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Abstract
Wind turbines constitute a sustainable and effective solution for the production of energy
using wind power. Offshore wind turbines are becoming of special interest. However, their
design poses great challenges, since an offshore structure is subjected to combined wind and
wave dynamic loading that is characteristic of the installation site and play an important role
on the fatigue failure of the wind turbine structure.

One part of specific interest for the fatigue assessment of a wind turbine is the way that the
transition piece is connected to monopile. Since now, grouted and bolted connections are
commonly used, but their many drawbacks regarding their performance inspired Fistuca BV
to invent a new type of connection, the wedge connection, in order to increase the fatigue life
of the wind turbine structures and decrease simultaneously their construction and installa-
tion cost. More specifically, a basic flange with inclined planes is attached on the top of the
monopile and a more complex one (fork-shaped flange) is fitted to the bottom of the transition
piece. Inclined dowels are used to connect the two flanges and secure the structure. The
final positioning of the dowels is achieved by applying external pressure on the back side
of them, which is converted to a vertical reaction force between the two flanges through the
inclined planes, acting as preload.

The work that will be presented here deals with the fatigue assessment of the wedge connec-
tion, and how the presence of the preloading force may affect the fatigue life of it.

A reference wind turbine and a reference location have been selected first, in order to calcu-
late all the fatigue loads resulted on the structure due to wind and wave at the level where
the wedge connection has been selected to be located (+4m above the MSL). The concept of
damage equivalent loads has been applied. Damage loads due to waves have been calculated
in the frequency domain, while damage loads due to wind have been handled in the time
domain due to strongest non-linearities in the rotor aerodynamics. The process of damage
loads’ calculation was carried out using MATLAB.

Once the loads have been calculated, the 3D CAD design software of SOLIDWORKS is used to
design all the components of the wedge connection and assemble them to their final position.
To facilitate the design process and reduce the computational time, the flange connection is
reduced to a single wedge segment, on which the highest stresses are developed. Two load
cases are examined for each one of the above resulted damage loads: one with preload and
another one without preload. For the purpose of this thesis, xx MPa external pressure has
been applied for the final positioning of dowels in case of preload. ANSYS Workbench has
been used for the finite element analysis. Nominal stresses are calculated and based on se-
lected S-N curves for both DNV-GL codes and Eurocode 3 and by making use of the Miner’s
rule, the damage and the fatigue life of the connection is calculated. The selection of the ap-
propriate S-N curve for each load case and for each component of the connection, has been
based on results from test specimens.

A parametric study has been carried out as well, in order to check several parameters that
may affect both the accuracy of the finite element analysis and the stress development on
the connection, and as a result the damage and the fatigue life of it.
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1
Introduction

1.1. Background
Nowadays, the request in sustainable power sources expands to an ever increasing extent.
Along with the growing interest for “green” energy, the wind sector has been developed
tremendously the past decades. Both the number of the installed wind turbines and the
sizes of the wind turbines are increasing. Wind turbines constitute the most cost-effective
way of the exploitation of the available wind potential, thus investigation of such structures
is of particular interest. They may be constructed either in land areas (on-shore) or in sea
areas (off-shore). Offshore wind turbines are becoming of special interest in recent years.
Although an offshore wind turbine usually starts with a higher initial cost, it can outweigh a
similar onshore one during its service life in a number of aspects such as: higher productivity
due to stronger winds over sea areas, larger available installation areas and lower (or even
non-existent) public nuisance [37].

A wind turbine could be considered as a structure that lies between a civil engineering struc-
ture and a machine [36]. More specifically, a wind turbine consists of structural elements
(tower, substructure etc.) and a number of electrical and machine components with a control
system (gear box, drivetrain etc.). Under a civil engineering perspective, the main components
of a wind turbine could be considered the tower and the substructure. The tower is the ele-
ment on the top of which the mechanical parts of the wind turbines, such as the nacelle and
the blades, are installed. The tower is made of steel, has a circular cross section and is usu-
ally tapered (the cross-section size decreases with height linearly). The tower is connected
to the substructure, the part of the wind turbine that is submerged in the water. The sub-
structure may be founded directly in the seabed or based on a floating platform. Thus, there
are two types of the substructure foundation, namely floating, which is by wires anchored at
the bottom of the seabed, and fixed. Fixed wind turbines are used especially in sites of low
or medium depths, while the construction of floating wind turbines is cost-effective in the
case of deep waters. The most common type of design for fixed wind turbines, which is used
for depths of approximately 30 meters, is the monopile. The monopile support structure of
an off-shore wind turbine consists of two parts: the monopile penetrating the seabed and
the transition piece connecting the monopile and the tower. The advantages of a monopile
support structure, when compared with the other bottom fixed support structures, include
minimal seabed preparation requirements, most competitive manufacturing costs owing to
the simple structure and the most experienced support structure with off-shore wind tur-
bines. The disadvantages include structure flexibility at large water depths, time-consuming
installation and manufacturing constraints for large diameters and thickness that makes it
very difficult to go beyond 30 to 40m water depth.

Regardless of the type of an offshore wind turbine, both structure and substructure are sub-
jected to dynamic combinations of wind and wave loads with a wide range of frequencies.

1
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This fact may arise critical issues during the turbine’ s service life in terms of fatigue and
power efficiency. Because of severe corrosion and uncertain cyclic loading in the sea envi-
ronment, fatigue becomes potentially one of the main problems causing degradation in the
long-term structural integrity. Both wind and waves play a major role in fatigue failure due
to their continuity in time in random sequences, which produce random fluctuating stress
responses in structural components. Hence fatigue is an important design driver and is
typically governing for the design with the stiffness of the structure. Thus, special focus
should be devoted on the appropriate design and analysis of this kind of structures for a
safer and more reliable operation, in order to withstand the complex extreme nonlinear loads
of the harsh environmental conditions in the ocean.Because a turbine system’s capital cost
is determined by its target reliability, it is important to achieve a tradeoff among the failure
consequences, material consumption and failure probability at the design stage [36].

One part of specific interest for the fatigue assessment of a wind turbine is the way that
the transition piece is connected to monopile. A novel connection method for offshore wind
foundations has been invented by Fistuca BV. This new type of connection uses inclined
planes to achieve a preload on flanges fixed to the monopile and transition piece, similar to
bolted connection. The inclined plane, or wedge, is applied to the underside of the monopile
flange, and to a radially displaceable dowel (Figure 1.1).

Figure 1.1: New concept of wedge connection.

1.2. The concept of Wedge Connection
Up until now, grouted and bolted connections were mostly used to seal and connect the
transition piece to the monopile (Figure 1.2). However, it has been proven that both these
types of connections have significant drawbacks and the cost of their construction is highly
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expensive. More specifically, the offshore wind industry experienced that the design of the
grouted connections between the transition piece and the monopile did not result in an ac-
ceptable safety level [21]. Furthermore, bolted connections are really difficult to be installed
and their installation is possible only above the waterline, they require regular torquing in or-
der to prevent the loss of pretension and survive under fatigue loading, and they have limited
scalability.

Figure 1.2: Left: grouted connection [8], Right: bolted connection [34].

Wedge connection is a new concept that Fistuca BV has developed and its main goal is to
create a new type of connection that is economic, safe, fast, reliable and fail safe compared
to the conventional bolted/grouted/slip connections that are used until now.

A basic flange is attached to the top of the monopile and a more complex flange is fitted to
the bottom of the transition piece. More specifically, temporary sea fastening is done with
remote control double acting wedges. Following the alignment, the double acting wedges are
then used to position the transition piece on the monopile and the other wedges are then
used to swiftly secure the structure.

One of the major advantages of this new concept of connection is the installation, which can
be quicker, safer and cheaper as it has already been referred. The actuation can be done
remotely with hydraulics actuators (Figure 1.3) or manually, using a light weight fastening
tool (Figure 1.4). In both cases, these tools are installed in the internal side of the tower and
are fitted at the bottom of the transition piece. The whole procedure of the tightening may
last less than an hour.

Figure 1.3: Positioning of dowels by hydraulic actuators

The pressure that is applied on the back side of the dowel during the final step of installation
creates a vertical reaction force between the MP and TP flanges, as it is obvious in the Figure
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Figure 1.4: Positioning of dowels manually

1.5, which can be characterized and be referred as a preload force. This reaction force is
necessary in order to keep in contact the two flanges and prevent or reduce any possible
gap opening between them. The magnitude of the pressure that is applied is the one that
determines whether and how much gap will be created (Figure 1.6 and 1.7).

Figure 1.5: Load path of the wedge connection (left: reaction forces on dowel, right: transferred reaction forces on MP flange)
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To be able to apply a known or a rather sufficient preload in the contact area between MP and
TP flange, different levels of pressure have been applied on the dowel in order to measure both
the developed preloading force and the gap that is occurred between the two flanges when
the connection is loaded until the ULS load.

Figure 1.6: Gap growing for different levels of applied pressure on the dowel until the ULS load.

Figure 1.7: Gap opening for different levels of applied pressure on the dowel for the ULS load.

1.3. Research Objective
Calculation of the damage equivalent loads derived due to wind and wave loading, acting on
the wind turbine structure at the level of the wedge connection, based on data of a specific
site location and development of a Finite Element Model using the ANSYS WORKBENCH soft-
ware to calculate the stress development on the different parts of the wedge connection and
investigate the damage and the fatigue life of it.

As it has already been referred, tubular components are used in such types of structures,
and this is due to their low drag coefficients and high strength-to-weight ratio characteristics.
However, tubular members give rise to significantly high stress concentrations in the joints,
and this is the reason for which fatigue life is a major concern.

An important parameter for the fatigue life of the connections is the effect of preload. Preload
is used in order to clamp together two plates (MP and TP flanges in this case), create a
frictional lock between the members and reduces the effect of fatigue loading on the members.
Thus, it is very important for the design of the wedge connection to study how and if the
presence of preload affect its fatigue performance.

Figure 1.8: Development of contact pressure between MP-TP flanges.

1.4. Research Methodology
In order to tackle the above-mentioned challenge a research methodology was established
and followed:

1. Literature study.

2. Calculation of damage equivalent loads both due to wave and wind loading acting on
the wind turbine structure at the level where the wedge connection is supposed to be
located.

3. Modeling of the wedge connection using the 3D-CAD Solidworks for the design and
ANSYS Workbench for the finite element analysis.

4. Modeling validation.

5. Apply the above damage equivalent loads for each case of damage loads with and without
the presence of preload.

6. Selection of the most suitable S-N curve for each case and for each part of the wedge
connection based on test specimens, in order to have an as better as possible estimation
of the damage and the fatigue life of it.

7. How and if the presence of the preload influence the performance of the wedge connec-
tion in terms of fatigue.
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1.5. Thesis Outline
The current thesis report is comprised by eight chapters and is organized as follows:

• Chapter 1 briefly gives a research background together with thesis problem description,
objective and thesis outline.

• Chapter 2 contains theory about the phenomenon of fatigue in the structures and the
way in which the damage is calculated.

• In Chapter 3, general information about the selection of the wind turbine and the refer-
ence site location are presented. Wave and wind loads acting in the structure are part
of this chapter, as well.

• In Chapter 4, the damage equivalent loads due to wave in the frequency domain and
due to wind in the time domain are calculated at the level of interest, where the wedge
connection is located.

• In Chapter 5, details about how the FE model has been built, the assumptions that
have been made, the materials that are used, the boundary conditions and the load
cases/steps are discussed.

• In Chapter 6, FE analysis for the fatigue assessment is performed. Through the test
specimens, the most suitable S-N curve is selected for the components of the connection
and the damage calculation. Also, through the FEA, maximum principal stresses are
plotted in order to calculate the damage and determine the most critical areas in terms
of fatigue.

• In Chapter 7, a parametric study takes place in order to test how the change of several
parameters may influence the results of the FEA and how significant this influence is
or not for the fatigue assessment of the connection.

• Last, Chapter 8 summarizes the conclusions of this thesis and provides an outlook for
possible future work.



2
Fatigue-Literature Study

To ensure that the structure will fulfill its intended function, a fatigue assessment, supported
where is appropriate by a detail fatigue analysis, should be carried out for each individual
member, which is subjected to fatigue loading.

2.1. Fatigue Definition
Structures subjected to repeated cyclic loadings can undergo progressive damage which
shows itself by the propagation of cracks. This damage is called fatigue and is represented
by a loss of resistance with time [9]. Fatigue damage occurs in the following stages:

• First appearance of a crack either detected visually or detected by means of physical
measures, e.g. by the record of a chance in the local strain condition.

• Through-thickness crack: the fatigue crack starts from the front surface and grows
through the thickness.

• Complete fracture or large displacement of the structural element such that the dis-
placement becomes so important that the applied “jack load” cannot be maintained.

Fatigue has become increasingly important in design of offshore structures. The strength of
the materials used in construction has been improved and the utilization of the materials is
typically higher due to better methods for determining stresses. Both these factors have led
to a general increased levels in constructions, which leads to higher risk of fatigue damage.

Moan and Naess [5] argue that fatigue is a challenging failure mode to deal with because:

• The fatigue process, especially initiation, is by nature unpredictable.

• It is difficult to translate laboratory tests to in-site conditions.

• It is difficult to model the load environment and the complex stress state.

2.2. Main parameters influencing the fatigue life
The fatigue life of a member or a structural detail subjected to repeated cyclic loadings is
defined as the number of stress cycles that it can stand before failure [14].Depending on
the member or structural detail geometry, its fabrication or the material used, the main
parameters which can influence the fatigue strength/life are noted below:

• The stress difference, or most often called stress range.

• The structural detail category.

• The material characteristics.

• The environment.

7
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2.3. S-N Curve Method
The nominal stress theory with S-N curves, or Wöhler lines, is the most commonly used
method used by the engineers to determine the fatigue behavior of a structure. The S-N
curve approach is based on experimental fatigue-test data which derived by fatigue tests on
small specimens in laboratories until they fail [12].

DNV guidelines provide multiple S-N curves which should be chosen according to the nature
of the fatigue problem. The choice of the S-N curve should be based on the following criteria:

• The geometrical arrangement of the detail.

• The direction of the fluctuating stress relative to the detail.

• The method of fabrication and inspection of the detail.
In this approach, the fatigue life N, which is the number of stress cycles to failure, is related
to the stress range Δσ with constant amplitude. More specifically, the S-N curve gives in-
formation regarding the number of cycles that a material can withstand under a cyclic load
with constant mean value and amplitude. Specimens are subjected to a wide range of loads.
The cycles, after which they fail for every different cyclic load, form the Wöhler curve. The
relation between the number of cycles to failure N and the stress range Δσ is given by:

𝑁 = 𝐴Δ𝜎ዅ፦ (2.1)

or
𝑙𝑜𝑔𝑁 = 𝑙𝑜𝑔𝐴 −𝑚𝑙𝑜𝑔Δ𝜎 (2.2)

Figure 2.1: Quantitative dependence between number of cycles which defines strength of a structural detail in fatigue [29].

