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Abstract

In a world with an increasing population and level of welfare, there is a large demand for more
and cleaner sources of energy. Floating wind turbines have great potential to meet a significant
part of this demand. They are however not yet commercially available, because of huge technical
and economic challenges. Most of the concepts that are currently developed focus on technical
feasibility.

The TetraSpar concept is designed with a focus on both technical and economic challenges. One of
the main advantages of the concept is the type of connection, with which the steel tubular members
are connected. This connection allows for industrialization of the fabrication and assembly process,
which is potentially a huge competitive advantage. However, there are major concerns about the
fatigue strength. The variable nature of the environmental loads, and the dynamic behavior of
a floating structure result in continuously varying internal forces, which could cause significant
fatigue damage

The fatigue strength of the pin connection is assessed in the research project presented in this the-
sis. The fatigue strength is quantified by an estimated fatigue lifetime, which is the expected time
to failure of the most critical point in the connection. The lifetime is estimated based on the yearly
accumulated fatigue damage. A computer model of the structure has been constructed, with which
time signals of the internal forces in the structure are calculated, based on the environmental loads.

The pin connection was not included in this model, so internal forces in the steel tubular members
have been translated manually to forces in the pin connection. The connection was decomposed
in its basic components and nine potential critical locations have been identified. Stress concen-
trations are expected at these locations, which make them sensitive to fatigue. The internal forces
were combined with the dimensions of the components, so that nominal stresses could be calcu-
lated. The hotspot stress at the potential critical locations was estimated with stress concentration
factors (SCFs), which are found in literature. Relationships between the internal force and the
hotspot stresses are derived in this way, and time signals of the hotspot stresses are obtained. Most
of the identified locations could be assessed with hand calculations, except for two locations. They
are analyzed with finite element software (ANSYS). The time signals of the hotspot stresses have
been used to calculate the expected fatigue damage with the Palmgren-Miner rule. The damage
is calculated for all wave directions and based on real wave statistics.

Results have shown that there are two locations in the design that have an expected fatigue life
time of less than 100 years. None of them have an expected lifetime of less than 60 years, which
is the absolute minimum according to the standard for floating offshore wind turbines. Although
results are expected to be conservative, one of the recommendations is to do a more detailed stress
analysis on the critical locations in the pin connections, because fatigue problems are very sensitive
to input by nature.
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ANSYS Finite element software package
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Chapter 1

Introduction

Since the 1950’s the world population has increased quickly to 7 billion people at the end of 2018.
A further growth is expected for the coming decades, up to 10 billion in 2070 [5]. This, in combi-
nation with the average increase of the welfare, results in an increasing global energy consumption.
At the same time global warming, caused by climate change, is a severe problem. The climate
change is mainly caused by the emission of greenhouse gasses. This emission is closely related to
the global energy consumption.

To minimize the global warming, all nations have agreed to undertake ambitious efforts to min-
imize the emission of greenhouse gasses and to invest in green energy sources. This is the Paris
agreement and it has been made in 2015. So, there is a need for either more and cleaner energy in
the near future. Shell has the ambition to meet this need, which is why they have invested in the
development of a concept for a floating wind turbine.

Wind energy is a source of green energy with a large potential. Originally, wind farms used to
be built onshore only, but in the last two decades they have been built offshore as well. Due to
stronger and more constant wind fields, and the wide availability of space, offshore wind farms
are an attractive alternative for onshore wind farms. Currently, all commercial wind farms are
bottom-founded. They can be operated at a competitive rate, but they have a major disadvan-
tage. Bottom-founded wind turbines are limited to a water depth of around fifty meters. There are
many locations around the world that have a great potential for offshore wind energy, but where
the water is too deep to operate bottom-founded wind turbines. Floating wind turbines could be
a great alternative for these locations. However, they have not yet been installed, because there
are many challenges in the design of these turbines. These challenges concern dynamic behavior,
stability, structural integrity and economics.

Some concepts for a floating wind turbine have been developed of which some examples are shown
in Fig. 1.1. Many of these concepts however, might be technically feasible, but are expected to be
expensive to fabricate, install and operate. The Danish company Stiesdal Offshore Technologies
(SOT) has developed a concept for a floating wind turbine that overcomes many of the techni-
cal challenges and could be commercially attractive as well. It is called the TetraSpar and it is
shown in Fig. 1.2. Shell has decided to become a shareholder in this project, because of the great
potential. They provide financial support, but also technical support, by doing technical parallel
studies. This master thesis is an example of such a study.

One of the technical parallel studies is focused on the pin connections in the TetraSpar concept
(Fig. 1.3). This type of connection allows for pre-fabrication of the steel members in the design, so
that there is no need for welding in the assembly process. It is a very economical solution, because
costs of assembly and quality control are greatly reduced. However, there are concerns about the
structural integrity of this connection, mainly with regards to the fatigue strength. In this thesis,
the fatigue strength of the pin connection is assessed. It aims to identify the potential critical
locations in the connection and to predict the time to failure, which is also called the expected
fatigue life. The outcomes of this study can be used as a confirmation of the integrity of the design
or it can form a basis for an improvement of the design.



Spar-Buoy Spar-Submetsible Tension Leg Platform

Figure 1.2: The TetraSpar concept, developed by SOT




Figure 1.4: Example of fatigue damage

1.1 Fatigue

One of the biggest challenges in the design of offshore structures is fatigue. An example of fatigue
damage of a steel structure is shown in Fig. 1.4. Fatigue failure is the tendency to fracture by
means of progressive brittle cracking under repeated alternating of cyclic stresses of an intensity
considerable below the normal strength [6]. Offshore structures are cyclically loaded by waves during
their whole lifetime. Assuming an average wave period of 10 seconds, an offshore structure with a
typical lifetime of 20 years experiences around 60 million load cycles. The fatigue strength of the
structure is therefore an important design challenge. For floating structures, this challenge is even
bigger. Weight of the structure is a more strict boundary condition, so it is usually difficult to
add extra material at critical locations to lower the stress levels. These statements emphasize the
importance of a good structural design and the relevance of the study that is done in this thesis.

1.2 Objectives

The main objective of the research presented in this thesis is to determine whether the fatigue
strength of the pin connection is sufficiently high to survive it’s design life time. This objective is
formulated as follows and consists of several parts.

Assess the fatigue strength of the pin connection in the design of the TetraSpar concept.
e Find the most critical connection in the design

e Decompose the complex connection in its components and understand how loads are trans-
ferred

e Identify potential critical locations where stresses are concentrated

e Estimate the stress level at these locations




e Calculate the fatigue damage based on the recommendations in DNV-RP-C203 [23] and
determine the expected fatigue life

In order to achieve the research objectives, a model of the TetraSpar is used, that generates input for
a MATLAB script. The model is constructed by an engineer in the TetraSpar project team of Shell.
The model calculates internal forces in the structure that result from the environmental loads. The
internal forces are transferred to MATLAB. A script is developed with which stresses and fatigue
damage are estimated. The final outcome - the expected fatigue life of the pin connection based on
realistic environmental conditions - is calculated by combining results from different environmental
conditions and directional data with the corresponding probability of occurrence. With these
results, conclusions can be drawn with regards to the expected fatigue life of the pin connections.

1.3 Prototype

The design of the concept is still to be tested. A full-scale prototype is currently being built that
will be installed offshore, for real life measurements. The prototype will be tested at the same
test location that has been used for the Hywind project. The Hywind project is currently the
only operational commercial floating wind farm, consisting of five floating wind turbines. The test
location is approximately 10 [km] offshore Norway, see Fig. 1.5
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Figure 1.5: Test location 10 [km)] offshore Norway




Chapter 2

The concept

Offshore floating wind turbines are a topic for many research projects since several years. There
are many technical and economic challenges that should be dealt with, before floating wind tur-
bines can be operated on a large scale. Most of the research has focused around technical aspects.
This has led to the development of several floating wind turbine concepts. Many of these concepts
are designed against technical challenges, and to a lesser extent against economic challenges. It is
expected that the production and installation of these concepts will be expensive and might not
even be commercially attractive (enough).

The TetraSpar concept is designed with an extensive focus on a cost-effective way of fabrication,
assembly and installation. It is suitable for industrialization, so it is expected that it can deliver a
more economic solution than the other concepts that are currently being developed.

In this chapter, the concept is presented and described. The first sections discuss the unique as-
pects and the potential weaknesses of the concept. In the last section the characteristics of the
different parts of the design are discussed.

2.1 Unique aspects

The TetraSpar (shown in Fig. 2.2) is a concept that offers the following unique advantages [20].
They are the main aspects that enable an efficient and cost-effective way of fabrication, assembly
and installation, which allow for industrialization.

e The steel structure can be assembled in a time-efficient way, because of the pin connection.
The pin connection is discussed in more detail in the next section

e The system can be completely assembled onshore. This includes the wind turbine, which is
installed while the structure is floating at the quay side

e The structure is towed offshore using tug boats. No expensive offshore installation vessels
are required

e The draft is minimized by holding the keel to the floater, up until the point of tow-out. This
offers advantages with regards to the assembly, installation and inspection

e The system is moored with a simple catenary mooring system

Other advantages, that are not related to the industrialization, are listed below.
e With the open structure of the floater, the loads of waves are minimized
e The keel that is used for ballasting offers attractive dynamic properties
e Decommissioning is easily done by reversal of the installation process

e With small modifications, the design can also be deployed as a bottom-founded foundation



Figure 2.1: Pin connections that allow for a quick and easy assembly process

2.2 Pin connection

The main advantage of the TetraSpar concept is the efficient assembly process, which is supported
by the pin connection (shown in Fig. 2.1). This type of connection allows for pre-fabrication of
the steel members, so that they arrive as “LEGO-blocks” at the construction site. On sight, they
only need to be assembled, using the pins of the connection; there is no need for welding activities
in the assembly process. The steel members are simply connected by means of pins, using regular
land cranes. The absence of welding activities at the construction site offers several advantages.
The number of man-hours used for the assembly is expected to be significantly reduced. Further-
more, there is no need for quality control of welds at the construction site and the level of safety
is increased.

However, there are concerns about the structural integrity of the pin connections, and specifically
about its fatigue strength. The geometry is less robust as a fully welded connection and large
stress cycles are expected. The statements that are listed below show the relevance of the concerns
about the fatigue strength.

e Fatigue failure is one of the most common failure mechanisms in structures (not only offshore)

Fatigue damage is expected to occur at the pin connections

The pin connections are essential for the structural integrity of the whole structure

There is no redundancy
e There are 18 pin connections in a single TetraSpar design

The importance of these aspects becomes even more evident, considering that a typical wind farm
consists of at least fifty wind turbines. Hence, the risk of a fatigue failure becomes even more
significant. A possible risk mitigation could be intensive monitoring of the structure. However,
extensive inspection and maintenance of the pin connections is difficult. In a single floater there
are already 18 connections. Most of them are located below the sea surface, which makes it a
more difficult and expensive to reach them. In the Oil & Gas industry, critical components would
be inspected and maintained regularly. However, profit margins in the offshore wind industry are
tight, which makes it difficult to set up a robust inspection and maintenance program.

It is concluded that the pin connection offers many advantages, that could result in a huge com-
petitive advantage. However, concerns about the fatigue strength should be reduced, before the
potential of this concept can be enabled. This emphasizes the relevance of the research discussed
in this thesis.

2.3 Design & Geometry

The TetraSpar concept (shown in Fig. 2.2) consists of four main components: the wind turbine, the
floater, the keel and the mooring system. The focus in this thesis is on the pin connections in the
floater. In the next sub-sections, the four components are described. The presented information is
derived from [17].




Wind turbine

Floater

Mooring
system

Keel

Figure 2.2: TetraSpar concept with the main components




Figure 2.3: Floater structure with the different types of members

2.3.1 Wind Turbine

The wind turbine that will be used on the prototype is the Siemens Gamesa 3.6 MW [8]. It’s main
characteristics are shown in Table 2.1.

Table 2.1: Wind turbine characteristics

Description Quantity | Unit
Power 3.6 MW
Configuration 3 blades -
Rotor diameter + 130 m
Hub diameter + 3.3 m
Nominal rotor speed 12.2 rpm
RNA mass 265 tons
RNA elevation above MSL 93 m
Tower mass 208 tons
Tower COG above MSL 69 m

2.3.2 Floater

The floater consists of steel members with various lengths, diameters and wall thicknesses. Fig. 2.3
shows the floater with the names of the member types. The base is a vertical center column with
three radial members attached to it, which make an angle of 120°with each other. The radial
members are interconnected with lateral elements. Together they provide the main part of the
buoyancy. The radial elements are also attached to diagonal elements, so that the structure forms
arigid body. On top of the floater there is a transition piece where the wind turbine and the floater
are connected. The main characteristics of the members in the floater are shown in Table 2.2 and
Table 2.3. The steel members are also equipped with internal ring stiffeners to prevent hydro static
collapse.

2.3.3 Keel

The keel is attached to the floater with cables. The cables are Dyneema lines, and every suspension
line is composed of two lines in parallel. The keel is ballasted and filled with concrete. Its purpose
is to provide dynamic stability to the structure. The main characteristics of the keel are shown in
Table 2.4.




Table 2.2: Floater characteristics

Description ‘ Quantity ‘ Unit
Mass 946 tons
Vertical distance COG below MSL 8.7 m
Displacement 3295 m3
Floater draft 16 m

Table 2.3: Dimensions of the members in the floater

Element type | Outer diameter [m] | Wall thickness [cm] | Length [m]

Center column 4.3 2.6 — 6.0 + 35
Radial 3.5 2.0 + 35
Lateral 4.1 2.0 + 60

Diagonal 2.0 2.0 + 50

Table 2.4: Main characteristics of the keel

Description Quantity | Unit
Dry mass 996 tons
Ballasted mass 1478 tons
Concrete mass 1067 tons
Displacement 840 m3
Vertical distance COG below MSL 55.8 m

Table 2.5: Characteristics of the two segments of the mooring chain

Upper section
Dry mass [kg/m] 140.4
Effective diameter [m] | 0.151

Lower section
Dry mass [kg/m] 750.0
Effective diameter [m] | 0.350




2.3.4 Mooring

The mooring system consists of three catenary chain lines. Every mooring line consists of two
segments. The lower part consists of three 107 [mm] chains and the upper section consist of a single
84 [mm] chain. The water depth at the location is approximately 210 meters. The characteristics
of the mooring lines are shown in Table 2.5.
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Chapter 3

Theory

In the introduction of this thesis, the main objective for the research have been formulated: to
assess the fatigue strength of the pin connection. In this chapter, the approach for the fatigue
strength analysis is discussed, and the theoretical background is explained. The main steps are
shown in the general flow diagram in Fig. 3.1. They are discussed in more detail in the sections of
this chapter.

The input for the analysis consists of the environmental conditions. They are summarized in a
wave scatter diagram, tables with wind data and some site characteristic parameters. In the first
step of the analysis, the environmental conditions are divided into load cases. The load cases are
used to generate an approximation of the real conditions in the software package USFOS. Together
with a model of the TetraSpar, the environmental loads on the structure are calculated. The ex-
ternal loads are translated to the internal forces in the members of the structure.

Internal forces are the input for the stress calculations in the pin connection. This is the main topic
of this thesis. The connection is a complex assembly, in which stresses are not simply determined.
To reduce the complexity, the connection is decomposed in its basic components, which are in
general loaded in only one or two degrees of freedom. Stress distributions in the components can
therefore be approximated with basic stress equations.

Based on literature and engineering knowledge, potential critical locations, also known as stress
hotspots, are identified. Stresses are concentrated here, and fatigue damage is expected to initiate
at these locations. The potential critical locations in all the components are listed, and hotspot
stresses are calculated. Most of the hotspot stresses can be approximated with hand calculations,
in MATLAB. The remaining locations are analyzed with the FE software package ANSYS.

The hotspot stresses for the potential critical locations form the input for the fatigue damage cal-
culations, which are performed in MATLAB. The fatigue strength of the individual components is
determined based on the accumulated fatigue damage per year. With these results, the objective
of the presented research is achieved.

USFOS MATLAB / ANSYS MATLAB

Environmental Environmental Fatigue

" Internal forces =
conditions loads damage

Figure 3.1: General flow diagram for the fatigue strength analysis
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3.1 USFOS model

The first two steps in the general flow diagram are performed in USFOS. USFOS is a finite element
software package, mainly designed to do load and motion analyses for steel tubular structures. A
model of the TetraSpar concept in USFOS is used to calculate the internal forces in the members of
the structure, based on realistic environmental conditions. This model is discussed in this section.
It is explained how relevant phenomena are modeled and which assumptions have been made. The
two steps in the flow diagram, in which internal forces are calculated from environmental condi-
tions, are discussed afterwards.

Model description

Time signals of internal forces in specific members of interest are the output of the USFOS analy-
ses. They form the basis for the stress signal calculation in the components of the pin connection.
The stress signals are used to calculate the fatigue damage. The amount of fatigue damage is
very sensitive to the variation of the stress signal, and thus indirectly also for the variation in the
internal force signal. It is therefore important to have a clear overview of the phenomena that are
included in the calculation of the internal forces and how they are modelled in USFOS.

Fig. 3.2 shows a model of the geometry and the actions and phenomena that are to be assessed
for the modelling of the structure and conditions. For the presented research it is not realistic to
model all of them accurately, so simplifications and assumptions are made. In the next paragraphs
it is explained if the individual actions and phenomena from the figure have been considered, and
how they are modelled.

Hydrodynamic loads

Hydrodynamic loads are expected to be the governing loads; they represent the external forcing
on the structure. They are discussed in more detail in Section 3.2. It is explained how a wave field
is generated and how the loads on the structure are calculated.

Wave direction

USFOS can simulate one wave direction at a time. This means that all the waves come from the
same direction, without any spread. This is not a realistic representation of reality. However, it is
expected that results will be conservative, because spread of wave directions is believed to result
in a spread of (critically) loaded locations in the connections as well.

Wind loads

Wind loads have a large influence on the dynamic behavior and the internal forces in the structure.
However, they are not considered in the simulations, for the following reasons:

e It is expected that wind loads do not produce significantly more or more severe internal force
fluctuations than hydrodynamic loads only. Hydrodynamic loads are expected to be the
main driver of fatigue damage. Note that it is expected that wind loads do have an influence
on the (quasi-) static part of the internal forces, but these are not of interest for fatigue.

e The USFOS software cannot calculate the dynamic coupling between the motions of the
support platform and the wind turbine. Instead, it approximates the combined effect of
wind and wave loads by superposition. This approximation is not an accurate representation
of reality [12].

e USFOS is not suitable for producing realistic wind fields. It is possible to simulate a constant,
or semi-fluctuating wind field. A realistic wind field, that produces realistic load fluctuations
on the structure, cannot be simulated however.

Omitting the wind loads also means that the wind-wave alignment and the dynamic effects of the
wind turbine (blades) are not relevant. Note that only the wind loads are not considered. The
wind turbine itself is modelled, to capture the behavior of the structure as accurate as possible.

12
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Figure 3.2: USFOS model with all the phenomena that should be assessed
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Current

Currents are not considered in the USFOS model. They influence the total load on the structure,
but they have no significant influence on the fatigue life of the structure, because the variability
of the current velocity is negligible compared to the other loads. In [23] it is also stated that the
effect of currents can be ignored for fatigue analyses.

