference would be less than 465 ton.
Therefore, I would not use this distribution to draw conclusions about the load dissipation through fric-
tion. But, it raises questions about why the difference between the maximum and minimum elevated
hull weight is so scattered over all these operations.
Nevertheless, the first conclusion is still valid, partly confirming the second hypothesis as well.

Summary
The goal of this additional research was to determine why the estimated maximum operational leg re-
actions are much higher than what is measured during the operations from the main research.
The final conclusion is that this is caused by two factors. Namely, the elevated hull weight is estimated
too conservatively, leading to an over-conservative estimate of the maximum operational leg reactions.
Which could be caused by the dumping of ballast water.
Also, the measured elevated hull weight is lower than the real elevated hull weight, leading to insuffi-
cient measurement of the maximum operational leg reactions. This could be caused by load dissipation
through friction between the leg and leg shaft.
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