One significant limitation of the S-N curve is that the resulting plot is highly dependent on the
test conditions (eg., the stress ratio 𝜎፦።፧/𝜎፦ፚ፱, sample geometry, sample surface condition
and material). It is important to consider that, when using S-N curves, the applied reference
stresses should correspond to the nominal stresses used in creating these curves. However,
in an actual structure, it is rare that a match will be found with the geometry and loading of
tested specimens. In most cases the actual details are more complex than the test specimens
and the required nominal stresses are often not available or difficult to determine.

2.4. Fatigue Strength
The fatigue strength of the detail (fatigue category) is defined at a stress range Δ𝜎ፂ and N=2
million cycles. Change in slope occurs from 3 to 5 at 5 million cycles where the corresponding
stress range is Δ𝜎ፃ. A cut-off limit is defined at a stress range Δ𝜎ፃ and N=100 million cycles.
Below this limit, no fatigue damages can take place.

Also, for constant amplitude loading, there is a limit (Constant Amplitude Fatigue Limit -
CAFL) corresponding to stress ranges < Δ𝜎ፃ, under which no damage occurs, which means
that the fatigue life will be infinite (Figure 2.3). In variable amplitude loading, no CAFL exists.
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Figure 2.2: S-N curve Definition [29].

Figure 2.3: Constant amplitude fatigue limit [29].

2.5. Cumulative Fatigue Damage Rule
Having defined a relation between the stress range and the number of stress cycles failure
as presented above, a damage accumulation rule is used to predict the cumulative damage
under different stress ranges [13]. For this purpose, the Palmgren-Miner’ s rule is commonly
used in practice and it is implemented in design codes. This rule assumes a linear damage
accumulation for different stress ranges. This linear damage accumulation scheme assumes
that, for a loading with different stress ranges, each stress range Δ𝜎። occurring 𝑛። times results
in a partial damage which can be represented by the ratio 𝑛።/𝑁።. Here 𝑁። represents the
number of cycles to failure under the stress range Δ𝜎።. In case the stress range distribution
function is known, the summation of the partial damages due to each stress range level can
be replaced by an integral function. The failure is defined with the respect to the summation
of partial damages and occurs when the theoretical value D=1.0 is reached (equation 2.3).
This is represented graphically in Figure 2.4, where Δ𝜎። is the applied stress range and 𝑁ፑ
the number of loading cycles to fatigue failure at a certain stress range.

𝐷 = 𝑛1
𝑁1 +

𝑛2
𝑁2 +

𝑛3
𝑁3 + .... =

፧ᑥᑠᑥ
∑
።ኻ

𝑛።
𝑁።
≤ 𝜂 (2.3)

According to DNV-RP-C203 [10] for the fatigue design of offshore steel structures, the fatigue
damage D shall not exceed a certain value of the usage factor η. This factor depends on the
accessibility of the structural member for inspection and is usually equal to 1.
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Figure 2.4: Damage accumulation scheme [29].

To find the total damage over the design life of the structure, the contribution to the total
damage from each stress history during the design life needs to be summed up. This means
that the total fatigue damage becomes:

𝐷፭፨፭ =
ፍ

∑
።ኻ
𝐷።𝑃። (2.4)

where 𝐷። is the damage from a certain stress history, while 𝑃። is the probability of occurrence
for that stress history and N is the number of stress histories.

Applying a histogram to express the stress distribution, the number of stress blocks should
be large enough to ensure reasonable numerical accuracy (not less than 20). Consideration
should be given to selection of integrationmethod as the position of the integration points may
have a significant influence on the calculated fatigue life dependent on integration method.

Typically, the fatigue cycles imposed upon a structure are analyzed or measured over some
fixed period of time. Thus, D, in equation 2.3, is usually expressed as the damage rate Δ𝐷፭
associated with the sample time t. If this damage rate is equal to average damage rate the
service lifetime of the component T (i.e., Δ𝐷፭ = Δ𝐷ፓ), then the service lifetime of the structure
T is the reciprocal of Δ𝐷፭, namely:

𝑇 = 1
Δ𝐷ፓ

= 1
Δ𝐷፭

(2.5)

Again, Equation 2.5 is predicated on the assumption that failure will occur when the damage
equals one, and that the damage rate computed over time t is representative of the average
damage rate imposed upon the structure during its service lifetime. Namely, the number and
distribution of fatigue cycles contained in the sample are essentially identical to the number
and distribution over the structure’ s service lifetime.

2.6. Cyclic Counting Procedure for Random Stresses
A fluctuating stress to which a structural detail is subjected may have a stress history of
constant amplitude or of variable amplitude (Figure 2.5 and 2.6).

In the case of variable amplitude stress variation, the stress range and cycle cannot be de-
fined as simple as those for constant amplitude variation. In practice, stress time histories of
offshore structures under wave and random loading sequences are random, and therefore,
stress cycles and corresponding stresses can only be determined by counting algorithms.
The main issue of counting procedure is that the stress history must be available in the time
domain by recording, simulated numerically or obtained from a time domain dynamic anal-
ysis. In the stochastic analysis of offshore structures, stress spectra are calculated usually
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Figure 2.5: Constant amplitude stress history [16].

Figure 2.6: Variable amplitude stress history [16].

by applying a spectral analysis method. In order to apply a cycle counting algorithm the
stress time history must be generated first from the corresponding spectrum. Then the cycle
counting is processed. A number of methods have been proposed for stress cycle count-
ing. The methods most commonly accepted for use in connection with Codes and Standards
are the Reservoir and the Rainflow methods. The Reservoir cycle counting is employed for
short stress histories while the Rainflow counting for longer and more complex stress histo-
ries.However, the Rainflow Method is generally regarded as the best estimator for the fatigue
damage in actual lives, and therefore, it is used largely in practice [16].

2.6.1. Rainflow Cycle Counting
When the stress-time history is random, determination of the stress cycles and ranges are
not possible analytically. In this case, a cycle counting algorithm is applied to determine
stress cycles and ranges from time series of the stress process. For this reason, the Rain-
flow cycle counting method is widely used in practice and implemented in design codes. The
rainflow method has obtained its name from an analogy of rain falling down a pagoda roof. It
was developed by Matsuishi and Endo in 1968, and since then it has been studied and well
documented in literature. Rychlik presented a mathematical definition for the rainflow cycle
counting method, which enables closed-form computations from the statistical properties of
the load signal. Since the cumulative damage is affected by the loading frequency, in random
loading, the loading sequence is also random.

The rainflow cycle counting method is based on visualization of rainflow over a sequence of
pagoda roofs. Essentially, it counts half cycles. To simulate a pagoda roof from a stress time
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series, the peaks and troughs of the stress time series are connected by linear lines as shown
in Figure 2.7. Then the linearized model is rotated clock wise with 90˚ such that the time
axis is in vertical direction with the origin at the top and positive downward, as shown in
Figure 2.8a in which example stress values of peaks and troughs are written relative to mean
values. In this figure, the odd numbers denote the troughs and even numbers denote the
peaks. Rainflow is assumed to begin from a peak or a trough and keeps falling on the roof
until it stops according to the following conditions:

1. A drop begins to flow right from a trough or left from a peak onto subsequent roofs.

2. When a drop stats from a trough, it stops if it meets an equal or deeper trough than that
it is started from, e.g., path (1-2-2’) in Figure 2.8 b. The drop falls on another roof until
a stop condition arises, e.g., path (3-4-4’-6-6’-10-10’) in Figure 2.8 b. The drop stops
flowing when it meets a flow from an earlier path, e.g., path (5-4’) in Figure 2.8 b.

3. When a drop starts from a peak, it stops if it meets an equal or larger peak than it is
started from, e.g., path (2-3-3’) in Figure 2.8 b. The drop falls on another roof until a
stop condition arises, e.g., path (6-7-7’-9-9’) in Figure 2.8 b. The drop stops flowing
when it meets a flow from an earlier path, e.g., path (8-7) in Figure 2.8 b.’

4. A drop stops flowing flowing when it reaches the tip of the roof (end of stress history
record).

5. The stress range of a half cycle, which is equivalent to that of a constant amplitude load,
is defined as the projection of a rainflow path between the start and stop points.

Figure 2.7: An example stress time history and the equivalent linear model[16].

Figure 2.8: An example pagoda roof and corresponding rainflow cycle counting patterns. a The pagoda roof model of stress
history b The rainflow patterns [16].
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Environmental Loading

In order to perform analysis of a structure, the environmental data from the site is of high
importance, as the environmental loads are estimated based on that.

3.1. Reference Turbine
The structure design is referred to a generic 8MW turbine, based on limited data available
from the Vestas V164-8.0MW model. Turbine or tower parameters are not available from
Vestas, but are approximated using Enersea in-house data and public papers [3]. Relevant
parameters for the support structure design are listed in the following Table.

Turbine Parameters Value Unit
Rated power 8.0 MW
Rotor diameter 164 m
Mass of rotor and nacelle 460 tonnes
Tower mass 375 tonnes
Wedge mass 30 tonnes
Cut-in wind speed 4.0 m/sec
Cut-out wind speed 25.0 m/sec
Nominal wind speed 15 m/sec
Lower bound rotor speed 5.4 rpm
Upper bound rotor speed 11.5 rpm
Nominal rotor speed 10.6 rpm
1P Frequency range 0.09-0.192 Hz
3P Frequency range 0.270-0.575 Hz
Nominal operating frequency 0.177-0.530 Hz
Monopile diameter 6.5 m
Monopile thickness 70 mm
Hub height (above sea level) 108 m
Wedge connection elevation (above MSL) 4 m

Table 3.1: Relevant reference turbine parameters

For the purpose of this thesis, it is assumed that both the diameter and thickness of the
tower vary along its length (tapered section: top diameter =4.5m, top thickness=0.030m,
bottom diameter=6.5m, bottom thickness=0.070m), while the diameter and the thickness of
the monopile structure are assumed to be constant along its entire length.

13
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3.2. Reference Location

�

Figure 3.1: North Sea [3].

An offshore wind turbine support struc-
ture is designed based on the metocean
conditions which highly depend on the
choice of the project location. For this
analysis, the North Sea state with wa-
ter depth of 40m has been selected (Fig-
ure 3.1), as the key design objective is
to produce a design that is suitable for
a variety of projects sites. Informa-
tion for this location are presented in
Tables 3.2 and 3.3 and Figure 3.2 as
well.

Case Wave Height Peak Period Number of Cycles Probability
(m) (sec) (25 years)

1 0.5 3.2 10305098 0.09608
2 1 4.3 59092332 0.551
3 2 5.9 30269367 0.2822
4 3 6.9 5779211 0.05388
5 4 7.8 1326349 0.01237
6 5 8.6 345151 0.003218
7 6 9.2 96626 9.009E-04
8 7 9.8 28093 2.619E-04
9 8 10.3 8322 7.759E-05
10 9 10.8 2498 2.329E-05
11 10 11.2 762 7.105E-06
12 11 11.6 238 2.219E-06
13 12 12 76 7.086E-07
14 13 12.3 25 2.331E-07
15 14 12.6 8 7.459E-08
16 15 12.9 3 2.797E-08
17 16 13.2 1 9.324E-09
18 17 13.8 0.5 4.662E-09

Table 3.2: North Sea Data: wave information.

In Table 3.3, the wind speed refers to the mean wind speed at 10 meters above the MSL.
In order to calculate the probability of the wind speed at the installation site, the Weibull
distribution has been used. It has been proven that the Weibull function fits the distribution
of the average wind speeds relatively well at most sites [17].

The Weibull is a two parameter distribution function and it can be described by its probability
density function 𝑓ፖ፞።፮፥፥(𝑉) and cumulative distribution function 𝐹ፖ፞።፮፥፥(𝑉) as given below
respectively [39]:

𝑓ፖ፞።፮፥፥(𝑉) =
𝑘
𝑐 (
𝑉
𝑐 )

፤ዅኻ
𝑒ዅ(

ᑍ
ᑜ )

ᑜ

(3.1)

𝐹ፖ፞።፮፥፥(𝑉) = 1 − 𝑒(ዅ(
ᑍ
ᑔ )

ᑜ) (3.2)
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Case Wind speed
(m/sec)

1 4.48
2 5.94
3 7.87
4 9.28
5 10.44
6 11.43
7 12.31
8 13.10
9 13.83
10 14.51
11 15.15
12 15.74
13 16.31
14 16.85
15 17.37
16 17.86
17 18.33
18 18.79

Table 3.3: North Sea Data: wind information.

Figure 3.2: North Sea State Information

where,

k is the shape factor. It specifies the shape of a Weibull distribution and takes a value between 1
and 3 (it is taken equal to 2.2 in this case).

c is the scale factor,
V is the mean wind speed at the hub level.

To calculate the scale factor of the Weibull distribution function, the empirical expression
that has been derived for the North Europe coast has been used. According to this:
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𝑐 = 𝑈ፚ፯፞፫ፚ፠፞
Γ(1 + ኻ

፤ )
(3.3)

𝑈ፚ፯፞፫ፚ፠፞ is referred to the annual mean wind speed of the reference location (= 11.4𝑚/𝑠𝑒𝑐).

In the following figure, the resulting Weibull wind speed distribution and the cumulative wind
speed distribution are presented.

Figure 3.3: Left: Weibull wind speed distribution, Right: Weibull cumulative wind speed distribution.

From the Weibull distribution function the following results have been exported for the val-
ues of the mean wind that have been shown in Table 3.2:

Mean Wind Speed Weibull Probability
[m/sec]
4.48 0.0480
5.94 0.0580
7.87 0.0654
9.28 0.0667
10.44 0.0653
11.43 0.0627
12.31 0.0596
13.10 0.0561
13.83 0.0526
14.51 0.0491
15.15 0.0458
15.74 0.0425
16.31 0.0395
16.85 0.0366
17.37 0.0339
17.86 0.0314
18.33 0.0291
18.79 0.0269

Table 3.4: Weibull Probability of occurrence for each mean wind speed.
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3.3. Mathematical Model of the Wind Turbine
For the mathematically dynamic analysis of a wind turbine, the wind turbine can be consid-
ered as a beam where the Euler-Bernoulli Beam Theory can be applied (bending beam) with
flexural stiffness EI (N𝑚ኼ), a cross sectional area A (𝑚ኼ) and a mass density 𝜌 (kg/𝑚ኽ).

𝐸𝐼𝜕
ኾ𝑤(𝑥, 𝑡)
𝜕𝑥ኾ + 𝜌𝐴𝜕

ኼ𝑤(𝑥, 𝑡)
𝜕𝑡ኼ = 𝑓(𝑥, 𝑡) (3.4)

To simulate the beam model as better as possible in order to correspond to the real one, a
concentrated mass is added on the free end of the beam model which represents the rotor-
nacelle mass. Furthermore, in order to take into account any changes in the structural
properties at the interface between the support structure and the turbine tower, where the
wedge connection is assumed to be located, a local mass is added at the appropriate location
in the beam model. The tapered cross section of the tower has been considered as well.

Figure 3.4: Beam Model of the wind turbine.

For better accuracy and in order to solve the problem numerically using Matlab, the beam
needs to be discretized.