Gravity and inertia

Inertia and gravity forces are considered in the simulations. The steel structure of the TetraSpar
is modelled with the real dimensions, material properties and cross-sections, so that the model
accurately represents the primary structure in terms of dimensions and masses. To account for
materials other than the primary cross-section material (for example internal stiffeners), point
masses have been defined at the end of the members. The gravity and inertia forces are calculated,
based on the dynamics, dimensions and material properties of the members of the structure.

The wind turbine is modelled with multiple elements of different cross-sections and materials,
to approximate the actual shape, mass and strength. It is also ensured that the most important
characteristics of the wind turbine, the mass and the moment of inertia, are implemented accurately.

Buoyancy

Buoyancy is calculated using Archimedes’ principle, which states that the buoyancy force is equal
to the weight of the displaced fluid. For the model, this means that the software calculates the
external volume of the submerged members. Buoyancy can also be removed from the internal
volume, by specifying that the element is (partly) flooded. Buoyancy is assigned to all elements
in the model, except for the keel, which is modeled (conform the actual design) with a flooded
internal volume.

Fixed bottom node

In some simulations the structure started rotating about the vertical axis after a certain amount
time. This happened also for wave directions for which the structure was symmetrically loaded. Tt
is believed that this behavior is not an accurate representation of reality, and that it is a numerical
error in the program. The mooring of the system is namely stiff compared to the force that the
waves can exert on the structure. The floater is relatively “open” for the waves, which means
that the area loaded by the waves is small. Therefore, the bottom node of the center column is
restrained around the vertical axis (for the symmetrical load cases only), to prevent rotation in
this direction.

Pin connections

USFOS is mainly designed to model structures with fixed joints. This means that no rotations are
allowed and that moments are transferred through the connections between members. It is possible
to implement hinges, but this is a cumbersome process and it increases the complexity of the model
significantly. It is therefore decided to model all the joints in the structure as fixed connections,
although some of them are hinges in reality (the pin connections). They allow rotation about one
axis but act as moment restraint for the other axis, depending on the orientation. However, if
it is assumed that the bending moment responses about the two axes are independent, one can
simply ignore the bending moment around the axis that can freely rotate in reality. The fact that
the moment distribution along a member changes as a result, is not relevant for the forces at the
element ends.

Mooring system

The mooring system is considered as part of the structure in the model. The catenary chain lines
are modeled as beam elements. They are modelled with an equivalent diameter and the realistic
strength and material properties. The parts of the mooring lines that are lying on the seabed are
modeled as being fixed in the USFOS model. This is done to improve the stability of the model
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during the calculations. It is assumed that the heavy chain line will not come loose from the
seabed.

Marine growth

USFOS provides the option to consider marine growth on the structure. Marine growth results in
an increase of the element diameter and consequently the loads on the element. The significance
of the effect depends on the marine growth thickness, with respect to the element diameter. In
the structure of the TetraSpar, the elements with the smallest diameter are the diagonals, with a
diameter of two meters. With a typical marine growth thickness of several centimeters the total
diameter increases with only a few percent. The effect is expected to be negligible, and marine
growth is therefore not considered in the model.

3.2 External loads

In this section it is explained how environmental conditions are generated in USFOS and how they
are translated to the external loads exerted on the structure. This is the first step in the general
flow diagram and consists of several sub-steps, as shown in Fig. 3.3. The sub-steps are discussed
in the next sub-sections.

Environmental Environmental
conditions loads

Time series of

Wave statistics Load cases . External loads
surf. elevation

Figure 3.3: Approach for the calculation of external loads on the structure

3.2.1 Environmental data

The data about the environmental conditions at site is derived from a MetOcean report [14]. The
water depth is around 210 [m]. Environmental conditions are available from offshore measurements
offshore for the period October 1974 - June 1986. Also, hindcast data are available for the period
1957 — 2002. The model agrees well with the measurements during the overlapping period [14].
Wind, wave and current data can be extracted from this document. In the research presented in
this thesis, only wave actions are considered. The wave scatter diagram and the directional spread
of the waves, obtained from the hindcast data, are shown in Fig. 3.4 and Fig. 3.5.

3.2.2 Load cases

The wave scatter diagram in Fig. 3.5, is composed of many entries, each representing a sea state.
Simulating all the sea states in USFOS would require too much time and computation effort, and
therefore simplifications are made. This section describes the steps that are taken to reduce the
number of simulations, and to define a number of load cases

A commonly used method divides the wave scatter diagram in blocks and lumps the sea states
within the blocks. In [3] it is proposed that a block can be represented by equivalent fatigue
damage parameters. It is stated that the fatigue damage is roughly proportional to the significant
wave height to the power m, see Eq. (3.1). In this equation m is the fatigue strength parameter,
which is equal to the slope of the SN-curves (refer to Section 3.5) that are used. The a-parameter
is proportional to the number of stress cycles, which depends on the peak period of the sea state
that is simulated.

d(Hs, Tp) = o(T,)H," (3.1)
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Figure 3.6: Wave scatter diagram divided into eight blocks

Table 3.1: Equivalent paramters for the blocks in the wave scatter diagram

Block ‘ 1 2 3 4 5 6 7 8

H. [m] | 1.31 1.83 239 296 3.38 340 288 201
T.[s] | 50 70 90 109 129 149 169 19.4

3.2.3 Blocks

With the blocking of the wave scatter diagram comes a trade-off. On one hand, the blocks should
be as small as possible to minimize the effect of the lumping strategy. On the other hand, it is
efficient to have as few blocks as possible to minimize the computation time. A compromise is
found for eight blocks, as shown in Fig. 3.6.

The sea states in the blocks are represented by an equivalent wave height and an equivalent peak
period. These parameters should describe a sea state at the center of fatigue damage of the
block. This means that the equivalent sea state results in the same fatigue damage as the sum
of the damages of the individual sea states in the block (times their probability). The equivalent
parameters are calculated with Eq. (3.2) and Eq. (3.3). Initially, the factor m in Eq. (3.2) was
assumed to be equal to three'. The equivalent wave heights of the blocks have been calculated
with this value and the results are shown in Table 3.1.

N
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Fig. 3.4 shows that there are seven wave directions with a significant probability. However, using
the symmetry of the geometry, the number of unique wave directions can be reduced to three, see
Fig. 3.7. It is shown that the 0°, 30°and 180°are selected as the unique directions, whilst the other
directions correspond with one these directions. It is assumed that the wave scatter diagram is
independent of the wave direction. Consequently, there are 24 unique load cases, that are simulated
in USFOS. They consist of the eight blocks (Fig. 3.6), for the three unique wave directions.

3.2.4 Sea surface elevation

A sea state represents a time series of three hours of the sea surface elevation. The sea state consists
of a combination of waves with different periods, amplitudes and directions. The combination of
the waves can be represented by a spectrum. A spectrum plots the relative amount of energy
per wave period (or frequency, the inverse of the period). Different types of spectra are known,
depending mainly on the geographical location. The most widely used spectrum for North Sea
locations is the JONSWAP spectrum (refer to Fig. 3.8 for an example). For this spectrum type, the

IThe value of three turned out to be incorrect. Refer to Section 3.2.6
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Figure 3.7: Symmetry of the geometry is used, so that there are only 3 unique wave directions
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Figure 3.8: Example of a JONSWAP spectrum

peak period (or peak frequency) indicates the period at which the peak of the spectrum is found.
The significant wave height is related to the total amount of energy present in the spectrum.

To generate a time series that approximates the sea surface elevation, the following approach is used
in USFOS. The user specifies the spectrum type, the peak period, the significant wave height and
the direction of the sea state, based on the site conditions. With these parameters, the wave energy
spectrum is obtained. The time series is generated by taking an Inverse Fast Fourier Transform
(IFFT) of the spectrum. The IFFT results in a set of discrete wave components. Each component
is expressed as a harmonic wave with a wave amplitude, a wave frequency and a random phase
angle. By superposition of all harmonic wave components, the surface elevation of the irregular
sea is approximated. A visualization of this approach is shown in Fig. 3.9. Refer to Eq. (3.4) for
the expression of the sea surface elevation.

N
n=> a;-cos(2rfi-t— ) (3.4)

=1

3.2.5 Hydrodynamic loads

The time series of the surface elevation, calculated by USFOS, is a signal with a duration of three
hours. This time series is not fully simulated, because this would exceed the computational and
data storage capacity. Instead, a sample of five hundred seconds of the full signal is simulated. To
ensure that the sample is not non-conservative, USFOS searches in the full signal for the highest
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Figure 3.9: Graphical representation of the method to obtain an approximation of the sea surface
elevation from a wave energy spectrum

wave and starts the simulation 100 seconds before this wave. Consequently, the highest wave in
the time series is always considered in the simulation.

Variation of the sea surface elevation represent waves, which result in hydrodynamic loads on the
structure. Wave forces are calculated with Morison’s equation (Eq. (3.5)). This expression shows
that the force on a piece of a cylindrical element consists of two parts. The first part is the inertia
force, and the second part is the drag force. In the equation, the wave particle velocity (v,) and
acceleration (a,) are the only variable terms. The other terms are the element diameter (D), the
mass and drag coefficient (C,, and Cy4) and the sea water density (p), which are all (assumed to
be) constants.

The velocity and acceleration are calculated using potential flow theory. In this theory, a potential
function is defined as a continuous function that satisfies the basic laws of fluid mechanics: conser-
vation of mass and momentum, assuming incompressible, inviscid and irrotational flow [22]. The
velocity potential function is shown in Eq. (3.6). In 2D, the horizontal and vertical components
of the velocity can be obtained by taking the spatial derivative with respect to the x and z direc-
tions [10]. The accelerations are found in a similar way. Eq. (3.7) to Eq. (3.10) show the expressions.

USFOS automatically determines which part of the structure are ‘wet’, for every time step. Hence
the total hydrodynamic load on a member is calculated by computing the integral of Eq. (3.5) over
the wet part of the member.

1
dF = p£D2CMan + 50CpDvglvy | dL (3.5)

_ Gag cosh(k(h + z))

10 » cosh(h) - sin(kx — 27 ft) (3.6)
99 99 0%¢ ¢
*= B (3.7 2=, (3.8) =53 (3.9) @ =2 (3.10)
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3.2.6 Incorrect equivalent parameters

In Section 3.2 it is explained that the factor m in Eq. (3.2) is assumed to be equal to three. After
calculation of the results, it turned out that this value is not accurate. It should be equal to the
slope of the SN-curve, which effectively ranges between 3 and 5 (refer to Section 3.5), depending
on the sea state. The calculated wave heights in Table 3.1 therefore underestimate the actual
equivalent wave heights, because they are calculated with a fixed value of three.

Consequently, the equivalent wave heights in Table 3.1, are not at the center of fatigue damage of
the blocks. For the USFOS simulations this does not lead to any problems. The results are valid
for the sea state that is simulated, and they can also be used for the stress calculations. For the
calculation of fatigue damage however, an alternative approach is used. This approach is discussed
in Section 7.1.

3.3 Internal forces

The hydrodynamic loads on the structure result internal forces in the elements of the structure.
In this section it is explained how the internal forces are calculated from the external loads. This
is the second step in the general flow diagram, as shown in Fig. 3.10.

Environmental

Internal forces —
loads

Figure 3.10: The calculation of internal forces is the second step in the general flow diagram

All the members of the TetraSpar structure are modelled with accurate dimensions and material
properties. Based on these data, USFOS constructs the stiffness matrix for each element, which
describes the mechanical properties. The stiffness matrix for the structure is obtained by combining
the matrices of the elements. Hooke’s law can then be used to solve the system, with the known
stiffness matrix and the external loads, as shown in Eq. (3.11).

F=Ku (3.11)

In this equation, F is the vector with the external forces distributed over the nodes in the model.
K is the stiffness matrix of the full structure. The software calculates the node displacements,
which are stored in the vector u. Element strains, stresses and internal forces are derived from
the displacement vector. The internal forces and moments in the elements are the output of the
USFOS model and they form the input for the calculation of the stresses.

The pin connections are not modeled in the USFOS model, as discussed in Section 3.1. Therefore,
the internal forces close to the location of the connections, are derived. This is at the ends of the
members, as shown in the lower panel of Fig. 3.11. At these locations, forces in six degrees of
freedom are obtained, for every time step. The results from USFOS are transferred to Excel to put
them in a clear overview. An example of this is shown in Fig. 3.12. The data is also transferred
to MATLAB, where the internal forces are used for the stress calculations.

3.4 Stress calculation

The internal forces at the member ends that are extracted from USFOS are the input for the stress
calculations, which is the third step in the global flow diagram. The stress calculations consist of
several sub-steps, as illustrated in Fig. 3.13. In this section the sub-steps are discussed in more
detail.

3.4.1 Forces in connections

The pin connections are not modelled in the USFOS model, because it would result in a too
complex model. Therefore, the forces in the components of the pin connections are determined
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[

Figure 3.11: Comparison between the real geometry and the USFOS geometry. Internal forces are
read out at the dashed lines

NODE A NODE B

tls] Fx[N] Fy [N] Fz[N] Mx[Nm] My[Nm] Mz[Nm] Fx[N] Fy [N] Fz[N] Mx[Nm] My[Nm] Mz [Nm]

0.0 1.33E406 1.18E+05 -2.98E4+06  3.81E+03 L40E407  B.08E405 -1.33E406 118094 -2.98F+06 3825.74 -1.40E407 -B.08E+05
0.2 L.32E4+06 1356405 -3.00E406  2.54E403 LA1E+07  B.78E405 -1.32E406 135327 -3.00E+06 256505 -141E407 -B.78E405
0.4 L31E+06 1.50E+05 -3.01E+06 LA4E+03 LA2E+07 9.30E+05 -1.31E+06 149945 -3.01E+06 1457.21 -L42E+07 -9.30E+05
0.6 1.29E4+06 1.586405 -3.04E+06  8.07E+02 1436407 9.42E:05 -1.29E+06 158288 -3.04E+06 830.846 -143E407 -9.42F405
08 1.28E4+06 1.70E405 -3.07E+06 -1.34E+02 1446407  9.81E:+05 -1.28E+06 170380 -3.07E+06 -110.913  -1.44E+07 -9.81E405
10 1.27E4+06 1.82E4+05 -3.09E+06 -1.0BE+03 1.46E+07 1.02E406 -1.27E406 181769 -3.09E+06 -1060.45 -1.46E+07 -1.02E+06
1.2 1.26E4H06 1.85E405 -3.12E406 -1.42E403 L.47E407 1.00E406  -1.26E406 185477 -3.12E+06 -1395.43 -1L.47E407 -1.00E406
1.4 1256406 1.89E+05 -3.15E4+06 -1.85E+03 LA9E+07  9.93E405 -1.25E406 188712 -3.15E+06 -1820.43 -1L.49E+07 -9.93E4H05
16 1.24E4+06 1.B9E+05 -3.19E406 -2.00E+03 L51EH07  9.68E405 -1.24E406 188832 -3.19E+06 -1976.43 -L.51E+07 -9.68E+05
18 123E4+06 1.81E+05 -3.19E+06 -1.65E+03 L51E+07  891E+05 -1.23E406 180742 -3.19E+06 -1626.81 -1L.51E+07 -8.91E+05
20 1226406 1756405 -3.20E+06 -1.53E+03 151407 8.36E405 -1.22F+06 174956  -3.20E+06 -1510.21 -1.51E+07 -8.36FE+05
22 1.20E+06 1676405 -3.22E406 -1.16E+03 1526407  7.69E405 -1.20E406 166751 -3.22F+06 -1142.4  -1.52E407 -7.69E405
24 1.20E+06 1556405 -3.23F+06 -4.63E+02 1526407  6.80E+05 -1.20E+06 154915 -3.23F+06 -439.739 -1.52E+07 -6.80E+05
26 1.20E4+06 1.50E405 -3.25E406 -3.19E402 L53EH07  6.44E105  -1.20E406 149524 -3.25E406 -297.285 -L.53E407 -6.44E4105
28 1.20E+06 1.36E405 -3.27E4+06  5.73E402 L54EH07  5.54E405  -1.20E406 135780 -3.27E+06 594.802 -1L.54E407 -5.54E405
3.0 1L20E+06 1236405 -3.29E406 1.38E+03 L.55E407 476489 -1.20E406 122951  -3.29E4+06 1403.75 -L55E407 -4.76E405

Figure 3.12: Sample of the internal force data that is transferred to Excel and MATLAB
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Figure 3.13: Approach that is followed for calculating stresses

Figure 3.14: The equilibrium of section A-A is used to calculate the forces in the pin connections

manually, with equilibrium equations. An example is shown in Fig. 3.14, where the axial force
in the ear of a pin connection is calculated based on the equilibrium on section A-A. From the
previous section it is known that the forces are extracted from USFOS at cross-section A-A, which
means that forces in six degrees of freedom are known at the left side of the cross-section. If the
equilibrium of A-A is considered, the forces on the right side of the cross-section can be determined.
A similar approach is followed for forces in other degrees of freedom, and for the other components
in the pin connection.

3.4.2 Nominal stress

The nominal stress in a component is calculated based on the force on the component and its
dimensions. For most of the components, the nominal stress is calculated with basic stress equa-
tions. The total stress is in general composed of an axial stress and a bending stress. The applied
force is related to the stress in the component. The relationship between the force and the stress
is used for the whole force signal, so that a stress signal is obtained. Note that only tensile stresses
are considered for fatigue damage calculations. So, critical components or locations are identified,
based on the (expected) highest tensile stress variations.

3.4.3 Hotspot stress

Nominal stress is no issue for a properly designed component. The dimensions are such that the
stresses are at an acceptable level, and fatigue damage is not expected to be critical. However,
there are features of a geometry that can result in an increased stress level. These are features such
as holes, welds or a change in thickness or diameter. This results in stress concentrations zones,
where stresses can be significantly higher than the nominal stress. Fatigue is expected to initiate
at these locations. They are identified as potential critical locations or stress hotspots

It is difficult to calculate the magnitude of the hotspot stress. A common way to estimate the
stress level at hotspots, is by means of a stress concentration factor (SCF). An SCF is multiplied
with the nominal stress in the component, which is usually easy to estimate. Extensive research
has been done on SCFs for all types of geometries. Approximate values, usually derived from
experiments, are found in literature. The SCF depends mainly on the geometry of the feature and
the dimensions of the component.
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Figure 3.15: Example of a stress hotspot in an axially loaded plate. The lines are a visualization
of the stress distribution
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Figure 3.16: Approach that is followed for calculating the fatigue damage

An example of a stress hotspot is shown in Fig. 3.15. The figure shows an axially loaded plate with
a hole in it. Stresses are concentrated in the locations next to the hole, that are indicated with
red circles. The stress level is calculated based on the nominal stress and an SCF that is found in
literature [15]. The nominal stress is equal to the load divided by the cross-sectional area at the
hole, and the SCF for this situation is found to be around three. Hence, the stress at the hotspots
is around three times higher than the stresses elsewhere in the component. The hotspots are the
critical locations with regards to fatigue for this component.

All components in the pin connection are analyzed in a similar way as in the example. Potential
stress hotspots are identified and the stress level at these locations is estimated, based on the
nominal stress and a corresponding SCF. The resulting hotspot stress signals form the input for
the fatigue damage calculations.

3.5 Fatigue damage

The fatigue damage that is accumulated at the critical locations are the results of main interest.
The input for the fatigue damage calculations are the hotspot stress signals of the potential critical
locations. It is the last step in the general flow diagram and consists of two sub-steps, as shown in
Fig. 3.16.