Figure 3.5: Beam Model discretization.
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In addition, in order to have a beam model which will simulate the real one as better as
possible, it would be necessary to take into account the interaction between the soil and the
foundation; in other words, how the deformability of soil affects the response of the structure
[35]. This can be achieved by adding several springs on the embedded length of the monopile,
which will represent the soil stiffness at each unit of depth, as it is shown in Figure 3.6.

Figure 3.6: Soil modeling by making use of spring elements.

3.3.1. Soil parameters and p-y curves
Soils in the offshore environments are stratified and may be composed by different layers of
sand, clay or a combination of both. However, for the purpose of this thesis, as it is really
difficult to get information about the soil conditions at a wind farm site due to their signif-
icant variability, a simplified, homogeneous and single type soil profile of dense sand has
been assumed, which is typical for the North Sea.

The lateral resistance of this profile is determined by using the API method with the following
design parameters that have been taken by a previous thesis project [3]:

Interface friction angle (sand) 𝜙፬፨።፥ = 35∘
Interface friction angle between sand and steel 𝛿 = 30∘
Limiting shaft friction 𝑓 = 67𝐾𝑃𝑎
Bearing factor 𝑁፪ = 40
Limiting end bearing 𝑞 = 9.6𝑀𝑃𝑎
Submerged unit weight of sand 𝜌፬ፚ፧፝ = 10𝐾𝑁/𝑚ኽ

The stiffness of the soil varies with depth, so despite the fact that homogeneous soil conditions
have been assumed, it must be discretized into several layers. The embedded length of the
monopile is estimated as 3.5 times the monopile diameter according to the previous thesis
project. Thus, this length is divided into elements of 1 meter length. The stiffness of each
element is defined by making use of the p-y curves. According to API (RP2A), the deflection of
a certain soil spring at position z below the seabed is denoted by y [2]. Based upon Winkler
Foundation theory, the soil–pile resistance p (in units of force per length) for sands is defined
by:

𝑝 = 𝐴 ⋅ 𝑝፮ ⋅ 𝑡𝑎𝑛ℎ(
𝑘፩፲ ⋅ 𝑧፬፨።፥
𝐴 ⋅ 𝑝፮

𝑦) (3.5)

where, A is a dimensional value equal to 0.9 for cyclic loading,
𝑝፮ is the soil pressure at failure,
𝑘፩፲ is the initial modulus of sub-grade reaction,
𝑧፬፨።፥ is the depth and
y is the lateral displacement.



3.3. Mathematical Model of the Wind Turbine 19

Figure 3.7: Resulting p-y curve at 23m below the sea bed.

The stiffness per unit of length 𝐸፩፲ is calculated at each layer using the following simple
relation, where y is a value of the lateral displacement of the embedded monopile.

𝐸፬፨።፥ =
𝑝
𝑦 (3.6)

The p-y curve differentiates for each depth, therefore, each spring has a different p-y curve
and as a result a different stiffness. More specifically, as the depth increases, the stiffness
of the curve becomes higher. Due to non-linearity of the p-y curve, in order to calculate the
stiffness of the soil, the lateral displacement of the monopile at each depth should be known.
However, for the purpose of this thesis, the stiffness of the soil has been calculated by con-
sidering only the first linear part of the p-y curve.

For each one of the elements of the Euler Bernoulli beam that is located below the seabed,
the above calculated value of stiffness 𝐸፬፨።፥ is added to the stiffness matrix of the structure,
derived in the following section.

At this point it should be referred that this method, which is used based on the current design
codes (API and DNVGL), is a crude approximation and is not very accurate for large diameters
piles, as it is based on slimmer and slender piles than those used in offshore industry [30].
More specifically, it has been proven that this method underestimates the stiffness of the
soil. However for the purpose of this thesis, the assumption that this stiffness is acceptable
has been made.

3.3.2. Modal Analysis
The central finite difference scheme is used to approximate the derivatives with respect to
space, and after applying the boundary conditions for the two ends (free-free), the resulting
equation of the beam is:



20 3. Environmental Loading

𝜌 ⋅ 𝐴 ⋅
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(3.7)

where,
𝜌 density of the material of the beam,
A cross section area of the beam,
E elastic modulus of the beam,
I second moment of inertia,
l length of each element,
w deflection of each node,
F force applied on each node.

Having obtained the mass and stiffness matrices, the natural frequencies can be calculated
now, using the undamped equation of motion:

[𝑀] ⋅ �̈� + [𝐾] ⋅ 𝑢 = 0 (3.8)

and assuming a solution in the following form (harmonic motion):

𝑢(𝑡) = Φ ⋅ 𝑠𝑖𝑛(𝜔 ⋅ 𝑡) (3.9)

Substitution of the equation 3.9 to equation 3.8 results to:

Φ( − 𝜔ኼ + 𝐾
𝑀) = 0 (3.10)

or,

𝜔 = √𝐾𝑀 (3.11)

In order to avoid the trivial solution, Φ = 0 is disregarded [24].

In the Figure 3.8, the resulting shape modes for the first three natural frequencies are pre-
sented.
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Natural Frequency Frequency
rad/sec Hz

1st 1.4786 0.2353
2nd 8.6459 1.3760
3rd 25.4679 4.0533

Table 3.5: Three first natural frequencies of beam model.

Figure 3.8: Three first mode shapes of beam model.

Thus, having a first clue on the Figure 3.8, one would say that 2nd and 3rd mode shapes
will be important for the fatigue assessment of the beam at the level of the wedge connection,
as well. However, as it will be seen in the following sections, only the 1st natural frequency
(thus 1st mode shape) is of importance, as both 2nd and 3rd natural frequencies are higher
than the 3P frequency of the turbine.

3.4. Wave Spectral Density
The random nature of a real state can be represented by the superposition of several individ-
ual components, with each of them having its own amplitude, peak frequency and direction
of propagation. Neglecting the directional wave spectrum, there are two most frequently used
formulations of spectra in the offshore sector: the Pierson-Moskowitz for a fully developed
sea (or at infinite fetch)and the JONSWAP for a developing sea (or fetch-limited) spectrum [23].

The JONSWAP spectrum is an improved-extended version of the Pierson-Moskowitz based
on further measurements of wave spectra in the North Sea, and incorporating a peak en-
hancement factor.

The equation for the JONSWAP spectrum according to DNV-RP-C205 [11] is:

𝑆ፉ፨፧፬፰ፚ፩(𝜔) = Α᎐
5
16𝐻

ኼ
፬𝜔ኾ፩𝜔ዅ𝑒𝑥𝑝( −

5
4(

𝜔
𝜔፩
)
ዅኾ
)𝛾፞፱፩(ዅኺ.(

ᒞᎽᒞᑡ
ᒗᒞᑡ

)Ꮄ)
(3.12)
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where,

𝜔 angular wave frequency, 𝜔 = ኼ
ፓ

T wave period
𝜔፩ angular peak frequency, 𝜔፩ =

ኼ
ፓᑡ

𝑇፩ peak period
𝜎 spectral width parameter
𝛾 non dimensional peak shape parameter
𝐴᎐ = 1 − 0.287𝑙𝑛(𝛾) a normalizing factor

𝜎 is given as:

𝜎 = {0.07 𝑓𝑜𝑟 𝜔 ≤ 𝜔፩
0.09 𝑓𝑜𝑟 𝜔 > 𝜔፩ (3.13)

and 𝛾 is given as:

𝛾 =
⎧
⎪
⎨
⎪
⎩

5 𝑓𝑜𝑟 ፓᑡ
√ፇᑤ

≤ 3.6

𝑒𝑥𝑝(5.75 − 1.15 ፓᑡ
√ፇᑤ

) 𝑓𝑜𝑟 3.6 < ፓᑡ
√ፇᑤ

≤ 5

1 𝑓𝑜𝑟 5 < ፓᑡ
√ፇᑤ

(3.14)

When the peak shape parameter is taken as 𝛾 = 1.0, the JONSWAP spectrum is equal to the
Pierson-Moskowitz spectrum.

The presence of the normalizing factor 𝐴᎐ is to ensure that the area under the Jonswap
spectrum still represents the real energy density of the sea state.

Figure 3.9: JONSWAP Spectrum for all Sea States.
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Figure 3.9 shows the JONSWAP spectrum for each one of the Sea States. 1P and 3P represent
the rotational frequency of the rotor and the blade passing frequency respectively. The rota-
tional frequency is defined by the range starting at the minimum rotational speed at cut-in
wind speed and ending at the maximum rotational speed [38]. The blade passing frequency
accounts for the excitation generated when each blade passes by the rotor. Both frequencies
shall be avoided in the design.

Figure 3.10: Time series realization of water elevation derived from wave spectrum.

The generated spectra can be used to calculate wave loads on the wind turbine structure
directly in the frequency domain.In Figure 3.10, a 10-minute time history for a 7meter wave
has been derived.

3.5. Morison’s Equation
Morison’s equation was originally formulated for calculating the wave loads on fixed vertical
cylinders. It consists of two force components, one related to water particle acceleration, the
inertia force, and one related to water particle velocity, the drag force [27] and is defined as:

𝐹ፌ፨፫።፬፨፧ = 𝜌
𝜋𝐷ኼ፲፥
4 𝐶ፌ𝑎𝑑𝑧 +

𝜌
2𝐶ፃ𝐷፲፥ |𝑢| 𝑢𝑑𝑧 (3.15)

where,

𝐶ፌ is the mass coefficient
𝐶ፃ is the drag coefficient
u is the fluid velocity given by the following equation:

𝑢(𝑧, 𝑡) = 𝜔𝐻
2
𝑐𝑜𝑠ℎ[𝑘(𝑧 + ℎ)]
𝑠𝑖𝑛ℎ(𝑘ℎ) 𝑐𝑜𝑠(𝜔𝑡) (3.16)

where,
k is the wave number,
h is the water depth,
z is the elevation from the MSL (+ is upward)

𝛼 is the fluid acceleration given by:



24 3. Environmental Loading

𝑎(𝑧, 𝑡) = −𝜔
ኼ𝐻
2

𝑐𝑜𝑠ℎ[𝑘(𝑧 + ℎ)]
𝑠𝑖𝑛ℎ(𝑘ℎ) 𝑠𝑖𝑛(𝜔𝑡) (3.17)

𝐷፲፥ is the cylinder diameter
𝜌 is the water density

For large diameter cylinders, such as those used in the wind turbine support structures,
the inertia loads are dominated, accounting for more than 90% of the resulting force (Figure
3.11). These inertia loads are quadratically proportional to the structure diameter, which
contributes to the increased importance of wave loads in the assessment of large offshore
support structures.

Figure 3.11: Morison Force for Sea State 8 with ፂᐻ=0.8.

The drag coefficient 𝐶ፃ may vary between 0.6 and 1.05 over the structure lifetime, based
on the roughness of the cylinder, influenced by marine growth. The inertia coefficient 𝐶ፌ
is generally taken equal to 2.0. However, for large diameter structures, like the monopile
support structures for wind turbines, placed in relatively shallow water with consequently
reduced wave length, the validity of Morison equation can be compromised due to diffraction
of the waves.( The basic assumption of Morison’s equation is that the submerged members
for which the wave loads are calculated do not affect the waves, but this assumption is valid
only when the cylinder diameter is relatively small compared to wave length.)

To incorporate the diffraction into the Morison equation, the MacCamy-Fuchs correction [22]
is introduced. This correction reduces the magnitude of the inertia coefficient and, as it is
obvious from the below expression, is dependent on the ratio of diameter to the wave length.

𝐶ፌ(𝑧) = −2.5(
𝐷
𝜆ኺ
)
ኽ
+ 7.53( 𝐷𝜆ኺ

)
ኼ
− 7.9( 𝐷𝜆ኺ

) + 3.2 ≤ 2.0 (3.18)

Figure 3.12 represents the reduction of the inertia coefficient for increasing ratio.
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Figure 3.12: MacCamy-Fuchs diffraction correction of the inertia coefficient ፂᑄ.

3.6. Wind Speed & Turbulence
The normal wind conditions are specified in terms of air density, a long-term distribution of
the 10-minute mean wind speed and turbulence. The 10-minute wind speed is considered to
be constant over this short period. Wind speed data is height dependent with the mean wind
speed at the hub height being used as reference. The wind speed at different heights can be
calculated, while taking into account the mean wind speed at hub height and the wind speed
profile above the still water level.

The typical wind spectra over a broad range of frequencies show that the mean wind speed
over a period of about 10 minutes can be regarded as constant, forming a wind state: a state
during which only the turbulence term fluctuates. Focusing on the wind direction i, a time-
series of wind speed is characterized by a mean wind speed and a standard deviation. These
define the turbulence intensity as follows:

𝑇𝐼። =
𝜎።
𝑈፰

(3.19)

where 𝑇𝐼። is the turbulence intensity in i direction and 𝜎። the standard deviation of wind speed
in i direction [23].

Turbulence in the wind has an important anticipation on the fatigue behavior of the wind
turbines, so it affects their lifetime. It has been proven that the turbulence affect the lifetime
negatively, in a way that the larger the turbulence, the shorter the lifetime [41]. Actually,
the turbulence in the wind cannot be controlled as it is an environmental factor, so for the
purpose of this thesis a medium intensity of 15% corresponding to the IEC Class B winds is
considered in order to generate the turbulent wind spectrum.

3.7. Wind Spectral Density
Turbulence can be also represented in the form of spectral density, which shows how the en-
ergy of the wind turbulence is distributed between different frequencies. The most commonly
used spectra are the von Karman and Kaimal spectrum. In the context of this thesis and as
it is suggested by the standards as well, the Kaimal spectrum is more suitable to model the
atmospheric boundary layer and can be calculated by the following expression:
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𝑆ፊፚ።፦ፚ፥(𝑓) =
𝜎ኼ። 4𝐿፯/𝑈፰

(1 + 6𝑓𝐿፯/𝑈፰)/ኽ
(3.20)

where f is the frequency and 𝐿፯ the integral length scale.

Figure 3.13: Kaimal Spectrum for mean wind speed equal to 11.06m/sec.

For each sea state, a realistic time series of turbulent wind speeds is generated from the
theoretical spectrum. Figure 3.14 shows the times series for mean wind speed 11.06 m/s.

Figure 3.14: Wind Time Series for mean wind speed equal to 11.06m/sec.

For reasons of time economy, the wind speed history during the turbine’s service life is re-
duced to 10 minute period for each mean wind speed, as it has already been referred. More-
over, in order to get a representative result for the wind speed time series, even for this short
time period, many iterations are required. However, because this procedure is time consum-
ing, here only one iteration has been considered for each one of the 18 cases of the mean
wind speeds.
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3.8. Thrust Force
The rotation of the wind turbine blades forms a circular area at the upper part of the tower
and sudden decrease of air pressure at the top of the tower. Abrupt decline pressure causes
the creation of a force in the direction of wind which is called thrust.

The thrust force on a wind turbine rotor due to wind can be estimated in a simplified manner
by making use of the following expression:

𝐹ፓ፡፫፮፬፭ =
1
2𝜌ፚ።፫𝐴ፑ𝐶ፓ𝑈

ኼ
፫፞፥ (3.21)

where 𝜌ፚ።፫ is the density of the air, 𝐴ፑ is the rotor swept area (𝜋𝑅ኼ) with R the radius of the
rotor), 𝐶ፓ is the thrust coefficient and U is the wind speed which corresponds to specific Sea
State at the level of rotor/nacelle.

Regarding the wind velocity, it is taken to be the relative velocity, 𝑈፫፞፥ = 𝑈−�̇�, thereby explic-
itly including the effect of the aerodynamic damping through the tower top velocity �̇� [25].
This has been directly added in the wind speed time series generation in this case.

At this point it should be referred that the beam model presented in Section 3.3 has been
used by adding an aerodynamic damping (4.0%).





4
Damage Equivalent Loads

In this chapter, detailed information about the calculation of damage equivalent loads, de-
rived by MATLAB codes, due to wave and wind loading is displayed. Both step by step
methodology used and the results are described in the following sections of this chapter.

4.1. Fatigue Assessment
As aforementioned, the fatigue damage is considered to be one of the design drivers for the
wedge connection. As a result, extended information should be displayed concerning all rel-
ative data and basic theories that build up to that particular magnitude. More specifically,
basically wind and wave are examined (current is not taken into account for the fatigue as-
sessment) and further analyzed in order to formulate competent expressions for aerodynamic
and hydrodynamic loading. Moreover, the concept of fatigue along with suitable S-N curves
is presented and eventually result to the targeting Damage Equivalent Load and eventual
fatigue damage.

Figure 4.1: Load sources for a monopile-based offshore wind turbine [40]
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4.2. Method Summary
To compute the expected fatigue life at the critical for our case location (level of wedge connec-
tion, +4m above MSL), the structure responses due to wind and wave loads are decoupled.
Wave-induced fatigue is handled in the frequency domain, while the wind-induced fatigue is
handled in the time-domain. Lifetime wind loading is approximately calculated by applying a
rainflow counting algorithm to a time history of thrust loads and extrapolating the signal for
the full structure life. The corresponding wave load response for each sea state is represented
by a frequency-dependent structure response spectrum. In both cases, the lifetime response
for each sea state may be expressed as a damage equivalent load (DEL).

Figure 4.2: Procedure for damage loads calculation

4.3. Time domain versus frequency domain approach
Time and frequency domain are the twomost commonly usedmethods for the fatigue analysis
[20].

• Time domain approach: generation of random time series from wind and wave spec-
tra, non-linear, unsteady system simulation by time step integration techniques and
Rainflow counting of stress ranges.
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• Frequency domain approach: direct application of the environmental spectra, linear
spectral analysis and determination of stress range distribution from spectral moments.

Actually, both air and water behave non-linearly with respect to the loading and response
of the offshore wind energy converter. However the strongest non-linearity occurs in the
rotor aerodynamics due to flow separation at higher wind speeds, while the non-linearity of
hydrodynamic load is of lesser importance. For this reason, for the purpose of this thesis,
frequency domain analysis has been selected for the wave loading, while time domain analysis
has been used for the wind loading.

4.4. Equivalent Loads
The concept of equivalent loads has the ability to convert a long history of random fatigue
loads to one number. As a consequence, an easier and more efficient comparison of nu-
merous load cases is feasible. This concept introduces a fatigue damage equivalent load (or
stress) which represents the load (or stress) with this constant amplitude that if applied to a
material would cause the same damage as the random fatigue load cases [23]. The number
of cycles that are used to derive the equivalent load are predefined: either explicitly (typically
10 ) or implicitly by considering a constant frequency (typically 1Hz) and a targeted lifetime
as a time period.

4.5. Hydrodynamic Loading
Waves are efficiently described by the determination of amplitude and frequency. Wave
amplitude is adequately expressed by the height of elevation in respect to mean sea level
whereas the time intervals interceding between the passing of equal elevations from a ref-
erence point determine unique wave periods and therefore their respective frequencies. The
latter is mainly defined by two terms in the respective literature, zero-crossing or peak period
[26].

4.6. Frequency domain analysis - Wave DEL
Calculations in the frequency domain are a very powerful tool to compute wave induced re-
sponse of offshore structures. According to M.Seidel [32], for the frequency domain approach
the procedure described below should be followed:

1. Once the Mass and Stiffness Matrices have been determined by making the assumption
of beammodel, the natural frequencies 𝜔፧, as well as, the mode shapesΦ፧(z) are derived.
Having determined them, the modal stiffness 𝐾፧ and the modal mass 𝑀፧ are calculated
for each mode.

𝑀፧ = Φፓ ⋅ 𝑀 ⋅ Φ (4.1)

𝐾፧ = Φፓ ⋅ 𝐾 ⋅ Φ (4.2)

2. Modal damping ratios are assigned to the individual modes. In this particular case, only
the modal damping ratio for the first mode is of importance. The damping is defined as
damping ratio 𝜉 (percentage of critical damping). Alternatively, this can be expressed
with the logarithmic decrement 𝛿 which relates to the damping ratio as 𝛿=2𝜋𝜉 for small
damping ratios. The total damping ratio is taken to be constant at 5.0% of critical
damping, as structural damping of 1.0% and aerodynamic damping of 4.0% have been
considered, as it is suggested by [15].

3. The Wave JONSWAP Spectrum 𝑆᎓᎓(𝜔) is established for all sea states of relevance, as it
has already been presented in previous section.

4. Transfer functions are determined:



32 4. Damage Equivalent Loads

• The hydrodynamic transfer function 𝐻ፚ,፧(𝜔) is needed to determine the generalized
wave forces dependent on wave frequency 𝜔 and mode considered.

The hydrodynamic transfer function closely resembles the Morison Equation:

𝐻ፚ,፧(𝜔) =
1
2𝜌𝜔∫

፝

ኺ
𝐶፝ ⋅ 𝐷(𝑧) ⋅ 𝜂፨ ⋅ Φኺ(𝑧)𝑑𝑧 + 𝜌𝜔ኼኺ ∫

፝

ኺ
𝐶ፌ(፳) ⋅ [𝜋

𝐷(𝑧)ኼ
4 ] ⋅ 𝜂፨ ⋅ Φኺ(𝑧)𝑑𝑧 (4.3)

For monopiles, only the inertia term of Morison’ s equation is considered, thus the
drag term is neglected. The hydrodynamic transfer function is needed only for the
first mode shape and it is written as follows:

𝐻ፚ,ኺ = 𝜌𝜔ኼኺ ∫
፝

ኺ
𝐶ፌ(፳) ⋅ [𝜋

𝐷(𝑧)ኼ
4 ] ⋅ 𝜂፨ ⋅ Φኺ(𝑧)𝑑𝑧 (4.4)

The distribution function 𝜂ኺ represents the decay in water particle acceleration with
respect to depth (Figure 4.3) and is defined as follows for the wave frequency being
equal to the first natural frequency:

𝜂ኺ(𝑧) =
𝑐𝑜𝑠ℎ(𝑘ኺ(𝑧 + 𝑑))
𝑠𝑖𝑛ℎ(𝑘ኺ𝑑)

(4.5)

Figure 4.3: Distribution Function for ፇᑤ=4m

• The mechanical transfer function 𝐻፧(𝜔) is needed to determine structural displace-
ments dependent on the mode considered.

𝐻፧(𝜔 ) computes the degree to which the applied loads may be amplified, as a func-
tion of wave forcing frequency 𝜔 , due to structure modal stiffness 𝐾፧ and its natural
frequency 𝜔፧.

𝐻፧(𝜔) =
1

1 − ( ᎦᎦᑟ )
ኼ + 2 ⋅ 𝑖 ⋅ 𝜁፧ ⋅

Ꭶ
Ꭶᑟ

𝐾ዅኻ፧ (4.6)

As it is apparent in the formulation, 𝐻፧(𝜔) is maximized when the wave forcing
frequency is either equal or very close to that of the structure modal frequency. This
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will result in a narrow-banded response spectrum, concentrated at the frequency
where this amplification occurs (in this case 𝜔 =1.4786 ፫ፚ፝፬፞ , see Figures 4.4 and
4.5).

Figure 4.4: Lay-out of Mechanical Transfer function

The combined transfer function is defined as:

𝐻(𝑧, 𝜔) =
ጼ

∑
፧ኻ

Φ፧(𝑧) ⋅ 𝐻፧(𝜔) ⋅ 𝐻ፚ,፧(𝜔) (4.7)

Figure 4.5: Transfer function at the level of wedge connection
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Transfer functions can be generated to determine e.g. bending moments directly, rather
than determining displacements first.

5. The response spectrum (e.g. displacements or bending moments at a specific elevation)
is determined from the loading (wave) spectrum and the combined transfer function:

𝑆፮፮(𝑧, 𝜔) = |𝐻(𝑧, 𝜔)|
ኼ ⋅ 𝑆᎓᎓(𝜔) = |

ጼ

∑
፧ኻ

Φ፧(𝑧) ⋅ 𝐻፧(𝜔) ⋅ 𝐻ፚ,፧(𝜔)|

ኼ

⋅ 𝑆᎓᎓(𝜔) (4.8)

6. Extreme or fatigue loads are determined from the response spectrum by using the fol-
lowing formula:

Δ𝑀፞፪፮።፯ = 3.363𝜎ፌ,፰፞፝፠፞ (4.9)

This is the damage equivalent moment Δ𝑀፞፪ for the number of cycles given as:

𝑁፫፞፟ = 𝑓ኺ ⋅ 𝑇 (4.10)

where 𝜎ፌ,፰፞፝፠፞ is the standard deviation of bending moments at the level of wedge con-
nection and T is the time in seconds.

As it is obvious, the number of cycles depends on the natural frequency 𝑓ኺ of the struc-
ture. The so called 1-Hz-DELs are usually used, where the number of reference cycles
is defined as the number of seconds within the interval T:

𝑁፫፞፟,ኻፇ፳ = 𝑇 (4.11)

The damage equivalent moment does need to be converted to take into account of the
different number of cycles.Finally, the DEL can be converted considering the inverse
slope of the S-N curve as follows:

Δ𝑀፞፪፮።፯,ኻፇ፳ = 3.363 ⋅ 𝜎ፌ,፰፞፝፠፞ ⋅ (
𝑁፫፞፟
𝑁፫፞፟ኻፇ፳

)
ኻ/፦

= 3.363 ⋅ 𝜎ፌ,፰፞፝፠፞(𝑓ኺ)ኻ/፦ (4.12)

Thus Δ𝑀፞፪፮።፯,ኻፇ፳ is independent of the intended service life.

4.7. Time domain analysis - Wind DEL
Wind-induced fatigue damage is obtained in the time domain due to the nonlinearities of the
thrust loads on the rotor with respect to wind speed. This non-linearity can be presented
in the figures below. In Figure 4.6 a time series of turbulent wind speeds produced by the
Kaimal Spectrum for a mean wind speed equal to 11.06m/𝑠𝑒𝑐ኼ and the corresponding thrust
force are presented.

As it is obvious from Figure 4.6, for the thrust force time series, a ”plateau” appears at the
points where the wind speed is higher than the nominal wind turbine speed (12.5 m/sec),
as this is the speed at which the turbine operates at its optimum efficiency and the thrust of
the rotor takes its maximum value.

When the rotor is operating in its rated condition, an increase in wind speed no longer cor-
responds to the increase in the thrust loads on the rotor. This non-linearity works in the
opposite direction in this case. Thus, at speeds above the cut-out wind speed, the turbine
will enter an idling condition and an increase in wind speed then results in a decrease in the
thrust at the rotor. This phenomenon can be seen in the Figure 4.7.
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Figure 4.6: Wind and corresponding thrust force time series for mean wind speed equal to 11.06 m/፬፞ (SS 2)

Figure 4.7: Wind and corresponding thrust force time series for mean wind speed equal to 25.09 m/፬፞ (SS 16)

4.7.1. Equivalent Stresses & Rainflow Counting Method
To translate the above time histories of thrust loading to moment time series at the level of
the wedge connection, the assumption that the structure is completely rigid has been made.
Thus, in order to convert the thrust loading to moments, they are multiplied by the distance
between the rotor level and the considered level of the wedge connection (148 − 44 = 104𝑚).
In their turn, the derived moments are converted to equivalent stresses.
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𝜎 = 𝑀 ⋅ 𝐷
2 ⋅ 𝐼 (4.13)

Figure 4.8: Equivalent stress time series for mean wind speed equal to 6.30m/፬፞ (SS 1)

Once the equivalent stresses have been derived, the rainflow cycling method is applied for
the period of 10 minutes for each one of the eighteen cases. To translate the static loads
to dynamic stresses, the above stresses are multiplied by a dynamic amplification factor, in
order to account for both the structural and the aerodynamic damping. Thus, after that, a
rainflow counting MATLAB algorithm converts the given stress signal (equivalent stress time
history) into turning points. Through these turning points, the algorithm extracts the num-
ber of cycles from each load case history, and by choosing a number of bins, several counting
cycles with different amplitudes and mean values are obtained.

Figure 4.9 shows the resulting rainflow histogram derived by the stress signal given in Figure
4.8 and the 30-bin histogram representing the number of cycles of occurrence of each stress
range obtained by the rainflow method.

Figure 4.9: Rainflow count histogram of equivalent stress time series (SS 1).

To calculate the damage equivalent stresses for each case, a reference number of cycles
should be determined (10 is selected in this case). The equation through which these
stresses are derived is given by:

Δ𝜎፞፪፮።፯ = (
1

𝑁፞፪፮።፯
∑𝑛።Δ𝜎፦። )

ኻ/፦
(4.14)
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where,
Δ𝜎፞፪፮።፯ is the equivalent stress,
𝑁፞፪፮።፯ is the predefined equivalent number of cycles (10),
Δ𝜎፦። is the stress range of each bin,
𝑛። is the number of cycles of each bin.

The above resulting damage equivalent stresses refer to the period of 10 minutes.To calculate
the equivalent stress that corresponds to the whole life-time of the selected wind turbine, the
above equivalent stresses should be multiplied by the ratio of the amount of seconds in the
period of 25 years (60፬፞፨፧፝፬/፦።፧፮፭፞ ⋅ 60፦።፧፮፭፞፬/፡፨፮፫ ⋅ 24፡፨፮፫፬/፝ፚ፲ ⋅ 365፝ፚ፲፬/፲፞ፚ፫ ⋅ 25፲፞ፚ፫፬) over the
simulation period of 600 seconds (10 minutes).

Δ𝜎፞፪፮።፯ = (
1

𝑁፞፪፮።፯
∑𝑛።Δ𝜎፦። ⋅

𝑇ፓ፨፭ፚ፥ፋ።፟፞
𝑇፬።፦፮፥ፚ፭።፨፧

)
ኻ/፦

(4.15)

4.8. Results of Damage Loads
In the next Tables, the results of equivalent damage loads for both waves and winds are
shown for the eighteen different cases:

Wave DEM Wave DEM Number of Cycles
Case (1% damping) (5% damping) for waves

[MNm] [MNm]
1 0 0 10305098
2 0 0 59092332
3 0 0 30269367
4 0 0 5779211
5 0 0 1326349
6 0 0 345151
7 0 0 96626
8 25.9221 11.5927 28093
9 26.4493 11.8285 8322
10 52.2405 23.3627 2498
11 54.0957 24.1924 762
12 81.2182 36.3219 238
13 82.9258 37.0855 76
14 111.2330 49.7449 25
15 114.2577 51.0976 8
16 142.4578 63.7091 3
17 145.2316 64.9495 1
18 165.4502 73.9916 0.5

Table 4.1: Damage Equivalent Moment for wave loading.