3.5.1 Palmgren-Miner rule

Various methods are known to calculate fatigue damage. The most widely used method is the
Palmgren-Miner rule, which is also recommended by [24]. It is assumed that the stress signal is
a combination of stress cycles with different magnitudes. It is also assumed that the damage per
stress cycle is constant (Eq. (3.12)) and that the total damage is equal to the sum of the damage
of the different stress cycle components, see Eq. (3.13). In this equation, n; is the number of stress
cycles in the stress signal, and V; is the maximum number of cycles until fatigue failure for the
considered stress range magnitude. The expected damage is thus found by calculating the ratio
between the expected number cycles, which is derived from the stress signal, and the maximum
number of cycles. The maximum number of cycles to fatigue failure is derived from an SN-curve.
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Figure 3.17: SN-curves for the different detail classes
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3.5.2 SN-curves

An SN-curve is a graphical representation of the dependence of fatigue life in cycles (N) on the
stress range (S). SN-curves are determined experimentally, based on tests. During the tests, the
maximum number of cycles to fatigue failure, as a function of stress range magnitude, has been
studied for many geometrical arrangements. The design SN-curves are based on the mean-minus-
two-standard-deviation curves for relevant experimental data. The SN-curves are thus associated
with a 97.7% probability of survival [23]. A general relation between the maximum number of
stress ranges and the magnitude of the stress range is shown in Eq. (3.14). In this equation, a is
a constant, Ao the magnitude of the stress range and m is the fatigue strength parameter, equal
to the slope of the SN-curve on loglog-scale. The curves in Fig. 3.17 have two slopes, one for high
stress ranges (the fatigue life decreases quickly with an increasing stress range) and one for lower
stress cycles. The transition is at one million stress cycles for structures in seawater.

N =a(Ao)™™ (3.14)

The SN-curves for steel structures in sea water (with cathodic protection) are derived from [23]
and they are shown in Fig. 3.17. The curves represent different detail classes. The appropriate
SN-curve should be selected, based on the nature of the fatigue problem, which is described by the
following factors:

e The geometrical arrangement of the detail
e The direction of the fluctuating stress relative to the detail
e The method of fabrication and inspection of the detail

Note that the difference between SN-curves is simply constant factor. A lower SN-curve means
that a factor is considered to account for expected stress concentrations or uncertainties.

An important assumption is made when using SN-curves for the applications in this research. The
experimental data is only available from tests with small specimens. The data is not verified for
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Figure 3.18: Graphical representation of the Rainflow counting method

large configurations. Therefore, possible (favorable or unfavorable) scale effects are not accounted
for.

3.5.3 Stress signal components

To find the maximum numbers of cycles to failure (for Eq. (3.13)), the stress components in the
signal should be identified. The stress signal is represented by a number of stress cycles with differ-
ent magnitudes and number of occurrences. Two methods are used for the counting of the stress
cycles. The first method uses the Rainflow counting algorithm, to find exact results. The second
method approximates the number and magnitude of stress cycles, using the Rayleigh assumption
for signals. In the last part of this section, the methods are compared.

3.5.4 Rainflow counting

Several counting algorithms are available, to count the frequency of occurrence and the magnitude
of stress ranges in a signal. The most widely used method is the Rainflow counting method [1].
This method uses the similarity of rain that flows downwards from a rooftop with different levels.
It is explained in the steps below, based on the example in Fig. 3.18.

1. The stress signal on the left is rotated by ninety degrees, so that the signal forms a similarity
with a ‘Pagoda roof’.

2. Rain flow starts at the start of the time series and at each ‘inside’ of a peak or valley
3. The rain keeps flowing downwards until:

(a) A peak/through is reached that is higher/lower than the point from where it started.
An example of this situation is at point 3 in the figure. The flow started at the peak at
point 2, but the peak at point 4 is higher.

(b) It meets a rain flow from a roof above. An example of this situation is at point 6. The
rain starts flowing at the peak at point 6, but then it merges with the flow coming from
point 5.

(¢) It reaches the end of the time series. This is the case at peak 10.
4. The algorithm finds the magnitude of the stress range by calculating the difference between

the starting point and the end point. At the end it counts the number of occurrences for
each range.
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Figure 3.19: Caption

3.5.5 Rayleigh approximation

An alternative for the Rainflow counting method is the Rayleigh approximation. The statistical
analysis of the periods between the zero crossings (or between the peaks) of a wave record is closely
related to the distribution of energy over the frequency or period spectrum [18]. The Rayleigh ap-
proximation makes use of this relation. Also it is assumed that the stress signal is narrow-banded,
and that the probability density function the stress cycle magnitude follows a Rayleigh distribu-
tion. The validity of this assumption is checked with the irregularity factor (IF), which is addressed
later on in this chapter.

The equation for the Rayleigh distribution is shown in Eq. (3.15). It is observed that the only
unknown parameter in this equation is the zeroth-order spectral moment. The next sub-section
describes how the zeroth-order (and higher order) spectral moments are calculated and how they
can be used to approximate the characteristics of the stress signal.

A -2
p(Ac) = ﬁ - e5mo (3.15)

3.5.6 Spectral moments

Spectral moments are calculated based on the power spectral density (PSD) of a signal. The PSD
describes the distribution of power into frequency components composing that signal [21]. From
this diagram, the frequency of the most dominant component in terms of energy can be found. The
PSD of a signal is obtained using the Fast Fourier Transform (FFT). The FFT converts a signal
from the time domain to a representation in the frequency domain. The PSD is then calculated
with the expression shown in Eq. (3.16). In this equation Fj is the step size of the time vector and
N is the number of datapoints in the stress signal. In Fig. 3.19 an example of a PSD of a stress
signal is shown. This signal is the results of a simulation of a sea state with Hy = 2.39[m] and
T, = 9.0[s]. The figure shows that the peak period of the spectrum (9.0 [s], equivalent to around
0.1 [Hz]), also has the main contribution to the energy in the stress signal.

1

F,-N
From a PSD, spectral moments can be calculated which describe some characteristics of a stress
signal. The definition of the n*" order moment is shown in Eq. (3.17). From this definition it
is derived that the zeroth-order spectral moment represents the area under the curve. This is an
indication of the total amount of energy that is present in all frequencies. Eq. (3.15) shows that the
Rayleigh distribution is fully defined by the zeroth-order spectral moment only. More specifically,
the higher the value of the zeroth-order spectral, the more ‘stretched’ the Rayleigh pdf is, which

PSD = |FFT(9)|? (3.16)
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means that the probability of high stress ranges increases.

Other useful spectral moments are the second- and fourth-order moment. With these parameters,
the mean zero-crossing period (Eq. (3.18)), the number of peaks per second (Eq. (3.19)), and
the irregularity factor (IF) can be calculated (Eq. (3.20)) [21]. The mean zero-crossing period is
calculated based on the Rayleigh assumption of a narrow-band signal. This is not the actual mean
zero-crossing period, but an estimation based on the statistical parameters. The same holds for
the expected number of peaks per second. The validity of the Rayleigh assumptions and hence
the accuracy of T, and E, can be checked with the irregularity factor (IF). With this factor,
the number of expected peaks is divided by the expected number of zero-crossings. If this factor
tends to one, it means that the assumption of the narrow-band signal is valid, as it confirms the
assumption that a zero-crossing is followed by a peak. In contrary, if it takes values smaller than
0.5, it means that the signal is not narrow-band and that the pdf of the stress range is expected
to follow a different distribution. The irregularity factor of the signals considered in this research
are in general around 0.85.

o " S(f)d 317
m / /7S (3.17)
T, = 70 3.18 E,— |7 3.19
e o boVm o [ (3.20)
moimag

Accumulated fatigue damage can also be calculated with the Rayleigh assumption (refer to Eq. (3.21)).
The damage is calculated with Eq. (3.13), but with an approximated value of n;. It is determined
by multiplication of the length of the signal (L), the expected number of peaks per unit time (E,)
and the Rayleigh distribution of the stress ranges, which is calculated with my.

n; 1 1
D:ZE:Zﬁi-ncyc-p(Aai):ZE-L~Ep~p(AUi) (3.21)

3.5.7 Comparison of methods

With the Rainflow counting method the magnitudes and number of occurrences of the stress ranges
are determined exactly. Hence, the actual stress signal is used for the fatigue damage calculation,
without any approximations. This can be both an advantage and a disadvantage. The stress signals
in this research have a relatively short duration of 500 [s], representing a sea sate of 3 [h]. There
is thus uncertainty about the statistical parameters of the signal. An inaccurate representation of
the sea state, for example because there are multiple extreme values in the stress signal, results in
accurate damages as well. This is shown in the next paragraph.

The stress cycles of a random stress signal have been counted/estimated with both the Rainflow
counting method and the Rayleigh approximation. Fig. 3.20 shows in blue the actual number
of occurrences per stress range for the Rainflow counting. It is observed that the Rayleigh ap-
proximation (in red) is relatively accurate, with some exceptions. This figure is compared with
the corresponding damage per stress range, shown in Fig. 3.21. It is observed that the highest
stress ranges found with Rainflow counting, account for almost all the damage. Consequently, the
damage calculation with this method is very sensitive to high stress ranges. Statistical extremes
therefore have a large impact on the damage that is found. The effect is increased even more,
because the 500 [s] stress signal is extrapolated to a full year. This is done with the factor shown
in Eq. (3.22).

The distribution of stress ranges according to the Rayleigh approximation is based on the total
energy in the stress signal. The total energy is a more stable measure for the distribution of stress
ranges, because it is less dependent on extreme values. Hence, the damage that is calculated
with this method is believed to be more accurate and more consistent than the Rainflow counting
method. The Rayleigh approximation is therefore used to calculate the fatigue damage from the
stress signals.
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Figure 3.20: Number of occurrences per year for different the stress ranges
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Figure 3.21: Yearly damage per stress range
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3.5.8 Damage calculation

The total damage per year is calculated as follows. Stress signals are calculated based on a 500
[s] representation of a single sea state. The damage for this signal is calculated and extrapolated
to a full year, by multiplying with the factor in Eq. (3.22) and the probability of the sea state.
The total damage is found by summing the yearly damage results of the individual sea states, see
Eq. (3.23). This results in a yearly accumulated damage, with which either the expected fatigue
lifetime (Eq. (3.24)) or the damage during the design lifetime of the structure can be calculated.

Nseastates
Dyearly = Z D; - Di (323)

i=1

Lifetime =

(3.24)

yearly
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Chapter 4

Hand calculated stresses

The calculation of the stresses in the pin connection is the main topic of this thesis. In this chapter,
it is explained how stresses are estimated, based on the geometry of the structure and the internal
forces in the members, obtained from USFOS.

The pin connections are considered as the critical parts in the design of the TetraSpar, with regards
to fatigue. Due to complex geometries and details, there are stress concentration zones in which
the stress is higher than the nominal stress. The potential locations where stress concentrations
might be critical are identified in this section. It is explained which forces are transferred through
the detail, and how the nominal stress and hotspot stress in the components of the connection
are calculated. An estimation of the SCF is made and the appropriate SN-curve is selected, both
by comparing the geometry to standard details as documented in [23] and [15]. Not all potential
critical spots can be assessed properly based on hand calculations. In some spots the load paths are
unknown, or the geometry is too complex to compare it with a simplified situation. Stresses, SCF's
and SN-curves are estimated in these cases, but they are to be validated with finite element analysis.

4.1 Considered connection

There are a total of eighteen pin connections in the design of the TetraSpar floater, consisting of
four unique geometries, as shown in Fig. 4.1. They are not analyzed individually. Instead, only
the connection type that is expected to be the most critical one is assessed.

In every member, the force that has the highest contribution to the total load on the pin connection,
is determined. For each connection type, the main force is identified, and the standard deviation
of its time signal is determined. Recall from Chapter 3, that the standard deviation of a stress
signal is the governing factor for fatigue damage in a component. Hence, if the standard deviations
of the main force signals are compared, it can be determined which pin connection is expected to
be the most critical one. The results of the comparison are shown in Table 4.1. Note that the
ratios between the standard deviations are shown. The actual values of the standard deviations
depend on the environmental conditions. Based on the presented results, the connections between
the lateral and radial member are selected for the fatigue strength assessment. These connections
are shown in the lower right panel in Fig. 4.1.

The loads on these connections are the internal forces in the lateral member. They are in five
degrees of freedom, because the moment in the rotation plane of the pin connection is assumed to
be zero. The variation of the five internal force components is plotted in Fig. 4.2. From the figure
it is concluded that the load mechanism on the connection is governed by the moment around the
transverse axis. The influence of the other load components is much smaller.
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Table 4.1: The different type of connections in the structure

Connection ‘ Governing force signal ‘ Relative standard deviation
Diagonal — Center column | Axial force (diagonal) 0.42
Radial — Center column Axial force (radial) 0.46
Lateral — Radial Bending moment (lateral) 1.00
Diagonal - Radial Axial force (diagonal) 0.42

)

Figure 4.1: The four connection types in the design
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Figure 4.2: Sample of the time signal of the variation of the internal forces in the lateral member
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4.2 Method

The method that is used to find the hotspot stress signal and the appropriate SN-curve is shown
in Fig. 4.3. The internal forces in the tubular members of the floater are derived from the USFOS
simulations. Simplified stress distributions in the member cross-sections are obtained based on
equilibrium with the member end loads. Combined with empirical SCFs (obtained from litera-
ture), these distributions generate an estimate of the hotspot stress time series. Together with an
appropriate SN-curve for the considered detail, this forms the output of the stress calculations and
the input for the fatigue damage calculations. In the next sections, the individual components of
the pin connection are analyzed to find potential stress hotspots. It is discussed how the stresses
for the hotspots are calculated and which SN-curve is recommended. Refer to Fig. 4.4 for the
names of the components in the pin connection.

Time signals Hotspot stress
internal forces signal
Stress

calculations
Corresponding

(€] t
cometry SN-curve

Figure 4.3: Flow diagram that shows the steps for the calculation of the stresses in this chapter

4.3 Ear part of the connection

The end of the lateral member is a casting where the ears are integrated in the shell of the tubular
member (yellow part in Fig. 4.4). Forces are transferred from the lateral member via the casting
to the pin connection. Three potential critical locations are identified in the yellow casting com-
ponent. They are discussed in the next sub-sections.

4.3.1 Weld between casting and element

The first location is the weld that connects the casting with the regular part of the lateral member
(brown part in Fig. 4.5). It is expected that a large fraction of the loads in the lateral member is
transferred through this weld, to the ear of the casting. For the stress calculation, it is assumed
that all the forces are transferred through the length of the weld, equal to the width of the ear,
see Fig. 4.5. SCFs are calculated to translate the nominal stress in the full circumference, to
stresses in the circumference covered by the indicated part of the weld only (and the same weld

™)

Figure 4.4: Terminology for the components in the pin connections
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Figure 4.5: Weld between the lateral member and the casting

on the opposite site). The SCFs for axial stress and bending stress are not equal, as shown in the
derivations below (refer to Eq. (4.1) to Eq. (4.5)).

The SCF for bending stress is equal to the ratio between the stress in the indicated part of the
weld and the nominal stress in the lateral member, which is distributed over the full circumference.

Oweld M/Wweld Wnom
SCF, = = = 4.1
’ Onom M/Wnom Waeld ( )

Using the approximation for shells with a small wall thickness, the section moduli of the full
cross-section and the part of the welds only are respectively

Whom = TR*t Wiyeq = 2(a- 27Rt - R) = 47 R*t - o (4.2)

Awetd _ t- Lue 1111
o Awed _ 0 Lua L1 L1 (43
Atot t- Ltot 27T R 6.9

Substituting these expressions in Eq. (4.1), yields

Whom TR?*t 1
Wweida 47R%*t-a 4« (4:4)

SCF, =

The axial stress concentration depends on the ratio of the cross-sectional areas. The SCF is
calculated with Eq. (4.5)

Oweld F/Aweld Atot 2 Rt 1
SCF, = = = = =—=3.13 4.5
“ Onom  F/Ater Awea  2(27Rt-a) 2« (4.5)

At the location of the weld, there is also a difference in plate thickness between the casting and the
shell of the lateral element. An additional SCF is therefore introduced, which is calculated with
Eq. (4.6). This equation is documented in [23] for butt welds between shells of different thicknesses.
In the equation J,, is the maximum misalignment, §; the misalignment due to the change in plate
thickness and §g the misalignment inherent in the SN-data, which is equal to 0.1¢. For the weld
shown in Fig. 4.5, this results in an SCF of approximately 1.3. The total stress in the butt weld is
finally calculated with Eq. (4.7). The recommended SN-curve for a transversely loaded butt weld
is the D-curve, according to [23].

6(6m + (5t - 60)

SCF, =1+ - 4.6
t 1 T2 49)
F M
g = SCFt . (SCFa . m + SCFb . Wnom) (47)
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Figure 4.6: Potential critical point at the thickness transition of the lower ear

4.3.2 Minimum cross-section

The second potential critical location in the ear part is shown in Fig. 4.6. The forces that are
transferred through the ear are determined by solving the equilibrium equations on cross-section
A-A (Fig. 4.7). The reaction forces at this cross-section are the loads that are transferred to the
ears. There are three relevant loads acting on the left side of the cross section. The first load is the
lateral load, which is reacted by two equal forces with half the magnitude. The second load is a
moment. It is reacted by two forces with the same magnitude but pointing in opposite directions.
The magnitude is equal to the moment divided by the distance between the forces. The third load
is the axial force. Equilibrium on the cross-section is maintained with two reaction forces in the
opposite direction. Reaction forces resulting from the axial load and the moment can be summed,
because they act in the same direction. This results in equivalent axial forces. The expression for
the calculation of the equivalent axial forces is shown in Eq. (4.8).

F,.,. M
4 4.8
2 r (4.8)

Faw,eq =

Refer to Fig. 4.8 for a schematic representation of the ear, with the potential critical spot indicated
with a red dot. Note that the ear shown in the figure is the lower ear of the casting, which is under
tensile stress. The upper ear is under compression stress and it is therefore not considered as
critical element. The different directions of the forces on the ears is caused by the moment, which
is much larger than the axial force. Equilibrium of the ear is maintained by the reaction forces of
the fork and the pin. It is assumed that the reaction force from the fork on the ear is a triangular
distributed load. This is explained by the fact that there is a small tolerance between ear and the
fork. The ear is pushed against the upper flange of the fork, by the static buoyancy force. This
load will force the lateral member to bend slightly, so the ear will slightly rotate as well. It is there-
fore expected that the reaction force is most accurately represented by a triangular distributed load.

The stress in the hotspot is a combination of axial stress and bending stress. It is calculated with
Eq. (4.9). In this equation Fj..s is the resultant force of the triangular distributed load, and r is the
distance between the resultant force and the critical spot. There is a stress concentration at the
critical spot, because the thickness of the ear increases at this point. Diagrams for SCF values for
such details are found in [15]. The SCF depends on the difference in thickness and the radius of the
fillet. The full diagram can be found in Appendix A. Both parameters (thickness difference and
fillet radius) are difficult to quantify for this situation, as can be observed in Fig. 4.6. The values
are therefore estimated, resulting in an SCF of approximately 1.50. The recommended SN-curve
is the C-curve, which applies to plain cast steel.

Faz e Fres - r
Ocar = SCF - (O'awial + Ubending) =SCF - <A,q + W) (49)
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Figure 4.7: The equilibrium on cross-section A-A is used to derive the forces in the ear parts
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Figure 4.8: Forces on the lower ear with the critical location indicated in red
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Figure 4.9: The critical locations in red result from a tensile stress

4.3.3 Hole in the ear

The third potential critical detail in the ear component are the spots next to the hole in the ear.
At the hole, loads from the lateral member are transferred to the pin and the fork of the connection.