Having a look on both the tables, the contribution of wave loading is of less importance com-
pared to wind loading; this results both from the magnitude of the resulting loads and the
number of cycles of each one. However, both loading will be taken into account for the fatigue
assessment of the wedge connection.

Furthermore, for the damage equivalent loads due to waves, results with and without includ-
ing the aerodynamic damping have been exported, in order to understand its contribution
to the magnitude of the loads. Despite the fact that the damage loads including only the
structural damping are higher, for the damage estimation of the connection in the following
sections, only the damage loads with damping 5.0% are taken into account, as this case
responds better to the reality.
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Wind DEM at 10
Case cycles and m=4

[MNm]
1 72.6154
2 93.3811
3 160.1978
4 151.0488
5 169.9048
6 118.1763
7 120.2189
8 80.2209
9 128.2035
10 149.9772
11 72.6154
12 203.0044
13 196.7845
14 202.1068
15 212.5338
16 214.9922
17 219.7594
18 230.4379

Table 4.2: Damage Equivalent Moment for wind loading.

At this point it should be also referred that, due to limited amount of information for the en-
vironmental data, the fact that both the wind and wave come from different directions is not
taken into account; instead, it is assumed that all the winds and waves are coming from the
same direction (for example from the North). This procedure may result in over-prediction of
tower loads.

Last, regarding the wind damage loads, the probability of occurrence resulted by the Weibull
distribution function has not been taken into account for their calculation. The probability
of occurrence of each wind speed (Sea State) is directly taken into account on the damage
estimation, as it will be presented in Chapter 6, where the FE analysis and the fatigue as-
sessment of the connection take place.



5
Modeling of Wedge Connection in

ANSYS
An advanced Finite Element Analysis will be used in order to predict the performance of the
wedge connection against fatigue and see how the presence of preload influences the fatigue
life of each one of the components.

First, the 3D CAD design software of SOLIDWORKS is used to design each component of the
wedge connection (MP flange, TP flange, dowels and bushings) and assemble them in their
final position (Figure 5.1). Then, the software ANSYS WORKBENCH is used for the fatigue
simulation.

Figure 5.1: Wedge Connection model designed in SOLIDWORKS

At this point it should be noticed that, in order to analyze the behavior of a wedge connection
in a real tower, a full scale tower connection model has been built, based on the character-
istics of the given turbine (monopile diameter 6.5m).

In ANSYS WORKBENCH software, there are three steps for the finite element analysis of the
connection :

1. Pre-processing: After modeling of the joint in SOLIDWORKS and importing to ANSYS
WORKBENCH, meshing is carried out.

2. Processing: After pre-processing, loads and boundary conditions are applied.

39
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3. Post-processing: After successfully completed the above process, the results can be
viewed.

5.1. Material Properties
After inserting the geometry of the model, of great importance for the accuracy of the results
of the analyses are the material properties of the members of the connection.

In this case the following material properties have been used for each component of the
connection:

• For both MP and TP flange structural steel has been used (E=210GPa).

• For the dowels structural steel has been used as well, with yield stress and ultimate
stress (E=210GPa).

• FRP material has been selected for the bushings with yield stress equal to and Young’s
Modulus of Elasticity equal to E=2.8GPa.

5.2. Meshing
Ansys Meshing is automatically integrated with each solver within Ansys Workbench envi-
ronment. More specifically, Ansys Meshing chooses the most appropriate options based on
the analysis type and the geometry model [28].

The default mesh, that the ANSYS uses, produces a mesh that is adequate for the analyzed
model. Thus, the model is meshed by using SOLID187 element type for MP, TP flanges and
dowels, while SOLID186 is used for the bushings [31].

SOLID187 element is a higher order 3D, 10-node element. It has a quadratic displacement
behavior and is well suited to modeling irregular meshes. The element is defined by 10 nodes
having three degrees of freedom at each node: translation in the nodal x, y and z directions.
The element has plasticity, hyperplasticity, creep, stress stiffening, large deflection and large
strain capabilities. It also has a mixed formulation capability of simulating deformations of
nearly incompressible elastoplastic materials and fully incompressible hyperelastic materials
[31].

SOLID186 element, whose shape presented in the figure below, has exactly the same char-
acteristics with SOLID187 element. The only difference is that the element is defined by 20
nodes.

Figure 5.2: Solid187 element on the left and SOLID186 element on the right [31].
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Figure 5.3 illustrates the mesh of the different parts of the wedge connection. The mesh of
the MP flange, TP flange and dowel is made my SOLID187 elements, while for the mesh of
bushings SOLID186 elements have been used.

Figure 5.3: Meshed parts of wedge connection.

5.3. Contact Elements
When two separate surfaces touch each other such that they behave mutually tangent, they
are said to be in contact [4].

In order to apply contact elements, it is necessary to choose among one of the following types
of contact:

1. Bonded: If contact regions are bonded, then no sliding or separation between faces or
edges is allowed. Think of the region as glued. This type of contact allows for a linear
solution since the contact length/area will not change during the application of the load.

2. No separation: This contact setting is similar to the bonded case. It only applies to
regions of faces or edges. Separation of the geometries in contact is not allowed.

3. Frictionless: This setting models standard unilateral contact; normal pressure equals
to zero if separation occurs. This solution is nonlinear because the contact area may
change as the load is applied. A zero friction coefficient is assumed, to allow free sliding.

4. Rough: Similar to the frictionless setting, it models perfectly rough frictional contact
where there is no sliding and corresponds to an infinite friction coefficient between the
contacting bodies.

5. Frictional: The two contacting geometries can carry shear stresses up to a certain mag-
nitude across their interface before they start sliding relative to each other. The model
defines an equivalent shear stress at which sliding on the geometry begins as a fraction
of the contact pressure. Once the shear stress is exceeded, the two geometries will slide
relative to each other. The coefficient of friction can be any nonnegative value.

Thus according to the above classification, the most appropriate contact type, for the current
model of the segment connection, is the frictional contact between the MP and TP flanges,
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and between the MP flange and the dowel, while bonded contact is applied between the bush-
ings and TP flanges.

The values of friction coefficient that have been used between the contact areas are:

• 𝜇= 0.2 between the MP and TP flanges.

• 𝜇=0.1 between the MP flange and the dowels.

• 𝜇=0.05 between the dowels and the bushings.

One more important step in the contact analysis is the determination of contact and target
surfaces. Contact elements are constraint against penetrating the target surface, while target
elements can penetrate through the contact surface. For rigid-to-flexible contact,the target
surface is always the rigid surface and the contact surface is the deformable. For flexible-to-
flexible contact, the choice of which surface is designed contact or target can cause a different
amount of penetration and affect the solution accuracy. Generally, if one surface is stiffer
than the other one, the softer should be the contact, while the stiffer should be the target.

There are four contact algorithms that are available in ANSYS:

1. Pure Penalty Method,

2. Augmented Lagrange,

3. Normal Lagrange,

4. Multi-point constraint (or MPC).

The Augmented Lagrange method is selected for this problem. This method is recommended
for general frictionless or frictional contact in large-deformation problems. In the Augmented
Lagrange method, the calculated force at the contact detection points is given by the following
expression:

𝐹 = 𝑘𝐷፩ + 𝜆 (5.1)

where,
𝑘 is the contact stiffness,
𝐷፩ is the penetration at the contact element,
𝜆 is an internally calculated term that makes the method less sensitive to contact stiff-
ness.

It should be referred that the higher the contact stiffness is, the lower the penetration.

5.4. Boundary Conditions
At the bottom of the MP flange, a fixed boundary condition has been applied in order to pre-
vent free movement of the solid bodies. The other two parts of the connection’s segment, the
dowel and the TP flange, are constrained only by the contact areas.

ANSYS WORKBENCH Mechanical supports cyclic symmetry analysis, thus by inserting an
appropriate cylindrical coordinate system and indicating a low and high boundary condition
on opposite side faces on the body (left and right side of the segment in this case), the full
ring stiffness can be simulated. With this type of symmetry, the results at the end of the
analysis can be also represented in the whole section, which means that a full scale tower
connection model is generated with 78 wedges.



5.5. Loading 43

5.5. Loading
For the fatigue assessment of the wedge connection, two load cases are examined:

1. In the first case only one load step is determined in which the Damage Equivalent Loads
for each case, calculated in previous chapter, are applied. More specifically, having
calculated the damagemoment for each Sea State, the equivalent force for each segment,
acting on the top of it, is calculated by:

𝐹፬፞፠፦፞፧፭ =
𝐷𝐸𝑀
𝑊፭፨፰፞፫

𝐴፬፞፠፦፞፧፭ (5.2)

2. In the second load case, two loading steps are defined for the analysis of the model:

• The first step is to apply increasing pressure until a certain value at the back side
of the dowel which actually creates a pretension that is necessary to clamp together
the two flanges, create a frictional lock between them and reduce the effects of cy-
cling loading on the members.

• The second step is to apply the external loading for the fatigue analysis, same as
in the first load case.

Summing up, the first step mimics the assembly of the model (for the final positioning
of the dowel) and the second one the real behavior of the model under real loading.

Figure 5.4: Load steps.





6
Finite Element Analysis & Fatigue

Assessment
To facilitate the design process, the three dimensional flange connection is reduced to a sin-
gle wedge connection and width equivalent to the arc length between the dowels’ holes, by
dividing it into 𝑛፰ segments (𝑛፰ =the number of wedges/dowels, 78 in this case). For the
FEA, the segment where the highest stresses are developed is taken into account, in which
only the tensile axial loads on TP flange resulting from the damage equivalent moments of the
tower at the level where the wedge connection is located are assumed to act on it (Equation
5.2).

Thus, once the damage equivalent loads have been calculated and the finite element model
has been properly built, the procedure of simulations is taking place. Each one of the load
cases (18 loads for each case for both wind and wave loading –> 36 load cases) is studied for
the following two different cases:

• with preloading,

• without preloading.

The selection of the ”most” suitable S-N curves for the fatigue assessment of the connection
will be based on the results of the experiments that have been carried out for this geometry
of the connection.

6.1. Load Sharing
Before starting to describe the procedure that will be followed for the fatigue assessment of
the wedge connection and represent/discuss the results of it, some details related to the
way that the acting axial tensile load is distributed on the different members/parts of the
connection will be first represented.

6.1.1. Non-preloading case
The acting axial load on the top of the segment is transferred through the shell (top of the
TP) to the bottom part of the TP flange, and through the bushings and the dowel this load in
transferred on the MP flange. This procedure is illustrated in Figure 6.1.

6.1.2. Preloading case
In case where preload takes place, the wedge connection can be considered as a system with
two parallel springs, each one having its own different stiffness.

• 𝑘ኻ : relative stiff spring in compression which represents the stiffness of the MP flange
(top part above the hole).
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Figure 6.1: Load sharing (distribution) on wedge connection.

• 𝑘ኼ : more flexible spring that represents the stiffness of the other parts of the connection
(TP flange, dowel, bushings). Only one stiffness is calculated for these parts because
they have been represented as springs in series.

Figure 6.2: Equivalent spring system.

As it has already been described in the first chapter of this thesis report, the inclined plane
of the wedge/dowel will transform the horizontal applied load (pressure) on it (load of step 1)
into a vertical reaction/preload between the contact planes of the two flanges. The external
load which is applied on the top of the segment (load of step 2) will either increase or decrease
this contact load dependent on its direction.

To calculate the stiffness of each spring, two models presented in Figures 6.3 and 6.4 have
been used. So, by using appropriate boundary conditions in both models and applying the
same load (2MN) the displacement is measured. (The load is applied on faces, not on a spe-
cific point.)

Thus, for the stiffness of the MP flange, the displacement of the top part above the hole where
the force is applied is equal 0.05762𝑚𝑚, resulting to stiffness 𝑘ኻ =

ፅᎳ
፱Ꮃ
= 34.713𝑀𝑁/𝑚𝑚, while
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Figure 6.3: Model A: Stiffness calculation of MP flange.

Figure 6.4: Model B: Stiffness calculation of TP flange, dowel and bushings.

for the other parts of the connection the displacement at the middle of the inclined plane of
the dowel is 1.4769𝑚𝑚 which results to stiffness 𝑘ኼ = 1.354𝑀𝑁/𝑚𝑚 (Figure 6.5).

Figure 6.5: Left: Total deformation of Model A (MP flange), Right: Total deformation of Model B (TP flange, dowel and bushings).
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The load change/sharing of both the springs is proportional to their individual stiffness. So,
from the above calculations, it results that the MP flange is the member of the connection
which is actually carrying most of the external force due to its higher stiffness, assuming that
there is no separation between the two flanges. This is also clear in the following expressions
and in the graph presented in Figure 6.6, where:

• 𝐹፭፞፧፬።፥፞: is the external load applied on the top of the segment,

• 𝛿ፌፏ: is the change on length on Model A due to 𝐹፭፞፧፬።፥፞,

• 𝛿፝፨፰፞፥: is the change on length on Model B due to 𝐹፭፞፧፬።፥፞.

As long as there is no separation between the two flanges, the displacements (change on
length) should be equal, 𝛿ፌፏ = 𝛿፝፨፰፞፥ = 𝛿. The change on the force for each part when the
external load is applied is given by the following expressions:

Δ𝐹ፌፏ = 𝐾ፌፏ ⋅ 𝛿ፌፏ (6.1)

Δ𝐹 ፨፰፞፥ = 𝐾፝፨፰፞፥ ⋅ 𝛿፝፨፰፞፥ (6.2)

But the summation of these two forces should be equal to the applied tensile load:

𝐹፭፞፧፬።፥፞ = Δ𝐹ፌፏ + Δ𝐹 ፨፰፞፥ = 𝐾ፌፏ ⋅ 𝛿ፌፏ + 𝐾፝፨፰፞፥ ⋅ 𝛿፝፨፰፞፥ = (𝐾ፌፏ + 𝐾፝፨፰፞፥) ⋅ 𝛿 (6.3)

so,

𝛿 = 𝐹፭፞፧፬።፥፞
𝐾ፌፏ + 𝐾፝፨፰፞፥

(6.4)

Δ𝐹ፌፏ = 𝐹፭፞፧፬።፥፞
𝐾ፌፏ

𝐾ፌፏ + 𝐾፝፨፰፞፥
(6.5)

Δ𝐹 ፨፰፞፥ = 𝐹፭፞፧፬።፥፞
𝐾፝፨፰፞፥

𝐾ፌፏ + 𝐾፝፨፰፞፥
(6.6)

Figure 6.6: Force sharing on the wedge connection



6.2. Loads developed on MP flange 49

So, similar to the bolted connection, the external load will be shared between the MP flange
load path and the load path through the TP flange, bushings and dowel. Due to its greater
stiffness, the MP load path will absorb most of the external load until the two flanges are
separated. The external load is completely absorbed by the TP flange, bushings and dowel
load path upon flange separation (”gaping”).

6.2. Loads developed on MP flange
In the Figure 6.7, the loads/reaction forces developed on the MP flange after the preloading
step (left) and when the tensile load is applied on the top of the segment (right) are presented.
What is obviously illustrated is that while the tensile load is applied, the contact force that
has been created between the two flanges during the preloading step is reduced. Thus, when
the tensile load will exceed the preload, the contact between the two flanges will not exist any
more.

Figure 6.7: Preload MP flange (left) subjected to tensile load (right).

6.3. Determination of S-N curves
Fatigue tests are focused on the nominal stress required to cause a fatigue failure under a
certain number of cycles. These tests results in data presented as a plot of stress ranges
against the number of cycles until failure (S-N curve). The objective of a fatigue test is gener-
ally speaking to determine the fatigue life and/or the damage point (i.e. the location of failure
of a test-piece subjected to a prescribed sequence of stress amplitude).

Generally, in order to find the S-N curve that corresponds/refers to a specific material (seg-
ment), a series of fatigue tests should be made on an adequate number of specimens of the
material at different stress levels. The more the specimens that are used for the fatigue as-
sessment of it, the better the accuracy of the resulting S-N curve.

In many applications, the behavior of a component in service is influenced by several other
factors besides the properties of the material used in manufacture. This is particularly true
for the cases where the component or structure is subjected to fatigue loading, since the fa-
tigue resistance can be greatly influenced by the service environment, the surface conditions
of the part, the method of fabrication, the design details, etc. Thus, as the fatigue properties
of a material can be easily influenced by many factors, the S-N curve obtained by laboratory
tests has to be related to the real life design conditions. This can be achieved by modifying
it, and more specifically reduce it, in order to correspond as better as it is possible to the real
model.
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Up until now, several S-N curves have been plotted and used in Engineering Codes (Eurocode,
DNV-GL, etc.), referred to specific construction details which are commonly used in civil en-
gineering structures for the assessment of fatigue resistance of members, connections and
joints subjected to fatigue loading. However, while the civil engineering domain is growing
rapidly, the need of the evaluation of the available curves or the need to carry out new fatigue
tests for the development of new S-N curves is created, as none of the existing construction
details can fully represent the new ones. This is also happened in case of the wedge connec-
tion, which is an innovative connection and behaves in completely different way compared
to the conventional ones that are used until now in the wind industry.

Thus, in order to have an approximate view of how the wedge connection behaves under
fatigue loading, tests have been carried out in the Stevin II Laboratory of TU Delft. These
tests have been performed for only one segment of the connection, which has been scaled
down approximately three times compared to the real one and is not curved. According to
DNV-GL-RP-C203 [10], for new types of connection it is recommended to perform testing of
at least 15 specimens in order to establish a new S-N curve. At least three different stress
ranges should be selected in the relevant S-N curve such that a representative slope of the
S-N curve can be determined. However, for the current geometry of the wedge connection,
due to the limited amount of fatigue tests (only one specimen), the goal of this test is not to
establish a new S-N curve but based on this test result to select these existing S-N curves
that better match to this connection.

6.4. Test results & Selection of S-N curve
In the Figure 6.8 below, the segment of the wedge connection that has been tested is repre-
sented.

Figure 6.8: Tested segment of wedge connection under fatigue loading.

For this test, cyclic load with range has been applied on the segment. Nominal stresses of
range Δ𝜎 = 121𝑀𝑃𝑎 are appeared on the top of the flanges. However, due to an unrelated
incident (fire exposure at the laboratory , test procedure), the test was interrupted at million
cycles. So, as there was no accurate result for the selection of the S-N curve, an assumption
that for this stress range the failure occurs at million cycles has been made.

In Appendix F.7 of DNV-GL-RP-C203 [10], a method is proposed for the qualification of new
S-N curves based on fatigue test data. This method can be used to statistically compare test
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results to the reference curves. So, for this single point resulted from the test, it is assumed
that a line/curve passes through it with slope equal to m=4, same as the slope of B1 curve
(and most of the existing curves) from DNV-GL-RP-C203.

𝑙𝑜𝑔𝑎 = 𝑙𝑜𝑔(𝑁፭፞፬፭) + 𝑚 ⋅ 𝑙𝑜𝑔(Δ𝜎፭፞፬፭) (6.7)

So, according to DNV-GL standards [10], a design S-N curve should provide a 97.7% proba-
bility of survival where the mean curve is determined with 75% confidence. More specifically,
the statistical uncertainty in fatigue test data shall be accounted for when a limited number
of tests is performed to design S-N curves, and it is required that the design curve is esti-
mated with at least 75% confidence.

So, to correct for statistical uncertainty due to limited number of tests, the following reduction
is proposed for the curve resulted from the test:

𝑙𝑜𝑔�̄� = 𝑙𝑜𝑔𝑎 − 𝑐 ⋅ 𝑆፥፨፠(ፍ) (6.8)

where, 𝑆፥፨፠(ፍ) is the standard deviation of the test data in logN axis and c is a factor that
depends on the amount of the test data.

Of course, in our case the standard deviation is zero, but in order to be more ”conservative”,
based on data resulted from experiments of three segments for a new different geometry of
the wedge connection, the standard deviation has been taken equal to 𝑆፥፨፠(ፍ) = 0.172 and
𝑐 = 3.78 for the required confidence of 75% based on Table F.3 [10]. Thus, by substituting
the standard deviation and the c factor, the mean intercept is now equal to:

𝑙𝑜𝑔�̄� = (6.9)

In Figure 6.9, the resulting curve from the experiment based on the assumptions that have
been already referred above, and some of the S-N curves from both DNV-GL and Eurocode 3
which match better to this connection have been plotted.

Figure 6.9: S-N curves.

For the S-N curves that have been plotted, the B1 curve is suitable for simple plain steel
specimens while the other three curves are based on test specimens for the fatigue assess-
ment of double plate shear bolted connections which is the one that most closely resemble
the wedge connection. More details about the selection of the S-N curves for each part and
for each load case are given in the following section.

6.5. Fatigue assessment of the wedge connection
6.5.1. Fatigue assessment of the two flanges
First the damage and the fatigue life of the flanges are calculated based on the S-N curves
presented in Figure 6.10. At this point, it should be referred that on the tested specimen of
the connection, preload has been applied. So, for their fatigue assessment with and without
preload the detail categories Δ𝜎 = 112𝑀𝑃𝑎 and Δ𝜎 = 90𝑀𝑃𝑎 have been used respectively,
same as in case of double plated shear bolted connections according to Eurocode 3 Part 1-9
(Figure 6.11) [1]. At this point it should be referred that, if the test resulted point was below
the selected S-N curves, the fatigue assessment of the connection should be based on other
curves.

Figure 6.10: S-N curves used for the flanges (wind damage load).

Through the selected S-N curves, the allowable number of cycles and the damage based on
Palmgren-Miner rule are calculated for each one of the 18 load cases. The total damage
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Figure 6.11: Selected detail category for the flanges [1].

Load case Applied wind tensile load Number of cycles Developed nominal stress
[MN] including probability [MPa]

1 0.592 4.798E+05

Table 6.1: Data for damage calculation due to wind loading.

results from the summation of the individual fatigue ratios caused by each stress range.
Both Table 6.2 and Figure 6.12 represent the results of the fatigue assessment. A decrease of
approximately 59% is noticed in case where preload takes place on the connection, increasing
the fatigue life of the flanges from to approximately years, more than the expected service life
of the wind turbine structure.

𝑁ፚ፥፥፨፰ፚ፥፞ =
⎧⎪
⎨⎪⎩

10 ⋅ (ጂᑂᑟᑖᑖᑇᑠᑚᑟᑥጂᑕᑖᑧᑖᑝᑠᑡᑖᑕ
)
ኾ

for Δ𝜎፝፞፯፞፥፨፩፞፝ ≥ Δ𝜎ፊ፧፞፞ፏ፨።፧፭

10 ⋅ (ጂᑂᑟᑖᑖᑇᑠᑚᑟᑥጂᑕᑖᑧᑖᑝᑠᑡᑖᑕ
)


for Δ𝜎፝፞፯፞፥፨፩፞፝ < Δ𝜎ፊ፧፞፞ፏ፨።፧፭
(6.10)

𝐷፭፨፭ፚ፥ =
𝑛ኻ
𝑁ኻ
+ 𝑛ኼ
𝑁ኼ
+ .... + 𝑛ኻዂ

𝑁ኻዂ
(6.11)

The number of cycles of occurrence of each one of the 18 cases, presented on Table 6.4,are
referred to the period of 25 years (service life of the wind turbine). Thus, to calculate the
fatigue life of the connection, the service life is divided by the total damage:

Fatigue Life = Service Life (25 years)
Damage

(6.12)

Allowable number of cycles Damage Allowable number of Damage
without preload without preload cycles with preload with preload

Total Damage 1.99791 0.81259

Fatigue Life [years] 12.5 30.8

Table 6.2: Allowable number of cycles and resulting damage foe both cases of wind loading for the flanges.
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Figure 6.12: Damage for flanges.

For the damage calculation through the S-N curves, nominal stresses have been calculated
at the top of the segment. However, from their definition, nominal stresses are calculated
based on the elastic theory and they do not take into account any stress concentration effect.
This means that notch stresses, which consist of the sum of the structural stress and the
non-linear stress peak (stress concentration caused by the local notch, geometrical discon-
tinuity/change of slop), have not been taken into account for the damage calculation.

Nevertheless, regarding the FE model, as it obvious from Figures 6.13 to 6.18, where the
maximum principal stresses of both flanges have been plotted for the maximum wind load
and for both the load cases (with & without preload), high stress concentration is noticed es-
pecially on the ”corners” around the hole of the MP flange due to high bending for both cases.
This implies that cracks will initiate in these areas and may lead to an underestimation of
the calculated fatigue life of the connection.

The fact that higher stresses are developed on the MP flange compare to TP flange can be
also explained by the following aspects:

1. The stiffness of the MP flange is much higher than the stiffness of the TP flange (it has
been proven in previous section), so most of the applied load is directly transferred to
the MP.

2. The sharpness appeared around the hole of the MP flange (notches) favors the develop-
ment of higher stress concentration.

In case where preload takes place on the connection, the stress range/difference between the
two load steps is used for the damage and the fatigue life calculation of the connection, but
through the ANSYS Workbench Software it is not able to have this stress contour plot.

Figure 6.13: Maximum principal stress developed on MP flange for the maximum wind damage load in case without preload.

Figure 6.14: Maximum principal stress developed on MP flange at the end of the preloading step (30 MPa applied pressure).

Figure 6.15: Maximum principal stress developed on MP flange for the maximum wind damage load in case with preload.

Figure 6.16: Maximum principal stress developed on TP flange for the maximum wind damage load in case without preload.

Figure 6.17: Maximum principal stress developed on TP flange at the end of the preloading step (30 MPa applied pressure).

Figure 6.18: Maximum principal stress developed on TP flange for the maximum wind damage load in case with preload.

At this point it should be noticed that for the above damage calculation and the fatigue life
estimation only the wind damage loads have been considered for the fatigue assessment,
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as the damage ratio due to wave loading is much lower than 1. This can be verified in the
Figure 6.19 as well, where the developed stress ranges and the number of cycles of occurrence
have been plotted and compared with the selected S-N curves, and Table 6.3, where both the
number of allowable cycles for each stress range and the fatigue damage have been calculated
for both the load cases.

Figure 6.19: S-N curves used for the flanges (wave damage load).

Allowable number of cycles Damage Allowable number of Damage
without preload without preload cycles with preload with preload

Total Damage 3.54E-07 1.19E-07

Table 6.3: Allowable number of cycles and resulting damage foe both cases of wave loading for the flanges.
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6.5.2. Fatigue assessment of the dowel
The next component that is tested for the fatigue life assessment of the wedge connection is
the dowel/wedge. In this case the detail category Δ𝜎 = 100𝑀𝑃𝑎 from Eurocode 3 Part 1-9
(see also Figures 6.21 and 6.22), which is suitable for bolts in single or double shear, has
been selected. This detail category is only used for the case without preload.

In case where preload takes place, the variation of the dowel force is rather small, so dowel will
not be critical in this case. More specifically, the vertical reaction force, which act as preload,
when pressure is applied for the final installation of the dowels is approximately equal to
higher than the maximum value of the damage equivalent load acting on the connection
segment. This can be also verified from the graph in Figure 6.20, where the developed stresses
on dowel have been plotted for both the cases with and without preload until the ULS load
. Here these stresses have been exported through ANSYS at the point where maximum
stresses are developed (at the middle of the bottom side of dowel). Same as in case of bolted
connections a ”plateau” appears on the developed stresses on dowel until the level where the
applied load in lower than the preload.

Figure 6.20: Stress development on dowel in case of preload until the ULS load.

Figure 6.21: Selected detail category for dowels [1].

Figure 6.22: S-N curve used for dowels.

Same as in case of the two flanges that has been presented in the previous section, the de-
veloped stresses on dowels and the allowable number of cycles are calculated for each one of
the 18 load cases, based on the selected detail category. The final results regarding the dam-
age and the fatigue life of the non preloading dowels are presented on Table 6.4 and Figure ??.

Stress developed on dowel Allowable number of cycles Damage
[MPa] without preload without preload

Table 6.4: Data for damage calculation due to wind loading.

The fact that the variation of the dowel force has been assumed to be small in case of preload-
ing and as a result does not cause any damage on it or on the wedge connection in general,
can be also verified in Figures 6.23 to 6.25 exported from Ansys Workbench, where the max-
imum principal stresses developed on the dowel have been plotted for both cases (with and
without preload), at the end of each load step, for the maximum wind damage load.
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Figure 6.23: Maximum principal stress developed on dowel for the maximum wind damage load in case without preload.

Figure 6.24: Maximum principal stress developed on dowel at the end of the preloading step (30 MPa applied pressure).

Figure 6.25: Maximum principal stress developed on dowel for the maximum wind damage load in case with preload.

Having a look at the figures exported from FE software, it is clear that the critical area of the
dowels (in case without preload), from where cracks will probably initiate, is approximately
at the center of the bottom side of it. This is due to the fact that when the axial tensile load
is applied on the top of the shell, the bottom side of the dowel is also in tension, and the
highest bending moment occurs in the middle of the dowel’s length. This is also obvious in
Figure 6.26, where several points have been selected along the length of the bottom side of
the dowel and maximum principal stresses derived by the FEA have been plotted.
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Figure 6.26: Maximum principal stress development at the bottom side of dowel.

6.5.3. Fatigue assessment of bushings
The last components of the connection that have not been studied yet for the fatigue damage
are the bushings, which are located at the inner part of the TP’ s main holes, where the dowel
is inserted. Generally, bushings are used to allow constrained relative motions between two
or more parts. In this case, as it has already been referred in the previous chapter, bushings
are made by FRP material.