A top view of the free body diagram of the ear for this situation is shown in Fig. 4.9. The equivalent
axial force is the only relevant load (refer to Eq. (4.8) and Fig. 4.7). It results in a reaction force
from the pin on the inside of the hole. From literature [7] it is known that a load transfer through
such a connection induces stress concentration zones at the locations indicated with orange and
red in Fig. 4.9 . In [19], this type of connection is called a ‘lug connection’ and stress concentration
zones are discussed in detail. For a lug connection, which is equivalent to the ear-pin connection,
the SCF in the red zones can be high, as can be observed in the diagram shown in Appendix A. The
figure shows a diagram from [15] of the SCF as a function of the dimensions of the ear. The SCF
is found to be equal to 3.00 and the proper SN-curve is again the C-curve. The stress is calculated
by multiplication of the SCF and the nominal stress, as shown in ??7. The nominal stress is equal
to the equivalent axial force divided by the cross-sectional area at the critical location (A-A in
Fig. 4.9).

It should be noted that the theory explained above only holds for ears under a tensile load. If
a part of the load cycle, or the full load cycle, results in compression loads in the ear then for
the compression part of the cycle the load is reacted on the other side of the eye. Hence, there
is no load transferred in the critical cross-section. The fatigue loading reduces accordingly. The
locations next to the hole are therefore only critical for the lower ear. The upper ear is in permanent
compression, so it is not considered as a critical component.

o0 =S8CF -0,om = SCF - % (4.10)

4.4 Pin

The second component of the connection is the pin. It forms the connecting element between the
ear and the fork part. The relevant load on the pin is the equivalent axial force only, which results
in a pure shear stress. The shear stress is calculated with Eq. (4.11).

In [23] there is not much information about fatigue damage resulting from a shear stress mech-
anism. However, it does report about a bolt connection that is is transversely loaded. This is
essentially the same situation. Fig. 4.10 shows the connection. No specific SN-curve is recom-
mended. Instead a similar equation as for a part of an SN-curve is given for this situation, see
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Figure 4.10: Shear load mechanism documented in [23]

Eq. (4.12). Essentially, this is an SN-curve with a single slope, instead of a double slope. The only
restraint that is given, is that the thread of the thread of the bolt is not in the shear plane, but
this is not applicable to the pin. An SCF is not known for this specific situation, but it is expected
that it is equal to one, as there are no notches or other irregularities in the cross-section of the pin.

Fam eq/2
= — 4.11
’ A;m'n ( )
log(N) =16.301 — 5.0 - log(AT) (4.12)

4.5 Fork

The fork is connected to the pin and it transfers loads to the radial element. There are two potential
critical locations in the fork. They are discussed in the next sub-sections.

4.5.1 Hole in the fork

There are two important load mechanisms for this location. The first one is the tensile force exerted
by the pin, coming from the ear part. The ear and the fork make an angle with each other, so the
equivalent axial force is applied under an angle as well. The critical cross-section is perpendicular
to the force, as shown in Fig. 4.11. So, a different critical cross-section is found than for the ear
component. Also, the equivalent axial force is distributed over two flanges, so the force is divided
by two. The resulting stress mechanism however, is the same, where stress concentration zones
occur next to the hole. The SCF for these zones is determined with the diagram that can be
found in Appendix A. An SCF of 3.00 is obtained. The material of the fork is cast steel, so the
appropriate SN-curve is the C-curve.

The second load transfer mechanism results from the lateral force (right panel in Fig. 4.11). This
force is exerted by the ear, which is pushed against the upper flange of the fork. Recall that this
load is modelled as a triangular load. The result of the distributed load is a bending stress in the
flange of the fork. The load increases from zero at the tip of the ear to a maximum value at the base
of the ear. Hence, at the critical cross-section (A-A in Fig. 4.11), there is also a bending stress, next
to the axial stress (resulting form the equivalent axial force). The bending stress is calculated with
the maximum moment, which is equal to the resultant of the triangular distributed load, multiplied
with the distance r between the critical spot and the resultant force. There is compression in the
upper side of the flange, and tension in the lower side of the flange. Consequently, the critical part
in cross-section A-A is next to the hole, at the lower side of the upper flange, highlighted in red in
the right panel in Fig. 4.11. The stress is calculated by summing the axial stress and the bending
stress, Eq. (4.13).
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Figure 4.11: Top and side view of the locations next to the hole in the fork

Fres -1
Wa_a

Faaze
0 =S8CF 04y + 0peng = SCF - ( : q) + (4.13)

Aa—a

4.5.2 Base of the fork

The lateral load applied on the upper flange also results in bending moments in the direction
parallel to the fork. The triangular distributed load, shown in 2D in Fig. 4.11, is represented by
the resultant force shown in Fig. 4.12. The bending stress that results from this force is maximum
at the base of the fork, at the maximum distance r from the resultant load. Additionally, this
spot experiences a part of the equivalent axial load, namely the component that is perpendicular
to the base. The perpendicular component is found by decomposing the equivalent axial load
in a component parallel and perpendicular to the base of the fork, as shown in Fig. 4.13. The
perpendicular component results in an axial stress. This is added to the normal stress resulting from
the bending moment at the base and the total stress is obtained. Eq. (4.14) shows the expression
for the calculation of the stress. The SCF in this equation results the change of thickness of the
cast fork, similar to the ear part discussed in Section 4.3. The intensity of the stress concentration
depends on the ratio between the radius of the fillet at the critical spot and the thickness of the
flange. An estimation of the SCF is derived from the diagram shown in Appendix A. Based on the
dimensions of the flange of the fork, an SCF of 1.65 is estimated. The recommended SN-curve for
cast steel is the C-curve.

(4.14)

FGT‘ 2 Fres :
Obase = SCF - (Jazial + Ubend) = SCF - ( y p/ + T)

Abase Wbase

Resultant force of the | =
triangular distr. load |

>
Figure 4.12: Resultant of the dis- Figure 4.13: The equivalent axial force is decomposed in
tributed load and the arm to the crit- perpendicular and parallel component

ical location
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Figure 4.14: Schematic representation of the critical spot at the base of the fork

Figure 4.15: Ring stiffener at the inside of the radial member

4.6 Casting - radial member connection

The last step in the load path is the force transfer from the casting to the circular shell element,
the radial member. The casting is welded in a cut-out in a circular ring stiffened shell. Also, at the
inside of the circular shell element, below the middle of the casting, a ring stiffener is welded to
support the casting and prevent the element from deforming. Fig. 4.15 shows the ring stiffener at
the connection. The stiffener is welded with a full penetration weld in the complete circumference
of the element.

The load on the casting is applied under an angle (equal to the angle between the lateral and radial
member). This load is the equivalent axial force that is used in the other parts of the connection
as well. It is convenient to decompose it in two components: one perpendicular and one parallel
to the shell of the radial. In this way, the load transfer can be analyzed, which is done in the
next sub-sections. The load transfer of the parallel component is discussed first and thereafter the
transfer of the perpendicular component. Refer to Fig. 4.16 for the decomposed equivalent axial
force, and the resulting reaction forces.

4.6.1 Perpendicular component

The ring stiffener from Fig. 4.15 is right under the point of application of the load, as schematically
shown in Fig. 4.17. As load always follows the stiffest load path, it is assumed that the load coming
from the perpendicular force is transferred to the ring stiffener only. The stiffness of the ring
stiffener is namely much higher than the stiffness of the shell around the casting. The resulting
stress in the weld between the ring and the casting is calculated using Eq. (4.15). The area of the
weld is found by multiplying the thickness of the ring stiffener with the length of the weld. The
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Figure 4.16: Free body diagram of the casting that is welded in the radial member

length that is assumed to transfer the full load is the part of the weld that is equal to the width
of the fork, as shown in Fig. 4.18. This load mechanism can be compared to the situation shown
in Fig. 4.19, which is derived from [23]. The critical point of the weld is at the weld toe. The
recommended SN-curve is the F-curve. No SCF is expected for this situation.

where  Aring = tring - Luvetd (4.15)

4.6.2 Parallel component

The parallel component of the applied force results in a more complex load mechanism. Because
of the eccentricity (e in Fig. 4.16) there is not only a reaction force on the casting, but a local
reaction moment as well. It has been tried to simplify the load transfer mechanism to a model
that can be solved with hand calculations. However, this model results in nominal stresses in the
welds, that are around ten times higher than the yield strength. Hence, it is concluded that this
model is too conservative. Although it is not used for the fatigue calculations, a description of the
model can be found in Appendix B.

A simpler model is therefore developed. Instead of using the loads exerted on the radial, this
model uses the reaction force in the radial. So, this approach is based on the assumption that the
internal forces in the radial member are in equilibrium with the forces on the member. The model
is used to approximate the stresses in the welds between the casting and the radial member. This
approach is described below.

e It is assumed that the axial force in the radial member is distributed over the welds on the
castings only (highlighted with red lines in Fig. 4.20). The stresses are calculated by dividing
the axial force by the cross-sectional area of the welds, Eq. (4.16).

e It is assumed that the moment in the radial members is also resisted by the welds on the
castings only. The stresses are calculated by dividing the moment by the section modulus of
the area of the welds, Eq. (4.16).

To calculate the stress in the welds, the same approach as for the first hotspot (Section 4.3) is
used. The stress in the welds is calculated with Eq. (4.16). In this equation, the nominal (axial
and bending) stresses in the radial member are multiplied with an SCF for the axial and bending
stress respectively. An additional SCF is introduced because there is a difference in wall thickness
between the casting and the shell of the radial member. The SCF for axial stress is derived in
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Figure 4.17: Top view of the casting showing the force transfer of the perpendicular force

Ring stiffener

Figure 4.18: The perpendicular of the force is assumed to be transferred through only a part of
the weld

=

Figure 4.19: The force transfer to the ring stiffener is similar to this situation [23]
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Figure 4.20: Cross-section at the critical location of the welds. The welds are indicated with red
lines.

Eq. (4.17). Tt is defined as the ratio between the hotspot stress (in the weld) and the nominal stress.
Simplifying this expression yields the ratio between total circumference of the radial member and
the cumulative length of the welds. The result is an SCF for axial stress of 1.70.

Oweld = SCFt . (SCFa * Oa,nom + SCFb . meom) (416)
a,we F Awe S t- L ota 2
sor, = Jawetd _ F/Aweids _ ¢ Liotal _ ki - Ul — 170
Oa,nom F/Atotal t- Lwelds 2R(042 — Q1+ g — 043) g — a1+ oy — Q3
(4.17)

The SCF for bending stress is defined as the ratio between the maximum bending stress in the
welds and the maximum nominal bending stress (Eq. (4.18)). Simplifying this expression yields
the ratio between the section moduli of the cross-section of the radial member and the welds only.

SCFb _ Ob,weld _ M/Wweld _ Wtot _ 7TR2t (418)
Ob,nom M/Wtot Wweld I’weld/ymaw
The section modulus of the welds is, by definition, equal to the second moment of area divided
by the maximum distance from the neutral axis. The second moment of area is calculated with
Eq. (4.19). The vertical shift of the neutral axis (because of the non-symmetrical cross-section) is
not considered here.

Tyerd = 2 [ / y2dA + / deA] (4.19)

1 3
In a cylindrical coordinate system, the integral is expressed as shown in Eq. (4.20).

o o R3t 1 1
/ y?dA = / R¥tsin®(a)da = —— |:042 — —sin(2a3) — ag + =sin(2aq) (4.20)
o o 2 2 2

This expression is also calculated for ag and ay and both are substituted in Eq. (4.19). Eq. (4.19)
is substituted in Eq. (4.21) and the maximum distance is simply determined by multiplying the
radius with the sine of a2. The SCF is finally determined by substitution of Eq. (4.21) in Eq. (4.18).
The result is an SCF of 1.95, as shown in Eq. (4.22).
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W _ Tyerds R3t [0[2 — %sin(Qag) — a1+ %sin(Qal) + oy — %sin(2a4) — a3+ %sin(2ag)}
weld = Ymaz R - sin(az)
(4.21)
SCF, = ™ - sinfaz) =195 (4.22)

as — 1sin(200) — ay + $sin(2a1) + oy — 2sin(204) — a3 + 1sin(203)
Note that only the stresses in the welds shown in Fig. 4.20 are calculated with these equations.
The welds on the opposite side of the casting do not experience significant loads, because the end
of the radial member is not restrained. The recommended SN-curve for this detail is the D-curve
[23].

4.7 Summary

In this chapter, the complex geometry of the pin connection is decomposed in its basic parts. The
load and stress mechanisms for the components are less complex, so nominal stress levels could be
estimated. Stress concentration factors are found in literature by comparing the stress mechanisms
in the components to more standard situations for which SCFs are known. The appropriate SN-
curves are determined in a similar way, by comparing the components to basic details that are
documented in [23]. The results of this chapter are summarized in Table 4.2. Tt is concluded that
stress levels could be estimated with hand calculations for all locations. However, it is expected
that for the stress calculation for the last location (the weld between the casting and the radial
member) the model is too much simplified. Hence, this specific location is analyzed in more detail
in the next chapter, using finite element software.

Table 4.2: Summary of the results for the potential critical locations

Geometry Driving force SCF (geometry) | SCF (Athickness) | SN-curve
Element-casting weld | Axial 1.6 /3.1 1.3 D
Ear (hole) Axial 3.00-3.20 1.3 C
Ear (base) Bending moment 1.50 - C
Pin Shear 1.00 - specific
Fork (hole) Axial 3.00 - C
Fork (base) Bending moment 1.65 - C
Weld toe ring stiffener | Axial 1.00 - F
Casting-radial weld Bending moment 1.7/ 1.9 1.9 D
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Chapter 5

Finite element modelling

In the previous chapter, potential critical locations in the pin connection have been identified.
The stress levels in most of these locations could be estimated with hand calculations. The load
mechanisms are relatively simple, so the relevant stresses could be calculated with basic equations.
The conclusion of this chapter was that not all potential hotspots could be assessed properly. The
load mechanism for this location (Fig. 4.20) is more complex and stresses are not easily deter-
mined. It is therefore analyzed with finite element (FE) software. FE software is a powerful tool
that can be used to solve complex situations. The software package ANSYS is used for the analysis.

Fig. 5.1 shows the floater of the structure. The part that is modeled in ANSYS (the end of the
radial member), is indicated. The detail is also shown in Fig. 5.2, including the forces that are
exerted by the connected members. Based on the directions and magnitudes of the loads, the
potential critical locations in Fig. 5.3 have been identified. This part of the structure is modeled in
ANSYS. Note that a second location is identified that was not considered in the previous chapter.
It is included in the FE analysis though.

5.1 Objective

The objective of the FE analysis is to find the stress hotspots in the welds at location 1 and 2
(Fig. 5.3). The stress values in these locations can be used to find a relationship that relates
the applied loads to the hotspot stress. This relationship is used to calculate a time signal for
the hotspot stress, which is used as input for the fatigue damage calculation. The results of the
analysis are also used to compare them with the results from the hand calculations from Chapter 4.

5.2 Model

The ANSYS model that is constructed for the analysis is shown in Fig. 5.4. The model is imported
from a 3D CAD computer program and modified to make it suitable for the FE analysis. The
modifications consist of applying bonded connections between bodies, modelling welds and creating
stress read-out points for the regions of interest.

Only one half of the component is modelled. The full model is represented by means of the sym-
metry condition. This condition restrains displacements perpendicular to the symmetry plane and
rotations around the axes in the symmetry plane. Hence, a full geometry is represented by only
one half. Using symmetry saves much computation time, compared to a full model. The drawback
is that the analysis is restricted to symmetric load cases only. For this study that means that only
the 0°and 180°wave direction can be modelled. Non-symmetrical load cases should be analyzed
with a full model, although the approach described in this chapter is the same. The wave direction
that is simulated in the FE analysis is the 0°wave direction.
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Figure 5.1: Part of the structure that is considered for the FE analysis

Figure 5.3: Potential critical locations that are considered in the FE analysis
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Symmetry

Fixed support

Figure 5.4: ANSYS model with the boundary condition and the symmetry condition

Figure 5.6: Mesh of the ANSYS model (2)
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If FE software is used, it is important to keep the limitations in mind. FE software is a powerful
tool, but it can be dangerous to rely on the results without properly assessing them. This means
that a good FE model should be used, for which the following main criteria should be considered.

1. The detail that is analyzed should be represented by a model at which boundary conditions
and loads can be applied at the right locations. In other words, the model should consist of
sufficient components, so that the relevant equilibrium can be described.

2. The boundary conditions should not influence the results in the regions of interest.

3. The mesh of the model should be such that it can capture accurate results in the regions of
interest.

Below it is explained how these criteria are satisfied for the model.

1. The model includes the locations where loads and boundary conditions are applied. Although
the boundary condition for the radial element is actually at the center column, this has been
modelled as a fixed support at a distance described in step (2). The underlying assumption
of the fixed support is that the internal forces in the radial member are in equilibrium with
the forces on the radial member.

2. The only boundary condition is the fixed support at the cut of the radial member. According
to the Saint-Venant principle, the effect of a boundary condition slowly vanishes as the
distance from the boundary condition increases. In general, this is the case at a distance
that is equal to at least the largest dimension of the loaded cross-section [9]. In this model,
this is the diameter of the radial member, which is equal to 3.5 [m]. The boundary condition
is applied at a distance of & 4.5 [m] from the weld, so the criterium is satisfied.

3. For the hotspot method that is described in Chapter 3, [23] recommends an element size in
the region of interest of t, where t is the wall thickness of the radial member (equal to 22
[mm]). The mesh elements in the model have a size of 15 [mm], so this criterion is satisfied.
Also, at the end of this chapter, a mesh convergence test is performed to confirm that the
element size does not significantly influence the results. Note that the element size is mainly
important in the regions of interest. Fig. 5.5 and Fig. 5.6 show that only the regions around
the potential critical spots are modelled with a fine mesh. For the other parts of the model,
a bigger element size is used.

5.3 Method

The objective of this chapter is to translate multiple force signals into one stress signal (for both
potential critical locations). The force signals are from the elements that are connected to the
radial end. They are calculated in USFOS and used as input for the FE analysis. The output
of the analysis is a relationship that relates the applied loads to the resulting hotspot stress. A
hotspot stress signal can be calculated in MATLAB, based on this relationship. The stress signal
is used for the fatigue calculations. The general flow diagram in Fig. 5.7 shows the steps.

USFOS ANSYS MATLAB

Hotspot
stress signal

Force signals F/S ratio

Figure 5.7: General flow diagram for the FE analysis

Fig. 5.8 shows the detailed steps of the calculation of the relationship. First, the relevant loads
are determined, based on their expected influence on the stress in the hotspots. The static parts
of the force components (the mean values) result from the static equilibrium between weight and
buoyancy forces and are not of interest. The time varying part of the forces results from the wave
action and ensuing motion and are required for calculating the relevant equilibrium that generate
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Figure 5.8: Flow diagram for the calculation of the Force-Stress relationship

Table 5.1: Loads on the radial member

Load description Standard deviation [kN] | Main load mechanism
Lateral — eq.axial force (upper casting) 246 Buoyancy
Lateral — eq.axial force (lower casting) 200 Buoyancy
Lateral — transversal force 25 Waves
Lateral — vertical force 43 Buoyancy
Diagonal — equivalent axial force 93 Inertia
Diagonal — transversal force 0 Waves
Diagonal — vertical force 13 Wayves
Suspension line — axial force 191 Inertia
Mooring line — axial force 4 Inertia

the fatigue at the hotspots. The varying part is quantified by the standard deviation. The stan-
dard deviation is therefore used to identify relevant loads. Loads with an insignificant standard
deviation are omitted. The remaining loads are applied to the model and the resulting stresses are
calculated by the software. The correctness of the chosen forces for determining the equilibrium
required to calculate the hotspot stresses ranges is confirmed by verifying that the force compo-
nents are all in phase with each other. This is addressed later on in the report. The force-stress
ratio is finally calculated by relating the hotspot stress to one of the applied loads. The steps in
Fig. 5.8 are discussed in more detail in the next sections.

5.4 Loads

Loads acting on the model of the radial member are from the connected elements, i.e. the lateral
member, a diagonal member, a suspension line and a mooring line. Theoretically, each element
can exert forces in six degrees of freedom on the radial. However, many force components can be
eliminated, so that only nine components remain. The relevant loads are kept, and the irrelevant
loads are eliminated based on the following assumptions.

e The internal moments in the diagonal and lateral elements can be represented by a force
couple. These forces are in the same direction as the axial force and can therefore be combined
with the axial force. Note that this approach is also used and explained in Section 4.3.

e Some forces (for example the vertical force on the lateral member) are evenly distributed
over the upper and lower casting

e Torsion forces in the elements are neglected, as they are found to be insignificant
e Moments in the rotation planes of the hinges are negligible
e The suspension line and mooring line are cables and transfer axial force only

The number of unique remaining loads is nine, see Table 5.1. The significance of each remaining
load is checked, so that the model can be further simplified by eliminating insignificant loads. This
is done by calculating the standard deviation of each force signal. The standard deviation is a
measure for the variability of the signal, and it is the governing factor for the calculation of the
fatigue damage. The fatigue damage is calculated based on the Rayleigh distribution of the stress
ranges and the Rayleigh distribution depends on the standard deviation only (refer to Chapter 3).

Table 5.1 shows the loads, the standard deviation and the main load mechanism behind the load.
The significant loads are highlighted in bold. The values in the table show that there are multi-
ple force signals with a very small standard deviation, compared to the other ones. These non-
significant loads are omitted, as their influence on the hotspot stress (and the fatigue damage) are

47



Table 5.2: Overview of the load cases with the standard deviations of the forces

Lateral Diagonal Susp. line
Load case Bq.ax. for-ce Ea.ax. f01jce Vertical force | Eq.ax. force | Axial force
(upper casting) (lower casting)
1 245.9 200.2 42.9 - -
2 - - - 92.9 -
3 - - - - 191.3
4 245.9 200.2 42.9 92.9 191.3

Figure 5.9: Graphical representation of the load cases

expected to be negligible.

Multiple load cases are defined, so that the influence of the individual load cases on the hotspot
stresses can be determined. The number of load cases can be reduced if multiple forces are com-
bined in one load case, which is done for the loads with the same main load mechanism. This holds
for the vertical force and the equivalent axial forces in the lateral element, which are mainly caused
by the vertical buoyancy load on the lateral member. Two other load cases consist of only one
force and the last load case consists of all relevant loads. The forces are applied to the model, with
a magnitude equal to the standard deviation of the force signal. The load cases are summarized
in Table 5.2 and graphically shown in Fig. 5.9. Refer to Appendix C for the results of a fifth load
case. This load case consists of all the loads shown in Table 5.1. It is shown that the omitted loads
have a negligible influence on the results, as expected based on the standard deviations.

5.5 Hotspot stress

After construction of the model and application of the loads, the software solves the system and
calculates the stresses. The stresses are obtained at the locations of the hotspots. However, it is not
straight-forward to determine which stress value should be used as ‘the hotspot stress’. Fig. 5.10
shows an example of the stress map around location 1. Every node in the mesh has a different
value, so a definition for the hotspot stress is needed. Also, there are other aspects that should be
considered when the fatigue damage is calculated based on the results of an FE analysis. This is
discussed in more detail in this section.

Stress concentrations result from global geometry (items such as holes and stiffness changes) and
weld geometry (items such as weld notches and heat affected zones). For the hand calculations in
Chapter 4, the SCF from the global geometry is obtained from literature or is manually derived.
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Figure 5.10: Example of the observed stress pattern from an FE analysis

The hotspot stress is calculated by multiplying the SCF with the nominal stress. The SCF result-
ing from weld geometry was accounted for in the SN-curve used for the detail.

For an FE analysis however, it is difficult to distinguish the nominal stress and the hotspot stress,
and which SN-curve should be used. This could be solved by constructing a model with a realistic
geometry of the welds, to calculate the hotspot stress at the toe of the weld. This stress could
directly be used with a C-curve, because all the stress concentrations are already considered in the
FE model. The realistic weld geometry should then include all weld features, including the weld
toe which is typically in the order of magnitude of a millimeter. Hence, very small mesh elements
should be used, and the model would increase to an unacceptable size.

It is therefore recommended in [23] to model the weld with a simple geometry (usually a fillet), so
that only the stress concentrations from the geometry are considered. The stress concentrations
resulting from the weld are considered by using a lower SN-curve, the D-curve. In this way, a more
coarse mesh can be used, resulting in reduced computation time. The consequence of modelling the
weld as a fillet is a geometrical discontinuity at the weld toe (see Fig. 5.11). This leads to a stress
that goes to infinity as the mesh element size goes to zero. This makes it difficult to determine the
hotspot stress at this location.

The hotspot method is used to overcome this problem [23]. In this method, the stress levels are
read out at two distances from the stress hotspot. The stress, as function of the distance from the
hotspot, is extrapolated to the location of the hotspot. The distance of the read-out points should
be close enough to capture the stress concentration, but far enough to not result in unrealistic
stress values. The recommended distances are at 0.5¢ and 1.5¢, where ¢ is the thickness of the plate
of the radial element. The method is graphically shown in Fig. 5.12.

Once the hotspot stress is known, a force-stress relationship can be determined. [23] prescribes
that for fatigue calculations the effective stress range should be used as 'the hotspot stress’. The
effective stress is given by the maximum value of the three stress values shown in Eq. (5.1). In this
equation, o1 and o9 are the maximum and minimum principle stresses respectively. The value of
« depends on the quality of the weld, i.e. for a high-quality weld the reduction factor « is lower.
For the modelled situation, alpha is equal to 0.72 according to the requirements in [23].

Ac? +0.81AT”2
Oeff =MaT §{ o|Ac| (5.1)
alAo |
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Figure 5.11: Geometrical discontinuity between the casting and the radial element

t 7t

t
Theoretical | : Hotspot
stress — oo : ' stress

s

Figure 5.12: Explanation of the hotspot method to estimate the hotspot stress
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5.6 Results

The load cases are applied on the model and the stresses are calculated. The results are shown in
Table 5.3 and Table 5.4 for location 1 and in Table 5.5 and Table 5.6 for location 2. The results
for the individual load cases (LC1 to LC3) are presented, and the contribution to the total stress
is shown. LC4 is the load case that includes all the relevant loads, and it is used for the calculation
of the force-stress relationship. In Appendix C the results of a fifth load case can be found. This
load case includes all the loads from Table 5.1. Note that the results for the principal stress are not
shown. For both locations and all load cases, the first term in Eq. (5.1) was the highest effective
stress value. Also note that the presented stresses are based on the standard deviations of the
forces, and not the actual value of the forces.

The following conclusions can be drawn from the presented results. These conclusions are used for
the calculation of the force-stress relation in the next section.

e LLC1, LC2 and LC3 are all relevant for the effective stress in hotspot 1.

e Only LC1 and LC3 are relevant for the effective stress in hotspot 2. The effect of LC2 is
negligible.

e The maximum value for the effective stress in Eq. (5.1) is in all cases the combined normal
and shear stress. The principle stresses are therefore not relevant for this analysis.

e The contribution of shear stress to the effective stress is small

5.7 Force-stress relationship

The results from the FE analysis (table Table 5.3 to Table 5.6) are for only one combination of
applied loads. However, the loads are actually signals, in which the magnitude of the force varies
as a function of time. It is not possible to do an FE analysis for every step in the time signal.
Therefore, two ratios are calculated that relate the applied loads to the stresses in the hotspots for
location 1 and 2 respectively. The relationships are obtained from the results of the FE analysis
and they are used to translate the force signal to a stress signal.

The derivation is based on the assumption that the five variables loads represent a state of equi-
librium. Consequently, four variables can be expressed as a function of the fifth load, as shown in
Eq. (5.2). However, this approach is only valid if «; is not dependent on time. In other words,
there should be a constant ratio between the five load signals. This means that the signals should
be in-phase with each other and the variation of the signals (around their mean) should have a
constant ratio. In Fig. 5.13, the variation of the five time signals is shown. These plots are obtained
by subtracting the mean value of the signals. Note that only a sample of the signal is plotted, to
increase the readability.

From the figure it is observed that the signals are very much in phase and they appear to have
approximately a constant ratio as well. To quantify these observations, Pearson’s Correlation Co-
efficient is used [4]. This coefficient is a measure of the linear correlation between the signals, and
it is calculated with Eq. (5.3) The value of this coefficient can range from 1 to —1. A value 1 or
—1 indicates a perfect linear correlation, whereas a value of 0 indicates no linear correlation at
all. Though, if the value is (close to) zero, there can still be a different correlation, for example a
quadratic one. If there is a linear correlation between two signals, it means that one signal can be
expressed as a linear combination of the other signal, i.e. in the form of Eq. (5.2).

Table 5.7 shows the correlation coefficients for the force signals. Please note that these coefficients
are for the full signal, and not only for the sample shown in Fig. 5.13. It is shown that there
tend to be a linear correlation between the signals. The strongest correlation is between the force
signals in the lateral element and in the suspension line. The correlation coefficients of the force
signal in the diagonal element is somewhat lower, but it is assumed that they are sufficiently high
to express the signal as a function of one of the other signals.
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Table 5.3: Normal stress results for location 1

Normal stress

Load case | Hotspot stress [MPa] | Contribution

1 8.21 53%
2 -2.88 19%
3 4.42 28%
4 9.76

Table 5.4: Shear stress results for location 1

Shear stress

Load case | Hotspot stress [MPa] | Contribution

1 -0.71 21%
2 -0.84 24%
3 1.91 55%
4 0.36

Table 5.5: Normal stress results for location 2

Normal stress

Load case | Hotspot stress [MPa] | Contribution

1 4.72 79%
2 -0.08 1%
3 -1.18 20%
4 3.46

Table 5.6: Shear stress results for location 2

Shear stress

Load case | Hotspot stress [MPa] | Contribution

1 0.53 40%
2 -0.11 8%
3 0.69 52%
4 1.11
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Variation of the relevant force signals around their mean
T T I

800 T T T 1 T
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Figure 5.13: Sample of the five force signals
Table 5.7: Correlation coefficients for the full force signals
Lateral Diagonal Suspension line
Faw,eq (U) Faw,eq (L) Fz Faw,eq Faz
Fozeq (U) 1.00 0.97 0.96 0.86 0.93
Lateral Foz,eq (L) 0.97 1.00 0.90 0.87 0.87
F, 0.96 0.90 1.00 0.83 0.97
Diagonal  Fj; cq 0.86 0.87 0.83 1.00 0.91
Susp Fy. 0.93 0.87 0.97 0.91 1.00
1 L (Fii—pur;\ [ Fri—pt
PCC(F;, Fy,) = : R i PR 5.3
(Fy F) = ;( - — (53)

Based on the results in Table 5.7, the loads are expressed as function of a force signal times a
certain constant, a;. The constant is equal to the ratio between the standard deviations of the
signals. The load with the highest standard deviation is selected as the representative force. In
Table 5.8, the values for «; are listed.

The underlying assumption for this approach is that the magnitudes of the loads always have the
same ratio, because of equilibrium. Consequently, the force-stress ratio is calculated based on one
representative force only. The force-stress ratio is calculated by dividing the hotspot stress by
the magnitude of the representative load, which is equal to the standard deviation, as shown in
Eq. (5.4).

O hotspot,i
FS; = — 2P0t 5.4
StdDev(Fyepr) (5-4)

The value of the hotspot stress is the effective stress (calculated with Eq. (5.1)) and based on the
results shown in Table 5.3 and Table 5.4 for hotspot 1 and Table 5.5 and Table 5.6 for hotspot 2.

Table 5.8: a-values for the force signals

Force signal StdDev [kN] | «

Lateral — equivalent axial force (upper casting) 246 1.00
Lateral — equivalent axial force (lower casting) 200 0.81
Lateral — vertical force 42 0.17
Diagonal — equivalent axial force 93 0.38
Suspension line — axial force 191 0.76
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Figure 5.14: Variation of the stress signal for hotspot 1
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Figure 5.15: Variation of the stress signal for hotspot 2

Eq. (5.6) show the calculation of the force-stress ratios.
9.77[M Pa) MPa
FS =l
51 246[kN] 00579{ kN ]
3.60[M Pa] MPa
FSy = ————— =0.0182
52 246[kN] =0.018 { kN ]

500

(5.5)

(5.6)

The stress signals for hotspot 1 and 2 can finally be expressed as shown in Eq. (5.7). Note that the
discussed approach is based on the ratio of the standard deviations, which is not necessarily equal
to the ratio in mean values. Therefore, only the variation of the signals can be used for further
calculations. The variations of the stress signals are shown in Fig. 5.14 and Fig. 5.15. These signals

are used as input for the fatigue calculations in the same way as the stress signals calculated in
Chapter 4.

O'i(t) = FSi . Frepr(t)

(5.7)
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5.8 Mesh convergence

A common issue with FE analyses is that results can be dependent on the size of the mesh elements.
An example of this is already discussed in Section 5.5, where the stress at the discontinuity tended
to go to infinity for a decreasing mesh element size. A similar problem can arise at locations other
than discontinuities. In general, this problem is caused by a too coarse mesh. Although a mesh
size smaller than the recommended size by [23] is used for the analyses in this thesis, a mesh
convergence test is carried out to ensure that the results do not depend on the mesh size. The test
consists of a simulation with exactly the same input parameters, but with a very fine mesh. The
objective is to compare the hotspot stresses of both meshes. The results are shown in Table 5.9.
The table shows the element size, the corresponding number of nodes and the resulting hotspot
stress at hotspot 1. Note that the hotspot stress is calculated, using the method, discussed in
Section 5.5. From the data in the table it is observed that the difference in hotspot stress is only
five per cent, whilst the number of nodes is almost four times higher. It is therefore concluded that
for an element size of 15 [mm] there is a good trade-off between accurate results and the number
of nodes.

Table 5.9: Results of the mesh convergence test

Element size [mm] | Number of nodes | Hotspot stress [MPa]

15 50201 9.76
4 191973 9.29
difference -5.2%

%)
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Chapter 6

Comparison of methods

In Chapter 4 and Chapter 5, stress signals have been calculated for several locations in the pin
connection. One of the locations was difficult to assess with hand calculations and hence an FE-
analysis was performed to find more accurate results. In this chapter, the results of the methods
are compared. The objective of the comparison is to determine whether hand calculations can be
used to approximate the hotspot stress signal and to gain a more in-depth insight in the results of
the FE analysis.

The stress signals for the methods are based on the input and assumptions shown in Table 6.1.
The first row shows the reference force signals on which the stress signals are based. For the
hand calculations, the results are based on the signals of the relevant internal forces in the radial
member. That is, the axial force and the bending moment. The stress signal resulting from the
FE procedure is based on a force signal of the force applied on the radial member. More specific,
the loads applied on the member are represented by a single force signal (refer to Chapter 5). This
load is the equivalent axial force on the upper casting, which is a combination of the internal axial
force and bending moment in the lateral member.

In the second row of the table it is described how the hotspot stress is calculated. For the hand
calculations, it is assumed that both the axial force and the bending moment in the radial member
are transferred through the welds only. The corresponding SCFs are derived, based on the ratios
between areas (for axial stress) and section moduli (for bending stress) of the total circumference
and the circumference covered by the welds. Also, an SCF is introduced to account for the dif-
ference in plate thickness at the hotspot. The expression for the hand calculated hotspot stress is
shown in Eq. (6.1)

The hotspot stress signal calculated from the FE analysis uses the results from ANSYS to obtain
a relationship between the applied loads and the resulting hotspot stresses.

Fas M
Ohand = SCF, - | SCF, - =428 4 SCF, . —2F (6.1)
Atot Wtot

The variation of the stress signals is shown in Fig. 6.1 (recall that fatigue damage is governed by the
standard deviation of the stress signal). The signals are obtained by subtracting their respective
mean values and they are used to assess whether the calculation methods will result in equal fatigue
damage results. Some observations are made from the figure (see below). The observations are
quantified with the values shown in Table 6.2. The table shows Pearson’s Correlation Coefficient
(calculated with Eq. (5.3)) and the ratio of the standard deviations.

e The signals are very strongly correlated. This suggests that they represent a state of equi-
librium.

e The standard deviation of the hand calculated signal is lower than the standard deviation of
the signal from FE analysis. The fatigue damage calculated from this signal will therefore
be lower as well. The difference can result from several causes.
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Table 6.1: Input and assumptions for the two methods of stress calculation

Hand calculation

FE analysis

Reference time sig-
nal

Internal force in the radial mem-
ber

e Axial force (radial)

e Bending moment (radial)

Force of the connected element
on the radial member. Repre-
sented by the internal forces in
the lateral element

e Axial force (lateral)

e Bending moment (lateral)

Hotspot stress cal-
culation

Ltot
Lyetd

Bending component: %
Stress raiser due tot change in
plate thickness

Axial component:

Force-Stress relationship calcu-
lated by relating the hotspot
stress to the applied loads

Table 6.2: Correlation coefficient and ratio between the standard deviations of the stress signals

Correlation coefficient

| 0.98

Sthev(ahand)/Sthev(apE)

Variation of the hotspot stress around the mean
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Figure 6.1: Variation of the stress signals of both methods
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Figure 6.2: Schematic representation of a stress path starting at the hotspot

6.1 Differences

The calculation methods of the stress signals are analyzed to find a possible explanation for the
difference in standard deviation that is observed in Fig. 6.1. To do so, the components of the hand
calculated signal (listed in Table 6.1) are studied one by one. Each component is quantified and
compared with analogous results from the FE analysis. The conclusions of the comparisons serve
as a basis for the objective of this chapter.

6.1.1 Local bending moment

The first component that is analyzed is the stress raiser due to change in plate thickness (SCF} in
Eq. (6.1)). This term represents the effect of local bending moments, caused by the change in plate
thickness at the hotspot. In the hand calculations this effect is accounted for by means of an SCF
that is calculated based on the recommendations in [23]. The value for the considered location is
equal to 1.93, as derived in Chapter 4.

For the FE calculations, the SCF attributed to local bending is determined based on the observed
stress patterns. The stresses in and around the hotspot are visualized by means of stress paths.
A path represents a line of points at which the stress values are read out. Fig. 6.2 schematically
shows the stress path on the outside of the radial element, starting at the stress hotspot. A second
path is constructed at the same position, but on the inside of the element. In this way, the effect
of local bending stress can be derived. The stresses, as a function of the distance x, are shown in
Fig. 6.3. Several observations are made:

e The stress on both the inside and the outside of the shell tend to go to a constant value from
the distance x > 400[mm]. This is assumed to be the nominal stress.

e The stress close to the hotspot quickly increases at the outside and decreases at the inside of
the shell. This effect is attributed to the local bending moment.

e The stresses along the paths vary not in a symmetrical way, compared to the constant value
(at © > 400[mm]). A linear trend is observed, that increases as the distance to the hotspot
decreases. This effect is attributed to local deformation of the shell, caused by the applied
loads. A visualization of this effect is shown in Fig. 6.4.