Composite materials are different from metals, as they indicate a distinct behavior under
fatigue loading. The fatigue damage and failure mechanisms are more intricate in compos-
ite materials than in metals in which a crack initiates and propagates up to fracture. In
composite materials, several micro-cracks initiate at the primary stage of the fatigue growth,
resulting in the initiation of various types of fatigue damage and this is dependent on the
characteristics of the FRP material that has been used (fiber volume fraction) [6]. Thus, in
other words, damage mechanism in an FRP material is a complex process to describe and
various tests should be carried out in order to develop fatigue curves (S-N curves).

However, for the purpose of this thesis, in order to have an approximate view of how these
bushings may influence the fatigue life of the connection, based on a method suggested on
[19], an S-N curve is considered by assuming R=-1 (stress ratio) and angle 90∘ (angle between
the fiber direction and the applied load). Thus, once the maximum principal stresses are
exported for both of the bushings, the allowable number of cycles is calculated by making
use of the following expression:

𝜎ᎎ = 𝜎ኺ ⋅ 𝑁ዅ
Ꮃ
ᑜ (6.13)

The coefficients 𝜎ኺ and
ኻ
፤ are given below, while 𝜎ᎎ refers to the developed stresses.

Figure 6.27: Estimated model parameters [19].

Based on data provided by the above figure, the S-N curve that is used is plotted and pre-
sented in Figure 6.28. In the same figure, the stress developed in each load case when no
preload takes place versus the number of cycles of occurrence have been plotted as well. As
it is obvious, for all the wind damage load cases, the number of cycles of occurrence is much
higher than the allowable ones based on this S-N curve, which means that bushings are not
able to withstand the damage loads acting on the wind turbine structure, leading to failure
of the connection.

Regarding now the case with preload, assuming the same S-N curve, the damage has been
totally eliminated. However, due to the fact that bushings are always loaded in compression,
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Figure 6.28: S-N curve used for the bushings in case without preload.

the assumption that the stress ratio is equal to R=-1 may not give representative results. For
this reason, damage has been also calculated assuming stress ratio R=0.1 for the same angle
(90∘). Results for both curves in case with preload are presented in the Table 6.5.

Figure 6.29: S-N curve used for the bushings in case with preload.

R=-1 R=0.1
Allowable number of cycles Damage Allowable number of cycles Damage

Table 6.5: Allowable number of cycles and resulting damage foe both cases of wind loading for the flanges.

As it was expected, the damage based on characteristics of stress ratio R=0.1 is much higher
than the one resulted for R=-1. However, in both cases the damage ratio of bushings is within
the acceptable limits (D<1), so based on this assumption for the S-N curves, they do not cause
any damage and as a result they do not affect the fatigue life of the wedge connection in case
where preload takes place.

In the following figures, exported from ANSYS Workbench, the minimum principal stress
distribution on the bushings due to the highest wind damage load (case 18) has been plotted
at the end of each load step.

Figure 6.30: Minimum principal stress distribution on bushings in case where no preload takes place.

Figure 6.31: Minimum principal stress distribution on bushings at the end of preloading step.

Figure 6.32: Minimum principal stress distribution on bushings in case where preload takes place.

.

.



7
Parametric Study

Several parameters that may influence the fatigue life of the wedge connection or affect the
FEA results are presented in this chapter.

7.1. Mesh size
In finite element analysis the size of mesh is a critical parameter. More specifically, the size of
mesh is closely related to the accuracy of the analysis’s results and the required computing
time. Thus, in order to investigate the mesh size influence on the FEA of the wedge con-
nection, the maximum principal stresses derived for both cases of loading (with and without
preload) and as a result the final damage have been calculated for both coarse and fine mesh.

Generally, the use of a bad design mesh in a problem where stress concentration is present
could imply an over or under prediction of the maximum stress within a structure, which
results in an over cost in the design or a failure in service of the designed structure. Actually,
according to FEA theory, the FE models with fine mesh yields highly accurate results but may
take longer computing time. On the other hand, those FE models with coarse mesh may lead
to less accurate results but less computing time.

Figure 7.1: Total damage of each component for coarse and fine mesh.

For the current analyses, the size of coarse mesh has been selected to be equal to 30mm,
while the size of the fine mesh has been reduced to half, 15mm. In the Figures 7.1 and 7.2,
the influence of mesh size on each component of the wedge connection is illustrated. As it
is obvious, the difference is of great importance especially for the components which suffer
from high stress concentration at specific areas.

At this point it should be noticed that in our case, the mesh size does not cause any influence
on the nominal stresses used for the damage calculation, but through the finer mesh we have
a better view for the critical areas of the wedge connection geometry from which cracks may
initiate during the service life of the structure and may lead to its premature failure (failure
before the estimated fatigue life).

In the following figures, the maximum principal stress contour plot for each component of
the wedge connection for both coarse and fine mesh is illustrated.
Due to limitations in ANSYS software regarding the number of mesh nodes and elements,
the refinement has been limited in specific areas, where high stress concentration has been
noticed.

59
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Figure 7.2: Percentage of damage change for each component for coarse and fine mesh.

Figure 7.3: Maximum principal stresses for MP flange for coarse (left) and fine (right) mesh.

Figure 7.4: Maximum principal stresses for TP flange for coarse (left) and fine (right) mesh.

Figure 7.5: Maximum principal stresses for dowel for coarse (left) and fine (right) mesh.

7.2. Friction coefficient
Generally, friction coefficient between different surfaces in all types of connections plays an
important role in their performance, since it is one of the most contributing factor in trans-
ferring the applied external loads on the different parts of the connection. More specifically,
the friction coefficient as a factor determines the proportion of the applied external force to be
conveyed through two surfaces and from this factor the developed clamping force depends on.

In this section two cases have been examined:

• friction coefficient between MP flange and wedges,

• friction coefficient of bushings.

The friction coefficient between MP and TP flanges has not been tested, as it does not have
any influence to the developed preload.

7.2.1. Friction coefficient between MP flange and wedges
In this subsection, the influence of the friction coefficient between MP flange and dowels is
tested. The results of the maximum principal stresses, presented in the previous chapter,
have been exported for friction coefficient 𝜇 = 0.10 between these components. Here, the
stresses have been exported for all components of the wedge connection (except bushings)
by both decreasing and increasing the value of the friction coefficient to 𝜇 = 0.05 and 𝜇 = 0.15
respectively. The resulted percentage change of stresses for both of cases, presented in Figure
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7.7, is compared to the stresses developed when 𝜇 = 0.10 is used and for coarse mesh in order
to reduce the required computing time.

Figure 7.6: Maximum principal stress of each component for different values of friction coefficient between MP flange and dowel.

Figure 7.7: Percentage of stress change for each component for different values of friction coefficient between MP flange and
dowel.

Having a first look on Figures 7.6 and 7.7, one can easily see that the reduction of the
friction coefficient between MP flange and dowel has generally no significant influence on
the maximum stresses developed on the connection in case without preload. However, in
case where the preload appears, the increase of friction coefficient leads to an increase in
the developed stress difference as well. To have a better understanding why this happens,
the effect of friction coefficient change on the contact pressure developed between the MP
and TP flanges (preload) is illustrated in Figure 7.8. Thus, as it was expected from the FBD,
the increase of friction coefficient between dowels and MP flange leads to decrease of preload
between the two flanges, as these values are inversely proportional. Decrease of preload
means decrease of the stresses developed on the wedge connection at the end of the first load
step, and as a result increase of the stress differences between the two load steps.

Figure 7.8: Contact pressure between MP and TP flanges for different values of friction coefficient between MP flange and
dowels.

Dowel: FBD
In the figure below, the reaction forces developed on the dowel during the final installation
step are presented. The vertical reaction force between the MP flange and the dowel (inclined
plane) is the one that act as the preload.

Σ𝐹፱ = 0 ⟹ 𝐹 ፱፭፞፫፧ፚ፥ = 𝐹ፓፏ + 𝐹ፌፏ ⋅ 𝑐𝑜𝑠𝑎 (7.1)

but,
𝐹ፓፏ = 𝜇ፓፏ ⋅ 𝑁 (7.2)

𝐹ፌፏ = 𝜇ፌፏ ⋅ 𝑁 ⋅ 𝑐𝑜𝑠𝑎 (7.3)



62 7. Parametric Study

Figure 7.9: Dowel: Free body diagram.

⟹ 𝐹 ፱፭፞፫፧ፚ፥ = 𝜇ፓፏ ⋅ 𝑁 + 𝜇ፌፏ ⋅ 𝑁 ⋅ 𝑐𝑜𝑠ኼ𝑎 = 𝑁 ⋅ (𝜇ፓፏ + 𝜇ፌፏ ⋅ 𝑐𝑜𝑠ኼ𝑎) ⟹ 𝑁 = 𝐹 ፱፭፞፫፧ፚ፥
𝜇ፓፏ + 𝜇ፌፏ ⋅ 𝑐𝑜𝑠ኼ𝑎

(7.4)

7.2.2. Friction coefficient of bushings
The influence of friction coefficient of bushings is tested in this subsection. Maximum prin-
cipal stresses have been exported again for each component by increasing their friction co-
efficient from 𝜇 = 0.05 to 𝜇 = 0.1. Same as before, coarse mesh has been used for the analysis.

In Figures 7.10 & 7.11, the maximum stresses and the percentage of stress change for each
individual part of the connection are presented respectively.

Figure 7.10: Maximum principal stresses developed on each component for different values of friction coefficient of bushings.

Generally, the increase of friction coefficient of bushings does not lead to any important
”changes” in the stresses developed on the wedge connection’s components, except in case
of dowels when preload takes place, where a significant increase on the stress range (stress
difference between the 2 load steps) occurs. However, even in this case, the stress range still
remain in low levels and it is not critical for the fatigue life of the connection. This increase on
the stress range can be explained by plotting the influence of the bushings’ friction coefficient
change on the developed contact pressure between MP an TP flanges (Figure ). Same as in
the previous case, these two these values are inversely proportional, so increase of friction
coefficient of bushings leads to decrease of preload and as a result increase of the stress
difference.(In expression 7.4, the friction coefficient 𝜇ፓፏ refers to friction coefficient between
bushings and dowel, as there is no direct contact between TP flange and dowel.)

7.3. Stiffness of bushings
The last parameter that is tested and may affect the stress development in critical areas and
as a result the damage ratio and the fatigue life of the whole connection is the E modulus of
elasticity of bushings (stiffness), made by FRP material. For the maximum principal stresses
that have been exported through FEA until now, the E modulus of bushings have been con-
sidered equal to 2.8 GPa. Thus, in order to understand their influence in the total life of each
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Figure 7.11: Percentage of stress change for each component for different values of friction coefficient of bushings.

Figure 7.12: Contact pressure between MP and TP flanges for different values of friction coefficient of bushings.

component, FEA of the connection has been performed by changing the bushings’ material
and increase their stiffness to 100 GPa. For better accuracy, the results presented in the
following figures have been exported by performing the FEAs with fine mesh.

Figure 7.13: Maximum principal stresses developed on each component for increasing bushings’ stiffness.

Figure 7.14: Percentage of stress change of each component for increasing bushings’ stiffness.
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According to Figures 7.13 and 7.14, the increase of bushings’ stiffness does not cause any
significant change on the maximum principal stresses developed on the individual compo-
nents of the wedge connection. The highest difference is appeared in case of dowels, and
more specifically when preload is developed; in this case a decrease of approximately 15.6%
is noticed. However, even in this case the stress levels remain relatively low, so they do not
have any negative impact in the fatigue life of the connection.

.



8
Conclusions & Recommendations

8.1. Conclusions
For the current selected location of the wedge connection, +4m above the MSL, it has been
concluded that the driving loads for the fatigue life assessment of the connection are those
resulted exclusively due to wind loads acting on the wind turbine structure. This is happened
because the high-frequency wave loads (more cycles and higher probability of occurrence) do
not cause any considerable damage on the wind turbine structure at that level, as their am-
plitude is lower than the height of the wedge connection’s location (<4m).

Regarding now the damage calculation of the connection, the selection of the S-N curves that
have been used was based on assumptions related to the only one test specimen. So based on
this single point and assuming the same slope as the existing S-N curves, the ones related to
the double plate shear bolted connections have been considered for the damage estimation,
as they are very close and also below to the hypothetical resulted curve. Thus, according to
these selected curves, it results that the wedge connection is not able to withstand the dam-
age loads acting on the wind turbine structure in case where no preload is developed. More
specifically, in case where no preload takes place, and considering that the performance of
the bushings has not been taken into account, the most critical part of the connection in
terms of fatigue is the dowel. However, in case of preload, the damage of the wedge connec-
tion has been completely eliminated, as the damage ratio in all parts of the wedge connection
is lower than the acceptable limit, 1 (even in case where bushings are considered). So, in case
of preloading, the fatigue life of the wedge connection has been increased for approximately
80% and is higher than the expected service life of the wind turbine structure.

In Table 8.1 and Figure 8.1, the final damage results for both the dowels and the flanges are
presented.

Wind Load Wave load
Without Preload With Preload Without Preload With Preload

Damage Damage Damage Damage
[-] [-] [-] [-]

Table 8.1: Damage of the wedge connection.

The estimated damage ratios that have been resulted for the fatigue assessment of the wedge
connection, are based on the developed nominal stresses which do not take into account the
areas with high stress concentration. As a result, this may lead to uncertainties regarding
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Figure 8.1: Total Damage of the wedge connection (wind loading).

the estimated fatigue life of the connection. So, considering also the stress concentration ef-
fects, the areas from where the cracks may initiate can be estimated through the FEA. More
specifically, regarding now the MP flange, despite the fact that the damage ratio is relatively
low, due to its greater stiffness (absorbs most of the external load), it is the component where
the highest stress concentration is noticed and this may lead to an unexpected failure of the
connection. The fact that cracks appeared on these areas of MP flange has been verified by
the last fatigue tests of the differentiated geometry of the connection. However, in order to
reduce or eliminate the ”damage” at these areas and increase the fatigue life of the connec-
tion, the geometry around the hole of the MP should be redesigned by making it as smoother
as possible (e.g. round hole).

8.2. Recommendations
For the purpose of this thesis, as it has already been referred, the location of the wedge con-
nection has been chosen at 4 meters above the MSL. It would be noteworthy to check the
damage and the fatigue life of the wedge connection at different levels, and especially below
the MSL where the contribution of the wave loading is of great importance. Furthermore, re-
garding the loads, due to lack of information, the assumption that both the wind and waves
come from the same direction has been made. Despite the fact that this assumption is con-
servative, as it leads to an overestimation of the acting loads on the turbine structure (and
as a result in an over-design), in reality this never happens. Thus, it would be noteworthy
to search for more information regarding the environmental data to increase the accuracy of
the loads acting on the wind turbine structure.

Also, for an appropriate fatigue assessment, at least 15 specimens of the wedge connection
should be tested in order to establish a new S-N curve for this type of connection. More
specifically, according to DNV-GL-RP-C203 [10], at least three different stress ranges should
be selected in the relevant S-N curve such that a representative slope of the S-N curve can
be determined.