The observations are analyzed as follows. The total contribution of the two local effects combined
(deformation and local bending) can be quantified with Eq. (6.2), where the hotspot stress is di-
vided by the nominal stress. However, the local deformation effect is not considered in the hand
calculations, so the linear trend attributed to this effect is removed from the stress paths. In this
way the effect of local bending only can be compared to the term SCF; from the hand calculations.
Fig. 6.5 shows a plot of the resulting stress paths, which are used to quantify the effect attributed
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10 Stresses as a function of the distance from the hotspot
T T T T T T T T
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Figure 6.3: Stress on the in- and outside of the radial member as a function of the distance along
the stress path

Figure 6.4: Visualization of the local load effects
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Stresses paths corrected for local load effects
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Figure 6.5: Stress path from the FE model, corrected for the local effects

to local bending. This is done with the expression shown in Eq. (6.3), where the ‘corrected’ hotspot
stress is divided by the nominal stress.

If the resulting SCF is compared to the SCF calculated based on the recommended equation
in [23] (equal to 1.93), it is concluded that the latter overestimates the effect of local bending.
Consequently, the full (hand calculated) hotspot stress signal is overestimated as well. This is a
remarkable difference between the signals, but it is not an explanation for the different standard
deviations. In fact, it means that the difference would be even larger if equal SCFs for both signals
would be used.

SCF o pip = —hotseot 1 57 (6.2) SCFy pp = 2hotseo? _ 145 (6.3)

Onominal Onominal

6.1.2 Stress distribution

The second component that is compared, is the factor that is used to translate nominal stress to
hotspot stress in the hand calculations. Recall that for the hand calculations all the axial force and
the bending moment are assumed to be transferred through the circumference covered by the welds
only. Separate SCF's for axial stress and bending stress are calculated, based on this assumption
(refer to Section 4.6.

The correctness of this assumption is validated with the results from ANSYS. The fraction of the
force that is transferred through the welds is calculated with Eq. (6.4). The validation consists
of comparing the result from this equation with the fraction from the hand calculation, which is
assumed to be equal to one.

The terms in Eq. (6.4) are derived from a stress distribution plot. Fig. 6.7 shows the stress distri-
bution from the FE analysis along the circumference of the radial member, at the cross-section of
the hotspot. The definition of the distance z is schematically shown in Fig. 6.6. The plot shows
the total stress distribution, which is composed of both the axial stress and the global bending
stress. The effect of local bending stress is eliminated, by taking the average of the path on the
inside and outside of the radial member.

The force (per unit length) can be calculated with Eq. (6.5). The equation is used to calculate the
force transfer through the welds (equal to the areas within black dotted lines in Fig. 6.7) and the
force transfer through the total cross-section (equal to the total area under the stress distribution
curve). The results are substituted in Eq. (6.4). This results in a ratio of 0.70. It is therefore
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Figure 6.6: Definition of the path along which the stress distribution is checked

8 Stress distribution along the circumference of the radial member
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Figure 6.7: Stress distribution along the path. The dashed lines indicate the locations of the
castings

concluded that 70% of the internal forces are transferred through the welds, based on the results
from ANSYS. For the hand calculations it is assumed that this ratio is 100%, which means that the
amount of force transferred through the welds is overestimated. Consequently, the total hotspot
stress signal from the hand calculation is overestimated as well.

Fweld
= pet (6.4) F= / o(a)de (6.5)

6.1.3 Axial force and moment transfer

In Table 6.1 it is shown that both calculation methods use different reference signals to calculate
the hotspot stress signals (Table 6.1). The objective of this section is to determine whether the
magnitudes of the reference signals agree with each other. The following comparisons are made.
They are explained below.

e The reference force signals from the hand calculations are compared with the forces that are
derived from the FE analysis. The forces are derived are derived from stress distribution
plots, similar to the approach from the previous section. The loads that are applied on the
FE model are equal to the standard deviations. The internal forces from the FE model
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8 Axial and bending stress along circumference of the cross-section
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Figure 6.8: The stress distribution is decomposed in an axial stress and a bending stress

Table 6.3: Axial force and bending moment for the two methods

‘ Hand calculation ‘ FE analysis ‘ ratio FE/HC
Axial force [kN] -101.1 -91.1 0.90
Bending moment [kNm] 302.3 743.9 2.46

are therefore compared with the standard deviations of the force signals from the hand
calculations.

e The comparison can also be reversed. The internal axial force and bending moment from the
hand calculations are then used to derive a theoretical stress distribution. This is compared
with the stress distribution obtained from the FE analysis. This should yield approximately
the same results.

The hotspot stress signal from the hand calculations is based on two force signals. These are the
axial force and the bending moment signal in the radial element. The FE analysis uses the external
forces from lateral element, which are assumed to be in equilibrium with the internal forces in the
radial element. This assumption is verified by comparing the forces in the radial member from the
hand calculations with the values found in the FE analysis.

The internal forces from the hand calculations are directly derived from USFOS. The internal forces
from the FE model are calculated in the analysis. The resulting internal forces are calculated based
on the stress distributions along the circumference (see Fig. 6.6). This distribution is decomposed
in an axial stress and bending stress distribution, assuming that the bending stress at the middle
of the element is equal to zero. The result is shown in Fig. 6.8. The plots are used to calculate
the internal axial force and the internal bending moment in the cross-section of the ANSYS model
with Eq. (6.6) and Eq. (6.7) respectively. The results of these equations and the corresponding
internal forces from the hand calculations are shown in Table 6.3. Note that the values in the
table represent the internal forces in a half cross-section for both methods. From the table it is
concluded that the axial forces agree well. The bending moment however, is significantly larger in
the FE analysis compared to the bending moment from the hand calculations.

Fop = / TapdA = / " Gus - REO (6.6)

us
2

M= / Thend - A = / " Gpend - R2td0 (6.7)
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2
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8 Stress distributions along the circumference of the radial member
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Figure 6.9: Stress distributions of the FE analysis and the theoretical distribution calculated with
Eq. (6.8)

These conclusions are checked by following the inverse approach. The theoretical stress distribution
is calculated based on the internal forces from the hand calculations and the assumptions that
have been made in Chapter 4. The analytical expression for the theoretical distribution is shown
in Eq. (6.8). The areas under this distribution and the one from the FE analysis, should have
approximately the same ratio as the ratio between the bending moments in Table 6.3.

Fa, M-
L 4 SCF,- 7;’(“@)

Fig. 6.9 shows the stress distributions. The areas under the curves are calculated with Eq. (6.5).
The ratio of the areas is determined with Eq. (6.9), which results in a value of approximately 2.6.
This confirms the conclusion that there is a significant difference between the reference signals of
the calculation methods. A possible explanation for the difference is discussed in the next section.

Jofe(z)dx
f Ohand (x)dx

O'hand(x) = SCF, -

(6.8)

(6.9)

6.1.4 Bending moment difference

From Fig. 6.9 and Table 6.3, it is concluded that there is a large difference in the bending moment
obtained from USFOS and from the FE analysis. The following explanation for this difference is
formulated after investigation of the models.

Fig. 6.10 shows the end of the radial member in the USFOS model. The members and the cables
(mooring cable and suspension line) are all connected in one node. This node is a fixed connection,
which implies that the internal moment in the radial member is determined based on the equilib-
rium with the moments in the other elements. The moment in the radial is therefore equal to the
moment in the lateral members minus the moment in the diagonal member. Note that the moment
in the diagonal is not equal to zero, because the pin connection is not modelled in USFOS. The
cables do not transfer significant moments.

The situation from Fig. 6.10 is compared with the ANSYS model shown in Fig. 6.11. The figure
shows that the lines of action of the forces in this model do not pass through the same location.
An additional moment is generated, caused by eccentricities between work lines of the forces. The
moment is calculated by taking the sum of the moments around the same point as in the USFOS
model, indicated as point A. The moments resulting from the blue forces are accounted for in the
USFOS model, whereas the forces in red generate the additional moments. They are calculated
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with Eq. (6.10) The outcome of the equation is compared to the difference between the moments
in Table 6.3. It is concluded that they agree well. The difference between the bending moments
for the two calculation methods is therefore attributed to the eccentricity of forces in the ANSYS
model.

S Ma=F. e+ Fuugp - e2 % 90[kN] - 2[m] + 170[kN] - 1.2[m] = 384[kNm] (6.10)

Figure 6.11: Real geometry of the connection

6.2 Conclusion

In this chapter, the hand calculated stress signal is compared with the stress signal derived from the
FE analysis in ANSYS. The results of the comparisons in the previous sections are summarized in
Table 6.4. At first sight, the signals seemed to agree very well. They are almost perfectly in-phase
and there is only a small difference between the standard deviations of the signals. However, after
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Table 6.4: Summary of the findings in this chapter

‘ Hand Calculation | FE analysis

SCF local bending 1.93 1.45
SCF ovalizing - 1.08
SCF load concentration in welds 1.00 0.70
Reference force signal (ratio with hand calc) 1 +£25

a more detailed investigation, it is concluded that the small difference is coincidence.

The bending moments in the radial element, which are governing for the hotspot stress, are sig-
nificantly different for the calculation methods. Part of the difference is compensated by the fact
that the hand calculations use conservative assumptions for the local bending stress and the stress
concentration in the welds. Consequently, the stress signals seem to agree very well. After com-
paring the reference signals however, it is concluded that the model in USFOS does not consider
the eccentricity of two important loads. The accuracy of the models is discussed.

There are two differences between the USFOS model and the ANSYS model.

1. The moment in the diagonal member is considered in the equilibrium in USFOS, whereas
it is zero in the ANSYS model. In reality the connection between the diagonal and radial
member is a pin connection and does not transfer any moment. The calculated moment in
USFOS therefore introduces a small error in the equilibrium calculation. It does not affect
the results from the FE analysis.

2. The offset of the suspension line force is not considered in the USFOS model. This offset is a
conscious design consideration. It aims to deform the radial member such, that the difference
in rotation between the radial and lateral member is reduced. The moment transfer between
these members is reduced accordingly. This effect is not considered in the USFOS model and
the results should therefore be considered as conservative. Although the offset is present in
the ANSYS model, the effect is not correctly modelled. The member reactions are modelled
as imposed forces. Consequently, the offset creates an additional moment that increases
the moment in the critical location in the weld between the casting and the radial member.
However, the member reactions should have been modelled as imposed displacements. In
this case, the additional moment would have resulted in a decreased moment in the critical
location.

It is concluded that the results based on the FE analysis are derived from an incorrect model. They
should not be used for the fatigue damage calculations. It is also concluded that hand calculations
can in principle be used to approximate the hotspot stress in critical locations, for example for first
design considerations. The conservative assumptions for the local bending stress and the stress
concentration in the welds only will generally lead to conservative results. The fact that the offset
of the suspension line force is not considered, makes the results even more conservative. Hence,
the results can be used for fatigue damage calculations, but they are expected to underestimate
the fatigue life of the location in the weld between the casting and the radial member.
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Chapter 7

Results

This chapter presents the fatigue damage results, based on the stress signals of the potential critical
locations. The fatigue damage is calculated according to the flow diagram in Fig. 7.1. This method
is discussed and explained in Chapter 3.

This chapter starts with a discussion of the method that is used to calculate fatigue damage for
sea states that have not been simulated in USFOS. Thereafter, the results for a single sea state
are discussed. They are obtained for all the identified locations, shown in Fig. 7.6. The results
for one sea state are used to select the most critical locations in the pin connection. In the next
section, these locations are analyzed for all sea states in the wave scatter diagram, but first for
only one wave direction. Finally, the results for all wave directions are combined and the results
for all three connections are presented. For the calculations in this chapter, it is assumed that the
structure is orientated as shown in Fig. 7.2. The definitions for wave directions and the numbers
of the connections in this figure are used in the remainder of this chapter.

7.1 Method of calculation

In Chapter 3 it is discussed that not all sea states in the wave scatter diagram can be simulated in
USFOS, due to a limited amount of time and computation capacity. It was proposed to divide the
wave scatter diagram in blocks, that represent the sea states inside the block, in terms of fatigue
damage. In this way, one simulation could represent multiple sea states, so that the number of
simulations was greatly reduced. The flow diagram for this method is shown in Fig. 7.3.

At the end of the chapter, it is also explained that this method results in an underestimation of
fatigue damages. This is caused by an incorrect assumption regarding the equivalent parameters of
the representative sea state. This was realized only after all the simulations had be performed. The
consequence of this mistake is that the equivalent sea state parameters are not representative for
the block. The stress signal that is calculated from this sea state is therefore also not representative.
Consequently, the obtained results can not be used directly for the fatigue damage calculations.
An alternative method is therefore proposed.

Fatigue damage calculation

Energy in Rayleigh distribution Damage per
stress signal of stress ranges stress range

_________________________________________________ 4
SN-curve

Figure 7.1: Flow diagram with the steps for the fatigue damage calculations

Total damage

Stress signal
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150°

Figure 7.2: Definitions of the wave directions and the numbers of the pin connections

Sea states Lump into . . Stress
Simulation

i...N block signal block

Figure 7.3: Original approach to reduce the number of simulations

7.1.1 Alternative method

Although the simulations cannot be used directly to calculate a representative stress signal, they
can be used to determine the relationship between the sea state and the resulting stress signal.
More specific, the significant wave height of the sea state is linked to the standard deviation of
the resulting stress signal. The relationship can be used to determine the standard deviation for
sea states that have not been simulated in USFOS. The method is explained below and shown in
Fig. 7.4.

It is assumed that there is a linear relationship between the significant wave height of a sea state
and the standard deviation of the stress signal that results from simulations and calculations. Re-
call that the damage depends on the standard deviation of a stress signal only. Hence, if it is
shown that the relationship between significant wave height and standard deviation is linear, one
simulation per block suffices to find the standard deviations (and damages) for the other sea states
in the block. Note that with this method the actual stress signal is not calculated, but only its
standard deviation.

This approach is only valid if it is shown that there is indeed a linear relation. This has been
verified by performing four sets of simulations, ranging from T, = 9.0[s] to T, = 13[s], for the
0°wave direction. Note that this range of T),-values represents the part of the scatter diagram that
causes the most fatigue damage. Every set of simulations is based on a constant value of 7},. The
significant wave height is varied to check the influence on the standard deviations. The results of
the simulations are plotted in Fig. 7.5. They show that there is an almost perfect linear relation
between the significant wave height and the standard deviation of the stress signal. They confirm
that the proposed method can be used.

7.2 Single sea state

The first results that are calculated are for only one sea state (i.e. one entry in the wave scatter
diagram in Fig. 7.7). The fatigue damage is calculated for all identified locations that are shown

68



Sea states with ref. . . Stress signals REEe]))
heights F...- - Simulation .
VLT WS 1l with ref. StdDev Hyef — Ores

Relati
Sea state SIason StdDevi...N Damage i...N

i...N Href - O'ref

Figure 7.4: Alternative method for the calculation of the results
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Figure 7.6: Identified locations that are potentially sensitive to fatigue damage

Table 7.1: Relative damage results for a single sea state

Critical location | Description Relative damage
1 Element-casting weld (lateral) 0.16
2 Minimum cross-section ear 0.01
3 Ear hole 0.14
4 Fork hole 0.04
5 Minimum cross-section fork 0.02
6 Pin element 0.01
7 Ring stiffener weld 0.02

8.1 Element casting weld 1 (radial) - HC 1.00
8.2 Element casting weld 1 (radial) - FEA 1.95
9 Element casting weld 2 (radial) 0.01

in Fig. 7.6. This step aims to find the relative amount of fatigue damage for a single sea state, so
that the most critical locations can be selected for further analysis. These locations are used to
calculate the fatigue damage for the other sea states and wave directions in the next sections.

A random sea state for the 0°wave direction is selected for the calculation. It is not relevant which
specific sea state is used, because the calculated damages are relevant. The results are the same
for different sea states and the most critical location is the same in almost all cases. There are
some exceptions, but they occur at sea states that have an insignificant contribution to the total
accumulated fatigue damage.

The results of the calculations are shown in Table 7.1 and Fig. 7.8. The table shows that location
(8) is the most critical location in the design. There are only two other locations where significant
damage is accumulated, namely number (1) and (3) in Fig. 7.6. The damage in the other locations
is negligible. It is also observed that the results of the two calculation methods that are used for
location (8) are significantly different. This was expected, because the standard deviations of the
signals are different, as found in Chapter 6. However, the results from the FE analysis are not
considered, because they are calculated with an incorrect model, as discussed in Section 6.2. The
results from the hand calculations are therefore considered for location (8) in the remainder of
this chapter. The three locations with the highest relative damage are selected for more extensive
damage calculations in the next sections. Note that the presented results are for a sea state of
the 0°wave direction. The results for sea state of the other unique wave directions (30°and 180°)
are similar and result in the same conclusion regarding the critical locations. These results can be
found in Appendix D.

7.3 Single wave direction

The connection that was selected for the analysis in Section 4.1 is found three times in the design.
The geometries of the connections are identical, but the directions of loading are different. The
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Hslml 75 7.0 9.0 11.0 ik ]13.0 15.0 17.0 90 | UM Cum
0.50 8.72 9.15 6.21 3.20 1.44 0.61 0.26 0.18 29.8 29.8
1.50 5.27 1222 | 11.50 6.70 3.04 1.20 0.44 0.24 40.6 70.4
2.50 0.73 4.05 5.81 3.98 1.80 0.65 0.20 0.08 17.3 87.7
3.50 0.06 0.95 2.45 2.17 1.02 0.33 0.09 0.02 7.1 94.8
4.50 0.16 0.90 1.18 0.62 0.19 0.04 0.01 3.1 97.9
5.50 0.02 0.24 0.55 0.36 0.11 0.02 1.3 99.2
6.50 0.04 0.20 0.20 0.06 0.01 0.5 99.7
7.50 0.06 0.09 0.04 0.01 0.2 99.9
8.50 0.01 0.04 0.02 0.1 100.0
9.50 0.01 0.01 0.0 100.0
10.50 0.0 100.0
11.50 0.0 100.0
12.50 0.0 100.0
13.50 0.0 100.0
14.50 0.0 100.0
Sum 14.8 26.6 27.2 18.0 8.6 3.2 1.1 0.5 100.0
Cum 14.8 41.3 68.5 86.5 95.2 98.4 99.5 100.0
Figure 7.7: Reduced wave scatter diagram
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Hs [m] Tp [5] Sum Cum
4.0 7.0 9.0 11.0 | 130 | 150 17.0 19.0
0.50 0.0 0.0
1.50 0.03 0.02 0.01 0.1 0.1
2.50 0.02 0.19 0.18 0.09 0.01 05 0.6
3.50 0.03 0.44 0.53 0.29 0.03 13 1.9
4.50 0.01 0.56 1.00 0.61 0.05 0.01 22 4.1
5.50 0.40 122 0.92 0.08 0.01 26 6.7
6.50 0.15 0.96 1.03 0.11 0.01 23 9.0
7.50 0.03 0.49 0.87 0.12 0.01 15 10.5
8.50 0.16 0.55 0.12 0.01 0.8 11.4
9.50 0.03 0.24 0.10 0.01 04 117
10.50 0.07 0.06 0.01 0.1 11.9
11.50 0.0 11.9
12.50 0.0 11.9
13.50 0.0 11.9
14.50 0.0 11.9
Sum 0.0 0.1 18 4.6 4.7 0.7 0.1 0.0 110
Cum 0.0 0.1 1.9 6.5 111 11.8 11.9 11.9

Figure 7.9: Fatigue damage diagram with the yearly fatigue damage (in 10~3) for each sea state

Table 7.2: Results for the most critical locations for the 0°wave direction

Location | Description ‘ Yearly damage ‘ Expected fatigue life [y]
1 Element-casting weld (lateral) 0.0030 333
3 Ear hole 0.0027 367
8 Element casting weld 1 (radial) 0.0119 84

connection that is expected to be the most critical (connection 1 in Fig. 7.2) is considered in this
section. The other connections are addressed at the end of this chapter. The results for a single
wave direction, which consists of the full wave scatter diagram, are presented. Recall that it is
assumed that the scatter diagram is the same for all wave directions. The fatigue damage is ob-
tained by combining the results of the individual sea states. The method explained in Section 7.1
is used to determine the results for sea states that are not simulated in USFOS. Note that at least
one simulation is available for each block in the wave scatter diagram, because they were already
done for the incorrect method. These simulations are used to derive the standard deviations of the
other sea states in the block. The yearly accumulated damage for a sea state is calculated with the
standard deviation and the probability of occurrence, derived from the scatter diagram in Fig. 7.7.

Results are calculated for the three critical locations, selected in the previous section. By plotting
the yearly damage per sea state in a scatter diagram, a fatigue damage diagrams is obtained.
Fatigue damage diagrams are derived for the three critical locations for the 0°wave direction. The
wave scatter diagram in Fig. 7.7, which shows the probability of occurrence for the sea states, is
thus translated into a fatigue damage diagram that shows the accumulated fatigue damage in a
year. Fig. 7.9 shows the diagram for location (8) (refer to Appendix D for the fatigue damage
diagrams of the other locations). If Fig. 7.7 and Fig. 7.9 are compared, it is observed that the
center of probability is different from the center of fatigue damage. In fact, the largest part of the
damage is caused by sea states that very rarely occur. It is therefore concluded that the fatigue
damage is governed by high stress cycles with a relative low frequency of occurrence, rather than
low stress cycles with a relative high frequency of occurrence.

The total fatigue damage per year is found by taking the sum over all the sea states. The expected
fatigue life is calculated by taking the inverse of this value. The results are shown in Table 7.2
and Fig. 7.10, also for locations (1) and (3). Note that the expected fatigue life is for the 0°wave
direction only. In other words, this would be the expected fatigue life if waves would come from this
direction only, for the whole life of the structure. Results for all the wave directions are presented
in the next section.
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Figure 7.10: Results for the most critical locations for the 0°wave direction

Table 7.3: Probability of the wave directions

Wave direction [°] | Probability [%)]
0 25.5
30 16.5
60 16.1
90 11.6
120 11.0
150 15.3
180 4.0

7.4 All wave directions

The results from the previous section are for the 0°wave direction only. In reality, waves come
from multiple directions, as shown in the wave rose in Fig. 7.11. The figure shows that there are
seven wave directions with a significant probability of occurrence (see also Table 7.3). Recall from
Chapter 3 that there are only three unique wave directions. The other ones correspond to one of
the unique directions. The fatigue damage for such a direction, is therefore determined by iden-
tifying the corresponding connection in another wave direction. For example, the results for the
60°wave direction for the connection indicated with 1 in Fig. 7.12, are equal to the results of the
180°wave direction from connection 2. In this way, results for the seven relevant wave directions
are determined.

The fatigue damage results are calculated for all the directions, in the same way as for the 0°wave
direction. It is assumed that the wave scatter diagram is equal for all wave directions. The damage
per year for a single wave direction is calculated first, assuming that the structure is only loaded
from that direction. The actual accumulated damage is found by multiplying this value with the
probability of the considered wave direction. The total damage, for all wave directions, is obtained
by summing these values. The results are shown in Table 7.4 for the three most critical locations
in connection 1. The results for the other connections are presented in the next section.

The results from the Table 7.2 and Table 7.4 are summarized in Table 7.5. It is observed that the
expected lifetime of locations (1) and (3) is significantly reduced if all wave directions are consid-
ered. This means that the 0°wave direction is more favorable than the other wave directions for
these locations. The results of location (8) show an opposite trend. The expected life time increases
if all wave directions are considered. It is concluded that for this location the 0°wave direction
is less favorable than other wave directions. These observations are supported by Fig. 7.13. This
figure shows that location (8) is more sensitive to symmetrical wave directions, whereas location

73



[1-0-
=>1-
-2
-3
m-5-
-7-
10

S W

=]

150

Figure 7.11: Directional spread of the waves

Figure 7.12: The symmetrical geometry is used, so that simulations are limited to only 3 unique
wave directions

Table 7.4: Combined results for the critical locations for all wave directions

Location | Description | Damage [1/y] | Expected lifetime [y]
1 Element-casting weld (lateral) 0.0092 109
3 Ear hole 0.0084 119
8 Element-casting weld (radial) 0.0085 118
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Table 7.5: Comparison between the results for all the wave directions and the 0°direction only

Expected lifetime [y] Expected lifetime [y]

Location | Description 0° all directions
1 Element-casting weld (lateral) 333 109
3 Ear hole 367 119
8 Element-casting weld (radial) 84 118
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Figure 7.13: Yearly accumulated damage per wave direction for connection 1

(1) and (3) are more sensitive to oblique wave directions.

7.4.1 All Connections

The results that are presented up to this point are for one connection only (number 1 in Fig. 7.2).
This is expected to be the critical connection, but this is verified by checking results for the other
connections. The same approach is followed (using the symmetry in the structure) to obtain results
for all wave directions. Note that the only difference between the connections is that the probability
of the loading directions is different. For example, connection (1) is mainly loaded from the 0°wave
direction. But, connection (3) experiences 0°wave as 120°waves (if compared to connection (1)).
The expected fatigue lifetimes considering all directions for all three pin connections are shown in
Table 7.6 and Fig. 7.15.

Table 7.6: Expected fatigue life times, considering all wave directions, for the critical locations in
all three connections.

Expected lifetime [y]
Location | Connection 1 ‘ Connection 2 ‘ Connection 3

1 109 74 108
3 119 80 100
8 118 132 140

7.5 Conclusions

The results of the fatigue damage calculations are presented in this chapter. A method is dis-
cussed, that is used to calculate the standard deviations of stress signals of sea states that are
not simulated in USFOS. The relationship between the significant wave height of a sea state and
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Figure 7.14: Yearly fatigue damage considering all wave directions
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Figure 7.15: Expected damage per year for the critical locations in all three connections

the standard deviation of the resulting stress signal is linear. Hence, the simulations from USFOS
that were based on incorrect equivalent parameters could still be used to calculate the standard
deviations of the sea states that are not simulated. In this way, fatigue damage could be calculated
for the full wave scatter diagram.

The first fatigue damage calculations were done for a single sea state only. The goal was to find the
most critical locations from the list of identified locations from Chapter 4. The results showed that
there are only three locations that are sensitive to fatigue. The other locations showed insignificant
fatigue damages.

The three critical locations were selected for further investigation. In the second step, the fatigue
damage for a single wave direction was determined, considering the full wave scatter diagram. A
fatigue damage diagram was obtained, which shows the yearly accumulated fatigue damage for
every sea state. From this diagram, it is observed that the center of fatigue damage is different
from the center of probability. Hence, it is concluded that fatigue damage is governed by large
stress cycles with a relatively low probability of occurrence, rather than small stress cycles with a
high probability of occurrence. The results for the 0°wave direction only, also showed that location
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(8) is expected to be most critical. The other locations show considerable fatigue damage, but this
are expected not to be critical (for this wave direction).

The next step consisted of combining the results of all relevant wave directions. It is concluded
that the other wave directions have different effects on the critical locations. For location (8),
the expected fatigue life increased if all directions were considered, rather than only the 0°wave
direction. Locations (1) and (3) showed opposite results. For these locations, the expected fatigue
life time decreased significantly and approached a critical value. It is concluded that location (8) is
sensitive to wave directions that result in (near) symmetrical loading. Oblique wave directions are
more favorable for this location. In contrary, locations (1) and (3) are sensitive to wave directions
that result in non-symmetrical loading. From these calculations it is concluded that location (1)
and (3) are more critical than location (8) if all wave directions are considered

In the last section, all three pin connections were included in the calculations and results were
compared. It is concluded that there are seven locations with an expected life time of less than
120 years, which is twice the required design life time according to the standard for floating wind
turbine structures [24]. These locations are listed in Table 7.7. It is concluded that the locations
(1) and (3) are expected to be critical in all three the connections. Location (8) is expected to
be critical in connection (1) only, because this connection is mainly loaded in an unfavourable
direction for this location.

Table 7.7: Critical locations with an expected fatigue lifetime of less than 120 years

Pin connection | Location | Expected lifetime [y]
1 1 109
3 119
8 118
2 1 74
3 80
3 1 108
3 100
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Chapter 8

Discussion of results

In the research that is presented in this thesis, the fatigue strength of the pin connection is as-
sessed. A method is developed, in which the complex phenomenon of fatigue is analyzed in some
well-defined steps. In every step assumptions are made and models are developed that are repre-
sentative for the physics involved. This is unique for a complex geometry like the pin connection.
Other analyses [11, 16] avoid the complexity of the problem, by making very strong assumptions
with regards to load cases or geometry. This makes it difficult to assess the validity of the applied
method and the reliability of the results.

The method in this research does not necessarily produce more accurate results. However, it does
provide insight into the factors that are relevant for fatigue in the pin connection. This makes it
easier to identify factors that could reduce the fatigue damage or improve the fatigue strength. In
general, it provides a complete and transparent method to analyze fatigue, of which the applica-
bility is not limited to the situation discussed in this thesis.

Other applications for the TetraSpar concept could include different geographical locations or a
larger (scale-up) version of the concept. The internal forces should then be calculated again, with
updated input for the USFOS model. The USFOS model can be used to find new internal force
signals and the same method of analysis can be used to find the corresponding fatigue damage.

Other applications could also include a whole different geometry with a pin connection. An ex-
ample could be a tubular connection in a jacket structure. Such connections are currently fully
welded connections. If the fatigue strength of the pin connection can be proven for commercial
use, they might be an alternative for a welded connection. Internal force signals should then be
generated for the specific situation, but the approach for the fatigue analysis remains the same.
The identification of potential critical locations, the stress estimations and the fatigue damage
calculations could be done in a similar way, using the developed tools in MATLAB.

8.1 Sensitivity

From the results in Chapter 7 it is derived that expected fatigue lives range from several tens of
years to thousands of years. No specific sensitivity study on the results is carried out for this
project. However, it should be clear that fatigue calculations are very sensitive to the input. It
is of utmost importance to be aware of the sensitivity of the results, before either the method, or
the results are used for any application. The results are specifically sensitive to the magnitude
of the variations of the hotspot stresses, and hence also to the the calculation of these stresses.
The factors for which there is uncertainty about (the accuracy of) the used values are listed. It is
recommended to assess these factors before the results are used. The accuracy of the results can
be improved if more research on these factors is done. The most important factors that can have
a direct and significant effect on the results are:

e The internal force signals form the basis for the stress calculations. The most important
factors that determine the magnitudes of the internal forces are the external loads on the
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structure and the distribution of the forces over the connections. The external loads are
expected to be relatively accurate, because commonly used and proven methods are used for
the calculations. The distribution of the internal reactions on the pin connections is manually
determined and could be significantly different.

e The stress concentration factors directly influence the magnitude of the hotspot stress. It is
difficult to assess the accuracy of the values that are used. Most of the SCFs are derived from
experimental research and are believed to be accurate. Nevertheless it should be remembered
that the effect of only small inaccuracies is amplified in fatigue.

e The SN-curves define the maximum number of allowable stress cycles. The choice of SN-
curve, which depends on the detail, can have a direct and significant effect on the calculated
fatigue damage. The appropriate SN-curves for the identified locations are selected by finding
a corresponding standard detail in [23].

8.2 Limitations

In order to model the complex situation such that it could be solved with the available resources,
many simplifications and assumptions have been made. Hence, there are several limitations to the
results and approach from this research. They are discussed below.

Wind loads

One of the main limitations of this project is that wind loads are not considered. This could have
a large influence on the results, and on the validity of assumptions and models that are used for
the approach. It is difficult to predict whether wind loads have a positive or negative effect on
fatigue in the identified locations. In [13] a study is performed in which the effect of wind loads
on the dynamics of a floating wind turbine is analyzed. It is concluded that aerodynamic damping
can significantly reduce floater motions if wind and waves are aligned. This is confirmed in the
DNV standard for floating wind turbine structures [24]. However, it is emphasized that combined
wind and wave loading lead to complex situations, in which aerodynamic damping can play an
important role. The complexity of this phenomenon is reflected by the following statements from
[24]. The effect of the aerodynamic damping:

e Is highly dependent on the wind-wave alignment
e Is only significant for certain platform motions
e Depends on the motion frequency

Including wind loads might result in more positive fatigue results if aerodynamic damping is sig-
nificant. However, it could also have a negative impact on the presented method, specifically on
assumptions or approximations that are made. The wind loads are likely to produce more complex
(irregular) stress signals, which could for example affect the validity of the Rayleigh approximation.
In that case, Rainflow counting could be used as an alternative, which requires the reference force
signals to be longer in order to be statistically reliable. This has a large impact on the computation
time in USFOS.

Linearity

Several steps in the analysis are based on linear relationships that are derived for this specific
combination of environment and geometry. This might be different for other situations or applica-
tions. An example of this is the relationship between the significant wave height and the standard
deviation of the stress signal. This relationship is shown to be linear in the current situation but
might be non-linear in another case. Linearity is attributed to the fact that the inertia term in the
Morison equation (Eq. (3.5)) is dominant. The dominance of this term depends on the diameter of
the members and the characteristics of the waves. For more slender structures, or different wave
characteristic, the drag term could be more significant, and non-linear effects could come into play.
The linear relationship is in such a case not valid anymore.
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Models

Other limitations are a consequence of the models that are used. In the USFOS model, the pin
connections are not modelled. Instead, the members are rigidly connected and forces/moments are
transferred in all degrees of freedom. The internal forces are obtained at the member ends (in the
plane of the pin axis and the member), and the forces in the pin connections are manually deter-
mined with static equilibrium equations. The pin connections generate a moment release around
the vertical axis through the pins. However, the rigid connections in USFOS generate moments in
this direction. For the connections in the lateral member, these moments have no significant effect
and they can be ignored. However, the moment in the diagonal member influences the equilibrium
assumptions and it introduces a small error.

The main limitation is found in the modelling of the member reactions from the lateral member
in the ANSYS FE model. At the end of Chapter 6 it was explained that there is an additional
bending moment in the ANSYS model, that is not considered in the USFOS model. This moment
increases the moment acting on the critical location between the casting and the radial member.
In reality, the member reactions from the lateral member should have been modelled as imposed
displacements on the pin connection, whereas in the current model the reaction forces are mod-
elled. If the member reactions are modelled as imposed displacements, the offset of the suspension
line force will decrease instead of increase the moment acting on the weld between the casting and
the radial member.

In conclusion, the FE analysis in ANSYS should be redone in order to find more accurate hotspot
stress levels. The member reactions from the lateral member should be modelled as imposed dis-
placements, instead of imposed forces. Moreover, if the results from the USFOS model are directly
used (as was done for the hand calculations), the predicted fatigue lives will be conservative.

Environmental conditions

Environmental data that is used in this project is derived for the test site, so that the results are
valid for this location only. The performance of the TetraSpar could be assessed at other locations
as well, but site-specific data is required. However, it is commonly known that the environmental
conditions at the North Sea are harsh, especially offshore Norway. From the fatigue damage dia-
grams, that are found in Chapter 7, it is concluded that significant damage occurs mostly at rough
sea states. For other locations a revised estimation of the fatigue results can be made, based on the
environmental conditions of the location of interest. An example of this could be a location in the
Southern North Sea, for example offshore UK. Weather conditions are expected to be less severe,
so that the fatigue life is expected to be higher than at the considered location. In contrary, the
weather conditions offshore Japan are known for severe storms. In this environment, the TetraSpar
is expected to have a lower fatigue life and improvements to the design might be necessary before
it can be installed here. In conclusions, the results are limited to the test location offshore Norway,
but a qualitative estimation of the results can be made based on environmental data.

Another (potential) limitation, regarding the environmental data is the fact that it is based on
hindcast data. An implicit assumption that is made when hindcast data is used to predict lifetimes,
is that the conditions remain constant. This is not necessarily the case for the future. Climate
change is expected to have consequences for environmental conditions, especially in regions with
extreme weather. The predicted lifetimes are therefore only valid for the data from the past and
might not be applicable to the future.

Other locations

Expected fatigue lifetimes are calculated only for nine potential critical locations. They are iden-
tified based on engineering understanding, but they may be not the only critical locations. Hence,
the results only apply to the identified locations and not to the whole pin connection, nor the
complete structure. Though, the connection is thoroughly analyzed, and it is suspected that there
are no locations that are more critical. For the full structure however, there are other zones that
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experience large stress ranges and they might therefore be sensitive to fatigue as well. Examples are
the pad eyes to which the suspension lines are connected, the interface between the wind turbine
and the floater and the connection points between the members in the keel. The present research
however is limited to the pin connections.
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Chapter 9

Conclusions & recommendations

In the research project that was carried out for this thesis, the fatigue strength of the pin con-
nection in the TetraSpar has been assessed. Environmental data (in the form of a wave scatter
diagram) of the location where a prototype of the concept will be tested, has been used. Fatigue,
resulting from wave actions only, has been evaluated. Non-linear time domain simulations were
performed using the FE software package USFOS. The time series of the internal forces in specific
members of interest formed the input for the stress calculations. Static equilibrium equations were
used to combine the force time series and obtain time series of the hotspot stresses of relevant
critical locations. Nine potential critical locations in the pin connection were identified. For eight
locations stresses were calculated with elementary stress equations, based on equilibrium consid-
erations. The ninth location was more complex and was therefore analyzed using the FE software
package ANSYS. The fatigue damage at each location was calculated, based on time series of the
hotspot stresses, by applying the Palmgren-Miner rule. For the response analysis of the many
sea-states of the scatter diagram, the Rayleigh approximation for the distribution of stress ranges
and SN-curves recommended in [23] were used. The predicted minimum fatigue lives for the three
most critical locations in the connection are provided below.

Location | Description | Predicted fatigue life [y]
1 Element-casting weld (lateral) 74
3 Spots next to hole in ear (lateral) 80
8 Element-casting weld (radial) 118

Several conclusions can be drawn from this research. The objectives of the project as defined in
Chapter 1 are achieved, and the findings are shortly summarized. Conclusions are also formulated
with regards to the fatigue damage results. Although they should be interpreted with care as
explained in the discussion of the results (Chapter 8). Also note that the conclusions on the
results are only valid for the considered geographical location. Finally, conclusions about the
process are presented.
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Objectives

The connection is decomposed in its components. It is concluded that the components
are in general loaded by only one or two significant loads, resulting in non-complex stress
mechanisms. Only the welds between the castings and the radial member result in more
complex stress mechanisms. The stress levels in these locations have therefore been analyzed
with FE software.