Regarding again the experiments that have been done until now, it should be noticed that
they are based on a single segment of the wedge connection, which is not curved, as hap-
pened with the real one, and does not provide/simulate the whole stiffness of the ring. Thus,
performing experiments on a complete ring of dowels will help to have a better view of the
global behavior of the connection under several types of loading.

Last, for the current analysis, it has been assumed that there is a full contact between the MP
and TP flanges, so there is actually no ”loss” of the preloading force as the vertical reaction
derived due to applied pressure on the dowel is directly transferred between these two contact
surfaces. However, in reality, fabrication imperfections may be presented on the contact
areas between the flanges (not absolute flat geometry which creates gaps between them,
like possible discontinuities related to manufacturing processes) and this may arise critical
issues in terms of fatigue performance of the connection. More specifically, when gaps are
presented, the preload force causes meridional stresses in the tower wall, because part of
the developed preload is transferred into the tower and not into contact forces in between
the flanges. This leads to either reduced or no compressive contact stresses in between the
flanges in the middle of the gap and increased contact stresses at the end of the gap [33].
So, the fatigue damage ratio for the dowels in the middle of the gap is much increased (lower
stresses developed during the first load step -> increase of stress range/difference between
the two load steps -> higher damage ratio -> decrease of fatigue life).



A
Finite Differences Scheme

The beam is a structural element that is loaded mainly laterally with respect to its axis. Con-
sequently, the substructure of an offshore wind turbine can be modeled as a beam.

As it is previously discussed, the beam is discretized with the help of the finite differences
scheme. If the the beam is discretized in N nodes (so N-1 elements) and it has length L, the
length of each element is l=L/(N-1).

Figure A.1: Discretization of a beam [18]

The equation of the beam is given by the following expression:

𝐸𝐼 ⋅ 𝑤ᖩ(𝑥, 𝑡) + 𝜌 ⋅ 𝐴 ⋅ �̈�(𝑥, 𝑡) = 0 (A.1)

With the use of the finite differences scheme the term w””(𝑥፧) will be replaced by the displace-
ments of the points around the specific point. Analytically the Taylor Series Expansion (TSE)
will be evaluated at 𝑥፧ and 2 points at the left side and 2 points on the right, because the
order of this term is 4. The distance between the points is:

(𝑥፧ዄኼ − 𝑥፧) = 2 ⋅ 𝑙, (𝑥፧ዄኻ − 𝑥፧) = 𝑙, (𝑥፧ዅኻ − 𝑥፧) = −𝑙, (𝑥፧ዅኼ − 𝑥፧) = −2 ⋅ 𝑙 (A.2)

The TSE for the five points are the following:

𝑤(𝑥፧ዄኼ) = 𝑤(𝑥፧) + 2 ⋅ 𝑙 ⋅ 𝑤ᖣ(𝑥፧) + 4 ⋅
𝑙ኼ
2 ⋅ 𝑤

ᖥ(𝑥፧) + 8 ⋅
𝑙ኽ
6 ⋅ 𝑤

ᖧ(𝑥፧) + 16 ⋅
𝑙ኾ
24 ⋅ 𝑤

ᖩ(𝑥፧) (A.3)

𝑤(𝑥፧ዄኻ) = 𝑤(𝑥፧) + 𝑙 ⋅ 𝑤ᖣ(𝑥፧) +
𝑙ኼ
2 ⋅ 𝑤

ᖥ(𝑥፧) +
𝑙ኽ
6 ⋅ 𝑤

ᖧ(𝑥፧) +
𝑙ኾ
24 ⋅ 𝑤

ᖩ(𝑥፧) (A.4)

𝑤(𝑥፧) = 𝑤(𝑥፧) (A.5)

𝑤(𝑥፧ዅኻ) = 𝑤(𝑥፧) − 𝑙 ⋅ 𝑤ᖣ(𝑥፧) +
𝑙ኼ
2 ⋅ 𝑤

ᖥ(𝑥፧) −
𝑙ኽ
6 ⋅ 𝑤

ᖧ(𝑥፧) +
𝑙ኾ
24 ⋅ 𝑤

ᖩ(𝑥፧) (A.6)
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𝑤(𝑥፧ዅኼ) = 𝑤(𝑥፧) − 2 ⋅ 𝑙 ⋅ 𝑤ᖣ(𝑥፧) + 4 ⋅
𝑙ኼ
2 ⋅ 𝑤

ᖥ(𝑥፧) − 8 ⋅
𝑙ኽ
6 ⋅ 𝑤

ᖧ(𝑥፧) + 16 ⋅
𝑙ኾ
24 ⋅ 𝑤

ᖩ(𝑥፧) (A.7)

The next step is to find a way to sum these 5 evaluations in such a way that only the w””(𝑥፧)
remains:

𝛼 ⋅ 𝑤(𝑥፧ዅኼ) + 𝛽 ⋅ 𝑤(𝑥፧ዅኻ) + 𝛾 ⋅ 𝑤(𝑥፧) + 𝛿 ⋅ 𝑤(𝑥፧ዄኻ) + 𝜖 ⋅ 𝑤(𝑥፧ዄኼ) = 𝑤ᖩ(𝑥፧) + 𝑒𝑟𝑟𝑜𝑟 (A.8)

For the above expression there are five equations and five unknown coefficients, so solving
the following system, the five unknowns can be easily determined.

⎡
⎢
⎢
⎢
⎢
⎢
⎣

1 1 1 1 1
2𝑙 𝑙 0 −𝑙 −2𝑙
2𝑙ኼ ፥Ꮄ

ኼ 0 ፥Ꮄ
ኼ 2𝑙ኼ

ዂ፥Ꮅ
ዀ

፥Ꮅ
ዀ 0 − ፥Ꮅ

ዀ −ዂ፥Ꮅ
ዀ

ኻዀ፥Ꮆ
ኼኾ

፥Ꮆ
ኼኾ 0 ፥Ꮆ

ኼኾ
ኻዀ፥Ꮆ
ኼኾ

⎤
⎥
⎥
⎥
⎥
⎥
⎦

⋅
⎡
⎢
⎢
⎢
⎣

𝛼
𝛽
𝛾
𝛿
𝜖

⎤
⎥
⎥
⎥
⎦

=
⎡
⎢
⎢
⎢
⎣

0
0
0
0
0

⎤
⎥
⎥
⎥
⎦

(A.9)

Since the five coefficients are now known, the term w””(𝑥፧) can be calculated by the formula
below:

𝑤ᖩ(𝑥፧) =
𝑤(𝑥፧ዅኼ) − 4 ⋅ 𝑤(𝑥፧ዅኻ) + 6 ⋅ 𝑤(𝑥፧) − 4 ⋅ 𝑤(𝑥፧ዄኻ) + 𝑤(𝑥፧ዄኼ)

𝑙ኾ (A.10)

For the evaluation of the TSE there is need for to points on the left of the forepart of the
beam as well as two points on the right end of the beam. The boundary conditions should
be applied. We have made the assumption that both the bottom and the top ends are free.
Thus, assuming that we have a beam with 7 nodes:

𝑤ᖥኻ = 0 →
𝑤ኼ − 2𝑤ኻ +𝑤ኺ

𝑙ኼ = 0 → 𝑤ኺ = 2𝑤ኻ −𝑤ኼ (A.11)

𝑤ᖧኻ = 0 →
−𝑤ኽ + 2𝑤ኼ − 2𝑤ኺ +𝑤ዅኻ

2𝑙ኽ → 𝑤ዅኻ = 4𝑤ኻ − 4𝑤ኼ +𝑤ኽ (A.12)

𝑤ᖥ = 0 → 2𝑤ዂ = 𝑤 −𝑤ዀ (A.13)

𝑤ᖧ = 0 → 𝑤ዃ = 4𝑤 − 4𝑤ዀ +𝑤 (A.14)

Applying the above boundary conditions the final equation of motion for a beam with 7 nodes
and two free ends is reached.

𝜌 ⋅ 𝐴 ⋅

⎡
⎢
⎢
⎢
⎢
⎢
⎣

1 0 0 0 0 0 0
0 1 0 0 0 0 0
0 0 1 0 0 0 0
0 0 0 1 0 0 0
0 0 0 0 1 0 0
0 0 0 0 0 1 0
0 0 0 0 0 0 1

⎤
⎥
⎥
⎥
⎥
⎥
⎦

⋅

⎡
⎢
⎢
⎢
⎢
⎢
⎣

�̈�ኻ
�̈�ኼ
�̈�ኽ
�̈�ኾ
�̈�
�̈�ዀ
�̈�

⎤
⎥
⎥
⎥
⎥
⎥
⎦

+ 𝐸𝐼𝑙ኾ ⋅

⎡
⎢
⎢
⎢
⎢
⎢
⎣

2 −4 2 0 0 0 0
−2 5 −4 1 0 0 0
1 −4 6 −4 1 0 0
0 1 −4 6 −4 1 0
0 0 1 −4 6 −4 1
0 0 0 1 −4 5 −2
0 0 0 0 2 −4 2

⎤
⎥
⎥
⎥
⎥
⎥
⎦

⋅

⎡
⎢
⎢
⎢
⎢
⎢
⎣

𝑤ኻ
𝑤ኼ
𝑤ኽ
𝑤ኾ
𝑤
𝑤ዀ
𝑤

⎤
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡
⎢
⎢
⎢
⎢
⎢
⎣

0
0
0
0
0
0
0

⎤
⎥
⎥
⎥
⎥
⎥
⎦

(A.15)
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In expression A.15, the first matrix corresponds to the mass matrix and the second one to
the stiffness matrix.

Regarding the stiffness matrix, in these expressions the stiffness of the soil has not been
added. It is separately calculated as it is described in Chapter 3 and finally by summing up
the two matrices, the final stiffness matrix is derived.

For the real model and the calculation of mass matrix, one concentrated mass has been
added on the top of the beam which represents the mass of the rotor-nacelle and another
one has been added at the level of our interest, where the wedge connection is located. Ac-
tually the second mass is really small, does not affect the response of the system and it can
be neglecting for the modal analysis.

Having the final Mass and Stiffness matrices, the natural frequencies can now be calculated:

𝜔 = √𝐾𝑀 (A.16)

where K and M are the stiffness and mass matrices respectively.





B
Wind Time Series Generation and

Thrust Force
A realistic method to generate wind time series is to use complex numbers for the Fourier
coefficients, to express time series in real numbers [7]. For this matter N/2 coefficients 𝑎፧
and N/2 coefficients 𝑏፧ are generated to compose the Fourier coefficients vector 𝑐፧ of length
N as:

(𝑐፧)ኺ...ፍዅኻ = [
𝑇𝑈
2 ⋅ 𝜋 ; 𝑎ኻ + 𝑖 ⋅ 𝑏ኻ; ...; 𝑎ፍ/ኼዅኻ + 𝑖 ⋅ 𝑏ፍ/ኼዅኻ; 𝑎ፍ/ኼ + 0; 𝑎ፍ/ኼዅኻ − 𝑖 ⋅ 𝑏ፍ/ኼዅኻ; ...; 𝑎ኻ − 𝑖 ⋅ 𝑏ኻ] (B.1)

The generation of the random numbers 𝑎፧ and 𝑏፧ is such that the standard deviation is
distributed equally among the real and the imaginary part (no systematic lag):

𝜎ኼፚᑟ = 𝜎ኼᑟ =
1
2𝜎

ኼ
ፗᑟ (B.2)
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C
Force Applied on Dowel due to

Hydraulic Pressure

Figure C.1: Geometry of the dowel.

To convert the pressure applied on the back side of the dowel to equivalent axial force, the
area of the cross section of the dowel should be first calculated.

It is given that:
𝑐ℎ𝑜𝑟𝑑ኻ = 112𝑚𝑚 (C.1)

but, from the geometry of the dowel the length of this chord is given by the following expres-
sion:

𝑐ℎ𝑜𝑟𝑑ኻ = 𝐷𝑠𝑖𝑛
𝜃
2 (C.2)

Thus for D=140mm, through equations C.1 and C.2, the angle 𝜃 results:

𝜃 = 2 ⋅ 𝑎𝑟𝑐𝑠𝑖𝑛112140 = 106.260° (C.3)

The angle 𝜙 and as a result the length of the 𝑐ℎ𝑜𝑟𝑑ኼ can be now calculated in the same way:

𝜙 = 1
2(360° − 2 ⋅ 𝜃) = 73.740° (C.4)
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and
𝑐ℎ𝑜𝑟𝑑ኼ = 𝐷𝑠𝑖𝑛

𝜙
2 = 84𝑚𝑚 (C.5)

ℎ = 1
2(𝐷 − 𝑐ℎ𝑜𝑟𝑑ኼ) = 28𝑚𝑚 (C.6)

The area 𝐴ኻ is derived by:

𝐴ኻ = 𝜋(
𝐷
2 )

ኼ 𝜙
360 −

(𝐷/2)ኼ
2 𝑠𝑖𝑛𝜙 = 801.162𝑚𝑚ኼ (C.7)

Thus, the cross section area of the back side of the dowel is equal to:

𝐴፝፨፰፞፥ = 𝜋
𝐷ኼ
4 − 2𝐴ኻ = 13791.480𝑚𝑚ኼ (C.8)

To convert the applied pressure on the dowel to force, the calculated area of the dowel is
multiplied by the pressure. The resulting force, divided by four, is also applied as reaction
force on each hole of the TP flange where the hydraulic actuators are located during the first
step of installation (preloading).



D
Parametric study of preload

From the analytic FBD diagram presented in Chapter 6, the ratio between the developed
vertical reaction force (preload) and the applied pressure/force on the back side of the dowel
is given by the following expression:

𝐹፩፫፞፥፨ፚ፝
𝐹ፚ፩፩፥።፞፝፩፫፞፬፬፮፫፞

= 1
𝜇፮፬፡።፧፠፬ + 𝜇ፌፏ ⋅ 𝑐𝑜𝑠ኼ𝑎

For the FEA, the values of the three parameters that influence the development of the preload-
ing force are:

𝜇፮፬፡።፧፠፬ 0.05
𝜇ፌፏ 0.10
𝑎𝑛𝑔𝑙𝑒 𝑎 5∘

In the next figures, the effect of each one of the three parameters on the preload has been
tested by keeping constant the two of them in each case.

Figure D.1: Effect of friction coefficient of bushings’ surface in the preloading ratio.
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Figure D.2: Effect of friction coefficient between MP and dowel in the preloading ratio.

Figure D.3: Effect of the angle of the inclined planes in the preloading ratio.

.



E
Stress development in critical parts

Same as in case of dowel presented in Chapter 6, several points have been selected around
the critical areas of both the MP and TP flanges and maximum principal stresses derived
through the FEA have been exported for the maximum damage load for both the cases with
and without preload.

Figure E.1: Maximum principal stress development around the hole of the MP flange

Figure E.2: Maximum principal stress development around the inner part of the hole of the TP flange

.

.
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F
Wedge connection geometry

Figure F.1: Detail geometry

Figure F.2: Detail geometry
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