Nine potential critical locations are identified, based on literature and engineering knowledge.
These are the identified locations, but not necessarily the only fatigue sensitive locations in
the pin connection. Hotspot tresses are estimated in the identified locations. The variation
of the stress levels is of main interest, because this is governing for the fatigue damage.

Only three of the nine locations are critical. These are the hole next to the ear, the weld
between casting and radial and the weld in the lateral member, close to the ear. The fatigue
damage is calculated based on the recommendations in [23]. It is concluded that the fatigue
life can be estimated, but that by nature of the SN curve, it is very sensitive to input.

Results

From the nine identified locations, only three are sensitive to fatigue. The other six locations
accumulate negligible fatigue damage and are therefore not critical. Two of the nine locations
have an expected fatigue life shorter than 100 years. These locations are the weld between
the casting and the element in the lateral member and the spots next to the hole in the
lower ear. Their respective minimum fatigue life times are 74 and 80 years. The third critical
locations, the weld between the upper casting and the radial member, has a minimum fatigue
life of 118 years.

For a typical operational life of 20 years of an offshore wind turbine, the fatigue damage after
20 years is expected to be around 25% of the maximum damage in the most critical location.

The design fatigue factor (DFF) for fatigue strength in floating offshore wind turbine foun-
dations, is equal to three [24], assuming that no inspection or maintenance is done. Con-
sequently, the required lifetime of the structure is increased to 60 years. If this factor is
included, the minimum fatigue strength of the pin connections of 74 years is still sufficient
for a lifetime of 20 years. It is therefore also concluded that the current design does meet
the standard for floating wind turbine structures, as defined by DNV in [24], according to
the present calculations.

Fatigue damage is mainly caused by rough sea states. Significant damage is accumulated at
sea state with a significant wave height of at least 3.5 [m].

The three most critical locations are sensitive to different load directions. The critical loca-
tions in the lateral member are sensitive to oblique wave directions, which result in asymmet-
rical loading. The most critical location in the radial member is sensitive to load directions
that result symmetrical loading.

For the testing period of the full-scale prototype, which will take 2-5 years, no significant
fatigue damage is expected to occur in the assessed locations in the pin connections.

Analysis process

In current modern times, FE software is likely to be used to solve complex situations like
the pin connection. However, this research has shown that hand calculations can be of
significant value in addition to FE software. They have shown to be an effective tool to
estimate stress levels and it is concluded that they are of additional value. They provide
in-depth insight into load paths, significance of loads and stress mechanisms, which results
in a better understanding of the details in the connection. Moreover, hand calculations help
to interpret results that are generated in an FE analysis, and to judge whether they are
plausible. From this research it is also concluded that observed stress patterns from FE
results can be coupled to the factors in the analytical expressions for stress distributions.
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e Fatigue of the pin connection is analyzed with a well-defined approach. Environmental
conditions are systematically translated to hotspot stresses, with which fatigue damage can be
calculated. This allows for improvement of assumptions and models and creates an overall
transparent view on the relevant factors for fatigue. The used approach could be applied
to other situations as well. Alternative applications could include a different geographical
location, a scale-up version of the TetraSpar concept, or a different geometry with a pin
connection.

e Fatigue damage results are very sensitive to the variation of the hotspot stress signal, and the
choice for the SN-curve. Consequently, the input for the stress calculation has a large effect
on the fatigue damage as well. The input includes any step prior to the stress calculation in
the general flow diagram (Chapter 3).

e From the comparison between the hand calculations and the results of the FE analysis, it
is concluded that hand calculations give a relatively accurate estimation of hotspot stress
levels. In general, conservative assumptions are made that result in an overestimation stress
levels. However, it is also concluded that close attention should be paid to models that are
used, especially with regards to geometry and force transfer in connections.

e The FE analysis in ANSYS was performed by applying imposed forces to the model. Instead
of imposed forces, imposed displacements should have been applied to the model. The results
from the FE analysis are therefore considered as inaccurate. If the results from the hand
calculations are used (which are based on the USFOS results), without correction of the
additional bending moment, the predicted fatigue lives will be conservative.

e It is concluded that the pin connection is expected to be feasible for a floating structure with
regards to fatigue. The current results are valid for the test site location, which is offshore
Norway. The environmental conditions here are relatively severe, but the fatigue strength is
expected to be sufficient. Hence, the pin connection might be suitable for other geographical
locations. Furthermore, it could also be used for other applications. An example could be
the (currently fully welded) tubular connections in jacket structures. Application of the pin
connection could potentially result in huge cost savings, compared to a welded connection.

Recommendations

From the findings in this research, and the conclusions presented in this chapter, several recom-
mendations are formulated. They are divided in two sections. The first recommendations are for
further work, or to improve the accuracy of the results from this research project. The second set
of recommendations are specifically for the TetraSpar project team.

Further work

e In the USFOS FE analysis, an additional bending moment (caused by the offset of the
suspension line force) was not modelled. It is recommended to remodel the USFOS model to
reflect the hinge connections and the offsets of the suspension line. This removes one of the
main approximations in the present analysis strategy.

e The ANSYS FE analysis should be redone with imposed displacements obtained from the
USFOS model, instead of imposed forces.

e It is recommended to investigate the effect of wind loads. If it is found that they have a
positive effect on the fatigue damage in the pin connections, the results from this research
can be interpreted as conservative results. The life time of the pin connection is not expected
to be critical for a life time of 20 years in that case. If it is found that the effect might
be negative, it is advised to do a fully coupled wind/wave analysis in a dedicated software
package. From the analysis, internal force signals could be used to assess the fatigue damage
with the developed tools for this research. Internal force signals should be updated, such
that the effect of wind loads is included.
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For fatigue assessment, a method is used as recommended by the recommended practice of
DNV [23]. This method is very sensitive to input, and there any many factors that could
significantly influence the results. It should therefore be considered to either validate the
input for the fatigue damage calculations - i.e. the force signals that form the basis for the
stress signals - or to validate the results with a whole different method of fatigue analysis.

It is recommended to estimate fatigue damage in potential critical zones, other than the pin
connections. Other zones are also expected to experience large stress ranges, such as the
connection points of the suspension lines, the connections between the members of the keel
and the interface between the wind turbine and the floater. A first estimation could be made
with simplified methods, to find the order of magnitude of the fatigue damage. This could
be compared with the results of the pin connection to assess whether these zones are critical.

It should be considered to investigate the effects of climate change on the environmental con-
ditions if the TetraSpar would be installed commercially. From the fatigue damage diagram
(Fig. 7.9 in Chapter 7), it is concluded that most of the fatigue damage is caused by harsh
weather conditions. Possible effects of climate change might be more frequent occurrences
of such events. It is recommended to investigate the potential negative effect on the fatigue
damage.

TetraSpar project team

For the TetraSpar project team, the recommendations are mainly focused on verification of the
estimated stresses and fatigue in this research project. This is achieved by finding relations between
predicted data and real-life measurements. Other recommendations concern measures to reduce
the fatigue damage or to improve the fatigue strength in the details.

Install accelerometers at the base of the column of the prototype that will be tested. Obtained
data can be translated to displacements and accelerations, so that the numerical simulations
by USFOS models can be evaluated.

Install strain gauges at the critical locations in the prototype that will be tested. Obtained
data should be translated to stress levels, so that the measurements can be compared to the
estimated stresses in the identified locations.

It is also recommended to relate the measurements to the weather conditions at site. With
this relationship the accuracy of the USFOS simulations can be assessed. Also, it can be
verified whether the assumption for a linear relationship between significant wave height and
standard deviation of the stress signal is valid.

It should be considered to analyze the force transfer through the pin connections, preferably
with a dedicated software package such as ANSYS. In Chapter 8 it is discussed that the
distribution of forces over the connections might not be accurate, and that possible errors
significantly impact the results

It is strongly recommended to perform an intensive quality control during the fabrication
process of the critical pin connections. Small defects or imperfections, might result in prema-
ture initiation of fatigue cracks, resulting in a reduced fatigue life. Specifically, the welds at
the most critical location should be of optimal quality and it is recommended to post-process
them after the welding process.

Finally, it is also strongly recommended to make a robust plan on how fatigue in the prototype
is going to be analyzed. It is believed that a good understanding of the relationship between
real life measurements and the estimated stresses in this research enables a huge potential. It
would mean that stresses and fatigue in complex geometries can be assessed with relatively
simple equations. Much time could be saved for the first design considerations, because
geometries could be optimized in an early stadium.
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Appendix A

SCF diagrams

In this appendix SCF diagrams are shown, which have been used to estimate SCFs. These SCF's
have been used for the hand calculated stresses. The diagrams are derived from [15].
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Figure A.1: SCF diagram for a component with a thickness change
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Appendix B

Alternative stress calculation

In this appendix, the model is discussed that was initially developed to calculate the stress in the
circumferential weld that connects the casting with the radial element (refer to Fig. B.1. The
stresses that are found with this model are around ten times higher than the yield strength of the
steel. This is probably not correct, so it is concluded that this model is too conservative. More
accurate results might be obtained by using plate or shell theory, but this is considered too complex
for the scope of this thesis.

A schematic representation of the casting is shown in Fig. B.2. It is assumed that the reaction
forces are only in the welds at the side of the casting (highlighted with red in Fig. B.1). From the
force and moment equilibrium equations it is found that there is a reaction force and a reaction
moment present in both welds. The magnitudes of the reactions are not easily obtained, because
the adjacent plates at the sides of the casting do not have the same thickness (schematically shown
in Fig. B.3). The stress in the welds depends on three factors, which all depend on the plate
thickness:

e The SCF: depends on the difference in plate thickness between the casting and the plate
e The magnitude of the force or moment: depends on the stiffness ratios o and
e The area (for axial stress) or the resistance moment (for bending stress)

It is checked which weld experiences the highest stress, to identify the most critical one. The stress
is calculated with Eq. (B.1). However, axial force and bending moment are not distributed equally
over the two sides of the element, because the plate thickness is not equal for both sides. The
distribution of force and moment depends on the ratio of the (axial and bending) stiffness of the
plates. These ratios are calculated first. The following assumptions are made:

e The casting behaves like a rigid element

Figure B.1: Equivalent axial force on the lower casting decomposed in a parallel and perpendicular
component
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Figure B.2: Free body diagram of the casting

Figure B.3: Model used to calculate forces on the casting

e The reaction forces are in the welds on the sides only (indicated with red in Fig. B.1)

e The plates connected to the welds are modelled as clamped beams with equal lengths and a
width that is equal to the length of the weld.

Please refer to Fig. B.2 and Fig. B.3 for the schematic representation of the situation. First the
ratio for the bending stress is derived, and thereafter the ratio for the axial stress.

oy
Oweld = SCF; - (SCFa - Ogqwial + SCFy - O'bend) = SCF, - (SCFa -——— + SCF, -
Aweld Wweld

) (B.1)

The relative amount of moment depends on the bending stiffness only (gg in Fig. B.3). The
ratio between M; and M5 can be reduced to I; over I5. The expression for I for a beam with a
rectangular cross-section is shown in Eq. (B.3). The expression for the section modulus is shown
in Eq. (B.4). Substituting these in Eq. (B.2), result in Eq. (B.5).
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For the axial stress, the stress ratio is equal to the expression in Eq. (B.6) The axial force in the
detail only depends on the stiffness EA; and EA; in Fig. B.3. Hence, the ratio between F; and
F5 can be reduced to %.

By
Oars _ SCF (B.6)
Fy :
Oax,2 SCFQ " Ay

Gawn  SCFL-4-  SCR B7)

Oaz,2 B SCF2 . % SOF2

The SCFs that result from the change in plate thickness are calculated with Eq. (4.6). For the
dimensions of the detail (¢; = 50[mm], to = 22[mm]| and tcesting = 60[mm]), the SCFs are
calculated. They result in SCF; = 1.1 and SCF; = 1.9. Substituting these values in the stress
ratios, yields the expressions in Eq. (B.8) and Eq. (B.9). It can be concluded that the bending
stress is most critical for the thicker plate, whereas the axial stress is most critical for the thinner
plate. Consequently, the most critical weld can only be determined if the ratio between axial stress
and bending stress is known, and both sides will have to be checked. After doing so, it is concluded
that this method does not provide accurate stress results.

=--.2"~13 B.8
oby 1.9 22 (B.8)

Tazl ~ 0.6 (B.9)

Oazx,2

95



96



Appendix C

Additional load case FE analysis

A fifth load case has been considered to prove the statement that the loads with a small standard
deviation can be omitted for the analysis. For the fifth load case, the loads and magnitudes that
are included in the analysis are shown in Table C.1. The difference between the load cases is
shown in Table C.2 and is only + 2-3% which is sufficiently small to neglect the extra loads in LC5
compared to LCA4.

Table C.1: All the load components on the radial member end

Load description Standard deviation [kN]
Lateral — equivalent axial force (upper casting) 246

Lateral — equivalent axial force (lower casting) 200

Lateral — transversal force 25

Lateral — vertical force 43

Diagonal — equivalent axial force 93

Diagonal — transversal force 0

Diagonal — vertical force 13
Suspension line — axial force 191

Mooring line — axial force 4

Table C.2: Difference in hotspot stresses for LC4 and LC5

Load Case | Hotspot stress 1 [MPa] | Hotspot stress 2 [MPa]

LC4 9.77 3.60
LC5 9.45 3.67
Difference -3% +2%
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Appendix D

All results

In this appendix, more results from the fatigue damage are shown. Refer to the captions for an
explanation on the shown data.
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Table D.1: Results for all identified locations for the 0°wave direction

Critical location

Description

Relative damage

Element-casting weld (lateral)
Minimum cross-section ear

Ear hole

Fork hole

Minimum cross-section fork

Pin element

Ring stiffener weld

Element casting weld 1 (radial) - HC
Element casting weld 1 (radial) - FEA
Element casting weld 2 (radial)

0.16
0.01
0.14
0.04
0.02
0.01
0.02
1.00
1.95
0.01

Table D.2: Results for all identified locations for the 30°wave direction

Critical location

Description

Relative damage

N O U Wi

8.2

Element-casting weld (lateral)
Minimum cross-section ear

Ear hole

Fork hole

Minimum cross-section fork

Pin element

Ring stiffener weld

Element casting weld (radial) — hand
Element casting weld (radial) - FEA
Element casting weld 2 (radial)

0.36
0.02
0.40
0.10
0.04
0.00
0.06
1.00

Table D.3: Results for all identified locations for the 180°wave direction

Critical location

Description

Relative damage

N O U W N

8.2

Element-casting weld (lateral)
Minimum cross-section ear

Ear hole

Fork hole

Minimum cross-section fork

Pin element

Ring stiffener weld

Element casting weld (radial) — hand
Element casting weld (radial) - FEA
Element casting weld 2 (radial)
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Hs [m] sum Cum
4.0 7.0 9.0 11.0 | 13.0 15.0 17.0 19.0

0.50 0.0 0.0
1.50 0.01 0.01 0.01 0.0 0.0
2.50 0.03 0.08 0.04 0.01 0.2 0.2
3.50 0.04 0.18 0.12 0.04 0.4 0.6
4.50 0.02 0.24 0.22 0.10 0.01 0.6 1.2
5.50 0.01 0.17 0.28 0.15 0.01 0.6 1.8
6.50 0.07 0.24 0.19 0.02 0.5 2.3
7.50 0.02 0.14 0.18 0.02 0.4 2.7
8.50 0.05 0.13 0.02 0.2 2.9
9.50 0.01 0.07 0.02 0.1 3.0
10.50 0.02 0.01 0.0 3.0
11.50 0.0 3.0
12.50 0.0 3.0
13.50 0.0 3.0
14.50 0.0 3.0
Sum 0.0 0.1 0.8 1.1 0.9 0.1 0.0 0.0 3.0
Cum 0.0 0.1 0.9 2.0 2.9 3.0 3.0 3.0

Figure D.1: Fatigue damage diagram for location 1 for the 0°wave direction only

Hs [m]

Sum

Cum

4.0 7.0 9.0 11.0 13.0 150 | 170 | 19.0
0.50 0.0 0.0
1.50 0.01 0.01 0.0 0.0
2.50 0.03 0.08 0.04 0.01 0.2 0.2
3.50 0.04 0.17 0.10 0.04 04 0.6
4.50 0.03 0.22 0.20 0.08 0.01 05 11
5.50 0.01 0.16 0.25 0.13 0.01 06 17
6.50 0.06 0.22 0.17 0.01 05 2.1
7.50 0.01 0.12 0.16 0.02 03 2.4
8.50 0.05 0.12 0.02 0.2 2.6
9.50 0.01 0.06 0.02 0.1 2.7
10.50 0.02 0.01 0.0 2.7
11.50 0.0 2.7
12.50 0.0 2.7
13.50 0.0 2.7
14.50 0.0 2.7
Sum 0.0 0.1 0.7 1.0 0.8 0.1 0.0 0.0 55
cum 0.0 0.1 0.8 1.8 2.6 2.7 2.7 2.7

Figure D.2: Fatigue damage diagram for location 3 for the 0°wave direction only

Hs [m] Sum Cum
4.0 7.0 9.0 11.0 13.0 15.0 | 170 | 19.0
0.50 0.0 0.0
1.50 0.03 0.02 0.01 0.1 0.1
2.50 0.02 0.19 0.18 0.09 0.01 05 0.6
3.50 0.03 0.44 0.53 0.29 0.03 13 1.9
4.50 0.01 0.56 1.00 0.61 0.0 0.01 22 4.1
5.50 0.40 122 0.92 0.08 0.01 26 6.7
6.50 0.15 0.96 1.03 0.11 0.01 23 9.0
7.50 0.03 0.49 0.87 0.12 0.01 15 10.5
8.50 0.16 0.55 0.12 0.01 08 11.4
9.50 0.03 0.24 0.10 0.01 04 11.7
10.50 0.07 0.06 0.01 0.1 11.9
11.50 0.0 11.9
12.50 0.0 11.9
13.50 0.0 11.9
14.50 0.0 11.9
Sum 0.0 0.1 18 4.6 4.7 0.7 0.1 0.0 119
Cum 0.0 0.1 1.9 6.5 11.1 118 11.9 11.9

Figure D.3: Fatigue damage diagram for location 8 for the 0°wave direction only
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Damage per wave direction for connection 1
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Figure D.4: Fatigue damage results per wave direction for connection 1
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Figure D.5: Fatigue damage results per wave direction for connection 2
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0.018 Damage per wave direction for connectlon 3
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Figure D.6: Fatigue damage results per wave direction for connection 3

Table D.4: Results for all locations, wave directions and connections

Connection 1 Connection 2 Connection 3
Wave Dir. 1 3 8 1 3 8 1 3 8

0 0.003 0.0027 0.0119 | 0.0151 0.0170 0.0068 | 0.0151  0.017  0.0068
30 0.0162 0.0086 0.0102 | 0.0153 0.0171 0.0046 | 0.0019 0.0012 0.0089
60 0.0120 0.0137 0.0051 | 0.0120 0.0137 0.0051 | 0.0023 0.0021 0.0077
90 0.0153 0.0171 0.0046 | 0.0162 0.0086 0.0102 | 0.0019 0.0012 0.0089
120 0.0151 0.0170 0.0068 | 0.0030 0.0027 0.0119 | 0.0151 0.0170 0.0068
150 0.0019 0.0012 0.0089 | 0.0162 0.0086 0.0102 | 0.0153 0.0171 0.0046
180 0.0023 0.0021 0.0077 | 0.0120 0.0137 0.0051 | 0.0120 0.0137 0.0051
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